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ABSTRACT: We report principles for active, user-defined
control over the locations and timing with which DNA is
expressed in cells. Our approach exploits unique properties of a
ferrocenyl cationic lipid that is inactive when oxidized, but
active when chemically reduced. We show that methods that
exert spatial control over the administration of reducing agents
can lead to local activation of lipoplexes and spatial control over
gene expression. The versatility of this approach is demon-
strated using both soluble and solid-phase reducing agents.
These methods provide control over cell transfection, including
methods for remote activation and the patterning of expression
using solid-phase redox agents, that are difficult to achieve
using conventional lipoplexes.
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B INTRODUCTION

Cationic lipids are used widely to deliver DNA to cells.' ™ This
class of materials binds cooperatively to DNA to form compact,
nanostructured “lipoplexes” with sizes and properties that
facilitate transport of DNA across cell membranes. The overall
efficiency with which lipoplexes promote transgene expression
also depends on their ability to overcome several intracellular
barriers to delivery.* Those challenges are often addressed by
designing multifunctional lipids that release DNA or perform
other functions—after internalization by cells—in response to
intracellular stimuli (e.g., changes in pH, redox potential, or the
presence of enzymes) or other external stimuli (e.g., heat, light,
etc.).” ™" A common property of most lipoplexes formed from
cationic lipids, however, is that they are “active” from the time
at which they are first formed and will, thus, start to be
internalized immediately upon presentation to cells. The design
of “inactive” or dormant lipoplexes that can be transformed and
activated on-demand in extracellular environments—at points
in time or space selected by the investigator—has received little
past attention.

Lipoplexes that can be activated by external stimuli in
extracellular environments offer the potential to control the
times at which otherwise quiescent lipoplexes will be
internalized by cells (to achieve temporal control over gene
delivery) or dictate with new degrees of spatial control which
specific sub-populations of cells receive a transgene (by spatial
control over the “activation” of selected sub-populations of
lipoplexes) — without requiring that the lipoplexes themselves
be administered in a spatially or temporally resolved manner.
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The development of principles that permit such control would
constitute a significant fundamental advance and would also be
useful in a broad range of applications, including (i) generation
of transfected cell arrays to screen for protein—protein and
protein—drug interactions,'> (ii) provision of new tools for
tissue engineering'® and developmental biology'* studies, and
(iii) new approaches to the remote activation of lipoplexes and
the directed delivery of DNA to sub-populations of cells in
ways that are difficult (or, in some cases, impossible) using
conventional “active” lipoplexes. We note that other approaches
to spatiotemporal control over the delivery of lipoplexes have
been rep01‘ted.12’15_17 As mentioned above, however, those
methods are based on the use of lipoplexes that are introduced
into a system in an already active state and thus require the use
of additional (and sometimes complex) methods to distribute
or physically pattern them to exert control over transgene
expression.

Here, we report principles for spatial and temporal control
over transgene expression in cells using lipoplexes prepared
from a cationic lipid containing two redox-active ferrocene
groups (bis-11-ferrocenylundecyldimethylammonium bromide;
BEDMA, Scheme 1A)."® The ferrocene groups in BEDMA can
be cycled reversibly between reduced (no net charge) and
oxidized (a charge of +1 per ferrocenium ion) states. Past
studies demonstrate that the oxidation state of BFDMA
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Scheme 1. (A) Structure of BFDMA, a Redox-Active
Ferrocenyl Lipid; (B—C) Schematic Illustration
Demonstrating Core Principles: (B) Lipoplexes of Oxidized
BFDMA (gray) are Inactive and Can Be Distributed
Uniformly over Cells without Promoting Transfection, (C)
Controlled Administration of Soluble or Solid-Phase
Reducing Agents Results in Localized Activation of
Lipoplexes (red) and Spatially Controlled Transfection
(green); Adjacent Cells Are Unaffected
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strongly influences the efliciency with which lipoplexes of
BFDMA and DNA are internalized by cells.'"”*° Specifically,
lipoplexes of oxidized BEDMA (referred to from here on as
“inactive lipoplexes”) are not internalized significantly by cells
and, thus, promote negligible levels of transfection.”"** These
same lipoplexes, when transformed to contain reduced BEDMA
are internalized readily by cells and promote high levels of

. 1920
transfection. ™

These differences in activity correlate to
substantial differences in both the nanostructures and the -
potentials of these lipoplexes as a function of the oxidation state
of ferrocene;>*** the addition of biologically compatible
oxidizing® and reducing agents'>*® can be used to affect
these changes.

In this work, we demonstrate that the unique redox
properties of BFDMA can be exploited to exert active, external,
and user-defined control over the locations and the timing with
which DNA is internalized by and expressed in cultures of cells.
These methods are based on the controlled administration of
chemical activating agents to sub-populations of uniformly
dispersed ‘inactive’ lipoplexes (Scheme 1B—C). This approach
thus provides methods for control over transgene expression in
cells — including new methods for remote chemical activation
and the patterning of expression using solid-phase redox agents
— that cannot be achieved using methods that require the
delivery or patterning of active lipoplexes.
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Bl RESULTS AND DISCUSSION

We performed a series of initial experiments to demonstrate
that the spatially controlled introduction of chemical reducing
agents in a system containing cells and uniformly dispersed,
inactive lipoplexes of oxidized BEDMA could lead to localized
activation and spatial control over patterns of transgene
expression in cells. For these experiments, we used the non-
toxic small-molecule reducing agent ascorbic acid (AA) to
activate®® and pattern expression in a small, circular sub-
population of cells in a larger 2D culture. In all studies
described below, we used lipoplexes of BEDMA and plasmid
DNA encoding enhanced green fluorescent protein (EGFP)
prepared at oxidized BFDMA/DNA charge ratios of 4.2:1%°
and a total lipid concentration of 30 #M. BFDMA can be used
to control transfection in a range of cell types;*® COS-7 cells
were used here to demonstrate proof of concept.

In a first series of experiments, lipoplexes of oxidized
BFDMA were introduced as a uniform dispersion above cells
growing on the bottom of a culture dish. A hollow cylinder
(Figure 1A, blue circle) was subsequently placed in the middle
of the well and positioned against the bottom to isolate a small,
circular sub-population of cells (Figure 1A). A solution of AA
was then added to the lipoplex-containing medium confined
within the cylinder; the cylinder was removed after 1 h, and
cells were then washed and covered with fresh medium. Figure
1B is a composite of fluorescence micrographs, acquired 48 h
after the initial addition of AA, showing an area of the culture
well corresponding to the dotted square in Figure 1A. The
dotted circle shows the location of the cylinder used to confine
administration of AA, and reveals EGFP to be localized in the
sub-population of cells contained in that region. Figure 1D
shows a line intensity profile of EGFP fluorescence in cells
distributed along the dotted line in Figure 1B.

The results of this experiment demonstrate that localized
treatment with AA leads to localized activation of lipoplexes
and, more importantly, that cells in other regions of the system
(which were exposed to a uniform dispersion of lipoplexes of
oxidized BFDMA during this experiment) do not exhibit high
levels of EGFP expression. We note that the essential principle
demonstrated here—Ilocalized delivery of chemical activating
agents to otherwise quiescent and broadly dispersed lipo-
plexes—provides means of achieving spatial control over
transgene expression that do not require methods for
controlled placement of lipoplexes. In addition, because
lipoplexes of oxidized BFDMA can be incubated with cells
without promoting internalization or transgene expression,
manipulation of the time at which AA is added can be used to
exert control over the timing with which transfection is initiated
(see Figure S1 in the Supporting Information).

This small-molecule approach to chemical activation can be
used to promote and control transgene expression in other
ways that are difficult or impossible to achieve using methods
that require the local or patterned delivery of lipoplexes. The
large sizes and charges of lipoplexes and other nanoparticles, for
example, can place limits on the efficiency with which they are
transported through complex media to desired locations (e.g,,
due to hindered diffusion through nanoscopic pores of
extracellular matrices, mucus layers, or gels and materials
used in many biotechnology applications).”**” In contrast,
small molecules such as AA can diffuse freely or be transported
under active control through environments that lipoplexes
cannot pass. We hypothesized that these differences in
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Figure 1. (A) Top-down view of a cell culture well containing inactive lipoplexes of oxidized BEDMA and a hollow cylinder (blue) used to localize
delivery of AA (see text). (B) Composite of fluorescence micrographs showing the area of the culture well delineated by the dotted square in A; the
dotted circle shows the location of the cylinder shown in A. (C) Magnified view of the circled area in B. (D) Line intensity profile of EGFP
fluorescence measured along the dotted line shown in B. (E) Top: picture of a culture well with a porous membrane fixed in place (using a syringe
needle) above lipoplex-containing culture medium; also shown is a small droplet of AA (center) added to the surface of the membrane (see text).
Bottom: schematic showing a side view of the setup in the top image. (F) Fluorescence micrographs showing the area of the culture well delineated
by the dotted square in E. (G) Magnified view of the circled area in F. (H) Line intensity profile of EGFP fluorescence measured along the dotted

line shown in F.

transport properties could be exploited to develop approaches
to remote activation and patterning of gene expression in cells.

To develop these principles and evaluate the potential of this
approach, we used a simple system to isolate cells beneath
nanoporous membranes with pores (~25 nm) small enough to
prevent the passive diffusion of lipoplexes. Placement of
solutions containing lipoplexes formed using either reduced
BFDMA or a commercially available cationic lipid (Lipofect-
amine) on top of these membranes did not result in observable
expression of EGFP in cells located beneath the membranes
(see Figure S2 in the Supporting Information). We then placed
small droplets of solutions of AA (radius = 2 mm) at defined
positions on top of membranes positioned above cells bathed in
uniform dispersions of lipoplexes of oxidized BFDMA (Figure
1E). This resulted in localized expression of EGFP in small sub-
populations of cells residing in locations beneath those of the
droplets (Figure 1F—H), indicating that these chemical
methods can be used to activate transfection remotely via
passive diffusion of AA through the membrane. We used a
commercial membrane in these experiments to demonstrate
proof of concept; however, the principles developed are
applicable to the use of gel overlays and other chemically and
physically complex media used to contain, immobilize, or
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sequester cells and lipoplexes. As noted above, these methods
can also be used, in combination with strategies for time-
controlled addition of AA, to achieve spatiotemporal control
over the remote activation of transfection (see Figure S1 in the
Supporting Information).

In a separate series of studies, we performed experiments
using chemical reducing agents immobilized on solid supports
(e.g., on polymer microparticles). Methods for the solid-phase
chemical activation of DNA lipoplexes are, to our knowledge,
without precedent, and offer several practical advantages
because polymer beads can be added, removed, clustered, and
manipulated in cell culture environments using a variety of
methods (e.g, physical placement, sedimentation, electro-
magnetic focusing, etc.) that cannot be used to localize or
sequester soluble reducing agents. Although past studies have
used immobilization of lipoplexes on solid particles to enhance
transfection,'>*® we are not aware of methods that exploit
immobilized agents to activate transfection in systems that
contain uniform dispersions of lipoplexes.

Whereas past studies provide a framework from which to
understand the chemical reduction of oxidized BFDMA
lipoplexes (and its influence on properties that influence

transfection) using soluble agents,lg’20 it was not obvious at the
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outset of this work that reducing agents immobilized on solid
phase beads would be able to reduce oxidized BFDMA or affect
the types of physicochemical transformations of lipoplexes (e.g.,
changes in nanostructure or {-potential) that lead to changes in
biological behavior. We therefore performed a series of
experiments using commercial agarose beads (~50—170 pm)
containing covalently immobilized tris(2-carboxyethyl)-
phosphine (TCEP). TCEP is widely used to reduce disulfide
bonds in biological applications,” and characterization using
UV/vis spectrophotometry demonstrated that a 10-fold molar
excess of immobilized TCEP could reduce oxidized BEDMA
lipoplexes in cell culture media rapidly and completely (in ~5
min; see Figure S3 in the Supporting Information). In addition,
biophysical characterization revealed the (-potentials of
oxidized BFDMA lipoplexes (—25 + 1 mV) to become
significantly less negative (—14 + 2 mV) after treatment (Table
1). These results are consistent with those obtained after
reduction of BFDMA in lipoplexes using soluble AA (Table 1)

Table 1. Zeta Potentials of Lipoplexes Before and After
Reduction”

lipoplex sample ¢ potential (mV)

DNA/BFDMA oy -25+ 1
DNA/BFDMAy + AA -8+ 1
DNA/BFDMA,y + TCEP beads —14+2

“Lipoplexes were prepared in aqueous Li,SO, and diluted in culture
medium to a BEDMA concentration of 30 yM. Oxidized BEDMA/
DNA charge ratios were fixed at 4.2:1. Lipoplexes were then treated
with a 10-fold molar excess of AA or TCEP-immobilized polymer
beads.

and, more broadly, with the results of other past studies
demonstrating that lipoplexes of reduced BFDMA exhibit (-
potentials that are more positive than those containing oxidized
BFDMA (an outcome we attribute to large differences in the
amphiphilicity of these two species; interactions of DNA with
oxidized BFDMA likely lead to more loosely structured
complexes with an excess of negative charge arising from the
presence of DNA in the outer regions of the aggregate).”*>* As
discussed above, past studies demonstrate that increases in the
{-potentials of these BFDMA lipoplexes after chemical
reduction result in lipoplexes that are readily internalized by
cells."*?°

The beads used in our studies were sufficiently dense that
they sedimented readily in culture media and could thus be
used as liquid suspensions (or “inks”) to deposit clusters of
beads on cells without substantially influencing viability. Figure
2A—F shows the results of an experiment in which defined
clusters of TCEP-immobilized beads were deposited manually
in circular patterns via pipet in a culture dish containing cells
bathed in a uniform dispersion of oxidized BFDMA lipoplexes.
These clusters of beads were allowed to incubate for 1 h and
were then removed by washing; the cells were then incubated
for an additional 48 h (in the absence of beads or lipoplexes)
before imaging by fluorescence microscopy.

The results in Figure 2A—F reveal that the placement of
TCEP-immobilized solid-phase beads can be used to activate
localized transgene expression in cells. We observed significant
levels of EGFP expression in cells located in areas in which
beads were deposited, and very low/negligible levels of
expression in cells located in other lipoplex-treated regions.
The images in Figure 2A—F (and additional experiments shown
in Figure S4 in the Supporting Information) reveal the majority
of EGFP expression to occur in cells located underneath or

Figure 2. Spatial control over the activation of lipoplexes using immobilized TCEP. (A, C, E) Phase contrast and (B, D, F) fluorescence micrographs
showing different-sized clusters of TCEP-immobilized beads deposited in circular patterns in a culture dish containing cells and a uniform dispersion
of oxidized BFDMA lipoplexes. Beads were allowed to sit for 1 h before removal; cells were then incubated for 48 h before imaging by fluorescence
microscopy. (G) phase contrast and (H) fluorescence micrographs showing patterns of EGFP expression in cells created by manual writing with a

suspension of TCEP-immobilized beads.
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immediately adjacent to the beads. Control experiments using
otherwise identical beads that did not contain TCEP did not
result in significant levels of transfection (see Figure S4 in the
Supporting Information). This result suggests that the localized
expression shown in Figure 2B, D, and F was the result of
localized reduction of BFDMA by immobilized TCEP, and that
it did not result from the presence of the beads themselves (the
average size of these beads reduces the likelihood of
internalization of physically adsorbed lipoplexes by the
fibroblast cells used here).

This solid-phase approach permitted the transfer or direct
“writing” of other user-defined patterns of beads to produce
patterns of transfected cells with other arbitrarily designed (but
well-defined) shapes. Figure 2H shows patterns of EGFP
expression in confluent monolayers of cells induced by manual
writing (via pipet) with a culture media suspension of TCEP-
immobilized beads (the location of the pattern of beads initially
placed in this experiment is shown in Figure 2G). The widths
of the patterns of transfected cells in Figure 2H is ~2 mm, a
resolution dictated in part by the manual nature of the bead
deposition methods used here. However, images E and F in
Figure 2 show that sub-populations of transfected cells with
teature sizes of ~500 um can be patterned by the deposition of
smaller numbers of beads (e.g., using clusters of as few as ~40
beads). When combined with routine methods for the macro/
microscale manipulation of polymer beads (including methods
for the remote positioning of magnetic beads, etc.) we
anticipate that it will be possible to fabricate higher-fidelity
and smaller-scale sub-populations of transfected features using
this approach. Because solid-phase beads can be easily and
quantitatively removed when they are no longer needed, these
methods could also form the basis of iterative activation
processes to create more complex patterns of expression (e.g.,
to create spatially adjacent sub-populations of cells expressing
different transgenes, etc.) that are difficult to achieve with
spatiotemporal control using conventional methods for the
patterning of active lipoplexes.

In conclusion, we have demonstrated that the localized and
extracellular activation of lipoplexes of oxidized BEDMA can
provide a practical approach to exert spatial and temporal
control over transgene expression in cultures of cells. In
contrast to lipoplex-based delivery systems that are already
active when first introduced into a system (and that must
therefore be placed or moved into specific locations to achieve
spatial control of delivery), lipoplexes of oxidized BFDMA can
be administered uniformly using a variety of methods without
promoting internalization by cells. Localized introduction of
chemical reducing agents thus triggers localized activation of
lipoplexes and, subsequently, localized expression in defined
sub-populations of cells at points in time and space that can be
dictated by the investigator. The versatility of this approach was
demonstrated by the use of both soluble (ascorbic acid) and
solid-phase (TCEP) reducing agents to exert control of gene
delivery in contexts that are difficult or impossible to achieve
using conventional lipoplexes. These approaches address
practical issues associated with the patterning or delivery of
lipoplexes and introduce new principles for chemical trans-
formation, remote activation, and patterning using solid-phase
methods that could be useful in a range of biotechnical
contexts.
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B EXPERIMENTAL SECTION

A detailed description of experimental procedures can be found in the
Supporting Information.

B ASSOCIATED CONTENT
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Details of experimental procedures and additional character-
ization and control experiments. This material is available free
of charge via the Internet at http://pubs.acs.org.
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