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Ureidopyrimidinone-based polymers in solution provide a new plat-
form for intracellular drug delivery. Here we show the synthesis of
functional supramolecular polymers by mixing of monomers with
various functionalities. Introduction of cationic monomers made them
suitable for cellular uptake and siRNA delivery.

The formulation and intracellular delivery of pharmacologically
active substances to target tissues, cells and specific cellular
compartments remain important and extremely challenging
tasks in the drug delivery research field.' To date, the predom-
inant types of delivery vehicles are based on covalent polymeric
nanoparticles and supramolecular liposomal vesicles.>* State-
of-the-art approaches for drug delivery combine the best of
both worlds in the latest generation of hybrid lipid-polymer
nanoparticles.”® Likewise, supramolecular polymers and
complexes based on directional non-covalent interactions
merge characteristics of both classes and are currently being
explored for several biomedical applications.®® Some examples
of supramolecular polymers include materials based on discotic
benzene tricarboxamides,'® porphyrins," carbohydrate conju-
gated aromatics,” and peptide amphiphiles.”* However, few
examples exist on the use of 1D supramolecular polymers for
use in intracellular delivery,"**® while they can serve as
a potentially attractive platform. A frequently reported supra-
molecular building block that proved to be suitable as bioma-
terial is the ureidopyrimidinone (UPy) unit,"” that can dimerize
via a self-complementary quadruple hydrogen bonding motif.
Polymers functionalized with UPy-groups are able to self-
assemble into columnar stacks via hydrogen bonds and
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additional 7 interactions.'® In our group, UPy moieties have
been employed to produce a range of supramolecular bioma-
terials; from relatively static solid-like bioactive films and
membranes,” to more dynamic, injectable and stimuli-
responsive hydrogels.>®** Here, we report the preparation of
multicomponent functional supramolecular polymers in
aqueous solution, and demonstrate the capability for cellular
uptake and siRNA complexation and delivery (Fig. 1).

Structurally related monomers were designed and syn-
thesised. In general the monomers contain the supramolecular
UPy unit, a hydrophobic spacer to shield hydrogen bonding
in the core of the stack, and a readily functionalizable water
soluble oligo ethylene glycol (OEG) linker. Amine functional-
ized compounds were synthesized to obtain cationic monomers
(1), that can be mixed with neutral acetamide functionalized
monomers (2) and fluorescently labelled monomers (3)
(Fig. 1a). The monomers were separately dissolved and stored
in MeOH.

Supramolecular polymerization can be initiated by injection
of the concentrated MeOH stock solutions in aqueous solution.
Multicomponent supramolecular polymers were formed by
injection of the different UPy monomers in various ratios.
siRNA can be condensed via the cationic charges, either during
supramolecular polymerization or after the supramolecular
polymer has formed. Subsequently, the siRNA-polymer
complexes can be delivered to cells (Fig. 1b).

Polymer formation was probed with the hydrophobic dye
nile red, which is strongly fluorescent upon encapsulation in
a hydrophobic compartment.” Self-assembled UPy polymers
were evaluated with varying amounts of amine monomers; from
0% (neutral), 20% cationic, 50% cationic, 80% cationic, to 100%
cationic monomer (cationic). For all prepared polymers an
increase of NR fluorescent intensity was observed, which indi-
cates aggregate and hydrophobic pocket formation in all
samples (Fig. 2a). The inverse correlation between the cationic
monomer percentage and NR fluorescent intensity reveals
a decreased presence or accessibility of hydrophobic compart-
ments upon increased amine content.

This journal is © The Royal Society of Chemistry 2016
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(a) Chemical structure of functionalized UPy monomers; (1) cationic monomer, (2) neutral monomer and, (3) fluorescent reporter

monomer. (b) Dimerization of monomers and lateral stacking of dimers results in fiber formation when injected in aqueous solution. siRNA can
be added during the initiation of polymerization (1 step) or when the monomers have already polymerized and equilibrated (2 steps). Cationic
supramolecular polymer—siRNA complexes are internalized by cells (adapted from Servier Medical Art, License: http://creativecommons.org/

licenses/by/3.0/legalcode).
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Fig. 2 (a) Nile Red (NR) encapsulation. (b) FRET increase between NR

and Cy5. (c) Correlograms (symbols) and stretched exponential decay
fits (lines) of DLS measurements (angle 102°). Hydrodynamic radius in
legend. (d) Zeta potentials measured on three different UPy fiber
compositions. Average in legend (mV).

Next, all prepared supramolecular polymers were co-
assembled with 1% of the reporter monomer to enable fluo-
rescent imaging and characterization. In order to verify the
incorporation of the reporter monomer in the aggregate, FRET
was measured between encapsulated NR and the Cy5 of the
reporter monomer (Fig. 2b). After NR excitation, strong Cy5
emission showed that the fluorophores are in close proximity.
This serves as a strong indication of the incorporation of the
fluorescent monomer in the aggregate and demonstrates the
potential of our approach to incorporate functionalities into
supramolecular polymers. Multi-angle dynamic light scattering
(DLS) showed a decrease in aggregate size when cationic
monomers were incorporated (Fig. 2c). Cumulant analysis on
a full range of measured angles gave a hydrodynamic radius of
181 nm for a neutral polymer, which decreased to 40 nm for
a fully cationic polymer. Interestingly, this decrease in size
correlates with the data from the nile red experiments. A
reduced availability of hydrophobic compartments upon co-

This journal is © The Royal Society of Chemistry 2016

assembly of cationic monomers can be explained by the exis-
tence of smaller aggregates. One reason for this decrease in size
is hypothesized to be the increase in electrostatic repulsive
interactions within a single polymer. This concept has previ-
ously been employed to control growth and size of supramo-
lecular polymers.>

Next, zeta potential measurements showed positive values of
35.3 mV and 40.7 mV for a 50% and a fully cationic polymer
respectively, while 2.57 mV was measured for the neutral poly-
mer (Fig. 2d). An equivalent ratio of neutral and cationic
monomers seems nearly sufficient to saturate the periphery of
the supramolecular polymer with charges, based on the slight
increase in the zeta potential on going from 50% to full satu-
ration with cationic polymer. Notably for the 50% polymer, the
presence of one major zeta potential distribution indicates that
most of the monomers have co-assembled into a single
heterogeneous polymer. This key question has to be resolved for
every new or distinct monomer that one wishes to co-assemble.
Generally, a high flexibility in functionalization is expected
owing to the robust self-assembling UPy unit and nearly iden-
tical monomeric structure. Nonetheless, small alterations such
as charge incorporation can greatly influence the properties of
the final composition, and therefore, spontaneous co-assembly
of any monomer is not self-evident.

We expected that cationic supramolecular UPy polymers are
able to bind cell membranes and be internalized, even if the
polymers consist partially of neutral monomers. Cellular
internalization and cell viability studies were conducted with
human kidney (HK-2) cells and confocal microscopy. The 50%
and fully cationic polymers were clearly located on the cellular
membrane after 5 minutes of incubation (Fig. 3a). No signifi-
cant difference in binding was observed between these
distinctly charged polymers. When neutral fibers were admin-
istered no cell binding or permeation was observed. It means
that positive charges on the supramolecular polymer are
necessary to bind to the membrane and internalize. After 4
hours of incubation, UPy polymer internalization and cell
viability was visualized. Both polymers that initially bound to
the membrane were internalized by the cells and primarily
located in the perinuclear region. A LIVE/DEAD staining showed
that internalization of supramolecular UPy polymers did not

RSC Adv., 2016, 6, 110600-110603 | 110601
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Fig.3 (a) Confocal microscopy images of live HK-2 cells incubated with 10 uM UPy polymers after 5 minutes and after 4 hours with a LIVE/DEAD
assay. Supramolecular UPy polymers are visible due to incorporation of 1% reporter monomer. Scale bar represents 100 um. (b) MTT assay on

HK-2 cells incubated with UPy aggregates for 24 hours (p > 0.05).

negatively affect cell viability. Furthermore, an MTT assay with
polymer concentrations up to 10 uM demonstrated that the
polymers did not affect metabolic activity of HK-2 cells 24 hours
after incubation (Fig. 3b).

The excellent internalization of cationic supramolecular
UPy polymers renders them suitable for applications in intra-
cellular drug delivery. One of the advantages of supramolecular
polymers is their facile preparation. The robustness of this
approach was challenged during siRNA complex formation.
Commonly, preparation of these complexes is a 2-step process
that involves first synthesising the carrier, and subsequently
siRNA complexation. Here, a 1-step formulation was also

a) 2-step formulation

1-step formulation
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i

employed by injection of all monomers and siRNA in aqueous
solution simultaneously. Thus, the capacity of the supramo-
lecular polymerization to occur in the presence of siRNA was
also evaluated. The 50% and fully cationic polymers at various
N/P ratios (ratio of moles of amine in carrier to moles of
phosphate in siRNA) were used for siRNA complexation.
Agarose gel retardation assays showed that siRNA was
completely condensed from N/P ratios of 10 and higher, inde-
pendent of exact supramolecular polymer composition or
formulation technique (Fig. 4a). This result demonstrates that
pre-formation of the polymers is not required to form stable
complexes with siRNA. Nonetheless, DLS showed that
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Fig. 4 (a) Agarose gel retardation assay on UPy—siRNA complexes, prepared via two formulation methods. (b) Correlograms (symbols) and
stretched exponential decay fits (lines) of DLS measurements (angle 102°) on UPy—siRNA complexes. Hydrodynamic radius in legend (nm). (c)
Internalization of siRNA in HK-2 cells after 2 hour incubation with UPy—siRNA complexes. Nucleus is stained in blue, siRNA fluoresces green from
covalently bound Alexa Fluor 488. Scale bar represents 50 um. (d) TGFBR1 mRNA expression of HK-2 cells treated with UPy polymers complexed
with TGFBR1 siRNA via the 1-step formulation method, and a scrambled siRNA as negative control.
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complexes prepared via 2-step formulation were different in
structure. They exhibited significantly higher hydrodynamic
radii (361 and 160 nm for the 50% and fully cationic polymers,
respectively), compared to the 1-step prepared complexes
(43 and 45 nm) (Fig. 4b). This observation shows that the
process of supramolecular polymerization can be influenced by
the presence of opposite charged molecules. This behaviour is
possibly explained by a templating effect of the siRNA, similar
to what has been reported for other systems.>*

Next, HK-2 cells were treated with UPy-siRNA complexes
prepared via both methods, and internalization of the fluo-
rescently labelled siRNA after two hours incubation was studied.
Both the 50% and fully cationic polymers demonstrated the
ability to transfect siRNA into cells (Fig. 4c). No clear difference
was observed in amount of internalized siRNA or in intracellular
location. Naturally, this may indicate that complex structure is
not a critical parameter for the delivery, or is nullified when cells
come into play. Lastly, a functional siRNA that targets trans-
forming growth factor beta receptor 1 (TGFBR1) mRNA was
transfected to determine the silencing efficacy for a 50% and full
cationic polymer at N/P ratio 10 prepared via convenient 1-step
formulation (Fig. 4d). Transfection of siRNA with both polymers
resulted in a 34% reduction of mRNA expression; proving the
functionality of the delivered siRNA, and at the same time the
feasibility of this supramolecular approach.

In conclusion, we showed the use of the UPy motif to
formulate supramolecular polymers with various functional-
ities diluted in aqueous solution. Here we demonstrated the
applicability of this concept by preparing polymers suitable for
cellular internalization and intracellular delivery of siRNA. In
principle this approach can also be applied for research in other
biomedical areas such as bioimaging and biosensing.
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