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Zwitterionic amphiphilic homopolymers can be conveniently prepared in one-pot using activated ester-based polymer

precursors. We show that these zwitterionic polymers can (i) spontaneously self-assemble to form micelle-like and inverse
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micelle-like assemblies depending on the solvent environment; (ii) act as hydrophilic and hydrophobic nanocontainers in
apolar and polar solvents respectively; (iii) undergo pH-responsive surface charge and size variations; (iv) exhibit least

cytotoxicity compared to structurally analogous amphiphilic homopolymers.

Introduction

Supramolecular nanoassemblies capable of reducing non-specific
interactions with complex biological have attracted
tremendous research interest, because of their potential in several
nanomedicine applications.1 Hence, recent efforts to design and
develop versatile amphiphilic polymers that form stable nano-sized
aggregates with effective non-fouling characteristics and
hydrophobic guest encapsulation capabilities are on the rise.”
Zwitterionic materials® are replacing PEG and hydroxyl functional
materials’ because of their high water solubility, charge neutrality
and their ability to reduce non-specific interactions with biological
media such as serum and blood platelets, attributed to
electrostatically induced hydration layer formation.’ Incorporation
of zwitterionic moieties as hydrophilic components in amphiphilic
macromolecules could lead to a new class of nanoassemblies with
anti-biofouling characteristics. In literature, there have been few
reports on zwitterionic amphiphilic block copolymers that form self-
assembled aggregates, because of the mutual immiscibility of the
hydrophilic and hydrophobic blocks in the bulk solvent. 246 A useful
complement to ampbhiphilic block copolymers involves random
copolymers and homopolymers, because of the synthetically and
functionally more accessible features.””®

milieu

In this article, we present a one-pot synthesis of acrylamide-based
zwitterionic amphiphilic homopolymers with hydrophilic and
hydrophobic components placed orthogonally in every repeat unit
(Fig 1), where the hydrophilic part of the amphiphilic polymer is
based on a zwitterionic moiety. Amphiphilic homopolymers often
possess charged functionalities, such as the cationic tertiary
ammonium or the anionic carboxylate moieties.”® Because of their
ionic nature, the supramolecular assemblies from these polymers
are prone to non-specific interactions with biological
macromolecules. In fact, we have utilized this feature of the
amphiphilic homopolymers in protein sensing and peptide
detection.” ® In this article, we introduce glycinebetaines as charge-
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Figure 1. Schematic representation of solvent dependent self-
assembled aggregate formation of zwitterionic amphiphilic
polymers

neutral, zwitterionic, hydrophilic moieties in amphiphilic
homopolymers.  Further, we the self-assembly
characteristics, pH-sensitivity, and the biocompatibility of the
polymers relative to the corresponding
nanoassemblies.
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Experimental

Synthesis of zwitterionic and control polymers

Details on the syntheses and characterization of the zwitterionic
homopolymer, and the corresponding anionic, cationic, and the
charge-neutral oligoethyleneglycol polymers are provided in
Electronic Supplementary Information (ESI).

Dynamic light scattering

The size distribution of the assemblies was determined by Nano
series Nano-ZS (Malvern Instrument) Zetasizer. In a typical
experiment, a stock solution of 0.1mg/mL polymer solution was
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Figure 2. a) Conversion of reactive polymer to zwitterionic polymer; b) IR spectral data further confirms the zwitterionic

polymer formation c) 'H-NMR data confirms the conversion of reactive polymer to zwitterionic polymer.

prepared in milli-Q water by sonicating the solution for 2 hours at
room temperature. The resultant solution was then filtered through
0.22 um filters and then the size of the micellar solutions were
measured by DLS.

Spectroscopic measurements

Fluorescence spectra were recorded on a JASCO (FP-6500)
spectrofluorimeter, using 1 mL disposable fluorescence cuvettes.
The emission spectra for Nile red and Rose Bengal were recorded by
exciting at 550 nm and 525 nm respectively, with the excitation and
emission bandwidths set at 3 and 5 nm respectively.

TEM measurements

TEM measurements were performed using a TEM JEOL 2000F.
Samples were prepared by dipping copper EM grids in aqueous
solution of mM concentrations and the excess of solvent was
removed by placing the tissue in the bottom of the EM grid.

Cell culture

Hela cells and HEK 293 T cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS)
and maintained at 37 °C and 5% CO,.

Cytotoxicity studies

In vitro cellular viability of the amphiphilic polymers was carried out
using Alamar blue assay to compare the viability of zwitterionic
polymer with cationic, anionic and the neutral analog of the
polymer on Human Embryonic Kidney 293T cells and Hela cells. The
polymers with different concentrations in media were incubated
with both the cell lines separately for 24 hours before performing
the assay.
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Results and Discussions

Synthesis of zwitterionic homopolymer

We first synthesized the reactive polymer, poly(pentafluorophenyl
acrylate) 1, via RAFT polymerization of pentafluorophenylacrylate11
using cyanomethyl dodecyl trithiocarbonate, as the chain transfer
agent (see Supporting Information for details). Polymer 1 was then
treated with the secondary amine 2 in dry DCM in the presence of
Hiinig’s base for 24 hours at room temperature. The tertiary amine
moiety in the product polymer 3 was then converted to a
zwitterionic moiety by treating this polymer with a slight excess of
2-bromoacetic acid (4). When the reaction mixture was
precipitated in ethyl acetate, the zwitterionic polymer 5 was
obtained as a white powder. The conversion of reactive polymer to
zwitterionic polymer was confirmed by NMR and IR (Fig 2). The
evolution of peaks corresponding to alkyl and zwitterionic
components in the region of 1 to 5 ppm in 'H-NMR (Fig 2c), and
disappearance of the broad PE.NMR peaks corresponding to
pentafluorophenyl groups of the activated ester-based precursor
polymer in the region of -150 to -160 ppm (SI, Fig S1) indicates the
conversion to the intermediate polymer 3. Further, the
disappearance of ester C=0 stretching band corresponding to
reactive polymer at 1780 cm™ and evolution of amide C=0
stretching band at 1640 em™ corresponding to polymer 3. The
evolution of carboxylate stretching band in the region of 3300 cm™
(Fig 2b) in polymer 5 further confirms the zwitterionic polymer
structure.

Self-assembly characteristics

Next, we investigated the solubility and self-assembly of 5 in
aqueous phase. We were gratified to observe higher water
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solubility for these polymers (>1 mg/mL) compared to structurally
similar cationic or anionic polymers (~0.01 mg/mL). An attractive
feature of amphiphilic homopolymers is that these are capable of
providing nanoassemblies in both polar and apolar media, i.e.
micelle-like assemblies in aqueous phase and inverse micelle-like
assemblies in apolar organic solvents.”  We were interested in
investigating whether such possibility exists for the zwitterionic
amphiphilic homopolymer as well. Therefore, we studied the
solubility of these polymers in apolar solvents and we found these
polymers to be quite soluble in apolar solvents as well. We then
studied the self-assembly characteristics of these polymers in
aqueous solutions by using 0.1 mg/mL solution. To assess whether
these polymers self-assemble into nanostructures, we investigated
these polymers using dynamic light scattering (DLS) and
transmission electron microscopy (TEM). The sizes of the
assemblies were found to be about 90 nm and 400 nm for
assemblies formed in water and toluene respectively (Fig 3b). The
sizes of these assemblies were found to be slightly smaller, when
analyzed by TEM. This slight difference is understandable, as the
sample is air-dried during the TEM measurements and since DLS
measurement includes the hydration sphere of the assemblies.
Nonetheless, TEM images suggest that these aggregates are likely
to be spherical in morphology (Fig 3c,d).

If these assemblies were indeed micelle-like or inverse micelle-like
from a host-guest perspective, then the hydrophobic interiors of
these self-assembled aggregates in the aqueous phase should be
able to encapsulate hydrophobic guest molecules. To test this
possibility, we used hydrophobic small molecule Nile red as a
spectroscopic probe. As such, Nile red is quite insoluble in aqueous
solutions, however in the presence of polymer; it became soluble
indicating its encapsulation in the hydrophobic pockets of the self-
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Figure 3. Self-assembly characteristics of zwitterionic polymers.
a) Emission spectra of hydrophobic, Nile red (A, = 550 nm) and
hydrophilic, Rose Bengal (A = 530 nm) encapsulated in
micellar and inverse micellar aggregates solutions. On the
other hand, no fluorescence is observed in the corresponding
b) Sizes of aggregates as
determined by DLS; c, d) TEM images of the micellar and

solvents without polymers;

inverse micellar assemblies
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assembled aggregates. We further confirmed the non-covalent
encapsulation of Nile red via absorbance (SI, Fig S2) and
fluorescence spectroscopy (Fig 3a). Similarly, the inverse micelle
type aggregates should be able to encapsulate hydrophilic
molecules such as Rose Bengal in organic solvents. Rose Bengal is
insoluble in apolar solvents, but becomes soluble in apolar DCM
solution, indicating the hydrophilic interior of inverse micellar
assemblies (Fig 3a). To further confirm that this is indeed an
encapsulation process in DCM, we compared the fluorescence of
Rose Bengal inside the inverse micelle like assemblies and in water,
where the concentration of the two solutions are identical (based
on their solution absorbance). Although the global solution
concentrations are identical in these two solutions, the local
concentration of the dye inside the inverse micelles would be much
higher as they are confined in these assemblies. This should
manifest itself as much lower fluorescence in the inverse micellar
solution, as Rose Bengal exhibits significant self-quenching
properties. Overall, combination of these experiments confirms
that amphiphilic zwitterionic homopolymers form micelle-like anc
inverse micelle-like assemblies depending on the polarity of the
solvent.

Effect of pH

Next, we investigated the effect of pH on the surface charge of the
polymeric assemblies.”® In the glycinebetaine moiety, one would
expect the carboxylate moiety to be pH-sensitive as this
functionality can be reversibly protonated upon reducing the pH.
Although the pKa of the polycarboxylate moiety itself is around 4.5,
it is interesting to investigate the effect of the proximal quaternary
ammonium ion on the pKa of this functional group in the polymer.
Therefore, we studied the variations in the zeta potential of the
polymer assembly at different pH. We systematically varied the pH
of the solution, using 0.01 M HCl or NaOH, from pH 2 to 10. We
observed a gradual change in the zeta potential of the assembly
from about +20 mV to about -20 mV, upon going from low pH to
high pH (Fig 4a). The isoelectric point, i.e. the pH at which the
overall surface charge of the assembly is zero, was found to be
about 6.5. This is significantly higher than that observed for the
carboxylate moiety by itself; the zeta potential of the carboxylate
polymer 6 (one of the control ionic polymers) is close to zero at pH
2.1 (at pH below 2, the polymer precipitates out completely, SI, Fig
S3a). This difference is understandable, because the quaternary
ammonium moiety should stabilize the carboxylate counter ion,
thus increasing the pKa of the proximal carboxylate moiety.
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Figure 4. a) Plot of pH dependent zeta potential variations, pl =
Isoelectric point at pH 6.5; b) pH dependent size variations of
the micellar assemblies
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Figure 5. a) Structures of the control polymers; in vitro cellular viability of polymers on b) 293T cell line, and c) Hela cell line.

On the other hand, this trend was surprising at pH above the
isoelectric point. We anticipated that the cationic quaternary
ammonium moiety could be considered to be a permanent charge
and therefore at high pH (where all the carboxylates are
deprotonated), there will be very little impact on the surface charge
of the assembly. However, the surface charge continued to
decrease. This is likely due to a stronger association of the
tetraalkylammonium species with OH" ions at high pH. To test this
possibility, we investigated the pH dependence of the surface
charge of cationic polyelectrolyte 7 (one of the control ionic
polymers). We observed a modest decrease in zeta potential from
+20 mV to +14 mV, indicating that complex with OH ions can play a
role at high pH (SI, Fig S3b). However, the relatively modest
decrease also suggests that this explanation is provisional at this
time, in the absence of an alternate explanation.

We further studied the effect of pH on the size of the self-
assembled aggregates. Here, we hypothesize that the nature of
charge of the hydrophilic component of amphiphilic polymer would
play an important role on the size of the resulting self-assembled
aggregates due to electrostatics. To investigate this possibility we
studied the variations in hydrodynamic size of the polymeric
assemblies with changes in pH of the solution using DLS. We
observed that the sizes of the assemblies are smaller at higher and
lower pH, but the size significantly increased as we reached the
isoelectric point (Fig. 4b, SI, Fig S4). This is attributed to the high
density of charge on the pendant groups at low and high pH, which
exhibits electrostatic repulsions between the pendent ionic groups
in the polymer chains at microscopic level leading to formation of
smaller aggregates. On the other hand, as we reach the isoelectric
point, the reduced electrostatic repulsions result in the formation
of the larger aggregates. This feature of the zwitterionic polymer
could find use in pH-sensitive surface charge variations, which have
been explored for use in drug delivery and biomedical diagnostics.14

In vitro cellular viability

Finally, considering the potential implications of a nanoassemblies
with  charge-neutral and pH-sensitive charge conversion
characteristics in biological applications, we evaluated and
compared the cytotoxicity of our zwitterionic polymeric assemblies
to that of structurally similar ionic (6, 7) and neutral PEG based
amphiphilic polymers 8 (see SI for the synthesis and
characterization). If surface functional groups are primary
determinants of cytotoxicity, zwitterionic and the PEG-based
polymeric assemblies should be less cytotoxic, because of their

4 | J. Name., 2012, 00, 1-3

charge neutral characteristics. Similarly, cationic polyelectrolyte
assemblies should be more toxic compared to the anionic ones. Tc
test this, we evaluated the in vitro cellular viability of all the
polymers using Alamar blue assay on a healthy cell line (HEK-293T)
and on a tumour cell line (Hela). Indeed, we observed that
zwitterionic polymers exhibit concentration independent, high cell
viability with both HEK-293T and Hela cell lines (Fig 5b, c). On the
other hand, cationic polymers are the most toxic followed by
anionic and charge-neutral PEG based polymers; their cytotoxicity
was also found to be concentration-dependent. We were surprised
to find that the PEG-based assemblies were more toxic than the
zwitterionic polymer. The reason for this difference is not clear to
us at this time and will be a subject of future investigations.

Conclusions

In summary, we present a one-pot synthesis of zwitterionic
amphiphilic homopolymers using reactive polymer precursors.
These polymers form self-assembled aggregates and stably
encapsulate guest molecules both in polar and apolar solvents.
Due to the presence of glycine betaine as the zwitterionic
hydrophilic component of the polymer, it reversibly switches
among cationic, zwitterionic, and anionic forms depending on
the pH of the solution. These variations also afford pH-
dependent size variations, which are attributed to electrostatic
repulsion typical of polyionic assemblies. Cytotoxicity studies
indicate that zwitterionic polymeric assemblies are least
cytotoxic among polymers.
preparation and robust guest encapsulation capabilities,
combined with their biocompatibility, make them excellent
candidates for further exploration in biomedical applications
where anti-fouling characteristics is critical.
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