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to be delivered into cells which can be a challenging task in many respects. During the last decade, nanomag-
netic methods for delivering and targeting nucleic acids have been developed, methods which are often re-

ﬁigiii?ection ferred to as magnetofection. In this review we summarize the progress and achievements in this field of
Magnetic nanoparticles research. We discuss magnetic formulations of vectors for nucleic acid delivery and their characterization,
Gene therapy mechanisms of magnetofection, and the application of magnetofection in viral and nonviral nucleic acid de-
Gene delivery livery in cell culture and in animal models. We summarize results that have been obtained with using mag-
Nucleic acid therapy netofection in basic research and in preclinical animal models. Finally, we describe some of our recent work
Nucleic acid delivery and end with some conclusions and perspectives.

Magpnetic targeting © 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Gene and nucleic acid therapies and numerous research applica-
tions rely on the introduction of nucleic acids into cells. There, the in-
formation comprised in the sequence of their building blocks can be
exploited for the over-expression of a desired protein, for the down-
regulation of endogenous gene expression, for bypassing or even
repairing endogenous genetic defects or for activating the innate im-
mune system. Very substantial progress has been made with estab-
lishing and optimizing delivery systems for nucleic acids. After
almost 50 years of research and development, dating back to the
first uses of nucleic acid delivery in virology research [1,2] and the
first visionary concepts of gene therapy [3], nucleic acid therapies
begin to live up to expectations [4]. Since the first gene therapy clin-
ical trial in 1990, more than 1600 clinical trials have been conducted
[5]. Convincing therapeutic success in human clinical trials has been
achieved during recent years.

Still, the field is in its infancy and nucleic acid therapies are far
from being broadly applicable. There are two major limitations. One
is our incomplete knowledge of what is going on inside cells on a mo-
lecular level. We do not understand sufficiently well the processes
which govern nucleic acid uptake, their intracellular interactions, in-
tracellular trafficking and the regulation of nucleic acid action inside
cells. The other limitation, in part being a result of the first one, is
the availability of efficient, affordable and safe shuttles for nucleic
acid delivery (so-called vectors) and of localizing their action to tar-
get cells.

Efficiency can be defined as the number of effector molecules or
their concentration which is required to yield a desired effect. If the
transport of an active ingredient to the target structure which it is
intended to interact with becomes a limiting factor, then the predic-
tion holds that any measure that supports/improves such transport
will improve the efficiency of the active ingredient. This is the essen-
tial paradigm of magnetic drug targeting which dates back to the
1970s. Active ingredients are associated with magnetic particles and
are concentrated at a target site by magnetic force. Transport to the
target cells is a limiting factor in nucleic acid delivery [6], at least in
vivo. First ideas of exploiting the principle of magnetic targeting in
nucleic acid delivery appeared in the patent literature in 1996 [7]
and 1998 [8], however with little experimental evidence.

During the last decade, several research groups have implemented
and optimized the concept of magnetic drug targeting in nucleic acid
delivery. The first accounts in the scientific literature have been con-
ference abstracts by Mah [9] and from our group [10] in the year
2000. At that time, we have coined the acronym magnetofection
which since then has been widely used as a generic term for magnet-
ically guided and enhanced nucleic acid delivery in the scientific liter-
ature. We have defined magnetofection as nucleic acid delivery under
the influence of a magnetic field acting on nucleic acid vectors that
are associated with magnetic (nano)particles (Fig. 1) [11,12]. For sim-
plicity, we will use this term throughout this review for nucleic acid
delivery methods discussed herein which are based on this principle.
The first full paper in this field accepted for publication in a scientific
journal was from Hughes and coworkers on magnetically enhanced
retroviral nucleic acid delivery [13] followed later by our own work
on nonviral and viral magnetofection [14], Pandori's paper on the en-
hanced infectivity of adenovirus-microbead conjugates and Mah's
paper on magnetically enhanced AAV vector-mediated gene delivery
[15]. Further publications ensued in 2003, including a first paper on
the mechanism of magnetofection [16], a paper on magnetically en-
hanced oligonucleotide delivery in vitro and in vivo [17], on magneto-
fection of primary endothelial cells [18] and three review papers
summarizing the state of the art at that time [12,19,20].

The essential framework of magnetofection had been set. The major
benefits of magnetofection are an improvement of the dose-response
relationship in nucleic acid delivery, a strong improvement of the

@

Viral and non-viral
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with magnetic
nanoparticles
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Fig. 1. Principle of magnetofection: viral or non-viral gene delivery vectors are associ-
ated with magnetic nanoparticles. Magnetic force directs vectors towards target cells
resulting in rapid and highly efficient nucleic acid delivery.

kinetics of the delivery process and the possibility to localize nucleic
acid delivery to an area which is under magnetic field influence. Since
the early days of magnetofection, major progress has been made. It is
the intention of this review, to summarize this progress and to conclude
with a perspective for the coming years.

2. Some statistics

Magnetofection reagents are commercially available which con-
tributes to an exponentially increasing number of papers in the
field. A search as defined in Fig. 2 in ISI Web of Science delivers 328
hits, the same search in PubMed delivers 144 hits. Combining the
two searches results in 374 publications. Not all of these papers are
in the field of nucleic acid delivery. But the search delivers a useful
summary of the field of interest and related fields where magnetic
particles play an important role, i.e. drug delivery, medical imaging,
magnetic cell labeling and cell tracking and magnetic separation tech-
niques. 61% of the publications were original articles, 27% were re-
views, and 11.3% were proceedings papers, conference abstracts and
editorials. From the United States are 32.6% of the publications,
23.3% are from Germany and 12.8% from China. The contributions
from China are on a sharp rise year after year. The most cited original
article in the field of nucleic acid delivery among all combined ISI and
PubMed hits is the original magnetofection article from Scherer et al.
[14], the most cited reviews in the field are from Berry et al. on the
functionalization of magnetic nanoparticles for biomedicine [21] and
from Moghimi et al. on the status of nanomedicine [22]. Many excellent
reviews related to the field have appeared recently, and the reader will
be referred to these reviews where appropriate. The top 3 cited articles
in the field published during the last 5 years are Medarova's paper on
in vivo imaging of siRNA delivery and gene silencing in tumors [23],
Kim's paper on the toxicity of magnetic nanoparticles in mice [24]
and Yu's paper on drug-loaded superparamagnetic iron oxide nanopar-
ticles for combined cancer imaging and therapy [25].

3. Magnetic nanoparticle formulations for gene delivery

There is a broad variety of synthetic options for obtaining magnetic
nanoparticles for biomedical applications. Only a few of those options
have been explored for nucleic acid delivery purposes so far. A detailed
review of the properties and synthesis of iron oxide nanoparticles is out
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Fig. 2. Results of the search in the ISI Web of Science web site as defined in the figure.

of the scope of this article. Excellent reviews of this topic have been pub-
lished recently [26-34].

To be useful in magnetofection, magnetic particles need to com-
prise some functionality that allows them to be associated with a
gene delivery vector into a magnetic vector. The vector can be nucleic
acid either alone or in combination with an enhancer (nonviral lipo-
plex or polyplex) or viral vector. The magnetic properties of the par-
ticles have to be sufficient to concentrate the vector at the target cells
under magnetic force. The particles' chemical and colloidal stability in
the acceptable medium must be sufficient to be stored over required
periods. The particles and formulations have to be biocompatible
enough for application in living cells.

3.1. Assembling of virus and magnetic particles due to specific
ligand-ligand interactions

The first magnetic vector for viral gene delivery was prepared by
Mah et al. [9]. Avidinylated polystyrene magnetite microspheres were
modified with biotinylated heparin sulfate and further conjugated
with adeno-associated virus via specific interaction [9,15] according to
the scheme in Fig. 3a. The magnetic conjugate demonstrated signifi-
cantly improved infectivity both in vitro and in vivo when administered
either intramuscularly or intravenously and allowed localized transduc-
tion at the site of magnetic field application in vitro.

Since these first publications, numerous studies utilize affine interac-
tions to assemble virus with magnetic micro- and nanoparticles, espe-
cially using (strept)avidin and biotin technology [35] that has proved
to be a versatile tool for purification, concentration and targeting of
viral vectors [13,36-38]. Biotin can be coupled to the virus surface
and (strept)avidin to the surface of magnetic particles or streptavidin-
modified viral particles are captured by biotinylated magnetic particles.
Virus modifications can be achieved chemically, metabolically or genet-
ically. (Strept)avidin-coated magnetic particles are commercially avail-
able such as for example, Streptavidin MagneSphere particles
(Promega), Dynabeads MyOne C1 and Dynabeads M-280 Streptavidin
coated magnetic Particles (Dynal) as well as biotinylated particles
(Spherotech) and others. This versatile approach was used to isolate
and concentrate the virus from crude extracts, to enhance transduction
efficiency and to achieve localized infection in vitro and in vivo. Associa-
tion of a biotin-labeled retrovirus with streptavidin MagneSpheres 1-um
(Promega Z5482) was used to concentrate the vectors to receive “infec-
tious, paramagnetic, retroviral vector particles” [13]. It was shown that
the produced retroviral conjugates can then be magnetically attracted
to the desired location for infection. Adenovirus particles treated with
sulfo-NHS-LC-biotin were conjugated with streptavidin coated magnet-
ic microparticles (Promega) and displayed greater infectivity, particular-
ly on poorly permissive cells controlled spatially by the use of magnetic
force [39]. Association of avidin displaying baculovirus with biotinylated
1.1 um magnetic microparticles resulted in magnet-guided targeted and

Viral-Induced Nanoassembly

Fig. 3. Assembling of the virus and magnetic particles due to specific ligand-ligand interactions. (a) Schematic model of microsphere-conjugated rAAV. (b) Transmission electron
micrograph of a magnetic particle-adenovirus affinity complex (bar=100 nm). (¢) Diagram of viral-induced nanoassembly of magnetic nanoparticles. Virus-surface-specific anti-
bodies are immobilized on the magnetic nanoparticles to create magnetic viral nanosensors. When exposed to viral particles in solution, clustering of the nanoparticles occurs with

a corresponding change in the MR signal.

Panel (a) was reproduced with permission from the American Society of Gene Therapy: Molecular Therapy [9]; panel (b) was reproduced with permission from ACS Publications:
Molecular Pharmaceutics [41] and panel (c) was reproduced with permission from ACS Publications: JACS [43].
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improved transduction in BT4C-cells [40]. Capture of a metabolically
biotinylated lentivirus by streptavidin Dynal MyOne 1-um particles
allowed a highly efficient process for the preparation of purified
and concentrated infectious lentiviral vectors [36]. Vector conjugation
to these dense particles resulted in unexpectedly large increases in
titer, “presumably by promoting the likelihood of interaction with the
target cell” [36] even in the absence of the magnetic field.

Chorny et al. achieved the enhancement of nonviral and adenoviral
gene delivery in cultured arterial smooth muscle cells and endothelial
cells by complexation with biodegradable MNPs [41,42]. Fluorescently
labeled MNP with a narrow size distribution and an average diameter
of 400-420 nm were formulated from polylactide with inclusion of
iron oxide small-sized (below 15 nm) crystallites and surface-modified
with the D1 domain of the Coxsackie and adenovirus receptor (CAR) as
an affinity linker. Each individual MNP was capable of accommodating
several virions on its surface as shown in a TEM image in Fig. 3b. Signif-
icantly increased MNP-Ad mediated transduction compared to the re-
spective “no field” controls was in accordance with the more efficient
cellular uptake under magnetic conditions.

Specific assembling with magnetic nanoparticles was used to de-
velop extremely sensitive methods of detecting virus particles and
other biologic materials of interest exploiting the significant increase
in the MRI relaxivity of the magnetic nanoparticles due to assembling
and resulting magnetic ordering [43,44]. Superparamagnetic iron
oxide particles with a dextran coating (hydrodynamic diameter of
about 46 nm, [45,46]) and immobilized virus-surface-specific anti-
bodies were specifically assembled with virus particles (100
418 nm) [43] as shown in a scheme in Fig. 3c. After 2 h incubation,
the original viral particle population became undetectable and a larg-
er nanoassembly with a size of 550 4+ 30 nm was detected. The assem-
bling resulted in dramatically increased MRI relaxivity and thus
allowed very sensitive detection of viral particles in serum by mea-
surement of changes in water T, relaxation times. The approach was
further developed to detect a variety of species including DNA,
mRNA, proteins, small molecules/drugs, bacteria, and tumor cells.
The method was designated “diagnostic magnetic resonance (DMR)”
by its inventors [44].

3.2. Self-assembling of magnetic vectors due to electrostatic and
hydrophobic interactions

The negatively charged phosphate backbone of nucleic acids as
well as the negative electrokinetic (or zeta-) potential of all types of
viral particles in aqueous media allow their assembling with cationic
species and particles due to electrostatically induced aggregation
[14,47] (scheme in Fig. 4). The hydrophobic regions on the surfaces
of virus particles [48,49] provide adsorption sites that make associa-
tion with lipids through hydrophobic interactions possible [50,51].

Cationic-lipid-encapsulated adenovirus particles showed en-
hanced binding to cell membranes, higher uptake and endosomal es-
cape in CAR-deficient cells [47,52]. Thus, also magnetic nanoparticles
possessing cationic charge and/or comprising hydrophobic structures
in the coating structure can make use of both electrostatic and hydro-
phobic interactions to self-assemble with virus particles into magnet-
ic transduction vectors [53-55].

First magnetic core-shell nanoparticles specially designed for gene
delivery were iron oxide nanoparticles stabilized with high molecular
poly(ethylene imine) 800 kDa called transMAG®™ prepared by chemi-
cell GmbH (Berlin, Germany) [14]. The particles had an average hydro-
dynamic diameter of 200 nm (by dynamic light scattering) and positive
electrokinetic potential of +38.4 4 0.8 mV when measured in aqueous
suspension. We formulated magnetic nonviral and viral vectors with
TransMag™! nanoparticles. The formulations with magnetic nanoparti-
cles alone enhanced transfection and transduction, while application of
a magnetic field raised reporter gene expression levels up to three or-
ders of magnitude over those achieved with non-magnetic vectors

under the same conditions. Magnetic adenovirus complexes under ap-
plied magnetic fields efficiently transduced cells expressing little or no
coxsackie and adenovirus receptor (CAR) which are otherwise non-per-
missive for adenoviral infection. Later on, maghemite nanoparticles
were decorated with PEI and associated with retroviral vector [56] as
well as CombiMag nanoparticles (Chemicell) were associated with
measles virus [57] to concentrate the virus and to increase transduction
efficiency. A protocol on highly efficient transfection of primary neurons
by magnetic vectors formulated with CombiMag nanoparticles is avail-
able [58]. Shi et al. [59] prepared magnetic nanoparticles effective in
magnetofection stabilized with hyperbranched poly(ethylene imines)
with different molecular weights [60]. Formulation of different PEI-
coated superparamagnetic iron oxide nanoparticles and their com-
plexes with DNA for gene transfection as well as detailed characteristics
of the particles are presented in ref. [61]; the toxicity of the magnetic
polyplexes was found to be lower compared to polyplexes alone.

Other polymers and surfactants/lipids, known to be useful in par-
ticle stabilization and/or in gene delivery, were already used to design
new iron oxide nanoparticles for nucleic acid and viral delivery
[56,62-65]. One example is N-acylated chitosan stabilized iron oxide
nanoparticles with an electrokinetic potential of +20 mV and hydro-
dynamic diameter of 50-150 nm when measured in PBS. These parti-
cles self-assembled with DNA and adenoviral particles into complexes
efficient in transfection and transduction of the suspension type K562
cells by magnetofection [66,67]. Chorny et al. [41] formulated biode-
gradable polylactide MNPs containing oleate-coated magnetite and
surface modified with PEI oleate that enable DNA binding. Larger par-
ticles (375 nm in diameter) exhibited higher transfection rates in cul-
tured arterial smooth muscle cells and endothelial cells after
exposure to a magnetic field compared with 185 nm- and 240 nm-
sized MNPs.

Recently [68,69] mesoporous silica particles were decorated with
magnetite nanocrystals by thermal decomposition of iron (IIl) acety-
lacetonate resulting in composite magnetite-silica particles of around
300 nm with an iron oxide content of ca. 20% w/w. Further coating by
poly(ethylene imine) 25 kDa and association with DNA resulted in ef-
fective transfection of H292 human lung mucoepidermoid carcinoma
cells superior to the Polymag™ and Lipofectamine 2000 efficiency.
Wau et al. [70] rendered synthetic hydroxyapatite and natural bone
mineral magnetic by treatment with iron salts in a wet-chemical pro-
cess. The composite magnetic particles, which were about 300 nm in
diameter, associated with DNA and were efficient in the transfection
of rat marrow-derived mesenchymal stem cells.

Formulations comprising the cationic cell-penetrating TAT-pep-
tide [71] or affine molecules for specific targeting [72] allowed further
improvement of the delivery efficiency. Kievit et al. and Mok et al.
reported on the use of chlorotoxin targeted iron oxide nanoparticles
loaded with DNA [73] or siRNA [74] to enhance uptake specifically
into glioma cells in vitro and in vivo. The iron oxide nanoparticles’
coating was formulated from poly(ethylene imine) (average MW of
1.2 kDa), chitosan (medium molecular weight) and methoxy poly
(ethylene glycol) (MW of 2 kDa).

We have selected the “leaders” from our library of in-house syn-
thesized iron oxide nanoparticles for association with the vectors,
which differ in their coating material and which are efficient in
gene delivery by magnetofection with non-viral and viral vectors
(Table 1).

Particles that have a surface coating consisting of the fluorinated
surfactant ZONYL FSA (lithium 3-[2-(perfluoroalkyl)ethylthio] pro-
pionate) combined with 25-kDa branched poly(ethylene imine)
(PEI-25g,) will hereafter be referred to as PEI-Mag2 [11]. The parti-
cles referred to as SO-Mag2 have a surface coating resulting from
the condensation of tetraethyl orthosilicate and 3-(trihydroxysilyl)pro-
pylmethyl-phosphonate at the surface, followed by surface decoration
of the nanomaterial via the spontaneous adsorption of PEI-25g; [75].
The particles synthesized with a surface coating formulated of ZONYL
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Fig. 4. Schematics of the non-viral and viral self-assembling complexes with core-shell magnetic nanoparticles.

FSA and 1,9-nonandithiol will be further referred to as NDT-Mag1. The
particles synthesized in the presence of ZONYL FSA and Pluronic F-127
will be referred to as PL-Magl particles. The PalD1-Mag1 particles
were synthesized as described elsewhere [76] using palmitoyl dextran
as a shell component. The mean core crystallite size<d> was calculat-
ed from the broadening of the X-ray diffraction peaks using the Scher-
rer formula [77]. The mean hydrodynamic diameter and the zeta
potential of the MNP suspensions in water were determined by PCS.
The magnetization data in terms emu per g iron taken together with
the data on mean crystallite size allow an estimation of an average
magnetic moment of individual particles. Parameters to be optimized
to find optimal vector formulation for each intended application are
the type and ratio of magnetic nanoparticles to DNA or to virus particle
that ensure quantitative vector association with nanoparticles and
gives the highest transgene expression at acceptable or no toxicity.

Interestingly, not only cationic magnetic nanoparticles, but also neg-
atively charged particles can be associated with negatively charged
nucleic acids or virus particles in the presence of cationic polymers
and/or lipids as “enhancers” [11,78,79]. Haim with co-authors asso-
ciated negatively charged TransMAG-PD nanoparticles (Chemicell)
with lentivirus particles to enhance and synchronize infection in cell
cultures [80]. Association of both negatively charged virus and magnetic
nanoparticles is facilitated by positively charged ions in the solu-
tion [81,82]. A similar approach to assemble lentivirus particles with
negatively charged magnetic nanoparticles in HBSS?>* was utilized by
Hofmann et al. [53].

Already the first original article [14] from our group used the
quantitative approach to magnetic vector formulation, which includ-
ed testing of association and magnetic sedimentation of radioactively
labeled DNA and adenovirus with magnetic nanoparticles as a func-
tion of the MNPs-to-nucleic acid (w/w) ratio and MNPs-to-VP ratio
for adenovirus. Almost complete magnetic sedimentation of the vec-
tor after exposure at the developed Nd-Fe-B magnet arrays was
achieved at a TransMAGPE':DNA ratio of 2 (w/w) for naked DNA and
of 4 for PEI-DNA (N/P=28) polyplexes and DOTAP-cholesterol-DNA
lipoplexes.

Tai et al. [56] synthesized monodispersed maghemite nanoparticles
with an average size of 44 0.8 nm by thermolysis of the organic pre-
cursor, modified the particles with PEI coating and associated the
resulting 100-200 nm clusters with a retroviral vector. This resulted
in considerably improved and localized transduction confined to the
area of magnetic field application. The authors claimed that the ratio
of PEI-modified MNPs and vectors “is not critical”. In our approach to
find optimal magnetic vector formulations for plasmid, siRNA and
viral vector delivery (examples of the data are shown in Fig. 5), we
have aimed at maximal association with the magnetic component but
avoiding an excess of magnetic particles. We have learned that an ex-
cess of magnetic nanoparticles can inhibit transfection/transduction ef-
ficiency and cause toxicity [55,83]. Optimal MNPs-to-nucleic acid ratios
(about 0.5-1 units of iron weight per unit of the nucleic acid weight for
triplexes with an enhancer) as well as MNPs-to-virus ratios (2.5-10 fg
iron per virus particle further referred to as fg Fe/VP) have turned out

Table 1

Characteristics of selected core-shell magnetic nanoparticles suitable for association with gene delivery vectors.
Magnetic Core Mean iron oxide Saturation magnetization of =~ Mean hydrated diameter ~ §-Potential in  Iron content Reference
nanoparticles  composition  crystallite size <d>(nm) the core M (emu/g iron) in water Dy, (nm) water (mV) (g Fe/g dry weight)
CombiMag?® Iron oxide No data No data 96+1° +57.24+1.7 0.64 [83]
PEI-Mag2 Magnetite 9 62 2842 +5544+1.6 0.56 [11], [78]
SO-Mag2 Magnetite 11 118 427 +90° +3744+16 0.50 [75], [83]
ViroMag R/L*  Iron oxide 12 No data 542 +115° +3844+1.6 0.47 [83]
PalD1-Mag1 Magnetite 8.5 63 55410 —156+16 0.53 [75], [79]

2 Commercially available nanoparticles.
b Particle assembles.
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Fig. 5. Vector association and magnetic sedimentation with magnetic nanoparticles.
(a) pDNA association with PEI-Mag2, PL-Mag1 and NDT-Mag1 magnetic nanoparticles
in triplexes with Df-Gold (4 pl DF-Gold/1 pg DNA) plotted against magnetic nanoparti-
cle concentration (in terms of iron concentration or iron-to-pDNA w/w ratio). (b) Virus
association with PEI-Mag2 magnetic nanoparticles, stability of the resulting complexes
in 50% FCS, and magnetic sedimentation of the complexes. '*’I-labeled virus and
magnetic nanoparticles were mixed in OptiMEM at various nanoparticle-to-virus
particle ratios at a final virus concentration after complex assembly of 2 x 10° VP/ml
and were incubated for 20 min to form the complexes. The resulting complexes
were 1-to-1 diluted with OptiMEM or FCS and then incubated for 10 or 30 min before
positioning on the 96-magnet plate for 1 h to magnetically sediment the complexes.
125] radioactivity in the supernatants was measured to quantify the percentage of
virus that associated and magnetically sedimented with MNPs. (c) Self-inactivating
lentiviral vector association with SO-Mag2 and ViroMag R/L MNPs. Lentivirus parti-
cles were mixed with magnetic nanoparticles in RPMI cell culture medium supple-
mented with 10% FCS at magnetic nanoparticle:physical virus particle ratios from
0.625 to 40 fg Fe/VP and incubated for 20 min to form the complex. The resulting
complexes were positioned at the 96-Magnet magnetic plate for 30 min to sediment
the complex. The concentration of the virus particles in the supernatants was deter-
mined using p24 ELISA to quantify the percentage of virus particles that were associ-
ated and magnetically-sedimented with the magnetic nanoparticles.

Panel (a) was reproduced with permission from Inderscience Enterprises Ltd. [79].
Panel (b) was reproduced with permission from ACS Publications: Molecular Pharmaceu-
tics [55]. Panel (c) was from research originally published in Blood. Sanchez-Antequera
et al. Magselectofection: an integrated method of nanomagnetic separation and genetic
modification of target cells. Blood. 2011;117:e171-e181. © the American Society of Hema-
tology. Reproduced with permission from the American Society of Hematology: Blood
[83].

useful for a variety of magnetic nanoparticle types like those presented
in Table 1. The complexes formulated in this way were efficient and
hardly toxic in delivery of DNA and siRNA [84,85] as well in delivery
of adenoviral and lentiviral vectors in vitro [11,75,78,79] and ex vivo
[83] in cell cultures and primary cells. The detailed protocols for syn-
thesis of the particles as well as for formulation of the magnetic gene
delivery complexes with core-shell nanoparticles have been published
[11,75,84].

3.3. Characterization of magnetic vector formulations

Hydrodynamic diameter, electrokinetic potential and stability in
the presence of the proteins are the characteristics to be determined
for the magnetic vector formulations. The data for lipoplexes and se-
lected magnetic lipoplexes at an iron-to-DNA w/w ratio of 0.5:1 pre-
pared in RPMI medium without additives are given in Table 2. The
average size of magnetic and non-magnetic transfection complexes
with both luciferase and eGFP plasmids varied from about 500 nm
to almost 2500 nm. Most of the complexes had a positive net charge,
except for the slightly negatively charged magnetic lipoplexes with
PL-Mag1 nanoparticles.

We have applied a simple method to evaluate the magnetic respon-
siveness or magnetophoretic mobility as the average velocity of the
complexes [79], magnetic microbubbles [86] or magnetically labeled
cells [84] in defined magnetic fields as we have previously described
[76,85,87]. In this method, the time course of optical density or turbidity
is recorded under exposure to a gradient magnetic field. The average
velocity v under a magnetic field gradient is evaluated as v=L/ty;.
Here, L is the average path of the complex movement perpendicular
to the measuring light beam and ty; is the time required for a ten-
fold decrease in optical density. Further calculation of the average
magnetic moment M of the magnetic complex and estimation of the
number of MNPs N associated with the complex was performed
using an approach described in detail by Wilhelm et al. [88], account-
ing for the hydrodynamic diameter and core size of the complexes and
magnetization of the nanoparticles. A similar approach was also ap-
plied to evaluate the data on quantitative magnetophoresis of live
cells and to derive an estimate of iron loading of magnetically labeled
cells [89,90]. The time course of the turbidity of the magnetic lipo-
plexes, plotted in Fig. 6 [79], shows that 90% of the non-viral magnetic
complexes are sedimented within 13.1 min in the applied magnetic
field. The derived magnetophoretic mobility of the complexes of
1.3 um s~ ! and the average hydrodynamic diameter of the complexes
of 1616 nm allows one to estimate the average magnetic moment of the
complex (4.4x10~'> A m?) and the average number of magnetic nano-
particles associated with the complex (36,281 particles per complex)
as shown in the Fig. 6. This experimental approach could be useful
for experimental estimations of the kinetics of magnetic sedimenta-
tion for any new magnetic complex and for choosing the proper

Table 2
Characteristics of the lipoplexes and selected magnetic lipoplexes at an iron-to-DNA w/
w ratio of 0.5:1.*

Complex Luciferase plasmid GFP plasmid

Mean € potential Mean
hydrodynamic ~ (mV)
diameter D (nm)

€ potential
hydrodynamic ~ (mV)
diameter D (nm)

DF-Gold/pDNA 724 + 340 +169+4.7 693 +391 +271+13

PL-Mag1/DF- 1509+ 715 -2.54+33 1807 +982 —484+27
Gold/pDNA

PEI-Mag2/DF- 1616 +798 +19.24+3.0 7904432 +25.84+0.9
Gold/pDNA

NDT-Mag1/DF-  1730+£879 +16.54+3.2 195341104 +213425
Gold/pDNA

PalD1-Magl/ 544 +11.5 +284+15 2462+154 +27.54+3.5

DF-Gold/pBLuc

Note: *in RPMI medium without additives.
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Fig. 6. Time course of the normalized turbidity of the magnetic lipoplexes of PEI-Mag2/
DF-Gold/pBluc (iron-to-plasmid ratio of 0.5:1) upon application of the gradient mag-
netic fields (average field and field gradient of 213 mT and 4 Tm~!) and derived mag-
netic responsiveness v, average magnetic moment of the complex M3,y in the
applied fields and average number of magnetic nanoparticles n associated with each
complex, accounting for the effective magnetic moment of the core of the insulated
particle meg.

Reproduced with permission from Inderscience Publishers: Int. J. Biomedical Nanoscience
and Nanotechnology [79].

parameters of the magnetic field and exposition necessary to achieve
full sedimentation of the complex or to fulfill magnetic targeting.

Magnetic lipoplexes that were relatively large (from about
500 nm up to 2pm) in comparison to non-magnetic lipoplexes
(about 700 nm) with surface charges ranging from slightly negative
to positive (about + 25 eV) when measured in the absence of serum
(Table 2) transfected Jurkat T cells with high efficiency (up to 27%
of the Jurkat T cells were eGFP-positive as detected by fluorescence-
activated cell sorting with correction for weak fluorescence of the
lipid enhancer), while maintaining the viability of the cells. The net
charge of the complexes which turns to slightly negative in serum-
containing medium did not affect the internalization or the final
gene expression level. A conversion from positive to negative zeta po-
tential in serum-containing medium is also observed with magnetic
complexes of adenovirus (data shown in Table 4). According to mag-
netophoretic mobility measurements, 30,000-40,000 MNPs were as-
sociated with the lipid component and plasmid in a complex,
resulting in an average magnetic moment at the saturation of magne-
tization of about (4-5)x 10~ '> A m?. Some observations on the role
of the size of the lipoplexes for their transfection efficiency can be
found in previous literature. Ogris et al. [91] reported that aggregated
DNA/Tf-PEI complexes with an average size larger than 500 nm
resulted in more efficient gene transfer than did smaller particles.
Ross and Hui [92] provided evidence that the size of DOTAP/DOPE
lipoplexes was the major determinant of the internalization and
transfection efficiency and found the largest complexes of 2.2 pm to
be the most efficient in Chinese hamster ovary cells. Li et al. [93]
found size and not surface charge to be a major determinant of the
in vitro lipofection efficiency of a cationic lipid-pDNA complex. We
did not observe a direct relationship between the size of the complex
and transfection efficiency, but complexes as large as 2 pm can deliver
genes very efficiently. Nevertheless, complexes with an average hy-
drodynamic diameter of about 900 nm can also be very efficient,
like those formulated with the PEI-Mag2 nanoparticles. These results
indicated that the size and charge of the magnetic vectors tested here
were not of critical importance for gene delivery to Jurkat T cells. Ap-
parently, fine differences in the composition of the surface layer of the
particles cause more significant differences in the efficiency of the de-
rived magnetic lipoplexes, as observed for the NDT-Mag1, PEI-Mag1,
PalD1-Mag1 and PL-Mag1 particles.

The siRNA magnetic vectors optimized for siRNA delivery in cell
cultures (Table 3) had hydrodynamic diameters of 300 to 600 nm,

positive electrokinetic potential for triplexes and comprised 2000 to
5000 insulated magnetic nanoparticles (i.e., magnetite crystallites),
as determined from magnetic responsiveness measurements.

The most effective formulations for gene silencing in the experi-
ments shown in Fig. 7 were vectors comprising siRNAs with Silence-
Mag (OZ BioSceinces,), PEI-modified magnetic nanoparticles or
PalD1-Mag1 with PEI or Metafectene (Biontex) as enhancers. Up to
90% silencing of reporter protein expression in HeLa cells was
achieved using magnetic siRNA delivery vectors at administered
siRNA concentrations as low as 8 nM (Fig. 7) [76,78]. To investigate
the interaction of endothelial NO synthase (eNOS) with caveolin-1
(Cav-1) in modulation of endothelial function, human umbilical
vein endothelial cells were transfected with 20 nM Cav-1 siRNA in
PEI-Mag2/PEI/siRNA complexes (particles to siRNA ratio of 2:1,
w/w; N/P ratio of 10) and succeeded in ~80% decrease in Cav-1 ex-
pression levels [94].

Argawal et al. [95] synthesized cross-linked dextran coated iron
oxide nanoparticles and further modified these particles by coupling
of cationic dendrimers. In transmission electron microscopy, the parti-
cles were found to adopt a worm shape, where multiple 5-8 nm iron
oxide cores were “lined in a series”. The authors called the chain aggre-
gates of this particles “dendriworms”. The net charge and the average
hydrodynamic diameter of the dendriworms were found to be + 16-
24 mV (zeta-potential measurement in PBS) and between 80 and
110 nm, respectively. Roughly 9-10 siRNA molecules were bound per
each iron core in the dendriworm. For 5-8 nm magnetite particles, the
average particle weight in terms of iron weight with account for magne-
tite density of 5.2 g/cm? is about 6.3 x 10~ '° g iron/particle. Ten siRNA
molecules bound per iron oxide nanoparticle in a dendriworm formula-
tion corresponds with account for the average siRNA molecular weight
of 13,000 g/mol to 2.2x 10~ ' g siRNA associated with 63x10"°¢
iron or to an iron-to-siRNA ratio of 2.8-to-1 (w/w). Almost 80% down-
regulation of EGFR protein expression in human primary glioblastoma
cells (GBM-6) was achieved when 200 nM EGFR siRNA was applied
in a formulation with dendriworms. Significant suppression of EGFR ex-
pression levels was achieved with this formulation in a transgenic
mouse model of glioblastoma.

The results on self-assembly of adenovirus and PEI-Mag?2 particles
[55,96] provide an evidence of high association of the virus with mag-
netic nanoparticles and high stability in the presence of 50% FCS for
both the complexes assembled in OptiMEM and in PBS in the range
of particle-to-virus ratios of 2.5-10 fg of Fe/VP (Fig. 5b).

The stability of the complexes is reduced in 50% FCS. However,
about 60% of virus was still magnetically sedimented in the range of
1.25-40 fg of Fe/VP after 30 min incubation in the presence of 50%
FCS. The complex formation results in a shift of the zeta potential
from negative for a free virus (Table 4, 0 fg Fe/VP) to positive with a
plateau at about +20.0 mV at a magnetic particle-to-virus ratio
above 10 fg of Fe/VP. The magnetic moments of the complexes calcu-
lated from their average velocities in a magnetophoretic mobility
assay allowed us to calculate an estimate of the MNP-to-virus ratio
in the complex (Table 4). The calculated 3600 to 4500 MNPs per
virus particle for the optimized complex composition and the mea-
sured hydrodynamic diameter of about 200 nm suggest that 3-4
layers of densely packed magnetite crystallites are arranged around
a virus particle due to electrostatic interactions and possibly due to
magnetic dipole-dipole interactions between the magnetic particles.
Both AFM and TEM images confirm that the adenovirus was associat-
ed with PEI-Mag2 nanoparticles (Fig. 8).

The structural integrity of the virus was not impaired by its asso-
ciation with MNPs. Taken together, the magnetophoretic mobility
measurements, particle sizing, AFM and TEM suggest a model
where multiple layers of magnetite crystallites are associated with
virus particles and where several virus particles can be linked by
MNPs. An important issue is that the association of the virus with
PEI-Mag2 nanoparticles did not interfere with the oncolytic activity



C. Plank et al. / Advanced Drug Delivery Reviews 63 (2011) 1300-1331

Table 3

1307

Characteristics of selected siRNA magnetic complexes. Mf stands for Metafectene (Biontex).

Reproduced with permission from Humana Press: Methods in Molecular Biology [76].

Complex [ron-to-siRNA  §-Potential Mean hydrated Efficient velocity in Average magnetic moment of  Number of magnetic particles
w/w ratio (mV) diameter D (nm)  magnetic fields® v, (um/s) the complex M® (10~ '® Am?) in a complexN = M/mes
Duplexes
PEI/siRNA - +152+18 4134190 - -
Mf/siRNA - +36.14+£9.7 2834133 - -
PEI-Mag2/siRNA 1:1 —140408 6854242 1.2 17.2 20,483
PEI-Mag2/siRNA 2:1 —1014+£12 736 1.96 30.2 35,946
Triplexes
PEI-Mag2/PEI/siRNA 0.5:1 +20+4 394+70 1.19 9.5 11,290
PalD1-Mag1/PEI/siRNA  0.5:1 +724+15 370£115 1.49 11.6 15,895
PEI-Mag2/Mf/siRNA 0.5:1 364+38 210+86 0.86 38 4500
PalD1-Mag1/Mf/siRNA  0.5:1 +124+63 326+175 0.72 30.2 12,181

@ Determined at <B>=213 mT and gradient B of 4 T/m.

in vitro but rather had a slight enhancing effect even without magnet-
ic field application. The observed virus uptake was independent of
the CAR expression of cells.

Recently Kamei et al. [97] have prepared gold/iron-oxide magnetic
nanoparticles (“GoldMAN”) by precipitating Au particles in the pres-
ence of y-Fe,03 nanoparticles with an average diameter of 26 nm.
The resulting GoldMAN had a Dy, of about 240 nm. When associated
with adenovirus vector, a saturation of the virus binding occurred at
about 6 fg GoldMAN per VP. The complexes were stable for an ex-
tended period in 100% fetal bovine serum. The complexes formulat-
ed at 10 fg GoldMAN/VP were highly efficient in transduction of
B16BL6 CAR(—) mouse melanoma cells but only in the presence of
a magnetic field. Cell entry of Ad-Luc/GoldMAN was found to be

CAR-independent “due to the intrinsic properties of the particles”.
The authors speculated that coupling occurs between the particles
and active groups at the virus surface.

Ito et al. [62] modified commercial magnetite nanoparticles
with an average particle size of 10 nm with liposomes consisting of
N-(trimethylammonioacetyl)-dodecyl-p-glutamate chloride, dilaur-
oylphosphatidyl-choline, and dioleylphosphatidyl-ethanolamine
(1:2:2, in molar ratio). The resulting magnetic cationic liposomes
or MCLs had zeta-potential of +46.3 mV comparable with the poly
(ethylene imine)-coated TransMag™' and PEI-Mag2 nanoparticles
(described in Table 1) and an average hydrodynamic diameter of
150 nm. They applied 0.01-1 mg MCLs/ml crude virus preparation
and concentrated magnetically the virus associated with the particles.

HelLa-GFP cells
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Fig. 7. Magnetofection versus lipofection and polyfection efficiency in HeLa-GFP cells. (a) GFP stably transfected HeLa cells (HeLa-GFP cells) were seeded in a 96-well plate and 24 h
later transfected with a 200 pl transfection volume of the magnetic anti-GFP-siRNA complexes prepared with 0.5 pl of SilenceMag (OZ Biosciences) at different concentrations of
siRNA or PEI/siRNA and Mf/siRNA poly- and lipoplexes, or magnetic duplexes PEI-Mag2/siRNA (Iron-to-siRNA ratio of 1) or magnetic triplexes PEI-Mag2/PEI/siRNA, PL-Mag1/Mf/
siRNA, and PalD1/Mf/siRNA (iron-to-siRNA ratio of 0.5 to 1) (Mf-to-siRNA vol/wt ratio of 4, PEI-to-siRNA ratio N/P=10). GFP expression was monitored 72 h post-transfection. (b)
GFP expression was monitored 72 h post-transfection by fluorescence microscopy in HeLa-GFP cells transfected with HeLa-GFP cells transfected with SilenceMag as shown in (a) at 1,
5, or 10 nM siRNA. The results show that magnetofection results in significantly lower expression levels of the GFP (i.e., more efficient target gene down-regulation) compared to lipo-
or polyfection with the same vector type. Efficiency of the PEI-Mag2/PEI/siRNA complexes is comparable with that of a magnetofection-based formulation of OZ Biosciences called Silen-
ceMag. Magnetic duplexes PEI-Mag2/siRNA (at iron-to-siRNA ratio of 1) deliver siRNA rather efficiently, but less efficient compared to the PEI-Mag2/PEI/siRNA magnetic triplexes formu-

lated at an iron-to-siRNA ratio of 0.5:1.
Reproduced with permission from Humana Press: Methods in Molecular Biology [76].
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Table 4
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Physicochemical characteristics of the complexes of adenovirus Ad520 with PEI-Mag2 magnetic nanoparticles.

Reproduced with permission from ACS Publications: Molecular Pharmaceutics [55].

Nanoparticle-to-virus ratio
at complex preparation

Zeta potential, § (mV)

fg of Fe/VP MNP/VP Mean hydrodynamic Polydispersity In OptiMEM In cell culture av velocity, v, Magnetic moment, No. of MNPs associated
diameter, Dy, (nm)? index, PI* or PBS? medium®” (um/s)ed M (10~ Am?)° with complex

Complexes assembled in OptiMEM at virus concentration of 5.4 x 108 VP/ml

0 0 159+12 0.46 —18.0+3.7 —56+28

2.5 1736 4384219 0.50 +5.0+£04 —98+16 141 129 14,961

5 3472 288 +£65 0.25 +151+1.7 —92407 0.87 41 4778

10 6944 206 +36 0.18 +189+1.2 —83+1.1 0.86 3.7 4283

20 13,889 192+9 0.11 +21.5+£1.7 —63+1.1 0.95 3.8 4407

40 27,778 298 + 141 0.26 +21.9432 +03+3.7 1.02 6.4 7371
Complexes assembled in PBS at virus concentration of 2.1x10° VP/ml

0 0 200450 0.49 —91+13 —6.0+1.2

0.625 434 354444 0.27 —3.84+06 —88+038 0.22 5.5 6404

1.25 868 666 +83 0.26 +3.2408 —92404 0.35 49 5689

2.5 1736 186 +23 0.25 +16.1+1.0 —73+£02 0.39 2.5 2847

5 3472 220+55 0.24 +17.14+£09 —8.0+06 0.55 31 3612

10 6944 246 +£29 0.23 +14.74+08 —714£03 0.85 3.9 4484

20 13,889 249476 0.25 +17.4+1.1 —6.5+04 0.95 59 6844

40 27,778 319456 0.27 +16.94+0.6 —53+0.1 1.39 3.7 4297
¢ Mean4SD (n=150).
b

Measured at B-average of 213 mT
Measured at VB-average of 4 T/m.

o

This resulted in up to 55-fold increase in the virus titer. The magnetic
virus was efficient in transducing neuro2A mouse neuroblastoma
cells. Localization of the transduction area due to application of the
magnetic field was possible. The observation was also made that an
excess of magnetic particles (1 mg per milliliter crude virus prepara-
tion) decreased the efficiency of virus titer concentration showing
that there is an optimum ratio of magnetic particles-to-virus.

Magnetic nanoparticles Oncolytic adenovirus Ad520

FyrEs

¥

<dg>= 102+ 2.2 nm

<Digy>= 105 £ 9 nm

. p6.0°°°
Z.72.70m I

<Dpy>=32 £ 10 nm <Dyy>=101 + 20 nm

Measured after 4-fold dilution of the complex with full cell culture medium containing 10% FCS.

3.4. Covalent coupling of the vector and magnetic nanoparticles

Covalent coupling of the vector and magnetic nanoparticles is used
relatively rarely. Medarova et al. have described multimodal iron oxide
magnetic nanoparticles for siRNA delivery in vivo [23,98]. The dextran-
coated aminated nanoparticles were covalently coupled to a near-infra-
red fluorescent probe Cy5.5, siRNA (anti-GFP or anti-survivin) and

Ad520 magnetic complexes

<Digy>=137 = 23 nm

Z: 174.2am

<Dyy>=171 £ 17 nm

Fig. 8. Morphology of oncolytic adenovirus magnetic complexes. Transmission electron microscopy (TEM) data (top panel) and atomic force microscopy (AFM) 3D images and con-
tour plots (bottom panel) of the PEI-Mag2 magnetic nanoparticles, oncolytic adenovirus Ad520, and Ad520 magnetic complexes prepared at 5 fg of Fe/VP. The inset in the upper
right TEM image of magnetic virus complexes shows an electron diffraction pattern from MNPs associated with the virus. Scale bars are 50 nm for the TEM image of the particles and
200 nm for the TEM images of the virus and its magnetic complexes. Average diameter <D> of the MNPs, virus particles, and their magnetic complexes (mean 4 SD) evaluated from

TEM and AFM data are shown in the figure.
Reproduced with permission from ACS Publications: Molecular pharmaceutics [55].
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myristoylated polyarginine peptides (MPAPs). MPAPs served as mem-
brane translocation modules while Cy5.5 allowed for optical imaging.
On average, one nanoparticle carried three Cy5.5, four MPAP and five
siRNA molecules. Passive accumulation and functional delivery of
siRNA to tumor tissue was achieved in tumors using these nanoparticles
following intravenous administration in mice. However, the magnetic
properties of the nanoparticles were not exploited for magnetic target-
ing or magnetic field-enhanced transfection, but rather to serve as con-
trast agents for MRL

Huh et al. [99] covalently coupled manganese-iron nanopar-
ticles stabilized with 2,3-dimercaptosuccinic acid with a core of 12 nm
to capsid lysine residues of adenoviruses activated with sulfo-succinimi-
dyl(4-N-maleimidomethyl)cyclohexane-1-carboxylate. The conjugates
kept intrinsic high and low adenovirus infectivity in CAR-positive and
CAR-negative cells, respectively. Everts et al. covalently coupled sulfo-
N-hydroxysuccinimide labeled gold nanoparticles to adenoviral vectors.
Virus infectivity was maintained with loading up to 100 gold particles
per virus particle, whereas higher loading inhibited transduction effi-
ciency [100]. Lentiviral vectors metabolically labeled with biotin had
a high affinity for streptavidin magnetic particles and, once captured,
were easily manipulated in vitro. This is illustrated by the concentra-
tion of lentiviral vectors pseudotyped with either the VSV-G or an
amphotropic envelope in excess of 4500-fold [101].

4. Mechanisms of magnetofection

A first study by Huth et al. published in 2003 has indicated that
there are probably no fundamental mechanistic differences between
magnetofection and gene delivery with analogous non-magnetic vec-
tors [102]. In their study, they used magnetic and non-magnetic com-
plexes of plasmid DNA with poly(ethylene imine) (PEI), the
transfection reagent which is most frequently used among the cation-
ic polymers. The magnetic complexes used in this study consisted of
PEI, DNA and PEl-coated iron oxide magnetic nanoparticles and
were assembled by salt-induced aggregation [19]. After binding to
the cell surface, non-magnetic PEI-DNA complexes are internalized
into intracellular vesicles called endosomes by the natural uptake
process of endocytosis. Escape from endosomes is thought to be es-
sential for functional nucleic acid delivery because otherwise vectors
would be degraded by the cellular breakdown machinery [103]. PEI-
DNA complexes are thought to escape due to the so-called proton
sponge effect [104]. PEI by virtue of its secondary and tertiary amines
has buffering capacity at physiological pH. In consequence, if a PEI-
DNA particle is internalized into cells by endocytosis it will buffer
the natural acidification process within endosomes. This means that
the endosomal proton pump needs to pump way more protons into
the endosome until the natural acidic endosomal pH is reached. The
“proton sponge hypothesis” postulates enhanced gene delivery due
to the buffering capacity of polymers with structural features like
PEI through enhanced endosomal chloride accumulation, concomi-
tant influx of water and consequent osmotic swelling/lysis. Sonawane
et al. have provided experimental evidence supporting this hypothe-
sis [105]. Huth et al. have used electron microscopy and various in-
hibitors of endocytotic uptake to figure out whether magnetofection
with PEI-DNA complexes might proceed via a non-endocytotic path-
way. They also used centrifugation to sediment magnetic and stan-
dard vectors on the cell surfaces and found that the subsequent
application of a magnetic field did not lead to a further increase in
gene transfer efficiency. The conclusion from this study was that the
uptake mechanism of magnetic PEI-DNA is virtually the same as
for standard PEI-DNA. This is in line with the results of mechanistic
experiments which Namgung et al. have carried out recently with dif-
ferent PEI-coated magnetic nanoparticles [60]. A recent study by
Sauer et al. on magnetic lipoplexes using single particle tracking
came to the same conclusion [106]. Similar as with non-magnetic
PEI polyplexes [107], they observed a three phase behavior. In

phase I, the magnetic lipoplexes attach to the cell surface and show
slow cooperative transport. The majority of lipoplexes are internal-
ized via endocytosis during this phase. Phase II is characterized by
anomalous and confined diffusion inside cells. Phase IIl represents ac-
tive transport along microtubules inside the cell. At later time points,
the formation of a perinuclear ring was observed. Persisting colocali-
zation of fluid phase marker and lipoplexes after 24 h indicated slow
endosomal release [106]. Perinuclear accumulation has also been ob-
served in a previous study by Li et al. [108].

Two very thorough recent studies by Arsianti et al. provide further
mechanistic insights [109,110], in particular concerning the impor-
tance of biophysical properties of magnetic vectors for their efficiency
in gene delivery. These authors also used triplexes of PEI, DNA and
iron oxide magnetic nanoparticles. The MNP were synthesized in a
different manner than in our own setup but were also provided
with a PEI coating in one of the examined cases. Arsianti's findings in-
dicate that the major uptake pathway of the vectors is endocytosis via
clathrin coated pits rather than via a caveolae-dependent pathway or
via macropinocytosis. The mixing order of vector components has an
important impact on the resulting biophysical properties (size, zeta
potential). The surface characteristics influence the aggregation be-
havior and the adsorption of serum proteins, the timing and the ex-
tent of vector uptake and the intracellular processing. In brief, when
the three components (PEI, DNA, magnetic nanoparticles) are assem-
bled in a manner such that PEI is displayed on the particle surface
(positive zeta potential in water), serum proteins will adsorb, reverse
the surface charge and eventually re-disperse compositions that were
previously aggregated [109]. From this, one can conclude that it is es-
sential to characterize vectors in the context of the biological sur-
rounding which they will encounter during the nucleic acid delivery
process. Compositions with PEI on the surface displayed rapid uptake,
were released from endo/lysosomes and were most effective in gene
delivery. Compositions with DNA on the surface (negative zeta po-
tential in water) were also taken up into cells but at a low rate.
Endo/lysosomal release and consequently functional gene delivery
were inefficient [109]. Hence, it does matter which components are
chosen to construct a magnetic vector and how they are assembled.
Uptake alone is not sufficient for functional nucleic acid delivery.
An efficient magnetic vector requires functional modules for “pro-
ductive” intracellular processing and these modules need to be dis-
played in the right configuration. Arsianti's study highlights a
further important aspect: those vector compositions which were
most competent in functional gene delivery were also the most
toxic ones. However, this is common to many nonviral delivery sys-
tems, especially those comprising PEI [111]. Toxicity is a question of
vector dose, the coating of magnetic particles and especially of the
transfection reagent chosen for assembling magnetic vectors. We
have shown that highly efficient and rather non-toxic vectors can
be obtained with magnetic lipoplexes [78].

In a most recent study, again with PEI-coated magnetic nanoparti-
cles of different sizes assembled with DNA, Ang et al. show that at a
given relatively high vector dose the magnetic flux density applied
during 20 min magnetofection plays a role with respect to transfec-
tion efficiency and cell viability [112]. However, these observations
are probably due to the fraction of the high (and toxic) vector dose
which became magnetically sedimented on the cells during the incu-
bation time rather than to a potential toxicity of the magnetic field.

Based on the published literature, one can conclude that for nonviral
magnetofection under static field conditions the involved delivery
mechanisms from the cell surface into cells do not differ from non-
magnetic nucleic acid delivery. Improved dose-response relationships
and accelerated transfection kinetics appear to be entirely due to the
rapid sedimentation of the full applied vector dose to the target cell sur-
face within a few minutes. The diffusion barrier which exists for vector
particles which are too small to sediment by gravitational force [6] is
overcome, in accordance with model calculations by Furlani and Ng
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[113]. Anincreased vector dose at the cell surface results in an increased
internalized dose within a given time period, unless uptake processes
become saturated (Fig. 9) [75,76,79]. This alone can, but does not neces-
sarily lead to improved functional nucleic acid delivery. Therefore, in
order to classify vector compositions in terms of efficacy, it will be use-
ful to normalize the observed effects (e.g. reporter gene expression, per-
centage of transfected cells, extent of gene silencing) to the internalized
nucleic acid or virus dose. This will be a true measure of the quality of a
vector composition.

C. Plank et al. / Advanced Drug Delivery Reviews 63 (2011) 1300-1331

In terms of mechanisms, there is a peculiarity with non-magnetic
and magnetic adenoviruses. The natural infectivity of the virus is gov-
erned by the presence or absence of receptors which the virus needs
to bind to cells such as the coxsackie and adenovirus receptor (CAR).
In the absence of the required receptors, the virus will not infect, unless
it is decorated with some additional binding module. Magnetic nano-
particles can be provide this function and magnetofection can enforce
infection even in the absence of virus receptors [14,39,55,66]. It is as-
sumed that the intrinsic mechanism of adenoviral infection is not
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Fig. 9. Internalization of magnetic vectors. (a) HeLa-GFP cells were incubated for 30 min at the magnetic plate with PEI-Mag2/PEI/GFP-siRNA-Alexa555 triplexes at siRNA concen-
tration of 100 ng/10,000 cells/0.33 cm?; iron-to-siRNA wt/wt ratio of 0.5, PEI/siRNA ratio of N/P = 10 and observed after 48 h with a fluorescence microscope. Bar = 50 um. Hoechst
33342 was used as a nuclear counterstain. The pictures show fluorescence images taken at 490/509 nm (green fluorescence) for eGFP fluorescence, 510/650 nm (red fluorescence)
for GFP-siRNA-Alexa555 and at 350/461 nm (blue fluorescence) for Hoechst 33342 nuclear staining, or overlays thereof. Fluorescence microscopy data prove the association of the
magnetic transfection complexes with a majority of the cells and are indicative of internalization into cells. Fluorescently labeled siRNA triplexes comprising magnetic nanoparticles
appear to be localized predominantly around the nuclei. (b) Vector internalization in HeLa human cervical epithelial adenocarcinoma cells and H441 human lung epithelial cells.
The cells were transfected in a 96-well plate using '%°I-labeled siRNA complexes. The siRNA dose was 100 ng per well. At time points 0.5 h, 1 h, 3 h, and 24 h post-transfection the
cells were incubated with heparin solution in the presence of sodium azide to remove extracellularly bound complexes, washed, trypsinized, and collected. Cell-associated radio-
activity was measured with a gamma counter. The applied dose of the radioactively labeled siRNA complexes was used as a reference. The results were recalculated in terms of the
siRNA molecules internalized per seeded cell. (c) Oncolytic adenovirus Ad520 uptake in multidrug resistant 181RDB-fLuc cells as a function of the applied virus dose. 181RDB-fLuc
cells were infected with '?°I-labeled Ad520 or its magnetic virus complexes with PEI-Mag2 nanoparticles in 7.5% FCS-containing cell culture medium for 30 min. The complexes
were prepared at ratios of 5 and 40 fg Fe/VP in OptiMEM. Six hours post-infection, the infected cells were washed with PBS, incubated with heparin solution and then lysed in
lysis buffer. Cell-associated radioactivity was measured in the cell lysate using a gamma counter.

Panel (a) was reproduced with permission from Thomson Reuters (Scientific) Ltd: Curr Opin Mol Ther. [85]; panel (b) was reproduced with permission from Humana Press: Meth
Mol Biol [76]; and panel (c) was reproduced with permission from ACS Publications: Molecular pharmaceutics [55].
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changed by magnetofection. The important impact is that by simple as-
sociation with magnetic nanoparticles the virus can be enabled for ther-
apeutic applications where its efficacy would be limited otherwise [55].
A similar enablement of viral infection in non-permissive cells by mag-
netofection was observed by Kadota et al. with measles virus [57].
Despite the conclusion that cellular uptake processes are likely the
same for magnetic and nonmagnetic vectors in most cases, there is
some evidence that magnetic field influence can enhance the tissue
penetration of magnetic particles [114], magnetic cells [115] and
magnetic vectors [116]. Muthana et al. have established an in vitro
model for assessing monocyte extravasation into 3D tumor spheroids
through an endothelial cell layer [115]. They have shown that trans-
fected, magnetic particle-loaded monocytes can be induced by mag-
netic force to migrate through an endothelial layer and to penetrate
into tumor spheroids (Fig. 10). Similarly, Zhang et al. have cultured
cells in a 3D collagen matrix and have shown that magnetic vectors
penetrate the matrix under magnetic field influence and transfect
cells [116]. In this context it is interesting to note that according to
studies by MacDonald et al. a time-varied magnetic field enhances
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[117].

In this respect, nucleic acid delivery under the influence of alternat-
ing or pulsating fields deserves increased interest. Several publications
indicate that non-static fields can be useful to further improve the effi-
ciency of magnetofection. The earliest observations in this respect were
from Kamau et al. [118]. They used a magnetic device (the so-called Dy-
namic Marker) which produces a relatively complex pulsating field
with a sinus type wave perpendicular to the cell culture plate overlayed
with a field modulation in the plane of the cell culture plate at low fre-
quency. The authors speculate that such alternating fields may cause
some oscillation of magnetic particles which may facilitate cellular up-
take when the particles are bound to cell surfaces. What really happens
is not understood. In any case, using this technique, Kamau et al
achieved quite substantial improvements in the percentage of trans-
fected cells in a variety of cell lines. A combination of pre-magnetization
with a permanent field followed by application of the dynamic field
resulted in synergistic enhancements. The same group has extended
their work and reports on the transfection of primary synoviocytes,
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Fig. 10. (a) Scheme of delivery of magnetic nanoscale transfection complexes into collagen-based 3D cell cultures. (b) The format of a new, in vitro extravasation assay. Human
monocytes migrate across an endothelial cell layer into tumor spheroids. Transwell inserts with a 3 mM-pore PET membrane were coated with human dermal microvascular en-
dothelial cells (HuDMECs) and positioned in 24-well plates. Tumor spheroids of 700-800 um in diameter were generated in non-adherent cultures of the human breast tumor cell
line, T47D, and added to the lower chamber of the transwell. One million monocytes pre-loaded with magnetic nanoparticles (MNPs) were then placed in the upper chamber, in the
presence/absence of a magnetic field applied underneath (to attract MNP-loaded monocytes across the HUDMEC layer into spheroids); (c-g) Magnetic enhancement of migration of
green fluorescent protein (GFP)-transfected monocytes across an endothelial cell layer and into breast tumor spheroids in vitro. Human monocytes were transfected with the re-
porter plasmid, “pmaxGFP” (using the Amaxa Biosystem Macrophage Nucleofection Kit) and loaded with MNPs. This routinely resulted in >50% of cells expressing GFP as detected
by (c) fluorescent microscopy and (d) flow cytometry. These cells were then placed in the upper chamber of the full transwell migration assay with or without a magnet underneath
for the duration of the experiment and spheroids sampled 24 h later. Monocytes were seen in tumor spheroids: (e), CD68+ monocytes seen in transverse sections of spheroids
(brown cells—see arrows; blue =haematoxylin staining of all cell nuclei; N = typical necrotic center of spheroid). (f) GFP expressing monocytes can also clearly be seen inside
spheroids by fluorescence microscopy (bars in e and f=200 mm). (g) Flow cytometry of enzymatically dispersed spheroids revealed that the number of MNP-loaded, GFP 4+ monocyte
infiltrating spheroids (% of all cells present in spheroids that were GFP+) was significantly (*P<0.006) increased when a magnet was applied in the assay. Data are means + s.e.m. and
are representative of eight replicate experiments.

Panel (a) was reproduced with permission from American Chemical Society: ACS Nano [116]; panels (b) to
Therapy [115].

(g) were reproduced with permission from Nature Publishing Group: Gene
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chondrocytes, osteoblasts, melanocytes, macrophages, lung fibroblasts,
and embryonic fibroblasts [119].

Chen et al. have used a different setup with pulsed magnetic fields
(0.6 T) of millisecond duration for rapid transfection of adherent and
suspension cells [120].

A pulsating field has been used also in a magneto-transformation
method for transferring plasmid DNA into Escherichia coli [121]. Plas-
mid DNA was attached to PEI-coated magnetic nanoparticles. The
highest transformation efficiency was achieved by pulsing three
times with 2.15 T magnetic field. The transformation efficiency and
cell viability was dependent on the magnetic particle and DNA dose
as well as on the number of magnetic field pulses.

A different and convenient method to produce dynamic fields has
been developed by Jon Dobson's group [122]. In conventional magneto-
fection, cells are incubated with magnetic vectors while the cell culture
plate is positioned on a magnetic array which produces a static gradient
field [14]. With Dobson's device which is commercially available now
(www.nanotherics.com), this magnetic array “wobbles” in the x-y
plane at low frequency (1-5 Hz) below the cell culture plate at a suit-
able amplitude (200 um has turned out useful). Under optimized con-
ditions, substantial enhancements in transfection efficiency can be
achieved [122,123]. Pickard and Chari have shown that this system pro-
vides considerable enhancements in magnetofection of primary astro-
cytes [123]. Currently, the underlying mechanisms are not well
understood. But one can guess that the lateral movement of the mag-
netic field transmits mechanical forces to cellular membranes via the
magnetic vectors associated with these membranes. Mechanical stimuli
can have effects on cellular membrane traffic including endo- and exo-
cytosis [124]. In this context it is interesting to note that magnetic actu-
ation of cellular processes is a hot research topic [73,125,126]. Mannix
et al. have shown that magnetic beads decorated with a specific recep-
tor ligand can be exploited to trigger, via magnetic induction of receptor
clustering, a signaling process in mast cells which is involved in immune
surveillance [125]. In this particular case, receptor clustering leads to
a rapid rise in intracellular calcium. It is known, that calcium plays an
important role in endosomal/lysosomal fusion processes [127]. Future
research will need to find out how exactly alternating fields can influ-
ence magnetofection processes.

5. Magnetic cell labeling and magnetofection

For some applications of genetically engineered cells, one of the
appealing features of magnetofection is that it necessarily produces
magnetically labeled cells. Thus, magnetofected cells offer the oppor-
tunity to be positioned by magnetic force [53,128] and to be tracked
by MRI as well as by optical imaging by virtue of the expression of re-
porter genes such as the luciferase or fluorescent protein genes [129-
131]. One of the advantages of reporter gene imaging is that only vi-
able cells will produce the reporter signal [130,131]. Quantifying the
internalization of magnetic vectors, we have found that various cell
types easily incorporate 1-5 pg of iron per cell during magnetofection
at applied vector doses corresponding to as little as 10 pg iron per cell
[55,94,96]. With account for the saturation magnetization of the PEI-
Mag2 magnetic nanoparticles used in our studies (62 emu/g Fe), the
internalization of 5 pg Fe/cell would result in a magnetic moment of
0.31x1072 emu per cell. For comparison, Polyak et al. were able to
magnetically target bovine aortic endothelial cells loaded with poly-
meric superparamagnetic nanoparticles with a resulting magnetic
moment of about 0.2 x 10~° emuy/cell to steel stent wires [128]. Suffi-
cient sensitivity to be detected by cardiac MRI has been achieved with
10° cells having incorporated picogram quantities of iron oxide
[131,132].

Evidently, cells having incorporated even more magnetic material
than achievable under standard magnetofection conditions would
be useful for improving magnetic cell positioning and engraftment
or detection by MRI. Therefore, we were wondering whether pre-

loading of cells with magnetic nanoparticles interferes with magneto-
fection efficiency [84]. Thus, we pre-loaded H441 cells with NDT-
Mag1 magnetic nanoparticles (see Table 1 and Fig. 11). The internal-
ized 38 pg of iron per cell gave rise to a magnetic moment of
0.8x10712Am?=0.8x10"° emu per cell which was sufficient to
engraft the cells onto the luminal surface of a tube in a radial magnet-
ic field. Subsequently, the MNP-labeled cells were magnetofected
with nonviral vectors associated with PEI-Mag2 magnetic nanoparti-
cles in the radial magnetic field. A similar experiment was carried out
in standard 2D culture format. The magnetic pre-labeling of the cells
did not interfere with but even increased the efficiency of magneto-
fection without causing toxicity (Fig. 12). The cell labeling with
NDT-Mag1 MNPs resulted in high transverse relaxivities r2* of 410 &
70mM~" s~ In this manner, multi-echo gradient echo imaging and
R?* mapping detected as few as ca. 1500 MNP-labeled H441 cells local-
ized within a 50 l fibrin clot as well as MNP-labeled cell monolayers
that were engrafted on the luminal surface of a cell culture tube using
the radial magnetic field mentioned above.

The enhancement of magnetofection efficiency by pre-loading of
cells with MNPs was confirmed in another experiment with mesen-
chymal-like stem cells isolated from the umbilical cord. Pre-loading
at an internalized dose of 50 pg Fe/cell resulted in a two-fold increase
in transduction efficiency compared to the cells labeled just before
magselectofection with CD105 MicroBeads [83]. The enhancement
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Fig. 11. Magnetic labeling of H441 cells. (a) The iron content per cell or particles per cell
for associated (internalized) MNPs versus the applied iron dose per cell according to the
chemical analysis for non-heme iron after 24 h incubation with NDT-Mag1 iron oxide
nanoparticles. The non-heme iron content in untreated cells was 0.2940.15 pg/cell.
(b) The magnetic responsiveness and the average magnetic moment of the cells (Mcer)
plotted against the associated iron concentration.

Reproduced with permission from American Scientific Publishers: ]. Biomed. Nanotechnol.
[84].
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Fig. 12. Magnetofection efficiency of the MNP-labeled cells in a 2D array and a 3D cell culture system. (a) Transfection efficiency of the H441, HelLa, and 3T3 cells 48 h after mag-
netofection in a 2D cell array with the PEI-Mag2/DFGold/eGFP plasmid at an iron-to-plasmid ratio (w/w) of 0.5-to-1 and a DF-Gold-to-plasmid ratio (v/w) of 4-to-1 for the unla-
beled cells and the cells labeled with NDT-Mag1 MNPs. The exogenous iron content per cell when seeding the cells 24 h prior to transfection is shown above the curves.
(b) Microscopy images of the H441 cells, pre-labeled with NDT-Mag1 MNPs, 48 h after magnetofection with a PEI-Mag2/Df-Gold/galactosidase plasmid followed by staining for
galactosidase within a 2D array and 3D cell culture system (bar =200 nm). (c) The percentage of eGFP positive cells 48 h after magnetofection with the PEI-Mag2/DF-Gold/eGFP
plasmid for unlabeled cells and cells labeled with NDT-Mag1 MNPs in a 2D array and 3D cell culture system, as determined using FACS. Untransfected cells (untx) were used as a

reference. The MNP-labeled cells were all loaded with 38 pg Fe/cell.

Reproduced with permission from American Scientific Publishers: J. Biomed. Nanotechnol. [84].

was observed both in terms of overall reporter gene expression
as well as in terms of the percentage of transduced cells (Fig. 12).
The increase in transfection/transduction efficiency may be due to a
local field gradient generated by the internalized MNPs when ex-
posed to an external field. This would result in additional magnetic
force in the vicinity of the cells, improving the attraction of gene vec-
tors in the immediate surrounding. This phenomenon is known as the
avalanche effect and was utilized, for example by Aviles et al. [133]
to improve the targeting of magnetic drugs using implantable ferro-
magnetic elements, such as wires, needles, catheters, or stents, to in-
crease the magnetic force locally by increasing the gradient of the
field close to the cell.

6. Applications of magnetofection in cell culture

We have summarized the benefits of magnetofection in several re-
view and methods papers as well as book chapters previously
[11,12,19,75,76,78,134-138]. Several groups work on the further de-
velopment of the technology. Except for the use of dynamic magnetic
fields and innovations in magnetic vector formulations discussed
above and some novel approaches which extend the concept of mag-
netofection (discussed below), there have been no major methodo-
logical changes in magnetofection compared to earlier review
papers. Among those groups who work on magnetic vector develop-
ment, experiments in cell culture serve primarily the purpose of

vector characterization and mechanistic studies before proceeding
to in vivo studies. Methodological steps in cell culture are, for exam-
ple, inevitably necessary in ex vivo nucleic acid therapies with genet-
ically modified cells, which can be combined with concepts of
magnetic cell positioning and cell tracking by magnetic resonance im-
aging. Such concepts gain increasing importance with the emerging
field of cell therapies.

Since magnetofection reagents are commercially available (www.
ozbiosciences.com, www.chemicell.com) the method is mostly
used as a research tool. The published studies are too numerous to
be discussed in detail here. Updated tables on cell types and on stud-
ies involving magnetofection can be found on the websites of the
commercial providers. The “users” of magnetofection take advantage
of features of the method which other transfection/transduction pro-
tocols do not provide in the same manner. These features include
low dose requirements, the rapid transfection/transduction kinetics
and the possibility to synchronize transfection/transduction. This
is beneficial if a vector is available only in low amounts (e.g. low
viral titers) or if long incubation times in cell culture lead to vector in-
activation or toxicity to the target cells [18]. Using viral magnetofec-
tion systems, the expression of a transgene is often significantly
higher in comparison to virus alone [14,54,57,139-149]. Infectivity
enhancements were shown in several models, with primary cells,
especially with peripheral blood mononuclear cells (PBMC) and
primary T cells [146,150-153] and in neurosciences applications.
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In some instances, the features of magnetofection enable studies
which otherwise could not be performed. Some highlights are dis-
cussed below.

6.1. Magnetofection for viral applications

Using magnetofection, Thomas et al. have highlighted an inade-
quacy of common HIV-1 viral titer determination with respect to
the ratio of infectious and defective viral particles [148]. They
reported that approximately 1 in 8 virions initiate reverse transcrip-
tion form proviruses contrary to the commonly reported ratio of 1
in 1000. In addition, they demonstrated that the titers are not equiv-
alent to the number of infectious particles probably due to infrequent
occurrences of successful virus—cell interactions under standard con-
ditions. This is in line with our own observations with adenovirus
[83]. Coren, Thomas et al. also used magnetofection to show the im-
portance of C-terminal sequence of the Gag protein for efficient
viral DNA integration during infection in vitro [154].

The apparent gain in viral titers of several thousand-fold has been
described first by Hughes et al. for retroviral vectors [13] and later
also by Chan et al. for amphotropic murine leukemia virus and for len-
tiviral vectors [36]. Their strategy has been to biotinylate viral surface
proteins and to use (strept)avidin-coated magnetic nanoparticles to
capture and concentrate the virus. Similarly, Kaikkonen et al. have
used a very elegant technique to metabolically label baculovirus
with biotin [37]. The same group has also published a strategy to in-
tegrate avidin or streptavidin in viral surface proteins by genetic en-
gineering but has not used these viruses in magnetic targeting but
rather in a novel dual imaging method [155].

In several studies, magnetofection has been exploited in HIV re-
search. For example, Wang et al. have developed a novel method
which allows the rapid characterization of the resistance of mutant
viruses against antiviral agents [149]. This assay is based on a com-
mercially available magnetofection reagent. Mutant viruses are cap-
tured with magnetic nano-beads and used to infect gag-GFP
reporter cells. In this manner, the susceptibility of breakthrough vi-
ruses collected from resistance selections against HIV-1 protease in-
hibitors, for example, can be characterized much faster than with
tedious and time consuming traditional phenotypic assays.

The utility of magnetofection to synchronize viral infection has been
highlighted by Haim et al. in 2005 [80] and has been exploited in highly
useful protocols in the meantime [156]. The development of HIV vac-
cines, for example, requires a precise understanding of the immunolog-
ical and virological principles of HIV infection. The synchronization of
HIV infection in vitro facilitates the study of events in the viral replica-
tion cycle and the antiviral immune response on short timescales
which was previously impossible. In combination with the high trans-
duction efficiency, magnetofection increases the throughput of in vitro
assays [156] including T cell assays which require virally infected cells
[151,152,157-159]. Synchronization is the critical parameter for study-
ing the kinetics of viral infection as well as for identifying the key focus
of vaccine development especially in terms of which viral proteins
(early or late) are better for inducing a specific T cell immune response.
For example, magnetofection allowed to investigate the kinetics of SIV
peptide epitope presentation to CD8(+) [146,153,160,161] and to
CD4(+) T cells [162] or to define conformational state dynamics of
HIV Env [163]. Magnetofection was used to show that Gag-specific
CD8+ T cells recognize infected CD4+ T lymphocytes as early as
2 h post-infection, before proviral DNA integration, viral protein syn-
thesis, and Nef-mediated MHC class I down-regulation [146,160].
Using magnetofection, Sacha et al. showed that early presentation of in-
coming virion-derived Gag epitopes was maximal at 6 h post-infection,
while Gag epitope presentation due to de novo synthesis occurred be-
tween 18 and 24 h. They also showed that the penetration of virion-as-
sociated proteins into the cytoplasm was sufficient to generate CD8(+)
T cell epitopes early after infection [146]. Also in further studies, the

synchronization of infection by magnetofection was the key to define
the kinetics of epitope presentation of infected T cells [147,153,164] as
well as infected macrophages [162].

Payne et al. used magnetofection-based viral synchronization in
U937 cells to highlight a previously unrecognized role played by the
Pol-specific response in HLA-B*2705-mediated immune control of
HIV. Their studies lead to the conclusion that early presentation of
Gag and Pol epitopes contributed to the elimination of virally-infected
cells before viral dissemination and was therefore a kinetic advantage
for HLA-B*2705-positive infected individuals able to produce CD8(+)
T cell responses against these epitopes [165]. Magnetofection allowed
Mannes et al. to shed light on the importance of the cryptic major histo-
compatibility complex class I epitopes in the immune response towards
SIV [151] and to define two novel translation products from the SIV env
mRNA that are targeted by the T cell response [166].

Apart from being a valuable research tool in virology, magnetofec-
tion is of course used as a tool in gene therapy research. For example,
Barsov et al. have used magnetofection to selectively immortalize
tumor-specific T cells to establish long-term T-cell lines while main-
taining primary cell characteristics [139]. The ability to isolate, main-
tain, and characterize tumor-specific T cells is a prerequisite to
studying anticancer immune response and developing novel strate-
gies for cancer immunotherapy. However, the life span of human
T cells in vitro is usually short and is limited by the onset of cellular
senescence. To solve this problem, immortalized antigen-responsive
T cells from human peripheral blood mononuclear cells (PBMCs)
were produced by magnetofecting cells with a MLV vector carrying
an immortalizing gene, the human telomerase-reverse transcriptase
gene [139].

Magnetofection has also been useful in transducing airway epithe-
lial cells with lentiviral vectors. The gene delivery process to these
cells is hampered by extra-cellular barriers and the local confinement
of viruses on the cell surface. Moreover, LV vectors transduce non-di-
viding cells such as those of the airway epithelium only slowly. Mag-
netofection increased the infectivity compared with virus alone in
non-polarized and polarized bronchial cells and greatly enhanced
the transduction in “domes” (cells forming hemicysts containing
fluid) which are resistant to lentiviral transduction [54,167].

Ex vivo gene transfer into hepatocytes could serve several pur-
poses in the context of gene therapy or cell transplantation. Wang
et al. have demonstrated the utility and enhanced transduction of
primary hepatocytes by lentiviral magnetofection ex vivo. Similarly,
Naka et al. infected KLS 4+ immature hematopoietic stem cells with
a retrovirus using the ViroMag reagent and then transplanted
the transduced cells intravenously into lethally irradiated mice
(bone marrow transplantation) [144]. ViroMag allowed the authors
to increase virus infection and concentrate the virus on cells. This
has led to a breakthrough discovery in the field of chronic myeloid
leukemia (CML). The authors show that TGF-b-FOXO (a transcription
factor) has an essential role in the maintenance of leukemia initiating
cells (LIC) and that the ability of LICs to cause disease is significantly
decreased by Foxo3a deficiency [144].

Likewise, Hosokawa et al. used magnetofection to boost lentiviral in-
fection in a gene silencing approach in hematopoietic stem/progenitor
cells [140]. They showed that inhibition of N-cadherin expression accel-
erated cell division in vitro and reduced the lodgement of donor HSPCs
to the endosteal surface, resulting in a significant reduction in long-
term engraftment. These findings suggest that N-cad-mediated cell
adhesion is functionally required for the establishment of hematopoi-
esis in the BM niche after BM transplantation [140].

Magnetofection has also been beneficial to knock down Laminin
A/C expression (>80%) with lentiviral shRNA at low MOI in human
epithelial cells [145], or to silence the expression of a transcription
factor in human hematopoietic cells [142], or to produce stably trans-
duced human neuroblastoma cells with low viral titers [141] or to in-
fect primary mesencephallic cells [143].



C. Plank et al. / Advanced Drug Delivery Reviews 63 (2011) 1300-1331 1315

Magnetofection is also highly useful in studies with adenoviral
vectors as mentioned above and some special applications are dis-
cussed in more detail further below.

6.2. Magnetofection for neurosciences applications

Magnetofection is a very effective way of transfecting plasmid DNA
into a variety of primary cells including primary neurons which are
known to be notoriously difficult to transfect and very sensitive to tox-
icity. For these cells, the balance between transfection efficiency and
toxic effects is a problem for biological and electrophysiological studies.
In this context, magnetofection reagents have proven to be efficient
while minimizing any undesired secondary effects. A large variety of
primary neurons such as hippocampal [58,168-179], cortical [58,180-
184], neocortical [185], vagal afferent [186,187], dorsal root ganglion
[184,188], nodose ganglions [189], cerebellar granule [190,191] or
motor neurons [192] and multipotent neural precursor/stem cells
(NPCs) [193] have been successfully transfected. High transfection effi-
ciency was achieved in primary rat astrocytes from cerebral cortices
[123,194]. During recent years, Divya Chari's group has contributed a
great deal to the methodological development of magnetofection of
neuronal and neuroglial cells, including the study on the use of oscillat-
ing magnetic fields [123,193,195,196]. Furthermore, they have carried
out studies on the uptake of magnetic nanoparticles in these cell types
and associated toxicity. Most recently, they have studied gene delivery
to multipotent neural precursor/stem cells (NPCs) which are a major
transplant population with key properties to promote repair in several
neuropathological conditions [193]. They have demonstrated, using a
neurosphere culture model system, that even repeated nonviral trans-
fection (“multifection”) with magnetic nanoparticles was feasible with
negligible toxicity. The differentiation potential of NPCs was maintained
and they survived and differentiated in 3D neural tissue arrays post-
transplantation. Even though magnetic field application had little, if
any, enhancing effect in this study, their findings are important in
view of the emerging regenerative therapies with genetically modified
cells.

Another cell type of interest is spinal motor neurons. These cells
are used in in vitro models to study basic mechanisms of develop-
ment, axon growth and to gain insight into the mechanisms underly-
ing motor neuron diseases. So far, functional studies in primary motor
neurons have been hampered by the lack of efficient transfection
tools to achieve either protein overexpression or gene knockdown.
Transduction with lentiviral vectors is currently the standard proto-
col, but this method faces several limitations such as the size of the
insert, the cytotoxicity, as well as the requirement for safety precau-
tions and special equipments. In order to overcome these limitations,
Fallini et al. have established a new protocol based on magnetofection
using the NeuroMag reagent [192]. Under optimized conditions,
transfection rates above 45% were routinely achieved with no alter-
ation of the morphology or survival of the transfected motor neurons.
Moreover, gene expression was observed at a high level several days
after transfection. Co-transfection of three different plasmids and
gene knockdown using shRNA constructs were also successfully per-
formed [192]. The authors were thus able to show for the first time
that the spinal muscular atrophy-disease protein Smn is actively
transported along axons of live primary neurons, supporting an
axon-specific role for Smn besides its involvement in mRNA splicing.
Finally, the motor neuron adapted magnetofection protocol was used
to deliver shRNA-based constructs, thereby significantly reducing
Smn levels in both cell bodies and axons [192]. This important exper-
imental procedure is also posted on the Alzheimer Research Forum
website: http://www.alzforum.org/new/detail.asp?id=2461.

In mature cultured neurons, magnetofection contributed to demon-
strating the role of Debrin A in modulating glutamatergic and GABAer-
gic synaptic activities [173]. A specific and detailed magnetofection
protocol for ¢cDNA and shRNA vector transfection in hippocampal

neurons cultured from several hours to 21 days in vitro has been pub-
lished [58]. It also allows double-transfection and long-lasting DNA
and shRNA construct expression without interfering with neuronal dif-
ferentiation. Because mature neurons are more sensitive to commercial
lipid reagent exposure than immature neurons, the lipid exposure time
for transfection—toxic for the neurons—can be reduced by magnetofec-
tion. Thus, Sbai et al. have associated a lipid reagent and magnetic par-
ticles for DNA transfection to point out the vesicular trafficking and
secretion of MMP-2, -9 and TIMP-1 in neuronal cells [181].

Marchionni et al. have investigated the role of gephyrin on GABAa re-
ceptor function at the posttranslational level [174]. They have used spe-
cific single chain antibody fragments against gephyrin (scFv-gephyrin)
to hamper its function. To carry out this study, they needed to achieve
expression of both eGFP (for control) and scFv gephyrin protein in pri-
mary hippocampal neurons which was possible by magnetofection.
When expressed in cultured rat hippocampal neurons as a fusion pro-
tein containing a nuclear localization signal, scFv-gephyrin was able to
remove endogenous gephyrin from GABAa receptor clusters [174]. The
authors have shown a significant reduction in the number of synaptic
2-subunits containing GABAa receptor and a significant decrease in the
density of the GABAergic presynaptic marker vesicular GABA transport-
er (VGAT) in scFV-gephyrin transfected neurons. These effects were as-
sociated with a reduction in the amplitude and in the frequency of
miniature inhibitory postsynaptic currents (mIPSCs) and also with a sig-
nificant reduction in GABAa receptor-mediated tonic conductance. The
results indicate that gephyrin is essential not only for maintaining syn-
aptic GABAa receptor clusters in the right position but also for regulating
both phasic and tonic inhibition.

Takei has also adapted the NeuroMag reagent for transfection in
primary neurons from dorsal root ganglion as well as some neuro-
blastoma cells lines [188]. This assisted in showing that phosphoryla-
tion of Nogo receptors by casein kinase II (CK2) inhibits binding of the
myelin-associated proteins. Brain-derived neurotrophic factor stimu-
lates the phosphorylation, suppressing Nogo-dependent inhibition of
neurite outgrowth from neuroblastoma-derived neural cells. Similar-
ly, in rat adult neurons, extracellular CK2 treatment overcomes inhi-
bition of neurite outgrowth by the muyelin-associated proteins.
These findings provide new strategies to control Nogo signaling and
hence neuronal regeneration [188]. Nogo signaling has critical roles
in the development and maintenance of the central nervous system
(CNS). It can inhibit differentiation, migration, and neurite outgrowth
of neurons, causing poor recovery of the adult CNS from damage.

Summarizing, magnetofection methods have become an impor-
tant tool in neurosciences research during recent years.

6.3. Magnetofection for DNA transfection in further primary cells and cell
lines

Magnetofection is a very effective way of transfecting plasmid
DNA into a variety of primary cells. Primary mouse gastric gland epi-
thelial cells [197,198] and epithelial cells from various other tissues
[199-202], retinal pigment epithelium [203], human umbilical vein
endothelial cells [17,18,60,204-210], porcine aortic endothelial cells
[204,206,211,212], mesenteric lymph node endothelial cells [213],
ventricular cardiomyocytes [154], neurons [58,179,192], myoblasts
[214], chondrocytes [119,215,216], fibroblasts [119,214,217,218],
synoviocytes, osteoblasts and melanocytes [119], mouse embryonic
stem cells [66] and spermatozoa have been magnetofected success-
fully [219].

Chen et al. have developed a shielded magnetic PEI-DNA formula-
tion comprising a specific single chain antibody ligand for T cells
[220]. With this composition, they achieved a 16-fold enhancement
of gene transfer efficiency in a T cell line.

Lee et al. have established a protocol for magnetofection of mouse
embryonic stem cells [221]. The transfection efficiency was high
(45%) compared with a non-magnetic transfection reagent (15%).
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The cells retained ES markers such as Oct-4 and SSEA-1 even after
more than 50 passages and also retained the ability to form embryoid
bodies and differentiated in vitro into cells of the three germ layers.

An impressive demonstration of the potency of ex vivo magnetofec-
tion has been contributed by Svingen et al. They have established a
new protocol for functional studies that combines organ culture of
explanted fetal tissues with microinjection and magnetofection of
gene expression constructs. A cDNA of the Sry gene or an shRNA con-
struct to down-regulate Sox9 expression were magnetofected into gen-
ital ridge tissue in a gain of function approach in the first case or loss-of-
function in the latter case. The expression of Sry induced female-to-male
sex-reversal, whereas knockdown of Sox9 expression caused male-to-
female sex-reversal, consistent with the known functions of these
genes. This study highlights the potency of magnetofection in studying
gene function in developmental biology [222].

In many other studies, magnetofection has been used as one of
many methodological tools which are required to define biochemical
and signaling pathways in a broad variety of research fields. For ex-
ample, Basile et al. are interested in semaphorins which are a family
of proteins originally identified as regulators of axon growth. These
proteins also have been implicated in blood vessel development.
Using magnetofection as a research tool, Basile et al. were able to
highlight the role of semaphorin 4D in tumor-induced angiogenesis
and to characterize the involved mechanisms [204,211,223,224]. In
another study for deciphering angiogenic pathways, Mannel et al.
used magnetofection of antisense oligonucleotides to define the role
of the tyrosine phosphatase SHP-2 in angiogenesis [209]. In another
study, relevant in identifying mechanisms of cancer development,
Steele et al. have used magnetofection in gastric epithelial cells to iden-
tify promoter elements which regulate the expression of Regl. This a
putative growth factor which is significantly increased in Helicobacter
pylori infected patients [197]. H. pylori accelerates the progression of
gastric cancer through an unknown mechanism. Using magnetofection
as research tool, Steel et al. could demonstrate the role of the promoter
elements in responding to H. pylori and gastrin. In a thematically related
study, also involving magnetofection, Ashurst et al. defined the minimal
promoter required for transcription of CCK2R in human gastric adeno-
carcinoma [225]. Gastrin/CCK receptor (CCK2R) plays a major role in
the physiological regulation of gastric acid secretion.

Magnetofection was also helpful for establishing models and iden-
tifying mechanisms of infection with viral pathogens. For example,
Mitsutani et al. used magnetofection to examine pathways involved
in SARS-coronavirus infection [226,227]. SARS-CoV causes severe
acute respiratory syndrom (SARS). Guix et al. have used magnetofec-
tion to establish a model for Norwalk virus (NV) infection [228]. Nor-
walk viruses (NVs) are positive-sense RNA viruses and are the leading
cause of epidemic acute viral gastroenteritis in developed countries.
The absence of an in vitro cell culture model for NV infection has ham-
pered the development of effective antiviral therapies and vaccines.
Using magnetofection, the authors were able to transfect Huh-7
cells with NV RNA isolated from stool samples from human volun-
teers. Transfection leads to viral replication with expression of viral
antigens, RNA replication and release of viral particles into the medi-
um. It was therefore demonstrated for the first time that NV RNA iso-
lated from stool samples from human volunteers is infectious when
transfected into mammalian cells.

Magnetofection of DNA has been used in numerous further
mechanistic studies [203,214,229,230] or for establishing model
systems which are required in ongoing research [231]. Of course,
DNA transfection in numerous cell lines has also been demonstrat-
ed [57,204,223,225,228,232-239].

6.4. Magnetofection for siRNA transfection

The efficiency of siRNA delivery mediated by magnetofection has
been reported for numerous cell lines such as COS7 (monkey kidney)

and 3Y1 (rat fibroblast) [232], Vero E6 cells (monkey kidney) [226],
integrin a5-expressing normal rat intestinal epithelial cell line
(RIE1-a5) [233], NIH-3T3 cells, HeLa and H441 cells [75,76,78],
MDA-MB-231 [240], N2A [183] and in human microvascular endothe-
lial cell line-1 (HMEC-1) [236]. Several reports of siRNA delivery with
magnetic nanoparticles in vivo have been published recently and are
discussed further below.

In a 3D cell culture model which has been intended to better
mimic the situation in intact tissue in vivo, Zhang et al. have demon-
strated reporter gene and siRNA delivery through a collagen-gel ma-
trix into 3D cell cultures driven by an external magnetic field [116].
For this purpose, they have prepared PEI-coated magnetic nanoparti-
cles by ligand exchange reaction from 30 nm oleic acid-coated parti-
cles. Complexes of DNA or siRNA which were prepared with such
particles penetrated into the culture under magnetic field influence
and were highly efficient in nucleic acid delivery while non-magnetic
complexes were inefficient. This is encouraging because tissue pene-
tration is one of the limiting factors in nucleic acid delivery in vivo.

A review paper by Bonetta et al. on “evaluating gene delivery
methods” highlights the potential of magnetofection as a tool to im-
prove and target a broader range of cells and applications [241]. In
the same way, the benefits of using magnetofection to concentrate
and promote efficient siRNA transfection were assessed [242]. We
have published comprehensive reviews and protocols of siRNA mag-
netofection recently [11,76,85]. Several excellent non-magnetic re-
agents for siRNA transfection are commercially available. Similarly
as for DNA transfection, the true benefits of magnetofection become
evident with difficult to transfect primary cells. We would like to dis-
cuss a few recent applications in primary cells instead of repeating
what we have published elsewhere.

Magnetofection has been shown to be an effective way of trans-
fecting siRNA in human primary endothelial cells derived from the
umbilical vein [206,207] and from human cord blood [206]. It contrib-
uted to demonstrating the critical role of a transcription factor in an-
giogenesis [206] and of a selective estrogen receptor modulator in
atherosclerosis [207]. Similarly, magnetofection-induced gene knock-
down by siRNA in HMEC-1 allowed researchers to figure out the im-
plication of a certain kinase (ROCK-II isoform) in the formation
of microparticles in response to thrombin stimulation [236]. Magne-
tofection of 25 nM siRNA induced more than 50% inhibition. Out
of the two isoforms (Rho kinase I and II), the specific targeting of
ROCK-II with siRNA was the only one to be implicated in the
caspase-2-induced release of endothelial microparticles in response
to thrombin stimulation unravelling a new pathway in microparticles
formation. Three years later, the same authors continued their study
on the release of procoagulant endothelial microparticles induced by
thrombin using the SilenceMag magnetofection reagent on HMEC-1
and on primary human umbilical vein endothelial cells (HUVEC).
Transfecting endothelial cells with siRNA targeting TRAIL, induced a
decrease in microparticle production in response to thrombin and
moreover reduced the pro-coagulant potential of these endothelial
microparticles unravelling a potential mechanism linking inflamma-
tion and coagulation [243]. Also Meda et al. have used siRNA magneto-
fection in HUVECs to examine biphasic effects of drugs on nitric oxide
(NO) bioavailability and cytotoxicity, as well as drug interference with
the interaction of endothelial NO synthase (eNOS) with caveolin-1
(Cav-1) [94].

Ge et al. used magnetofection for siRNA delivery in human pulmo-
nary artery endothelial cells to elucidate pathways in angiotensin II-
mediated vascular inflammation [244]. Early events in leukocyte ad-
hesion to the endothelium, which is an essential event in inflamma-
tion, require P-selectin surface expression. This in turn probably
requires the release of P-selectin from intracellular stores via exocyto-
sis. Using siRNA magnetofection to knock down two particular kinases,
Ge et al. could pinpoint a molecular link between the triggering of exo-
cytosis by angiotensin Il and consequent P-selectin surface expression.
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Hence they were able to propose a mechanism that links angiotensin II
signaling to inflammation.

Primary human gastric myofibroblasts are also difficult to trans-
fect. McCaig et al. have used magnetofection to deliver siRNA in pri-
mary human gastric myofibroblasts and deciphered the role of
MMP-7 in redefining the gastric environment in response to bacteria
[245]. The same team in 2008 used siRNA magnetofection to silence
uPAR expression in primary gastric gland epithelial cells and showed
that uPAR knockdown significantly inhibited H. pylori-induced prolif-
eration [201]. This finding is of high importance because H. pylori in-
duction of uPA leads to epithelial proliferation. Inhibition of uPA
action may slow the progression to gastric cancer.

Another challenging cell type, primary dendritic cells have been
successfully magnetofected with siRNA [246]. Dendritic cells (DCs),
the professional antigen presenting cells, are critical for host immuni-
ty by inducing specific immune responses against a broad variety of
pathogens. Using siRNA magnetofection in primary DCs, Melki et al.
revealed that DCs infected with HIV-1 become resistant to killing
by natural killer (NK) cells. This protection from NK cytotoxicity is in-
duced through a crosstalk resulting in the up-regulation of two cell-
death inhibitors. Magnetofection of siRNA has been performed to
study the loss of function of two apoptosis inhibitors.

Magnetofection has also been reported to be effective for siRNA
transfection in suspension cells such as MOLT-4 and Jurkat (Human
T cell leukemia) which permitted to show the implication of RCAS1
(a receptor-binding cancer antigen) in T cell apoptosis induced by
HIV infection [247]. Rt-PCR analysis confirmed that siRNA-RCAST re-
duced RCAS1T mRNA expression by about 60% in cells which allowed
the authors to show that the apoptosis induced by HIV-Tat was
blocked by inhibiting small interfering RNA specific for RCAS1. Thus
demonstrating the effect of this receptor-binding cancer antigen on
TAT-induced apoptosis, the authors deciphered one of the mecha-
nisms that induced the death of CD4™ T cells in HIV-1 infection.

Uchida et al. and Tan et al. have succeeded in delivering siRNA to
primary rat embryonic DRG neurons [184] and primary cortical neu-
rons [183].

De Lartigue et al., investigated the role of the satiety peptide
CARTp by knocking down its expression in rat primary vagal afferent
neurons. Cells were magnetofected using 50 nM of siRNA and exper-
iments were performed 48 h after transfection. The data provided
direct evidence for an autocrine-positive feedback mechanism in
which CART is involved and appears to play a role as a pre-existing
stock and once released, acts on its own secretion. They provided an
illustration of a mechanism that has not previously received de-
tailed consideration and they raised the possibility of developing
novel therapies based on augmenting and prolonging the action of
established gut-brain signaling molecules [187]. Using the same
transfection protocol, 50 nM siRNA directed against early growth re-
sponse factor 1 (EGR1), the authors found a potential therapeutic
interest in that factor [248].

Post-transcriptional gene silencing using siRNA and SilenceMag
was applied to examine specifically the roles of inositol tri-phosphate
receptors and the receptor channel in arginine vasopressin activation
in smooth muscle cells. 30 nM siRNA was mixed to SilenceMag siRNA
transfection reagent to silence receptor and receptor channel gene
expressions in A7r5 cells [208]. The results presented by Li et al.
showed the importance of the receptor and the receptor channel in
calcium signaling. Moreover, the whole paper by Li et al. is dedicated
to the evaluation of siRNA in a model system of smooth muscles cells.

In primary mouse myoblasts, SilenceMag and CombiMag magne-
tofection reagents have been used to study the expression and the in-
tracellular localization of a vesicle associated membrane protein
(VAMP2). Transfections of siRNA targeting VAMP2 were performed
on day 0 and 3 of differentiation. Based on the results, the authors
proposed that this protein could be used as a molecular marker for
both quiescent satellite cells and myotubes [237].

Recently SilenceMag was used to transport siRNA in osteoblast
MC3T3-E1 cells by Zhang et al. [249]. In that model of development,
the authors first transformed MC3T3-E1 cells using 5 nM siRNA with
SilenceMag to silence COX-2 expression before IL-17A treatment.
Then, the resulting conditioned medium was used to stimulate os-
teoclast RAW264.7 cells and shown to be less effective in inducing
osteoclast markers MMP-9 and cathepsin K proteins. The authors
concluded to a key role played by secreted IL-17 in regulation of
bone metabolism.

One highlight in the recent literature has been the paper by
Namiki et al. on siRNA delivery to tumors in a mouse model [63]
which we will discuss in more detail further below. At this place,
we would just like to mention that the work of Namiki and colleagues
is possibly the most comprehensive study on the development of a
magnetically targeted siRNA delivery system so far. It covers every-
thing from the development of a lipid/magnetic siRNA formulation
to its successful application in vivo. They have carried out a compre-
hensive screening of their constructs in 13 different cell lines before
proceeding to in vivo experiments which leads us to the next chapter.

Summarizing, magnetofection has become an important tool in
gene silencing upon transfection of exogenous siRNA. Numerous dis-
coveries of biological mechanisms have been made in difficult to
transfect cells. Apart from the commercially available reagents for
siRNA magnetofection, several research groups have developed mag-
netic nanoparticles and formulations for siRNA delivery which are
highly efficient in gene silencing.

7. Applications of magnetofection in vivo

Reports on nucleic acid delivery with magnetic nanoparticles in vivo
are less abundant than the numerous publications on cell culture appli-
cations, but a substantial body of literature has accumulated during
the last 10 years [12,14,17,23,33,53,65,73,86,95,98,108,115,250-267].
The publications are summarized in Table 5.

A systemic administration via the circulation is a challenge for any
drug delivery system, magnetic or non-magnetic [268,269]. If magnetic
compositions are assembled by non-covalent interactions, dissociation
of the assembly in the in vivo milieu can occur and thus obviate magnet-
ic targetability. Furthermore, vertebrates are equipped with defense
mechanisms to eliminate intruders such as viruses or bacteria and, un-
fortunately, nanomedicines. The complement system which is a phylo-
genetically ancient form of innate immunity can tag intruders to be
eliminated from the circulation by macrophages. This has been recog-
nized to be a challenge for the construction of gene vectors many
years ago [270] and has remained a challenge for particulate drug deliv-
ery systems in general [271-273]. A commonly used approach to pro-
tect drug delivery systems from undesired interactions with blood
components and from rapid elimination from the circulation by the reti-
culo-endothelial system (RES) is surface shielding with polymers like
polyethylenglycols. While this is highly effective and has been estab-
lished for liposomes many years ago, this concept has been implemen-
ted with multi-component magnetic compositions for nucleic acid
delivery only recently [33,60,73,274-278]. Sufficiently long circulation
in the bloodstream at least on the tens of minutes, better on the hour
timescale is a prerequisite to capture a substantial fraction of a magnetic
drug formulation in a target tissue [279]. This is because first pass reten-
tion by a magnetic gradient field is low except at low blood flow rates
[280] and after the first passage, the drug carrier will distribute
throughout the vascular system. In systemic drug delivery to tumors,
long-circulating drug formulations can extravasate into the tumor tis-
sue by the enhanced permeability and retention effect (EPR effect)
[281,282]. This effect designates the increased leakiness of blood vessels
in tumor tissues compared to normal tissue. Current strategies in sys-
temic gene and drug delivery to tumors aim at combining passive target-
ing via the EPR effect with active targeting exploiting magnetic force and
biological receptor-ligand interactions [283]. Among the published
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Table 5
Selected reports on nucleic acid delivery with magnetic nanoparticles in vivo.
Route of (Target) tissue/organ Animal Nucleic acid type Magnetic nanoparticle composition Reference
administration species
Localized Intestine Rat DNA transMAG-PEI (chemicell) 4+ PEI 4+ DNA [14]
Systemic Blood vessel endothelium, swine Swine DNA transMAG-PEI (chemicell) 4 PEI + DNA [14]
Systemic Blood vessel endothelium Mouse Antisense ODN Polymag particles + antisense oligonucleotides [17]
Systemic Blood vessel endothelium Rabbit DNA transMAG-PEI (chemicell) + DNA [12]
Systemic Brain Mouse DNA ION-PLL. No magnetic targeting involved. [267]
Localized Liver Mouse DNA HVJ-E/maghemite [262]
Localized Feline fibrosarcoma Cat DNA tumor vaccine transMAG-PEI (chemicell) + DNA [258,259,263]
Localized Synovial membrane authors demonstrate  Sheep DNA MNP-PEI + DNA [254]
tolerability of magnetic field-guided
gene delivery
Localized Nasal epithelium Mouse DNA TransMAG(PEI) + Lipofectamine 2000 or cationic [264]
lipid 67 (GL67)/plasmid
Localized Lung via airways Mouse DNA Magnetic aerosol comprising DNA [252]
Systemic Orthotopic mouse models: lateral 9l-gfp Mouse siRNA against [23,98]
or 9l-rfp tumors; human colorectal various targets
carcinoma tumors (Is174t)
Localized Intramuscular injection of a magnetic Mouse Antigen-encoding DNA PEI coated on the surface of bacterial magnetic [266]
genetic vaccine leads to enhanced nanoparticles (BMPs)
immune response
Localized Intramuscular injection of a magnetic Mouse, DNA PEI-coated MNP [267]
genetic vaccine leads to enhanced rabbit
immune response
Localized Mouse Adenovirus Hexanoyl chloride-modified chitosan (Nac-6) [66]
stabilized iron oxide nanoparticles (Nac-6-I0Ps)
Systemic Lung heart Mouse DNA PEI-DNA covalently bound to MNP [108]
Systemic Magnetic targeting of hvj-e to the head. Rat Hemagglutinating virus of ~ Feridex IV SPIO incorporated in HV]-E [253]
Passive accumulation in liver and spleen Japan envelopes (HVJ-Es)
Systemic (i.v.) Transfected monocytes targeted to pc3 Mouse Transfected, magnetic Magnetic nanoparticles from Sigma or Spherotech [115]
tumor xenografts in nude mice particle-loaded monocytes
Localized (intracranial, Brain, glioblastoma model no magnetic Mouse siRNA Dendrimer-conjugated nanoworm [95]
convection-enhanced field applied
delivery)
Systemic (i.v.) Liver (hepatocytes) Mouse DNA (reporter gene) (SPIO)-comprised in water-soluble chitosan [251]
siRNA (WSC)-linoleic acid (LA) nanoparticles (SCLNs).
No magnetic targeting involved.
Systemic (i.a.) Magnetic targeting to liver. Magnetic Mouse Lentivirus Lentivirus complexes with CombiMAG and [53]
positioning of transduced endothelial transMAG MNP (chemicell)
cells to intima of injured common
carotid arteries
Systemic (i.v.) c6 rat glioma xenograft tumors in Mouse DNA (reporter gene) NP-CP-PEI: superparamagnetic iron oxide [33]
nu/nu mice nanoparticle coated with a copolymer of short
chain polyethylenimine (PEI) and poly(ethylene
glycol) (PEG) grafted to chitosan (CP),
Systemic (i.v.) mkn-74 and nugc-4 gastric adenocarcinoma Mouse DNA (reporter genes), LipoMag, consists of an oleic acid-coated magnetic [63]
xenograft implanted s.c. in nude mice siRNA nanocrystal core and a cationic lipid shell
Systemic Pulmonary metastasis mouse model. Mouse DNA (therapeutic and IONP-PLL as gene carriers to deliver the NM23-H1 ~ [261]
reporter gene) gene. No magnetic targeting involved.
Systemic Targeting to liver Rat DNA (reporter gene) Fluid MAG-T (aqueous dispersion of magnetite [65]
Fe,03; tartaric acid matrix; mean diameter, 20 nm)
with DC-Chol and DOPE and DNA
Localized (i.t.) Human glioblastoma u251-mg cells and in ~ Mouse DNA (siRNA expression  Bacterial magnetic nanoparticles (BMP) conjugated ~ [255]
nude mouse models plasmid directed against ~with PAMAM dendrimer and Tat peptide
EGF receptor)
Localized Skinflap model Rat DNA (encoding reporter Magnetic microbubbles [257]
gene or VEGF)
Systemic c6 rat glioma xenograft tumors in Mouse DNA (reporter gene) or MNP coated with a copolymer of chitosan, [73]
nu/nu mice siRNA polyethylene glycol (PEG), and polyethylenimine
(PEI). DNA or siRNA was bound to these nanoparticles,
and CTX was then attached using a short PEG linker.
Systemic (i.v.) Human breast adenocarcinoma Mouse siRNA MN-EPPT-siBIRC5 consists of superparamagnetic [260]
xenograft model iron oxide nanoparticles, the dye Cy 5.5, peptides
(EPPT) that specifically target uMUC-1, and a
synthetic siRNA that targets the tumor-specific
antiapoptotic gene BIRC5
Localized (intrathecal — Rat spinal cord Rat DNA (reporter genes) Gene transfer complexes were generated by mixing  [71]
injection) polyethylenimine-coated cationic magnetic iron
beads with plasmid DNA, followed by addition of
a bis(cysteinyl) histidine-rich Tat peptide.
Localized Human pancreatic carcinoma Mouse Oncolytic adenovirus Magnetite core (ca. 10 nm) stabilized by a shell [55]
(intratumoral) (epp85-181rdb) xenograft in nude mice containing 68 mass % lithium 3-[2-(perfluoroalkyl)
ethylthio]propionate) and 32 mass % 25 kDa
branched polyethylenimine
Systemic (i.a.) Dorsal skinfold chamber model Mouse DNA (reporter gene) Magnetic microbubbles [86]
Localized Ventricle of mouse embryonic brain Mouse Adenovirus Biotinylated adenovirus attached to streptavidin- [256]

conjugated magnetic nanoparticle
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studies, several have focused on the systemic delivery of nucleic acids
[12,14,17,23,33,53,63,65,73,86,98,108,251,253,260,261,265] or magne-
tofected cells [115] to tumors using magnetic carriers. But surprisingly
in only two of the studies a magnetic field has been applied to enhance
the accumulation of magnetic cells or nucleic acid carriers, respectively,
in the tumor tissue [63,115].

Although there had been earlier reports on magnetically targeted
nucleic acid delivery in vivo, a breakthrough in magnetic targeting
to tumors upon intravenous administration had been lacking until
Namiki et al. published their work in 2009 [63]. They have shown
for the first time that this concept is feasible and also have demon-
strated therapeutic benefit in mouse models of gastric cancer with
magnetically targeted siRNA.! The study of the Japanese authors
highlights the level of interdisciplinarity that is required to achieve
technological breakthroughs. First, they synthesized magnetic nano-
particles following a known approach which however has been
neglected by other groups working in magnetically guided nucleic
acid delivery. This was possibly the key for obtaining nanomagnetic
compositions with nucleic acids that are enabled for magnetic target-
ing to tumors upon intravenous administration. Such formulations
were the result of a comprehensive biophysical characterization and
optimization involving nucleic acid delivery studies with 13 different
cell lines. Targeting to tumors in gastric cancer mouse models
was achieved with the optimized composition when a magnetic
field was applied to the tumors but not without magnetic field and
also not with a commercially available magnetic transfection reagent.
Delivery was localized to tumor blood vessels. Consequently the au-
thors chose siRNA as a therapeutic agent and epidermal growth factor
receptor (EGF-R) expression as the molecular target (EGF-R is over-
expressed in tumor blood vessel endothelium and has been shown
to be a validated target for therapeutic intervention by many other
authors [284]). In this manner they achieved retardation of tumor
growth which is clearly linked to the target-specific action of siRNA
on a molecular level. Adverse reactions that one might expect from
the delivery of magnetic nanoparticles or EGF-R knock-down in
non-target organs were not observed. Namiki and colleagues were
not the first to demonstrate targeting of nucleic acids or specifically
siRNA to tumors and to demonstrate associated therapeutic benefit
[284,285]. Using a different tumor model, Huang and colleagues
have achieved an even more favorable siRNA biodistribution profile
with a non-magnetic shielded and receptor-targeted formulation
[286]. And other researchers using non-magnetic receptor-targeted
gene delivery have even reported complete tumor remissions [286].
Nevertheless, the study by Namiki and colleagues has opened new
perspectives. They show that accumulation in a tumor and therapeu-
tic benefit of a non-shielded, non-receptor targeted formulation of
siRNA is enabled by magnetic force. Magnetic targeting enforces the
first and essential steps of nucleic acid delivery which are accumula-
tion in a target tissue and establishing target cell contact. Hence one
can expect that a future combination of shielding, receptor targeting
and magnetic targeting will result in a synergistic improvement of
the dose-response profile. What are the limitations? From a medical
point of view, magnetic drug targeting makes sense primarily in local-
ized stages of disease and less in metastatic stages where drug action
may be required throughout the body. Nevertheless, there are plenty
of medical indications where magnetic targeting of nucleic acids may
yield a substantial advantage. The major limitation of Magnetic Drug
Targeting is a physical one: the magnetic force acting on magnetic
nanoparticles drops with some power of the distance from the source
of the magnetic field (depending on the geometry of the pole shoe).
The “penetration depth” of this force, which is proportional to the
magnetic flux density and the field gradient, is low. It is not trivial

! Parts of this summary of Namiki's paper were first published in [Nature Nanotech-
nology 4(9), 2009, doi.nnano.2009.251 [pii]10.1038/nnano.2009.251] © Nature Pub-
lishing Group, a division of Macmillan Publishers Limited.

to generate sufficient field and gradient at a target site inside the
body. In the Supplementary Materials of their paper Namiki and col-
leagues have described a biocompatible surface coating of permanent
magnets with titanium nitride. Minimal-invasive implantation of
such magnets at tumor sites may provide a viable solution for gener-
ating sufficient magnetic force for magnetic drug targeting.

Among the other publications on systemic nucleic acid delivery to
tumors with nanomagnetic carriers [23,98,260,287,288], the work of
Medarova and colleagues [260] has been the most inspiring. Based
on earlier work by Josephson et al. [289,290] they have prepared dex-
tran-coated magnetic nanoparticles with covalently attached siRNA,
near-infrared dye Cy5.5 and membrane translocation peptides.
Using magnetic resonance and optical imaging, they have shown
the feasibility of in vivo tracking of tumor uptake of these carriers.
Furthermore, using optical imaging they could follow the silencing
of the target reporter gene in vivo. With the same concept, but now
using a therapeutically relevant siRNA and a receptor targeted sys-
tem, they could demonstrate favorable accumulation of the system
and therapeutic benefit in a human breast adenocarcinoma xenograft
model in nude mice [260]. It is remarkable, that this was achieved
without applying magnetic targeting and it would be interesting to
know whether this would yield additional benefit. Conceptually relat-
ed work has been published by Kievit, Veiseh and colleagues
[33,73,277,291]. They have developed a nanovector consisting of an
iron oxide core coated with a copolymer of chitosan, polyethylene
glycol (PEG), and poly(ethylene imine) (PEI). After electrostatic bind-
ing of plasmid DNA (encoding a gene of interest) or siRNA [279],
chlorotoxin (CTX) as a receptor ligand is attached to the system
using a short PEG linker. Upon intravenous injection, they have
achieved efficient gene delivery to c6 rat glioma xenograft tumors
in nude mice [73]. The authors have not applied magnetic targeting
because they argue that this strategy provides little advantage for
highly invasive and infiltrative cancers, such as glioma. In a previous
study, the same group has shown that a similar magnetic nanoparti-
cle conjugate without PEI or nucleic acids but equipped with a near-
infrared dye accumulates well in autochthonous medulloblastoma
tumors in genetically engineered ND2:SmoA1 mice. In this case,
the system was used as multimodal imaging probe and not for
nucleic acid delivery [291].

Further work on magnetic targeting of nucleic acids upon systemic
administration includes our own early proof of principle experiments
on the magnetic localization of DNA and oligonucleotide delivery in
the vascular system [12,14,17]. A further interesting finding about
ion oxide nanoparticles was obtained by Xiang et al. who claimed
that intravenously injected polylysine-coated iron oxide nanoparti-
cles can even transfer DNA across the blood-brain barrier to glial
cells and neurons of the brain [265]. No magnetic targeting was in-
volved in this study, and the major reporter gene expression was
found in the mouse lung. The same vector composition was used
later by Li et al. to delivery an anti-metastatic gene in a pulmonary
metastasis mouse model [261]. Therapeutic benefit could be achieved
in that tumor growth was inhibited. Also here, no magnetic targeting
has been involved. Magnetic targeting was involved however in a
study published by the Steinhoff group [108]. They have achieved
magnetically targeted gene delivery to cardiac tissue. The magnetic
carrier was assembled with biotinylated PEI-DNA complexes and
streptavin-coated magnetic nanoparticles. The cells expressing the
reporter gene were identified as endothelial cells by histological anal-
ysis. In the same manner, the authors have achieved magnetically tar-
geted delivery of the therapeutically relevant bcl-2 and VEGF genes.
Flexman et al. have achieved magnetic accumulation of Feridex MRI
contrast agent in the heads of rats. For this purpose, the contrast
agent was incorporated in the hemagglutinating virus of Japan enve-
lopes (HVJ-Es). No nucleic acid delivery was involved in this study
which is mentioned here because in many previous studies HV]-Es
have been shown to be excellent agents for gene delivery. Muthana
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et al. have accumulated magnetofected monocytes in pc3 (prostate
cancer cell line) tumor xenografts in nude mice upon intravenous ad-
ministration [115]. This is relevant because for some applications ge-
netically engineered cells are considered to be useful as an indirect
gene delivery agent to tumors. Cheong et al. have described water sol-
uble chitosan-linoleic acid conjugates which they used to assemble
complexes with DNA or siRNA and magnetic nanoparticles [251].
These complexes, when injected intravenously in mice accumulated
passively in the liver and gave rise to reporter gene expression. No
magnetic targeting has been involved in this study. In contrast,
Zheng et al. have applied magnetic targeting to the liver upon intrave-
nous injection of a magnetic composition of DNA in rats and have ob-
served increased reporter gene expression in this organ compared to
the absence of magnetic targeting [65].

Hofmann et al. have prepared magnetic lentiviral vectors by elec-
trostatic interaction with commercially available CombiMAG and
TransMAG magnetic particles [53]. They have used these vectors to
demonstrate magnetically localized transduction under physiological
flow conditions in explanted aortas. In the next step, they injected
the vector through the carotid artery in mice. When a permanent mag-
net was placed at the right abdominal wall close to the liver, a signifi-
cant redistribution of LV/MNP complexes to the liver was observed
and, concomitantly, the number of viral integrants in the lung was sig-
nificantly reduced. The authors also showed that HUVECs magneto-
fected with a high magnetic nanoparticle dose could be magnetically
positioned in the blood vessel walls in an ex vivo model. And finally
they showed that this was as well possible in vivo. Upon injection into
the thoracic aorta, lentiviral magnetofected cells were accumulated in
the abdominal aorta or in the iliac artery in the areas that were under
magnetic field influence. Similarly the authors could magnetically tar-
get such cells to the denuded common carotid artery upon injection in
to the carotid artery. These studies are relevant in the field of (stem)
cell transplantation, tissue repair and tissue engineering with genetical-
ly modified cells but also with respect to targeting genetically modified
cells to tumors [115].

Summarizing, major progress has been made in magnetic target-
ing upon systemic administration. At the same time it is clear that fur-
ther essential progress is required with respect to long-circulating
magnetic formulations and a clear-cut preferential accumulation of
magnetic compositions in the magnetically targeted tissue. Most pub-
lications which are cited here, including our own, lack detailed biodis-
tribution studies which are absolutely required to demonstrate any
benefits of magnetic targeting. It is curious to note that many authors
cited above have abstained from magnetic targeting even though they
have used nanomagnetic carriers. This raises the question whether
magnetic targeting did not work or did not yield any additional ad-
vantage in their studies.

In contrast to the systemic applications, localized administrations
into the target tissue in vivo are technically simple. In our early work
we have demonstrated magnetically targeted functional nonviral gene
delivery in the ileum lumen of rats after laparatomy or in the stomachs
of mice with magnetic particle-adenovirus compositions [ 14]. Reporter
gene transfer was strongly enhanced in the area under influence
of a magnetic field whereas without application of a magnet (controls)
either no or much poorer transfection/transduction was achieved.
However, other authors did not find any enhancement by magnetic
field application after localized injection of magnetic vectors. This was
the case in Xenariou's study of nonviral gene transfer to the murine
nasal epithelium [264] and Morishita et al.'s experiments who directly
injected maghemite nanoparticles associated with HVJ-E vectors into
the liver of mice [262]. In both studies, magnetic nanoparticles alone,
without magnetic field application were sufficient to yield enhanced
gene transfer.

Galuppo et al. found little, if any, functional gene delivery to
the synovial membrane upon intra-articular injection of reporter
DNA complexes with PEI-coated magnetic nanoparticles in sheep,

independent of magnetic field application [254]. However, the study
yielded insights in the tolerability of their compositions in vivo. Agra-
wal et al. have achieved very efficient delivery of siRNA associated
with magnetic “dendriworms” in vitro and in vivo [95]. But they did
not apply any magnetic field in their studies. The localized application
in vivo was intracranial, convection-enhanced delivery in mouse
brains. Dendriworms with siRNA directed against the epidermal
growth factor receptor (EGFR) led to specific and significant suppres-
sion of EGFR expression under these settings. Similarly, Han et al.
used bacterial magnetic nanoparticles (BMP) conjugated with
PAMAM dendrimer and Tat peptide as a carrier of a small interfering
RNA expression plasmid (psiRNA) to downregulate EGFR expression
in human glioblastoma cells in vitro and in vivo [255]. They applied
magnetofection conditions (magnetic field) in vitro but not in their
subcutaneous tumor model in vivo. Upon intratumoral injection of
the magnetic composition, they achieved tumor growth retardation,
but there was no significant difference to mice treated with non-mag-
netic Lipofectamine 2000/psiRNA-EGFR treatment groups.

True magnetofection conditions were applied in Song's recent study
of gene delivery to various glioma cell lines, neural stem cells and an as-
trocytoma cell line in vitro and upon intrathecal injection in the lumbar
spinal cord (subarachnoid space) in rats. As a magnetic carrier of plas-
mid DNA they used the commercially available PolyMAG transfection
reagent in conjunction with bis(cysteinyl) histidine-rich, endosomoly-
tic Tat peptides (which enhanced transfection efficiency) [71]. In the
in vivo experiment, they placed a magnet on the back of animals in
order to prevent gene transfer complexes from being carried away by
cerebrospinal fluid flow. They examined two conditions, one where
the magnet remained static and one where the magnet was moved
along the spinal cord. Under the latter condition, the peak level reporter
gene expression was detected in the cervical spinal cord remote from
the injection site, with the lowest level of transgene expression in the
lumbar spinal cord. Hence, the authors have demonstrated that in
their model the magnetic vectors can be magnetically guided after lo-
calized injection. Similar findings were reported by Hashimoto et
al. [256]. They have attached an adenoviral gene vector to magnetic
particles via biotin-streptavidin linkage. In this manner they could
direct adenoviral gene delivery to a restricted region in the mouse
brain by magnetic force.

Magnetofection including magnetic field application yielded clear
advantages in magnetic vaccine studies by Zhou et al. [267] and Xiang
et al. [266]. Zhou and colleagues injected magnetic DNA reporter gene
compositions into the tibialis anterior (TA) muscles of mice and rabbits
and found clearly enhanced reporter gene expression under magnetic
field influence compared to controls (naked DNA and magnetic vector
in the absence of a magnetic field). To assess the relative ability to
prime antibody and T-cell responses, mice were immunized by intra-
muscular injection with HIV-1 gag DNA with magnetic vectors under
magnetofection conditions, with magnetic vectors without magnetic
field application and with naked DNA. Magnetofection significantly
enhanced antibody responses to HIV-1 gag protein compared to con-
trols. Furthermore, magnetofection induced the immune response at
a much lower DNA dose than naked DNA, indicating an approxi-
mately 1000-fold increase in DNA vaccine potency. Furthermore,
magnetofection accelerated the development of a humoral immune
response significantly. Magnetofection gave 100% seroconversion al-
ready 1week after a single immunization compared to 5 weeks
with naked DNA. This is of major clinical interest. Zhou et al. have
also examined the cytotoxic T-lymphocyte (CTL) response induced
by immunization with the magnetic DNA vaccine. Also in this re-
spect, magnetofection displayed a more than 1000-fold increase in
DNA vaccine potency in terms of required DNA dose. The authors
speculate that the observed enhancements may be based on an im-
proved tissue penetration of the vaccine under magnetofection condi-
tions, on transient tissue damage by the magnetic vaccine and possibly
transfection of professional antigen presenting cells (APCs). Xiang et al.



C. Plank et al. / Advanced Drug Delivery Reviews 63 (2011) 1300-1331

T . . Concentration and Removal of the
‘ | - -
et

]

1321

magnet

The feline fibrosarcoma Plasmid-DNA paired

Fixation of a magnet at Immune cells are killing

is located at the body magnetic nanoparticles the tumor remaining tumor cells
surface
18tinjection 2" injection Surgery Days
v v >
-14 13 -7 -6 -1 0 30 60 90
v v v v v v v v

| Blood samples and clinical examination |

Fig. 13. Treatment of feline fibrosarcoma with the Magnetovax®. In the study, the magnetic DNA composition is injected directly into the tumor. A magnetic field holds the particles in the
tumor. After uptake into the tumor cells, they express a DNA sequence. This leads to the production of a messenger substance that activates the animal's immune system. If, after successful
excision of the tumor, isolated malignant cells still remain in the cat's body, the immune system is apparently better equipped to deal with them. The incidence of recurrence is dramat-
ically decreased. The images show treatment in the clinic. The image on the left shows a relatively large recurrent tumor that reappeared soon after surgical excision of the original tumor.
The surgical scar after the initial treatment is still visible. The other images show Felovectin treatment in another animal: direct injection into the tumor followed by fixation of a small
permanent magnet (2x1x0.5 cm) for 1 h on the surface of the tumor. The magnetic field holds the injected substance in the tumor and triggers uptake into tumor cells.

obtained similar results with a magnetic DNA vaccine based on PEI-
coated bacterial magnetic nanoparticles [266]. They immunized mice
by intramuscular injection with magnetic and non-magnetic PEI-DNA
complexes encoding the foot-mouth disease viral capsule protein
VP1. Also they found a significant enhancement of humoral and cellular
immune responses against the target antigen compared to controls
which were magnetic DNA complex in the absence of a magnetic

particles without DNA. The two studies demonstrate a substantial po-
tential of magnetofection in genetic vaccination.

A very special type localized administration and magnetic targeting
was published by Dames et al. [252]. They have experimented with mag-
netic aerosols which they call nanomagnetosols. Magnetic aerosols are
generated from aqueous suspensions of magnetic nanoparticles using
a nebulizer (in this case a nebulizer which is approved for inhalation

field, non-magnetic PEI-DNA, naked DNA as well as PEI and magnetic therapies). Nanomagnetosols are liquid droplets comprising magnetic

a b ¢
mixed cell
population;
© viral/
£ . target cells
p 34 nonwrall magn. labeled
-= magnetic
' complexes O

i

Purified
engineered cell
population

Non-target cells

Fig. 14. Schematic representation of the magselectofection procedure. (a) A vector, viral or nonviral, is associated with magnetic nanoparticles. In this manner, one can immobilize
the vector on magnetic cell separation devices such as shown here on a magnetic cell separation column from Miltenyi Biotec. (b) Magnetic particles binding specifically to target
cells by virtue of affinity ligands bound to the particle surface are used to magnetically label target cells. The cells are then loaded to the vector-modified cell separation device while
it is exposed to a magnetic field and are thus retained. Non-target cells are not retained and are flushed from the device. During this procedure, the target cells bind the magnetically
retained vector. (c) Finally, the cell separation device is removed from the magnetic field, the selected cells are flushed from the device and (d) cultivated until further use. This
general scheme was implemented on MACS® cell separation devices (Miltenyi Biotec) and lead to rapid, efficient and target cell-specific gene delivery.

This research was originally published in Blood. Sanchez-Antequera et al. Magselectofection: an integrated method of nanomagnetic separation and genetic modification of target
cells. Blood. 2011;117:e171-e181. © the American Society of Hematology. Reproduced with permission from the American Society of Hematology: Blood [83].


image of Fig.�14

1322 C. Plank et al. / Advanced Drug Delivery Reviews 63 (2011) 1300-1331

nanoparticles and can in addition comprise active ingredients such as
gene vectors. Using an electromagnet, Dames et al. could target DNA de-
livery to specific regions of the mouse lung. With respect to lung disease,
aerosol delivery of drugs by inhalation represents the most straightfor-
ward strategy to target the diseased tissue [292]. In only a few previous
studies, an approach of “targeted dose intensification” has been
attempted in human lung cancer therapy [293,294]. With respect to
the physical constraints of magnetic drug targeting, an important feature
of nanomagnetosols is the fact that in the case of aerosols, the actual
drug carrier is the aerosol droplet which can be of several micrometers
in diameter and which can comprise a multitude of magnetic nanoparti-
cles. Hence, this carrier “appears” to an external magnetic field like one
large magnetic particle [295]. Another compelling feature of magnetic
aerosols is that the active ingredient does not need to be bound to the
magnetic particles. The only requirement is that it is comprised within
the same aerosol droplet. Magnetic aerosols can be a useful tool to in-
crease the deposited dose of a drug in the lung and to direct it preferen-
tially to one of the lung lobes. In ongoing experiments, the technology is
evaluated in pigs. Preliminary results confirm the magnetic targetability
also in this larger dimension (unpublished results).

In our own studies of therapeutic applications of magnetofection
we have focused on immuno-gene therapy of feline fibrosarcoma
(Fig. 13) [258,259,263]. This is one of the most frequent tumor dis-
eases in cats with an extremely high recurrence rate. In about 75%
of animals, the tumor recurs within 1 year of surgical removal [296].
In our ongoing veterinary clinical study, we inject plasmid DNA (com-
prising a cytokine gene) which is electrostatically bound to positive-
ly-charged magnetic nanoparticles directly into the tumor. We call
this composition Magnetovax. Subsequently, a permanent magnet is
attached to the tumor with adhesive tape in order to hold the injected
dose in the tumor. This may also enhance the uptake of the magnetic
complex into the tumor cells. The injection is carried out 2 weeks and
1 week prior to surgical removal of the tumor, which is the standard
therapy. We have shown that this treatment actually leads to the ex-
pression of the therapeutic gene. The cytokine is intended to activate
the immune system against the tumor in a sufficient manner to con-
trol remaining tumor cells after surgery. In the meantime, more than
150 animal patients have been treated in various treatment arms of
the study. The treatment was very well tolerated and treatment dras-
tically increased the percentage of long-term relapse-free animals.
The results of the study will be published soon.

Concluding this review paper we would like to discuss some of our
own most recent developments. One is magnetic oncolytic adenovirus
where we demonstrate enhanced infectivity and cell killing potency of
this promising anti-cancer agent in tumor cells which are resistant to
adenoviral infection. Another is magnetic microbubbles for combined
magnetic targeting and ultrasound mediated delivery of nucleic acids.
And a third is magnetic cell separation and magnetofection combined
in one integrated procedure as a tool for future cell therapies.

8. Combined magnetic cell sorting and magnetofection

Implementation of cell therapy approaches require efficient methods
for separation and genetic modification of cells in a cost-effective manner
with low vector consumption, with a minimum number of handling
steps and amenable to automation in a closed system. We have de-
veloped a new methodology for cell separation and transfection/
transduction in a single standardized procedure that we called
“Magselectofection” (presented schematically in Fig. 14) [83]. A
high gradient magnetic field cell separation column is used as a mag-
netic device to associate magnetic gene delivery vectors with mag-
netically labeled cells while they are passaged and separated
through the column. In a model cell mixture of the suspension
K562 and Jurkat T cells we have demonstrated that an optimized
loading of the separation column with magnetic vectors does not in-
terfere with cell separation efficiency and genetic modification

occurs predominantly in the target cell population for both non-
viral and viral magnetic vectors. Optimized magnetic vector formu-
lations allow almost complete vector immobilization and association
with the target cells at the column. The stronger magnetic forces pre-
vailing in a high gradient field magnetic separation column and also
the high concentration of “reactants” (vectors and cells) under mags-
electofection conditions enforce vector-target cell contact and enhance
internalization of the vectors resulting in highly efficient transfection/
transduction cell lines and primary monocell cultures. [n human umbil-
ical cord mesenchymal cells at an applied 8 pg plasmid DNA per cell,
30% of cells were transfected and 60-100% cells were transduced
depending on the donor when using 0.5 transducing units lentivirus
per cells. Reporter gene expression was stably maintained during
1 month for most of the donors. At a lentiviral MOI 5 and low cell den-
sity 21% of hCB-CD34 ™" cells were transduced with eGFP reporter and
maintained their progenitor cell phenotype after magselectofection.
Lentiviral magselectofection with low MOIs (<3) yielded up to 50%
transduced mouse Lin~Scal™ cells, which persistently reconstitute T
and B cells in lI2rg~/~ mice, compared to less than 10% with higher
MOIs using standard transduction protocol for Lin~ bone marrow
cells [297]. The developed technology can become a valuable tool for
cell therapies with genetically engineered cells.
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Fig. 15. Oncolytic effect of magnetic Ad520 in multidrug-resistant 181RDB-fLuc Cells.
(a) ICsp for the oncolysis of the 181RDB-fLuc cells with virus alone or with magnetic
virus complexes prepared at different nanoparticle-to-virus particle ratios versus
time postinfection in cell culture medium containing 7.5% FCS with positioning on
the magnetic plate for 30 min after adding the virus or magnetic complexes. (c) Onco-
lytic effect of Ad520 or Ad520-PEI-Mag2 complexes at a ratio of 5 fg of Fe/VP in
181RDB-fLuc cells were plotted against the internalized virus dose assessed from the
experimental curves on virus internalization shown in Fig. 9. ICso was calculated in
terms of the internalized pfu/cell for both the virus and its magnetic complexes.
Reproduced with permission from ACS Publications: Molecular Pharmaceutics [55].
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Fig. 16. Drug-loaded microbubbles hold potential as “magic bullet” agents to deliver drugs to precise locations in the body, these precise locations being determined by where the

ultrasound energy is focused.
Reproduced with permission from [86] © Wiley-VCH Verlag GmbH & Co. KGaA.

9. Magnetic oncolytic adenovirus

Despite the many reports on magnetically enhanced infection, lit-
tle is known about whether or how this concept can be used to en-
hance the oncolytic potency of replicating viruses. Oncolytic viruses
count among the most promising innovative cancer therapeutics.

Therefore, we examined the potential of boosting the efficacy of the
oncolytic adenovirus d1520 by associating it with magnetic nanoparti-
cles and magnetic-field-guided infection in multidrug-resistant
(MDR) CAR-deficient tumor cancer cells in vitro and upon intratu-
moral injection in vivo [55]. Characteristics and morphology of the
Ad520 complexes with PEI-Mag2 nanoparticles are given in Table 4

D=5.0+44pum
n=7172

Fig. 17. Characterization of the MAALs using light/fluorescence microscopy and TEM. (a) Phase contrast and (b) fluorescence (measured at a wavelength of 490/509 nm) micros-
copy images of the MAALs Tw-Mag-AAL/pBLuc/YOYO-1 composed of fluidMAG-Tween-60 MNPs and the luciferase plasmid pBLuc, which was fluorescently labeled with the inter-
calated dye YOYO-1. (c) The size distribution of the Tw-Mag-AALs based on quantitative analysis of the microscopy images. (d and e) TEM images of the Tw-Mag-AAL/pBLuc

embedded in 10% gelatin.
Reproduced with permission from [86] © Wiley-VCH Verlag GmbH & Co. KGaA.
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and in Fig. 8, respectively. Viral uptake into cells with optimized mag-
netic virus complexes at a given virus dose was enhanced 10-fold
compared to nonmagnetic virus when infections were carried out
under the influence of a magnetic field (Fig. 9). Increased virus inter-
nalization resulted in a 10-fold enhancement of the oncolytic potency
in terms of the dose required for killing 50% of the target cells (ICsq
value, Fig. 15a) and an enhancement of 4 orders of magnitude in
virus progeny formation at equal input virus doses compared to non-
magnetic viruses. The observed virus uptake was independent of the
CAR expression of cells. The full oncolytic effect developed very fast

C. Plank et al. / Advanced Drug Delivery Reviews 63 (2011) 1300-1331

within 2 days post-infection compared with 6 days in a nonmagnetic
virus as a reference. Plotting target cell viability versus internalized
virus particles for magnetic and nonmagnetic virus showed that the
inherent oncolytic productivity of the virus remained unchanged
upon association with magnetic nanoparticles (Fig. 15b). Hence, we
concluded that the mechanism of boosting the oncolytic effect by
magnetic force is mainly due to the improved internalization of mag-
netic virus complexes resulting in potentiated virus progeny forma-
tion. Upon intratumoral injection and application of a gradient
magnetic field in a murine xenograft model in a pilot experiment,

100 pm
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Fig. 18. MAAL imaging in a dorsal-skinfold chamber mouse model. (a) Schematics of the dorsal-skinfold chamber mouse model. Intravital microscopic images in an area of the skin-
fold chamber window that were extracted from the video clips documenting the circulation and targeting of the fluorescently labeled MAALSs. A volume of 100 pl (~2 x 10® bubbles)
Tw-Mag-AAL/pBLuc/YOYO-1 MAALs loaded with 4 pg plasmid was injected into the carotid arteries of mice. The video clips were recorded at a wavelength of 490/509 nm; b) with
no magnetic field applied; c) on application of a Nd-Fe-B permanent magnet (d =10 mm, h =10 mm; remanence 1080-1150 mT); d) under the application of both ultrasound and
the magnetic field. The ultrasound was applied using a 6 mm ultrasound probe attached to the Sonitron 2000D device operating at 1 MHz at 2 W cm ™2 and 100% duty cycle for
5 min; e) red fluorescent protein (RFP) expression in mouse vessels after the intrajugular injection of 200 ul MAALs loaded with 8 pg RFP plasmid. In this experiment, the magnetic
field was generated using the electromagnet that was applied in the biodistribution experiments.

Reproduced with permission from [86] © Wiley-VCH Verlag GmbH & Co. KGaA.
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magnetic virus complexes exhibited a stronger oncolytic effect than
adenovirus alone. We propose that this approach would be useful dur-
ing in vivo administration to tumor-feeding blood vessels to boost the
efficacy of the primary infection cycle within the tumor. For systemic
application, further modification of magnetic adenovirus complexes
for shielding and retargeting of the whole magnetic virus complex en-
tity is needed.

10. Magnetic microbubbles

The feasibility and efficacy of magnetic drug targeting, particularly
upon systemic administration, are limited by two constraints. One is
the rapid clearance of particulate drug carriers from the circulation
which we have discussed above. The other is the difficulty of exerting
sufficient magnetic force to nanomagnetic carriers to counterbalance
the hydrodynamic forces of the blood stream. The underlying physics
has been discussed in excellent papers elsewhere [20,280]. The objec-
tive is optimizing retention, tissue penetration and cellular uptake.
The magnetic force acting on a magnetic drug carrier is proportional
to the magnetic flux density, the field gradient and to the third
power of its radius. The hydrodynamic force acting on this carrier
according to Stoke's law is proportional to the first power of the radi-
us. Based on a simplified consideration, one can predict that increas-
ing the particle size will over-proportionally be in favor of the
magnetic force. On the other hand, constraints on a suitable particle
size for in vivo applications are given by the diameter of blood capil-
laries (around 5 pum). Embolization needs to be avoided.

Therefore, magnetic formulations are required that “appear” to be
large diameter magnetic particles to the magnetic field, which however
are small enough or have inherent flexibility to travel through blood
capillaries like blood cells do. Some of these requirements are fulfilled
by magnetic liposomes [298,299]. Another approach is combining sono-
poration and magnetofection. Microbubbles are gas bubbles usually of a
few micrometers in diameter surrounded by a shell which can consist of
proteins, polymers, lipids or combinations thereof. Due to their gas con-
tent, they are excellent reflectors of ultrasound. Consequently they are
used as contrast agents in medical ultrasound imaging. Both low molec-
ular weight drugs and nucleic acids can be associated with microbub-
bles in various ways. In addition, microbubbles can be targeted
exploiting receptor-ligand type interactions (including antigen-anti-
body interactions) [300,301]. Drug-loaded microbubbles hold potential
as “magic bullet” agents to deliver drugs to precise locations in the body,
these precise locations being determined by where the ultrasound en-
ergy is focused [301,302]. The interaction of microbubbles and ultra-
sound in the low MHz range leads to cavitation, microstreaming and
eventually to bubble burst and consequent drug release [303]. In addi-
tion, cavitation can lead to microvessel rupture leading to increased
permeability of the endothelial barrier [304,305]. This effect has been
used to deliver nanoparticles and even red blood cells to the intersti-
tium of rat skeletal muscle [306]. Cavitation nuclei formed by microbub-
bles have also been used to permeabilize the blood-brain barrier [307].
Essential for a combination with magnetofection is that microbubbles
have been used very successfully in nucleic acid delivery in a variety
of tissues [308-310].

Based on this state of the art, we [86,257,311-313] and others [314]
reasoned that microbubbles may be ideal carriers to incorporate a high
quantity of magnetic nanoparticles as well as active agents such as
drugs or nucleic acids (Fig. 16). This idea had already been published
in the year 2000 by Soetanto and coworkers [315]. The expectation
was that the flexibility of this carrier should be sufficient to “squeeze”
through blood capillaries and that magnetic accumulation of the carrier
against hydrodynamic forces ought to be facilitated compared with
“free”, physically uncoupled magnetic nanoparticles. This has been con-
firmed in a series of in vitro and in vivo experiments published recently
[86,313]. We have developed two generations of magnetic microbub-
bles. The first generation which we call magnetic acoustically active

lipospheres (MAALSs) was based on a composition developed by Unger
et al. for the delivery of hydrophobic drugs (Fig. 17) [316]. Its main com-
ponent is soybean oil that has been stabilized by an outer layer of am-
phipathic lipids. In order to bind nucleic acids, we included a cationic
lipid transfection reagent in this formulation, and to make it magnetic,
we incorporated detergent-coated magnetic nanoparticles. This formu-
lation has high binding capacity for nucleic acids and has favorable mag-
netic properties but is not very responsive to ultrasound. In cell culture,
ultrasound application did not have an enhancing effect in gene or
siRNA delivery over magnetic field application alone. However, in a
pre-clinical model of ischemic skin flap survival in rats which is relevant
in reconstructive surgery, the best therapeutic effect VEGF-gene-loaded
MAALSs was achieved with a combined application of magnetic field and
ultrasound [257]. In this particular model, MAALs are injected subcuta-
neously in the skin flap area. The expression of the VEGF gene leads to
the formation of new blood vessels, which improves the blood supply
to the tissue. In another model, a dorsal skinfold chamber model in
mice, nucleic acid deposition in the target area upon injection into the
blood circulation was only achieved when the magnetic field and ultra-
sound were applied in combination (Fig. 18) [312]. Stride et al. have
reported on a magnetic microbubble composition which is highly re-
sponsive to ultrasound [314]. They have achieved a significant enhance-
ment of gene transfer efficiency in cell culture through combined
application of ultrasound and magnetic field. Our second generation of
magnetic microbubbles appears to have similar properties, is highly re-
sponsive to ultrasound and gives excellent contrast in ultrasound imag-
ing [312].

Summarizing, magnetic microbubbles are promising carriers for
localized nucleic acid delivery. Clearly, further studies are required
to optimize the system. Nevertheless, one can already state that mag-
netic microbubbles will be useful in the combining drug delivery, ul-
trasound and magnetic resonance imaging.

11. Conclusions and perspectives

Major progress has been made in this field during the last 10 years,
reflected in an exponentially growing number of publications. Being
commercially available, magnetofection has become a widely used re-
search tool. Being applicable virtually with any type of nucleic acid
and any kind of nonviral or viral gene vector, it can improve the efficacy
of gene delivery in many applications. Now, that the benefits and poten-
tials of magnetofection have been highlighted comprehensively it is
time to acknowledge that the method is not a solution for any limitation
in nucleic acid delivery. After many years of research, conventional
forms of delivery have been advanced successfully to clinical trials.
Other forms of targeting and other physical methods of delivery are
highly promising. To date, side by side comparisons or combinations
for example with electroporation, sonoporation, hydroporation, aero-
solization, ballistic methods, occlusion of the blood outflow from the
target organ or biological targeting are still rare. In the absence of fur-
ther evidence, any of the named methods needs to be considered
as promising as magnetofection is. Electroporation is probably the
most advanced method and the efficiency of this method in vitro and
in vivo, particularly with non-dividing cells, still needs to be achieved
with magnetofection. When compared to all the other physical
methods, the major advantage of magnetofection is that it is able to
combine simplicity, non-expensiveness, localization of delivery, en-
hanced efficiency and reduction of incubation time and of vector
doses (cited from [138]). The true potential of the method is possibly
its amenability to innovation with integrated technologies. Examples
are combined magnetic cell separation and nucleic acid delivery for fu-
ture cell therapies, magnetic positioning of genetically engineered cells
for tissue regeneration and tissue engineering and theranostic systems
for integrated nucleic acid delivery and multimodal medical imaging.
There is plenty of work to be done for years to come.
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