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A new water soluble cationic polythiophene derivative, poly(N,N,N-
trimethyl-3-(2-(thiophen-3-yl)acetamido)propan-1-aminium iodide),
was synthesized via two consecutive post-polymerization function-
alizations of poly(methyl 2-(thiophen-3-yl)acetate). This conjugated
polymer binds DNA at N/P = 5 and forms polyplexes at N/P = 10. Its
potential use as a theranostic gene delivery vehicle is investigated here.

Amongst the heavy interest in developing gene delivery vectors
over the past decade, a new class of gene delivery agents with
combined imaging capacity has recently begun to take hold."?
These theranostic gene delivery vehicles aim to offer both
treatment and diagnostic capabilities within the same particle,
potentially improving treatments by enabling synchronous
delivery and monitoring of therapeutic genes. Most theranostic
agents for gene delivery rely on magnetic nanoparticles,?
quantum dots,* nanogold,” carbon nanoparticles,® or other
inorganic nanomaterials as the imaging component. In these
materials, a cationic coating of passivating ligands or polymers
is typically incorporated into the formulation to enable DNA
binding. While inorganic-based gene materials are typically very
photostable and versatile, questions of toxicity may limit their
potential applications. An alternative strategy is to use the
cationic, DNA-binding component as the imaging agent itself,
thereby simplifying the construct to only two components.”
Conjugated polymers are well known fluorescent materials
that are under intense study in a variety of applications,
including sensors,® displays,® and photovoltaics.' Beyond these
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traditional applications, the increased quantum yields and
photostability of conjugated polymers compared with small
molecule fluorophores™ make them attractive as potential
imaging components in theranostic drug and gene delivery
agents.”” Despite their ideal photophysical properties and
generally low toxicity," conjugated polymers are underexplored
as theranostic gene delivery vectors. Only a few reports are
available on two-component gene delivery agents using conju-
gated polymers."**® In these studies, poly(phenylene ethyny-
lene),"** and poly(fluorenylene phenylene)'® were found to be
effective gene transfection agents. We turned here to one of the
simplest conjugated polymers, polythiophene, to evaluate its
potential to form discrete polyplexes when bound to DNA and lay
the foundation for its use as a theranostic gene delivery vector.
Polythiophene is an especially intriguing candidate for
theranostic gene delivery due to its ability to change its emis-
sion profile in response to changes in a variety of stimuli,
including temperature (thermochromism),”*®* solvent (sol-
vatochromism),*® surfactants (surfactochromism),'* irradia-
tion (photochromism),®* and the presence of certain other
chemical species (affinitychromism).>*?* These properties may
open opportunities not only to track DNA delivery but also to
specifically trigger DNA delivery or to monitor environmental
changes that affect polyplex stability. We report here a
straightforward synthetic route to cationic polythiophene and
demonstrate its ability to form polyplexes with plasmid DNA.
Scheme 1 describes the overall route of the synthesis of
polymer 4. First, thiophene 3-acetic acid (3TAA) was esterified
with methanol and catalytic H,SO, to yield thiophene 1
according to a literature procedure.*® Oxidative polymerization
of monomer 1 was carried out in CHCI; with FeCl; to generate
polymer 2, which was isolated by precipitation into acidic
methanol to afford polymer 2 as a brown powder.>® Polymeri-
zation was monitored by the disappearance of proton peaks at
the 2 and 5 positions of the thiophene ring using '"H NMR (see
ESIt for details). Three peaks were observed at the 4 position
(7.14, 7.17, 7.21 ppm) corresponding to the four triad configu-
rations (HT-HT, TT-HT, HT-HH, TT-HH) of monosubstituted
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Scheme 1l Synthesis of cationic polythiophenes 3 and 4 through post-
polymerization functionalization of neutral polythiophene 2.

polythiophenes.”” This lack of regioregularity is typical of poly-
thiophenes prepared by oxidative routes.?®

To increase the stability of polymer side chains, poly-
thiophenes 3 and 4, wherein the ester group was replaced with
an amide linker, were synthesized by consecutive post-
polymerization reactions on polymer 2. NMR spectra for poly-
mers 2, 3, and 4 are included in the ESI.} Conversion of the side
chain ester to an amide was accomplished by reaction of 3-
(dimethylamino)-1-propylamine with polymer 2 to yield tertiary
amine-containing polythiophene 3. Reaction progress was
monitored by following the colour change from brown to red
during the reaction. Polymer 3 was isolated by precipitation and
recovered by filtration as an orange solid. 'H and *C NMR
confirmed >90% conversion to the desired tertiary amine. IR
spectroscopy also confirmed conversion of the ester to the
desired amide as the carbonyl peak shifted from 1730 cm™* to

Polymer 2

Polymer 3

Polymer 4

Transmittance

1730 cm™ | 11644 cm

2000 1800 1600 1400 1200 1000 800
Wavelength (cm™)

2200

Fig. 1 FT-IR spectra of polymers 2, 3 and 4 (attenuated total reflec-
tance). The y-axis of each spectrum was adjusted for clarity. The
dashed lines highlight the loss of the methyl ester at 1730 cm~tandthe
appearance of the amide at 1644 cm~ in going from polymer 2 to 3
and upon further derivatization to polymer 4.
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1644 cm ' (Fig. 1). The presence of an amide N-H bend at
1550 cm ™~ is also observed in polymer 3. A small peak
remaining at 1730 cm ™' indicates that the remaining impurity
is the methyl ester from polymer 2. This conclusion is
confirmed by *C NMR (Fig. S7, ESIY).

Polymer 4 was synthesized by hypermethylation of polymer 3
with CH;lI (10 equiv.) in MeOH/Et,O at room temperature. The
product precipitated as the reaction progressed and was
obtained as a dark brown solid. Integration of the 'H NMR
spectrum showed 93% conversion to the quaternized product
(Fig. S8, ESIf). Complete conversion was likely limited by
precipitation of the product from the reaction medium. The IR
spectrum of polymer 4 is similar to polymer 3, with a slight shift
of carbonyl stretch to 1655 cm™" and a shift of the amide N-H
bend to 1529 em ™" (Fig. 1). The peak at 1731 cm™ " appears to be
a remnant from polymer 2.

Over multiple trials, polymer 2 was obtained with M, values
ranging from 4100-7100 g mol ™" (corresponding to degrees of
polymerization from 26 to 46) with polydispersity values
ranging from 2.12-2.53 (Table S1, ESIf) as determined by gel
permeation chromatography (GPC) (Fig. S9, ESIt). Polymers 3
and 4 were found to be soluble in water as well as DMF and
DMSO. However, dynamic light scattering (DLS) measurements
showed that polymers 3 and 4 were prone to aggregation in
these solvents and several solvent mixtures, so their molecular
weights could not be verified.

MALDI-TOF mass spectrometry was also found to be unsuit-
able for the characterization of polymers 3 and 4, which is
consistent with previous reports.”>** The thermal properties of
polymers were also investigated (Fig. S10, ESIt). All were found to
be stable up to 200 °C, with polymers 3 and 4 showing slight mass
loss before 200 °C, likely corresponding to the loss of water.?®

Polymers containing both tertiary and quaternary amines are
suitable for DNA binding because of favourable electrostatic
interactions and have been studied as gene delivery vehicles.*®
As such, both polymers 3 and 4 were investigated for DNA
binding. Polymer 4 bears a permanent positive charge as a
result of the quaternary amines, giving it the potential advan-
tage of making stable polyplexes across a broad pH range. On
the other hand, polymer 3, which contains tertiary amines, is
sensitive to solution pH—it could potentially be deprotonated
to disassemble polyplexes at high pH. The pK, value of polymer
3 was determined to be 8.3 by potentiometric titration (Fig. S11,
ESIt). DNA binding assays of polymers 3 and 4 were carried out
at various N/P ratios using a fixed amount of plasmid DNA
(pUC19) (Fig. 2). It was found that both polymers 3 and 4 can
bind pUC19 at minimum N/P ratios of 1.5 and 5, respectively.
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Fig. 2 DNA binding assays of polymers 3 (A) and 4 (B) in 2% agarose
gel with N/P ratio from 0.5 to 30.
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Both values are low compared with other conjugated polymer
gene delivery vehicles,*¢ indicating that a high percentage of
the amines are available for DNA binding. The lower N/P ratio
required for full DNA binding in polymer 3 versus polymer 4 is
surprising, as polymers containing quaternary amines typically
bind DNA with equal or better efficiency than analogues with
tertiary amines.** We speculate that the less efficient binding of
DNA in polymer 4 versus polymer 3 may be a result of a stiffer
polythiophene backbone induced by quaternization, which may
both increase charge repulsion between repeating units and
decrease attractive interactions by removing the hydrogen
bonding capacity of the amine unit. Previous studies have
found that extended chain conformations can hinder DNA
binding.*

The polyplex size of polymer 4 bound to pUC19 was studied
using DLS at N/P ratios of 5, 10, 20 and 30 (Fig. 3). Large
aggregates were observed at N/P = 5, indicating either polyplex
aggregation or poor formation of polyplexes. At N/P = 10, the
average particle diameter was 173.0 nm while the diameter
decreased to 144.1 nm and 99.9 nm at N/P = 20 and 30,
respectively. These results are consistent with previous obser-
vations showing that as the concentration of the cations
increases, polyplex size decreases.*® Polyplex stability was
measured in buffer by DLS over a period of 4 h, with the data
showing stable polyplex size over this period (Fig. S12, ESIT).
The ability of polymer 4 to form polyplexes with plasmid DNA
demonstrates its potential as a nonviral vector. All of the poly-
plexes obtained showed average diameters below 200 nm in
size, similar to polyplexes made from poly(2-(dimethylamino)
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Fig. 3 DLS and zeta potential data of polymer 4 with pUC19 plasmid
DNA at N/P ratios of 10 (A), 20 (B) and 30 (C) with average diameter
values (D). DLS data shown are the results of three trials for each N/P
ratio. Zeta potential data represent the average and standard deviation
of at least three measurements at each N/P ratio.
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Fig. 4 Emission spectra of polymer 4 alone (dashed line; Ao = 413
nm) and with plasmid DNA (solid line; Amax = 419 nm) in TBE buffer at
N/P = 5 (hex at absorbance max, 404 and 410 nm, respectively).

ethyl methacrylate) (p)DMAEMA), a common polycation-based
gene delivery vector.*® Zeta potential measurements showed
positive surface charge for polymer 4 at all three N/P ratios
(Fig. 3D).

We also investigated the fluorescence properties of polymer 4
to evaluate its potential as an imaging agent (Fig. 4). The peak
emission in aqueous buffer of free polymer 4 was found to be 413
nm. Upon addition of plasmid DNA (N/P ratio of 5), the peak
emission wavelength shifted to 419 nm. This redshift has been
previously observed in imidazolium-containing polythiophenes
and is likely due to changes in the conformational structure of
the cationic polythiophene as it binds to DNA.** The noticeable
albeit small change in emission peak is exciting because of
possible future applications as cationic conjugated polymer gene
delivery vehicles. For example, temporal and spatial subcellular
localization of DNA release from a polyplex could be detected
using this strategy. Detection of DNA unpackaging has been
studied in complex theranostic systems, such as those using
quantum dots,*® but not to our knowledge in simple, two-
component polyplexes. Understanding the factors that affect
dissociation of polyplexes inside the cell is an important part of
making more effective gene delivery vehicles, and imaging agents
capable of reflecting whether DNA is bound or unbound may
facilitate studies in this area.” Additionally, polythiophenes
inherently possess or can be modified to display a variety of
properties that merit their further exploration as theranostic gene
delivery vehicles, including fluorescence amplification,*” light
responsiveness,* and sensitivity to surfactants,*® temperature,'’**
solvents,'® and light.>® Moreover, cationic polythiophenes have
shown minimal toxicity in several cell lines, further adding to
their potential as theranostic gene delivery agents.”

Conclusions

Cationic polythiophene derivatives were successfully synthe-
sized using consecutive post-polymerization reactions. Both

This journal is © The Royal Society of Chemistry 2014
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polymers were found to form polyplexes with pUC19 plasmid
DNA at low N/P ratios. In the case of polymer 4, which contains
quaternary amines, polyplexes with hydrodynamic diameters of
less than 200 nm were formed at N/P ratios of 10 and above.
Fluorescence spectroscopy showed a slight but noticeable
redshift in the peak emission of polymer 4 when plasmid DNA
was added. The described polyplexes are a simple, two-
component system that adds to the growing number of thera-
nostic gene delivery agents. The change in peak emission upon
binding of DNA demonstrates how future designs with larger
emission shifts might expand the possibilities of theranostic
particles. Particles with large shifts between bound and
unbound DNA may enable researchers not only to visualize
polyplexes, but also to provide spatiotemporal information on
polyplex dissociation. Other photophysical properties of poly-
thiophene, including thermochromism, affinitychromism, and
others, may make cationic polythiophenes a valuable new tool
in theranostic gene delivery.
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