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Many cationic lipids form complexes with DNA (lipoplexes) that
facilitate the transfer of DNA across cell membranes.1 As a
consequence, cationic lipids have been investigated widely as agents
for the delivery of DNA in vitro and in vivo. The development of
principles that permit external control over the activation of lipids
that otherwise do not mediate transfection would make possible
new approaches to achieving active, spatial, and temporal control
of DNA delivery.2,3 We sought to develop these principles by
designing DNA lipoplexes incorporating redox-active groups that
can be transformed electrochemically to change the charge density
of the lipid. We report here that a ferrocene-containing lipid, when
used in combination with electrochemical methods, can be used to
achieve either high or low (background) levels of gene expression
in mammalian cells depending on whether the lipid is present in a
reduced or oxidized redox state.

The work reported here builds upon on a series of past studies
demonstrating that ferrocene-containing amphiphiles permit elec-
trochemical control over a broad range of surfactant-based properties
of aqueous systems.4-9 Of particular relevance to our current work
is a report by Abe and co-workers of the cationic, two-tailed lipid
bis-(11-ferrocenylundecyl)dimethylammonium bromide (BFDMA,
1).7,8 BFDMA can be cycled reversibly between states having a
net charge of+1 (reduced,1) and a net charge of+3 (oxidized,2)
by the electrochemical oxidation or reduction of the ferrocene units
located at the end of each aliphatic chain. Whereas reduced BFDMA
forms submicrometer vesicles in aqueous media, electrochemical
oxidation of reduced BFDMA leads to the formation of smaller,
micellar aggregates.7,8

The structure of BFDMA is similar to the structure of dimeth-
yldioctadecylammonium bromide and other cationic lipids used
conventionally for the delivery of DNA to cells.1,10We hypothesized
that the redox behavior of BFDMA could be used to influence the
nature of the interactions of this lipid with DNA and, consequently,
the ability of BFDMA/DNA aggregates to transfect cells.

We used cyclic voltammetry to oxidize and reduce the ferrocenyl
groups in BFDMA in aqueous Li2SO4 solutions (pH) 5.5) and
cell culture medium (OptiMEM, pH) 7.4). The peak anodic and

cathodic currents in aqueous Li2SO4 were recorded at potentials of
440 and 240 mV, respectively, versus a Ag/AgCl reference electrode
(1 mM BFDMA, 1 mM Li2SO4, at 25°C, with an applied potential
swept linearly at 30 mV/s). Solutions of completely oxidized
BFDMA were prepared by bulk electrolysis using potentials greater
than 440 mV. The yellow color characteristic of an aqueous solution
of reduced BFDMA changed to bright blue upon oxidation, further
permitting the extent of the electrochemical transformation to be
monitored by UV/vis spectrophotometry. Both oxidized and reduced
BFDMA were measured to be stable upon storage in Li2SO4

solutions and cell culture medium over days, as determined by UV/
vis spectrophotometry.

We conducted transfection experiments with the COS-7 cell line
using BFDMA and a plasmid DNA construct (pEGFP-N1) encoding
enhanced green fluorescent protein (EGFP). Lipoplexes were
prepared using either reduced or oxidized BFDMA. In a typical
experiment, a solution of DNA (600 ng in 25µL of water) was
added to a vortexing solution of 1 mM aqueous Li2SO4 (25 µL)
containing an amount of reduced or oxidized BFDMA sufficient
to give final lipid concentrations of 10, 20, or 40µM when these
formulations were added to cells in 200µL of culture medium.
The lipoplexes were incubated with cells for 4 h, after which time
the culture medium was removed and replaced with fresh medium.
Gene expression was characterized after 48 h by fluorescence
microscopy. Figure 1 shows representative results of an experiment
using 10µM BFDMA. Lipoplexes prepared using reduced BFDMA
mediated high levels of EGFP expression (Figure 1a). By contrast,
experiments using oxidized lipid resulted in few transfected cells
(Figure 1b), similar to background levels observed in control
experiments using naked DNA (no lipid, not shown). These results
reveal striking differences in the levels of gene expression in cells
treated with lipoplexes prepared using reduced BFDMA relative
to those prepared using oxidized BFDMA.

Figure 1c shows the quantitative results of experiments using a
second plasmid construct (pCMV-Luc) encoding firefly luciferase
and either reduced or oxidized BFDMA at lipid concentrations of
10, 20, and 40µM. Inspection of Figure 1c shows that expression
of luciferase using oxidized BFDMA was low and occurred at levels
typical of control experiments using naked DNA (no lipid). In
contrast, levels of transfection measured using reduced BFDMA
were much higher and, at a lipid concentration of 20µM, were
comparable to control experiments using two commercially avail-
able cationic lipids (Lipofectamine 2000 and TransIT-LT1; Figure
1c). Experiments performed using a quantitative calcein/ethidium
homodimer live/dead assay11 demonstrated that lipoplexes formed
using reduced and oxidized BFDMA are not cytotoxic at lipid
concentrations of 10 or 20µM. Cell viability was significantly
reduced at 40µM BFDMA.

We also conducted dynamic light scattering experiments to
determine whether the oxidation state of 10µM BFDMA substan-
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tially influences the interactions of BFDMA with plasmid DNA
(2.4 µg/mL) in a reduced-serum cell culture medium (OptiMEM)
at 37°C. Intensity autocorrelation functions measured at 90° were
found to be strongly dependent on the oxidation state of BFDMA.
Relaxation times measured in the presence of oxidized BFDMA
and DNA were an order of magnitude faster than relaxation times
measured in solutions of reduced BFDMA and DNA, suggesting
the formation of smaller (∼300 nm) lipoplexes in the presence of
oxidized BFDMA as compared to reduced BFDMA (∼1-5 µm).
We caution, however, that past studies of polymer-surfactant
complexes have established that internal dynamics of these ag-
gregates can influence the relaxation times measured by dynamic
light scattering in these solutions, and that unambiguous assignment
of aggregate sizes requires measurements of light scattering at
multiple angles.12,13From the measurements reported here, however,
we do conclude that significant differences exist in the nature of
the interactions between DNA and either reduced or oxidized
BFDMA in cell culture medium. This result supports the hypothesis
that the oxidation state of BFDMA affects transfection via its
influence on the interactions of BFDMA and DNA.

The development of lipids that are pH- or redox-active,2

chemically or enzymatically cleavable,2,14,15or light-sensitive3 has
been an active area of research. Of particular relevance to our
current study is past work on the synthesis and application of redox-
active cationic lipids incorporating disulfide bonds into lipid
structures.2 These past studies have focused largely on the intra-
cellular (e.g., cytosolic) and biological reduction of disulfide bonds
to promote the intracellular release of DNA. In contrast, the

ferrocenyl lipids that we report can be transformed electrochemically
and reversibly between active and inactive states. We note that
reversible, electrochemical control of the redox equilibrium between
thiols and disulfides is not easy to achieve and requires chemically
modified electrodes.16 We also note that ferrocene has been
investigated widely as a redox-active functional group in peptide,
protein, and oligonucleotide constructs,17 and the pharmacological
evaluation of ferrocene-containing therapeutics represents a rapidly
growing field of research.17-19

In summary, we have demonstrated that a ferrocene-containing,
redox-active cationic lipid can be used to promote either high (on)
or very low (off) levels of cell transfection depending on whether
the lipid is prepared in a reduced or oxidized state. These results
suggest the basis of an approach that may lead to a general and
facile method for transforming an inactive lipoplex formulation
(prepared from oxidized BFDMA) to an active form (composed of
reduced BFDMA) through the application of externally applied
electrical potentials. If successfully developed through future studies,
the ability to activate lipoplexes toward transfection electrochemi-
cally and “on demand” could create new opportunities to deliver
DNA in vitro and in vivo with both spatial and temporal control.
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Figure 1. (A and B): Fluorescence microscopy images (10X) showing
relative levels of EGFP expression in COS-7 cells transfected with pEGFP-
N1 and either (A) reduced BFDMA or (B) oxidized BFDMA at a lipid
concentration of 10µM. (C) Results showing relative levels of luciferase
expression in COS-7 cells transfected with pCMV-Luc and either reduced
BFDMA or oxidized BFDMA at lipid concentrations of 10, 20, and 40
µM. Experiments performed in the absence of lipid and two commercially
available cationic lipid formulations are shown for comparison.
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