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Abstract. We report a new family of amphiphilic ABC triblock copolymers,
poly(ethylene oxide)-block-polycaprolactone-block-poly(2-methyl-2-oxazoline) (PEO-b-PCL-b-
PMOXA). The synthesis is free of toxic reagents, well-controlled, and result in polymers with
Pu < 1.25 and PMOXA length up to 25 units (2 kDa). We compare the self-assembly of PEO-b-
PCL-b-PMOXA with PEO-b-PCL depending on PCL length and hydrophilic weight fraction (f)
using film rehydration method. Polymers self-assemble into different microscale structures,
including polymersomes, which were studied by laser scanning microscopy. We proved the
asymmetry of polymersome membrane by two independent methods, which confirmed the
presence of a longer PEO block and the absence of a shorter PMOXA block on the outer surface

of polymersomes.

Keywords: PEO-H-PCL-b-PMOXA, asymmetric copolymer, self-assembly, phase diagram,

microscale polymersomes.
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Introduction

Nature provides a vast variety of fascinating complex structures assembled from different
macromolecules. Structures of such assemblies determine their function. A prominent example is
a lipid bilayer, which functions as a membrane confining biochemical reactions within a living
cell. Artificial membranes assembled from amphiphilic block copolymers exhibit higher
chemical and mechanical stability' opening new routes for various bioapplications like drug
delivery and nanoreactors.”” Most of the investigated copolymers have AB or ABA structures,
where A — hydrophilic and B — hydrophobic blocks, which self-assemble into symmetric
membranes. Recently developed ABC triblock copolymers consisting of two different
hydrophilic (A, C) blocks can self-assemble into asymmetric membranes that increases the
functionality and flexibility in the design of membranes for bioapplications. For example, ABC
membrane induces the directed insertion of membrane proteins8 and enhances the delivery of
some drugs.”"'! Only few studies report the synthesis of ABC asymmetric copolymers.''™"” Most

of them are obtained via atom transfer radical polymerization'" "7

requiring toxic copper
catalyst that may limit bioapplications of such polymers.

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

structures, including polymersomes, which were characterized by laser scanning microscopy. We

confirm, for the first time, the complete membrane asymmetry of ABC polymersomes. We show
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by two independent methods that only PEO block, which is longer than PMOXA, composes

mainly the outer surface of the polymersome membrane.
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Experimental Section

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

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

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

Gel Permeation Chromatography (GPC). GPC traces were analyzed and recorded in
WinGPC (v 8.20 build 4815, PSS systems). The DMF (20 mM LiBr) GPC system was equipped

with 3 PSS GRAM columns (one 30 A, two 1000 A, each 30 cm long, 10 pm particles, 0.8 cm
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diameter) and Viscotek TDA 305 detector system including refractive index (RI), triple UV-Vis
operating at different wavelengths (189-506 nm), light scattering at 90° (LS 90°, 670 nm), and
viscosity (DP) detectors. The samples were measured at 60 °C with the flow rate of 1 ml'min™".
The system was calibrated against narrowly distributed poly(methyl methacrylate) (PMMA)
standards.

Laser Scanning Microscopy (LSM). LSM images were recorded on Zeiss LSM510
META/ConfoCor 2 FCS microscope using a Zeiss Plan-Apochromat 100x/1.4 Oil DIC objective
lens. Bodipy 630/650 was excited by the 633 nm He—Ne laser line (10 % output). Sulfo-Cy3 was
excited by the 514 nm Argon Laser line (10 %output). Calcein was excited by the 488 nm Argon
laser line (10 % output). The excitation light was passed through a HFT UV 488/543/633 or HFT
405/514 beam splitter. The emission light from Bodipy 630/650 was passed through a LP 650
long pass filter. The emission light from Sulfo-Cy3 was passed through a LP 560 long pass filter.
The emission light from calcein was passed through a NFT 545 beam splitter and a BP 474-525
band pass filter. The fluorescence signals were recorded on the photomultiplier tubes. Twelve-bit
images with the resolution of 1024 x 1024 pixels were acquired at a scan speed of 51.20 pus per
pixel. The pinholes were adjusted accordingly to record maximum signal intensity. 5 pl of a
sample was placed onto a glass cover slip (22 mm x 50 mm) and covered with a round cover slip
(O 13 mm) which was sealed with nail polish. The images were processed with ImagelJ (ver.
1.50B) software.

Synthesis of PEO-b-PCL Diblock Copolymers. PEO-b-PCL was synthetized using an
optimized procedure described in our previous work.'® Briefly, PEO (1 eq., 1.0 g, 0.5 mmol) was
mixed with e-CL (500 eq., 28.5 g, 0.25 mol) and toluene (33.5 ml) in a three-neck flask. Freshly

distilled SnOct; (0.1 eq., 0.5 ml (0.1 M solution in toluene)) was added to the reaction mixture,
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and the mixture was degassed by three freeze-pump-thaw cycles. The polymerization was carried
out at 110 °C, and the reaction time varied depending on the targeted length of the PCL block.
PEO-b-PCL copolymer was precipitated 3 times in cold diethyl ether, and the precipitate was
collected by filtration and dried under vacuum. The block ratio was determined by integrating
the peak from the terminal methyl group of PEO at 3.38 ppm and the peaks of the PCL backbone
at 2.31 and 4.06 ppm. The polymers were also characterized by DMF GPC. 'H NMR
(400.13 MHz, o, CDCls): 1.38 ppm (m, (O)C-CH,-CH,-CH,-CH,-CH,-O-), 1.65 ppm (m, (O)C-
CH,-CH,-CH,-CH,-CH,-0O-), 231 ppm (t, J = 7.1 Hz, (O)C-CH,-CH,-CH,-CH,-CH,-0O-),
3.38 ppm (s, CH3-0O-), 3.65 ppm (s, -O-CH,-CH,-0O-), 4.06 ppm (t, J = 6.5 Hz, (O)C-CH,-CH,-
CH,-CH,-CH>»-0O-).

Synthesis of PEO-b-PCL-OTs Macroinitiator. PEO-b-PCL-OTs was synthetized using
an optimized procedure described in our previous work.'® In a representative experiment, PEO-b-
PCL (1 eq., 2 g, 0.15 mmol) and p-toluenesulfonyl chloride (TsCl) (100 eq., 2.81 g, 15 mmol)
were added into a two-neck flask and the mixture was dissolved in anhydrous CH,Cl, (28.6 ml).
The solution was degassed with three freeze-pump-thaw cycles and backfilled with argon. Then
anhydrous pyridine (10 eq., 0.12 ml, 1.5 mmol) was added, and the reaction was carried out for
12 h at 25 °C. The mixture was precipitated 3 times in cold diethyl ether, the final precipitate was
dissolved in CH,Cl, (30 ml) and washed with Milli-Q water (3 x 10 ml). The CH,Cl, phase was
dried over MgSO4 overnight, filtered, and the filtrate was dried under vacuum. The percentage of
tosylation was determined by integrating the peak from terminal methyl group of PEO at
3.38 ppm and the aromatic doublets at 7.35 and 7.79 ppm. The polymers were also characterized
by DMF GPC. "H NMR (400.13 MHz, 3, CDCl3): 1.38 ppm (m, (O)C-CH,-CH,-CH,-CH,-CH,-

0-), 1.65 ppm (m, (0)C-CH,-CH,-CH,-CH,-CH,-0-), 2.31 ppm (t, J = 7.1 Hz, (0)C-CH,-CH,-
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CH,-CH;-CH,-0-), 2.45 ppm (s, CH3-Ph), 3.38 ppm (s, CH3-O-), 3.65 ppm (s, -O-CH,-CH,-O-),
4.02 ppm (t, J = 6.5 Hz, -CH,-OTs), 4.06 ppm (t, J = 6.5 Hz, (O)C-CH,-CH,-CH,-CH,-CH,-0O-),
7.35 ppm (d, J = 8.1 Hz, Ph), 7.79 ppm (d, J = 8.3 Hz, Ph).

Synthesis of PEO-b-PCL-b-PMOXA Triblock Copolymers. PEO-b-PCL-b-PMOXA
was synthesized using PEO-H-PCL-OTs macroinitiator for cationic ring-opening polymerization
of MOXA by microwave-assisted synthesis. PEO-b-PCL-OTs (1 eq., 0.5 g, 0.04 mmol) was
dissolved in a freshly distilled MOXA (2500 eq., 7.9 ml, 93 mmol), and sulfolane (10 g) was
added in the glove box. The desired volume of the solution was transferred into microwave vials.
The vials were sealed in the glove box under argon atmosphere prior to the transfer to the
microwave reactor. After the microwave irradiation at 100 °C the polymerization mixture was
cooled down to room temperature. To get the desired PMOXA length, the reaction time was
varied from 3 to 15 minutes. To remove sulfolane and residual monomer, the polymerization
mixture was placed into a regenerated cellulose dialysis membrane (MWCO 3.5-5 kDa,
SpectraPor) and dialyzed against THF:H,O (9:1) mixture for 2 days and THF:CH,Cl, (9:1)
mixture for 1 day (solution was exchanged 7 times). The block ratio was determined by
integrating the peak from terminal methyl group of PEO at 3.38 ppm and peaks of PMOXA
backbone at 2.12 and 3.46 ppm. The polymers were also characterized by DMF GPC. '"H NMR
(400.13 MHz, o, CDCls): 1.38 ppm (m, (O)C-CH,-CH,-CH,-CH,-CH,-O-), 1.65 ppm (m, (O)C-
CH,-CH,-CH,-CH,-CH,-0O-), 2.12 ppm (m, (-N(C(O)CHj3)-), 2.31 ppm (t, J = 7.1 Hz, (O)C-
CH>-CH,-CH,-CH,-CH,-0O-), 3.38 ppm (s, CH;-O-), 3.46 ppm (m, -N(C(O)CH3)-CH,-CH>-),
3.65 ppm (s, -O-CH,-CH»-0O-), 4.06 ppm (t, J = 6.5 Hz, (O)C-CH,-CH,-CH,-CH,-CH,-O-).

Synthesis of Alkyne-PEO-b-PCL-b-PMOXA and PEO-b-PCL-b-PMOXA-Azide

Triblock Copolymers. Alkyne-PEO-b-PCL-b-PMOXA was synthesized using the same
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procedure as for PEO-b-PCL-b-PMOXA, except Alkyne-PEO was used as a macroinitiator. To
obtain PEO-b-PCL-b-PMOXA-Azide, 0.1 g NaN3 in 1 ml DMF was added to the 10 ml solution
of polymerization mixture after microwave-assisted synthesis, and the mixture was incubated for
12 h at room temperature and dialyzed as described above. '"H NMR Alkyne-PEO-b-PCL-b-
PMOXA (400.13 MHz, 9, CDCl3): 1.38 ppm (m, (O)C-CH,-CH,-CH,-CH,-CH,-0O-), 1.65 ppm
(m, (O)C-CH,-CH,-CH,-CH,-CH,-0O-), 2.12 ppm (m, (-N(C(O)CHj3)-), 2.31 ppm (t, J = 7.1 Hz,
(0O)C-CH,»-CH,-CH,-CH,-CH,-0O-), 3.46 ppm (m, -N(C(O)CH3)-CH>-CH>-), 3.65 ppm (s, -O-
CH,-CH»-0O-), 4.06 ppm (t, J = 6.5 Hz, (O)C-CH,-CH,-CH,-CH,-CH>-O-), 4.21 ppm (d, J =
2.4 Hz, HC=C-CH,-0-). '"H NMR PEO-b-PCL-b-PMOXA-Azide (400.13 MHz, &, CDCls):
1.38 ppm (m, (O)C-CH,-CH,-CH,-CH,-CH,-0O-), 1.65 ppm (m, (O)C-CH,-CH,-CH,-CH,-CH>-
O-), 2.12 ppm (m, (-N(C(O)CHj3)-), 2.31 ppm (t, J = 7.1 Hz, (O)C-CH,-CH,-CH,-CH,-CH,-0O-),
3.28 ppm (t, J = 6.9 Hz, -N(C(O)CHj3)-CH,-CH,-N3), 3.38 ppm (s, CH;-O-), 3.46 ppm (m, -
N(C(O)CH3)-CH»-CH>-), 3.65 ppm (s, -O-CH»-CH»-O-), 4.06 ppm (t, J = 6.5 Hz, (O)C-CH,-
CH,-CH,-CH,-CH»-O-).

Reaction between Alkyne-PEO-b-PCL-b-PMOXA / PEO-b-PCL-b-PMOXA-Azide
Containing Polymersomes and Sulfo-Cyanine3 Azide / Sulfo-Cyanine3 Alkyne.
Polymersomes were prepared by mixing in a round-bottom flask 0.2 ml of 17 mg-ml'1
PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K) dissolved in CH,Cl, with 0.1 ml of 2 mg-ml"
Alkyne-PEO(2.0K)-b-PCL(11.4K)-b-PMOXA(0.3K) or PEO(2.0K)-b-PCL(11.7K)-b-
PMOXA(0.3K)-Azide dissolved in CH,Cl, to yield a final concentration of a modified polymer
15 %. CH,Cl, solvent was removed by rotary evaporation. After addition of 1 ml of Milli-Q
water the samples were stirred at 350 rpm for 24 h at 60 °C. After cooling the mixture to 25 °C,

30 ul of 7 mM aqueous solution of Sulfo-Cy3-Alkyne or Sulfo-Cy3-Azide were added to Azide-
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or Alkyne-containing polymersomes, respectively. Then 50 ul of aqueous solution of 10 mM
Cu(II)-Bathocuproinedisulfonic acid and 100 pl of freshly prepared aqueous solution of 5 mM
sodium ascorbate were added, followed by three freeze-pump-thaw cycles and backfilling with
argon. The reaction was carried out for 48 h at 25 °C. After 48 h approximately 300 pul of a
reaction mixture was placed into a round bottom flask, water was removed by rotary evaporation,
and the sample was dissolved in DMF (20 mM LiBr) to a final concentration of 2 mg-ml'l,
filtered using 0.2 um PTFE filter, and analyzed by DMF GPC.

Synthesis of PMOXA Homopolymers. MeOTs (1 eq., 0.1 ml, 0.66 mmol), the desired
amount of freshly distilled MOXA (5 or 45 eq.), and sulfolane (10 g) were mixed in the glove
box. The desired volume of the solution was transferred into microwave vials. The vials were
sealed in the glove box under argon atmosphere prior to the transfer to the microwave reactor.
After the microwave irradiation at 80 °C for 10 min (PMOXA5) or 30 min (PMOXAys) the
polymerization mixture was cooled down to room temperature, and the polymers were
precipitated twice in cold diethyl ether. The block ratio was determined by integrating the peak
from terminal methyl group at 2.35 ppm and peaks of PMOXA backbone at 2.12 and 3.46 ppm.
The polymers were also characterized by DMF GPC: B(PMOXAj5) = 1.13, D(PMOXA4s) = 1.21.
'H NMR (400.13 MHz, &, CDCL): 2.12ppm (m, (-N(C(O)CH3)-), 2.35ppm (s. CH;-
N(C(O)CHj3)-CH,-CH3-), 3.46 ppm (m, -N(C(O)CHj3)-CH,-CH>-).

Self-assembly. Microscale structures of PEO-H-PCL and PEO-b-PCL-b-PMOXA
copolymers were obtained using film rehydration method. 2 mg of a polymer was dissolved in
200 pl of CH,Cl, and placed in the glass round-bottom flask. CH,Cl, was removed by rotary
evaporation, and then 1 ml of Milli-Q water was added. The samples were stirred at 350 rpm for

24 h at 60 °C. For the encapsulation experiments we used 10 mM aqueous solution of calcein

10
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disodium salt. After self-assembly in the presence of calcein the solution was dialyzed (cellulose
ester membrane, MWCO 100 kDa, SpectraPor) for three days against Milli-Q water (solution

was exchanged 9 times). Solutions of the structures (50 ul) were stained with 0.5 pl of 0.72 uM

©CoO~NOUTA,WNPE

Bodipy 630/650 dye and characterized by LSM.

13 Bicinhoninic acid assay (BCA). 50 pl of 15 mg-ml'1 (1 mM) polymer samples was
15 incubated with 400 pul of BCA solution in a 2.5 ml vial at 25 °C (500 rpm). After incubating for 2
18 or 8 h the samples containing polymers were centrifuged at 13000 g for 10 min. Then 300 pl of a
20 supernatant was transferred into 96-well plate and the absorbance at 562 nm was measured. Each

series consisted of 10 samples.

60 11
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Results and Discussion
Synthesis of PEO-b-PCL-b-PMOXA Triblock Copolymers

PEO-b-PCL-b-PMOXA represents a new family of asymmetric triblock copolymers
consisting of well-known biocompatible (PEO, PCL, PMOXA) and biodegradable (PCL) blocks,
and its synthesis is free of toxic reagents. PEO-b-PCL and PEO-b-PCL-OTs were synthesized
using an optimized procedure described in our previous work.'® We chose PEO-b-PCL-OTs as a
macroinitiator for polymerization of MOXA (Scheme 1), since tosylates are stable, initiate ionic
type of polymerization, and result in polymers with a narrow size distribution.'”?' Tosylation
was performed for 12 h at 25 °C using 100-fold excess of TsCl, since 10-fold excess resulted
only in ~10 % of w-modification. Interestingly, the order of mixing of the compounds played a
dramatic role: when we dissolved the polymer first and then added the solution of TsCl,
tosylation reached only 50 %, whereas when we mixed the polymer and TsCl first and then
added the solvent, tosylation reached 100 %. Utilization of triethylamine as a base did not result
in the tosylated diblock copolymer and led to an increase of high molecular weight shoulder on
GPC elugram which was also observed in the case of PCL.** Utilization of pyridine resulted in
tosylation, but the solution often turned yellow after addition of pyridine, presumably due to the
formation of unstable pyridine radical anion® formed because of the residual tin(II) left after

polymerization of e-CL. After ~30 min the color always disappeared.

/OMO{(/H
£-CL/SnOct,

- )
v MOH, L 1. TsClPyr
X 2. MOXA
3. HO/Pyr
o ( : OH
~ \[\/\OH L‘ \PN/\/};
/Ko

Scheme 1. Synthetic strategy for PEO-b-PCL-b-PMOXA copolymers.

12
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We performed MOXA polymerization in a microwave reactor. According to
Hoogenboom and co-workers, the microwave-assisted synthesis is advantageous over

conventional heating for the polymerization of 2-alkyl-2-oxazolines initiated by alkyl

©CoO~NOUTA,WNPE

tosylates.ZI’ 2427 The formation of PMOXA backbone was confirmed by appearance of the peaks
13 at 2.12 and 3.46 ppm on the "H NMR spectra (Figure 1A). We optimized the reaction varying the
15 solvent, temperature and reaction time, and MOXA concentration. Sulfolane was more
18 preferable over acetonitrile, a commonly used solvent for MOXA polymerization, since the latter
20 resulted in the slower initiation: '"H NMR spectrum exhibited the presence of both covalently
attached tosyl group and tosyl anion (Figure S1). Furthermore, sulfolane accelerates the

25 polymerization of 2-alkyl-2-oxazolines.*®

60 13
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Figure 1. A: representative 'H NMR (CDCl;) spectrum of PEO-H-PCL-b-PMOXA triblock
copolymer; B: representative GPC (DMF) traces of PEO (blue, By = 1.08), PEO-b-PCL (green,

Dy = 1.08), PEO-b-PCL-OTs (black, Dy = 1.11), and PEO-5-PCL-b-PMOXA (red, Dy = 1.14).

High temperatures (140 °C, 160 °C, 180 °C) at short reaction times (5-60 sec) resulted in
the broadening of the corresponding peak on the elugram (Figure S2). This tendency was
observed for all tested MOXA concentrations (0.092 M; 0.46 M; 0.92 M; 2.3 M; 11.5 M; 11.8 M

(pure MOXA)). The broadening was a result of two side processes: tailing from low molecular
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weight side (formation of PMOXA homopolymer) and shouldering from high molecular weight
side due to the chain transfer reactions.”” The high molecular weight shoulder mainly consists of
PEO-b-PCL-b-PEO formed during polymerization of &-CL, as we have shown earlier.'® It also
might contain some amounts of PEO-b-PCL-b-PMOXA-b-PCL-b-PEO, because analogues
coupling species were observed in polymerization of 2-alkyl-2-oxazolines.! At 120 °C and
100 °C side reactions were also observed (Figure S3), but after longer reaction times (> 15 min).
At 120 °C side products accumulated faster compared to 100 °C (data not shown). Low
temperatures (60 °C, 80 °C) did not result in the polymerization even after 2-6 h, but induced the
growth of high molecular weight shoulder. Consequently, 100 °C and reaction time up to 15 min
were found to be an optimal temperature and time for the synthesis of PMOXA block due to a
relatively low amount of the side products (Figure 1B).

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

synthesis in sulfolane using 11.5 M MOXA at 100 °C with reaction times up to 15 min.

15
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The discussed above synthesis has a limitation for obtaining triblock copolymers with
PMOXA block length longer than 25 units (2 kDa) while maintaining relatively narrow
dispersity (Py < 1.25). The synthesis could be improved by using an alternative to tosylated
diblock copolymer — nosylated (Nos) macroinitiator, as nosylates result in faster initiation.*
However, we were not able to purify PEO-b-PCL-ONos while maintaining attached the active
end-group.

Combining the previously optimized synthesis of PEO-b-PCL-OTs'® and newly
developed polymerization of MOXA on this macroinitiator, we synthesized a library of narrowly
dispersed (Pym = 1.10-1.24, Table 1) PEO-b-PCL-b-PMOXA copolymers with different PCL and

PMOXA lengths to further investigate their self-assembly in aqueous solution.

Table 1. Characterization of PEO-b-PCL and PEO-b-PCL-b-PMOXA copolymers and their

microscale self-assembled structures.

Page 16 of 39

Copolymer” Py f % Morphology
PEO(2.0K)-5-PCL(5.5K) 1.19 27 S, D
PEO(2.0K)-5-PCL(5.5K)-b-PMOXA(0.2K) 1.16 29 S,D
PEO(2.0K)-b-PCL(5.5K)-b-PMOXA(0.6K) 121 32 S,D
PEO(2.0K)-5-PCL(7.5K) 1.15 21 S
PEO(2.0K)-5-PCL(7.5K)-b-PMOXA(0.4K) 111 24 P,S
PEO(2.0K)-b-PCL(11.7K) 1.05 15 S
PEO(2.0K)-b-PCL(11.7K)-5-PMOXA(0.3K) 114 16 P,S
PEO(2.0K)-5-PCL(11.7K)-b-PMOXA(1.0K) .12 20 P,S, A
PEO(2.0K)-b-PCL(11.7K)-b-PMOXA(1.4K) 113 23 A
PEO(2.0K)-b-PCL(12.5K) 1.06 14 S
PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K) .12 16 P
PEO(2.0K)-b-PCL(15.4K) 115 I S
PEO(2.0K)-b-PCL(15.4K)-b-PMOXA(0.3K) 122 13 P,S
16
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1

2

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

2 PEO(2.0K)-b-PCL(15.4K)-b-PMOXA(1.7K) 1.23 19 A,P,S

7 PEO(2.0K)-b-PCL(15.4K)-b-PMOXA(2.1K) 1.24 21 A,P,S

8

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

10

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

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

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

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

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

19

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

g; “Number-average molecular weight of copolymers was determined by 'H NMR spectroscopy.

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

gg “Hydrophilic weight fraction of PEO (diblocks) and PEO+PMOXA (triblocks) was calculated from 'H NMR data.
26 S — spherical particles, P — polymersomes, I — irregularly shaped particles, E — elongated particles, A — loosely
gg packed aggregates, D — partial dissolution.

29

30 Microscale Self-Assembled Structures of PEO-b-PCL-b-PMOXA Triblock Copolymers in
31

gé Aqueous Solution

34

35 Amphiphilic AB diblock copolymers self-assemble into various structures depending on
36

g; the length of the hydrophobic B block and hydrophilic weight fraction (f).*'>® However, very
ig little is known about self-assembly of ABC triblock copolymers. To investigate how self-
41

42 assembly of ABC copolymers depends on B length and f, we synthesized polymers with one
43

jg PEO (2 kDa) and different PCL (5.5-17.4 kDa) and PMOXA (0.2-2.1 kDa) block lengths and
j? tested their self-assembly in aqueous solution using film rehydration method. We also compared
48

49 the structures formed by di- and triblock copolymers to study how addition of the hydrophilic
50

g; PMOXA block influences self-assembly of the corresponding PEO-b-PCL precursors (Figure
53

54 2A, Figure S5, Table 1). The polymers self-assembled into microscale structures which were
55

56 visualized using LSM. Self-assembly in this case requires high temperatures (~60 °C) due to the
57

58

59
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semicrystalline nature of the PCL block. Film rehydration at 25 °C did not result in self-
assembly even after a week of incubation.

As discussed in the chapter Synthesis of PEO-b-PCL-b-PMOXA Triblock Copolymers,
polymers contain high molecular weight side species which might affect self-assembly process.
However, the amount of these species is rather low (~ 15 %), and they are present in each
triblock copolymer. We assume that the effect of these species on self-assembly, if present, is not
prevalent over change in PMOXA block length.

The majority of PEO-b-PCL copolymers self-assembled into solid spherical particles.
Most of PEO-b-PCL-b-PMOXA copolymers formed a mixture of different structures, and the
major morphology depends on f, suggesting a strong effect of the PMOXA block length on self-
assembly. PEO-b-PCL-b-PMOXA copolymers with the shortest PCL (5.5 kDa) formed
predominantly solid spherical particles. The triblock copolymers with PCL ranging from 7.5 to
15.4 kDa self-assembled mainly into polymersomes (Figure 2B, Figure S5, A-F). However, with
the increase of PMOXA block length, and therefore f, the triblock copolymers formed loosely
packed aggregates suggesting the tendency of a polymer to dissolve (Figure S5, C). The triblock
copolymers with the largest PCL (16.8-17.4 kDa) formed predominantly spherical and
irregularly shaped particles and some polymersomes (Figure S5, G, J). Only one of the diblock
copolymers, PEO(2.0K)-b-PCL(17.4K), formed polymersomes (Figure S5, H), but they were
much smaller (@ <2 pum) compared to the ones formed by the triblock copolymers (@ ~ 5 pm).
We assume that this fact can be explained by different membrane structure of polymersomes: the
diblock copolymer formed a bilayer membrane, whereas the triblock copolymers assembled into

a monolayer. This could be proven by difference in the membrane thickness determined from

18
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cryoTEM, but in this case assemblies could not be visualized due to the problems with sample

preparation caused by the large size of polymersomes.

CL (kDa)
¢ > o n
— > T0wm

M P
n
T
m
(@)
o
19
(@]

f (%)

(PEO+PMOXA)

Figure 2. A: Phase diagram of microscale self-assembled structures formed by PEO-b-PCL
(points on the dashed line) and PEO-b-PCL-b-PMOXA (points above the dashed line)
copolymers using film rehydration method at 60 °C. S — spherical particles, P — polymersomes,
A — aggregates, I — irregularly shaped particles. Morphologies were determined qualitatively
from LSM images. Most of the systems exhibited mixed morphologies, but to simplify the
scheme, only the major component is reported. For more detailed information see Table 1. B:
LSM image of polymersomes formed by PEO(2.0K)-b-PCL(12.5K)-6-PMOXA(0.3K).
Polymersomes were stained with Bodipy 630/650 dye; scale bar is 5 um. Inset in the right upper
corner represents polymersomes with encapsulated hydrophilic dye calcein; scale bar is 2 um.
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Among the obtained self-assembled structures, polymersomes are of a particular interest
due to the ability of their membrane to confine aqueous media. As has been shown for symmetric
AB and ABA-based membranes, microscale polymersomes are advantageous for studying the
properties of such membranes.”” ABC microscale polymersomes are especially intriguing due to
the possibility to have an asymmetric membrane. To test the asymmetry in the case of PEO-b-
PCL-b-PMOXA polymersomes, we took PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K) as it
yielded the most robust formation of polymersomes (Figure 2B, Figure S5, D), which were

stable after 6 months of storage at room temperature.

Orientation of PEOQ-b-PCL-b-PMOXA Chains in the Membrane of Polymersomes
\Polymersomes formed by ABC copolymers with two different hydrophilic blocks (A, C)
can potentially have 3 different orientations of hydrophilic blocks: A outside, C outside, mixed A
and C (Scheme 2). When A and C blocks have different lengths, the longer one should prefer to
segregate on the outer surface of the membrane due to a larger radius of curvature, and the
shorter one should be inside. Such orientation of A and C blocks leads to an asymmetric
membrane. There were few methods reported for testing the asymmetry of a polymersome
membrane. Measurement of { potential at different pH can be a suitable method when one of the

d.> ' 15 However, this method does not exclude the possibility to

blocks, A or C, is charge
have a membrane with a mixture of both hydrophilic blocks inside and outside (Scheme 2c). 'H
NOESY NMR was used to determine 3D spatial correlations and hydrogen bonding interactions
between two hydrophilic blocks in the case of nanoscale polymersomes,'® ** but for our system
the latter method did not give a reliable signal presumably because of the micron size of

polymersomes. To show the presence of a longer PMOXA block on the surface of PEO-b-

PDMS-b-PMOXA polymersomes, the polymer was modified before its self-assembly with a
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fluorescent dye on PMOXA end, and the quencher of the fluorescent dye was added to the
solution of aggregates after self-assembly.'? However, this approach did not exclude the presence
of PEO outside and the possibility of the inversion of PMOXA block by a bulky dye. To avoid
these issues and prove the asymmetry of PEO-b-PCL-6-PMOXA microscale polymersomes, we
used a reaction between polymersomes with functional end-groups on PEO or PMOXA sides
and a fluorescent dye. We chose Cu-catalyzed alkyne-azide coupling reaction, as it proceeds
under ambient conditions. To get alkyne group on PEO side, we used bifunctional Alkyne-PEO
as a precursor for triblock copolymer, since alkyne group was inert in the subsequent steps of the
synthesis. Azide functionality on PMOXA terminus was obtained by quenching the
polymerization of MOXA with NaN3. The end-group modifications did not affect the dispersity
of polymers (Figure S6), and alkyne/azide groups were stable under self-assembly conditions
(Figure S7). As a reactive fluorescent dye, we chose Sulfo-Cy3-Alkyne/Azide as it is highly
soluble in water and does not pass through a semicrystalline hydrophobic polymersome

membrane due to the presence of charged sulfo groups (Figure S8).

Scheme 2. Possible composition of the membrane of polymersomes formed by ABC copolymer:

a: A outside; b: C outside; ¢: A and C form a mixed membrane.

PEO(2.0K)-h-PCL(12.5K)-b-PMOXA(0.3K) was chosen to test the orientation of

polymer molecules in the membrane of polymersomes as it yielded the most robust formation of
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polymersomes (Figure 2B, Figure S5, D). The polymer was mixed with 15 % of Alkyne-
PEO(2.0K)-b-PCL(11.4K)-b-PMOXA(0.3K) or PEO(2.0K)-b-PCL(11.7K)-b-PMOXA(0.3K)-
Azide, which by itself formed a mixture of polymersomes and spherical particles. The final
mixtures yielded polymersomes suggesting that the addition of the alkyne/azide-modified
polymers did not disturb the self-assembly (Figure S9). After the reaction between
polymersomes and a dye, we were not able to remove the free dye completely by dialysis, SEC
on sepharose column, or centrifugal filtration. To check whether the polymersomes reacted with
a dye, water was removed by rotary evaporation and the mixture was dissolved in DMF (20 mM
LiBr) solvent for GPC analysis. The elugrams were analyzed using different detectors. RI and
DP detectors were chosen as reference detectors, since they should not be sensitive to such a low
concentration of the attached dye. On the contrary, LS 90° and UV-Vis detectors should give an
increased response in the case of the covalently attached dye. Figure 3A, C corresponds to the
ABC-Azide containing polymersomes, and B, D — to the Alkyne-ABC containing
polymersomes. In the case of ABC-Azide containing polymer both sample (reaction mixture)
and control (reaction mixture without a catalyst) showed similar detector responses (Figure 3A,
C, Figure S10, A), which indicates that PMOXA forms the inner side of polymersomes (Scheme
2a). Alkyne-ABC sample showed major differences between the sample and the control on LS
90° detector (Figure 3B), UV-Vis 300 nm (Figure 3D), and UV-Vis 506 nm (Figure S10, B),
suggesting the presence of PEO on the outer surface of polymersomes (Scheme 2a). The increase
in the LS 90° signal is caused by the fluorescence of the covalently attached dye. Note, that LS
90° signal fluctuates from injection to injection even for the same sample, and the difference
between sample and control is not significant in the case of Figure 3A. On the contrary, UV-Vis

detector gives a reproducible signal, and the difference between samples is significant. The
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reaction was performed the second time, and the results were identical (Figure S11). Since no
increase in the detector response was observed for the ABC-Azide containing polymersomes
after reaction with the dye as compared to the increase in signal for the Alkyne-ABC containing
polymersomes, the PEO block shows to be preferentially oriented on the outer surface of the
polymersomes.
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Figure 3. GPC (DMF) traces recorded on DP/LS 90° (A, B) and RI/UV-Vis (300 nm) (C, D)
detectors of a mixture after reaction between alkyne/azide containing polymersomes and
azide/alkyne-dye: A, C: 85 % PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K) + 15 % PEO(2.0K)-
b-PCL(11.7K)-b-PMOXA(0.3K)-Azide + Sulfo-Cy3-Alkyne; B, D: 85% PEO(2.0K)-b-
PCL(12.5K)-b-PMOXA(0.3K) + 15 % Alkyne-PEO(2.0K)-b-PCL(11.4K)-b-PMOXA(0.3K) +

Sulfo-Cy3-Azide. “Controls” were obtained from the reaction mixture which did not contain
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Cu(Il) complex and sodium ascorbate. “Samples” corresponded to the reaction mixture which
contained Cu(Il) complex and sodium ascorbate. The samples for GPC analysis were prepared
by removing water from the reaction mixture and dissolving them in DMF (20 mM LiBr) to a

final concentration of 2 mg-ml™ followed by filtration.

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

In addition to the approach discussed above, we tested the asymmetry using a difference
in the chemical structures of PEO and PMOXA. We chose bicinhoninic acid assay (BCA) used
for measuring peptide concentration® to detect PMOXA, since PMOXA, like peptides, contains
amide bonds. This assay is based on the reduction of Cu*" to Cu'" by a peptide bond in alkaline
medium and its further complexation with bicinhoninic acid yielding a purple complex with a
maximum of absorbance at 562 nm. Incubation of PEO and PMOXA containing similar number
of repeating units (~45) with BCA solution for 24 h at 25 °C resulted in much higher signal of
PMOXA4s samples compared to PEOys (Figure S13, A). The response of PMOXAs (which
corresponds to the length of PMOXA block in the triblock copolymer) is much lower compared
to PMOXAys (Figure S13, B), which can be explained by the necessity of the presence of a few
amide bonds to coordinate Cu ions. At the low concentrations (0.1-5 mM) of PMOXA5 and
PEOg4s (which corresponds to the length of PEO block in the triblock copolymer), PMOXA;5

yielded higher signal compared to PEO,s, whereas at higher concentrations (> 25 mM) PEQOys
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resulted in higher absorbance values. Therefore, 1 mM (15 mg-ml'l) ABC concentration was
chosen to determine if PMOXA block formed inner or outer part of the membrane of
polymersomes. We incubated AB suspension, ABC polymersomes, and ABC suspension with
BCA solution for 2 h at 25 °C, since polymersomes were not stable already after 8 h (Figure 4D),
and the absorbance of 1 mM PMOXA; sample (0.123+0.002) was still higher than that of 1 mM
PEOg4s (0.115+0.004) under these conditions. We compared the absorbance of the supernatant of
the samples without the background subtraction, since our aim was to determine only a
difference between the samples. The sample with ABC suspension after 2 h exhibited higher
absorbance value (0.226+0.031) than PMOXA5 (0.123+0.002), which can be explained by more
efficient coordination of Cu ions by “concentrated” PMOXA chains in the case of non-soluble
ABC suspension. The sample with ABC polymersomes had higher absorbance than AB
suspension, but lower than ABC suspension. The latter can be explained by two possible reasons:
either some of the PMOXA chains are located on the outer surface of the polymersomes, or the
polymersomes get partially permeabilized under these conditions. The latter hypothesis seemed
to play a predominant role, since polymersomes might be destabilized due to the osmotic
pressure, and polymer (presumably PCL block) is slightly hydrolyzed under these conditions
(Figure S14). Based on the Student’s t-test, the mean values of the samples with ABC
polymersomes and ABC suspension after 2 h were significantly different, whereas after 8 h the

mean absorbance was comparable (Table S1).
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Figure 4. Absorbance (562 nm) of the supernatant after incubation of 50 pl of 15 mg-ml™
(1 mM) samples with 400 ul of BCA solution at 25 °C. AB: suspension of PEO(2.0K)-b-
PCL(12.5K); ABC polymersomes: polymersomes formed by PEO(2.0K)-b6-PCL(12.5K)-b-
PMOXA(0.3K); ABC suspension: suspension of PEO(2.0K)-5-PCL(12.5K)-6-PMOXA(0.3K).
Incubation time: A: 2 h; B: 8 h. LSM images of the aggregates after incubation with BCA

solution for C: 2h and D: 8 h. Scale bars are 5 pm.

Based on two independent methods, the data support that PEO-6-PCL-6-PMOXA with a

longer PEO block forms microscale polymersomes with asymmetric membrane containing a
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shorter PMOXA block inside. Asymmetry might be affected by the presence of high molecular
weight species in the polymer, but since their concentration is rather low (~ 15 %), we do not

expect a significant impact on the orientation of the polymer molecules in the membrane of

©CoO~NOUTA,WNPE

polymersomes. The reactions between polymersomes with reactive groups and fluorescent dyes
13 showed not only the presence of PEO block on the outer surface of polymersomes, but also the
15 absence of PMOXA block outside. The data were also confirmed by BCA assay, which was

18 based on the difference in the chemical composition of PEO and PMOXA blocks.
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Conclusions

A series of novel amphiphilic asymmetric PEO-b-PCL-b-PMOXA triblock copolymers
with different PCL and PMOXA block lengths was synthesized by the combination of
coordination-insertion ring opening polymerization of e-CL followed by cationic ring opening
polymerization of MOXA. The synthesis is free of toxic agents and well-controlled, yielding
narrowly dispersed (Py < 1.25) polymers with PMOXA block length up to 25 units (2 kDa). We
demonstrated the difference in self-assembly behavior of di- and triblock copolymers, and
showed that PEO-b-PCL-b-PMOXA copolymers self-assembled into different microscale
structures, including polymersomes, depending on both PCL length and f. Self-assembly required
60 °C due to a semicrystalline nature of the PCL block, which limits the compatibility of the self-
assembly process with biomolecules. To overcome this drawback, PCL can be replaced with its
amorphous analogue, poly(y-methyl-g-caprolactone) (PMCL), since self-assembly in the case of
PEO-b-PMCL proceeds under ambient conditions.””*' In addition, PEO-5-PMCL-b-PMOXA
should presumably form nanoscale structures, since the aggregates assembled from PEO-b-
PMCL have nanometer size range.*" Preparation of the nanoscale structures from PEQ-b-PCL-b-
PMOXA using method described for PEO-b-PCL*' resulted only in the precipitation of the
polymers.

Microscale polymersomes assembled from PEO-b-PCL-b-PMOXA exhibited an
asymmetric orientation of the membrane, which was proven by two independent methods. This
creates the possibility to have different functional groups from both sides of the membrane,
opening new opportunities towards targeted localization of the desired molecules on the specific

side of the polymersome.
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Scheme 1. Synthetic strategy for PEO-b-PCL-b-PMOXA copolymers.
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47 Figure 1. A: representative 1H NMR (CDCI3) spectrum of PEO-b-PCL-b-PMOXA triblock copolymer; B:
representative GPC (DMF) traces of PEO (blue, PM = 1.08), PEO-b-PCL (green, BM = 1.08), PEO-b-PCL-OTs
(black, DM = 1.11), and PEO-b-PCL-b-PMOXA (red, DM = 1.14).
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Figure 2. A: Phase diagram of microscale self-assembled structures formed by PEO-b-PCL (points on the
dashed line) and PEO-b-PCL-b-PMOXA (points above the dashed line) copolymers using film rehydration
method at 60 °C. S - spherical particles, P - polymersomes, A - aggregates, I - irregularly shaped particles.
Morphologies were determined qualitatively from LSM images. Most of the systems exhibited mixed
morphologies, but to simplify the scheme, only the major component is reported. For more detailed
information see Table 1. B: LSM image of polymersomes formed by PEO(2.0K)-b-PCL(12.5K)-b-
PMOXA(0.3K). Polymersomes were stained with Bodipy 630/650 dye; scale bar is 5 um. Inset in the right
upper corner represents polymersomes with encapsulated hydrophilic dye calcein; scale bar is 2 ym.
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25 Scheme 2. Possible composition of the membrane of polymersomes formed by ABC copolymer: a: A outside;
26 b: C outside; c: A and C form a mixed membrane.
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Figure 3. GPC (DMF) traces recorded on DP/LS 90° (A, B) and RI/UV-Vis (300 nm) (C, D) detectors of a
mixture after reaction between alkyne/azide containing polymersomes and azide/alkyne-dye: A, C: 85 %
PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K) + 15 % PEO(2.0K)-b-PCL(11.7K)-b-PMOXA(0.3K)-Azide + Sulfo-
Cy3-Alkyne; B, D: 85 % PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K) + 15 % Alkyne-PEO(2.0K)-b-PCL(11.4K)-
b-PMOXA(0.3K) + Sulfo-Cy3-Azide. “Controls” were obtained from the reaction mixture which did not
contain Cu(II) complex and sodium ascorbate. “Samples” corresponded to the reaction mixture which
contained Cu(II) complex and sodium ascorbate. The samples for GPC analysis were prepared by removing
water from the reaction mixture and dissolving them in DMF (20 mM LiBr) to a final concentration of 2
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Figure 4. Absorbance (562 nm) of the supernatant after incubation of 50 pl of 15 mg-ml-1 (1 mM) samples
37 with 400 pl of BCA solution at 25 °C. AB: suspension of PEO(2.0K)-b-PCL(12.5K); ABC polymersomes:
38 polymersomes formed by PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K); ABC suspension: suspension of
39 PEO(2.0K)-b-PCL(12.5K)-b-PMOXA(0.3K). Incubation time: A: 2 h; B: 8 h. LSM images of the aggregates
40 after incubation with BCA solution for C: 2h and D: 8 h. Scale bars are 5 um.
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