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We report characterization of the nanostructures of complexes formed between the redox-active fipid bis(
ferrocenylundecyl)dimethylammonium bromide (BFDMA) and DNA using small-angle neutron scattering
(SANS) and cryogenic transmission electron microscopy (cryo-TEM). A particular focus was directed to the
influence of lipid oxidation state (where reduced BFDMA has a net chargelaind oxidized BFDMA has

a charge oft-3) on the nanostructures of the solution aggregates formed. Complexes were characterized over
a range of charge ratios of reduced BFDMA to DNA (1.1:1, 2.75:1, and 4:1) in solutions of 1 pB®O4Li

For these complexes, a single peak in the SANS data at I-2indicated that a nanostructure with a periodicity

of 5.2 nm was present, similar to that observed with complexes of the classical lipids DODAB/DOPE and
DNA (multilamellar spacing of 7.0 nm). The absence of additional Bragg peaks in all the SANS data indicated
that the periodicity did not extend over large distances. Both inverse Fourier transform analysis and form
factor fitting suggested formation of a multilamellar vesicle. These results were confirmed by cryo-TEM
images in which multilamellar complexes with diameters between 50 and 150 nm were observed with no
more than seven lamellae per aggregate. In contrast to complexes of reduced BFDMA and DNA, Bragg
peaks were absent in SANS spectra of complexes formed by oxidized BFDMA and DNA at all charge ratios
investigated. The lovg behavior of the SANS data obtained using oxidized BFDMA and DNA complexes
suggested that large, loose aggregates were formed, consistent with complementary cryo-TEM images showing
predominantly loose disordered aggregates. Some highly ordered spongelike and cubic phase nanostructures
were also detected in cryo-TEM images. We conclude that control of BFDMA oxidation state can be used to
manipulate the nanostructures of lipiDNA complexes formed using BFDMA.

Introduction I 3!
O Br —I Opr \/—I

DNA assumes extended conformations in aqueous solution ON
due to its anionic polyelectrolyte character. Cationic lipids such
as dimethyldioctadecylammonium bromide (DODAB), which
form vesicle-like aggregates in aqueous solution, have been
shown to complex strongly with DNA to form lipidDNA

complexes called lipoplexég Within these complexes, the _Oxidation
DNA is highly compacted as compared to cationic lipid-free -~

Reduction

solutions of DNA in the absence of cationic lipids. A number

of past studies have demonstrated that DNA, when compacted

by certain cationic lipids, is able to pass across cell membranes

and transfect cell%:® Recently, we demonstrated that changing

the oxidation state of a double-tailed cationic lipid that

incorporates the redox-active group ferrocene rkis(rocenyl- “Fe Fe “Fe Fe
undecyl)dimethylammonium bromide or BFDMA (Figure 1), ﬁ lﬁ ® ﬁ ® Lﬁ
dramatically influences the efficiency of delivery of DNA to  Figure 1. Molecular structure of BFDMA.

cells’8 Oxidation of the ferrocene groups of reduced BFDMA

to ferrocenium ions leads to a change in molecular charge from +1 to+3 and a change in the amphiphilic character of BFEDMA.
Reduced BFDMA was shown to be an effective agent for

) - ) transfection, whereas under the same conditions oxidized
* Corresponding authors. E-mail: abbott@engr.wisc.edu (N.L.A.), . . i8
dlynn@engr.wisc.edu (D.M.L.), ishi@tx.technion.ac.il (Y.T.). Fa¥i- BFDMA did not promote h'Qh_ levels of tranSfe(_:“ nrhe
608-262-5434 (N.L.A.). capability to control transfection by manipulation of the
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oxidation state of BFDMA may find application in the develop-
ment of new nonviral gene delivery agents. As discussed in

Pizzey et al.

occurred over several hours)These past studies suggest that
the development of a full understanding of how the oxidation

greater detail below, past studies have established that thestate of BFDMA influences transfection efficiency will require

nanostructures of lipoplexes can influence the efficiency with
which cationic lipids can promote cell transfection. In the study
reported in this paper, we sought to understand how the
oxidation state of BFDMA influences the nanostructures of
BFDMA and DNA complexes and provide possible insight into

results arising from our past transfection studies.

Our previous characterization of complexes formed upon the
addition of DNA to reduced or oxidized BFDMA used dynamic
light scattering and@-potential measurements at concentrations
relevant to our past transfection experiments (&y/mL DNA
and 2-100uM BFDMA).® Our past studies revealed that the
hydrodynamic sizes of lipoplexes of reduced BFDMA and DNA
passed through a maximum, and that thgotentials changed
sign from negative to positive, as a function of increasing ratio
of reduced BFDMA to DNA? a behavior similar to that
observed using complexes of DNA and conventional vesicle-
forming cationic lipidst-21%In contrast, complexes of DNA and
oxidized BFDMA exhibited a minimum in hydrodynamic size
as a function of increasing oxidized BFDMA concentration, and
negative ¢-potentials were observed at all concentrations of
BFDMA investigated, similar to complexes formed between
DNA and non-self-associating molecules with multiple positive
charges!1? In addition, past light scattering measurements

knowledge of the nanostructures of BFDM®NA complexes
as a function of the oxidation state of BFDMA.

This paper is organized as follows: First, we describe SANS
from complexes formed by the addition of DNA to a classical
lipid system comprising DODAB and DOPE. This classical
lipid/DNA system was investigated so as to validate our
methodology and to serve as a reference system for comparison
to BFDMA/DNA systems. Second, we discuss results obtained
from SANS and cryo-TEM nanostructural analysis of complexes
formed by aqueous solutions of BFDMA in the presence of
plasmid DNA. The oxidation state of the BFDMA is shown to
influence the nanostructures of the complexes that it forms with
DNA. We note that, in addition to our past studies of the
BFDMA/DNA systems described aboVe? there exist past
studies of the interactions of other ferrocene-containing surfac-
tants with either DNA2 or cellulose-derived polymerd.These
past studies do not provide SANS or cryo-TEM characterization
of the nanostructures of the complexes formed between these
species.

Materials and Methods

Materials. BFDMA was synthesized according to methods

revealed that the DNA molecules had substantial conformational Published elsewher®.Salmon sperm DNA (2006- 500 base

freedom when complexed with oxidized BFDMA, as compared
to reduced BFDMA. These results, when combined, suggest
that differences in the properties of complexes formed by
BFDMA and DNA with oxidation state can be understood in
terms of a change in amphiphilicity of BFDMA with oxidation

pairs) was purchased from Invitrogen (Carlsbad, CA), and
plasmid DNA encoding enhanced green fluorescent protein
(PEGFP-N1 (4.7 kbpsy 95% supercoiled) was purchased from
the Waisman Clinical Biomanufacturing Facility at the Univer-
sity of Wisconsirn-Madison. Dioctadecyldimethylammonium

state. These past studies also hint at the possibility that thebromide (DODAB, Sigma Aldrich) and dioleoylphosphatidyle-

nanostructures of the complexes formed by BFDMA and DNA
may depend on the oxidation state of BFDMA.

In the study reported in this paper, we used small-angle

thanolamine (DOPE, Avanti Polar Lipids) were used as received.
All other chemicals were purchased from Sigma Aldrich (St.
Louis, MO), each with a purity of at least 98%, and used without

neutron scattering (SANS) and cryogenic transmission electronfurther purification unless otherwise stated.

microscopy (cryo-TEM) to build from these size and charge

measurements to investigate the nanostructures of these com

plexes. SANS and cryo-TEM are complementary characteriza-
tion techniques for investigations of the nanostructures of
complexes of lipid and DNA. Cryo-TEM probes local regions

of a solution and SANS provides access to statistically averaged

Electrochemical Oxidation. Electrochemical oxidation of
BFDMA (4 mL, 1 mM Li,;SOs, pH 5) was performed as
described previously® The extent of oxidation of BFDMA was

followed by monitoring the current passed at the working

electrode and by using UWis spectrophotometry, as the lipid

data describing populations of aggregates present throughoutVas converted from the reduced form (yellow, peak absorbance
an entire solution. The combination of these two techniques thus @t 430 nm) to the oxidized state (blue, peak absorbance at 625
allows one to compare detailed nanostructural information NM). UV—vis absorbance values were recorded on a Beckman

obtained from individual complexes to the statistically averaged

Coulter DU520 U\~ vis spectrophotometer (Fullerton, CA). For

solution nanostructure. Previous studies using small-angle UV —vis spectrophotometry of solutions containing reduced

neutrort® and X-ray-14-17 scattering, cryo-TEM8-20 freeze-
fracture-replication electron microscopyt and atomic force
microscopy (AFM} have shown that the nanostructures of
cationic lipid—DNA aggregates can be complex, often involving
multilamellaP614.16.17gr hexagonal phasé$:14 Some studies
employing cryo-TEM and AFM have revealed evidence for the

coexistence of hexagonal and lamellar nanostructures in solu-

tion.>6.18 Although ongoing research seeks to understand how

BFDMA only, 40 mM dodecyltrimethylammonium bromide
(DTAB) was added to the lipid solutions prior to measurement
of UV —vis spectra to disrupt large aggregates that caused the
solutions to be turbid (DTAB does not absorb light in the visible
region of interest, 406800 nm). As the oxidation reaction
progressed, the peak in the spectrum at 430 nm disappeared
and a well-defined peak appeared at 625 nm. The fully oxidized
lipid was stable in solution for at least 14 days at room

the nanostructures of lipoplexes formed between cationic lipids temperature as determined by BVis spectroscopy. All lipid

and DNA influences the ability of the lipoplexes to transfect
cells, a number of studies have reported that cationic 4ipid
DNA complexes with hexagonal nanostructures can lead to
higher transfection efficiencies than those lipoplexes with
lamellar nanostructurés2 Complementary studies using light
microscopy have shown that anionic vesicles, a primitive model
for a cellular membrane, can interact with hexagonal cationic
lipid—DNA complexes, resulting in rapid fusion and subsequent

solutions (both reduced and oxidized) were prepared in 1 mM
Li,SO, at pH 5 unless otherwise stated (alkaline conditions were
avoided due to instability of oxidized ferrocene under alkaline
conditions)?®

Preparation of Samples for Characterization by SANS
and Cryo-TEM. DODAB/DOPE (1:1) extruded lipid mixtures
and complexes formed by the subsequent addition of salmon

DNA release!* This rapid fusion process did not occur when a sperm DNA at a charge ratio of 2:1 were prepared according

lamellar cationic lipid-DNA complex was used (lipid transfer

to the method published by Barreleiro efalWe used salmon
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sperm DNA in these experiments to permit direct comparison
with the previous studies by Barreleiro et al. and to validate
our experimental methodology.

All other samples characterized by SANS and cryo-TEM
contained BFDMA and plasmid DNA (pEGFP-N1). Stock
solutions of BFDMA (1 mM) were prepared in aqueous
Li,SOy (1 mM) solutions. The poor solubility of the lipid limited
the concentration of BFDMA in solution to 1 mM. The stock
solution of BFDMA (1 mM in LbSOy) was diluted with a DNA
stock solution (with vortexing for 5 s) to give the desired charge
ratios of BFDMA and DNA in solution (where the charge ratio
is defined as the molar ratio of the positive charges in the
cationic lipid to negatively charged DNA phosphate groups).
We note that complexes formed from reduced BFDMA and
DNA at a charge ratio of 1.1:1 contain the same molar
concentrations of BFDMA and DNA as complexes formed by
oxidized BFDMA and DNA at a charge ratio of 3.3:1. The
charge ratios investigated in our study were similar to those
used in previously reported transfection experiméatlthough
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When the system is dilute (the structure fac¥ay) = 1) and
the aggregates are monodisperse, the calculated PDDF allows
direct identification of the particle structufe We performed
the IFT analysis using software provided by Gla#eFhe only
input parameter required for the IFT analysis is an estimate of
Dmax the maximum distance between two points in the particle,
which imposes the constraint in the PDDF tpét) = 0 when
I > Dmax

We used the calculation of the PDDF to suggest models for
form factor fitting (models provided by NIST for use with Igor
Pro)2737 The model used here allows calculation of the
scattering from a system of multishell spherical particles (Figure
2). The scattering length densities of the shellge() and solvent
(psolven) Were determined using the NIST scattering length
density calculatd® leaving four parameters to optimize in the
fitting process: the core radiuge), the shell thicknesddel),

the charge ratios match previous transfection experiments, thethe solvent thicknesstsgven), and the number of shellsi)

absolute concentrations of BFDMA used in the SANS experi-
ments (1 mM) were substantially higher than those of the
transfection experiments (@0 «M). The high concentrations
of BFDMA in the SANS experiments were necessary to obtain
a sufficient intensity of scattered neutrons.

Small-Angle Neutron Scattering. SANS measurements were
performed using the NG3 instrument at the NIST Center for
Neutron Research in Gaithersburg, MD. The incident neutron

Polydispersity in the number of shells was included in the model
using a Gaussian distribution about the mean number of shells.
Cryogenic Transmission Electron Microscopy.Samples

were prepared in a controlled environment vitrification (CEVS)
system at 25°C and 100% relative humidity, as previously
described®4° Samples were examined using a Philips CM120
microscope (Eindhoven, The Netherlands) operated at 120 kV,
using an Oxford CT-3500 cooling holder and transfer station

wavelength was on average 0.6 nm, with a spread in wavelength,(APingdon, England). Specimens were equilibrated in the

AAIL, of 14%. Data were recorded at three different sample-
to-detector distances (1.9, 4.5, and 13.1 m), givincanges
from 0.03-0.45, 0.76-1.44, and 0.183.38 nn1?, respectively.

To ensure statistically relevant data, at least 500 000 counts wer:
collected for each sample at each detector distance. The sample

were contained in quartz cells Wwita 2 mmpath length and
placed in a sample chamber held at 25:®.1 °C. The data
were corrected for detector efficiency, background radiation,

microscope below-178 °C, then examined in the low-dose
imaging mode to minimize electron beam radiation damage,
and recorded at a nominal focus of 2 um to enhance phase

Lontrast. Images were acquired digitally by a Gatan MultiScan

291 cooled charge-coupled device camera (Pleasanton, CA)
using the Digital Micrograph software package.

Results and Discussion

empty cell scattering, and incoherent scattering to determine Characterization of Complexes of DODAB/DOPE and

the intensity on an absolute scafeThe background scattering

DNA. Prior to performing SANS measurements with BFDMA

from the solvent was subtracted unless otherwise stated. Theand plasmid DNA, we validated our methodology using vesicles
processing of data was performed using Igor Pro (WaveMetrics, of DODAB and DOPE, in a 1:1 ratio, in the presence of salmon
Lake Oswego, OR) with a program provided by NIST. Guinier sperm DNA (Figure 3). We note here that the DODAB/DOPE
analysis, indirect Fourier transform (IFT) analysis, and form system has been the subject of a previous stopped-flow SANS
factor fitting were used to interpret the scattering. These study by Barreleiro et at3 using the D22 instrument at the
techniques are described in detail elsewffefd and are only Institute Laue-Langevin, Grenoble, France. These investigators
summarized briefly here. examined the behavior of the system on very short (millisecond

The intensity of neutrons scattered from an isotropic sample, {0 Minute) time scales. The extremely high flux at the D22
I(q), may be described as the product of a form fad), beamline allows time-resolved measurements Fo be perfprmed.
giving the intrinsic particle shape, and a structure faS(, It was not clear at the outset of our study that investigation of

describing interparticle interactions, as given below the nanostructures of lipitdDNA complexes was possible using
the lower flux SANS NG3 instrument at NIST, Gaithersburg,

MD. Our experiments with the “model” DODAB/DOPE system
revealed that the scattering intensity at the NG3 beamline was
) ) ) ) ~sufficiently low that (i) it was necessary to use purglas the
Wherepp is the number density of scattering objects. Guinier solvent, rather than the 70:30,0/H,0 mixture employed by
analysis relates(q) to the form factorP(q) for a range of  Barreleiro et al. to contrast match the scattering density of
geometries such as cylinders and bilayers (vesicles) and predictsaimon sperm DNA and the solvent and (ii) it was necessary to
that a plot of In[(q)] versus Ing) should be linear with slopes  collect data for 2-4 h per sample. Our scattering measurements
of —1 and—2 for cylindrical and bilayer aggregates, respec- ysing DNA in pure DO showed negligible scattering in tioe

I(a) = n,P(@)(a) 1)

tively.28 This approximation holds true faR, < 1, whereR,
is the radius of gyration of the aggregate.

range of interest, suggesting that even in 1009@ Ehe DNA
does not contribute to the scattering, and that any nanostructure

We also used IFT analysis to calculate the pair distance detected results from the organization of the lipid alone.

distribution function (PDDF) op(r) from I(g) according to the
following relationship:

Figure 3a shows the scattering from complexes formed
between DNA and the DODAB/DOPE mixture at a lipid/DNA
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scattering data reported in the Barreleiro st&@iyhis spacing
was proposed to correspond to a lamellar nanostructure and was
determined to be the sum of the thicknesses of the lipid bilayer,
the DNA strand, and one water layer. The presence of a single
e peak in our measurements indicates that the ordered lamellar
structure does not extend over large distances. The scattering
at low g follows aq~27 dependence, indicative of the presence
of complex large-scale aggregates with a fractal or network-
like structure. A similaig~27 dependence was also observed in
other past studies of the scattering from complexes formed by
salmon sperm DNA and hexadecyltrimethylammonium bro-
mide?! This g=27 dependence deviates from the Barreleiro
study, performed on short time scales-@@0 s), where the
scattering followed a slope 6f2 at lowg. This suggests that
large-scale aggregation processes may occur over the long time
periods (several hours) required to perform our measurements.

The PDDF was calculated from the scattering data shown in
Figure 3a and compared to the PDDF predicted using a

Psolvent

rCOrE

Psolvent

tsolvent

Pshell

Figure 2. Schematic illustration of the multishell sphere model used

for form factor fitting to experimental scattering data. multilamellar vesicle with polydispersity in the number of shells
per aggregate (Figure 3b). The polydisperse multilamellar
1000 vesicles (with a mean number of shells of six) were assumed
e (a) to have core radii of 5.0 nm and shell thicknesses of 4.5 nm.

Each shell was separated by a water layer of thickness 2.5 nm.
Figure 3b shows the presence of fluctuations in the PDDFs from
both the experiment and the model, confirming the suggestion
of a periodic structure in the DODAB/DOPE and DNA
complexes. The periodicity of 6.5 nm in the experimental PDDF
for the lipid—DNA complex (Figure 3b) is similar to the spacing
(7.0 nm) obtained from the broad Bragg peak at approximately
0.9 nnr! (Figure 3a). We conclude that the complex formed
by DODAB/DOPE and DNA is an aggregated multilamellar
structure, similar to that observed by Barreleiro éédlhe weak
nature of the fluctuations in the PDDF fBr> D2 indicates
some polydispersity in the number of shells per aggregate.
P L S SN Characterization of Complexes of Reduced BFDMA and

0.1 1.0 DNA. Having determined that the NG3 beamline could be used
to identify nanostructures of lipoplexes, we proceeded to
characterize the nanostructures of complexes of BFDMA and
plasmid DNA as a function of the oxidation state of BFDMA.
Here we used plasmid DNA, rather than salmon sperm DNA,
to allow more direct connection between these studies and
previous light scattering and transfection studies of the BFDMA/
plasmid DNA systenf.®

Our past studies established that complexes of reduced
BFDMA and DNA formed at a charge ratio of 1.1:1 (lipid/
DNA) result in high transfection efficienci® As mentioned
above, this result guided the charge ratios investigated in the
current study. When DNA was added to a solution of reduced
BFDMA (1 mM) to form a solution with a charge ratio of 1.1:

1, visible yellow aggregates were observed to precipitate,
resulting in a partial loss of color in the supernatant (faint
— . . yellow) and suggesting a decrease in the concentration of
0 10 20 30 40 50 60 reduced BFDMA in solution. Although some sedimentation was
r/nm observed in all solutions, the majority of the BFDMA remained
Figure 3. (a) SANS spectrum measured using complexes formed by N solution throughout the measurements (as determined by
DODAB/DOPE (1:1) and salmon sperm DNA at a charge ratio of 2:1. UV —Vis spectrophotometry). Because the neutron beam passed
(b) PDDF calculated from the indirect Fourier transform of the data in through the center of the sample cell, the nanostructure of the
(a) (dark line). For comparison, the gray line shows the PDDF calculated precipitates was not characterized by our SANS measurements.
g i sl e et sl s ks o an £1CCPite partles hundieds of nanometers in size were
separgted by a water layer of thickness 2.5 nm. : owever, characterized by our dir_ect imaging cryo-TEM
measurements (see, for example, Figure 5C below). Further-
charge ratio of 2:1. The presence of the peak at 0.9'nm more, larger aggregates were examined by freézeture-
indicates a periodic structure with a repeat distance of 7.0 nm replication cryo-TEM, as shown in Figure S3C in the Supporting
and is in good agreement with the spacing observed from Information for oxidized BFDMA and DNA. The combined use
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Figure 4. (a) SANS spectrum measured using an aqueous solution of
reduced BFDMA (1 mM) in the presence of DNA (2.9 mg/mL) at a
charge ratio of 1.1:1. The inset shows the peak observed at 1.2 nm
(b) The PDDF calculated from IFT analysis of the data in (a) (dark
line). For comparison, the gray line shows the PDDF calculated from
a multilamellar vesicle model with a core radius of 5.0 nm and 10
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of SANS and cryo-TEM characterization techniques, therefore,
allowed analysis of all nanostructures in the BFDMA/DNA
system. We note that sedimentation has previously been
observed with complexes of cationic lipids and DNA, sometimes
associated with the formation of hexagonal structures from
solution#?

The SANS spectrum obtained using solutions of reduced
BFDMA and DNA at a charge ratio of 1.1:1 is shown in Figure
4a. A peak observed gt= 1.2 nnt! corresponds to a periodic
structure with a wavelength of 5.2 nm, a dimension that is
qualitatively similar to that observed with the DODAB/DOPE
DNA complexes aig = 0.9 nnt! (7.0 nm, Figure 3a). The
difference of 1.8 nm in the periodicity observed between the
two lipid systems (7.0 and 5.2 nm) may result from differences
in the relative lengths of the lipids, the relative thicknesses of
the water layers, and the strength of binding of the DNA to the
interface of the lipid assembly. We note that a spacing of 5.2
nm is consistent with a model in which DNA is intercalated
between lipid bilayers, where the double strand of DNA and a
D,0 layer have a combined thickness of 2.5'Aand the lipid
has a thickness of 2.7 nm. The latter thickness is close to that
expected for a bilayer of reduced BFDMA, based on a molecular
length of BFDMA of approximately 1.5 nm in an all-trans
configuration.

The absence of a secondary peak in the spectrum obtained
from the reduced BFDMADNA complexes (Figure 4a)
suggests that the periodicity associated with these nanostructures
does not extend over large distances. The absence of multiple
peaks (with spacing expected from a lamellar or hexagonal
phase) also prevents the use of SANS to differentiate between
different types of periodic nanostructures. However, the
results of cryo-TEM reported below support the interpretation
of the SANS data in terms of aggregates having a lamellar
nanostructure. The similarity of the nature of the SANS
spectrum obtained from lipoplexes prepared with reduced
BFDMA with that obtained using DODAB/DOPE is consistent
with our past study that noted similarities between these systems
on the basis of dynamic light scattering afygbotential mea-
surement8. SANS spectra obtained using complexes formed
from reduced BFDMA and DNA at different charge ratios (1.1:
1, 2.75:1, and 4:1) also showed the existence of a peak at 1.2
nm~1, suggesting that the periodic structure formed does not
change over this range of solution compositions (see the
Supporting Information).

The PDDF determined by IFT of the data presented in Figure
4a is shown in Figure 4b. The PDDF calculated from a model
of a multilamellar vesicle (where the mean number of shells is
six) of core radius 5.0 nm, shell thickness 2.7 nm, and water
layer thickness 2.5 nm has been included for comparison. As
in the case of DODAB/DOPEDNA complexes, the overall
shape of the PDDF obtained from the scattering from the
reduced BFDMA and DNA complexes is similar to the PDDF
of the model multilamellar structure. The fluctuations in the
PDDF obtained from the experimental data correspond to the
presence of a structure with a periodicity of approximately 5.0
nm, consistent with the spacing (5.2 nm) obtained from the peak
atq = 1.2 nntl. Dmay the maximum aggregate diameter, is a
parameter required for the IFT analyd;ax of 50 nm produced

shells, where each shell has a thickness of 2.7 nm and is spaced by ahe best fit to the experimental data when performing the IFT

water layer of thickness 2.5 nm. (c) Comparison of the SANS spectrum
shown in (a) to a form factor fit using a multishell sphere model

which includes polydispersity in the number of shells (gray line). The
fit yields a core radius of 1.0 nm surrounded by, on average, six

analysis. As discussed below, cryo-TEM images suggest that a
Dmax 0f 50 nm corresponds approximately to the diameters of
the lipoplexes (Figure 5). Similar to the lipoplexes formed using

shells. Each shell, of thickness 2.7 nm, is separated by a 2.5 nm waterDOPE/DODAB, the weak nature of the fluctuations in the

layer.

PDDF forD > Dnay2 indicates polydispersity.
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Figure 5. Cryo-TEM images of lipoplexes of reduced BFDMA and DNA. (A) Lipoplexes formed in solutions containihg @duced BFDMA
and 2.4ug/ml DNA (charge ratio 1.1:1); (B) Lipoplexes formed by mixing a solution of 1 mM reduced BFDMA with a solution of 2.9 mg/ml
DNA (charge ratio 1.1:1); (C) Lipoplexes formed by mixing a solution of 1 mM reduced BFDMA with a solution of 2.9 mg/ml DNA (charge ratio
4.0:1).

Figure 4c shows the form factor fit to the SANS data The nanostructures of the complexes of BFDMA and DNA were
calculated using the multishell sphere model described above,not observed to depend on the concentration of the BFDMA.
where the multishell sphere model was evaluated by assumingThe micrographs shown in Figure 5 (discussed below) are
that the scattering length density of the@and DNA layer is representative of all images obtained by cryo-TEM using
similar to that of RBO. The multishell spherical structure used lipoplexes formed using reduced BFDMA. Additional images
as a model has a core radius of 5.0 nm, and each shell, ofare included as Supporting Information.

thickness 2.7 nm, is Separated by a water Iayer 2.5 nm thick. Figure 5 shows CryO_TEM images of Comp|exes formed by
The shell periodicity of 5.2 nm is fixed, although the fit was reduced BFDMA in the presence of DNA at charge ratios of
insensitive to variations as large a9.3 nm in the thickness  1.1:1 (Figure 5, parts A and B) and 4:1 (Figure 5C). Inspection
of the shell relative to the thickness of the water layer. of these images reveals that the complexes are roughly spherical
Polydispersity in the number of shells was included in the model in shape, multilamellar, and possess a compact core. Aggregation
by assuming a Gaussian distribution about the mean number ofof the complexes (as clearly seen in Figure 5A) was a general
six shells, as described above. characteristic of samples containing reduced BFDMA and DNA.
Inspection of Figure 4a reveals the scattering from reduced The aggregates are polydisperse with diameters ranging from
BFDMA and DNA complexes in the lowregion to follow a  approximately 50 to 150 nm. Smaller aggregates have fewer
q dependence that is close qo* Theq* scattering behavior layers, b_ut the periodicity measured from the images of45.2
is predicted for the polydisperse multilamellar vesicle model 0-2 hm is conserved between all aggregates, regardless of
(Figure 4c). Inspection of Figure 4c reveals that the measureddiameter. This periodicity is consistent with the position of the
scattering in the lovg region deviates slightly from the form  Peak observed by SANS at 1.2 ni(Figure 4a). A value of
factor fit. This deviation likely results from the presence of large- Dmax 0f 50 nm was qsed in the IFT gnalyss and is in g.ood
scale aggregation (for example, where two or more individual agreement with the diameters of th? lipoplexes obsgrved in the
. . . cryo-TEM images. The aggregates in the cryo-TEM images are
complexes associate to form a larger nonspherical multilamellar

te- below for additional ts based polydisperse in nature, with a varying number of shells per
'?’gE?\/rlei?r?aZ'inS;)e elow for additional comments based on Cryo'aggregate. The maximum number of layers per aggregate

) . . " . observed from the cryo-TEM images is seven, consistent with
Cryo-TEM imaging provided additional insight into the nature - {he apsence of a secondary peak in the SANS spectra. This latter
of the periodic nanostructure formed by BFDMA and DNA, as  finding was interpreted to indicate that the periodic structure
well as the overall sizes of the I|p0p|eXeS and their state of does not persist over |arge |ength scales. The Cryo-TEM images
aggregation. The cryo-TEM imaging was performed using are also supportive of the form factor fit, which suggests
samples having BFDMA concentrations comparable to those polydispersity in the number of shells per aggregate. Although
used in the previous transfectighand dynamic light scatter-  the form factor model of the multilamellar vesicle has a hollow
ing®° experiments, as well as using samples formed at the highercore, the fit is not sensitive to core radii below 15 nm. This
BFDMA concentrations required for the SANS measurements. core is not observed in cryo-TEM images. Here we also note
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Figure 6. SANS spectra obtained using solutions of reduced (dark
symbols, charge ratio 1.1:1) and oxidized (light symbols, charge ratio

3.3:1) BFDMA (1 mM) mixed with a solution of plasmid DNA (2.9
mg/mL). A line with a slope of-2.5 is included for comparison.

that DNA is evident as threadlike nanostructures in the
background of the micrographs shown in Figure 5A.
Characterization of Complexes of Oxidized BFDMA and

J. Phys. Chem. B, Vol. 112, No. 18, 2008355

measurements were performed at the same molar concentrations
of BFDMA and plasmid DNA. As noted above, however, the
oxidation of BFDMA results in a 3-fold increase in the charge
ratio (e.g., complexes formed by reduced BFDMA and DNA
at a charge ratio of 1.1:1 contain the same molar concentrations
of BFDMA and DNA as complexes formed by oxidized
BFDMA and DNA at a charge ratio of 3.3:1). Prior to the
addition of the DNA, the solutions of oxidized BFDMA were
blue in color. Similar to complexes formed by reduced BFDMA
and DNA, immediate aggregation and some precipitation was
observed upon the addition of DNA to solutions of oxidized
BFDMA. The solutions of oxidized BFDMA and DNA,
however, remained blue in color. A white aggregate with a loose
open floc-type structure was formed, which sedimented slowly
with time.

For the purposes of comparison, Figure 6 shows the neutron
scattering from complexes formed between reduced BFDMA
and DNA (CR 1.1:1) and oxidized BFDMA in the presence
of DNA (CR 3.3:1). Whereas complexes of reduced BFDMA
and DNA show a Bragg peak gt= 1.2 nnt?, no equivalent
Bragg peak is observed (see Figure 6 inset plot) for complexes
of oxidized BFDMA and DNA. This indicates that no measur-
able periodic nanostructure exists in the complexes formed
by oxidized BFDMA and DNA. The marked difference in

DNA. Next, we sought to determine whether the nanostructuresthe scattering suggests that the interactions between DNA

of complexes formed from oxidized BFDMA and DNA differed
from those formed by reduced BFDMA and DNA. These

and BFDMA are strongly influenced by the lipid oxidation

state.

Figure 7. Cryo-TEM images of complexes formed by oxidized BFDMA (1 mM) and DNA (2.9 mg/mL), at a charge ratio of 3.3:1 (A) amorphous,
nonlamellar structures seen in most experiments; (B) network of lamellae; (C) dense spongelike phase; (D) ordered cubic phase with vesicles
emerging; (E) fused vesicles.
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The intensity of scattered neutrons measured at theglow- demonstrate the presence of complexes between 50 and 150
detector setting was substantially lower for oxidized BFDMA nm in diameter. The nanostructures formed by reduced BFDMA
and DNA complexes (112 cps) than for the reduced BFDMA and DNA are similar to the nanostructures observed with
in the presence of DNA (342 cps). This indicated that the extent complexes of DNA and a classical lipid system. In comparison
of aggregation observed in samples containing oxidized lipid to complexes formed using reduced BFDMA, the nanostructures
and DNA was much lower compared with the extent of of complexes of oxidized BFDMA and DNA are markedly
aggregation observed in samples containing reduced lipid anddifferent. The absence of peaks in the SANS data suggests that
DNA. No other peaks or features characteristic of a particular a periodic nanostructure does not exist within these complexes.
type of aggregate structure could be observed in the SANS dataThe scattering in the low-region follows a slope that is greater
obtained with oxidized BFDMA and DNA. than—2, indicating the presence of a loose, large-scale aggregate

The behavior of the SANS spectra in the lawregion in structure. This result is consistent with the results of our cryo-
Figure 6 also indicates that complexes formed by reduced TEM studies involving oxidized BFDMA and DNA. In the
BFDMA and DNA are very different in nanostructure from majority of these experiments, cryo-TEM images revealed
complexes formed by oxidized BFDMA and DNA. The scat- predominantly loose, disordered aggregates of oxidized BFDMA
tering from reduced BFDMA and DNA complexes in the low- and DNA. Some highly ordered spongelike and cubic phase
region showed @ dependence aj#, similar to that predicted ~ nanostructures were also detected in cryo-TEM images.
for the polydisperse multilamellar vesicle model. In the case of  The key finding of the study reported in this paper is that
oxidized BFDMA, however, the lovg scattering followed a  the oxidation state of BFDMA impacts the nanostructure of
slope ofq=25 A q dependence of-2.5 in the lowg region is complexes of BFDMA and DNA. This finding is significant as
consistent with the presence of a loose network structure similarit suggests a nanostructural origin to previously reported changes
to that observed in loose polymer networks or aggregate in the properties of these complexes that are known to generally
structures’? This interpretation is supported by the cryo-TEM influence the efficiency of transfection of cells. In particular,
images shown in Figure 7, parts A and B (oxidized BFDMA we note that we previously reported that the oxidation state of
concentration of 1 mM and a charge ratio of 3.3:1). Inspection BFDMA impacts theZ-potentials of complexes formed by DNA
of these images reveals the presence of either large, looseand BFDMA? Because uptake of lipigdDNA complexes into
nonlamellar aggregates (Figure 7A; diameters between 10 andcells is known to be influenced b§-potential, the oxidation-
200 nm) or a network of lamellae (Figure 7B). Both of these state-dependent nanostructure of BFDMBNA complexes
types of aggregate nanostructures could be describeddy a reported in this paper could influence transfection via its impact
dependence of-2.5. The loose aggregate structure seen in on -potential. More broadly, our results, when combined,
Figure 7A is consistent with our previous measurements of suggest that a full understanding of the influence of BFDMA
dynamic light scattering an&potential, which indicated that  oxidation state on transfection will require consideration of the
oxidized BFDMA acts to condense DNA into loosely packed dependence of BFDMA/DNA nanostructure on lipid oxidation
complexes with coronas enriched with negatively charged state.

DNA.89The formation of this type of nanostructure appears to
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