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Amphiphilic dimethylaminopyridinium alkyl polymethacrylates (aPPs) were tested for gene
complexation, cell cytotoxicity and in vitro gene expression for use as gene delivery agents. The
aminopyridinium groups neutralized by bromide or octylsulfonate counterions were terminal
moieties of side-chain spacers containing 8, 12 or 16 methylene units. This investigation measured
the impact of the spacer length and the chemical nature of the counterion on the physicochemical
properties and biological activity of the polyplexes formed by the complexation with DNA. The
aPPs self-assembled with DNA by neutralizing the DNA phosphate charges through the
pyridinium moieties. The degree of DNA condensation was higher for shorter spacer (n = 8§, 12)
and bromide-neutralized aPPs. Several aPP-DNA complexes formed well-defined nanoparticles,
which were usually, but not always, positively charged. Their sizes ranged from 30 to 150 nm and
in some cases had an internal lamellar structure visible by TEM. All of the aPPs were found to be
much less cytotoxic than branched poly(ethyleneimine) [(PEI), 25 kDa]. The degree of cytotoxicity
of the aPPs depended mildly on their spacer length and counterion: a longer spacer (n = 16)
decreased the cell viability more than shorter spacers and, at the highest aPP concentrations
tested, bromide counterions more than octylsulfonate counterions. The transfection efficiency

also depended on the spacer length and counterion type. Polyplexes obtained from the
bromide-neutralized aPPs with the n = 12 spacer at an aPP/DNA weight ratio of 2.5, for which
negatively charged nanoparticles were formed, were found to be as efficient as PEI-based
polyplexes. Interestingly, this demonstrates that endosomolytic fragments and positively charged
polyplex surfaces are not required for efficient gene expression.

transfection efficiencies. Amphiphilic block copolymers,'
cationic polymers,>* non-condensing polymers*> and also a
large number of surfactants® with different molecular struc-
tures (gemini’ and bolaforms®®) have been tested. Several
models of the relationship between structure and biological
properties have been proposed.®

At first sight, amphiphiles (lipids and surfactants) appear
promising as gene delivery systems, but they are often
accompanied by undesirable cytotoxicity due to destabilization
of the cell membrane caused by their hydrophobic domains. '
On the other hand, highly ionic polymers and peptides can be
effective gene condensing agents and delivery systems.!!
However, these compounds are relatively cytotoxic, related

Introduction

In a few decades, gene therapy may well be a routine tool for
the treatment of genetic diseases. The success of such therapy
is related to the efficiency of the delivery of DNA encoding the
therapeutic proteins. Viral vectors are the most efficient gene
delivery systems developed to date, owing to their high
capacity for the physical condensation of genetic material
within the virus capsid, together with their efficient infection
mechanisms. However, viruses also present serious recombi-
nation. Many investigations have been carried out to
design safe and versatile synthetic carriers with viral-like
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in part to their high cationic charge density.'*'* The cationic
charges, which are needed for efficient DNA condensation,
and hydrophobic domains, which promote membrane inter-
action, have been combined in hydrophobically-modified
poly(ethyleneimine) (PEI), poly(L-lysine) (PLL), poly(amidoamine)
(PAMAM) and poly(N-ethyl-4-vinylpyridinium) salts (PEVP)."*"!7
In some cases, this strategy has successfully reduced toxicity
without strongly affecting transfection efficiency.'® In other
instances, the most hydrophobic poly(B-amino ester)s, among
a large library of molecules, have been found to be the most
toxic.!® Also, PAMAMs with a head-tail geometry, where
positive charges (‘“heads’) are located within or close to the
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polymer backbone and covalently linked to aliphatic or
lipid-like side chains (“‘tails’’), have been found to be quite
cytotoxic.'* On the other hand, no polymers with a tail-end
geometry, where the charges are covalently attached to the end
of the aliphatic side chains,?® have so far been investigated for
their transfection properties and cytotoxicity.

In the field of cationic amphiphiles designed for gene
transfer, those incorporating heterocyclic pyridinium moieties
have attracted particular attention, owing to their low
cytotoxicity and high transfection efficiency.?! 2® By way of
contrast, polycations incorporating amphiphilic pyridinium-
containing segments have been far less investigated. Compared
to small cationic amphiphiles, the advantage of polymers with
a high cationic density is their condensation of DNA into
small particles and their ability to form stable complexes
with  DNA. In this paper, we report on amphiphilic
aminopyridinium-containing polymethacrylates (aPPs) with
tail-end geometries and a relatively low cationic content
as potential low-cytotoxic gene delivery candidates. The
thermotropic properties of these types of cationic tail-end
polyamphiphiles have been described previously.? ! Here
we focus on the physicochemical and biological properties of
poly(®-dimethylaminopyridinium alkylmethacrylate)s with
octyl, dodecyl and hexadecyl spacers neutralized by bromide
(Br) and octylsulfonate (S8) counterions (see Fig. 1). These
compounds are referred to by the acronym PnDMAP-X,
where P, n, DMAP and X refer to the polymethacrylate
backbone, the number of methylene units in the side chain
spacer, the dimethylaminopyridinium cationic group and the
type of counterion (Br or S8), respectively. We investigated, in
particular, the influence of the spacer length and the chemical
nature of the counterion on the specified properties.

Experimental section
Materials and methods

Sterile water (DNase/RNase free, molecular biology reagent),
PEI (25 kDa, branched) and ethidium bromide were obtained
from Sigma-Aldrich (Oakville, ON). Cell culture plastics were
purchased from Corning Costar (Corning, NY). Zeocin,
pBudCE4.1/LacZ/CAT plasmid (8433 bp) encoding
B-galactosidase under the control of the CMV promoter and
Escherichia coli Top 10 chemically competent cells were
obtained from Invitrogen (Burlington, ON). Dulbecco’s
modified Eagle’s medium (DMEM) and OPTI-MEM [
reduced serum medium were purchased from GIBCO Invitrogen
(Burlington, ON). Fetal bovine serum (FBS) was obtained
from Medicorp (Montreal, QC). The COS7 cell line (Simian

ﬁ) . / \ /CHS
CH—C—C—0—(CHy)7N N
= CHs

CHp X

i n =812, 16
X = Br (PnDMAP-Br)
= CH3(CH2)7S0Os (PnDMAP-S8)

Fig. 1 The chemical structures and acronyms of the bromine- and
octylsulfonate-neutralized  dimethylaminopyridinium  poly(alkyl
methacrylate)s studied.

virus 40-transformed kidney cells of an African green monkey)
was obtained from the American Type Culture Collection
(ATCC) (Valencia, CA). The MTT cell proliferation kit
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium] and the
B-galactosidase ELISA kit were purchased from Roche
Diagnostics GmbH (Laval, QC).

Synthesis of the polyamphiphiles

The synthesis and characterization of the aPPs is described
elsewhere.? 3! In contrast to PSDMAP-Br and PI2DMAP-Br,
P16DMAP-Br was polymerized in the presence of a small
amount of the transfer agent 2-mercaptoethanol to reduce the
molar mass, in order to improve the polymer solubility for
subsequent ion exchange. The molar mass of the aPPs could
not be determined with precision due to the amphiphilic
character of these polymers.?® 3! However, they are estimated
to be above 10000 (medium to high molar mass range) based
on the absence of NMR signals from chain end groups and on
recent NMR and osmometry investigations of similar low
molar mass aPPs (see the comments in ref. 31).

Preparation of the polyamphiphile/DNA complexes

Plasmid pBudCE4.1/LacZ/CAT was amplified and used for all
the experiments, as described elsewhere.'> Polyplexes were
prepared at different weight ratios (aPP/DNA w/w) with a
final DNA concentration of 10 pg mL~! in sterile water. In
each case, considering the desired aPP/DNA w/w ratio, an
appropriate amount of aqueous polyamphiphile solution
(0.5 mg mL ") was added to the final 500 pL volume of water,
and this was gradually added to an appropriate amount of the
aqueous DNA solution (20 pg mL™"), with a vortex time of
30 s between each addition. The final solution was stirred for
2 min and incubated at room temperature for 15 min to
improve stabilization.

Gel electrophoresis

A control DNA solution or 40 pL of polyplex, both containing
400 ng of DNA, was mixed with bromophenol blue in glycerol,
after which they were subjected to electrophoresis on a
0.8% (w/v) agarose gel [tris—acetate—EDTA buffer (pH 8.5),
90 V, ;90 min]. DNA bands were visualized by UV illumina-
tion after coloration with ethidium bromide (0.5 pg mL™") for
30 min. Complete neutralization of the charges on the DNA
resulted in its immobilization in the loading well of the gel.

Size distribution and zeta ({) potential measurements

The polyplexes were prepared at different weight ratios under
conditions identical to those employed for the gel electrophoresis
experiments. The sizes, size distributions and {-potentials were
measured by dynamic light scattering (DLS) on a Zetasizer
(Malvern, NanoZS ZEN3600) instrument using the same
disposable cell (folded capillary cell DTS 1060). The instrument
was equipped with a monochromatic coherent helium neon
laser (633 nm) light source. The scattered light was recorded at
an angle of 173°, and analysis of the autocorrelation function
was performed automatically to yield the diffusion coefficient,
DT, using values of 1.33 and 25 °C for the refractive index
and temperature, respectively. The intensity and number
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distributions were obtained relative to the hydrodynamic
diameter using a unimodal distribution. The tail of the
correlation function was also examined to determine if
aggregates were present. The average particle sizes and
standard deviations are given as the mean of six measurements.
The {-potential was calculated using the Schmoluchowsky
approximation®? and carried out directly after the particle size
measurements. Mean (-potentials were obtained from three
determinations per sample.

Transmission electron microscopy (TEM)

Selected aPPs and polyplexes with weight ratios (w/w) varying
from 1 to 5 (PnDMAP-Br series) and 10 (PuDMAP-SS series)
(prepared as described above) were chosen for morphological
investigations. 10 pL of sample was deposited on a 150-mesh
copper grid coated with Formvar, followed by careful removal
of excess solution using the edge of a moist filter paper.
Samples were then negatively stained for 2 min with a droplet
of 1% uranyl acetate (aqueous solution, pH 4.5). After
removal of the excess stain solution with a moist filter paper,
the grid was air dried. Observations were made using a Phillips
EM 410 at 80 kV.

Cytotoxicity assays

The metabolic activity of viable COS7 cells was measured
using the MTT Cell Proliferation Assay kit 24 h after the
incubation of cells with various PuDMAP-X concentrations
(1.5 to 22.5 pg mL™Y). These concentrations corresponded to
the quantity of polymer used in the transfection experiments.
Cells were grown in 96-well plates for 24 h before treatment at
an initial seeding density of 1.9 x 10* cells well ™" in 100 pL of
complete medium. Various concentrations of PnDMAP-X
were directly prepared in OPTI-MEM 1 without serum and
applied on the cells. Cells were grown for 24 h in the presence
of PuDMAP-X and then tested for metabolic activity. MTT
reagent (10% v/v) was added to each well (final concentration
0.5 mg mL™"). After 4 h of incubation at 37 °C, the purple
insoluble salt was dissolved by adding 100 pL of “solubilization
solution”. The plate was incubated in the dark at 37 °C for
24 h. The absorbance was measured at 550 nm using a
reference wavelength of 650 nm. The viability of cells treated
with DNA alone was used as the relative 100% cell viability.
The results were expressed as the relative percentage of cell
viability relative to the untreated control: Relative cell viability
(%) = (OD(s50 650) sample/ OD(550 650) naked DNA) X 100. PEI
cytotoxicity was also evaluated for comparison purposes using
equivalent concentrations. Experiments were performed in
triplicate.

Transfection protocol

The day preceding the transfection experiment, COS7 cells
were seeded on a 6-well plate at a density of 2.9 x 10° cells
well ! in a complete medium [90% (v/v) DMEM-containing
L-glutamine, 10% FBS] at 37 °Cin 5% CO, (v/v) to reach 90%
confluence at the moment of transfection. Polyplexes were
prepared as described above at w/w ratios varying between 1
and 5. Immediately before the transfection experiment, the
medium was removed. The cells were washed twice with

phosphate-buffered saline (PBS), and then 1 mL of serum-free
OPTI-MEM 1 medium, followed by the polyplex solution
(500 pL, 5 pg of DNA well™!), was added to the cells. These
serum-free transfection mixtures were incubated for 4 h, after
which the medium was replaced with complete medium for
20 h. The p-galactosidase content was determined using
the ELISA kit. Total protein content was determined by a
bicinchoninic acid assay (BCA) from Pierce. Results are
expressed as pg of B-galactosidase per pg of total protein.
Negative and positive transfection controls were performed
using naked DNA (5 pg) and PEI polyplexes (at a PEI/DNA
N : P ratio of 10),% respectively. Transfection experiments were
repeated three times.

Results and discussion
Charged site and stability characteristics of PuDMAP-X

Tail-end PuDMAP-X polyamphiphiles bear aliphatic side
chains with terminal groups that possess two kinds of amino
moieties. One is a quaternary ammonium that forms part of
the pyridinium heterocycle, the other is a tertiary amine tail
linked directly to the heterocycle. The former is permanently
charged, whereas the latter was found not to be protonated
under physiological conditions, nor under much more
acidic conditions (pH ~ 1), probably due to the electron
withdrawing effect of the pyridinium group and the
delocalization of the charge over the aromatic ring, both of
which decrease the basicity. The acid dissociation constant
(pK,) of the tertiary amine was estimated using the
ACD/Labs calculator program for a methacrylic dimer with
unpolymerized double bonds (neglecting any resonance
effects). The negative pK, value obtained (—4.1) is in
agreement with the value (—4.4) reported -elsewhere.*
"H NMR chemical shift data, which showed no change with
varying pH, also indicate that there is no protonation of the
tertiary amine under acidic conditions (pH ~ 1). These results
confirm that the exocyclic DMAP nitrogen is virtually
non-ionizable in water. Consequently, it was anticipated that
the only cationic charge involved in the electrostatic binding
process with the DNA phosphate groups is the permanently
charged pyridinium moiety.

Under acidic conditions, the methacrylate ester link is
potentially hydrolysable. This was monitored by 'H NMR
spectroscopy. It was observed that even a drastic increase
in temperature (80 °C), combined with a harsh acidic
environment (pH ~ 1), resulted in no change in the 'H
NMR spectrum, probably because of the stability of the
polyamphiphile superstructures in H,O (see the next section)
that protect the ester link. These experiments suggest that the
structural integrity of the PuDMAP-X in the form of micelles
should not be affected by the acidic conditions prevailing in
the endosome.

Aggregation behavior of PuDMAP-X in H,O

The aggregation of PuDMAP-X in water before complexation
was expected to have an impact on their interaction with DNA.
This was examined first by the visual observation of
PnDMAP-X aqueous solutions at two different concentrations,
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Fig. 2 Representative negative stain TEM images showing the
morphology of the amphiphilic polymethacrylates prepared from

solutions at the concentrations indicated: (a) PI6DMAP-S8
(3.4 mg mL™'; x175000; bar = 100 nm), (b) PI6DMAP-S8
0.5 mg mL™"; x175000; bar = 100 nm) and (c) PI2DMAP-S8
(0.5 mg mL™"; x175000; bar = 50 nm).

low (0.5 mg mL ') and high (3-5 mg mL~"). Solutions of the
short spacer PuDMAP-X (n = 8; X = Br, S8) appeared
transparent and thus soluble at all of the concentrations tested.
They were also quite viscous in high concentrations. Low
concentrations of the longer spacer PnDMAP-X (n = 12, 16;
X = Br, S8) were also transparent; however, high concentrations
were turbid, indicating the presence of suspensions large
enough to scatter light. An increase in temperature during
sonication enhanced their solubility somewhat, but without
completely eliminating the turbidity. Furthermore, after both
cold storage (4 °C) and lengthy periods at room temperature,
gels were easily visible. This was most evident for PI2DMAP-X,
which was polymerized without transfer agent, compared to
PI6DMAP-X, polymerized in the presence of transfer
agent—probably a consequence of the higher molar mass of
the former, as explained in previous publications.?**!

The negative stain TEM technique allows direct observations
of PuDMAP-X morphologies, which were investigated at low
and high concentrations (0.5 and 3.4 mg mL™", respectively).
Representative images are shown in Fig. 2. The images
obtained from high concentrations of PuDMAP-X (n = 12
and 16) were characterized by a mixture of worm-like and
spherical micelles (Fig. 2a for PI6DMAP-S8). The diameters
of the spherical micelles of PI6DMAP-S8 were 20-70 nm and
the tube diameters about 6 nm. Similar shapes were observed
for the more dilute solutions (0.5 mg mL™") of the longer
spacer polyamphiphiles ( = 12 and 16). All PuDMAP-X
structures studied had tube diameters of 5-7 nm, whereas the
diameters of the spherical micelles varied widely from about 20
to 130 nm, as shown for PuDMAP-S8 (n = 12, 16) in Fig. 2b
and c. For PSDMAP-X, aggregates also appeared to be
present at both low and high concentrations, but they were
barely visible and their shape was poorly defined (images not
shown). The TEM observations thus indicate that all of the
PnDMAP-X presented some degree of aggregation in both the
dilute and concentrated solutions investigated, even those that
were visually transparent.

Complexation of PuDMAP-X with DNA

To evaluate the capability of PuDMAP-X to neutralize DNA,
agarose gel shift assays were performed. The observation of
complete gel retardation of DNA wusually indicates that
charge neutralization of DNA has been achieved. Fig. 3
shows representative images of agarose gel electrophoresis

” P8DMAP-Br P8DMAP-S8
=z 0 o] 2 - o} Lo\
(] - N - - o oo o~

P12DMAP-Br

P12DMAP-S8

~
™~ o™ =
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P16DMAP-Br P16DMAP-S8
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Fig. 3 Representative gel electrophoresis shift assays of the
PnDMAP-X-based polyplexes with pBudCE4.1/LacZ/CAT plasmid.
Wells were loaded with the equivalent of 400 ng of DNA. Naked DNA
was used as a control.

for PuDMAP-X/DNA polyplexes formed at different weight
ratios. Naked DNA was used as a control. The images suggest
that complete neutralization of the negative charge (phosphate
groups) of plasmid DNA can indeed be achieved by the
positive charges (pyridinium moieties) of PuDMAP-X. For
P8DMAP-X and P12DMAP-X, the minimum weight ratios
required were about 1.5 and 3-5, respectively, whereas for
P16DMAP-X, weight ratios of 2.5-5 and 5-7.5 for X = Br
and S8, respectively, were necessary. Table 1 gives the charge
ratios corresponding to the weight ratios, showing that the
decrease in charge density of PnDMAP-X with increase in
spacer length cannot account for the differences in minimum
weight ratio necessary to achieve complete gel retardation.
This indicates that the amount of PuDMAP-X required to
arrest DNA migration increases with spacer length. Any
dependence on the nature of the counterion is less clear, except
for n = 16, where a higher weight ratio appears necessary,
more for S8 than for bromide.

Fig. 3 also suggests that the degree of DNA condensation
depends on the spacer length. For instance, a marked
fluorescence on the anode side of the loading wells can be
observed for PI6DMAP-X at weight ratios > 5. This might
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Table 1 Size distributions and {-potentials of PuDMAP-X/DNA polyplexes of various weight and molar charge ratios, as determined by DLS

Ratios Distribution (intensity) Distribution (number)
Polymer w/w +4 Size (SD)/nm?” PDI/nm¢ Size (SD)/nm” {-potential/mV
P8DMAP-Br 1 0.9 383 (25) 0.26 147 (8) -24
1.5 1.3 171 (6) 0.24 73 (4) 15
P8DMAP-S8 1 0.7 141 (20) 0.22 62 (5) -37
1.5 1.0 179 (11) 0.23 94 (7) 8
P12DMAP-Br 2 1.6 175 (8) 0.19 96 (7) =25
2.5 1.9 198 (14) 0.39 44 (3) -21
P12DMAP-S8 3 1.9 217 (33) 0.23 103 (14) 16
5 3.1 141 9) 0.21 69 (5) 19
PI6DMAP-Br 3.5 2.4 124 (3) 0.17 64 (4) 25
5 3.5 172 (12) 0.36 49 (2) 36
PI6DMAP-S8 7.5 4.2 175 (9) 0.26 85 (13) —52
10 5.7 394 (54) 0.33 170 (23)/73 (16) —18
12 6.8 343 (21) 0.42 156 (15)/72 (17) 29

“ Molar ratios of charges (+) were calculated supposing that the small counterions [Br or S8 for aPPs, Na and Mg (assuming a proportion of
50 : 50 Na : Mg w/w) for DNA] remain present in the polyplexes. If these counterions are totally absent, the ratios are only slightly modified: e.g.,
for the PSDMAP-Br/DNA polyplex of 0.9 charge ratio, with the small counterions present as specified, becomes exactly equimolar (1.0 charge
ratio) if no small counterions are present. > SD = standard deviation. ¢ PDI = polydispersity index.

indicate that DNA was imperfectly condensed, meaning that
ethidium bromide could still diffuse within the DNA strands in
the complex. A similar behavior was reported for hydro-
phobized and highly charged PAMAM.'?> Within the
PnDMAP-Br series, the fluorescence in the loading wells
appears more intense for n = 8 and 16 than for n = 12. In
contrast, within the PnDMAP-S8 series, n = 8 showed the
lowest fluorescence intensity in the wells.

{-potential of the polyplexes

It has been observed that non-specific absorptive endocytosis
of nanoparticles formed from cationic polymers is possible
with positively-charged complexes.** To determine the influence
of the surface charge of PnuDMAP-X polyplexes on the trans-
fection efficiency, the (-potentials of the polyplexes were
measured. The data are given in Table 1. Polyplexes prepared
from the shorter spacer polyamphiphiles (» = 8) present charge
inversion between weight ratios of 1 and 1.5 (or + a charge ratio
of ~1). The ratio for charge inversion tends to increase with
spacer length [at least for PI2DMAP-Br, where it occurs above a
weight ratio of 2.5 (+ ratio of ~2), and for PI6DMAP-SS8, where
it occurs between weight ratios of 10 and 12 (4 ratio of ~6)].
A clear difference between the bromide and S8 counterions was
observed only for n = 16, with charge inversion occurring at a
much lower ratio for bromide than for S8. In fact, the polyplex
with PI6DMAP-S8 stood out with the very high ratio required
for its (-potential charge inversion, which was, furthermore,
much higher than that required to completely retard DNA. In
contrast, the {-potential charge inversion for n = 8 (and possibly
n = 12, although this was less evident) was consistent with that
required for complete retardation of DNA migration in gel
electrophoresis.

Size of the polyplexes by DLS

Previous investigations have suggested that polycations
capable of compacting DNA into stable nanoparticles
(<200 nm) allow effective entry of the polyplexes into the cell
through an endocytosis mechanism® and promote intra-

cellular traﬂicking.% With this in mind, we used DLS to
determine the sizes (hydrodynamic radii) of the various
polyplexes. Data obtained from the number distribution curve
given in Table 1 indicate that all of the aPPs studied can
condense DNA into relatively small particles of generally less
than 100 nm. Polyplexes with the smallest diameters (44 nm)
were formed from P12DMAP-Br at a weight ratio of 2.5. All
polyplexes were characterized by a large polydispersity index
(>0.17), indicating a broad size distribution. In two cases, for
P16DMAP-S8/DNA polyplexes at weight ratios of 10 and 12,
the number distribution curve was bimodal, which can be
attributed to a small amount of particle aggregation (see the
TEM image in Fig. 5f, where many interconnections between
particles are visible). This was not observed in the intensity
distribution curve because large objects scatter light much
more strongly than small ones, resulting in much more weight
given to the larger particles. In comparison, the bimodal
number distribution of sizes demonstrates the coexistence
of a small proportion of aggregates and a predominant
fraction of small-sized particles. On the other hand, the
validity of the DLS experiments on these suspensions might
be questioned given the non-spherical aspect of a significant
portion of the objects, as observed by TEM (see the next
section). For instance, flexible and non-condensed DNA
[see the TEM observations of PSDMAP-X polyplexes
(w/w = 1)] should scatter light less extensively than condensed
DNA (Fig. 4a).” Nevertheless, the sizes obtained by light
scattering data were in good agreement with those obtained
by TEM.

Morphology of the polyplexes determined by TEM

According to previous investigations,’® the degree of
compaction of the plasmid DNA and the morphology
(spherical/toroidal) of the particles are critical factors in
transfection efficiency. In the present study, TEM observations
were used to observe the morphologies and to confirm the sizes
of polyplexes obtained by DLS measurements. Representative
TEM images of freshly prepared polyplexes are presented in
Fig. 4 and Fig. 5.
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Fig. 4 Representative negative stain TEM images showing the
morphologies of the PuDMAP-Br/DNA polyplexes: (a) n = 8, ratio
(w/w) = 1 (x37500, bar = 200 nm); arrows point to aggregated
nanoparticles and fibrillar-like objects; the inset shows the magnification
of one incompletely-condensed DNA fragment (x 175000, bar = 25 nm);
(b) n = 8, ratio (w/w) = 5 (x37500, bar = 200 nm); (c) » = 12, ratio
(w/w) = 2.5(x62 500, bar = 100 nm), the insert shows the magnification
of a nanoparticle with internal lamellar-like order (x230000,
bar = 50 nm); (d) » = 12, ratio (w/w) = 2.5 (x300000, bar = 100 nm);
(e) n = 16, ratio (w/w) = 5(x175000, bar = 50 nm); (f) n = 16, ratio
(w/w) = 5(x105000, bar = 100 nm).

PnDMAP-Br series. PESDMAP-Br/DNA polyplexes formed
at a weight ratio of 1, for which there is incomplete neutralization,
appeared as a mixture of different morphologies (Fig. 4a).
Particles with roughly spherical shapes and small sizes
(~50 nm), as well as particles with a fibril-like morphology,
were clearly visible throughout the preparation. These
particles were either isolated (see inset in Fig. 4a) or in the
form of bundles, and were reminiscent of the morphology
reported for functional PAMAM.*® This morphology cannot
be attributed to free DNA, since the diameters of the
small thread-like objects (axial diameter ~25 nm) was not
commensurate with the thickness of the DNA double helix
(2.55 nm for the B-DNA form).*® It is likely that this structure
is the result of incomplete condensation of the DNA due
to partial neutralization of the phosphate groups by the
pyridinium moieties at this weight ratio, in accordance with
the {-potential data. Moreover, a small proportion of the
particles visible in Fig. 4a were aggregated. An increase in
the proportion of PSDMAP-Br to weight ratios of ~2.5 (not
shown in Fig. 4) and 5 resulted in the formation of positive
complexes and lead to a better compaction of DNA with a
more uniform particulate morphology and with sizes ranging
from 35 to 50 nm (Fig. 4b). In this case, there were no visible
interconnections between surface-charged particles.

As shown in Fig. 4c—f, polyplexes formed from both
P12DMAP-Br and PI16DMAP-Br also showed mixed

Fig. 5 Representative negative stain TEM images showing the
morphology of the PnDMAP-S8§/DNA polyplexes (bar = 100 nm,
unless otherwise mentioned): (a) n = 8, ratio (w/w) = 1 (x62500);
(b) n = 8 ratio (w/w) = 2.5 (x62500); (c) n = 12, ratio (w/w) = 1
(x62500); (d) n = 12, ratio (w/w) = 2.5 (x62500); (e) n = 16, ratio
(w/w) = 10 (x175000, bar = 50 nm), arrows indicate particles with
internal order; (f) n = 16, ratio (w/w) = 10 (x175000).

morphologies. For P12DMAP-Br, at a weight ratio of
2.5, the predominant form was small, spherical particles of
~43 nm (Fig. 4¢), in accordance with the DLS data; they were
characterized by an internal lamellar-like structure with a
repeat distance of ~7 nm (see insert of Fig. 4c). For
P16DMAP-Br (investigated at a weight ratio of 5.0), the
particles were 50-100 nm in size, but generally not spherical
(Fig. 4e). In addition, particles with a toroidal-like morphology,
of diameter 100-125 nm for P12DMAP-Br (Fig. 4d) and
~290 nm for PI6DMAP-Br (Fig. 4f), were occasionally
observed. This is worthy of mention because, to our
knowledge, this is the first observation of these structures in
polymethacrylate systems, whereas they have been reported
for other polymeric systems'>**“? and small polyamine
molecules.*

PnDMAP-S8 series. The TEM images of PSDMAP-S8
polyplexes at weight ratios of 1 and 2.5, shown in Fig. 5a-b,
reveal the presence of heterogeneous DNA structures
with incompletely condensed DNA, as well as uniform
particles. For the polyplexes based on P12DMAP-S8 and
PI6DMAP-S8, TEM observations indicate, in accordance
with the gel electrophoresis results, that a larger amount of
polyamphiphile is necessary to condense DNA into small
and well-defined particles. The images for the PI2DMAP-S8
polyplexes in Fig. 5¢c—d show that well-defined condensed
particles were not attained for a weight ratio of 2.5, contrasting
with the PI2DMAP-Br polyplex at the same weight ratio. In
contrast, a weight ratio of 10 for PI6DMAP-S8 polyplexes did
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result in the formation of well-defined particles (~50 nm),
which, moreover, showed an internal structure in some cases.

Thus, a common trend indicated by the TEM images of the
various PuDMAP-X polyplexes (Fig. 4 and Fig. 5) is the
increased ratio of polyamphiphile necessary for the development
of small-sized spherical nanoparticles as the spacer length
increases. On the other hand, at any given weight ratio, the
substitution of bromide counterions by S8 counterions had a
tendency to decrease the ability of the polyamphiphiles to
efficiently condense DNA and generate discrete well-defined
nanoparticles.

Cytotoxicity of the PuDMAP-X polyamphiphiles

The variations of the in vitro cell cytotoxicity observed for the
two series of polyamphiphiles are presented in Fig. 6 and
compared with the cytotoxicity of branched PEI. The
cytotoxicity is expressed as the relative percentage of meta-
bolically-active cells as a function of the aPP concentration,
which varied from 1.5 to 22.5 pg mL™".

At a given concentration, the PuDMAP-X polyamphiphiles
were always less cytotoxic than PEI. For example, at a
polymer concentration of 3.75 pg mL™' (equivalent to the
concentration of the polycation in a polyplex of weight
ratio 2.5), 85-90% of the cells were still viable, compared to
less than 50% viability for cells treated with PEI. In the
PnDMAP-Br series, the cytotoxicity depended on the spacer
length, the longest spacer aPPs (n = 16) being significantly
more cytotoxic (p < 0.05) than the shorter spacers aPPs
(n = 8, 12). The PuDMAP-S8 series showed a similar,
although more weak, relationship of cytotoxicity to spacer
length. The nature of the counterion also affected the
cytotoxicity profile of the polyamphiphile, but there was
no general trend. However, at high concentrations of poly-
amphiphile (22.5 pg mL™'; 7.5-22.5 for n = 16), the cell
viability was higher for S8 than for bromide (p < 0.05).

1007
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Fig. 6 The relative cell viability of the COS7 cells after 24 h exposure
as a function of the polycation concentration for the PuDMAP-X
polyamphiphiles in comparison with PEIL. Cells treated with (a)
PnDMAP-Br and (b) PuDMAP-S8. Arrows indicate the concentration
corresponding to optimal transfection efficiency for each polycation.
Bars indicate standard deviations.

In vitro transfection efficiency of polyplexes

The impact of the counterion, spacer length and weight ratio
complexation on the in vitro transfection efficiency was also
examined. Naked DNA and PEl-based polyplexes were
employed as negative and positive controls, respectively.
Fig. 7 displays the transfection efficiencies of the various
polyplexes. The expression level of the transgene as a function
of the ratio employed appeared as a bell-shaped profile for all
of the aPPs tested. The maximum transfection efficiency was
obtained for polyplexes with PI2DMAP-Br at a weight ratio
of 2.5 (charge ratio of 1.9). Its value was much higher than that
of any of the other PuDMAP-X polyplexes (more than 5 times
higher than the next best example, PI2DMAP-S8 at a
w/w = 5) and of the same order of magnitude as that
generated by PEI polyplexes (N : P = 10).

Within the PhDMAP-Br series, the optimum weight ratio
for transfection varied with spacer length, ranging from 2.5 for
n = 8and n = 12 to 3.75 for n = 16. Moreover, the
transfection efficiency was highest for n 12, followed
by n = 8, with n = 16 giving much poorer results. Within
the PnDMAP-S8 series, the optimum weight ratios for
transfection ranged from 5 for n = 8 and n = 12 to 7.5 for
n = 16. Thus, the optimum transfection occurred at higher
weight ratios in the S8 series compared to the bromide
homologues. The transfection efficiency as a function of
spacer length followed the same trend in both series
(12 > 8 > 16), although the differences were much less
marked in the S8 series. Additional weight ratio optimization
may possibly further improve the transfection efficiency of the
PnDMAP-X/DNA polyplexes.

Discussion

Tail-end amphiphilic polymethacrylates with different spacer
lengths and counterions [inorganic (bromide) vs. organic
(octylsulfonate)] were investigated, and evaluated for plasmid
DNA condensation, cell cytotoxicity and in vitro transfection
efficiency. Both spacer length and the nature of the counterion
were found to have significant impacts on the physicochemical
and biological characteristics of the resulting polyplexes.

Physicochemical properties of the polyplexes

All of the PnDMAP-X polyamphiphiles neutralize and
condense DNA via electrostatic interactions between negatively-
charged DNA phosphate groups and positively-charged
dimethylaminopyridinium “‘tail-end” groups. This concords
with several studies that have demonstrated that permanently
charged polycations (ammonium or pyridinium)'® are better
condensing agents than protonable polycations, whose charge
density is pH-dependent.** Moreover, the position of the
cationic charge near the end of a flexible side chain makes
it more accessible, which probably facilitates electrostatic
interactions with the DNA.

This investigation indicates that an increase in spacer length
and, for PI6DMAP-X, the use of long counterions (S8)
decreases the efficiency of the neutralization and condensation
processes. This is the first reported evidence of the effect of the
chemical nature of counterions (for permanently charged
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Fig. 7 The transfection of COS7 cells using the plasmid pBudCE4.1/LacZ/CAT complexed with various PuDMAP-X polyamphiphiles in the
weight ratio range 1-20. Bars indicate standard deviations. A weight ratio of 1.29 (corresponding to N : P = 10) was used for the preparation of

PEI-based polyplexes.

polycations) on the neutralization and physical structure of
polyplexes. The spacer effect could be attributable, at least in
part, to the change in the overall hydrophilic/hydrophobic
balance of the PnDMAP-X, which dictates the structural
organization of PnDMAP-X in solution and thereby influences
subsequent electrostatic interactions with DNA. For example,
the lack of well-defined and thus more soluble micellar
superstructures of PSDMAP-X in solution could explain their
more efficient neutralization at lower polymer/DNA weight
ratios compared with the longer spacer aPPs (n = 12 and 16).
These latter complexes have well-defined micellar super-
structures in solution, in which the cation may be less available
for interaction, thus requiring higher amounts of PnDMAP-X
for efficient DNA neutralization and condensation. On the
other hand, the S8 counterion can reduce the accessibility of
the pyridinium group due to its size and/or the hydrophobicity
of its alkyl chain.

Biophysical characteristics of the polyamphiphiles and
polyplexes

The influence of the structural characteristics of polyamphiphiles
on cell viability is still poorly understood, despite extensive
investigations.'>***> The combination of characteristics
such as the cationic charge®® and the presence of lipid-like
segments®’ can result in acute cytotoxicity. In particular, as we
reported elsewhere,'® the covalent attachment of aliphatic

segments to a permanently charged PAMAM backbone is
detrimental to cell viability due to a detergent effect on the cell
membrane. Within the PnDMAP-X series, the combination
of aliphatic side chain spacers and quaternized DMAP
terminal groups led to only mild cytotoxicity. Furthermore,
PnDMAP-X polyamphiphiles were much less cytotoxic than
PEI (branched, 25 kDa). High cationic charge density is
generally suspected when notable cell cytotoxicity is observed.
The molar ratio of charges for a weight ratio of 1 for aPPs
varied between 1 for PSDMAP-Br and 0.56 for PI6DMAP-S8
(see Table 1), compared to 0.9 for PEI at physiological pH
(only 20% of amine groups are protonated).**® Consequently,
the weak cytotoxicity of the polyamphiphiles cannot be
explained by a low charge density. The “‘tail-end geometry”
of the PuDMAP-X polyamphiphiles that is responsible for
micelle formation may account for the weak cytotoxicity by
masking the hydrophobic segments of PnDMAP-X. It is
further possible that the rigidity of the terminal pyridinium
fragments decreases the detergent effect of the aPPs. The latter
is supported by observations reported for nitrogen-containing
heterocycle polycations® and surfactants,’® indicating that
pyridinium head groups have little impact on cytotoxicity
because they limit interactions with the cell membrane.

In many instances, high cytotoxicity interferes with the
transfection process and can explain differences in transfection
efficiency between gene delivery systems.’'>> Given the
relatively low cytotoxicity of all of the PnDMAP-X

1948 | New J. Chem., 2009, 33, 1941-1950

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2009


http://dx.doi.org/10.1039/b908419c

Downloaded by University of Belgrade on 02 January 2013
Published on 07 August 2009 on http://pubs.rsc.org | doi:10.1039/B908419C

View Article Online

polyamphiphiles, the differences observed in transfection
efficiency should not be attributed to this factor, but mainly to
physicochemical characteristics.

In terms of the potential of the aPPs as new gene transfer
agents, the present investigation indicates that the spacer
length and the nature of the counterion, in addition to the
aPP/DNA weight (or charge) ratio, strongly influence the level
of transfection. In general, a small size, a regular shape
(spherical/toroidal) and a net positively-charged surface are
considered to be essential characteristics for efficient gene
transfer into cells.’* 3 Other factors, such a endosomal
buffering capacity,'>* an appropriate association and
dissociation strength between the DNA and polycations,'*>*
and the stability of the polyplexes in solution®® are also
important for efficient gene transfer. In the present study,
maximum transfection efficiency occurred at a particular
weight ratio for each PnDMAP-X polyamphiphile tested,
which may correspond to optimal physicochemical properties
for the transfection process. Furthermore, good transfection
efficiencies were obtained from formulations where an excess
of polyamphiphile was present.>®

On the other hand, this work demonstrates that a positive
surface charge of polyplexes based on PuDMAP-X is not
crucial for high transfection efficiency, as was also observed
for carboxylated poly(amidoamine)s*®>">® and, to a lesser
extent, functional poly(histidine)s.” Indeed, the only
PnDMAP-X polyamphiphile of those investigated that
competes with PEI as a gene transfer agent, PI2DMAP-Br
at w/w = 2.5, has a negative surface charge (—21 mV)
[in the PI6DMAP-S8 series, the w/w ratio giving the highest
transfection efficiency also had a negative surface charge
(=52 mV)]. The PI12DMAP-Br-based polyplexes at
w/w = 2.5 also formed stable particles of small size
(ca. 45 nm) and with a well-defined morphology.

To rationalize in part why PI2DMAP-Br of weight ratio 2.5
is by far the most efficient gene delivery agent of all the aPPs
investigated, reference can be made to previous reports on
ampbhiphilic poly(methacrylate)s,*® poly(vinylpyridine)s®' and,
more recently, poly(ethyleneimine),'” which demonstrate that
interactions between polyplexes and the cell membrane
depend on the length of the alkyl side chain. In the case of
PnDMAP-X, the amphiphilic character was modulated by the
spacer length and counterion size. A spacer length of n = 8
may be too short to destabilize the cell membrane, whereas
a spacer length of » = 16 caused major cell membrane
disruption that was reflected in the increased cytotoxicity. A
polyamphiphile possessing a spacer with twelve CH, units
may thus represent the optimum length that allows for an
appropriate hydrophilic/hydrophobic balance, and for the
most efficient non-specific lipophilic interaction with the cell
membrane. These remarks appear to be in agreement with the
conclusions for hydrophobized (branched) PEI reported by
Doody and co-workers.!”

On the other hand, the polyplex-mediated gene transfection
process is complex and incompletely understood, even in the
best-studied systems. The fact that one example of the present
system has a transfection efficiency competitive with that of
PEI demonstrates its potential as an effective gene transfection
agent that merits further study. This is all the more true

because their tail-end architecture, combining polymer and
surfactant character, is novel for gene transfection agents.
Besides the demonstration of their interest for gene trans-
fection applications, this study has made a start at correlating
the physicochemical and biological characteristics of these
particular types of polyplexes. Given the limited number of
parameters investigated and the many other parameters that
may be varied (in particular, molar mass and other molecular
parameters), it may be expected that conditions for still higher
transfection efficiencies may be found. In the course of further
study, the novel architecture involved may also provide new
insights into the transfection process in general.

Conclusions

This study describes a novel family of amphiphilic “tail-end”
polymethacrylates with pyridinium cationic charges that
potentiate efficient gene delivery. Both the spacer length and
the nature of the counterion influence the physicochemical
characteristics of the polyplexes and their transfection
efficiencies. Negatively-charged polyplexes were able to
transfect cells at a level similar to PEI-based polyplexes, and
do this while being less cytotoxic. This contrasts with the
general belief that polyplexes characterized by a high positive
{-potential are essential for gene transfer. Finally, this family
of tail-end polyamphiphiles is of interest, not only for its
promise as a gene transfection agent, but also because a
number of structural parameters can be easily modified
(aliphatic spacer length, nature of the counterion, type of
pyridinium group'®'®?%) to both optimize their activity and
study transfection mechanisms. In addition, copolymers could
also be envisaged,62 including in the form of a mixture of
counterions.
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