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Synthesis and complex self-assembly of
amphiphilic block copolymers with a
branched hydrophobic poly(2-oxazoline)
into multicompartment micelles, pseudo-
vesicles and yolk/shell nanoparticlesy
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We report on the synthesis and self-assembly of poly(ethylene oxide)-block-poly(2-(3-ethylheptyl)-2-
oxazoline) (PEO-b-PEHOXx), a new amphiphilic diblock copolymer obtained via microwave-assisted
polymerization of EHOx using a new nosylated PEO macroinitiator. The kinetics of the polymerization in
different solvents was crucial to optimize the synthesis and revealed a controlled, yet fast polymerization
of the AB diblock copolymer. Differential scanning calorimetry proved that PEO-b-PEHOXx shows glass
transition temperatures below room temperature, making it suitable for a wide range of self-assembly
methods, especially under mild and solvent-free conditions. Self-assembly of PEO-b-PEHOx was then
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performed using film rehydration and solvent switch. In both cases, we were able to show the formation
of various complex structures (multi-compartment micelles (MCMs), pseudo-vesicles and yolk/shell
nanoparticles) by light scattering, TEM and Cryo-TEM. Our results show that PEO-b-PEHOX is a potent
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Introduction

In recent years, amphiphilic block copolymers have attracted a
considerable amount of attention thanks to their ability to
self-organize into various complex structures.'™ These struc-
tures formed by amphiphilic block copolymers can mimic
complex structures found in nature (e.g. lipid bilayers) while
exhibiting increased chemical and mechanical stability, which
makes them interesting for different bio-inspired applications,
like drug delivery and nanoreactors.*'® Most investigated
structures come from AB diblock copolymers (where A is a
hydrophilic block and B is a hydrophobic block) or ABA tri-
block copolymers. Amphiphilic diblock copolymers have been
the focus of numerous studies, like PSS-b-PAA,'* PEO-b-PCL,">
PEO-b-P(d)MCL,"”*> PEO-b-P(d)MCL,"* and PEO-b-PDMS,"
notably to form vesicles. Combining two different diblock
copolymers AB and AC also leads to new exotic structures
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new AB diblock copolymer due to its fast synthesis and unique self-assembly behavior.

like multi-compartment micelles (MCMs),'® vesicles with a
patterned surface'”'® or yolk/shell nanoparticles.'>*® Most of
these studies use hydrophobic blocks with a short side chain
to ensure mobility. There are only a few studies investigating
AB diblock copolymers including a B block with a long side
chain.”’™ This could lead to novel interactions during the
self-assembly. The aim of this work is to shed some light on
the self-assembly of such polymers and an AB diblock copoly-
mer was designed accordingly.

Poly(2-oxazolines) have been extensively used to form
amphiphilic block copolymers thanks to their biocompatibility
and versatility.>*® The water solubility of poly(2-oxazolines)
can be precisely tailored by the length of the side chain as they
become completely water insoluble with at least 4 carbons.?”
Moreover, their mechanical properties, notably their glass
transition temperature (T,) and crystallinity, can be modified
significantly by branching their side chain in the right posi-
tion.”® Previously, Kempe et al. synthesized the first hydro-
phobic poly(2-oxazoline) with a T, of —6 °C, namely poly(2-(3-
ethylheptyl)-2-oxazoline (PEHOx).>> This polymer benefits
from a purely hydrocarbon side chain of nine carbon atoms,
providing sufficient hydrophobicity and branching to suppress
crystallinity. PEHOX is thus perfectly suitable as a hydrophobic
block in an amphiphilic block copolymer but has only been
used so far to form polymer micelles to achieve a higher drug
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loading capacity.®® The side chain of PEHOx with its ethyl
branch and long length will generate additional hydrophobic-
hydrophobic interactions. It will also prevent compact order or
strong entanglement of the formed AB diblock copolymers in
a membrane, potentially enabling more complex self-
assembled structures. Combined with its backbone structure
close to a peptide, these properties make PEHOx a compelling
hydrophobic block to lead to new insights into self-assembled
polymer nanoparticles.

In order to achieve a straightforward one-pot synthesis of
our AB diblock copolymer, modified poly(ethylene oxide)
(PEO) was used as a macroinitiator. A tosylated version has
already been used as a macroinitiator for the polymerization of
2-oxazolines, but has significant disadvantages due to the low
reactivity of tosylates.”> We aimed to optimize this method by
replacing tosylates with the more reactive nosylate.*”

Herein, we report the one-pot synthesis of new poly(ethyl-
ene oxide)-block-poly(2-(3-ethylheptyl)-2-oxazoline  (PEO-b-
PEHOx) amphiphilic AB diblock copolymers using microwave-
assisted polymerization of EHOx on a poly(ethylene oxide)-
nosylate (PEO-Nos) macroinitiator. Using the obtained library
of PEO-h-PEHOX, we then examined their thermal properties
by differential scanning calorimetry (DSC) comparing it to the
homopolymer PEHOx. Aqueous self-assembly of these diblock
copolymers was examined by two different techniques: film
rehydration and solvent switch. We studied the self-assemblies
in depth by dynamic and static light scattering (DLS/SLS),
transmission electron microscopy (TEM) and cryogenic trans-
mission electron microscopy (Cryo-TEM). The combined ana-
lysis proved the formation of a variety of potent self-assembled
structures like multi-compartment micelles (MCMs) and
pseudo-vesicles, amongst others. The new polymer was set to
be a showcase example to elaborate which experiments are
necessary to prove the existence of vesicles, and notably the
importance of Cryo-TEM insights into those
structures.

complex

Experimental section
Materials

Glassware for polymerization was dried overnight at 120 °C
prior to use. Isopropanol, sulfolane, 2-ethylhexyl bromide,
n-butyllithium, N,N,N',N-tetramethylenediamine (TMEDA), tri-
ethylamine, p-nitrobenzenesulfonyl chloride, anhydrous chlor-
obenzene, 2-methyl-2-oxazoline, barium oxide, methyl p-tolue-
nesulfonate, poly(ethylene oxide) monomethyl ether (PEO,
2000 g mol™') and poly(ethylene oxide) monomethyl ether
tosylate (PEO-Tos, 2000 g mol ') were obtained from Sigma-
Aldrich (CH) and used as received. 2-Methyl-2-oxazoline was
distilled over barium oxide (BaO) and stored under argon. Poly
(ethylene oxide) monomethyl ether (PEO, 2000 g mol™') was
dissolved in water and then lyophilized. Sulfolane was dried
over CaH, for 24 h under reduced pressure at 40 °C, distilled,
and stored in a glovebox. The Milli-Q water (18.2 MQ cm) used
was obtained from a Purelab Option-R 7/15 system (ELGA
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LabWater, UK). Anhydrous dichloromethane (DCM), tetra-
hydrofuran (THF) and acetonitrile were obtained from an inert
solvent purification system PureSolv MD 5 (Inert, USA).

Nuclear magnetic resonance spectroscopy (NMR)

'H NMR spectra were recorded at 295 K in CDCl; (0.05% tetra-
methylsilane) on a Bruker Avance III NMR spectrometer
(400.13 MHz). To buffer any possible acidity, CDCl; was satu-
rated with K,CO;. The instrument was equipped with a direct
observe 5 mm BBFO smart probe. The experiments were per-
formed at 295 K and the temperature was calibrated using a
methanol standard showing accuracy within +0.2 K. Spectra
were processed with MestReNova software, and chemical shifts
were reported in ppm.

Gel permeation chromatography (GPC)

GPC traces were analysed and recorded using WinGPC
Unichrom software (v 8.20 build 8251, PSS polymer, Germany).
Traces of the diblock copolymers or of the reaction mixtures
were recorded using an Agilent based system composed of a
1200 series pump and autosampler. The GPC system was
equipped with a series of linear-S SDV columns (pre-column
(5 cm), three analytical columns (30 c¢cm), all 5 pm particles
and 0.8 cm in diameter, PSS polymer, Germany), followed by a
Variable Wavelength Detector (VWD) (1100 series) and a
Refractive Index Detector (RI) (1100 series). Detectors and
columns were kept at 35 °C. CHCl;, stabilized with EtOH, was
used as the eluent at a flow rate of 1 mL min~". The system
was calibrated against narrowly distributed polystyrene (PS)
standards.

Microwave-assisted synthesis

Microwave polymerization was conducted on a Biotage
Initiator System (Biotage, Sweden) equipped with Robot Eight.
The microwave synthesizer was operated at a constant set
temperature (mentioned in the Results and discussion) and
monitored by using an infrared (IR) sensor.

Differential scanning calorimetry (DSC)

Thermal transitions were measured using 10 mg of polymer
for each measurement on a DSC 214 Polyma (Netzsch GmbH,
Austria) under a nitrogen atmosphere from —120 °C to 190 °C
with a heating and cooling rate of 40 K min~". The DSC curves
shown correspond to the third heating curve.

Transmission electron microscopy (TEM)

5 mL of solution containing self-assembled polymers (0.2 w/w %)
was left adsorbing on a Formvar-coated and glow dis-
charged 200 mesh copper grid and blotted off after 1 min.
A drop of 5 pL of water was placed on the grid and blotted off
immediately. The action was repeated two times. This pro-
cedure was repeated with 5 pL of 2% aqueous uranyl acetate,
where the solution was left for 10 s in the second step, ensur-
ing sufficient staining of the assemblies. The prepared grids
were left drying in air for at least 10 min before imaging them

This journal is © The Royal Society of Chemistry 2020
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at an acceleration voltage of 80 kV on a Philipps CM100
(Netherlands) transmission electron microscope.

Static and dynamic light scattering (SLS/DLS)

SLS and DLS experiments were performed on a light scattering
spectrometer (LS instruments, Switzerland), equipped with a
He-Ne 21 mW laser (4 = 632.8 nm) at scattering angles from
30° to 150° at 25 °C. All samples were diluted in order to sup-
press multiple scattering. For samples with a radius smaller
than 100 nm that satisfy the Rayleigh-Gans-Debye (RGD) scat-
tering model, the radius of gyration (R,) was obtained from the
SLS data using Zimm plots. For samples with a radius larger
than 100 nm, R, was obtained from the SLS data using MIE
scattering models (MiePlot, UK). The intensity versus angle
curve of samples was fit using Mie scattering models for 5 =
1.35 and 5% polydispersity. R, is then calculated using
the obtained R and the formula for a spherical structure: R,” =
(3/5)R?. In the case of DLS, second order cumulant analysis of
the data for various angles was performed to obtain the hydro-
dynamic radius (Ry,).

Determination of the refractive index increment

SLS experiments required the refractive index increment value,
dn/dc, of the analyte in the respective solvent. It was obtained
using an automatic refractometer Reichert AR7 series
(Reichert, USA) at 25 °C. After being calibrated with Milli-Q
water (18.2 MQ cm), the self-assemblies of PEO-h-PEHOx were
analysed and dn/dc = 0.15 was obtained (see Fig. S6 in the
ESIY).

Cryogenic transmission electron microscopy (Cryo-TEM)

A 4 pL aliquot of a sample was adsorbed onto a holey carbon-
coated grid (Lacey, Tedpella, USA), blotted off with Whatman 1
filter paper and vitrified into liquid ethane at —178 °C using a
Leica GP plunger (Leica, Austria). Frozen grids were transferred
onto a Talos electron microscope (FEI, USA) using a Gatan 626
cryo-holder. Electron micrographs were recorded at an acceler-
ating voltage of 200 kV and a nominal magnification of
57 000x, using a low-dose system (20 e~ A™?) by maintaining
the sample at low temperature. Micrographs were recorded on
a CETA camera. Images were then processed using Image]
(NIH, USA) to measure notably the micelle sizes and mem-
brane thicknesses.

Synthesis of 2-(3-ethylheptyl)-2-oxazoline (EHOX)

The monomer was prepared by using the synthetic procedure
described by Kempe et al?® Briefly, TMEDA (10.32 mL,
69 mmol, 1 eq.) was dissolved in 300 mL THF at —78 °C under
argon. N-Butyllithium (2.5 M in hexane, 26 mL, 65 mmol, 0.96
eq.) was then added and after 60 min of stirring, 2-methyl-2-
oxazoline (5.8 mL, 68 mmol, 1 eq.) was added. The stirring was
continued for 2 hours at —78 °C and was concluded by the
addition of 2-ethylhexyl bromide (10.13 mL, 57 mmol, 0.83
eq.). The solution was allowed to warm to room temperature
overnight which was then terminated after 25 hours with
150 mL of methanol and the solvents were evaporated under
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reduced pressure. The residue was dissolved in 200 mL of a
biphasic solution 1:1 CHCI3/NaHCOj (5o The aqueous phase
was extracted twice with 75 mL of chloroform. The combined
organic phases were washed with water and brine. After drying
over MgSO,, the solvent was removed under reduced pressure,
and the crude product was purified by distillation. The puri-
fied product was confirmed to be EHOx by 'H NMR. It was
then stored under an argon atmosphere. 'H NMR (400 MHz,
CDCl3, 295 K, §, ppm): 0.86 (m, 6H, CHj), 1.27 (m, 9H,
CH(CH,CH;)-CH,CH,CH,CH3), 1.60 (m, 2H, NCOCH,CH,),
2.25 (t, J = 8.2 Hz, 2H, NCOCH,CH,), 3.82 (t, J = 9.5 Hz, 2H,
CNCH,), 4.2 (t, ] = 9.4 Hz, 2H, COCH,).

Homopolymerization of EHOx

We used the procedure from Kempe et al.>® Briefly, a micro-
wave vial was prepared containing methyl p-toluenesulfonate,
EHOx and acetonitrile. The monomer concentration was
adjusted to 2 M and a monomer-to-initiator ratio of 60 was
used. The microwave vial was then heated to 140 °C for 30 min
to reach full monomer conversion. To remove the solvent and
residual components, the polymerization mixture was placed
into a dialysis membrane (regenerated cellulose, MWCO
3.5 kDa, RC6, Spectra Por, USA) and dialyzed against THF for
3 days (the solvent was exchanged 6 times). 'H NMR (400 MHz,
CDCl;, 295 K, 8, ppm): 0.86 (m, 6H, CH;), 1.24 (m, 9H,
CH(CH,CH;)-CH,CH,CH,CHj3), 1.54 (m, 2H, N(COCH,CH,)),
2.24 ppm (m, 2H, N(COCH,CH,)), 3.43 ppm (m, 4H,
N(COCH,CH,)-CH,CH,). Py; (GPC) = 1.18. M;, = 11 800 Da.

Synthesis of the PEO-Nos macroinitiator

Poly(ethylene oxide) monomethyl ether (PEO, 2000 g mol )
(4 g, 2 mmol, 1 eq.) was dissolved in 80 mL dry DCM and
chilled to 0 °C. Triethylamine (2.8 mL, 20 mmol, 10 eq.) and
p-nitrobenzenesulfonyl chloride (4.4362 g, 20 mmol, 10 eq.)
were then added. The reaction was allowed to stir for 10 h at
0 °C under an argon atmosphere. The reaction mixture was
concentrated under vacuum and the high excess of unreacted
reagents was then extracted 3 times with 400 mL of isopro-
panol at RT exploiting the poor solubility of PEO at RT in iso-
propanol. It was then placed into a dialysis membrane (regen-
erated cellulose, MWCO 3.5 kDa, RC6, Spectra Por, USA) and
dialyzed against acetonitrile for 2 days (the solution was
exchanged 4 times, at least 8 hours in between exchanges).
The purified product was stored under an argon atmosphere
and was stable over 12 months, as confirmed by '"H NMR. The
resulting @-nosylation (96%) was determined by integrating
the peak from the terminal group of PEO at 3.38 ppm and the
peak of the methylene group next to nosylate at 4.32 ppm (see
Fig. S1 in the ESIT). "H NMR (400 MHz, CDCl3, 295 K, 8, ppm):
3.38 (s, 3H, -OCH,CH,0-CH3), 3.65 (m, 180H, OCH,CH,0),
4.32 (t, ] = 4.6 Hz, 2H, Ar-O-CH,-), 8.15 (m, 2H, Ar-NO,), 8.41
(m, 2H, Ar-NO,).

Synthesis of PEO-b-PEHOX diblock copolymers

PEO-b-PEHOx was synthesized via cationic ring-opening
polymerization of EHOx in a microwave reactor using PEO-Nos
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as a macroinitiator. In a glovebox, a stock solution containing
the initiator PEO-Nos, monomer EHOx, and the solvent (sulfo-
lane, acetonitrile or chlorobenzene, see in the main paper) was
prepared. The monomer concentration was set to 1 M for all
experiments. A monomer-to-initiator ratio of 100 was used for
the synthesis of PEO,s-b-PEHOxg 5; and a monomer-to-
initiator of 200 for PEO,5-b-PEHOXg5_17,. The desired volume
of the solution was transferred into microwave vials. The vials
were sealed in a glovebox under an argon atmosphere prior to
the transfer into the microwave reactor.

To study the kinetics of EHOx polymerization at 140 °C,
reactions were performed three times. The kinetics were moni-
tored by "H NMR and GPC analysis of the crude polymeriz-
ation mixture. The final PEO-b-PEHOX polymers were purified
by dialyzing (regenerated cellulose, MWCO 3.5 kDa, RC6,
Spectra Por, USA) the polymerization mixture against THF for
3 days (the solvent was exchanged 6 times, at least 8 hours in
between exchanges). The block ratio was determined by inte-
grating the PEO backbone peak at 3.60 ppm and peaks of the
PEHOX side chain at 1.24 and 0.86 ppm. 'H NMR (400 MHz,
CDCl;, 295 K, &, ppm): 0.86 (m, 6H, CH;), 1.24 (m, 9H,
CH(CH,CH,;)-CH,CH,CH,CH3;), 1.54 (m, 2H, N(COCH,CH,)),
2.24 (m, 2H, N(COCH,CH,)), 3.38 (s, 3H, -OCH,CH,0-CHj),
3.43 (m, 4H, N(COCH,CH,)-CH,CH,), 3.65 (m, 180H,
OCH,CH,0).

Self-assembly

The self-assembly of PEO-b-PEHOx diblock copolymers was
performed using two different techniques: film rehydration
and solvent switch. In all experiments, the final concentration
of the self-assembled polymer was 0.2 w/w %.

Film rehydration. 4 mg of a polymer was dissolved in 200 uL
of EtOH and placed in a 5 mL glass round-bottom flask. EtOH
was removed by rotary evaporation, and then 2 mL of Milli-Q
water was added. The samples were then stirred at 600 rpm for
7 days at room temperature.

Solvent switch. 4 mg of a polymer was dissolved in 200 pL of
THF and placed in a 5 mL glass round bottom flask. 1.8 mL of
Milli-Q water was then added using a syringe pump (AL-1000,
WPI, USA) at a rate of 0.01 mL min~" under magnetic stirring
(300 rpm). To remove THF, the resulting mixture was placed
into a regenerated cellulose dialysis membrane (MWCO 1 kDa,
Spectra Por, USA) and dialyzed against Milli-Q water for 2 days
(the solvent was exchanged 4 times, at least 8 hours in
between exchanges).

Results and discussion
Synthesis of PEO-b-PEHOX polymers

We started by selecting the best initiator and tested tosylated
(Tos) and nosylated (Nos) PEO as macroinitiators for the
synthesis of PEO-b-PEHOx diblock copolymers. Tosylated
macroinitiators were already used for the polymerization of
2-oxazolines'***3* but small molecule nosylates were shown to
be advantageous over triflates and tosylates for polymerization
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of various 2-oxazolines.>* Nosylates are more stable compared
to triflates and result in faster initiation compared to tosylates.
While the PEO-Tos macroinitiator was commercially available,
PEO-Nos was not reported previously and synthesized by
adapting a procedure described for tosylation of PEO." The
reaction proceeded smoothly at 0 °C for 10 h, resulting in
100% of nosylation of PEO. Purification of crude PEO-Nos via
extraction in isopropanol and dialysis in acetonitrile resulted
in a product of 96% purity (see Fig. S1 in the ESIf). The
residual 4% corresponded to non-nosylated PEO. Partial clea-
vage of the nosyl group during purification occurred because
of its high reactivity and sensitivity towards protic solvents
such as isopropanol and water traces in acetonitrile. Aprotic
purification through precipitation in diethyl ether and using
column chromatography was also conducted but proved to be
ineffective as impurities were still present.

PEO-b-PEOHx polymers were synthesized via microwave-
assisted polymerization of EHOx on a PEO macroinitiator
(Fig. 1). Using microwave-assisted polymerization, we were able
to work with small volumes (as low as 0.5 mL), which was an
advantage over conventional heating. Small volumes allowed
for a kinetic study screening different parameters in triplicate
while keeping the amount of reagents used to a bare
minimum. It was especially advantageous considering that
both the macroinitiator and monomer were self-synthesized.
On top of that, the temperature was monitored precisely using
an infrared sensor and kept constant by the microwave input.
The synthesis was optimized by varying the macroinitiator
(PEO-Tos or PEO-Nos), solvent, and temperature.

In line with previous reports, the PEO-Tos macroinitiator
resulted in side reactions, leading to the broadening of
PEO-Tos elugram at various temperatures (see Fig. S2 in the
ESI}). PEO-Nos, on the other hand, did lead to polymerization
(see Fig. S3 in the ESI}). Therefore, all further experiments
were performed using PEO-Nos as a macroinitiator and a con-
stant monomer-to-initiator ratio of 100.

We then investigated three different solvents adequate for
the CROP of 2-oxazolines: sulfolane, acetonitrile and chloro-
benzene as they showed to solubilize the macroinitiator
PEO-Nos and the monomer EHOx. The correct choice of
solvent is of utmost importance as it has to fully solubilize the
initiator, the monomer and its growing polymer while having a
high solvency power for cations (i.e., high Hildebrand solubi-
lity parameters) which is favourable for the CROP of 2-oxazo-
lines.?® Sulfolane was shown to accelerate the CROP of 2-oxazo-
lines,*® but was not suited for our system as PEO-b-PEHOX is
not soluble in sulfolane. With a growing polymer and the
already dense sulfolane, the polymerization mixture becomes
very viscous to the point of obtaining two different phases,
which leads to an uncontrolled polymerization (see Fig. S4 in
the ESIT). Acetonitrile and chlorobenzene were compared in a
kinetic study. We monitored the monomer conversion by "H
NMR and stopped the polymerisation after 30 min as it was
already shown that it reaches 80% in chlorobenzene as com-
pared to the 52% in acetonitrile when polymerizing at 140 °C
(Fig. 2B/C), proving that chlorobenzene is the better solvent for

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic representation of the synthesis of poly(ethylene oxide)-nosylate followed by the synthesis of poly(ethylene oxide)-b-poly(2-(3-

ethylheptyl)-2-oxazoline (PEO-b-PEHOX).
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Fig. 2 Microwave-assisted polymerization kinetics of EHOx in acetonitrile and chlorobenzene at 140 °C using PEO-Nos as a macroinitiator. A —
First-order kinetic plot. B — M, values against monomer conversion. C — By against monomer conversion.

this system. Similarly to sulfolane, growing PEO-b-PEHOX
decreases in solubility in acetonitrile. After 7 min (10 units of
EHOx), the reactive solution becomes turbid, resulting in less
control over the reaction from that point onwards as shown by
the sharp increase in the dispersity. The change in solubility is
due to the isomerization of the cyclic imino ether structure
(EHOX) to a tertiary amide structure (PEHOX). The first order
kinetic plot (Fig. 2A) illustrates this lack of control even
further, revealing two different trends: a late initiation with a
steady but irregular increase in concentration until 20 min
where the polymerization reaches its limit and is slowed down
dramatically. For chlorobenzene, the linear increase in In([M],/
[M];) with time demonstrates a constant concentration of pro-
pagating species, indicative of a living polymerization of the
2-oxazolines. In all further experiments, chlorobenzene was
then chosen as the solvent for polymerization of EHOX.
Assuming a 100% initiator efficiency, the polymerization rate
(k) was determined from the slope of the graph. With a value
of 60 = 2 L mol™" s, the rate is lower than the homopolymeri-
zation rate of EHOX in acetonitrile using methyl tosylate as an
initiator (106 = 2 L mol™" s7").>° This decrease most probably
comes from the use of a PEO-modified macroinitiator and its
decreased mobility compared to a small molecule initiator like
methyl tosylate. This can also be explained by the lower
Hildebrand solubility parameter of chlorobenzene (9.5) com-
pared to acetonitrile (11.9).°

The used temperature (140 °C) was also carefully chosen.
The temperatures investigated varied from 80 to 150 °C. For

This journal is © The Royal Society of Chemistry 2020

temperatures lower than 140 °C, there is an increased amount
of side reactions like homopolymerization while 150 °C leads
to a broadening of the peak (see Fig. S3 in the ESIT). Hence, all
temperatures other than 140 °C proved to be inadequate for
this system.

The optimized conditions, i.e. PEO-Nos in chlorobenzene
and 140 °C, were used to synthesize several PEO-b-PEHOX,
characterized by NMR and GPC. GPC showed a complete shift,
indicating no left-over macroinitiator, and '"H NMR allowed
assigning all peaks of PEO-PEHOX, thus proving its formation
(Fig. 3). Table 1 comprises the library of synthesized PEO-b-
PEHOXx diblock copolymers with their respective average mole-
cular weight M,,, dispersity Dy; and hydrophilic weight fraction,
f In order to achieve a longer B block, we increased the
monomer-to-initiator ratio to 200. To obtain a phase diagram
of the self-assemblies formed with PEO-b-PEHOX, an extensive
spectrum of different f was essential to obtain a holistic phase
diagram of the self-assemblies formed with PEO-b-PEHOXx:
from the most hydrophilic PEO,5-b-PEHOXxg (f = 57%) to the
most hydrophobic PEO,5-b-PEHOX; 74 (f= 6%).

Determination of the glass transition temperature (T,)

The thermal properties were then assessed by differential scan-
ning calorimetry (DSC) of the homopolymer PEHOXx as well as
of the diblock copolymers PEO,s5-b-PEHOxg and PEO,s5-b-
PEHOX;7, the smallest and longest of the library (Fig. 4; for
the DSC curves of the rest of the diblock copolymers, see
Fig. S5 in the ESIt). The thermal properties of the homopoly-
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Fig. 3 Representative NMR (*H, 400 MHz, CDCls) of PEO40-b-PEHOx46. All peaks have been assigned to the chemical structure of the polymer with
representative GPC traces (CHClz) of PEO4-b-PEHOX46 and the macroinitiator PEO-Nos.

Table 1 Characterization of PEO-PEHOx diblock copolymers using *H
NMR, GPC (CHCls) and hydrophilic weight fraction, f. For PEO45-b-
PEHOxg_s7, a ratio monomer to initiator of 100 was used. For PEO,45-b-
PEHOxg5_171, @ monomer to initiator ratio of 200 was used. For calcu-
lations of the EHOx block length, see section 2d of the ESI}

Polymers M, “ [Da] Py’ [ (%]
PEO, 5-b-PEHOXg 3500 1.14 56
PEO,5-b-PEHOX, 6000 1.20 28
PEO,5-b-PEHOX,, 9900 1.27 20
PEO,5-h-PEHOXs 13200 1.32 15
PEO,5-h-PEHOXos 21000 1.35 10
PEO,5-b-PEHOX, 4 27 600 1.37 7
PEO,5-b-PEHOX; 5, 32200 1.4 6
PEO,5-b-PEHOX, 36200 1.41 6
PEHOX, 11 800 1.18 —

“Obtained from 'H NMR. ”Obtained by GPC. °Calculated by the
equation f'= (M, of PEO)/(M,(PEO) + M,(PEHOX)).

mer PEO were obtained from the literature.®” A glass transition
temperature (T,) below room temperature is key for self-assem-
bly with biological actives under mild conditions that do not
harm the enzyme activity for example.?® Being in a flexible
and rubbery state above the T, enables the amphiphilic
block copolymers to reorganize readily in response to environ-
mental changes and attain particular structures through self-
assembly.>**°

The homopolymer PEHOX revealed a T, of —7 °C and no
melting point which is coherent with the value (-6 °C) from
Kempe et al.”® and the amorphous behaviour of this polymer.
Interestingly, every diblock copolymer PEO-b-PEHOX revealed
two glass transition temperatures and a melting peak. The
broad melting peak of PEO starts at about 15 °C and passes its
maximum around 45 ©°C. PEO,s;-b-PEHOxg and PEQ,5-b-
PEHOX;,; both exhibit two T, values with the first one in the
range of —40 °C (PEO block) and a second one in the range of
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Fig.4 DSC measurements of the diblock copolymers PEO4s5-b-
PEHOxg and PEO45-b-PEHOX;7; and homopolymer PEHOXxg0, highlight-
ing the regions of the glass transition temperatures, in blue for PEO and
in orange for PEHOX.

3 °C (PEHOXx block). No significant difference in the glass tran-
sitions temperatures was observed with increasing block
length of the EHOx. The fact that we have two independent
visible Ty’s confirms a phase separation between PEO and
PEHOX. In comparison with the Ty's of the homopolymers
(PEO: —73 °C and PEHOx: —7 °C), the increased values
obtained for PEO-b-PEHOX can be explained by a decrease in
flexibility of the polymer chains within the segments of the
diblock copolymer. Nonetheless, the values remain well below
room temperature and thus enable a self-assembly process at
room temperature with solvent-free techniques like film rehy-
dration, which is advantageous for incorporation of biological
actives in the future.

This journal is © The Royal Society of Chemistry 2020
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Self-assembly of PEO-b-PEHOXx

We studied the self-assembly of PEO-b-PEHOx polymers in
aqueous solution using two different techniques: film rehydra-
tion (FR) and solvent switch (SS). The final concentration of
the self-assembled polymer was always set to 0.2 w/w %. For
film rehydration, the polymer solutions were stirred extensively
for one week as a stirring time of only one day only resulted in
a precipitated polymer. For solvent switch, the self-assemblies
were formed much faster as they were completely formed at
the end of the dialysis step after 2 days. Further stirring did
not yield any change in the self-assemblies (see Fig. S6 in the
ESIt). All self-assemblies were then characterized extensively
using SLS/DLS, TEM and Cryo-TEM. PEO-b-PEHOX;5; and
PEO-h-PEHOX;,; were not investigated as they did not yield
any self-assembly structures. With a hydrophilic weight frac-
tion of 6% for those two diblock copolymers, they reached the
limit in terms of hydrophobicity and cannot self-assemble.
Light scattering was conducted as the first step to assess
the form factor p, which is the ratio of the radius of gyration

View Article Online
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(Rg) to the hydrodynamic radius (Ry,). With dynamic light scat-
tering (DLS), R, can be obtained while static light scattering
(SLS) allows obtaining R,. The form factor p is a structure prop-
erty that reflects the radial density distribution of the particle.
Typical values for p are p = 0.78 for solid spheres and p = 1.0
for hollow spheres with an infinitely thin shell. The latter is
viewed typical for vesicles.*""*> The Ry, Ry, and p for both self-
assembly techniques are shown in Table 2. For most polymers
and both self-assembly techniques p was close to 0.78 which
thus indicated solid-filled particles as a common morphology
but in different sizes. Among those, three results stood out: FR
of PEO,5-b-PEHOX,¢ and SS of PEO,5-b-PEHOX,5; showed values
of p = 0.93 and p = 0.94 respectively, which indicated a hollow
sphere with a thin shell, while SS of PEO,5-b-PEHOX;,5 With
p = 0.88 indicated a hollow sphere with a thicker shell.

TEM and Cryo-TEM images of all samples showed the
various PEO-b-PEHOx self-assemblies obtained by FR and SS
with increasing EHOx length (Fig. 5). The nature of the self-
assemblies formed was confirmed by combining the results
from these images and the light scattering data.

Table 2 Light scattering data of self-assembled structures formed by PEO-b-PEHOx polymers by the film rehydration and solvent switch tech-
niques. dn/dc = 0.15 (see Fig. 96 in the ESI}) for PEO-b-PEHOX in Milli-Q. For the MIE plot study and DLS profiles of FR and SS of PEO45-b-PEHOxgs

and PEO4s5-b-PEHOX, g see Fig. S10 in the ESI{

Film rehydration (FR)

Solvent switch (SS)

Diblock copolymers Ry, [nm] Ry [nm] p = Ry/Ryy Ry, [nm] Ry[nm] p = Ry/Rpy
PEO,5-b-PEHOxg 19+3 15 0.79 13+2 10 0.77
PEO,-h-PEHOXy 67 + 20 62 0.93 21+4 16 0.80
PEO,5-b-PEHOX,, 80+8 61 0.76 77 +14 58 0.75
PEO,5-b-PEHOXs5, 91 +12 73 0.80 93 +£16 69 0.74
PEO,5-b-PEHOXos 139 + 19 112 0.81 132+6 124 0.94
PEO,5-h-PEHOX, 54 178 + 21 120 0.67 101+ 19 89 0.88

EHOx Length
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Fig. 5 TEM (A-F, K-P) and Cryo-TEM (G-J, Q-T) images of the self-assemblies by film rehydration (A-J) and solvent switch (K-T) of AB diblock
PEO-b-PEHOX for increasing length of the B block — EHOx. Scale bars, 200 nm. Supplementary Cryo-TEM images of SS of PEO45-b-PEHOxgs (S)
and PEO4s5-b-PEHOX, 5 (T) can be seen in respectively Fig. S7 and S8 in the ESI.{

This journal is © The Royal Society of Chemistry 2020

Polym. Chem., 2020, 1, 1237-1248 | 1243


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9py01559k

Open Access Article. Published on 23 December 2019. Downloaded on 11/26/2025 5:23:42 PM.

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

(cc)

Paper

Micelles and worms. Starting with the smallest polymer,
PEO,5-b-PEHOXg, a small size and p values close to 0.78 were
obtained by light scattering, for both FR (R, = 19 + 3 nm, p =
0.79) and SS (R, = 13 + 2 nm, p = 0.77). Both are typical values
for spheres filled with polymers, hence for micelles, which was
confirmed by TEM (Fig. 5A/K). TEM revealed that SS yielded
significantly more monodisperse and more numerous micelles
than FR. With similar light scattering results, SS of PEO,5-b-
PEHOX,6 (R, = 21 + 4 nm, p = 0.80) was confirmed to also form
micelles (Fig. 5L). However, the same polymer by FR yielded
distinct results (R, = 67 + 20 nm, p = 0.93) which would indi-
cate a different morphology which was proved to be worms by
TEM (Fig. 5B). This explains why its p was peculiar as the
Zimm plot is not valid for a complex cylinder-like shape of
worms. Both polymers demonstrate the impact of using two
self-assembly techniques which are fundamentally different in
terms of approach: with FR, the AB diblock copolymer forms
the self-assembled structures top-down from a solid film.
When the thin polymer film is formed, it is directly rehydrated
with a large volume of water. The diblock copolymer then
needs to reduce fast the contact with water and form a struc-
ture, which is kinetically stable like worms for PEO,s-b-
PEHOX,,, while with SS, the AB diblock copolymer forms the
self-assembled structures bottom-up. It induces more flexi-
bility to the single chains during self-assembly as they start
from freely dissolved unimers rather than a bulk material,
yielding thermodynamically favoured structures. Water is
added very slowly which gives PEO-b-PEHOX enough time to be
able to adapt to the growing volume of water and forms the
most adapted and stable structure in this environment, like
micelles for PEO,5-b-PEHOX .

Multi-compartment micelles (MCMs). Increasing the length
of the hydrophobic block further, we observed similar light
scattering results and TEM images for both self-assembly tech-
niques for PEO,5-b-PEHOx,¢ ([FR] Fig. 5C, R, = 80 + 8 nm, p =
0.76/[SS] Fig. 5M, Ry, = 77 = 14 nm, p = 0.75) and PEO,s-b-
PEHOXs; ([FR] Fig. 5D, R,, = 91 + 12 nm, p = 0.80/[SS] Fig. 5N,
Ry, = 93 £ 16 nm, p = 0.74). Both diblock copolymers self-
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assembled into nanoparticles consisting of spherical objects
with radii ranging from 70 to 100 nm for SS and FR. Similarly,
we observed spherical nanoparticles but with bigger radii in
accordance with the light scattering data for the FR of PEO,5-b-
PEHOXy; (Fig. 5E, Ry = 139 + 19 nm, p = 0.81) and PEO,;-b-
PEHOX; 5 (Fig. 5F, R, = 178 + 21 nm, p = 0.67).

All of these results are too large for normal micelles. In a
stretched conformation, PEO,5-b-PEHOX,e is 32 nm in length,
which is in theory the largest possible radius for a micelle
from this polymer (see section 5b of the ESI{). With 36 nm for
PEO,5-b-PEHOXs5; and 50 nm for PEO,5-b-PEHOXg5, these poly-
mers are also too short to form micelles of the size measured
by DLS and the form factor is too small for vesicles. To clarify
the type of nanoparticles formed, Cryo-TEM was conducted as
it can visualize them in their native environment and discrimi-
nate between solid spherical particles, vesicles or other types
of nanoparticles. Surprisingly, all spheres were filled with
inverse micelles, forming multi-compartment micelles
(MCMs) as shown by the absence of any membrane and the
presence of many compartments of the size of micelles
(Fig. 5G/H/Q/R/1/J and Fig. 6A, see Fig. S11 in the ESIT for a
higher resolution).*>"*® 1t should also be noted that MCMs of
PEO,5-b-PEHOX,s and PEO,5-b-PEHOX5, formed by SS are com-
pletely filled with monodisperse inverse micelles (Rpyicelles =
12.3 + 1.4 nm and Rpyjceies = 12.3 + 1.4 nm, respectively) com-
pared to MCMs from PEO,s-b-PEHOXx,s and PEO,5-b-PEHOX5~,
formed by FR which are more loosely filled with polydisperse
inverse micelles (Rmijcenes = 22.6 + 6.3 nm). The different sizes
of the inverse micelles can be explained by the random pres-
ence of a few small direct micelles in their center. Since FR
does not give the PEO chains time to equilibrate the size of the
micelles, a higher dispersity can be explained as observed for
PEO,5-b-PEHOXs,. The bigger MCMs observed for the FR for
PEO,5-b-PEHOXo5 and PEO-b-PEHOX;,g are filled completely
with monodisperse inverse micelles similar to the MCMs of
smaller diblocks formed by SS (Rmicertes = 13.1 + 1.3 nm and
Ruicelless = 14.5 + 1.7 nm, respectively). The core of these
inverse micelles is now composed of PEO and water as a

C - Yolk/shell nanoparticles

Green Area: Lyembrane = 51.0 £ 2.6 nm

Red Area: Lyembrane = 25.1 £ 3.0 nm

Scale bars: 200 nm

Fig. 6 Representative cartoons with the corresponding model Cryo-TEM image of the various self-assemblies. A — Multi-compartment micelles

(MCMs). B — Pseudo-vesicles. C — Yolk/shell nanoparticles.
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solvent. It is likely that the PEO chains are present as a coil
rather than a stretched conformation. R of the PEO block is
2.8 nm as a perfect random coil. In order to fill the volume of
the internal micelles, a solvent must be present either to
hydrate the polymer chains or to fill the gaps between them
(see section 5a of the ESIY).

MCMs are composed of discrete and structured nano-
domains within the core of the nanoparticles. This explains the
form factor close to 0.78 as it is a myriad of inverse micelles
that make the overall structure comparable to a solid sphere.
The most common pathway to induce the formation of MCMs
is either by peptides*>*® or by a terpolymer system in the pres-
ence of two mutually incompatible hydrophobic segments and
one hydrophilic segment.'® For PEO-b-PEHOX, there is only
one hydrophobic block and to the best of our knowledge, this
is the first synthetic amphiphilic AB diblock copolymer
forming MCMs. We hypothesize that the self-assembly of the
MCMs is driven by the hydrophobic interactions between the
branched 2-ethyl-3-heptyl side chains of the PEHOX, while the
backbone of the 2-oxazolines forms discrete subdomains due
to a certain incompatibility with the purely hydrocarbon side-
chains. Consequently, the system contains PEO, the PEHOx
main chain and the PEHOXx side chains as three distinctly
different contributors, which act like a terpolymer system
when forming the MCMs. Moreover, those self-assembled
structures are stable over months. Both TEM and Cryo-TEM
pictures were taken three months after the sample self-
assembled and TEM images did not change over that period
(see Fig. S12 in the ESIf). Together with the fact that both film
rehydration and solvent switch techniques yielded predomi-
nantly MCMs, we presume those structures to be near-equili-
brium and thermodynamically favourable.

Pseudo-vesicles. SS of PEO,5-b-PEHOXos, (Fig. 50/S, Ry, = 132
+ 6 nm, p = 0.94) formed a new structure, which to the best of
our knowledge has not been reported: pseudo-vesicles. In the
TEM picture (Fig. 50), the typical topology for vesicles in TEM
is found as the vacuum of TEM compresses this kind of soft
and hollow self-assembly. Cryo-TEM (Fig. 5S; see Fig. S13 in
the ESIt for a higher resolution) then revealed that the main
conformation contains more than one hydrophobic core. If
two cores are present, one is the dominant cavity and the
second one is small. When three cavities are around, all of
them are of a similar size (see Fig. S14 in the ESI}). All of these
structures are contained by an outer shell which splits and
separates the cavities from one another. This is in accordance
with the light scattering data which foreshadowed a hollow
sphere structure (p = 0.94). All of these structures represent a
regular membrane with the same thickness between the com-
partments and the outer medium but also between the com-
partments of 17.9 + 1.5 nm (Fig. 6B). The membranes only
increase significantly in thickness at the intersection between
the outer shell and multiple compartments. An extensive com-
parison of all measurable membrane thicknesses of pseudo-
vesicles was performed and the data are presented in
Table S2.7 We hypothesized that the differences observed can
be explained by the dispersity of the diblock copolymers and

This journal is © The Royal Society of Chemistry 2020
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the remaining traces of THF lingering in the hydrophobic
domains due to the solvent switch method. We confirmed it
by NMR (see Fig. S15 in the ESI}). Moreover, the long and
branched side chain of the PEHOx block can prevent the for-
mation of a perfect bilayer, which results in a mix of bilayers
within one structure: a compact bilayer, stabilised by the proxi-
mity of the side chains and a stretched-out bilayer, stabilised
by the impurities mentioned above, to stabilize a thicker mem-
brane at the intersections. We would like to stress that THF is
likely to be held in the self-assemblies by “dipole-dipole”
interactions with the polymer, which is why it is still present
despite the conducted extensive purification of the self-
assembled structures.

Yolk/shell nanoparticles. SS of PEO,s-b-PEHOX;,5 formed
yolk/shell nanoparticles, which is, to the best of our knowl-
edge, the first synthetic amphiphilic AB diblock copolymer to
do so. The general method for preparing such a material is
based on removing the intermediate sacrificial layer of the tri-
layer nanoparticles by chemical dissolution or thermal
decomposition.®* To overcome some problems like the
destruction of the encapsulated agents and tedious synthetic
procedure, polymeric yolk/shell nanoparticles were formed by
polymerization-induced self-assembly and reorganization
using poly(4-vinylpyrodine)-polystyrene for the shell and
homopolystyrene for the core.™’

This is a pseudo-triple-layer ellipsoid structure where an
irregular bilayer membrane encloses a cavity which then hosts
a micelle at its core (Fig. 5P/T and 6C; see Fig. S16 in the ESI}
for a higher resolution). The core has a radius of 43 + 3.6 nm
which is now in line with a stretched length of PEO,s-b-
PEHOX; 5 of 62 nm. The polymer will be present at least some-
what coiled, making a radius of 43 nm completely reasonable.
The bilayer forms two discrete domains defined by a certain
thickness of the membrane: a narrow one with a thickness of
25.1 + 3.0 nm (green area in Fig. 6C) and a broad one with a
thickness of 51.0 + 2.6 nm (red area in Fig. 6C). We hypoth-
esize that the broad bilayer is actually a double bilayer of
diblock copolymers which dissociate and transition to a
simple bilayer. Those compact bilayers and the transition
between a simple and a double bilayer are stabilized by the
hydrophobic interactions of the side chains. These yolk/shell
nanoparticles present similarities to the pseudo-vesicles. The
main differences are that the hydrophilic domain between
bilayers remains minimal and is not an actual hollow cavity
filled with water and that a micelle is encapsulated in its core.
Just like for the pseudo-vesicles, an extensive comparison of all
measurable membrane thicknesses of yolk/shell nanoparticles
was conducted and the results are shown in Table S2.T We
hypothesized that the differences observed can be explained
by the dispersity of the diblock copolymers and the remaining
traces of THF lingering in the hydrophobic domains due to
the solvent switch method. We confirmed it by NMR (see
Fig. S15 in the ESIT). Additionally, by adopting a more coiled
up conformation it maximizes the hydrophobic interactions
between the side chains, which enables the formation of a
compact bilayer of entangled side chains.

Polym. Chem., 2020, 1,1237-1248 | 1245


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9py01559k

Open Access Article. Published on 23 December 2019. Downloaded on 11/26/2025 5:23:42 PM.

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

(cc)

Paper

Film rehydration

180
» Aggregates
160 = Aggregates
140+
= MCMs
= 1204
=)
& 1001 = MCMs
6 80
T
w60 s MCMs
40 = MCMs
20 = Worms Micelles
-
0 T T T T T )
0 10 20 30 40 50 60
f (%)

View Article Online

Polymer Chemistry

Solvent Switch

180 -
= Aggregates
160 » Aggregates
140 -
a Yolk/shell nanoparticles
= 120
£S)
& 1001 = Pseudo-vesicles
3 80
I
w60+ = MCMs
40 - a MCMs
20 = Micelles Micelles
-
o T T T T T 1
0 10 20 30 40 50 60
f (%)

Fig. 7 Self-assembly phase diagram of AB diblock PEO-b-PEHOX self-assemblies by film rehydration and solvent switch. MCMs = multicompart-

ment micelles.

Interestingly, in all Cryo-TEM images of MCMs, pseudo-
vesicles and yolk/shell nanoparticles, the PEO corona can be
visualized and measured as it forms a clear black halo around
all nanoparticles (see the orange arrows in Fig. S8/S10/S13 in
the ESIY). It is 2.9 + 0.3 nm thick across all Cryo-TEM images.
This length is perfectly in line with the 2.8 nm of a PEO,; as a
random coil mentioned earlier (see section 5a of the ESIT).

All results were summarized in a self-assembly phase
diagram (Fig. 7), to emphasize the broad range of self-
assembled structures possible with this AB diblock copolymer,
which could only be proven using a combination of DLS, SLS,
TEM and Cryo-TEM. Both film rehydration and solvent switch
yield unique yet distinct self-assembled structures with a
variety which is usually seen for ABC triblock copolymers.?
This great variety reflects the unique influence of the side
chain of PEHOX, as it is the first synthetic amphiphilic AB
diblock copolymer to efficiently form such a variety of complex
self-assemblies on its own. Further studies on the influence of
THF or other solvents on the solvent switch might also eluci-
date how to form regular vesicles with this system.

Conclusions

We presented the synthesis of a new amphiphilic diblock copo-
lymer PEO-b-PEHOx by cationic ring opening microwave-
assisted polymerization using a previously unknown nosylate-
based PEO macroinitiator. The choice of solvent proved to be
as paramount as the choice of temperature, with chloroben-
zene and 140 °C being the best combination. A library of AB
diblock copolymers with different PEHOx was synthesized and
designed for self-assembly into defined nanoparticles. DSC
revealed that the resulting diblock copolymers have a T, below
0 °C, ensuring a high flexibility of the system for the following
self-assembly at room temperature. Using film rehydration and
solvent switch, we showed that PEO-h-PEHOx predominantly
self-assembles into multi-compartment micelles (MCMs).
MCMs grow in size when the PEHOx becomes longer. As

1246 | Polym. Chem., 2020, 1, 1237-1248

hydrophilic and hydrophobic molecules could be loaded in
the same carrier, those MCMs could find applications in
advanced drug delivery applications.

Solvent switch of PEO-b-PEHOx with a long PEHOx block
also leads to pseudo-vesicles and yolk/shell nanoparticles. As
the organic solvent was trapped within the walls of those
vesicle-like structures, further studies can focus on loading
those distinct hydrophobic and hydrophilic domains with
different catalysts in order to perform cascade reactions. All
those complex structures were formed from a single AB
diblock copolymer which shows the potential of hydrophobic
blocks with a long side chain to obtain complex nanoparticles
from a single material. Further studies will be conducted to
gain deeper insights into the influence of various side chains
of the hydrophobic block on the self-assembly of block copoly-
mers. Only an in-depth study using Cryo-TEM and SLS revealed
these structures and should motivate the community to look
deeper if regular TEM suggests the presence of vesicles as this
might not always be the case. This work will also be used as a
stepping stone towards the one-pot synthesis of new self-
assembling triblock amphiphilic copolymers based on this
system using the sequential polymerization of oxazolines.>*!
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