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ABSTRACT: We developed lipid-like ionic liquids, containing 2-
mercaptoimidazolium and 2-mercaptothiazolinium headgroups
tethered to two long saturated alkyl chains, as carriers for in
vitro delivery of plasmid HEK DNA into 293T cells. We employed
a combination of modular design, synthesis, X-ray analysis, and
computational modeling to rationalize the self-assembly and
desired physicochemical and biological properties. The results
suggest that thioamide-derived ionic liquids may serve as a
modular platform for lipid-mediated gene delivery. This work
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Lipid-Like lonic Liquids as De Novo gene Delivery Vectors

represents a step toward understanding the structure—function relationships of these amphiphiles with long-range ordering and
offering insight into design principles for synthetic vectors based on self-assembly behavior.
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F irst introduced in Friedmann and Roblin’s 1972 seminal
article,' gene therapy has since been a topic of scientific
interest as a promising strategy to treat various monogenic
disorders.” > Although viral vectors are more common in gene
delivery because of their relatively high delivery efficiency, their
immunogenicity and generalized toxicity impose major
obstacles to the clinical success of gene therapy.6 In turn,
these challenges have shifted attention to the incorporation of
new design elements for more efficient and safe nonviral
synthetic vectors to transfer nucleic acid-based therapeutics
into target cells. Although this strategy has resulted in advances
toward functional carriers, only 4.2% of clinical trials involving
viral or nonviral carriers have reached a late clinical phase.”

Gene therapy represents an area where appropriate
molecular design is critical to achieve a successful outcome.
The paradigm of the development of synthetic gene delivery
vectors with viral-like efficacy relies on the rational design of
biomaterials through the incorporation of precise structural
characteristics for effective and specific transfection—an
imperative, albeit slow process.” Underlying this goal is the
additional desire to develop efficient, modular, and scalable
synthetic strategies that ideally fit into the conceptual
framework of sustainability.

Cationic lipids (or cationic liposomes) were investigated as
nonviral gene delivery agents because of their reduced
immunogenicity, low cytotoxicity, ease of manufacturing, and
large payload of DNA polynucleotides®™"* (i.e., up to 20 000
bp of plasmid DNA were encapsulated and delivered without
obstructing the transfection efficiency'’). DOTMA and its
congeners (Figure 1) are classic examples of cationic lipid
carriers introduced by Felgner et al. in 1987, as “simple, highly
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DOTAP ($11.54/g)

Figure 1. Structures of commercially available DOTMA and DOTAP.
Structural moieties include a cationic headgroup (purple), ether/ester
backbone (black), anion (gray), and paired lipidic tails (blue).

reproducible, and more efficient than some other, commonly-
used procedures”.'* Thereafter, a variety of cationic liposomes
that resemble the overall structure of DOTMA were developed
(Figure 1).” DOTMA-type compounds generally consist of
three distinct structural subcomponents: (i) an ammonium
headgroup that provides a locus of cationic charge, facilitating
electrostatic binding to anionic DNA; (ii) a glyceryl moiety,
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Scheme 1. Single-Step Synthesis of LILs, Containing Heterocyclic Headgroups (Purple), a Thioether Linker (Black), and

Hydrophobic Tails (Blue)
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which provides a covalent bridge between the headgroup and
the final substructure; and (iii) two aliphatic chains, each
tethered to the glyceryl moiety via an ether or ester linker.
Regardless of their nature (saturation vs unsaturation), the
hydrophobic association of these tails facilitates the self-
assembly of the liposome. Markedly, the transfection efficiency
is correlated to those specific structural loci.'®

In our prior work,'’ using thiol-yne chemistry, we
developed ammonium- and imidazolium-based lipid-like ionic
liquids (LILs) with C,, and C,, saturated tails and thioether
linkers for DNA delivery.'” The transfection efficiency of
amphiphiles with the aromatic headgroup were superior to
their nonaromatic analogs, forming well-packed lamellar
structures that impart stability to lipoplexes. Furthermore,
incorporating the lipophilic thioether backbone (in lieu of
glycerol) extended the hydrophobic domain, effectively
moving the polar/nonpolar interface to the level of the
headgroup, ultimately enhancing self-assembly.

In our search for promising synthetic vectors to transfect
DNA, we synthesized a series of LILs wherein hydrocarbon
chains are directly bound to the cationic headgroup (Scheme
1, 3—6) with 2-mercaptoimidazole 1 as the cationic moiety
(commonly referred to as methimazole, a common antithyroid
drug'®) and 2-mercaptothiazoline 2. The restrictive conforma-
tional freedom of the thioamide-derived headgroups'® was
expected to confer an elongated linear shape, allowing more
compact packing alongside improved self-assembly into
lamellar phases. Further, it is expected that the extended
positive charge delocalization throughout the 2-mercaptoimi-
dazolium cation'” (3 and 4) leads to increased hydrophobicity
of the nonpolar domain, enhancing the self-assembling ability
of the amphiphiles, cf. ammonium headgroups. Our proof-of-
concept study identified these materials for their efficient
condensation and release of plasmid DNA in vitro into HEK
293T cells, an epithelial line derived from human kidney tissue.
The experimental values of melting points (T,,) for the LIL
products indicate that all fall below the customary benchmark
of 100 °C,”” which is commonly used to categorize a salt as an
IL (vide infra).

In our de novo design, we incorporated three structural
elements: (i) thioamide-derived charge-delocalized hetero-
cycles as cationic headgroups; (ii) a thioether linker to bridge
an aliphatic chain to the headgroups; and (iii) paired myristyl
and palmityl chains as the hydrophobic anchor. This
convergent synthetic strategy has at its core the facile
generation of the polar headgroups and linkers through the
dialkylation of heterocycles 1 and 2 with myristyl/palmityl

4738

bromides in a single, high-yield step (Scheme 1). Incorpo-
ration of a nonaromatic headgroup into our design strategy
further serves to broaden structural diversity. Notably, the
modular design provides a versatile platform to develop
structurally diverse cationic lipids based on three consid-
erations: (i) starting materials are inexpensive and commer-
cially available; (ii) N,S-dialkylation can be achieved directly in
a single step, producing LILs in excellent yields; and (iii) since
no byproducts are generated, no chromatographic purification
is required.

Generally, the capability of ILs to promote amphiphilic self-
assembly into a range of mesophase structures has been
recognized as a well-established phenomenon.”" ILs with long
side chains are inherently amphiphilic and can self-assemble
into nanostructures, segregating into polar and nonpolar
domains to form a nanostructured liquid.”* In this work, the
self-assembling properties of the LILs 3—6 were studied via a
combination of single-crystal X-ray diffractometry (SC-XRD),
differential scanning calorimetry (DSC), and computational
approaches, establishing the thermotropic and lyotropic
supramolecular assemblies of these amphiphiles. These studies
provide a route to evaluating the strength of the supra-
molecular assemblies of the lipids in bulk forms, which is
relevant for the ease of lipoplex preparation and stability.

To assess the long-range ordering of the structures, we
acquired the solid-state structure of LIL 4 via SC-XRD. The
molecules displayed self-organization through distinct non-
covalent interactions (i.e., coulomb and van der Waals forces)
and formed an interdigitated bilayer-structure via the clear
segregation of polar and nonpolar domains (Figure 2). The
alternating rod-shaped cations and anions arrange in a parallel
alignment. We previously reported that the inclusion of sulfur

Figure 2. Single-crystal structure (left) and packing diagram (right) of
the LIL 4.
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groups in the alkyl chains of LIL tends to form gauche
conformations.”® This is readily evident in the alkyl chain on
the thioether group on the C2 position of the ring. The C2—
S1—C7A—C8A torsion angle is 65.1(7)°. This gauche
conformation facilitates intramolecular C---HIH---C interac-
tions between the alkyl tails while controlling the intermo-
lecular structuring. The molecules are oriented in a manner to
allow interactions between adjacent alkyl chains, which extend
in three dimensions, effectively creating lipophilic regions
(Figure 2, left).

As a borderline kosmotropic anion, Br™ is associated loosely
with the polar headgroup of the amphiphiles. As expected from
aromatic-based ILs, the shortest interactions with the halide
anion arise from aromatic hydrogens on the methimazolium
ring with the shortest halide contact at CS—H (d =
2.6434(15) A). The bromide also acts as a bridge between
the C4—H and C6—H interacting with both hydrogens at
distances of 3.0883(13) and 3.0141(13) A, respectively.

To obtain a detailed picture of these interactions in 4, we
performed a leshfeld surface analysis using the CrystalExplor-
er software”® (Figure 3). The analysis indicated that the

U6 U8 10 T2 T4 16 T T T 76 28

Figure 3. Hirshfeld surface mapped with (a) the shape index, (b)
Aoy and (c) fingerprint plot of the LIL 4.

relative percentages of interactions for H---All, H---H, H---Br,
H---SIS:--H and H---CIC---H are 95.9, 88.9, 4.4, 3.0, and 1.9%,
respectively. As expected, H---H interactions between two tails
comprise ca. 89% of all close contacts between molecules.
These interactions are seen in the fingerprint plot (Figure 3) as
the main “bulk” of the plot ranging from d; = d. & 1.2 to the
disperse points at d; & d, & 2.4. The bright red portion of the
image visualizes the largest number of interactions at d; & d, ~
1.5. The dominant H---H alkyl interactions are also evident in
the shape index surface (Figure 3). The characteristic
alternating blue/red pattern along the top and sides of the
surface show how the C—H groups pack together to maximize
the alkyl interactions. There are three total H-interaction
“spikes” seen in the fingerprint plot (Figure 3). The topmost
spike, starting at d; = 0.9, d. = 1.6, is from the H--Br
interactions with the aromatic and alkyl hydrogens (vide
supra). The other two spikes arise from the reciprocal set of
H:--SIS---H sets of interactions (d; | d, = 1.7 | 1.1). Two shorter
S--H interactions (2.83—2.85 A) are seen arising between the
sulfur and C—H moieties on symmetry adjacent alkyl chains.
These interactions are seen in both the d, ., surface and shape
index as the red points of contact (Figure 3). These S--H
interactions are not uncommon and are of importance in the
formation of structures in biological systems.”* It follows that
these S---H interactions also play a role in the formation of
long-range ordering of the complexes by interacting with
hydrogens on both alkyl chains.

Density functional theory (DFT) modeling provides a clear
picture of self-assembly of the LILs. The self-assembly of LILs
4 and 6 is presented in Figure 4 and Figure S1. The analysis of
this assembling behavior is important because it allows one to
evaluate the strength of the supramolecular assemblies of lipids
in the dehydrated form, which is relevant for ease of liposomal
formulation and lipoplex stability. LILs 4 and 6 form an
elongated linear shape, allowing packing into the lamellar
phase and formation of cationic bilayers (Figure 4, top). This is
consistent with the electrostatic surface of the cations (Figure
4, bottom). Dictated by the adopted cylindrical-shape
conformation of LILs 4 and 6, the boundary between the
hydrophilic/hydrophobic domains is positioned at the level of
the headgroups.

The DSC analysis was performed to assess the self-
assembling properties of the LILs in bulk and hydrated
forms. As noted, various self-assembling dynamics were
observed for aromatic LILs 3 and 4, exhibiting the multi-
featured traces characteristic of lipoids (Figure S), which is

_____ e dsdy

2

4ﬁﬂﬁvmw%k%ﬂ%%% .....

L%ﬁ%%&%ﬁ Iedsditsbsdebedy

?

Figure 4. DFT optimized structures of cations from LILs 4 and 6 (above) along with their electrostatic potential maps (below).
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Figure S. DSC thermograms for compounds 3 (green) and 4 (blue) of second heating/cooling cycle. The thermograms were offset along the heat
flow axis for clarity but not rescaled (starting point is zero for both scans).

often the case for ILs*° and lipids.”” In addition, the T,, values
(or isoteropization temperature) of the products were
determined by DSC with a heating/cooling rate of 5 °C/
min, within the temperature range of —50 to 150 °C. The
isotropization temperatures of 3—6 are 73.6, 78.9, 48.9, and
69.7 °C, respectively, which provide a solid basis for their
definition as classical ILs (see the Supporting Information for
DSC thermograms of the products). A possible explanation for
these low melting temperatures is that the kosmotropic
bromide anion tends to push its minimum energy position
to a larger separation from the polar/nonpolar interface,
weakening the electrostatic interactions with the positively
charged headgroups and decreasing melting points. Interest-
ingly, the nonaromatic LILs show lower T,, values (AT,, = 9.2
—24.7 °C) compared to their aromatic congeners. This is
perhaps due to the presence of the sulfur atom within the ring,
diminishing the tight molecular packing and making the bilayer
more fluid.””

These LILs were hydrated using the standard freeze—thaw
procedure'” to generate the multilamellar vesicles (MLV),
then sonicated to form the single lamellar vesicles (SLV). As
expected, the transition temperatures decreased in the
hydrated form, as compared with the thermotropic case, due
to the reduced interbilayer cohesion of the cationic
amphiphiles. Similar to the thermotropic case, the elongation
of the tails drastically affected the transition temperatures of
the SLVs.

Using thermogravimetric analysis (TGA), the thermal
decomposition temperatures (Tdecomp_) of the products were
measured by heating the sample from room temperature to
350 °C. The TGA data showed an initial decomposition step
(onset decomposition temperature) between 144.6 and 201.4
°C (see the Supporting Information), indicating significant
mass loss (ca. 45—48%). Predictably, these ILs exhibit low
thermal stability due to the strong nucleophilicity of the halide
anion.””

The ability of LILs 3—6 to complex pDNA was qualitatively
evaluated by an agarose gel electrophoresis shift assay. Because
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of the poor solubility of the LILs in water at pH 7.4 in the
desired concentrations, DNA—LILs complexes were prepared
using DMSO and the resulting complexes remained soluble
upon dilution in the running buffer for electrophoresis. Data
were obtained at physiological pH and the results are shown in
Figure S4 (see the Supporting Information) for a range of
LILs:DNA weight ratios. Partial inhibition of DNA migration
is seen at all LIL—DNA ratios. This trend indicates that
increasing amounts of LILs are essential to bind to DNA more
effectively. Surprisingly, among the LILs, only $ can efficiently
compact pDNA in 1:4 ratios without having the positive
charge diluted by colipids. This is perhaps due to the fact that
the gel electrophoresis assay does not precisely reproduce the
LIL/DNA binding environment of the actual transfection
experiment. Moreover, the lower solubility of aromatic LILs 3
and 4 may be responsible for their poor uptake level, limiting
their interaction with DNA.

The zeta potential values indicate generally great stability in
the liposomal dispersion of the target ILs in water.
Interestingly, LILs 3 and 4 displayed positive zeta potentials
of +38.38 and +62.49 mV, respectively, whereas 5 and 6
displayed negative zeta potential measurements of —21.75 and
—32.13 mV, respectively (Figure SS). This positive surface
potential for LIL 3 and 4 correlates with the biological data
showing these ILs as having higher transfection efficacy, likely
due to charge neutralization. Moreover, LIL 4 was the most
effective transfection vector, simultaneously demonstrating a
higher zeta potential than the others, indicating stronger
nanoparticle aggregation and stability as part of its transfection
capabilities. This unique feature was displayed by many
heterocyclic amphiphiles with delocalized cationic charge,"
allowing simplification of the formulation process and yielding
more homogeneous lipoplexes.

The quantitative assessment of the in vitro transfection
efficiency of the resultant LILs was achieved using the
previously described optimized experimental conditions."”
The LILs were tested for their ability to deliver DNA plasmid,
expressing green fluorescent protein (pCMV,.eGFP) in 293T
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cells, with transfection values at the optimized conditions
shown in Figure 6. These results were compared to poly-L-
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Figure 6. Transfection efficiency of the LILs, employing pDNA
(pCMV,.eGFP) into HEK 293T cells. The concentrations of LIL 3, 4,
S, and 6 are 189 uM, 167 uM, 3.3 mM, and 3 mM, respectively. The
standard samples without LILs (naked pDNA and DNA-PLL)
showed no efficacy.

lysine (PLL) alone and Mirus Bio Trans-IT 293, a
commercially available reagent. PLL has been widely studied
as a DNA condensing agent and is the standard to which new
vectors are often compared.”® PLL was used it as a model
cocomplexing agent in this study and it was selected because it
is a relatively poor transfection agent on its own. Reasonable
levels of transfection were observed for all the LILs relative to a

naked DNA control experiment, but the level of gene
expression was lower than for the Mirus Bio Trans-IT 293
(ca. 19—31%). The transfection efficiencies of LILs 3 and 4
were found to be superior to its congener with nonaromatic
headgroups, likely due to the presence of stronger electrostatic
interactions of the aromatic headgroups with DNA. We found
that the lipofection capability of these cationic amphiphiles
increase with chain length (3 vs 4). We also made a
methimazolium-based salt with two stearyl tails (not shown
in Scheme 1), which was difficult to formulate because of its
poor solubility even after repeated freeze—thaw and sonication
cycles. We were not able to generate stock solutions of this salt
with adequate concentrations. As shown in Figure 6, the LIL 4
is our lead candidate, demonstrating the highest efficiency to
cytotoxicity ratio. The assay system described above can be
readily tuned. Additional investigations will be required to
more fully evaluate the potential of this screening library.
Experiments to this end are currently underway.

Further assessment of the transfection capabilities of the
LILs was achieved by confocal microscopy, observing intra-
cellular distribution of plasmid-expressed GFP in HEK 293T
cells. As shown in Figure 7, the fluorescing green cells appear
throughout the field of view for transfections using LIL
products, suggesting efficient cellular uptake of the LILs.

To determine the cytotoxicity profile of the resulting
amphiphiles and LIL—PLL—pDNA complexes, we performed
the standard MTT and the CellTiter-Glo cell viability assays,
respectively (see Figures S6 and S7). First, the standard MTT
test was used to determine metabolic activity of LLC-MK2
cells in the presence of various LIL concentrations (Figure S6).
LILs 3—6 exhibited promising biocompatibility even in high

Figure 7. Confocal microscopy images of human 293T cells transfected with 1 pg of pCMV,.eGFP in conjunction with PLL to express green
fluorescent protein using different reagents: (a) PLL alone, (b) Mirus Bio Trans-IT-293 alone, (c) LIL 3 (189 uM), (d) LIL 4 (167 uM), (e) LIL §

(3.3 mM), and (f) LIL 6 (3 mM).
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concentrations, i.e., the TCs, values for LILs 3—6 are ca. 0.1,
0.3, 3.6, and 7.2 mM, respectively. Additionally, the CellTiter-
Glo was employed to measure the cytotoxicity LIL—PLL—
pDNA complexes. Although the differences in cytotoxicity may
make a direct structure—function-based comparison between
the LILs, their promising toxicity profiles confirm that they are
viable candidates for further study as DNA condensing agents.
As shown, the LILs 3 and 4 show great biocompatibility even
at high concentrations. Cell viability reduced linearly as the
ratio was increased.

In summary, the present work presents a one-step synthesis
of four new lipid-like ILs as efficient gene transfection vectors
with low toxicity. The incorporation of long alkyl groups into
the 2-mercapto-based heterocycles using this divergent
approach constitutes a facile and inexpensive route to produce
various cationic lipids. The extended hydrophobic domain and
conformational rigidity of cationic headgroups play a
determinative role in self-assembly of the LILs. Because of
their optimized hydrophilic/hydrophobic interface, these LILs
can readily self-assemble in bulk and hydrated form, forming
cationic bilayers to efficiently deliver DNA into the targeted
cell, proven by structure—property—function relationship
studies.

Finally, although our findings focused on four example LILs,
structurally similar cationic lipids can be easily tuned for safer
and more efficient vectors. This work lays the foundation to
design “better” biomaterials for the gene delivery application
through elucidation of fundamental design considerations.
Further experiments are underway to fine-tune these back-
bones via variation of the aromatic headgroups and side chains
in our laboratories.
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