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Amphiphilic poly(2-oxazoline)s offer various opportunities for a number of applications where polymer
self-assembly in water is required. Oligomers are particularly interesting for their chain mobility since they
can increase the membrane permeability similar to bio-inspired liposomes. Here, the synthesis of various
triblock oligomers (oligoOx) was investigated using only oxazoline monomers with hydrophilic 2-methyl-
2-oxazoline (MeOx) and hydrophobic 2-butyl-2-oxazoline (BuOx). OligoOx with various MeOx/BuOx
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ratios were self-assembled in PBS by direct dissolution or film rehydration and evaluated using DLS and
TEM. The formed large vesicles were thermoresponsive with reversible swelling/deswelling at a cloud
point of 30 °C. These oligomeric architectures could open a new path for the preparation of stable and
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Introduction

Thermoresponsive polymers have been largely investigated in life
sciences."™ They exhibit changes in chain conformation in
response to temperature. The temperature-dependent solubility,
known as the cloud point (CP), is a common characteristic of low
critical solution temperature (LCST) and upper critical solution
temperature (UCST) derived systems.*'* For LCST based
systems, below CP, the free polymer chains are presented in solu-
tion while the chains aggregate upon heating above the CP,
whereas the opposite phenomenon is observed for UCST
systems.” For example, in the case of LCST systems, these tran-
sitions around CP are attributed to the replacement of inter-
actions between the polymer and solvent at low temperature with
the interactions between polymer chains at high temperature.

In recent years, particular attention has been devoted to the
development of polymersomes.'>® Inspired by liposomes,
polymersomes could be used for cellular internalization and
drug encapsulation. Although liposomes have ultra-thin mem-
branes (around 3-5 nm), polymersomes are endowed with
thicker membranes spanning from 10 to 50 nm, making them
more robust, resistant, and often more advantageous in terms
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permeable polymersomes mimicking cellular compartments.

of stability."® However, unlike liposomes, polymersomes’ mem-
branes are impermeable."?

According to some studies, using thermoresponsive poly-
mers for the preparation of polymersomes could result in the
formation of responsive drug delivery membranes.'>™® This
occurs since the thermoresponsive polymer chains forming
the polymersomes undergo swelling/deswelling transitions in
response to temperature changes.

However, these systems are made of polymers with molar
masses of up to 10 kDa (middle and long chain lengths), while
the use of oligomers (below 1 kDa) has received very little
attention."™® Oligomers may offer better control over chain
interactions during self-assembly, potentially allowing for
precise shaping.'”"*®

Motivated by the potential of using oligomers in the design
of discrete thermoresponsive self-assembled systems, we
focused on using poly(oxazoline)s. Polyoxazolines (POx) have
many advantages, such as being non-toxic and biocompatible
as well as exhibiting thermoresponsive behavior depending on
their pendant R group.'® > Another significant advantage of
POx is that the hydrophobic/hydrophilic balance can be
efficiently adjusted via designing co-polymers with hydro-
phobic and hydrophilic segments. This allows the formation
of well-defined self-assembled architectures such as micelles,
polymersomes, rods etc.*> ®® Herein, most of the examples pre-
dominantly involve diblock POx with hydrophobic and hydro-
philic blocks.***9°¢627%¢ Generally, most thermoresponsive
polyoxazoline based assemblies are based on polymers
derived from 2-isopropyl-2-oxazoline (iPrOx), explored alone
and/or in association with 2-methyl-2-oxazoline (MeOx) or
2-ethyl-2-oxazoline (EtOx), with all the three structures provid-
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ing short side chains, which ensures molecular mobility and
results in the formation of different shapes, including
polymersomes.®”””! However, oxazoline co-monomers with
longer side chains (up to 3) were less employed to develop
thermoresponsive polymersomes.®®’> For example, Daubian
et al. prepared polymersome membranes with a mean width of
around 50 nm by using amphiphilic diblock copolymers made
of hydrophilic PEO and hydrophobic polyoxazoline containing
a nine carbon atom branched chain (poly(ethylene oxide)-b-
poly(2-(3-ethylheptyl)-2-oxazoline) (PEO-b-PEHOX)).®® However,
the resulting morphologies were obtained by the solvent-
switching method without exhibiting LCST behavior.

Moreover, when examining the type of POx architecture
involved in polymersome formation, very few examples were
found to deal with ABA and/or BAB triblock
architectures.*®>'?961657375 Krymm et al. prepared vesicles
from triblock polyoxazolines (M, ranging between 8400 g
mol ™" and 12000 g mol™*) composed of internal 2-phenyl-2-
oxazoline (PheOx) hydrophobic blocks and hydrophilic
2-methyl-2-oxazoline (MeOx) segments.”® Spulber et al. devel-
oped nanoreactors from polymersomes composed of amphi-
philic block copolymers based on PMeOx-h-PDMS-h-PMeOx.”*
Similar results were also reported by Belluati and coll.”’
Nevertheless, these nano-objects were made with long PDMS
chains (up to 54 units) while the length of PMeOx blocks
varied between 5 and 10 monomer units.””

Synthesizing POx oligomers is a major challenge. Research
and reports in this area are quite limited,*>®" underscoring
that one of the primary challenges during the synthesis of
oligo(oxazoline)s is the purification step. In addition, these
few examples address the synthesis of homo-oligomers,’*®" as
the development of co-oligomers has not yet been reported to
the best of our knowledge.

In this work, we synthesized w-aminated amphiphilic oligo-
mers of oxazoline copolymers with hydrophobic crystalline
2-butyl-2-oxazoline (BuOx) and hydrophilic 2-methyl-2-oxazo-
line (MeOx), allowing us to achieve statistical and block archi-
tectures. Homopolymers of MeOx and BuOx represent bound-
ary cases with opposite behaviors in terms of hydrophilicity,
with PMeOx being highly hydrophilic, while PBuOx is highly
hydrophobic. However, incorporating these MeOx and BuOx
co-monomers into co-oligomers enables adjustments of CP
within a more practical and desirable range.”> These copoly-
mers were obtained by two-step synthesis consisting of the
quenching of living oxazolinium species with an excess of pot-
assium phthalimide, followed by the conversion of the phthali-
mide group into the amino group by the addition of hydrazine.
Compared to commonly reported w-aminated POx synthesised
by a reaction between ammonia and the living oxazolinium
species, which results in only 80% amino end functionali-
zation,’® this route is more advantageous since it enables the
quantitative assessment of end-capping efficiency.*’ Moreover,
we investigated the self-assembly and the thermoresponsive
behavior of the oligomers in physiological buffer (pH 7.4). The
comprehensive analysis conducted provides valuable insights
into the tailored oxazoline oligomers for specific applications.
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Experimental

Materials

2-Methyl-2-oxazoline  (MeOx, 97%), 2-n-butyl-2-oxazoline
(BuOx, 99%), 1,6-hexanediol (HD, 99%), triethylamine (TEA,
97%), hydrazine monohydrate (95%), anhydrous acetonitrile
(99.9%) and p-toluenesulfonyl chloride (TsCl, 96%) were
acquired from Sigma Aldrich. Potassium phthalimide (99%)
was bought from Thermo Fischer. Diethyl ether (99% purity)
was obtained from Honeywell. Ethanol (98%) and hydrochloric
acid (solution 37% wj/w) were purchased from Sigma Aldrich
and used without further purification. Dimethylformamide
(DMF, 99.8%) was acquired from Fisher Scientific. Deuterated
chloroform (CDCl;) was provided by Sigma Aldrich. Phosphate
buffer saline (PBS) solution (pH 7.4) was purchased from
Merck.

Instruments

'"H-NMR and *C-NMR spectra were recorded on a 400 MHz
Bruker Aspect spectrometer. DOSY experiments were per-
formed using a 600 MHz Bruker spectrometer. CDCl; was used
as a deuterated solvent. The chemical shifts were given in
parts per million (ppm) and the chemical shifts of protons
were relative to tetramethylsilane (TMS) at § = 0. The samples
were prepared by dissolving 10 mg of the polymer in 0.5 mL of
CDCL,.

Size exclusion chromatography (SEC) analyses were per-
formed on a PLGPC 50 Plus instrument thermostated at 50 °C
and equipped with a RI differential refractometer detector, one
8 pm Polar Gel-M pre-column (7.5 x 50 mm), two 8 pm Polar
Gel-M columns (7.5 x 300 mm) and a Varian model 410 auto-
sampler. SEC was performed in DMF containing 0.1 wt% LiCl,
with a flow rate of 0.8 mL min~" at 50 °C. The samples were
prepared by dissolving 10 mg of the oligomer in 1.5 mL of
DMF and then they were filtered using TE36 Whatman PTFE-
supported membrane filter paper (0.45 pm, 47 mm diameter)
before the injection. The data were calibrated using poly-
methylmethacrylate (PMMA) standards.

The FTIR (Fourier transform infra-red) spectra were
recorded with a PerkinElmer Spectrum spectrometer equipped
with an ATR (attenuated total reflectance) cell with a ZnSe
crystal. The wavelength range studied is 4000 cm™ to
650 cm™.

MALDI-TOF measurements were recorded in reflection
mode using R-cyano-4-hydroxycinnamic acid (HCCA) as a
matrix with Nal. The polymer was dissolved in acetonitrile at a
concentration of 10 mg mL ™.

Polymerisations were performed in a micro-wave Anton
Paar 300 mono-wave reactor.

The thermoresponsive behaviour of the oligomers in solu-
tion was evaluated using dynamic light scattering (DLS). The
instrument employed for this purpose was a Malvern
Instruments Zetasizer Nano ZS single-angle device. The DLS
system was equipped with a He-Ne (helium-neon) laser source
with a wavelength of 633 nm and a power of 35 mW. The detec-
tor of the instrument was positioned at an angle of 173°. By
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utilizing DLS, the scattering of light by the sample under
investigation was analyzed, providing information about the
size and dynamics of the particles or aggregates present in the
solution. Herein, DLS was employed to assess the changes in
particle size and the aggregation behavior of the oligomer
system in solution as a function of temperature. The use of a
specific laser source and detector angle allowed for accurate
and precise measurements of the scattering phenomenon,
enabling the determination of the thermo-responsive behavior
in solution of the oligomers under investigation. PBS was fil-
tered before use. The measurement interval was selected
between 10 °C and 50 °C. First, the samples were equilibrated
for 10 min. Subsequently, the temperature was increased by
2 °C followed by 5 min of equilibration at the given tempera-
ture and the acquisition of scattering data for 3 min. This
process was repeated until the samples reached 50 °C. For the
reversibility tests of thermal changes, the sample was cooled
back to 10 °C (2 °C min~") and equilibrated for 10 min before
the acquisition of DLS data. DLS measurements have been
done in triplicate, with the final reported values being pre-
sented as mean values of the three measurements.

Transmission electron microscopy (TEM) images were
acquired using a JEOL 1400 P + 120 kV. 10 pL of polymer solu-
tions at 1 g L™' were deposited onto a carbon coated grid
(Formvar/carbon 200 mesh, copper) for 30 seconds and then
blotted with filter paper to remove excess solution. Then, the
sample loaded grid was stained with 10 pL of 1% ammonium
molybdate solution for 15 seconds before this solution was
removed with filter paper. The grid was allowed to dry for
15 min in a fume hood. For the study at 50 °C, the polymer
solutions at 1 g L™ were incubated at 50 °C by using an oil
bath for heating for 1 h. The samples were quickly loaded onto
the grid using the protocol described above.

DSC thermograms were recorded using a Q2000 (TA
Instruments) apparatus in a sealed pan under a nitrogen flow
(50 mL min™'). An empty pan was used as a reference. The
samples were analyzed from 0 to 140 °C with 10 °C min™"
heating and 10 °C min™" cooling between the first and second
runs.

Methods

Synthesis of a 1,6-hexaneditosylate (HDOTS) initiator. To a
250 mL round-bottom flask equipped with a magnetic stirrer
bar, 1,6-hexanediol (10 g, 850 mmol, 1 equiv.) and TEA
(57 mL, 4.25 moles, 5 equiv.) were dissolved in 100 mL of
chloroform. The solution was then cooled at 0 °C and TsCl
(65 g, 340 mmol, 4 equiv.) was added dropwise. The resulting
mixture was stirred overnight at 25 °C. The crude product was
washed once with water and three times with saturated
NaHCO; solution. The organic phase was concentrated and
stored in the fridge until crystallization. The compound was
recrystallized with ethanol and the white solid product was iso-
lated with 60% yield. "H-NMR (CDCl;), Fig. S1.} § (ppm): 7.7
(d, 4H, Hd), 7.3 (d, 4H, Hc), 3.9 (t, 4H, Hb), 2.5 (s, 6H, He),
1.6-1.3 (m, 8H, Ha). ">C-NMR (CDCly), Fig. S2.1 § (ppm): 145
(C=C-C of aromatic tosylate, m), 133 (C=C-CHj; of aromatic
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tosylate, z), 130 and 128 (C=C of aromatic tosylate, ¢ and d),
70.28 (S-O-CH,- of alkyl linker, b), 28.87 (S-O-CH,-CH,-
CH,- of alkyl linker, y and y'), 24.95 (S-O-CH,-CH,-CH,- of
alkyl linker, j and j'), 21.65 (CH; of tosylate backbone, e).

Synthesis of phthalimide end capped homo-oligomers,
oligoMeOx and oligoBuOx. To a 30 mL glass vial equipped
with a magnetic stirrer bar, HDOTs (1.3 g, 3.05 mmol, 1
equiv.) was dissolved in 8.3 mL of acetonitrile. The round
bottom-flask was put under nitrogen flux for 15 min before
adding the MeOx (2.6 mL, 30.5 mmol, 10 equiv.) or BuOx
(3.8 mL, 30.5 mmol, 10 equiv.) monomer. A monomer to
initiator ratio of M/I = 10 was targeted. The total monomer
concentration was adjusted to 4 M. The solution was heated in
a microwave reactor at 140 °C and 300 W for 20 min (for
MeOx) or 40 min (for BuOx). After cooling to room tempera-
ture, a 10-fold excess of potassium phthalimide (5.6 g,
30.5 mmol, 10 equiv.) was added and the reaction mixture was
stirred overnight at 70 °C.

The reaction mixture was filtered and the solvent was
removed. The residue was dissolved in chloroform and washed
twice with a saturated solution of NaHCO; and once with
brine. The organic phase was concentrated under reduced
pressure. Yield: 60%. '"H NMR (CDCl;), § (ppm), oligoMeOx:
7.7 (8H, He), 3.2-3.5 (CH, backbone of oligoMeOx, Hb and
terminal CH, groups of HDOTs, Ha'), 2.1-2.3 (CH; backbone
of oligoMeOx, Hc), 1.2-1.6 (8H, Ha). OligoBuOx: 'H NMR
(CDCly), Fig. S3.1 & (ppm): 7.7 (8H, He), 3.2-3.5 (CH, backbone
of oligoBuOx, Hb and terminal CH, groups of HDOTs, Ha'),
2.2-2.4 (vicinal CH, of C=O from oligoBuOx, Hc), 1.5-1.8
(CH, of the pendant oligoBuOx chain, Hd and Hf, CH, alkyl
chains of HDOTs, 8H, Ha), 0.9-1.0 (terminal CH; of the
oligoBuOx backbone, Hg).

Synthesis of amino-ended capped homo-oligomers,
oligoMeOx and oligoBuOx. Phthalimide end-capped
oligoMeOx (or oligoBuOx) was dissolved in ethanol and a
10-fold excess of hydrazine monohydrate (1.7 mL, 30.5 mmol,
10 equiv.) was added. The reaction mixture was heated under
reflux overnight. After cooling to room temperature, concen-
trated hydrochloric acid was added to adjust the pH value to
2-3. The white precipitate was removed by filtration and
ethanol was evaporated. The residue was dissolved in water
and aqueous sodium hydroxide solution until reaching of a
pH value to 9-10. The aqueous solution was extracted three
times with chloroform. The organic phase was concentrated
and dried under reduced pressure. Overall yield (of phthali-
mide protection and hydrazine deprotection steps): 45%
(oligoMeOx) and 35% (oligoBuOx). oligoMeOx: 'H NMR
(CDCly), § (ppm): 3.2-3.5 (CH, backbone of oligoMeOx, Hb
and terminal CH, groups of HDOTs, Ha’), 2.1-2.3 (CH; back-
bone of oligoMeOx, Hc), 1.2-1.6 (8H, Ha). OligoBuOx: '"H NMR
(CDCL;), 6 (ppm): 3.2-3.5 (CH, backbone of oligoBuOx, Hb
and terminal CH, groups of HDOTs, Ha'), 2.2-2.4 (vicinal CH,
of C=O from oligoBuOx, Hc), 1.5-1.8 (CH, of the
pendant oligoBuOx chain, Hd and Hf, CH, alkyl chains of
HDOTs, 8H, Ha), 0.9-1.0 (terminal CH; of the oligoBuOx back-
bone, Hg).

Polym. Chem., 2024, 15, 3641-3656 | 3643
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Synthesis of phthalimide end capped co-oligomers with stat-
istical (S), block (B) and reverse block (RB) architectures con-
taining MeOx and BuOx. The synthesis of co-oligomers was
done following the synthesis procedure of oligoMeOx and
oligoBuOx homo-oligomers, with slight modifications. HDOTs
(1.3 g, 3.05 mmol, 1 equiv.) was dissolved in 7.4 mL of aceto-
nitrile in a 30 mL glass vial containing a magnetic stirrer bar.
A flux of nitrogen was applied to the vial over 15 min. For stat-
istical co-oligomers, the two co-monomers MeOx and BuOx
were added at the same time by stopping the reaction after
30 min. Block co-oligomers were obtained by adding BuOx
first (for 20 min) and then the vial was cooled down at room
temperature, removed from the microwave reactor, and the
hydrophilic MeOx was added under nitrogen flux. Then, the
nitrogen flux was stopped, the vial was placed in the micro-
wave reactor and the reaction was stopped after 10 min.
Reverse block co-oligomers were obtained similarly via first
adding the hydrophilic MeOx and then the hydrophobic BuOx.

For all syntheses, the total co-monomer-to-initiator ratio of
M/I was equal to 10 while preparing different compositions
(from 20% to 50% BuOx). The total co-monomer concentration
was adjusted to 4 M. The solution was heated in a microwave
reactor at 140 °C and 300 W. After cooling the resulting solu-
tion to room temperature, a 10-fold excess of potassium phtha-
limide (5.6 g, 30.5 mmol, 10 equiv.) was added and the reac-
tion mixture was stirred overnight at 70 °C. The reaction
mixture was filtered and the solvent was removed. For statisti-
cal co-oligomers, the resulting residue was dissolved in chloro-
form and washed twice with a saturated solution of NaHCO;
and once with brine. The organic phase was concentrated
under reduced pressure. However, block and reverse block co-
oligomers showed some issues during the organic/aqueous
separation step. For this reason, the residue obtained after fil-
tration in the case of block and reverse block architectures was
purified by using a different method: the filtrate was concen-
trated and precipitated twice in cold diethyl ether. The result-
ing product was dried over vacuum. Yield: 65%. 'H NMR
(CDCL,), 6 (ppm): 7.7 (8H, He), 3.2-3.5 (CH, backbone of
oligoMeOx and oligoBuOx, Hb and terminal CH, groups of
HDOTs, Ha'), 2.2-2.4 (vicinal CH, of C=O from oligoBuOx,
Hd), 2.1-2.3 (CH; backbone of oligoMeOx, Hc), 1.2-1.8 (CH, of
the pendant oligoBuOx chain, Hf and Hi, CH, alkyl chains of
HDOTs, 8H, Ha), 0.8-0.9 (terminal CH; of the oligoBuOx back-
bone, Hg).

Synthesis of amino end capped co-oligomers with statistical,
block and reverse block architectures containing MeOx and
BuOx. The hydrazinolysis of phthalimide end capped groups
into amino functions proceeded similarly to that of homo-oli-
gomers. Briefly, the phthalimide end-capped co-oligomer was
dissolved in ethanol and a 10-fold excess of hydrazine mono-
hydrate (1.7 mL, 30.5 mmol, 10 equiv.) was added. The reac-
tion was heated under reflux overnight. Then, concentrated
hydrochloric acid was added to adjust the pH value to 2-3.
Then, the mixture was filtered. For statistical co-oligomers, the
residue was dissolved in water and aqueous sodium hydroxide
solution until a pH of 9-10 was reached. The aqueous solution
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was extracted three times with chloroform. The organic phase
was concentrated and dried under reduced pressure. Final
yield (after phthalimide protection and hydrazine deprotection
steps): 33%. Since block and reverse block co-oligomers were
difficult to purify via extraction (i.e., the overall yield after both
protection and deprotection steps was below 20%), they were
precipitated. The solid was dried and dissolved in acetonitrile
and then precipitated in cold diethyl ether. The final oligomer
was dried over vacuum with a final yield of (after protection
and deprotection steps) ~62%. '"H NMR (CDCl;), § (ppm):
3.2-3.5 (CH, backbone of oligoMeOx and oligoBuOx, Hb and
terminal CH, groups of HDOTs, Ha'), 2.2-2.4 (vicinal CH, of
C=0 from oligoBuOx, Hd), 2.1-2.3 (CH; backbone of
oligoMeOx, Hc), 1.2-1.8 (CH, of the pendant oligoBuOx chain,
Hf and Hi, CH, alkyl chains of HDOTs, 8H, Ha), 0.8-0.9 (term-
inal CH; of the oligoBuOx backbone, Hg).

General method for the calculation of the degree of poly-
merisation (DP,), the molar percentage of co-monomers, the
number average molecular weight (M,,) and the degree of func-
tionalisation (DF) with phthalimide end-groups by 'H-NMR.
For oligoMeOx, the number of methyl oxazoline units was cal-
culated considering the integral values of methyl protons of
the oligomer backbone (noted as ¢, between 2.1 and 2.3 ppm),
compared to the integral values of aromatic protons of phthali-
mide-end fragments corresponding to eight protons at
7.7-7.9 ppm. For oligoBuOx, a similar procedure was applied
but using the terminal methyl protons of the BuOx backbone
(noted as g, 0.8-0.9 ppm) as follows (eqn (1)):

/3
DPM o < )
o Iphthalimide end group/8

(1)

DPguox = ( fs/3 )
Iphthalimide end group/8
For statistical (S), block (B) and reverse block (RB) co-oligo-
mers, the total number of methyl oxazoline and butyl oxazo-
line units was calculated as described previously, while the
total degree of polymerisation was calculated as the sum
between DPyox and DPg,0y, as stated in eqn (2):

DPiot = DPumeox + DPguox (2)

For S, B and RB co-oligomers, the molar % of MeOx (or
BuOx) units was calculated by dividing the number of MeOx
(or BuOx) repeating motifs (DPyeox Or DPgyox) by the total
degree of polymerisation (DP,), and the result is expressed as
a percentage according to eqn (3):

DPMer(or BuOx)

Molar % of MeOx(or BuOx) = OP
tot

100 (3)
where DPy.ox (or BuOx) and DP,, were calculated with respect
to eqn (1).

For oligoMeOx and oligoBuOx homo-oligomers, experi-
mental M, was calculated as the sum between the total DP,
multiplied by the molar mass of the repetitive unit and adding
the molar mass of chain extremities (M) as well as the molar
mass of the internal six-carbon linker (M;,), according to

This journal is © The Royal Society of Chemistry 2024
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eqn (4). A similar procedure was applied in the case of co-oli-
gomers by following eqn (5):

For homo-oligomers : My = DPyqt - Myieox (or Buox) + Mext  (4)

For co-oligomers : My
= (DPMer . MMer) + (DPBqu . MBqu) + Mext
(5)

The degree of functionalisation (DF) with phthalimide-end
groups was calculated by comparing the value of integral
signals of aromatic protons of phthalimide end-groups (at
7.6 ppm) with that of methylene protons from HDOTSs in the
proximity of oligoOx (noted as a’ at around 3.2 ppm or around
3.6 ppm, each of them integrating to 2) (Fig. S31). The
obtained value was divided by the theoretical value of the inte-
gral signals of phthalimide protons corresponding to theore-
tical 100% functionalisation (equal to 8) and multiplied by 100
to obtain the final DF (%) according to eqn (6):

I hthalimide protons at 7.6 ppm
DF(%) _ P P8 PP

100 (6)

Preparation of the self-assembled structures via direct dis-
solution. The self-assemblies were obtained by directly dissol-
ving the co-oligomer powder in pre-filtered PBS at a final con-
centration of 1 g L. The solutions were then stitred for 24 h
at room temperature before being deposited on TEM grids. For
the experiments performed at 50 °C, the formulations were
prepared as described previously and the vials containing the
solutions were immersed in an oil bath at 50 °C for 1 h.

Preparation of the self-assembled structures via film rehy-
dration. 10 mg of co-oligomer was dissolved in 0.4 mL of
chloroform. The solvent was removed on a rotary evaporator
for 1 h. The formed film was dried further in a vacuum at
room temperature overnight. The corresponding volume of

Table 1 Characterisation of oligoOx
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pre-filtered PBS was then added to obtain a solution at a final
concentration of 1 g L™, Then, the solution was stirred for
24 h at room temperature before being deposited on TEM
grids. For the experiments at higher temperatures, the vial con-
taining the solution was placed in an oil bath at 50 °C for 1 h.

Results and discussion
Synthesis of oligoOx

o-Aminated oligoOx were synthesized in two steps. First, a
bifunctional six-carbon chain ditosylate initiator was used in
the CROP of MeOx (BuOx), and the living oxazolinium species
were quenched with an excess of potassium phthalimide. The
six carbon-chain internal linker of the ditosylate initiator
induces structural flexibility in the resulting oligoOx, which is
an important characteristic of self-assemblies requiring a
sharp convolution of the central hydrophobic block. The end-
capping efficiency with phthalimide groups was evaluated by
determination of the degree of functionalisation (DF) by
'H-NMR. This was done by comparing the value of the integral
signals of methylene protons from the difunctional initiator in
the proximity of oligoOx (noted as a’ at around 3.2 ppm) with
the value of the integral signals of aromatic protons of phthali-
mide end-groups (at 7.6 ppm) (Fig. S31). The obtained value of
the integral signals of phthalimide was then divided by the
theoretical value (equal to 8) and multiplied by 100 to obtain
the final DF (%), as described in eqn (6). As shown in Table 1,
the first phthalimide protection step resulted in the DF
between 89% and 96%, which is in accordance with the
literature.""

Then, hydrazine was added to convert phthalimide func-
tions into amino groups. This strategy was employed to func-
tionalize homo-oligomers and co-oligomers with a target

Code DP,, i DP, op” %BUOX/%MEOX cxp” M, avr € (2 mol™) DFyur @ (%) M, spc® (g mol™) pe Fonit?
Homo-oligomers

OligoMeOx **10 **12 0/100 1380 92 1500 1.08

OligoBuOx **10 **10 100/0 1380 95 1280 1.10
Statistical (S) co-oligomers

S1 *2/8 *1.6/8.4 16/84 1010 93 1140 1.36 0.71

S2 *3/7 *2.4/7.6 24/76 1170 94 1070 1.21 0.55

S3 *4/6 *5.0/5.0 50/50 1310 96 1260 1.37 0.32
Block (B) co-oligomers

B1 *2/8 *1.0/9.0 10/90 1080 89 2490 1.20 0.70

B2 *3/7 *3.5/7.5 32/68 1170 93 1270 1.13 0.54

B3 *4/6 *4.0/6.0 40/60 1160 92 1060 1.39 0.44
Reverse block (RB) co-oligomers

RB1 *2/8 *1.0/9.0 10/90 1010 90 1600 1.26 0.75

RB2 *3/7 *2.8/7.2 28/72 1083 91 1800 1.16 0.56

RB3 *4/6 *3.8/6.2 38/62 1125 94 1360 1.07 0.47

For oligoMeOx and oligoBuOx, ** refers to the global DP, (theoretical th and experimental exp); for S, B and RB co-oligomers, * refers to the DP,,
(theoretical th and experimental exp) calculated for each repetitive unit of BuOx/MeOx. “ Determined by 'H-NMR and according to eqn (1) and
(2). ” Determined by "H-NMR and according to eqn (3). “ Determined by "H-NMR and according to eqn (4) and (5). ¢ Determined by "H-NMR and
according to eqn (6). ¢ Determined by SEC in DMF, calibrated by using PMMA standards. /" Fphii: hydrophilic fraction, calculated by "H-NMR as:
M, (hydrophilic part)/Mn (oligomer)) where M, (hydrophilic part) = (DPexp of MeOx x MMer) + 2 X Mamino group) DPexp of MeOx: eXPerimental degree of POI}"
merisation of MeOx; Myeox: molecular weight of MeOX; Mamino group: molecular weight of the amino group.

This journal is © The Royal Society of Chemistry 2024

Polym. Chem., 2024, 15, 3641-3656 | 3645


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4py00564c

Open Access Article. Published on 27 August 2024. Downloaded on 1/20/2026 8:20:43 PM.

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

(cc)

Paper
A CROP and
Pthalimide end-capping
1 0, R/R'
) 0ot J 3
N e~~~
R Z)T}?trss-:jum o RIR'
R:Me phatmice Deprotectionl
R': nBu
OYR/R'
N. NH,
R e N 2
o n/m )N:\‘,):m
o RIR'
CHCl,4
B c = 10 /m', After Hydrazinolysis|
After E [\
Hydrazinolysis E 08 | \
|
5 [\
E 0.6 J \
8 ‘\
c 04 / U(C=(.3).
g / \ phthalimide
o \
Ak 2 02 / \
< =
0.0 L.
1500 1550 1600 1650 1700 1750 1800
Wavelength (cmr™)

9 9
D cHols ﬁ)e)v Ji NH,-(PBuOx-PMeOx)-NH, '
o 4, b o 4

b
p—t— 2 Y
RS UL LERS Gt T
D)\ vy b o7 ew, b bia 9
c [ q ¢ e+f+a
J \\_ AN /A\J‘

NH,-PBuOXx-NH, I

I T e g
T " o d " ’_‘ﬁb‘ﬂ' e+f+a P
e ¢ A d = |
I \ A ]
9 I U . NSOV A VAN | O
¢ )
o s H NH,-PMeOx-NH l
et @ 2-FIVIeOX-Ni1,
"’*:J/M/\’rm
T P
b+a
'_L| c
A a
A b

P W ) ORI ) VA

s s 4 2 ppm

Fig. 1 (A) Two-step synthesis of amphiphilic oligoOx: CROP (anhydrous
acetonitrile, microwave, 300 W, 140 °C) and termination by using a
phthalimide ending agent (70 °C, overnight); deprotection by using
hydrazine (ethanol, reflux, overnight); the deprotection step was fol-
lowed by (B) *H-NMR and (C) FTIR spectroscopy; (D) *H-NMR spectra of
oligoOx ended with amino groups.

degree of polymerisation (DP,) of 10 (Fig. 1 and Table 1).
However, purification of amino-containing oligoOx was chal-
lenging. Inspired by the literature reports showing that typi-
cally, due to their low molecular weight, POx oligomers are iso-
lated through liquid/liquid extraction and/or consecutive pre-
cipitation steps,>”®' the first strategy of purification involves
chloroform/aqueous solution extraction of the final oligomer.
Nevertheless, the extraction step results in low yields because
the hydrophilic oligoOx is soluble in both aqueous and
organic chloroform solvents. Thus, the second alternative strat-
egy involves the purification of the product through repeated
precipitation—filtration cycles, which improved the final yield
of the resulting oligomers to 60%. However, as the oligomers
undergo slow precipitation, this method was time-consuming.

3646 | Polym. Chem., 2024, 15, 3641-3656
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"H-NMR spectroscopy was used to follow the deprotection of
phthalimide groups into amino functions, confirmed by the
complete disappearance of the signal characteristic of the aro-
matic phthalimide units at 7.76 ppm (Fig. 1A, B and D). In
addition, it is important to note that "H-NMR spectra indi-
cated the absence of proton signals in the 4.2 ppm-4.8 ppm
range (which are characteristic of free non-terminated oxazoli-
nium species). The absence of these signals demonstrates the
efficiency of the end-capping steps. FTIR spectroscopy con-
firmed the effective transformation of phthalimide functions
into amino groups, as evidenced by the absence of the typical
band at 1710 cm ™" specific to the stretching vibrations of the
C=0 group of phthalimide (Fig. 1C). After deprotection, as
observed in Fig. 1D, 'H-NMR spectroscopy showed the pres-
ence of all signals corresponding to the resulting oligomers.
For example, in the case of oligoMeOx, the protons of the six-
carbon internal linker were observed at around 1.1-1.6 ppm
(labeled a), while the protons of the oligomer backbone were
located at around 2-2.3 ppm (labeled ¢, methyl protons) and at
around 3.2-3.4 ppm (labeled b, methylene protons). When
analysing oligoBuOx, well-defined signals were observed at
0.9 ppm (corresponding to the terminal methyl group of the
BuOx backbone labeled g), as well as the methylene protons of
the pendant group between 1.3 and 1.5 ppm (e, f) or 2.3 ppm
(d), together with those of the oligomer backbone (b, a, a’).
The integrals of these signals were used further to determine
the total degree of polymerization (DP). For example, in the
case of oligoMeOx, the number of methyl oxazoline units was
calculated considering the integral values of the methyl
protons of the oligomer backbone (Hc, between 2.1 and
2.3 ppm), compared to the integral values of the aliphatic
carbon linker (Ha, 1.1-1.6 ppm). Additional comprehensive
analysis of oligoOx structures was performed using
MALDI-TOF (Fig. S6 and S77), showing a coherent correlation
between the calculated M, and those
determined.

experimentally

Statistical, block and reverse block oligoOx

PMeOx is widely recognised in the literature for its hydrophili-
city.”® On the other hand, PBuOx exhibits greater hydrophobi-
city which decreases the cloud point of thermoresponsive poly-
mers.?® To modulate self-assembly and thermoresponsive pro-
perties, various amphiphilic oligoOx incorporating both MeOx
and BuOx in different MeOx/BuOx ratios were synthesized.
Different compositions (i.e., ranging from 10 to 50% molar
BuOx, corresponding to hydrophilic fractions Fynj from 0.7 to
0.3) were prepared (Fig. 2 and Table 1).

All the oligoOx were characterised by "H-NMR spectroscopy
(Fig. 1D and Table 1), DOSY (Fig. S41) and SEC (Fig. S5). For
instance, 'H-NMR was used for determining the degree of
polymerization (DP), which in the cases of statistical (S), block
(B) and reverse-block (RB) oligoOx was calculated as the sum
of the methyl-2-oxazoline units DPy.ox and butyl-2-oxazoline
units DPg,ox respectively. Overall, these results revealed that
all oligomers had a composition close to the targeted ones, as
demonstrated by similar experimental (DP,,,) and theoretical

This journal is © The Royal Society of Chemistry 2024
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MeOx and BuOx monomer addition.

(DPy,) DP values (Table 1). In addition, DOSY NMR is a highly
sensitive technique that was used to provide evidence of block
copolymer formation. If the block copolymerisation is success-
ful, the correlation spots characterizing the "H-NMR signals of
participating blocks are characterized by only a single, distinct
diffusion coefficient.”®

DOSY-NMR experiments (Fig. S4f) were performed in
CDClI; for three oligoOx structures (oligoMeOx, oligoBuOx, and
the B2 block co-oligomer) providing the same total DP of 10.
The three oligomers provided well-aligned spots belonging to
the hydrogen atoms of the polyoxazoline backbone and the
six-carbon chain linker, which was proved by a unique hori-
zontal line corresponding to the logarithmic value of the
diffusion coefficient (log D). In addition, this characterization
method is suitable for samples providing diffusion coefficients
(D) of 107" < D < 2 x 107> m” s7".”7 Respectively, the D was
7.95 x 107 m* s for oligoMeOx (Fig. S4At), 1.99 x 107'° m?
s~ for oligoBuOx (Fig. S4Bt), and 3.98 x 107 m”> s™* for co-
oligoOx (B2) (Fig. S4Ct), which falls between those of
oligoMeOx and oligoBuOx. All values were found to be in the
corresponding range according to the literature.”” It is impor-
tant to highlight that the unique diffusion coefficient obtained
for the B2 co-oligomer proved that the copolymerization
occurred successfully without any residual compounds
obtained through the CROP process.

Furthermore, SEC analysis revealed monomodal distri-
bution and dispersities below 1.4 (Fig. S5 and Table 1). The
slight broadening of the SEC traces may be related to the
bifunctional nature of oligomers, potentially causing inter-

This journal is © The Royal Society of Chemistry 2024

chain aggregation due to their proximity, impacting the final
dispersity. Recently, similar behavior was reported for multi-
functional polyoxazolines prepared using tri/tetrafunctional
triflate initiators with star-like architectures, showing rather
broad dispersities by SEC, which were explained by polymer
aggregation (due to polyfunctionality).”®”® In another work,
polypropylene glycol (PPG) ditosylate initiators were used to
prepare difunctional polymethyloxazolines with the PPG back-
bone, with broad dispersities explained similarly.”® Moreover,
it is important to emphasize that the chosen protocol (simul-
taneous addition of MeOx and BuOx for S oligomers, the first
addition of BuOx for B oligomers, or the first addition of
highly reactive MeOx for RB oligomers) does not affect the for-
mation of relatively well-defined oligomers, as proved by
similar experimental M, values obtained by 'H-NMR, as well
as by the consistent hydrophilic fractions (F,hi1) obtained for
all the three investigated co-oligomers.

Investigation of self-assembly properties

Effect of hydrophobicity. Amphiphilic ABA block polyoxazo-
lines have already been documented in the literature to exhibit
various morphologies resulting from the self-assembly of their
block counterparts via either hydrophobic or H-bonding
interactions.*®>"961:6%.67°6% Thege self-assembled structures
originated from amphiphilic POx exhibiting a DP of up to
30.%*7°® However, POx oligomers (DP < 10) have not been
reported yet in the literature. Oligomers might display a
greater degree of control over interactions within their short

Polym. Chem., 2024, 15, 3641-3656 | 3647
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chains, which is particularly promising for sharp control of
well-defined self-assembly morphologies.

Self-assembled oligomers were prepared by direct dis-
solution of oligoOx powders in PBS buffer solution (pH 7.4) at
a concentration of 1 g L™, with the resulting solutions being
investigated by using TEM and DLS. This concentration was
chosen for further experiments since higher concentrations
led to undesired aggregation phenomena observed by DLS
(data not shown).

First, control experiments were performed on statistical
oligoOx designed with hydrophilic MeOx and hydrophobic
BuOx units (S). As expected, no self-assembly was noticed as a
consequence of limited hierarchical control over the arrange-
ment of hydrophilic and hydrophobic units (Fig. S117).
Otherwise, we investigated the self-assembly of block
oligomers.

B1 (with the lowest % of BuOx of 10%, Fyhi: 0.70) did not
self-assemble in particular morphologies due to its high
hydrophilicity that hinders self-assembly (Table 2 and Fig. 3).
The increase of hydrophobicity in B2 (32% BuOX, Fppi;: 0.54)
led to the formation of organised large vesicles with a polymer-
some-like morphology. TEM and DLS analyses indicated a
similar size (219 nm by TEM versus 252 nm by DLS) and a
slight polydisperse distribution (PDI: 0.2 by DLS) (Table 2,
Fig. 3 and Fig. S8A-FT).

These polymersomes had a membrane thickness of around
30 nm, which is six times larger than that of a usual liposome
(around 5 nm)."?

Interestingly, similar phenomena have been reported in
studies of polymersomes made from polyoxazoline containing
long side alkyl chains, where solvent impurities coming from
the solvent switch method were implicated.®®”> However, the
presence of solvent impurities was excluded in our case, as
shown by "H-NMR data (Fig. 1). Thus, we presume that these
values are a consequence of the fact that the layer’s organiz-
ation is not uniform, with some regions composed of hydro-
phobic BuOx stacked chains, while in other parts, hydrophilic
MeOx segments are inserted. This imperfect arrangement
might potentially retain water molecules inside, thus leading
to an overestimation of the membrane thickness.

View Article Online
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Overall, this behaviour is favourably influenced by the equi-
balanced hydrophilic weight fraction (Fpni: 0.54), which allows
the self-assembly of many polymers into well-defined nano-
objects, especially polymersomes, as reported in the
literature.”*'® We note in Fig. S8t the singular tortuosity of
the polymersome membrane. This phenomenon is rarely
reported in the literature and can be attributed to the flexibility
of the polyoxazoline backbone which ensures local folding of
the membrane.'>*® The increase in the hydrophobic ratio of
BuOx in B3 (40%, Fpp;: 0.44) revealed a transition into mor-
phologies with undefined shapes, even in nano-sized objects
(160 nm by TEM, 130 nm & PDI: 0.19 by DLS) (Table 2, Fig. 3
and Fig. S9A-Eft). This result was quite surprising since B3 pro-
vides quite a close hydrophilic weight fraction as B2, which
might be theoretically suitable for polymersome formation
according to the literature."**® For B3, another kind of self-
assembly with undefined shapes organized into undefined
globular-like morphologies was also observed, as shown in
Fig. S9A.f This might come from the slight increase of %
BuOx, driving an increase in crystallinity, as additionally sup-
ported by DSC thermograms showing a shift of about 21 °C of
the melting point (Fig. S10A and BY). Briefly, the self-organis-
ation of block oligoOx into polymersomes is driven by the tri-
block BuOx structure with a compromise between its low T,
(characteristic of a flexible polymer chain) and its crystalline
nature. This is further supported by the TEM image of the for-
mulation of control diblock oligoOx (noted as CB2) in PBS.
CB2 provides the same BuOx/MeOx and DP as B2, prepared
with the commercial tosylate initiator. As expected, no particu-
lar organisation into polymersomes was observed (Fig. S11C¥),
which emphasizes the importance of triblock oligomer archi-
tecture for organisation into polymersome-like morphologies.

However, as the crystallinity increases along with the
increased amount of BuOx, the oligomer chains become less
flexible, which could impede their organization into
polymersomes.

Effect of co-oligomer architecture and the preparation
method. Regarding the ability of the block oligoOx to self-
assemble into polymersomes, in particular at an equibalanced
Fpnii of ~0.54 (B2), reverse-block oligoOx (RB) were also

Table 2 Characteristics of oligoOx nano-objects at 25 °C and 50 °C by TEM and DLS. (N.D. not determined)

Self-assembly at 25 °C

Self-assembly at 50 °C

Size (nm) Size (nm)
Code Fphit TEM DLS Morphology TEM DLS Morphology
Method I: direct dissolution
B1 0.70 N.D. <50 Aggregates N.D. N.D. Aggregates
B2 0.54 219 252 Polymersomes 350 360 Polymersomes
B3 0.44 160 130 Globular/spherical 110 127 Undefined
RB1 0.75 N.D. >500 Aggregates N.D. >500 Aggregates
RB2 0.56
RB3 0.47
Method II: film rehydration
B2 0.54 111 101 Polymersomes 257 290 Polymersomes
RB2 0.56 210 180 Spheres N.D. >500 Aggregates

3648 | Polym. Chem., 2024,15, 3641-3656
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explored. For instance, RB2 oligoOx was synthesized with a
similar Fp,p,;; to B2. In contrast to B2, which self-organized very
well by direct dissolution in PBS, RB2 aggregated as shown in
Fig. 4.

Although the direct dissolution method in PBS is highly
practical, avoiding organic solvents for oligomer solubilization,
other methods of self-assembly of polymers in solution are
usually employed including the co-solvent process, film rehy-
dration, etc. There is no universal method to precisely predict
the formation of a particular self-assembled morphology.
Consequently, B2 and RB2 formulations were also prepared by
film rehydration (Fig. 4). B2 self-assembled with similar vesicle
morphologies to those obtained by the direct dissolution
method (Table 2, Fig. 4 and Fig. S131) with relatively well-
defined polymer vesicles shown by DLS (101 nm & PDI: 0.18).
TEM analysis (Fig. 4) of this formulation revealed a mean dis-
tribution of around 110 nm and a secondary distribution of
around 380 nm, while the membrane thickness was around
12 nm. These results in terms of size were slightly different
from those obtained when B2 was directly dissolved in PBS
(i.e. showing a uniform mean size of around 250 nm). This
difference could be related to the film rehydration method
used herein which, despite being straightforward, has some
drawbacks such as the lack of control over the resulting par-

This journal is © The Royal Society of Chemistry 2024

ticle sizes. This issue, which has been reported in the litera-
ture,®® could thus explain the difference in the size of the
resulting particles. Moreover, for self-assembled RB2 architec-
tures prepared via the film rehydration method, the mor-
phology switched from undefined organization into nanosized,
spherical aggregates (210 nm by TEM; 180 nm & PDI: 0.30 by
DLS) (Fig. 4 and Fig. S12%). In addition, contrasting differences
between B2 and RB2 could be observed in TEM and might be
attributed to the hydrophilic nature of the contrast agent,
potentially favoring the imaging of hydrophilic compounds. In
the case of RB, the hydrophilic MeOx blocks are located intern-
ally, while the hydrophobic blocks are positioned at the extre-
mities of the structure. This suggests that the contrast agent
preferentially images the hydrophilic core of RB.

Overall, these results highlight the importance of block
architecture in gaining structural stability driven by internal
hydrophobic BuOx segments (in particular at equibalanced
Fphi) that promote the self-assembly into polymersomes,
regardless of the method employed for the preparation of the
co-oligomers. Finally, the direct dissolution process was pre-
ferred for the self-assembly of ABA amphiphilic triblock
oligoOx B in PBS, while the film rehydration process was more
suitable to self-assemble the BAB amphiphilic triblock oligoOx
RB.

Polym. Chem., 2024, 15, 3641-3656 | 3649
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Temperature-dependent self-assembly of oligoOx. The
thermo-responsiveness of the block oligoOx in solution was
monitored by DLS regarding the particle size evolution over
the temperature range of 10-50 °C. For B1 (10% BuOx), no
evolution of the particle size was measured (Fig. 5A). The B2
(32% BuOx, Fppji: 0.54) formulation showed a clouding of the
solution when increasing the temperature. A hysteresis-like
tendency specific to the cloud point transition centered at
31 °C (the point when the hysteresis starts) was observed,
while the short length of oligoOx chains was an obstacle to
having a sharp CP when polymer-polymer interactions replace
polymer-solvent interactions. DLS analysis of the same solu-
tion revealed a gradual increase in the size of the polymer-
somes ranging from 150 nm at 10 °C to 350 nm at 50 °C
(Fig. 6A). We note that the polymersome-like morphology was
maintained even above the CP transition, as shown by TEM
images (Fig. 6B). According to the literature,"™*° the polymer-
some size decreases at higher temperatures due to the shrink-
ing/collapse of the membrane as a consequence of the destruc-
tion of hydrogen bonds and enhanced hydrophobic inter-
actions. However, the temperature behaviour of B2 polymer-
somes was in contrast with that reported usually in the litera-
ture. Respectively, the membrane thickness of B2 ranged from
30 to 42 nm with the increase in the temperature.

A possible explanation of this behavior might be related to
the use of a flexible oligomer backbone (-CH,-CH,-N- repeat
units of oxazoline and an internal six-carbon chain linker).
This feature might allow an easier reorganization into self-

A ELLE %BuOx | T (°C) | Thermoresponsive | Reversibility
behaviour
B1 30 - -

Absence
B2 46 312 Cloud point Yes
B3 56 292 Temperature No
induced transition

aExperimental values determined by DLS

25 °
B . 50,

50°C

Disaggregation of assembly into small morphologies

Fig. 5 (A) Thermal transition temperature of block oligoOxs vs. pure
PMeOx and PBuOx; (B) The temperature effect on the disaggregation of
self-assembled B3 oligomers into smaller nano-objects. All measure-
ments were recorded for a concentration of 1 mg mL™* in PBS. Scale
bar: 1 pm.
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A Reversible thermal transition for B2
500 -‘ : 500
. i

400
|
I
|
|

30 E

10 15 20 25 28 30132 35 40 45 50 50 45 40 35 32 30:28 25 20 15 10

Temperature (°C) Temperature (°C)

Heating

Cooling

D:219 nm
d:30nm

B 25°C

Fig. 6 (A) Reversible polymersome shape transition for B2 evaluated by
DLS and (B) TEM. All measurements were recorded for a concentration
of 1 mg mL~*in PBS. Scale bar: 1 pm.

assembled structures with expanded/swelled conformation,
even at higher temperatures. This flexibility is more restricted
in the case of long polymer chains above their CP since the
effect of hydrophobic interactions is stronger, promoting the
shape collapse/deswelling.

The reversibility of the thermo-responsiveness of B2 was
also studied by DLS during successive heating and cooling
cycles between 10 and 50 °C (Fig. 6A). In addition, B2 showed
a reversible CP transition of around 30 °C, as proved by a
decrease in particle size upon cooling followed by returning to
a clear solution. In the case of B3, the lower Fpp; ratio led to a
slight size decrease of around 29 °C, as detected by DLS
(Fig. S141) and TEM (Fig. 5B). A possible explanation is that an
excess of hydrophobicity (the lowest Fyni of 0.44 for B3) may
lead to the destabilization of the oligomer assembly at higher
temperatures, prompting chain reorganization into smaller
nano-assemblies. However, the temperature variation in solu-
tion was irreversible for the B3 formulation.

Moreover, the thermoresponsive behavior of RB formu-
lations prepared by the direct dissolution method was investi-
gated (Fig. S11 and S15%). RB1 (10% BuOx) did not present a
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response in temperature changes, which was expected due to
the high hydrophilicity of the system, as in the case of B1
(Fig. S15t). However, no size transition with temperature was
observed for RB2 (28% BuOx), which is attributed to the hydro-
philic internal MeOx segments that might hinder the aggrega-
tion (Fig. S11). Whereas in the case of RB3 (prepared with the
highest amount of BuOx, 40%), the formulation presented a
very polydisperse profile, as proved by DLS traces at both temp-
eratures (25 °C and 50 °C), indicating uncontrolled aggregation
(Fig. S15%).

Conclusions

Oligomers, being short in length, provide heightened struc-
tural mobility allowing precise control over chain interactions
and acting as the driving force for the self-assembly of stimuli-
responsive polymers.

A preliminary challenge concerns the synthesis of con-
trolled amphiphilic oligomers, which is not always straight-
forward in the case of polyoxazoline chemistry, which is
usually employed to obtain macromolecules with higher DPs.
This work emphasizes amphiphilic low molecular weight
oligoOx, synthesized in two steps using hydrophilic MeOx and
hydrophobic BuOx monomers. The versatility of POx chemistry
was demonstrated with direct access to ABA, BAB amphiphilic
triblock oligoOx and statistical oligoOx using one pot or suc-
cessive addition of monomers, with, in all cases, control of
molecular mass. The MeOx/BuOx ratio of 0.5 revealed, as
expected, a promising trade-off for the well-defined self-organ-
isation of oligomers in solution. As previously reported in the
literature, the solubility of oligoOx, the crystallization ability
and the process of self-assembly drive the oligoOx self-
organisation.

OligoOx B2 spontaneously reorganized themselves into
large polymersomes with tortuous membranes. In contrast to
polymersomes based on high molecular weight polymers
already reported in the literature, polymersomes of oligoOx B2
swelled upon heating and reversibly de-swelled upon cooling.
These thermoresponsive polymersomes exhibited a reversible
cloud point of around 30 °C. Otherwise, reverse BAB triblock
oligoOx RB2 self-assembled into spherical nano-objects driven
by the crystallization of BuOx, which changed when heated but
without a detectable CP temperature.

As far as we know, this is the first report on large unilame-
lar vesicles based on oligooxazolines. This is a promising path
to prepare polymersomes with flexible membranes, which is
the limitation of classical polymersomes in comparison with
liposomes, opening avenues towards new nanostructured
systems used in biological applications.
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