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The formation of vesicular structures with average diameters from 200 to 300 nm consisting of double
hydrophilic diblock copolymers pullulan-b-poly(N,N-dimethylacrylamide) (Pull-b-PDMA) and pullulan-b-
poly(N-ethylacrylamide) (Pull-b-PEA) in aqueous solution is described. Bio-derived pullulan was depoly-
merized and functionalized with alkyne endgroups. Furthermore, azide end functionalized acrylamide
blocks PDMA and PEA were synthesized via RAFT polymerization. Individual blocks were conjugated via
copper catalyzed azide alkyne cycloaddition (CUAAC) to afford defined double hydrophilic block copoly-
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mers. Aqueous solutions of the synthesized block copolymers showed formation of completely hydro-
philic vesicles that were observed via various techniques including dynamic light scattering (DLS), static
light scattering (SLS), laser scanning confocal microscopy (LSCM), and cryogenic scanning electron

rsc.li/polymers microscopy (SEM).

Introduction

Block copolymer self-assembly has been an important topic in
polymer science in the last few decades, e.g. in bulk or in solu-
tion."? In solution micelles or vesicles of amphiphilic block
copolymers are commonly studied.’” Vesicles formed from
amphiphilic block copolymers - the so-called polymersomes —
are utilized for various applications e.g. in the biomedical
field®® or in sensors.'® Moreover, the polymersome interior or
the membrane has been utilized frequently as a reaction
environment.'>* Another important direction in polymer-
some research is the functionalization of the outer surface,
which might be useful for molecular recognition in drug-
delivery applications.”*™® In addition, significant research
focusses on the formation of shape anisotropic polymersomes
that might have enhanced biomedical properties.'**®

Unlike amphiphilic block copolymers that self-assemble to
various structures in aqueous solution due to the insolubility
of the hydrophobic block in water,”"” double hydrophilic
block copolymer (DHBC) self-assembly occurs due to a strong
difference in hydrophilicity."®'® In fact, aqueous two-phase
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systems can be formed from aqueous solutions including two
hydrophilic polymers at high concentrations.”*?* In such
aqueous multiphase systems the different polymer types
occupy one of the water phases, which is a well-known macro-
scopic demixing process. Therefore, a DHBC should induce
phase separation in the respective concentration range as
well. As the blocks are covalently bound in a DHBC no macro-
scopic self-assembly but a microscopic self-assembly occurs,
leading to particular structures in aqueous solution, which is
driven via the differences in osmotic pressure in the different
water-soluble blocks.’®** In order to achieve efficient self-
assembly, the difference in hydrophilicity between the two
polymer blocks has to be significant, which was described as
a hydrophilic effect by Brosnan et al.'® The first ones who
observed the formation of lyotropic mesophases of poly(ethyl-
ene oxide)-b-poly(2-methyl-2-oxazoline) block copolymers
(PEO-b-PMeOx) in concentrated aqueous solutions were
Taubert et al.>® Later, Ryan and coworkers showed the self-
assembly of PEO-b-poly(2-(methacryloyloxy)ethyl phosphoryl-
choline) in concentrated aqueous solutions.>* Furthermore,
the investigations of diluted DHBC solutions of PEO-b-poly
(N,N-dimethylacrylamide) diblock copolymers (PEO-b-PDMA)
by Ke et al.>* showed the formation of loose aggregates at
block copolymer concentrations between 0.6 and 2.0 mg
mL™". Among some other publications reporting the presence
of aggregates in double hydrophilic block copolymer solu-
tions with and without external triggers, >° the most strik-
ing discovery was made by Brosnan et al. with the formation
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of giant vesicles via self-assembly of double hydrophilic poly-
saccharide-PEO  block copolymers pullulan-b-PEO and
dextran-b-PEO.'® These so called aquanelles had an average
size between 2 and 20 pm and were observed with cryo SEM
as well as optical microscopy. The complete hydrophilic
nature of DHBC-based self-assemblies leads to expectations
of their utilization as drug-delivery vehicles in the future. In
general, DHBC self-assembly leads to rather dynamic struc-
tures'® that need stabilization to be useful for future appli-
cations. Recent research in our group focused on the further
improvement of vesicular self-assembly of DHBCs via a PEO-
b-poly(N-vinylpyrrolidone-co-N-vinylimidazole) block copoly-
mer that was synthesized via aqueous reversible addition-
fragmentation chain transfer/macromolecular design by
interchange of xanthate (RAFT/MADIX) techniques starting
from a PEO macro chain transfer agent.*® The self-assembled
block copolymer could be cross-linked to preserve its spheri-
cal shape. However, the self-assembly of PEO-PVP block co-
polymers was not as efficient as was demonstrated for poly-
saccharide-b-PEO block copolymers.*3°

In order to further improve DHBC self-assembly and extend
the toolbox of purely hydrophilic block copolymer combi-
nations for future research, a modular and more versatile
approach towards block copolymer formation would be desir-
able. A very efficient and prominent route to form complex
macromolecular structures in a modular way is the so-called
click chemistry approach described by Sharpless et al’*
Taking advantage of the 1,3 dipolar cycloaddition of terminal
alkynes and azides first described by Huisgen et al.,** block
copolymer synthesis can be facilitated.>**® Furthermore, util-
ization of click chemistry as a tool allowed the formation of
other complex macromolecular architectures.>’ ° Access to
hydrophilic homopolymers with end terminated azides and
alkynes can be given by reversible deactivation radical
polymerization (RDRP)'*** or living polymerization tech-
niques.*>** Moreover, several commercially available homo-
polymers such as bio-derived dextran and pullulan as well as
synthetic PEO can be easily post functionalized to be appli-
cable in copper catalyzed azide alkyne cycloaddition (CuAAC)
reactions, for example dextran and pullulan with alkyne
moieties>*® or PEO with either azide or alkyne moieties.*”"*?
Furthermore, macromolecular ligation via CuAAC features
modularity, which easily allows the formation of various block
copolymer combinations with respect to polymer type or
degree of polymerization.*?
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Since pullulan block copolymers demonstrated efficient
self-assembly behavior with the less hydrophilic PEO, we
decided to investigate block copolymers of pullulan and hydro-
philic polyacrylamides as a combination of building blocks of
biological and synthetic origin. Pullulan is a prominent
example of biopolymers in macromolecular science.’®™*
Pullulan is formed by the microorganism Aureobasidium
pullulans that produces a polysaccharide in order to protect
itself from external threats.>® The linear polysaccharide, which
consists of maltotriose repeating units that are linked via
a-(1,6) glycosidic bonds, has a broad spectrum of applications,
such as blood plasma substitutes,” food manufacturing®* and
pharmaceutical applications.*® The second building blocks -
polyacrylamides with alkyne or azido functionalities - are
facile to synthesize via RDRP techniques starting from a suit-
able chain transfer agent.*” Functionalized homopolymers
such as PDMA were already used in the preparation of macro-
molecular suprastructures and complex architectures.*®>>

In contrast to the DHBC self-assembly reported earlier in
the literature, where one polymer block possesses a certain
functionality, such as a lower critical solution temperature
(LCST) in a biophysical range, ionic functionalities or pH
responsive groups that trigger self-assembly upon external
changes into the desired fashion,?****” the self-assembly of
non-ionic, purely hydrophilic block copolymers occurs
through a different, not yet completely understood, pathway.
Since only neutral water and no (mostly toxic) selective sol-
vents are used during the self-assembly process, DHBC vesicles
are considered to be a more valuable choice for future drug
delivery applications. Moreover, it is expected that the formed
particles present higher membrane permeabilities compared
with traditional polymersomes.

Herein, we present the synthesis of two novel double hydro-
philic block copolymers, namely Pull->-PDMA and pullulan-b-
poly(N-ethylacrylamide) (Pull-b-PEA), which show the ability to
form vesicular structures in highly diluted purely aqueous
solutions without the involvement of external stimuli
(Scheme 1). The bio-derived pullulan block was obtained via
depolymerization. The polyacrylamide homopolymer blocks
were synthesized via RAFT polymerization and conjugated to
the respective pullulan building blocks via CuAAC. The pres-
ence of formed vesicular structures was investigated via cryo-
genic electron microscopy (cryo SEM), laser confocal scanning
microscopy (LSCM), static light scattering (SLS) and dynamic
light scattering (DLS) measurements.

[ —

Blocks segregate
in water

Scheme 1 Conjugation and self-assembly scheme of double hydrophilic block copolymers in water.
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Experimental

Materials

Azobis(isobutyronitrile) (AIBN, 99%, Sigma Aldrich) was recrys-
tallized twice from methanol. Dichloromethane (DCM, 99.9%,
Acros Organics) and acetone (99%, J.T. Baker) were stored over
molecular sieves (3 A) prior to use. N,N-Dimethylacrylamide
(DMA, 99%, TCI) was passed over neutral aluminium oxide
prior to use. N-Ethylacrylamide (EA, 99%, TCI) was distilled
under vacuum prior to use. Millipore water was obtained from
an Integra UV plus pure water system by SG Water (Germany).
Ammonium chloride (99%, Roth KG), ascorbic acid (98%, Alfa
Aesar), 2-bromo-2-methylpropanoic acid (98%, Sigma Aldrich),
2-bromopropionyl bromide (97%, Sigma Aldrich), 3-bromo-1-
propanol (97%, Sigma Aldrich), carbon disulfide (CS,, anhy-
drous 99%, Sigma Aldrich), chloromethyl polystyrene resin
(2.4 mmol g™, TCI), copper sulfate (CuSO,4, 99%, Carl Roth),
N,N'-dicyclohexylcarbodiimide (DCC, 99%, Sigma Aldrich), di-
ethylether (analytical grade, Sigma Aldrich), N,N-dimethyl-
aminopyridine (DMAP, 99%, Sigma Aldrich), dimethyl-
sulfoxide (DMSO, VWR Chemicals), dodecanethiol (98%, Alfa
Aesar), ethyl acetate (EtOAc, analytical grade, Chem Solute),
hexane (analytical grade, Fluka), hexylamine (>99%, Fluka),
hydrochloric acid (fuming, Carl Roth), magnesium sulfate
(dried, Fisher Scientific), methanol (MeOH, analytical grade,
Fisher Scientific), N,N,N',N",N"-pentamethyldiethylenetriamine
(PMDETA, 98%, Sigma Aldrich), potassium phosphate (K3POy,,
Sigma Aldrich), propargylamine (98%, Sigma Aldrich), pullu-
lan (Pull, pure, TCI), Rhodamine B (RhB, 99%, Sigma Aldrich),
Rhodamine B isothiocyanate (RITC, 99%, Sigma Aldrich),
sodium azide (>99.5%, Fluka), sodium bicarbonate (>99%,
Fluka), sodium cyanoborohydride (NaCNBHj, 95%, Sigma
Aldrich), sodium iodide (Acros Organics, anhydrous), tetra-
hydrofuran (THF, extra dry, Acros Organics) and triethylamine
(99.5%, Sigma Aldrich) were used as received. Azido functiona-
lized PS-resin, azido terminated PDMA, azido terminated
PEA, dodecylthiocarbonylthio-2-methylpropanoic acid 3'-azido-
propylester and pullulan alkyne were synthesized according to
the literature (refer to the ESI{ for details).*>%°

Methods

"H- and C-NMR spectra were recorded at ambient tempera-
ture at 400 MHz for "H and 100 MHz for *C with a Bruker
Ascend400. Dynamic light scattering (DLS) and static light
scattering (SLS) were performed using an ALV-7004 Multiple
Tau Digital Correlator in combination with a CGS-3 Compact
Goniometer and a HeNe laser (Polytec, 34 mW, 1 = 633 nm at
6 = 90° setup for DLS and 30° to 150° with steps of 10° for
SLS). Sample temperatures were adjusted to 25 °C. Toluene
was used as immersion liquid. Apparent hydrodynamic radii
(Rapp) have been determined from fitting autocorrelation func-
tions by using REPES algorithms. Radii of gyration (Ry) were
determined via SLS with an ALV Stat ALV-5000 using a Guinier
plot. Cryogenic scanning electronic microscopy (cryo SEM) was
performed on a Jeol JSM 7500 F and the cryo-chamber from
Gatan (Alto 2500). Size exclusion chromatography (SEC) for
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polyacrylamides was conducted in NMP (Fluka, GC grade) with
0.05 mol L™ LiBr and BSME as internal standard at 70 °C
using a column system with a PSS GRAM 100/1000 column
(8 x 300 mm, 7 um particle size) and a PSS GRAM precolumn
(8 x 50 mm) and a Shodex RI-71 detector and a PS calibration
with standards from PSS. Pullulan samples were analyzed in
acetate buffer containing 20% MeOH at 25 °C using a PSS
NOVEMA Max analytical system XL (pre column size 50 mm x
8 mm - 10 pm, main column size 300 mm x 8§ mm - 10 pm)
using a pullulan calibration with standards from PSS. Laser
scanning confocal microscopy (LSCM) measurements were con-
ducted with a Leica TCS SP5 (Wetzlar, Germany) confocal micro-
scope, using a 63x (1.2 NA) water immersion objective. The dye
stained samples were excited with a diode pumped solid-state
laser at 561 nm. The emission bands were collected at 640 nm.
Turbidimetry measurements to obtain the lower critical solution
temperature (LCST) were conducted with a T70+ UV/Vis
Spectrometer (PG Instruments Ltd) at a wavelength of 660 nm
and a temperature control system consisting of a Peltier
Temperature Controller PTC-2 and a Manson Switching Mode
Power Supply 1-36VDC-10A. Typically, 0.5 wt% solutions were
investigated with a heating rate of 1 K min~' and the trans-
mission values were detected within a 5 second interval.

Synthesis procedures

CuAAC reactions. CuAAC coupling reactions were processed
by a derived procedure previously described by Bernard et al.*®

Pull-b-PDMA. In a dry, argon purged 25 mL round bottom
Schlenk flask, pullulan alkyne (0.28 g, 0.018 mmol, 1.2 eq.)
was dissolved in deionized water (2.5 mL). CuSO, (1.6 mg,
9.8 umol, 0.7 eq.) and DMSO (5.0 mL) were added to the solution.
A solution of ascorbic acid (5.3 mg, 0.03 mmol, 2.0 eq.) in de-
ionized water (2.5 mL) was added to the reaction mixture.
PDMA-N; (0.25 g, 0.015 mmol, 1.0 eq.) and PMDETA (4.7 pL,
0.0225 mmol, 1.5 eq.) were dissolved in DMSO (3.0 mL) and
added to the reaction mixture. The reaction mixture was stirred at
ambient temperature for 48 hours. Azido functionalized PS-resin
(8.0 mg, 0.018 mmol) and ascorbic acid (5.3 mg, 0.03 mmol, 2.0
eq.) were added and the reaction mixture was stirred for an
additional 48 h. The resin was filtered off and the solution was
dialyzed against deionized water for three days followed by lyophi-
lization to afford Pull-b-PDMA (0.481 g, 0.022 mmol, 91% recov-
ery, My, = 21 500 g mol ™", pullulan standard in acetate buffer with
20% MeOH, D = 1.9) as a white powder.

Pull-b-PEA. In a dry, argon purged 25 mL round bottom
Schlenk flask, pullulan alkyne (0.140 g, 0.0084 mmol, 1.2 eq.)
was dissolved in deionized water (2.0 mL). CuSO, (0.8 mg,
4.9 umol, 0.7 eq.) and DMSO (2.0 mL) were added to the solu-
tion. A solution of ascorbic acid (2.5 mg, 0.014 mmol, 2.0 eq.)
in deionized water (1.0 mL) was added to the reaction mixture.
PEA-N; (0.1 g, 0.007 mmol, 1.0 eq.) and PMDETA (2.2 pL,
0.0105 mmol, 1.5 eq.) were dissolved in DMSO (2.8 mL) and
added to the reaction mixture. The reaction mixture was
stirred at ambient temperature for 48 hours. Azido functiona-
lized PS-resin (4.0 mg, 0.009 mmol) and ascorbic acid (2.5 mg,
0.014 mmol, 2.0 eq.) were added and the reaction mixture was

This journal is © The Royal Society of Chemistry 2017
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stirred for an additional 48 h. The resin was filtered off and the
solution was dialyzed against deionized water for three days fol-
lowed by lyophilization to afford Pull-b-PEA (0.227 g, 8.6 pmol,
95% recovery, M,, = 26 500 g mol ", pullulan standard in acetate
buffer with 20% MeOH, D = 1.6) as a white powder.

Pull-b-PDMA-RhB. In a dry, argon purged 10 mL Schlenk
tube, pullulan alkyne (28.5 mg, 1.5 pmol, 1.2 eq.) was dissolved
in deionized water (1.0 mL). CuSO, (0.1 mg, 0.8 pmol, 0.7 eq.)
and DMSO (1.5 mL) were added to the solution. A solution of
ascorbic acid (0.5 mg, 0.8 pmol, 2.0 eq.) in deionized water
(1.0 mL) was added to the reaction mixture. PDMA-N;-RhB
(25.0 mg, 1.25 umol, 1.0 eq.) and PMDETA (0.4 pL, 1.88 pmol,
1.5 eq.) were dissolved in DMSO (1.0 mL) and added to the reac-
tion mixture. The reaction mixture was stirred at ambient temp-
erature for 48 hours. Azido functionalized PS-resin (1.0 mg,
0.002 mmol) and ascorbic acid (0.5 mg, 0.8 pmol, 2.0 eq.) were
added and the reaction mixture was stirred for an additional
48 h. The resin was filtered off and the solution was dialyzed
against deionized water for three days followed by lyophilization
to afford Pull-b>-PDMA-RhB (0.053 g, 2.3 pmol, 99% recovery, M,,
= 22600 g mol ™, pullulan standard in acetate buffer with 20%
MeOH, D = 2.7) as a purple powder.

Preparation of aqueous Pull-b-PDMA and Pull-b-PEA block
copolymer solutions. The diblock copolymer solutions of
different weight percentages for DLS investigations were pre-
pared as follows. The block copolymers were precisely weighed
into vials according to the final weight percentage of the solu-
tion. Millipore water was added and the mixture was shaken
until the block copolymers were completely dissolved (see
Table S17). The solutions were filtered with hydrophilic 0.45 pm
syringe filters (Satorius CA filters) prior to DLS examination.

Preparation of dye stained block copolymer solutions of
Pull-b-PDMA and Pull-b-PEA. In order to image the vesicular
structures formed by the self-assembly of Pull-b-PDMA and
Pull-b-PEA in water, 2.5 wt% solutions of the corresponding
block copolymers (0.025 g block copolymer in 0.975 g
Millipore water) were stained with 10 pL of an aqueous
0.08 mmol L™' Rhodamine B solution. The corresponding
solutions were then filtered with hydrophilic 0.45 pm syringe
filters (Satorius CA filters) and examined via LSCM.

Preparation of Pull-b-PDMA/Pull-b-PDMA-RhB solution. Pull-
b-PDMA (11.2 mg) was dissolved in Millipore water (0.4875 g).
The solution was filtered (0.45 pm CA syringe filters by
Satorius) and 10 pL of a 0.04 wt% solution of Pull-b-
PDMA-RhB was added. The solution was examined via LSCM.

Results and discussion
Synthesis of alkyne functionalized pullulan

Being a polysaccharide which is produced from starch by the
fungus Aureobasidium pullulans, commercially available pullu-
lan generally possesses a broad molecular mass distribution
with high average molecular masses. In order to afford pullu-
lan with a sufficient D below 2.0 and molecular masses in the
intended region, high molecular mass pullulan has to be de-

This journal is © The Royal Society of Chemistry 2017
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polymerized to a certain degree. Since pullulan predominantly
consists of maltotriose units that are linked via o-(1,6) glyco-
sidic bonds, the easiest access to depolymerized pullulan is a
cleavage between the maltotriose units. Ilic et al. described a
facile method to achieve a controlled depolymerization of pull-
ulan, using 0.025 M hydrochloric acid solution and elevated
temperatures in order to cleave a-(1,6) glycosidic bonds.>®
Following that procedure commercial pullulan was depolymer-
ized to a M, of 14000 g mol™" with a P of 1.8. Attempts to
further decrease the polydispersity of the obtained pullulan
were not successful with the employed starting material
without further decreasing the molecular mass, due to the
broad molecular mass distribution of the starting material.
Since efficient self-assembly of pullulan based block copoly-
mers with D values around 1.8 was shown earlier by Brosnan
et al.,'® further optimization was not attempted.
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Fig. 1 (a) Synthesis scheme of pullulan-alkyne; (b) *H-NMR comparison
of anomeric proton area of pullulan and pullulan alkyne recorded at
400 MHz in DMSO-dg; (c) corresponding molecular mass distribution
curves determined via SEC in acetate buffer solution against pullulan
standards.
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The alkyne functionalization of the depolymerized pullulan
was conducted in acetate buffer at 50 °C (Fig. 1a) via reductive
amination. In order to afford full conversion of the terminal
aldehyde group of the w-glucose unit, a 100 fold excess of pro-
pargylamine and NaCNBH; was used. Additionally, acetate
buffer and a high excess of reactants were utilized to ensure
the desired reaction pathway towards reductive amination and
diminish further depolymerization of pullulan. The presence
of the alkyne could not be directly detected by "H-NMR due to
an overlap of propargyl proton signals with the signals corres-
ponding to pullulan. Nevertheless, the full disappearance of
the anomeric proton peaks (a-centered at 6.7 ppm and
B-centered at 6.3 ppm) is a strong indication of the complete
conversion of the terminal group (Fig. 1b and S1t). Regarding
the SEC elution curves of the alkyne functionalized pullulan
(Fig. 1c and Table S17), only a very slight decrease in molecular
weight was observed. Therefore, it can be stated that there is
predominant reductive amination of the a-1-aldehyde at the
terminal glucose unit and no significant depolymerization.
Thus, the first part of the block copolymer - the bio-derived
alkyne containing block - was synthesized.

Synthesis of azide terminated acrylamide homopolymers

Azido terminated PDMA and PEA are easily accessible via
RAFT polymerization. An azido functionalized trithiocarbo-
nate, namely dodecylthiocarbonylthio-2-methylpropanoic acid
3"-azidopropylester,** was used as chain transfer agent accord-
ing to a known procedure (Scheme 2).**°°

The afforded homopolymers PEA-N; and PDMA-N; pos-
sessed a narrow size distribution (P values from 1.26 to 1.37)
and molecular masses of 16800 g mol™" (PDMA-N;) and
13900 g mol™" (PEA-N;) (Fig. S3, S5 and Table S1f). Moreover,
the polymers were characterized via "H-NMR (Fig. S2 and S41).

z
p s o7 R 0
N0 CiH S S
DMF, 60°C RYp 3
6h R=1) NMe,

2) NHEt

Scheme 2 RAFT polymerization procedure for the synthesis of azido
terminated polyacrylamides.
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The synthesized polyacrylamide homopolymers were well soluble
in water even without removal of the RAFT endgroup. However,
the presence of a certain amount of homopolymer aggregation
was observed for all blocks as shown via DLS (Fig. S6%).
Turbidimetry measurements proved their solubility up to 60 °C
in water (Fig. S71) as well. Within the double hydrophilic block
copolymer systems of interest, PDMA and PEA are considered to
be the less hydrophilic part of the block copolymers, whereas
pullulan is the more hydrophilic block, respectively.

Conjugation of block copolymers via copper catalyzed azide
alkyne cycloaddition

The CuAAC reaction of homopolymers bearing terminal
alkynes and azides is a versatile and easy tool to form block
copolymers (Schemes 1 and 3).>* In order to conjugate two
hydrophilic polymers to a double hydrophilic block copolymer,
cycloaddition was conducted in a mixture of water and DMSO
to ensure complete solubility of all reagents. Since the absolute
molecular masses of the starting materials were not deter-
mined, the ratio between the homopolymers for a full conver-
sion of both polymer blocks can only be assessed via multiple
conjugation experiments. Thus, a different route was utilized.
A 1.2 molar excess of the alkyne terminated pullulan was used
to ensure a full conversion of the acrylamide blocks to the con-
jugated block copolymers. The excess of pullulan alkyne was
removed after a sufficient reaction time by employing an azido-
methyl polystyrene resin (Fig. S8t), which was added to the
reaction mixture. The resin particles with a mesh size of 100 to
200 can be easily removed after the cycloaddition reaction by
filtration, which facilitates the purification of the block copoly-
mers. The conjugated block copolymers were analysed with
'"H-NMR and SEC in aqueous acetate buffer solution and com-
pared with mixtures of the corresponding homopolymers
(Table S17).

Pullulan-b-PDMA. Comparing the SEC elution curves of the
single homopolymers, the polymer mixture and the conjugated
block copolymer in water, a shift in the elution volumes can
be clearly seen (Fig. 2b, S9 and Table S1}). Whereas PDMA and
the polymer mixture have a similar elution volume, the block
copolymer elutes at a lower volume, which is a good indication
for a successful conjugation of pullulan and PDMA.
Furthermore, pullulan elutes at a higher volume than any of

(o]
OH
HO % OH R ° S
o =N, (o]
HO” HO /M/H \L/N\/\/ \ﬂ><1Is /U\S CigHas
[e] N 0
HO™ ho "

Scheme 3 CuAAC conjugation reaction scheme of pullulan alkyne and azide terminated acrylamides.
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Fig. 2 (a) Chemical structure of Pull-b-PDMA, (b) SEC traces of conju-
gated Pull-b-PDMA, a homopolymer mixture and the homopolymers in
acetate buffer and (c) corresponding *H-NMR spectrum of the block
copolymer in DMSO-dg at 25 °C.

the other samples. Additionally, the comparison of Pull-b-
PDMA and the homopolymer mixture shows that the polydis-
persity of the mixture and the block copolymer was 1.9 in both
cases. The difference between both elution curves is the
increased molecular weight of the block copolymer obtained
via conjugation. M,, increased by 25% from 17 300 ¢ mol™" to
21500 g mol™". Since an equimolar amount of resin was
applied to theoretically remove all alkyne blocks, a full conver-
sion of PDMA to the block copolymer can be assumed. The
"H-NMR spectrum of the conjugated block copolymer display-
ing the presence of the pullulan as well as the PDMA block
underlines this assumption, e.g. the signals of anomeric
protons in the pullulan block between 5.0 and 5.3 ppm and
the signals of the methyl sidegroups in the PDMA block
between 2.7 and 3.1 ppm (Fig. 2c) are clearly visible.
Pullulan-b-PEA. In contrast to Pull-b>-PDMA the SEC elution
curves of the homopolymers, the mixture and the conjugated
block copolymer of Pull-b-PEA show a large difference (Fig. 3b,
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Fig. 3 (a) Chemical structure of Pull-b-PEA, (b) SEC traces of conju-
gated Pull-b-PEA, a homopolymer mixture and the homopolymers in
acetate buffer and (c) corresponding *H-NMR spectrum of the block
copolymer in DMSO-dg at 25 °C.

S9 and Table S1t). The homopolymers elute significantly after
the conjugated block copolymer and the polymer mixture
elution curve appears to be a combination of the homopoly-
mer curves. With a well-defined molecular mass distribution
M, of 26500 g mol™ and P = 1.6, Pull-b-PEA stands in clear
contrast to the mixture with a high polydispersity of 3.5 and an
apparent M, of 6000 g mol™'. The "H-NMR spectrum of the
block copolymer displays the presence of both blocks as well,
e.g. the signals of anomeric protons in the pullulan block
between 5.0 and 5.3 ppm and the signals of the methyl side-
groups in the PEA block between 0.9 and 1.1 ppm (Fig. 3c).
A full conversion of PEA to the block copolymer can be stated
here as well as for Pull-)-PDMA.

Aqueous self-assembly of pullulan-b-PDMA and pullulan-
b-PEA

DHBC self-assembly without the influence of external stimuli
such as pH or temperature requires certain properties of the

Polym. Chem., 2017, 8, 1244-1254 | 1249
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block copolymer composition. In previous reports a strong
difference in hydrophilicity,’®® ie. the interaction of the
polymer with water molecules, was regarded as the key role for
successful self-assembly. Regarding this assumption, a com-
parison of the second virial coefficient A, of the homopoly-
mers should be further taken into account. The A, factor,
which can be determined via SLS can be seen as a quantitative
measure for solvent solute interactions.®® The second virial
coefficients for pullulan and PDMA in the molecular weight
range of interest were already studied in the literature and
determined to be 3.2 x 107™* mol ecm® g~ for pullulan,®® and
8.0 x 10~* mol ecm?® g7 for PDMA, respectively.®> When com-
paring these two values, PDMA appears to possess a stronger
interaction with the solvent water than pullulan. Since PEA is a
quite similar polymer, its A, factor should be in the same
range as that of PDMA. (It is assumed that phase separation of
the different hydrophilic polymer blocks occurs, when the
difference in hydrophilicity is large enough.) Furthermore,
chain rigidity is assumed to influence self-assembly behaviour,
too. Hydrogen bonding and the corresponding thermorespon-
sivity as well as phase separation of the backbone as was
observed for homopolymer self-assembly play only minor
roles.®*® Furthermore, the functional groups of pullulan and
both polyacrylamide polymer blocks are not known to show
any thermoresponsive behavior (Fig. S6t) in the investigated
temperature range, which allows the formation of a pure
hydrophilic self-assembly. Nevertheless, PEA is known for its
LCST behavior at elevated temperatures above 70 °C.%° In fact,
PEA was chosen as a block due to this fact since the compari-
son between a block without LCST and a block with LCST at
elevated temperatures should give some insights into the fun-
damentals of DHBC aggregate formation. First, since the
mechanism of DHBC self-assembly has not been completely
understood yet, investigations of the dissolved DHBCs via DLS
were conducted.

Pullulan-b-PDMA. In order to investigate the self-assembly
behavior of Pull-b-PDMA block copolymers, aqueous solutions
of 0.1, 0.5 and 1.0 wt% were prepared and analysed via DLS at
25 °C to determine the apparent hydrodynamic radii (R,pp) of
the formed aggregates (Table S2t). As shown in Fig. 4a the
intensity averaged size distribution curves of the three concen-
trations display a majority of aggregates with an average hydro-
dynamic radius of approximately 100 nm (see Table S27).
Furthermore, a species with a low relative abundance and a
R.pp of 6 nm was observed. Similar to previous reports on
DHBC self-assembly, the DLS size distribution curves of self-
assembled block copolymers show a certain relative abun-
dance of free dissolved block copolymers, especially at low con-
centrations. Therefore, the peak at 6 nm can be attributed to
free dissolved block copolymers. Nevertheless, in contrast to
previously investigated DHBCs, the amount of free dissolved
block copolymers with a relative abundance of 0.05 is very low.
Therefore the self-assembly of Pull-b>-PDMA can be regarded as
quite efficient compared with similar systems in the litera-
ture.'®'%243% 1t should be noted that the discussed abundance
of self-assembled structures is based on intensity weighted
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Fig. 4 (a) Intensity weighted particle size distributions of Pull-b-PDMA
in water measured via DLS at 25 °C; (b) cryo SEM micrograph of self-
assembled spherical particles at a concentration of 0.5 wt%.

particle size distributions. Intensity weighted particle size dis-
tributions overestimate the quantities of large particle signifi-
cantly. Therefore, the actual number of self-assembled par-
ticles is significantly lower. When comparing the DLS size dis-
tribution curves of Pull-b-PDMA with the DLS size distribution
curves of the homopolymers pullulan and PDMA (Fig. S6t), a
strong difference between the abundance of free dissolved
homopolymer chains and aggregates can be seen. The size dis-
tribution of PDMA is very broad (1 nm to 1000 nm), whereas
the majority of pullulan is present as free polymer chains.
Despite aggregates of homopolymer being present for both
polymer blocks, block copolymer distributions display a clear
differentiation between free dissolved block copolymers and
aggregates. For that reason it can be stated that the observed
aggregates correspond to self-assembled block copolymers. As
a consequence of concentration effects, increased block co-
polymer concentrations result in a slight shift of the average
aggregate radius from approximately 85 nm at 0.1 wt% to
110 nm at 1.0 wt%. The performed SLS measurements (see

This journal is © The Royal Society of Chemistry 2017
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Fig. $10 and Table S3t) afforded a radius of gyration (R;) of
108 nm, which is almost similar to the one determined via DLS.
Furthermore, the quotient of R, and the average hydrodynamic
radius R,p, was determined to be 0.98, which is in analogy to
the p-ratio a value corresponding to hollow spheres,®" and there-
fore indicates the presence of vesicular structures.

In order to exclude an effect of the aliphatic RAFT-agent
backbone C;, unit on self-assembly behavior, a pullulan-b-
PDMA block copolymer was synthesized after oxidative
removal of the RAFT chain transfer group (Fig. S111).*° As
visible from the particle size distribution curves in Fig. S15,t
the self-assembly behavior did not change drastically apart
from a slight increase in the hydrodynamic radius (Fig. S127).
For that reason, an influence of the RAFT chain transfer group
towards enhancing the self-assembly behavior of Pull-b>-PDMA
significantly can be excluded. Moreover, DLS measurements at
pH values of 5 and 8 did not show significant differences as
well (Fig. S137). In addition the effect of filtration with cell-
ulose acetate filters was probed via DLS (Fig. S147). No signifi-
cant differences were found for filters with 0.45, 0.8 and
1.2 pm pore sizes.

Subsequently, microscopy was utilized to image the formed
particles. The corresponding micrographs of the performed
cryo SEM investigations of the 0.5 wt% solution of Pull-b-
PDMA (Fig. 4b) display spherical particles with diameters in
the range between 80 nm and 250 nm. Since there are no rup-
tured particles visible in the micrographs, the particle’s mor-
phology cannot be assessed via cryo SEM only. In order to gain
deeper insight into the particle morphology, a 2.5 wt% block
copolymer solution in water was stained with Rhodamine B to
examine the spherical structures with LSCM techniques. The
solution of self-assembled Pull-)-PDMA was directly stained
with 10 pL of an aqueous 0.08 mM Rhodamine B solution. As
visible from the LSCM micrographs in Fig. 5a and b,
Rhodamine B is homogeneously distributed in the solution.
An increased concentration of dye was observed inside spheri-
cal micron sized structures.

The enrichment of Rhodamine B inside these structures
indicates a certain permeability of the membrane towards the
dye to diffuse inside the particle. Since the spherical particles
self-assembled before the addition of Rhodamine B,
permeation of the dye into the spherical structures is quite
likely. However, interactions of the block copolymer mem-
brane with Rhodamine B seem to prevent diffusion back to the
external media. Therefore, the observed enrichment inside the
particles may occur. As visible from the LSCM micrographs,
the diameter of the observed spherical particles exceeds the
one determined from DLS and cryo-SEM by almost five fold.
The increase in the diameter can be attributed to the particle
motion inside the solution, resulting in an uncertainty of the
image. Furthermore, the lower resolution level of LSCM instru-
ments within the range of the determined particle size pre-
vents a clear resolution and broadens the signal. Therefore,
the size of the depicted spherical particles has to be handled
with care. Moreover, the resolution of the LSCM instrument
prevents imaging of particles with smaller size. Besides the
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Fig. 5 (a) LSCM micrographs of a 2.5 wt% Pull-b-PDMA solution
stained with 0.08 mM Rhodamine B solution; (b) magnification of dye
stained spherical particles; (c) LSCM micrographs of a 2.5 wt% Pull-b-
PDMA/Pull-b-PDMA-RhB solution and (d) magnification of Pull-b-
PDMA/Pull-b-PDMA-RhB based particles.

spherical structures within the micrometer size, smaller
spherical particles without increased Rhodamine B concen-
tration are visible in Fig. 5a. These particles were observed
quite frequently but could not be resolved efficiently due to
the fast particle motion inside the solution. In order to further
investigate the interactions of dye and block copolymer via
exclusion of non-specific interactions, a PDMA-N; homopoly-
mer was labelled with RITC and conjugated to a pullulan
alkyne via CuAAC that was analyzed via 'H-NMR and DLS
(Fig. S15 and S167). The direct attachment of fluorescent dye
to the block copolymer should on the one hand ensure that
only spherical structures self-assembled from the DHBC were
investigated. On the other hand, the proposed membrane
structure should be further investigated, since the dye can only
be present in areas where the block copolymer is expected to
concentrate. The corresponding Rhodamine B labelled block
copolymer was added to a 2.5 wt% solution of Pull->-PDMA
and investigated via LSCM. As visible from the micrographs in
Fig. 5¢ and d, the amount of fluorescent material is far lower
in comparison with the stained samples as expected.
Furthermore, spherical structures with a vesicular morphology
and average diameters of 1 to 2 um could be observed, where
the fluorescent membrane can be clearly attributed to the
labelled Pull-b>-PDMA block copolymer. This is a strong indi-
cation that the predicted vesicular structure is present in the
case of larger particles. However, the particle motion and
resolution limit of LSCM prevent a closer look at submicron
structures. Structures in the submicron-size range were
observed but could only be resolved as fluorescent spheres

Polym. Chem., 2017, 8, 1244-1254 | 1251
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because the volume excited by the laser is too small to be
resolved by the detector. In conclusion, it can be stated that
Pull-b>-PDMA forms particular self-assembled structures in
aqueous solution with high abundance. Moreover, SLS and
LSCM with RhB labelled block copolymers indicate that
hollow structures are formed.

Pullulan-b-PEA. The self-assembly behavior of Pull-b-PEA
was investigated in the same fashion as for Pull-b-PDMA.
Block copolymer solutions of 0.1, 0.5 and 1.0 wt% were pre-
pared and investigated via DLS at 25 °C. As visible in Fig. 6a,
the efficiency of the self-assembly is even further increased
compared with Pull->-PDMA (Fig. 4a). The apparent hydro-
dynamic radius is around 125 nm for the 0.1 wt% solution
and 180 nm for the 1.0 wt% solution and slightly higher as for
Pull->-PDMA (Table S27). The presence of free dissolved block

Pullulan-b-PEA
——0.1Wt.%
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ce4--1.0wWt.%
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copolymer chains even further decreased to a relative abun-
dance of 0.02 in the particle size distribution. Here, the over-
estimation of larger structures compared with structures with
smaller size in the intensity weighted particle size distribution
should be kept in mind. Moreover, measurements at pH
values of 5 and 8 did not show significant differences with the
neutral samples (Fig. S137). Filtration with cellulose acetate
filters showed no effect on the self-assembly behavior as
probed via DLS (Fig. S14f). No significant differences were
found for filters with 0.45, 0.8 and 1.2 um pore size.

The enhanced self-assembly behavior of Pull-b-PEA leads to
the conclusion that the difference in hydrophilicity of pullulan
and PEA is even higher compared with pullulan and PDMA.
The secondary amide of the N-ethylacrylamide unit interacts
differently with water than the N,N-dimethylacrylamide unit of
PDMA. The difference in interaction can be seen as well in the
DLS particle size distributions of the homopolymers (Fig. S67).
It seems that the incorporation of a block that features LCST
behavior at elevated temperatures - even if the LCST is signifi-
cant above the self-assembly temperature, resulting in less
hydrophilicity of the acrylamide-derivative block - improves
self-assembly. The value of R, determined via SLS (Fig. S17
and Table S47) for a concentration of 0.5 wt% is 129 nm and
the corresponding quotient of Ry and R, is 1.03 and in the
same range for hollow spheres as is the case for Pull->-PDMA.
Again, a strong indication for vesicular structures is present.
A more outstanding difference can be seen from the cryo SEM
micrographs in Fig. 6b. Along with spherical particles with an
average diameter of up to 300 nm, several larger particles with
a ruptured membrane were observed (Fig. 6¢). These ruptured

Fig. 6 (a) Intensity weighted particle size distributions of Pull-b-PEA in
water measured via DLS at 25 °C; (b) cryo SEM micrograph of self-
assembled spherical particles at a concentration of 0.5 wt% and (c) a
magnification of a ruptured vesicular structure.

1252 | Polym. Chem., 2017, 8, 1244-1254

Fig. 7 (a) LSCM overview of Rhodamine B stained Pull-b-PEA vesicles in
water. (b) Magnification displaying several spherical particles. (d) A mag-
nification of a vesicular structure. The distortion origins from the particle
motion through the solution. (c) Magnified spherical particle.

This journal is © The Royal Society of Chemistry 2017
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particles strongly indicate that a vesicular structure is present.
The vesicular structures appear to be hollow, which is consist-
ent with cryo SEM observations of dextran-b-PEO block copoly-
mer vesicles displayed by Brosnan et al.'® The fact that such
small vesicular structures could be afforded with Pull-b-PEA is
quite astonishing.

LSCM measurements of Pull-b-PEA block copolymer solu-
tions stained with Rhodamine B display spherical vesicular
particles with an average diameter of 1 pm. The vesicular struc-
tures were observed either attached on the glass surface
(Fig. 7a and b) or in motion in the solution. The motion of the
vesicular structures caused a distortion of the particles when a
micrograph was recorded as seen in Fig. 7c. The magnification
of a vesicular structure (Fig. 7d) shows that Rhodamine B con-
centrates inside the structures similarly to the observed pullu-
lan-b-PMA structures. In conclusion, self-assembled particles
from Pull-b-PEA in aqueous solution are observed.
Investigations via SLS and cryo SEM imaging strongly indicate
formation of hollow vesicular structures.

Conclusions

In summary, we were able to extend the principle of double
hydrophilic self-assembly to novel polysaccharide-polyacryl-
amide block copolymers. The blocks were separately synthesized
either via depolymerisation of bio-derived pullulan or via RAFT
polymerization of acrylamide-derivatives. Subsequently, the
blocks were conjugated via CuAAC to afford the corresponding
DHBCs in an efficient manner. The block copolymers were
characterized via SEC and "H NMR techniques. Furthermore, it
was demonstrated that such block copolymers perform self-
assembly in water to vesicular structures with average diameters
of 200 nm to 500 nm with high efficiency. The vesicular struc-
ture was visualized via cryo SEM. In addition LSCM was utilized
using Rhodamine B staining or Rhodamine B labelled block
copolymers. Interesting applications of the novel vesicular struc-
tures are expected, e.g. in the field of drug-delivery.
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