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Abstract: The potential applications of cationic poly(ionic
liquids) range from medicine to energy storage, and the
development of efficient synthetic strategies to target innovative
cationic building blocks is an important goal. A post-poly-
merization click reaction is reported that provides facile access
to trisaminocyclopropenium (TAC) ion-functionalized macro-
molecules of various architectures, which are the first class of
polyelectrolytes that bear a formal charge on carbon. Quanti-
tative conversions of polymers comprising pendant or main-
chain secondary amines were observed for an array of TAC
derivatives in three hours using near equimolar quantities of
cyclopropenium chlorides. The resulting TAC polymers are
biocompatible and efficient transfection agents. This robust,
efficient, and orthogonal click reaction of an ionic liquid,
which we term ClickablIL, allows straightforward screening of
polymeric TAC derivatives. This platform provides a modular
route to synthesize and study various properties of novel TAC-
based polymers.

The ability to control the macromolecular architecture and
synthetic tunability!!! of cationic building blocks has contrib-
uted to the widespread use of poly(ionic liquids) (PILs,
Figure 1A), or polyelectrolytes, in various applications®”
ranging from gene delivery vectors® to alkaline fuel cells.
As the understanding of structure—property relationships with
respect to charge density, repeat-unit composition, and
macromolecular structure in such polymeric systems has
developed,”! so too has the need for synthetic strategies to
target new classes of these materials (Figure 1B).l However,
manipulating the functionality, processability, and Coulombic
interactions of PILs presents a significant challenge,/”! and the
development of detailed structure—property relationships for
cellular transfection applications has been limited. Chemical
transformations that overcome such obstacles have the
potential to broaden our fundamental understanding of
polyelectrolytes in modern technologies, particularly gene-
based therapies.™
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Figure 1. Common synthetic strategies to access polyelectrolytes
through a) polymerization of ionic liquids that contain a polymerizable
unit; and b) modification of the polymer backbone with a neutral
group that yields charged moieties or by directly using a charged
functional group to couple to the backbone. c) PIL/pDNA polyplexes
transfect cells and induce luciferase expression, resulting in cell
luminescence.

We recently reported the synthesis of trisaminocyclopro-
penium (TAC)-based polymers, where the formal charge is on
carbon but is highly delocalized within the monomer—a soft
cation.”! Initial structure—property studies of functional TAC
PILs with regard to ionic conductivity and processability have
underscored the necessity for an alternative synthetic strat-
egy, since performing many polymerizations is cumbersome,
and polymers comprising different TAC derivatives show
batch-to-batch variation. Thus, a new method for synthesizing
TAC-based polyelectrolytes is needed to simultaneously
control the macromolecular architecture and molecular
composition of the TAC repeat units. Akin to what Coates
and co-workers have demonstrated with alkaline-stable
imidazolium ionic liquids (ILs), the ability to elaborate
cationic building blocks towards complex structures that are
not commercially available is crucial to optimize performance
for a given application.”) Therefore, straightforward access to
a variety of amino substituents on the TAC scaffold could
facilitate optimization, inform design principles, and elucidate
chemical structure—property relationships within a single
family of materials to improve performance in applications
such as nonviral gene delivery.

Cationic polymers are among the most common nonviral
gene delivery vectors because of their ability to complex with
the negatively charged phosphate backbone of DNA, and the
formation of these polyplexes can prevent the degradation of
genetic material and encourage cellular uptake (Fig-
ure 1C).**1 However, if the electrostatic cohesion between
the polymer and DNA is too strong for adequate release of
DNA into the cell, transfection efficiency can be dramatically
suppressed.'”” In fact, Schmuck and co-workers have shown
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that the specific nature of the association between the cationic
building block and the DNA, and the ability to manipulate
these Coulombic interactions, is instrumental for the optimi-
zation of transfection efficiency.!"” It is therefore important to
study how various types of building blocks affect trans-
fection.F>*¢14 Considering that trisaminocyclopropenium
ions are remarkably stable cations that have been observed
to only weakly associate with their counterions,'”] we sought
to investigate how these moieties would behave as trans-
fection agents. Furthermore, because the cyclopropenium
cation is stable across a broad pH range,"” we postulated that
the resulting polyplexes would be particularly robust. For
these reasons, along with the acute control of macromolecular
architecture and molecular structure this system permits, we
anticipated that the development of a post-polymerization
strategy towards TAC polymers would serve as an effective
approach to synthesizing transfection agents.

The modification of polymer backbones with functional
groups by using modular and efficient chemistries, especially
“click” reactions, is particularly desirable for materials
commercialization.'”! The limited tolerance of myriad func-
tional groups in controlled polymerization techniques (Fig-
ure 1 A) renders post-polymerization functionalizations (PPF,
Figure 1B) an attractive route to complex macromolecular
structures of polyelectrolytes.'¥! PPF is especially attractive
for PILs, since charged groups are incompatible with most
size-exclusion chromatography (SEC) columns. As a result,
many studies of PILs ignore effects of molecular mass and
dispersity (P), correlating physical properties solely to the
structure of the repeat units.” A more complete under-
standing of macromolecular systems can be achieved in
materials with well-defined and narrow molecular weight
distributions.”” Herein, we report a new type of click reaction
between bis(dialkylamino)cyclopropenium chloride (BACCI)
ILs”" and polymers containing secondary amines, along with
a transfection study. While many reported procedures to
obtain other cationic PILs through PPF involve reactions with
large excesses of the quaternizing agent (3-10 equiv) and long
reaction times (up to three days),”” we found this conjugation
reaction to proceed in approximately 3 h under mild con-
ditions, with stoichiometric amounts of reactants. Therefore,
we designate these reactions as “click” in the context of
polymer chemistry,®! thus establishing the BACCI ion as
a clickable ionic liquid, or ClickabIL.

To obtain a well-defined neutral polymer precursor, we
synthesized poly(methylaminostyrene) (PMAS, Figure 2),
a polymer containing a secondary amine as a pendant
group. Because monomeric PMAS does not polymerize by
reversible addition—fragmentation chain-transfer polymeri-
zation or under atom-transfer radical-polymerization
(ATRP) conditions, we elected to protect the secondary
amine with a fert-butyloxycarbonyl (Boc) protecting group.”!!
The Boc-protected monomer readily polymerizes by ATRP
to yield polymers of controllable molecular mass and narrow
dispersity (D), which can be characterized by size-exclusion
chromatography at this step. Further details of the synthetic
methods are available in the Supporting Information.

The deprotected PMAS undergoes smooth addition to
BACCI salts as shown in Figure 2. The choice of BACCI can
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Figure 2. "H NMR spectra of TAC polymers show complete functional-
ization of PMAS with BACCI ClickablLs bearing various alkyl substitu-
ents. Full NMR spectra are available in the Supporting Information.

tailor the physical properties of the resulting polymers
through control of solubility properties or through the
introduction of functional groups via the amino substituents
(e.g., diallylamino). We subjected PMAS to functionalization
with six different BACCI derivatives, containing isopropyl
(iP), ethyl (Et), allyl (Al), cyclohexyl (Cy), morpholine (Mo),
or piperidine (Pep) substituents (Figure 2). Proton nuclear
magnetic resonance (‘HNMR) spectra of these polymers
reveal that the starting material is fully converted into the
corresponding TAC-containing polymer, as evidenced by the
peak shifts noted in Figure 2. Notably, the positive charge is
not generated by a reaction between neutral reactants in this
new approach, in contrast to quaternization PPF reactions.!
Instead, BACCI salts are directly coupled to neutral homo-
polymers containing secondary amines. While our original
report notes differences in the solubility profiles and thermal
properties of TAC polymers comprising different amino
substituents,” this chemistry provides a direct approach to
study the effect that various functional groups exert on
macromolecular properties, while keeping the effects of
dispersity and degree of polymerization constant.

The modularity of this method is highlighted by the
diverse set of functional groups obtained using the same
parent polymer; only minor changes in procedure (e.g., use of
co-solvent) are needed to accommodate structural diversity.
In this vein, diblock copolymers were synthesized through
polymerization of the Boc-protected monomer onto both
polyethylene oxide and polystyrene macro-initiators by
ATRP (Figure 3). SEC traces show that a narrow dispersity
is maintained after copolymerization in both cases (Figures S1
and S2 in the Supporting Information). Following their
successful deprotection, the PMAS blocks in the PEO and
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Figure 3. Post-polymerization functionalization of polymers containing
secondary amines through the addition of BACCI ClickablLs.

PS diblock copolymers were fully functionalized with both
hydrophobic and hydrophilic BACCls (Cy, iP, and Mo, from
most to least hydrophobic) without the need to modify the
procedures used to prepare the corresponding homopoly-
mers. The adaptable nature of this chemistry will encourage
systems development over individual polymer design.

To expand upon the macromolecular architectures acces-
sible with ClickabIL chemistry, we functionalized commer-
cially available linear polyethyleneimine (PEI) with BACCls.
When protonated, PEI is a cationic polyelectrolyte that is
frequently used as a cellular transfection agent.”! However,
its cytotoxicity, especially at high doses, limits its widespread
use in transfection applications.””) We postulated that func-
tionalizing PEI with cyclopropenium units might make it less
toxic and potentially a better transfection agent. PEI was
subjected to the ClickabIL reaction conditions described
above (Figure 3), and quantitative functionalization was
observed for all BACCls.

We next sought to determine whether this transformation
is relevant to biomedical applications, such as gene delivery.
While we synthesized many polymers, we focused on homo-
polymers that are highly water-soluble. Furthermore, to
simplify comparisons between materials, we elected to
change only subtle elements of the TAC structure on two
different polymer backbones. Cytotoxicity assays and lucifer-
ase transfection experiments in HEK-293T cells revealed
a significant dependence on the chemical structure of the
pendant TAC ion, namely its amino substituents, and on the
identity of the polymer backbones (PEI and PMAS). All four
TAC polymers showed a similar toxicity profile to linear PEI
(25kgmol ') at low dosages. However, at high loadings,
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Figure 4. Viability of HEK-293T cells following 48 h incubation with
TAC-functionalized polymers at various doses, as measured by trypan
blue dye exclusion. Error bars show the standard deviation of triplicate
measurement.

polyTACs were found to be more biocompatible, especially
those bearing a styrene backbone (Figure 4). Functionalizing
PEI with TAC(Mo) endowed the polymer with low toxicity,
giving a cell viability of approximately 50 % at both 50 and
100 pgmL " loading.

While structural modification of PEI with the TAC ions
led to a lower transfection efficacy compared to the parent
polymer (Figure 5), comparing the two modified PEI materi-
als bearing TAC(Pep) and TAC(Mo) showed notable differ-
ences in transfection efficiency. These two materials differ in
the chemistry at the 4-position of the six-membered ring:
a simple variation between a methylene group and an ether
oxygen. The PEI(Pep) polyplexes transfected cells almost as
well as the PEI parent polymer, but polyplexes of PEI(Mo)

A
N

Normalized Luciferase Expression

Figure 5. Luciferase expression in HEK-293T cells transfected with
pDNA containing the firefly luciferase reporter gene using TAC
polymers and 25 K linear PEI. Polymer backbones are noted in white
boxes and amino substituents pictured above the respective bars.
Luciferase expression is measured after 48 h incubation with specified
polymer loadings (all with pDNA loading of 3 uygmL™") and normalized
by cell count. Error bars show the standard deviation of triplicate
measurement.
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exhibited poor transfection efficiency (Figure 5). Potentially,
this difference may be attributed to the increased hydro-
phobicity of PEI(Pep) over PEI(Mo), a property that has
been shown to play a key role in nonviral transfection
agents.” Polyplexes of PEI and TAC polymers with plasmid
DNA (pDNA), at the loadings noted in Figure 5, were further
characterized by dynamic light scattering (DLS) for hydro-
dynamic diameter (Dy) and zeta potential (&; Table 1). Since

Table 1: Characterization of transfection agents and polyplexes corre-
sponding to optimal transfection efficacy.

Transfection MMP! Charge Dy, [nm] ¢ potential
Agent?! [kDa] ratiol [mV]

PEI 25 50:1 490+ 60 40£10
PEI (Pep) 166 8:1 4254100 6545
PEI(Mo) 164 20:1 400110 60£6
PMAS (Pep) 53 5.5:1 140+ 60 27+8
PMAS (Mo) 53 5.5:1 215£25 43+6

[a] Polyplexes of polymers tested at the loadings noted in Figure 5.

[b] Molecular mass of transfection agent, calculated based on commer-
cial linear PEl; for PMAS(R) materials, PMAS was measured by SEC
using PS standards of narrow dispersity, then calculated for the
corresponding TAC group. [c] Ratio of either N to phosphate anions (PEl)
or TAC to phosphate anions.

the Dy and surface charge values are similar for PEI(Pep),
PEI(Mo), and unfunctionalized PEI polyplexes (Table 1), the
observed discrepancy in transfection efficacy may be due to
fine structural variations between each agent. However, it is
challenging to draw conclusions at this stage, and further
investigation of the complex relationships between trans-
fection efficiency, TAC structure, and polymer molecular
mass is ongoing.””! Changing the backbone from PEI to
PMAS resulted in smaller polyplexes that were also viable
transfection agents [Figure 5, PMAS(Pep) and PMAS(Mo)].
All of our most effective formulations (Table 1 and Figure 5)
are within the size regime that Zhou and co-workers outlined
for high-efficiency transfection reagents, that is, less than
500 nm.”! Furthermore, the PM AS-based materials exhibited
optimal pDNA transfection at lower charge ratios than PEI
and PEI(R) polymers (Table 1). Within the range of the error
bars, the more hydrophobic PMAS(Pep) derivative and the
PMAS(Mo) derivative show similar efficacy, unlike in the PEI
systems. These preliminary results suggest that ClickabIL
chemistry has great potential as a platform to tune the
chemical composition of TAC-based polyelectrolytes, build
detailed structure—property relationships, and inform design
principles for the optimization of transfection agents.

In this Communication, we have demonstrated that
a variety of BACCI building blocks readily react with
polymers containing pendant and main-chain secondary
amines in a novel example of macromolecular click chemistry.
Linking neutral polyamines that are either commercially
available or rapidly assembled with charged BACCI Click-
ablLs furnishes diverse classes of well-defined TAC polymers
under mild conditions. Biocompatibility and transfection
capacity varied with BACCI identity and polymer backbone,
and some materials showed similar transfection efficiency to
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PEI but with lower cytotoxicity. These data demonstrate that
precise tuning of macromolecular properties through molec-
ular structure is vital for the design of advanced materials.
This chemistry is currently being used to explore a divergent
approach to materials discovery and optimization of cyclo-
propenium macromolecules for a variety of applications.
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