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Magnetofection: Magnetically Assisted & Targeted
Nucleic Acids Delivery

By: Cédric Sapet, PhD; Loic Le Gourrierec, PhD; Ulrike Schillinger, PhD; Olga Mykhaylyk, PhD; Séverine Augier,
Christian Plank, PhD; and Olivier Zelphati, PhD

The idea to treat genetic or acquired diseases by delivering the appropriate nucleic acids into cells to
requlate the dysfunction, the lack, or the mutation of genes brings new perspectives for the medicine of
tomorrow. However, even if clinical trials started in the 90s with the success of ADA-SCID treatment and recent
success with gene therapy approaches, there is still a need for finding improved systems for delivering biological
compounds in safe and efficient ways.

Viruses constitute the most developed delivery systems and are the tools of choice in more than 70% of
clinical trials.? They naturally own intrinsic properties to evade the reticuloendothelial system, bind specific cells,
and deliver their genetic material into the nucleus. But the packaging capacity is relatively restricted for some
viral species, and large-scale production has limitations. Furthermore, the immune response and the random
integration of some viral species into the host genome often lead to non-desired effects.

The non-viral approach comprises essentially two categories, namely the use of synthetic chemical
compounds for delivering nucleic acids and physical systems. The latter including electroporation, sonoporation,
and laser irradiation, have been widely used.’ Even though electroporation can be quite toxic when applied in cell
culture, it is the most frequently used and efficient physical gene delivery system yielding positive results also in
vivo (muscle, liver, tumors). The synthetic vectors commonly used for in vitro nucleic acid delivery are cationic
lipids and polymers, which form complexes with nucleic acids called lipo- or polyplexes. These synthetic vectors
are designed to optimize DNA complexation/condensation, specific binding, membrane fusion, endosomal release,
or nuclear targeting. Although novel efficient in vitro systems for DNA/RNA delivery have been developed, these
chemicals still show in vivo limitations, especially in terms of bioavailability at target sites.

MAGNETOFECTION: PRINCIPLE
& MECHANISMS*®

One of the fundamental barriers to
drug delivery is the poor concentration of
biomolecules at the target cells/tissues due
to insufficient specificity (lack of specific
cell tropism), rapid inactivation, and/or
clearance from target sites. Magnetofection,
which is based on magnetic drug targeting,
can overcome this barrier by using both
advantages of physical methods and
synthetic vectors. Magnetofection is
defined as nucleic acid delivery under the
influence of a magnetic field acting on
nucleic acid vectors that are associated with
magnetic nanoparticles.”

In this way, the magnetic force exerted
upon gene vectors allows for a rapid
concentration of the applied vector dose on
cells/organs and promotes cellular uptake.
This allows decreasing the required process
time of delivery to a few minutes. These
factors are crucial for improvement of in
vitro and in vivo nucleic acid delivery. The
benefits of magnetofection are: (1) it can
potentiate the efficacy of a given vector; (2)
it overcomes the limited diffusion of gene
vectors toward target cells; (3) it reduces
vector inactivation during the delivery
process; (4) it saves time and materials due
to rapid kinetics and favorable dose-
response profiles; (5) it allows localized

delivery by magnetic force and minimized
vector spread to non-target sites.

Formation of Magnetic
Nanoparticles/Nucleic Acids
Vector Complexes’

One advantage of this approach is the
inherent flexibility and universality of the
assembly process. Magnetic nanoparticles
can be used to self-assemble with either
“naked” nucleic acids (DNA, RNA,
oligonucleotides) or lipo- or polyplexes
(nucleic acids already packaged with
transfection reagents) or viruses. Magnetic
particles commonly used are iron oxide
crystallites with around a 10-nm core size
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coated with polycations or polyanions. In
aqueous media, they have hydrodynamic
diameters of 100 to 250 nm, which is
compatible with cellular uptake and
intracellular processing. The association with
gene vectors (nucleic acids, lipoplexes, and
virus) is mainly achieved by salt-induced
aggregation and electrostatic interactions. In
some circumstances, formation of complexes
can be due to hydrophobic and Van der Waals
interactions,

Concentration of Magnetic
Vectors Onto the Target
Cells/Tissues

The aforementioned formed complexes are
then concentrated on cells/tissues by the
influence of an external magnetic field generated
by specific permanent electromagnets. Particles
used in magnetofection are in general terms
magnetically responsive solid phases that
become magnetized in an external magnetic
field but lose this magnetization when the field
is removed. This is a feature of
superparamagnetism. The particles, together with
their payload, will migrate toward the highest
density of magnetic field lines (inhomogeneous
gradient magnetic field). The pattern of assembly
depends on the geometry of the source.
Regardless, the magnetic force acting on such
particles in a liquid suspension is proportional to
the particle size, the magnetic flux density, and
the magnetic field gradient.

Cellular Uptake & Nucleic Acids
Cytoplasmic Release’

Once concentrated onto cells/tissues, the
cellular uptake of the nucleic acids is
accomplished by two natural biological
processes: endocytosis (clathrin-coated or
caveolac) and/or macropinocytosis, depending on
the cells. According to recent findings, magnetic
field influence does not pull the particles directly
across the plasma membrane.” Consequently,
membrane architecture and structure stay intact in
contrast to other physical methods. The nucleic
acids are then released into cells by difterent

In vivo magnetofection as a treatment for feline fibrosarcoma with GM-CSF plasmid. After
intratumoral injection of the plasmid-attached-nanoparticles (A), a magnetic field is applied
directly onto the tumor for magnetic guidance of the magnetic beads-associated plasmid (B).
Tumor biopsy (C) reveals a restricted targeting of the magnetic nanoparticles stained in blue. In
(D), a magnification of the square zone in (C) confirms the efficiency of the delivery by cellular
staining (image from Schillinger et al¥).

mechanisms, depending upon the nanoparticle
formulations used. Mechanisms that can be
exploited include the “proton sponge effect”
caused by the coated cationic polymers present in
vector formulations (promoting osmotic swelling
and disruption of the endosomal membrane) or
endosome destabilization by cationic lipids
present in the formulation that release the nucleic
acid into cells by a flip-flop of cell negative lipids
and charged neutralization. In magnetofection
with viral vectors, the intrinsic biological
properties underlying viral infectivity are
exploited for delivery.

MAGNETOFECTION EFFICIENCY
IN VITRO

A major achievement of magnetofection
is the demonstration of the powerful in vitro
cfficacy for viral and non-viral delivery,

especially for primary cells. Many reports
have demonstrated the magnetofection
potential for delivering DNA, siRNA, and
oligonucleotides in vitro as well as for
enhancing viral infectivity and transfection
reagents efficiency.

Muagnetofection to Control,
Promote & Enhance Viral
Transduction

The viral approach challenge would be
avoiding potential side cffects by systemic
spread of delivery while maintaining or
enhancing the action threshold and thus
enlarging the therapeutic windows at a target
site. It has been shown that coated magnetic
nanoparticles can efficiently capture viral
particles in suspension." Furthermore, when
this “viral magnetic system” is used in vitro,
transgene expression is significantly higher in
comparison to virus alone, especially when
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infected neurons in the focal area.

In vivo GFP-lentivirus targeting mediated by ViroMag in the brains of rat embryos. Brain sections at 8
days after lateral ventricular injection of 10° particles of GFP-lentivirus into in utero rat embryos
(E16) showed a diffuse GFP expression (anti-GFP antibodies in green) due to a widespread infection
of neurons (A). The association of GFP-lentivirus with ViroMag (0z Biosciences) induced a targeted
local area as shown by the GFP expression in neurons lying under a magnet at the surface of the
embryo skull (B). A more intense and restricted GFP-expression (C) was also observed when the
magnet was positioned on the edge of the brain leading to an accumulation of viral particles and

lower virus titers are used.” This is a real
benefit particularly for retroviruses, which are
known to be difficult for achieving high viral
titers. Infectivity enhancement was
demonstrated in several models especially with
primary T cells." Magnetofection allowed cells
to be synchronously infected after the
magnetization of viral particles,
Synchronization is the key point when
studying kinetics of viral infection as shown by
Sacha et al. They demonstrated that early
presentation of incoming virion-derived Gag
epitopes was maximal at 6 hrs post-infection,
while Gag epitopes presentation due to de
novo synthesis occurred between 18 and 24
hrs. They also showed that penetration of
virion-associated proteins into cytoplasm was
sufficient to generate CD8+ T cell epitopes
early after infection.” The use of magnetic
nanoparticles also enhanced the effectivencss
of cell fusion as demonstrated with the vector
hemaggluting virus of Japan envelope.”™
Efficient lentiviral-mediated transduction of
airway epithelial cells is hampered by
extracellular barriers and local confinement of
viruses on the cell surface. Magnetofection
increased infectivity as compared with virus

alone in polarized bronchial cells and greatly
enhanced transduction in “domes” (cells
forming hemicysts containing fluid), which are
resistant to lentiviral transduction.” Finally, it
has also been demonstrated that
magnetofection could enlarge the viral tropism
by changing the receptor-dependent
internalization mechanism to a simple cationic
magnetic nanoparticle-mediated cell binding
allowing transduction of non-permissive cells
(particularly beneficial for adenovirus).”

Magnetofection for Transfecting
Plasmid DNA

Magnetofection is a very effective way of
transfecting plasmid DNA into a variety of
primary cells. Indeed, primary mouse gastric
gland epithelial, human umbilical vein
endothelial cells, neurons, myoblasts,
chondrocytes, and mouse embryonic stem cells
have been successfully transfected.'™*' For
instance, in mature cultured neurons,
magnetofection contributed to demonstrating
the role of Debrin A in modulating
glutamatergic and GABAergic synaptic
activities.” A specific and detailed

magnetofection protocol for cDNA and

shRNA vectors transfection in hippocampal

neurons cultured from several hours to 21 days
in vitro has been published.” It also allows
double-transfection and long-lasting DNA and
shRNA constructs expression without
interfering with neuronal differentiation.
Because mature neurons are more sensitive to
commercial lipid reagents exposure than
immature neurons, the lipid exposure time for
transfection (toxic for the neurons) can be
reduced by magnetofection. Thus, Sbai et al,
have associated a lipid reagent and magnetic
particles for DNA transfection to point out the
vesicular trafficking and secretion of MMP-2,
-9, and TIMP-1 in neuronal cells.” Almost all
kinds of neurons can be targeted via
magnetofection; neurons from cerebellar
granule, cortex, and dorsal root ganglions have

also been successfully transfected.”*”

Magnetofection for Delivering
SiRNA

Magnetofection is a powerful method for
gene silencing. McCaig et al have used
magnetofection to deliver siRNA in primary
human gastric myofibroblasts and deciphered
the role of MMP-7 in redefining the gastric
environment in response to bacteria.” This
method of gene silencing is a valuable tool
when dealing with primary endothelial cells
and cell lines. For instance, siRNA delivery
mediated by magnetofection in HUVEC
contributed to demonstrate the critical role of a
transcription factor in angiogenesis.” In the
same way, magnetofection induced gene
knockdown by siRNA in HMEC-1 allowed
researchers to figure out the implication of
ROCK-IT in the formation of microparticles.®
Comprehensive reviews of siRNA
magnetofection have been published
recently.**

Magnetofection for Delivering
Oligonucleotides

Magnetofection is also suitable for the
delivery of antisense oligonucleotides.” The
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nanoparticles can then be concentrated by an Phase I clinical trial 1evealed feGM CSF gene  DCX gene led to DCX-/- mice and resulted in
appropriate magnetic field source. A variety delivery by magnetofection to be a well a morphologically relevant cortical band

of animal studies have demonstrated the tolerated, feasible, and a promising heterotopia.* Magnetic nanoparticles

efficacy of the technique; however, only a neoadjuvant treatment in cats with associated with lentivirus have been used to
handful of Phase I/II clinical trials have taken  fibrosarcomas. These findings are only a step ~ concentrate and target viral transduction in
place.’* In 1983, Widder et al demonstrated toward a more complete monitoring of the the brain. Preliminary results showed a

the targeting of doxorubicin to tumors transfected therapeutic gene expression and significant enhancement of gene expression
implanted in rat tails.” Total remission was its consequences. Magnetofection was used to  compared with standard infection and most
achieved in the magnetically targeted group control the localization of gene transfer, thus importantly a magnetic targeting (Figure 2). A
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