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Melissa E. Hays,* Christopher M. Jewell,* Yukishige Kondo," David M. Lynn,* and Nicholas L. Abbott*

*Department of Chemical and Biological Engineering, University of Wisconsin-Madison, Madison, Wisconsin; and *Department of Industrial
Chemistry, Tokyo University of Science, Tokyo, Japan

ABSTRACT The effect of lipid oxidation state on the physical properties of complexes formed by plasmid DNA and the redox-
active lipid bis-(11-ferrocenylundecyl)dimethylammonium bromide (BFDMA) is reported. With increasing concentration of
BFDMA, the hydrodynamic sizes of complexes formed by BFDMA and DNA (in the presence of 1 mM Li>.SO,) pass through a
maximum and the {-potential changes monotonically from —40 mV to +40 mV. In contrast, complexes formed by oxidized
BFDMA and DNA exhibit a minimum in size and maintain a negative -potential with increasing concentration of BFDMA. Angle-
dependent dynamic light scattering measurements also reveal the presence of relaxation processes within complexes formed
by DNA and oxidized BFDMA that are absent for complexes formed by DNA and reduced BFDMA. These results, when
combined, reveal that the amphiphilic nature of reduced BFDMA leads to lipoplexes with physical properties resembling those
formed by classical cationic lipids, whereas the interaction of oxidized BFDMA with DNA is similar to that of nonamphiphilic
cationic molecules bearing multiple charges (e.g., spermidine). In particular, the negative ¢-potential and measurable presence
of DNA chain dynamics within complexes formed by oxidized BFDMA and DNA indicate that these complexes are loosely
packed with excess charge due to DNA in their outer regions. These results, when combined with additional measurements
performed in OptiMEM reduced-serum cell culture medium, lead to the proposition that the strong dependence of transfection
efficiency on the oxidation state of BFDMA, as reported previously, is largely a reflection of the substantial change in the

{-potentials of these complexes with changes in the oxidation state of BFDMA.

INTRODUCTION

The ability of cationic lipids to form physical complexes
with DNA and promote the delivery of DNA to cells is well
known (1,2). Several past studies have reported cationic
lipids with structures designed to optimize the efficiency of
transfection, minimize toxicity, and target the time or location
of the delivery of DNA (3-15). In past studies aimed at
addressing the latter goals, we have shown that the redox-
active cationic lipid bis-(11-ferrocenylundecyl)dimethylam-
monium bromide (BFDMA, Fig. 1) (16-18) is capable of
transfecting cells in a manner that is strongly dependent upon
the oxidation state of the lipid (19,20). Reduced BFDMA was
found to promote efficient transfection of cells, whereas
oxidized BFDMA, formed by electrochemical oxidation
of the ferrocene groups of the lipid to positively-charged
ferrocenium ions, did not lead to high levels of transgene
expression. This dependence of transfection efficiency on the
oxidation state of BFDMA suggests the basis of an approach
that could lead to novel gene delivery systems that permit
spatial and temporal control of DNA delivery by chemical
and/or electrochemical manipulation of the oxidation state of
BFDMA. In this article, we report a detailed investigation of
the physical properties of complexes formed by DNA and
either reduced or oxidized BFDMA to provide insight into

Submitted February 24, 2007, and accepted for publication May 23, 2007.
Address reprint requests to D. M. Lynn, Tel.: 608-262-1086; E-mail:
dlynn@engr.wisc.edu; or N. L. Abbott, Tel.: 608-265-5278; E-mail:
abbott@engr.wisc.edu.

Editor: Petra Schwille.

© 2007 by the Biophysical Society

0006-3495/07/12/4414/11 ~ $2.00

possible physical mechanisms by which the oxidation state of
BFDMA may impact cell transfection.

Transfection of cells using DNA-lipid assemblies is a
complex process involving multiple steps, culminating in the
expression of a functional protein encoded by DNA. The first
step in this process is transfer of the lipid-DNA complex, or
lipoplex, across the outer membrane of the cell. Past studies
have identified a number of physical properties of lipoplexes
that are important in influencing the passage of DNA across
cell membranes, including aggregate size, {-potential, and
microstructure (4,5,7,21-26). Although the mechanisms by
which these physical properties influence cell transfection are
the subject of ongoing research, it is now generally accepted
that transport of lipoplexes by endocytosis is size-dependent,
with optimal sizes (diameters) ranging from ~70 nm to ~200
nm (23,27,28). Evidence also exists that lipoplexes that are
too large to be internalized by endocytosis (e.g., from 500 nm
to >1 wum) may be transported across cell membranes by
other mechanisms, including direct fusion with the cell mem-
brane (29). The {-potentials of lipoplexes have also been iden-
tified as a physical parameter that can play an important role
in promoting transfection. Efficient, nonspecific transport of
lipoplexes into cells often correlates with positive {-potentials,
presumably resulting from electrostatic interactions that occur
between the positively charged lipoplexes and negatively
charged cell membranes (22,25,30).

The physical properties of complexes formed between
cationic lipids and DNA are, in general, strongly dependent
upon the amphiphilicity of the cationic molecule (21,27).
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FIGURE 1 Molecular structure of BFDMA.

The study reported in this article was motivated by the
observation that the amphiphilic character of BFDMA is
perturbed upon oxidation of ferrocene to ferrocenium (16,17).
Past studies have reported that reduced BFDMA forms
vesicle-like assemblies, whereas oxidized BFDMA does not
(16,17). We hypothesized that this redox-induced change in
the amphiphilic character of BFDMA would lead to changes
in the physical properties of complexes formed by BFDMA
and DNA that could be understood in the context of past
studies of the interactions of DNA with self-associating and
non-self-associating cationic molecules, as discussed below.
When DNA is added to a solution of a cationic lipid that
strongly self-associates (e.g., into vesicles), electrostatic in-
teractions between the lipid assemblies and DNA lead to the
formation of organized DNA-lipid complexes. These com-
plexes have been demonstrated to possess internal organi-
zation, including lamellar (5,31,32), hexagonal (5,7,31), or
cubic microstructures (33). The microstructures and phys-
ical properties of the DNA-lipid complexes generally de-
pend on the molar charge ratio (CR) of cationic lipid to
DNA used to prepare the lipoplexes. The hydrodynamic
sizes of many lipoplexes exhibit a characteristic depen-
dence on CR, with maximum sizes observed at CRs of
approximately unity. The {-potentials of lipoplexes formed
from self-associating molecules typically change from
negative to positive values with increasing CR, with the
change in sign of the {-potential also occurring around a
CR of unity (4,21-23,25,26,30). In contrast, complexes
formed from DNA and cationic species that possess mul-
tiple charges but do not self-associate (such as spermidine
(HsN* (CH,);NH; (CH,), — NHF) or Co(NH3);") ex-
hibit a minimum in size with increasing CR (34—41). These
nonamphiphilic cationic species tend to form large aggre-
gates at high CRs (e.g., aggregates >1 um are formed at CRs
~50 or higher) (34,42,43). Whereas the {-potentials of
lipoplexes formed from cationic lipids change sign with
increasing CR, the {-potentials of complexes formed by
DNA and spermidine are negative for CRs ranging from
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0.1 to 50 (42,43). We also note in this context that the trans-
fection efficiency of spermidine is, in general, substantially
lower than that of many cationic lipids (44,45).

In this study, we characterized complexes formed by
plasmid DNA and BFDMA as a function of the concentration
and oxidation state of BFDMA by using measurements of
dynamic light scattering and {-potential. Further insights were
obtained by comparing the properties of these complexes
formed using BFDMA with those formed using classical
cationic lipids and by investigating the effects of added salts.
These results, when combined, suggest ways in which the
oxidation state of BFDMA in DNA-BFDMA complexes may
influence transfection of cells.

MATERIALS AND METHODS
Materials

BFDMA was synthesized as described previously (18). Lithium sulfate
monohydrate (Sigma Aldrich, St. Louis, MO), dioctadecyldimethylammo-
nium bromide (DoDAB, Sigma Aldrich) and dioleoylphosphatidylethanol-
amine (DOPE, Avanti Polar Lipids, Alabaster, AL) were used as received.
Plasmid DNA encoding enhanced green fluorescent protein (pEGFP-N1 (4.7
kb), >95% supercoiled) was obtained from the Waisman Clinical Bio-
manufacturing Facility at the University of Wisconsin-Madison. OptiMEM
cell culture medium (#11058-021) was purchased from Gibco (Invitrogen,
Carlsbad, CA).

Methods
Sample preparation

Reduced BFDMA was electrochemically oxidized at 0.5V relative to a
silver|silver chloride reference electrode, and solutions of BFDMA and
DNA were prepared as described previously (19,20). Unless otherwise
stated, all solutions contained 2.4 ug/mL DNA (7.3 uM concentration of
PO, in DNA). The concentrations of BFDMA used in this study were 2, 6,
8, 10, 20, 60, and 100 uM. The solutions containing BFDMA and DNA
were placed in a thermostated water bath set at 37°C for at least 1 h before
light scattering or {-potential measurements. Unless otherwise stated, all
measurements were performed in 1 mM Li,SO,4 (pH 5) because this elec-
trolyte was necessary for electrochemical control of the oxidation state of the
BFDMA in past studies (19,20).

Aqueous dispersions of the lipids DoDAB and DOPE were prepared as
described previously (46). Briefly, DODAB and DOPE were mixed at a 1:1
molar ratio in chloroform and then dried under a flowing stream of argon
overnight. The mixed lipid film was reconstituted in water and extruded 29
times through a pair of 0.2 wm polycarbonate membranes from Whatman
(Gardena, CA) using a miniextruder from Avanti Polar Lipids (Alabaster,
AL). These lipids were combined with DNA as described for the BFDMA
system (19,20).

Dynamic light scattering measurements

A 100-mW, 532-nm laser (Compass 315M-100, Coherent, Santa Clara, CA)
illuminated a temperature-controlled glass cell at 37°C that was filled with a
refractive-index matching fluid (decahydronaphthalene, Fisher Scientific,
Pittsburgh, PA). The scattering of light was measured at angles of 110°, 90°,
75°, 60°, and 45°, unless stated otherwise. The autocorrelation functions
(ACFs) were obtained using a BI-9000AT digital autocorrelator (Broo-
khaven Instruments, Holtsville, NY).
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Analysis of autocorrelation functions

The ACFs were analyzed using an intensity-based CONTIN (47-49) anal-
ysis to yield a distribution of relaxation times. For center-of-mass (CM)
diffusion of an aggregate in solution, the CM diffusion coefficient, D, is
related to the relaxation time, 7, by

1
D=—, ey
T4
where ¢ is the magnitude of the scattering vector and related to the scattering
angle, 0, by

4mn . (0
q=——=sin{ = |. 2)

A 2

In Eq. 2, n is the refractive index and A is the wavelength. The hydrodynamic
diameter of an aggregate was calculated from D using the Stokes-Einstein
relationship (50).

We interpreted some light scattering data using a model of the ACF that
comprises two relaxation modes characterized by 7¢ and 7, referred to as the
fast and slow relaxation times, respectively. The form of the corresponding
ACF for the electric field of the scattered light g'(g,7) is

B
gl(q,r) = Arexp (—T> + Aexp (—T> , 3)

Tt Tse

where A¢ + Ag = 1. The stretching parameter, 3, characterizes the width of
the distribution of slow relaxation times. This model has been used in past
studies of polymer-surfactant systems (51-53). The fast relaxation time is
typically related to CM diffusion. The slow relaxation time, 7, calculated
from 74 in Eq. 3 (51-53), has been associated with several different
phenomena, including viscous flow relaxations, dissociations of polymeric
clusters, and dynamics of individual polymer chains (54,55).

{-potential measurements

Measurements of {-potential were performed using a Zetasizer 3000HS
(Malvern Instruments, Worcestershire, UK). The measurements were per-
formed at ambient temperature using an applied voltage of 150 V. The
Henry equation was used to calculate {-potentials from measurements of
electrophoretic mobility (56). In this calculation, we assumed the viscosity
of the solution to be the same as water.

RESULTS

Dynamic light scattering of complexes of BFDMA
and DNA

We performed dynamic light scattering (DLS) measurements
to characterize complexes formed from DNA and BFDMA
in terms of 1), center-of-mass (CM) diffusion and, thus,
hydrodynamic size; and 2), relaxation processes related to
the dynamics of DNA chains within the complexes. The
autocorrelation functions (ACFs) of DNA in the absence and
presence of reduced BFDMA are shown in Fig. 2 a. We note
that for the data presented in Fig. 2 a, the concentration of
DNA in the absence of BFDMA was increased to 66 wg/mL
(200 uM POy, as compared to 7.3 uM PO, for all other
experiments) to obtain intensities of scattered light that were
sufficient for accurate measurements of the ACF. Fig. 2 b
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FIGURE 2 Autocorrelation functions (ACFs) obtained using aqueous
solutions of DNA and mixtures of DNA and BFDMA at a scattering angle of
90° and temperature of 37°C. (a) ACFs corresponding to solutions of DNA
and reduced BFDMA. (b) ACFs corresponding to solutions of DNA and
oxidized BFDMA. The symbols correspond to DNA alone (M), and solutions
of DNA and BFDMA at 2 uM (*), 6 uM (O), 8 uM (A), 10 uM (<), 20 uM
(X), 60 uM (), and 100 uM (+). Concentrations of DNA used in each
experiment are as noted in the text.

shows results obtained using DNA and oxidized BFDMA.
For the solutions containing DNA and reduced BFDMA, we
measured the relaxation times to increase with addition of
BFDMA up to a concentration of 20 uM and then decrease
with further addition of reduced BFDMA (Fig. 2 a). In
contrast, the relaxation times measured using solutions of
oxidized BFDMA decreased with increasing concentration
of oxidized BFDMA up to a concentration of 20 uM and
then increased rapidly with further addition of reduced
BFDMA (Fig. 2 b). These results reveal that qualitative
differences in the ACFs are generated by changes in the
oxidation state of the BFDMA. Below we quantitatively
analyze the ACFs shown in Fig. 2.

Before it is possible to interpret the ACFs in Fig. 2 in
terms of size, it is necessary to determine whether the ACFs
arise solely from center-of-mass (CM) diffusion of the
complexes. Previous light scattering studies have reported
that for relatively short DNA fragments (<2500 bp), both
internal motions of the DNA chains and translational
diffusion can contribute to the scattering measured at angles
higher than 57° (57,58). Most light scattering studies of
lipoplexes prepared using plasmid DNA have been measured
only at 90° (26,30,59-63). As discussed below, it is not
possible to interpret ACFs solely in terms of CM diffusion if
the ACFs are measured at only one angle.
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Light scattering of complexes formed by reduced BFDMA
and DNA

To determine whether dynamic processes within complexes
of DNA and BFDMA contributed to the ACFs shown in Fig.
2, we performed DLS measurements using solutions of DNA
and BFDMA at concentrations ranging from 2 uM to 100
puM in 1 mM Li,SO4 at multiple scattering angles (105°, 90°,
75°, 60°, and 45°). In cases where CM diffusion is the only
contributor to the ACF, the relaxation times are inversely
proportional to ¢* (Eq. 1), where ¢ is the magnitude of the
scattering vector. As noted above, because past studies have
indicated that relaxation processes associated with DNA
chain dynamics can, under some conditions, contribute to the
ACFs in dynamic light scattering experiments (57,58), we
first rescaled the ACFs obtained using solutions of DNA
only with ¢ (Fig. 3 a). Inspection of Fig. 3 a reveals that the
rescaled ACFs do not superimpose on each other, indicating
that CM diffusion is not the only contribution to the ACFs
and, therefore, that the ACFs may not be interpreted solely in
terms of CM diffusion (see below for further details) (57,58).
In contrast, the rescaled ACFs obtained using solutions of
DNA and 2-100 uM reduced BFDMA do superimpose on
each other, indicating that internal motions of the DNA
chains within the lipoplexes do not contribute to the ACFs
(see Fig. 3 b for a representative example of ACFs of
lipoplexes prepared using 10 uM reduced BFDMA). We
conclude that the addition of reduced BFDMA to a solution
of DNA eliminates the contributions of the DNA chain
dynamics to the ACF, consistent with a physical situation in
which the DNA is constrained within the structured interior
of a lipoplex (see below) (4,5,24).

The results described above permit the interpretation of
the ACFs obtained for lipoplexes prepared using reduced
BFDMA in terms of CM diffusion. The hydrodynamic sizes
of the lipoplexes formed using reduced BFDMA were
calculated from the data presented in Fig. 4 a by using an
intensity-based CONTIN analysis. The figure shows the
hydrodynamic diameters of the lipoplexes as a function of
the concentration of BFDMA (Fig. 4 a) and CR (Fig. 4 b). At
low concentrations (2—10 wM) and high concentrations (60—
100 uM) of reduced BFDMA, we observed lipoplexes with
sizes ranging in diameter from 400 nm to 700 nm.
Lipoplexes of DNA and 20 uM reduced BFDMA (corre-
sponding to a CR of 2.75) were calculated to be more than 2
pm in diameter, revealing a well-defined maximum in size as
a function of concentration of reduced BFDMA.

The dependence of the sizes of the reduced BFDMA
lipoplexes on CR described above is similar to that observed
for lipoplexes prepared using conventional vesicle-forming
cationic lipids such as a 1:1 molar mixture of dioctadecyldi-
methylammonium bromide (DoDAB) and dioleoylphospha-
tidylethanolamine (DOPE; see Fig. 4 b and Supplementary
Materials). These cationic lipids typically form lipoplexes
with a maximum in hydrodynamic size at CRs ranging from
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FIGURE 3 Autocorrelation functions of solutions measured at 37°C and
scattering angles of 110° (), 90° (O), 75° (A), 60° (X), and 45° (+). The
ACEFs for each experiment have been offset for clarity and correspond to (a)
DNA alone, () DNA and 10-uM reduced BFDMA, (c) DNA and 10-uM
oxidized BFDMA, (d) DNA and 60-uM oxidized BFDMA, (¢) DNA and
10-uM reduced BFDMA, and (f) DNA and 10-uM oxidized BFDMA.
Samples in panels a—d were prepared in 1 mM Li,SO, and samples in panels
e and f were prepared in OptiMEM. Concentrations of DNA used in each
experiment are as noted in the text.

1 to 3 (4,21,24,26), similar to reduced BFDMA. We also
note that the ACFs of lipoplexes formed using DoDAB/
DOPE obtained at multiple angles did not reveal evidence of
internal DNA chain dynamics, as was reported above for the
reduced BFDMA lipoplexes (see Supplementary Materials).
This result is consistent with a physical situation in which the
internal organization of the lipoplex hinders DNA chain
dynamics to an extent that they are not apparent in the ACFs.

Light scattering of complexes formed by oxidized BFDMA
and DNA

To explore the angle-dependent measurements of the ACFs
of solutions containing DNA and oxidized BFDMA, we
return to Fig. 3. We observed that the behavior of these

Biophysical Journal 93(12) 4414-4424



4418

3500

(a)

3000 —
2500 —

2000 — \
1500 —

1000 ~

500 — et

Hydrodynamic Diameter (nm)

1 10 100
Concentration of BFDMA (uM)

3500
3000 (b)

2500

2000 — \
1500 —

1000 — l
bt DY

0 O——p—0—&

Hydrodynamic Diameter (nm)

T T — Ty — T T Ty

0.1 1 10
Charge Ratio (+/-)

FIGURE 4 Hydrodynamic diameters of lipoplexes formed using solutions
of DNA and lipid (BFDMA or DoDAB/DOPE) in 1 mM Li,SO,. (a) Plot of
hydrodynamic diameters as a function of the concentration of BFDMA and
(b) plot of hydrodynamic diameters as a function of CR. The symbols
correspond to the sizes of complexes prepared using DNA and reduced
BFDMA (m), oxidized BEDMA (O), and DoDAB/DOPE (1:1) (A).

complexes contrasts with that of lipoplexes prepared using
reduced BFDMA (Fig. 3 b). For example, Fig. 3 ¢ demon-
strates that the rescaled ACFs obtained using solutions of
DNA and 10 uM oxidized BFDMA do not superimpose on
each other, but instead contain relaxation times that shift to
longer delay times as the scattering angle decreases from
110° to 45°. The ACFs of all DNA complexes prepared
using oxidized BFDMA at concentrations varying from 2
uM to 20 uM did not superimpose on each other, similar to
the data shown in Fig. 3 ¢ (data not shown). This behavior
suggests that CM diffusion is not the only contribution to the
ACFs of the solutions of DNA and oxidized BFDMA and
that these ACFs may not be interpreted solely in terms of
hydrodynamic size. It also suggests that the DNA in solu-
tions of 2-20 uM oxidized BFDMA possesses conforma-
tional degrees of freedom that are greater than those in
solutions of DNA and reduced BFDMA. When the concen-
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tration of oxidized BFDMA was increased beyond 20 uM,
we observed the rescaled ACFs of complexes to overlap
(e.g., Fig. 3 d corresponds to complexes formed using 60-
uM oxidized BFDMA), suggesting that CM diffusion
dominates the relaxation processes giving rise to these ACFs.

To interpret the ACFs that do not arise from CM diffu-
sion only, it is necessary to identify the subset of relaxation
processes in the ACF that are due to CM diffusion. For the
solution of DNA alone, we used an intensity-based CONTIN
analysis to identify two peaks in the distribution of relaxation
times (see Supplementary Materials). By plotting log(1/7)
versus log(g) for each peak (see Eq. 1), we determined that
the faster relaxation process had a slope of —2.01 = 0.44
(indicating CM diffusion). Therefore, we were able to cal-
culate the hydrodynamic diameter of the plasmid DNA to be
105 = 23 nm, which is similar to that reported previously
(30,57-59). The slow relaxation time was ~4 ms at a
scattering angle of 90°, which is similar in magnitude to that
reported in previous studies of DNA (57,58). In contrast, a
CONTIN analysis of the ACFs of complexes formed from
DNA and 2-20 uM oxidized BFDMA (shown in Fig. 3 b)
did not resolve the distribution of relaxation times into two
peaks (as described for DNA only). Instead, only a single,
very broad peak was observed. However, by using a double-
stretched exponential model (in Eq. 3), which has been used
previously to fit the ACFs of polymer-amphiphile mixtures
with multiple relaxation processes (51,53), we were able to
identify two relaxation times. Using this methodology, we
determined that the fast relaxation times shown in Table
1 correspond to CM diffusion for all samples containing
2-20 uM BFDMA, with the exception of the sample
containing 8 uM BFDMA. The slow relaxation times, 7, in
Table 1 are comparable to the slow relaxation times for DNA
alone, suggesting that the internal dynamics of the DNA in
these complexes are not substantially restricted as compared
to free DNA. As mentioned above, the ACFs of solutions of

TABLE 1 Analysis of ACFs of solutions of DNA and
oxidized BFDMA

Concentration
of oxidized Hydrodynamic 7¢ Angle Slow relaxation
BFDMA (uM) diameter (nm)* dependencelr time, T (ms)lk
2 129 = 44 2.00 = 0.64 2703
6 58 =13 2.15 = 042 2304
8 NA 3.04 = 0.57 NA
10 73 = 12 2.00 = 0.30 25 *0.6
20 94 = 10 2.12 £ 022 1.7 £04
60 2580 = 500 2.03 = 0.04 NA
100 1990 = 520 1.97 £ 0.14 NA

*A double-stretched exponential was used to calculate the hydrodynamic
diameter for solutions of DNA and 2-20 uM oxidized BFDMA and an
intensity-based CONTIN analysis was used to calculate the diameter of
solutions of DNA and 60-100 uM oxidized BFDMA (see text).
*Dependence of the fast relaxation time on the scattering vector for each
solution.

*Slow relaxation time reported at a scattering angle of 90°.
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DNA in the presence of 60—100 uM oxidized BFDMA did
not reveal evidence of internal DNA chain dynamics. The
hydrodynamic sizes of these complexes were calculated
using an intensity-based CONTIN analysis similar to that
used in analyses of solutions containing DNA and reduced
BFDMA.

The analysis presented above allowed us to calculate the
hydrodynamic sizes of complexes formed using oxidized
BFDMA and DNA using the ACFs in Fig. 3 b. The results
presented in Fig. 4 and Table 1 show that complexes
prepared at 2 uM oxidized BFDMA are approximately the
same size as DNA in the absence of BFDMA (105 = 23 nm).
The hydrodynamic sizes of the complexes decrease in the
presence of 6-20 uM oxidized BFDMA (see Table 1),
consistent with the condensation of DNA. A minimum in
hydrodynamic size is reached at a concentration of oxidized
BFDMA between 6 uM and 10 uM. Complexes prepared
from DNA and 60-100 uM oxidized BFDMA were
significantly larger (>2 um in diameter) than complexes
prepared using 2-20 uM oxidized BFDMA. These observa-
tions are similar to those reported previously using cationic
molecules with three positive charges that do not self-
associate (e.g., spermidine). Spermidine condenses DNA at
CRs ranging from <1 to ~30, and causes the formation of
large (>1 pum) aggregates at CRs >50 (34-43). We suggest
that low concentrations of oxidized BFDMA (2-20 uM,
corresponding to CRs 0.825-8.25) promote the condensation
of DNA into loosely-packed aggregates that largely preserve
the dynamics of the free DNA. This view is supported by the
appearance of relaxation processes associated with DNA
chain dynamics in the ACFs of solutions containing DNA
and oxidized BFDMA (2-20 uM).

Finally, we note that Fig. 4 a shows that the sizes of com-
plexes formed between BFDMA and DNA depends strongly
on the oxidation state of BFDMA. Because oxidized BFDMA
contains three positive charges, whereas reduced BFDMA
contains only one positive charge, we reasoned that the
change in sizes of the complexes with oxidation state of
BFDMA could be a reflection of the change in charge ratio
of BFDMA and DNA upon changes in oxidation state of
BFDMA. To explore this possibility, we plotted the hydro-
dynamic sizes of complexes prepared using reduced or
oxidized BFDMA as a function of CR (Fig. 4 b). We ob-
served that complexes formed using reduced and oxidized
BFDMA at the same CR do not result in lipoplexes with
comparable sizes. This result suggests that the change in size
of the lipoplex as a function of oxidation state of BFDMA is
not due solely to a change in charge ratio, but rather reflects a
change in the amphiphilic nature of the lipid that occurs upon
oxidation of the ferrocene moiety (as described below).

{-potentials of complexes of BFDMA and DNA

The {-potentials of complexes formed using DNA and
BFDMA at concentrations ranging from 2 uM to 100 uM
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are shown in Fig. 5. The {-potentials were negative for
lipoplexes prepared using low concentrations of reduced
BFDMA (2-8 uM) and transitioned to positive values at
high concentrations (20100 uM), with the change in sign
occurring at 10 ~uM BFDMA (corresponding to a CR of
1.38). In contrast, the {-potentials of complexes formed
using oxidized BFDMA were negative over the entire range
of concentrations used in this study, with the exception of
complexes prepared at 20 uM BFDMA, for which the
{-potential was close to zero. Fig. 5 b shows a plot of the
{-potentials of complexes prepared using either reduced or
oxidized BFDMA as a function of CR. Similar to results
obtained by DLS, the lack of correspondence between CR
and the {-potentials of complexes formed using reduced and
oxidized BFDMA suggests that the changes in {-potential as
a function of oxidation state may be governed by differences
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FIGURE 5 ({-potentials of complexes formed using DNA and lipid
(BFDMA or DoDAB/DOPE) in 1 mM Li,SOj,. (a) Plot of {-potentials as a
function of the concentration of BFDMA and () plot of {-potentials as a
function of CR. The symbols correspond to the {-potentials of complexes
prepared using DNA and reduced BFDMA (®), oxidized BFDMA (O), and
DoDAB/DOPE (1:1) (A).
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in the amphiphilicity of reduced and oxidized BFDMA
rather than solely by the CR of DNA and BFDMA.

The (-potentials of lipoplexes formed using reduced
BFDMA as a function of CR are similar to the {-potentials
of complexes prepared using conventional vesicle-forming
cationic lipids (e.g., DoDAB and DOPE, see Fig. 5 b), for
which monotonic increases in {-potentials from at least
—30mV to at least +30mV are observed with increasing CR
from 0.1 to 10 (22,25,26,30). The observation of negative
{-potentials for complexes prepared using oxidized BFDMA
at high CRs is in striking contrast to the {-potentials of
lipoplexes formed using reduced BFDMA. The negative
{-potentials of complexes formed using oxidized BFDMA are
similar to past studies of complexes of DNA and spermidine
or spermine, in which negative {-potentials were reported for
CRs up to 50 (42,43). We note that the {-potentials of
complexes formed by DNA and spermidine (in Tris HCI 3.5
mM, EDTA 0.35 mM, pH 7.6) have been reported to become
less negative with increasing CR. We observe the {-potential
of complexes prepared using oxidized BFDMA to become
more negative as the CR increases beyond 8. The negative
{-potential of complexes formed by oxidized BFDMA and
DNA indicate that these complexes possess excess charge due
to DNA in their outer regions.

Dynamic light scattering and {-potential measurements of
lipoplexes in a reduced-serum cell culture medium

The results reported above were obtained by mixing BFDMA
and DNA in 1 mM Li,SO,, as needed for electrolysis of
BFDMA (19,20). For reasons discussed in detail below, here
we report measurements of dynamic light scattering and
{-potentials that were performed using complexes prepared
in a reduced-serum cell culture medium (OptiMEM) instead
of aqueous Li,SOy4. OptiMEM is a complex mixture of salts
comprising 0.1 M NaCl, 28.6 mM NaHCO3, 5.4 mM KClI,
10 mM HEPES, 1 mM sodium pyruvate and other salts, as
well as trace amounts of L-glutamine, hypoxanthine, and thy-
midine. The motivation for performing these measurements
in OptiMEM was twofold. First, we sought to understand the
extent to which the above-described conclusions regarding
sizes, internal lipoplex dynamics, and {-potentials depended
on the ionic composition of the solutions. Such an under-
standing would provide further insights into the importance
of electrostatics in determining the structures and properties
of the lipoplexes. Second, our past studies investigating the
transfection of cells with BFDMA used OptiMEM as a cell
culture medium (19,20). Measurements performed in OptiMEM
therefore allow us to connect our measurements of dynamic
light scattering and {-potentials to past measurements that
demonstrated the effect of oxidation state of BFDMA on
transfection. Below, we summarize the similarities and dif-
ferences between the dynamic light scattering and {-potential
measurements performed on complexes prepared using
BFDMA and DNA in ImM Li,SO4 and OptiMEM.
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We observed the dynamic light scattering behavior of
lipoplexes prepared using reduced BFDMA in 1 mM Li,SO,
and OptiMEM to be similar in several ways:

1. Angle-dependent light scattering demonstrated that DNA
chain dynamics were not evident in the ACFs of lipoplexes
prepared using reduced BFDMA in both systems (see
Fig. 3, b and e).

2. The sizes of the lipoplexes formed from reduced BFDMA
in both systems passed through a maximum with increas-
ing concentration of BFDMA (Fig. 6 a).

3. The sizes of lipoplexes formed from reduced BFDMA in
both systems were similar in magnitude (Fig. 6 a).

The primary difference between the sizes of the lipoplexes
formed using reduced BFDMA in 1 mM Li,SO, versus those
prepared in OptiMEM was that the maximum in hydrody-
namic size was shifted to a higher concentration of BFDMA
when the complexes were prepared in OptiMEM as com-
pared to samples prepared in 1 mM Li,SOy, consistent with a
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FIGURE 6 Calculated hydrodynamic diameters of complexes formed from
reduced and oxidized BFDMA as a function of concentration of BEFDMA. (a)
Lipoplexes formed by reduced BFDMA and DNA in 1 mM Li,SO, ((J) and
OptiMEM (m). (b) Complexes formed by oxidized BFDMA and DNA in
1 mM Li,SO4 (O) and OptiMEM (@).
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prior study of the sizes of lipoplexes prepared using plasmid
DNA and the cationic lipid 1,2-dioleoyl-3-trimethylammo-
nium propane (30).

Inspection of Fig. 6 b reveals that the sizes of complexes
prepared using DNA and concentrations of oxidized BFDMA
ranging from 2 uM to 10 uM are similar when formed in
either OptiMEM or 1 mM Li,SO,4. However, two important
differences do exist:

1. The DNA chain dynamics observed in the ACFs of
complexes prepared using oxidized BFDMA in 1 mM
Li,SO, (Fig. 3 ¢, at concentrations of 2-20 uM) were not
present in OptiMEM (Fig. 3 f).

2. Complexes prepared at 60-100 uM oxidized BFDMA
were substantially larger in 1 mM Li,SO, than they were
in OptiMEM.

The {-potentials of lipoplexes formed using reduced
BFDMA were similar in both 1 mM Li,SO4 and OptiMEM
(Fig. 5 a). The only significant difference between the two
systems was the CR at which the sign of the {-potential
changed from negative to positive, which occurred at a
slightly higher concentration of BFDMA in OptiMEM as
compared to 1 mM Li,SO,. This result is consistent with
previous observations reported using lipoplexes prepared
using plasmid DNA and various cationic lipids (25,30). The
difference between {-potentials in OptiMEM and 1 mM
Li,SO, is, however, more pronounced for complexes formed
by oxidized BFDMA and DNA (Fig. 5 b). As the concen-
tration of oxidized BFDMA increases, the {-potential of
complexes of DNA and oxidized BFDMA formed in ImM
Li,SO,4 exhibit a maximum in {-potential, whereas the (-
potential becomes less negative for complexes formed in
OptiMEM. We note that the increase in {-potential to nearly
zero as a function of CR for complexes prepared in OptiMEM
is similar to past studies of the {-potential of complexes of
DNA and either spermidine or spermine performed in 3.5
mM and 10 mM Tris HCI, respectively (42,43). We return to
these observations in the discussion below.

DISCUSSION

This article describes measurements of dynamic light scatter-
ing and {-potential of complexes formed between DNA and
a ferrocene-containing, cationic lipid (BFDMA) as a func-
tion of concentration and oxidation state of the lipid, and the
complexity of the ionic environment (ImM Li,SO, versus
OptiMEM). Our measurements of lipoplexes formed using
reduced BFDMA suggest a physical situation that is similar
to that of lipoplexes formed using classical cationic lipids
such as DoDAB mixed with DOPE (26,30). Our measure-
ments of these lipoplexes (formed using reduced BFDMA
or DoDAB/DOPE) reveal that as the CR is increased, the
hydrodynamic size passes through a maximum and the
{-potential changes sign from negative to positive (Figs. 4 b
and 5 b). These two phenomena are linked, and reflect the
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compensation and then overcompensation of the charges
of DNA by the cationic lipid with increasing concentration of
lipid (4,7,9,22,24). These observations are consistent with
those expected for complexes formed by DNA and self-
associating cationic lipids (4,21,23,64) or cationic polyelec-
trolytes (65,66). In this respect, the tendency of reduced
BFDMA to self-associate into large vesicle-like aggregates
underlies the trends observed in both size and {-potential.
This physical picture, in which the DNA is constrained
within a structured aggregate of BFDMA, is consistent with
the absence of internal DNA chain dynamics in the ACFs of
samples prepared from DNA and reduced BFDMA (Fig. 3
b). Past studies of lipoplexes of DNA and cationic lipids
have also determined that the amphiphilic nature of the lipids
leads to organized microstructures within the lipoplex, in-
cluding lamellar and hexagonal ordering, in which the DNA
is confined within an organized lipid assembly (5,7,31,32).
The similarity between the behavior of reduced BFDMA and
conventional cationic lipids is reinforced by the similar
effects of the ionic environment (1 mM Li,SO, versus
OptiMEM) on the hydrodynamic sizes and {-potentials of
the lipoplexes (Figs. 6 @ and 7 a) (25, 30).

In contrast to lipoplexes formed using reduced BFDMA,
the change in the sizes of the complexes formed by DNA and
oxidized BFDMA as a function of the concentration of
oxidized BFDMA is not similar to the behavior discussed
above for lipoplexes formed from conventional cationic
lipids (4,21,24,26). With increasing charge ratio, we ob-
served a minimum in the hydrodynamic sizes of complexes
formed using oxidized BFDMA in 1 mM Li,SO, (Fig. 4 and
Table 1), which is similar to the behavior observed for
complexes of DNA and non-self-associating molecules that
possess multiple positive charges (e.g., spermidine) (34—41).
This result suggests that the reduced amphiphilicity of
oxidized BFDMA plays a central role in determining the
structure and properties of complexes formed by oxidized
BFDMA and DNA.

Our measurements yield two additional insights into the
nature of the complexes formed between oxidized BFDMA
and DNA. First, the ACFs obtained from light scattering
measurements using solutions of DNA and 2-20 uM ox-
idized BFDMA revealed contributions to the ACFs that we
attribute to the motions of DNA chains within the complexes
(Fig. 3 ¢) (57,58). Similar dynamics were evident in solutions
containing DNA in the absence of BFDMA (Fig. 3 a), but not
in solutions of lipoplexes prepared using reduced BFDMA
(Fig. 3 b). This result suggests a physical picture of the
complexes formed using oxidized BFDMA in which the
complexes are loosely packed and/or disordered, thus pro-
viding DNA chains with substantial conformational freedom.
The negative values of the {-potentials of these complexes
(Fig. 5) also suggest that the net charges of the outermost
regions of these complexes are dominated by contributions
from DNA. A second key observation is that the sizes and
{-potentials of the complexes formed using oxidized BFDMA
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are influenced by the change from 1 mM Li,SO4 to OptiMEM
(Figs. 6 b and 7 b) to an extent that is much greater than
lipoplexes formed using reduced BFDMA (Figs. 6 a and 7 a),
particularly at CRs greater than unity. These results are
consistent with the physical picture described above, in which
loosely packed and/or disordered complexes prepared using
oxidized BFDMA are held together largely by a network of
electrostatic interactions that are perturbed by the higher ionic
strength of OptiMEM. In contrast, lipoplexes formed using
reduced BFDMA are strongly influenced by the amphiphilicity
of reduced BFDMA and form well-ordered structures that are
not substantially disrupted upon a change in ionic strength of
the solution.

The results discussed above reveal that the physical
properties of complexes formed between DNA and BFDMA
change substantially with the oxidation state of BFDMA.
The oxidation state-dependent properties of the complexes
formed by BFDMA and DNA that we have identified include
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the size (Fig. 4), internal dynamics (Fig. 3), and {-potential
(Fig. 5). The hydrodynamic sizes of lipoplexes prepared
using reduced BFDMA in the concentration range that gave
the highest levels of cell transfection in our past studies
(6-20 uM) (19) were >200 nm when measured in OptiMEM
(lipoplexes at 20 uM were larger than 1 wm; see Fig. 6 a).
These sizes are larger than the sizes generally considered to
be optimal for the internalization of DNA by endocytosis
(4,23,27,28). 1t is possible, however, that a small subpop-
ulation of lipoplexes with diameters <200 nm is responsible
for the efficient transfection observed in these past studies. In
contrast, the hydrodynamic sizes of complexes formed using
6—10 uM oxidized BFDMA were 50 nm (Fig. 6 b), which is
small enough for endocytosis. We note, however, that high
levels of transfection were not observed using these com-
plexes in our earlier studies (19). Furthermore, the observa-
tion of a change in the internal dynamics of DNA in
BFDMA-DNA complexes with a change in oxidation state
of BFDMA hints at differences in the structures of these
complexes. These differences in internal dynamics, however,
were not observed in OptiMEM (Fig. 3, e and f). Independent
measurements of the microstructures of the complexes
formed by DNA and BFDMA by electron microscopy and
neutron scattering are ongoing and will be reported in a
future publication.

Perhaps the most significant result of the study reported in
this article is that the {-potentials of complexes formed be-
tween DNA and either oxidized or reduced BFDMA differed
significantly (Figs. 5 and 7). Specifically, the {-potentials of
lipoplexes formed using reduced BFDMA changed sign
(from negative to positive) as the concentration of BFEDMA
was increased from 6 uM to 20 uM (Fig. 5 @), whereas the
{-potentials of complexes formed using oxidized BFDMA
were negative over this same concentration range (Fig. 5 b).
This result could be significant in the understanding of the
dependence of transfection on the oxidation state of BFDMA
observed in our previous studies (19) because positive
{-potentials often correlate with effective cell transfection,
likely due to the nonspecific electrostatic attractions between
negatively-charged cell membranes and positively-charged
lipoplexes (22,25,30). These results lead to the proposition
that the strong dependence of transfection efficiency on the
oxidation state of BFDMA, as reported previously, is largely
a reflection of the substantial change in the {-potentials of
these complexes with changes in the oxidation state of
BFDMA (and is less likely to be a consequence of other
factors such as changes in sizes of lipoplexes with oxidation
state of BFDMA).

CONCLUSIONS

Measurements of dynamic light scattering and {-potentials of
complexes formed by DNA and BFDMA reveal a strong
dependence on the oxidation state of BFDMA. The sizes,
{-potentials, and internal DNA chain dynamics (or absence
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thereof) of complexes formed by reduced BFDMA and DNA
are very similar to those reported for lipoplexes formed by
DNA and classical cationic lipids. In contrast, the properties
of complexes formed by oxidized BFDMA and DNA differ
significantly from those of lipoplexes of cationic lipids and
DNA, and are more closely identified with the properties of
complexes typically formed by DNA and cationic molecules
that possess multiple charges but do not self-associate (e.g.,
spermidine). In particular, the complexes formed by oxidized
BFDMA and DNA appear to be loosely packed (as evidenced
by contributions to light scattering by internal DNA chain
dynamics) and possess coronas with net negative charges.
These results suggest that the properties of complexes formed
by DNA and either reduced or oxidized BFDMA can be
understood in terms of a change in the amphiphilicity of
BFDMA (i.e., tendency to self-associate) upon oxidation of
ferrocene. Our results also suggest that the substantial changes
in {-potentials that accompany changes in the oxidation state
of the BFDMA may underlie the previously reported
dependence of transfection efficiency on the oxidation state
of BFDMA.

SUPPLEMENTARY MATERIAL
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