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ABSTRACT
Purpose Site specific vascular gene delivery is a promising tool
for treatment of cardiovascular diseases. By combining ultrasound
mediated microbubble destruction with site specific magnetic
targeting of lentiviruses, we aimed to develop a technique suitable
for systemic application.
Methods The magnetic nanoparticle coupling to lipid microbub-
bles was confirmed by absorbance measurements. Association of
fluorescent lentivirus to magnetic microbubbles (MMB) was
determined by microscopy and flow cytometry. Functionality
and efficiency of GFP-encoding lentiviral MMB transduction was
evaluated by endothelial (HMEC) GFPexpression and cytotoxicity
was measured by MTTreduction.
Results Microbubbles with a mean diameter of 4.3±0.04 μm
were stable for 2 days, readily magnetizable and magnetically
steerable in vitro and efficiently associated with lentivirus. Exposure
of eGFP-encoding lentiviral MMB to human endothelial cells fol-
lowed by application of an external static magnetic field (30min) and
ultrasonic destruction of the microbubbles did not markedly affect
cellular viability. Finally, this combination led to a 30-fold increase in
transduction efficiency compared to application of naked virus alone.
Conclusions By associating microbubbles with magnetic iron
nanoparticles, these function as carriers for lentiviruses achieving
tissue specific deposition at the site of interest.

INTRODUCTION

In vascular research, therapeutic gene delivery by viruses
constitutes an elegant way to specifically modulate signalling
molecules and physiological responses. However, this tech-
nology needs to be improved regarding undesired side
effects, transfection efficiency and targeted delivery. The
vascular system in general would represent an ideal route
for transporting drugs and genetic material to a specific site
of therapeutical intervention in vivo. However, systemic
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application of viruses results in their dilution in the blood
volume. In addition they interact with blood cells, antibod-
ies and blood factors, which prevents efficient delivery to the
site of desire (1). Moreover, systemic vascular application
results in non-specific distribution of viruses, which in turn
give rise to undesired side effects. Lentiviral gene transfer
has the ability to achieve long-term therapeutic effects and
satisfying gene expression generating physiological responses
(2). Furthermore, lentiviral transduction is suitable for gene
delivery to cells of the vascular system, which seldom divide
(3), as lentiviruses are independent of cell divisions to deliver
their genetic material. Targeted delivery by ultrasound
mediated gene transfer using microbubbles as carriers of
viral vectors is a promising concept and might be used to
achieve targeted delivery and release of lentiviral particles.
Indeed, this system has been used in several studies to
deliver genes of interest to specific sites of the vasculature
(4–8). Combining ultrasonic microbubble technology with
the principle of magnetic nanoparticle (MNP)-assisted gene
delivery (9,10), however, could even further enhance the
efficiency and the specificity of cell and tissue transduction.
Magnetic microbubbles, targeted to the site of interest by
application of an external magnetic field, could result in a
drug carrier system that can be transported with the blood
flow (11). Therefore, we sought to establish a method for site
directed gene delivery to the endothelium, which may also
be a suitable tool for gene transfer in vivo. This was achieved
by associating lentiviral particles to magnetic (MNP)
perfluorocarbon-filled lipid microbubbles and combining
magnetic targeting of these complexes with ultrasound me-
diated microbubble rupture.

MATERIALS AND METHODS

Chemicals

1,2-Bis(diphenylphosphino)ethane (DPPE) and dipalmitoyl-
phosphatidylcholine (DPPC) of pharmaceutical grade quality
were purchased fromLipoidGmbH (Ludwigshafen,Germany).
Green fluorescent magnetic nanoparticles (nano-screenMAG/
G-UC/C) were a kind gift from Dr. C. Bergemann. All other
chemicals were from Sigma-Aldrich (Taufkirchen, Germany).

Lentiviral Constructs

Production and preparation of the lentiviral particles rrl-
CMV-eGFP as well as the non integrating fluorescent labeled
lentiviral particles pCHIV.eGFP (12) were performed as pre-
viously described (13). Briefly, HEK293T producer cells at ca.
50% confluency were transfected by use of calcium phosphate
with the lentiplasmid rrl-CMV-eGFP together with the struc-
ture and packaging plasmid encoding for VSV-G, rev and

gag/pol. In case of pCHIV.eGFP transfection was performed
with a plasmid mixture of pCHIV and pCHIVeGFP together
with the plasmid encoding for VSV.G envelope. Medium was
changed on the next day. Virus containing cell culture super-
natant was each collected 48 h and 72 h after transfection and
filtered using a 0.45 μm filter (SFCA,Nalgene, Thermo Fisher
Scientific, Waltham, MA, USA) to remove cell debris. Viral
particles were then concentrated by ultracentrifugation with a
final centrifugation step on a 20% (w/v) sucrose cushion and
resuspended in Hank’s balanced salt solution (HBSS, Invitro-
gen, Darmstadt, Germany). The physical viral titer (in VP/ml)
was calculated by measuring the activity of the reverse tran-
scriptase as described by Trueck et al. (14) whereas the biolog-
ical titer (in IP/ml) was determined by transduction of
HEK293T cells and flow cytometry of transduced cells as
described elsewhere (13).

Cell Lines and Cell Culture

Human dermal microvascular endothelial cells (HMEC) were
cultured in DMEM supplemented with 10% fetal calf serum,
10% Endopan 3 (PAN Biotech, Aidenbach, Germany) and
1% penicillin-streptomycin in a humidified incubator at 37°C
and 5% CO2 as described previously (15).

MTT Assay

Cell viability was measured by incubation of cells in
0.5 mg/ml methyl thiazolyl tetrazolium, MTT, for 2 h at
37°C. Cells were then rinsed with phosphate buffered saline
(PBS) and the formazan salt (reduced MTT) was solved in
100% 2-Propanol and the colour intensity measured at
550 nm and 620 nm with a SpectraFluor (Tecan, Crailsheim,
Germany) as described previously (15). For data analysis the
620 nm values were subtracted from the 550 nm values and
normalized to the values for non treated cells.

Synthesis of Magnetic Nanoparticles

Core-shell type iron oxide MNPs were synthesized by pre-
cipitation of Fe(II)/Fe(III) hydroxide from aqueous solution
of the mixture of Fe(II) and Fe(III) salts, followed by trans-
formation into magnetite in an oxygen-free atmosphere with
spontaneous adsorption or condensation of shell compo-
nents as described elsewhere (16–18). To modify the surface
of the PEI-Mag2 and PEI-Mag3 magnetic nanoparticles the
fluorinated surfactant ZONYL FSA (lithium 3-[2-(perfluor-
oalkyl)ethylthio]propionate) (FSA) was combined with
25-kDa branched polyethylenimine (PEI). The X-ray pho-
toelectron data analysis resulted in 32% (w/w) PEI and 68%
(w/w) FSA for PEI-Mag2 nanoparticles and 93.7% (w/w)
PEI and 6.3% (w/w) FSA for PEI-Mag3 nanoparticles. Both
particles have highly positive theta-potential (55.0±0.7 and
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53.4±0.7 mV, respectively), saturation magnetization of the
core of 62 and 34 emu/g iron and core diameter of 9 and
8 nm, respectively. To modify the surface of the magnetite
nanoparticles PalD1-Mag4 and PalD2-Mag1 the fluorinat-
ed surfactant ZONYL FSE was combined with palmitoyl
dextran PalD1 and PalD2, respectively. Palmitoyl dextran
PalD1 and PalD2 with 11 and 32 palmitoyl groups per 100
dextran units were synthesized by means of esterification of
Dextran-10 (Amersham Biosciences) with palmitoyl chloride
(SigmaAldrich) as described elsewhere (19). MNP conjugat-
ed with fluorescent dye Atto-550-PEI-Mag2 (Atto-550,
Sigma-Aldrich, Taufkirchen, Germany) were prepared by
mixing 2 ml PEI-Mag2 nanoparticle suspension in water
(2.5 mg Fe/ml) with 443 μl 0.1 M Na-Borate buffer, pH 8.5,
and 57 μl solution of Atto-550 in DMSO (2 mg/ml). The
resulting suspension was incubated overnight at room
temperature and dialyzed using a Pierce cassette dialysis
device with a cut-off at 3,500 MW. The resulting sus-
pension contained 2.7 mg Fe/ml. For determination of
the immobilized dye concentration after extensive dial-
ysis against water, the adsorbtion spectra of the diluted
suspensions of dye-particles conjugates (about 80 μg
Fe/ml) were measured in the range 300–800 nm using
BECKMAN DU-600 spectrophotometer. Optical density at
555 nm was measured with correction for the adsorption of
the particles and immobilized dye concentration per unit iron
weight was calculated with account for the Atto-550 extinc-
tion coefficient at 555 nm of 120,000 (L/mol cm) and iron
concentration of the MNP suspension determined spectro-
photometrically with o-phenantroline as described previously.
The concentration of the dye conjugated with nanoparticles
was 47 μM (or 1.4% based on iron weight or 15 dye molecules
per insulated magnetic nanoparticle) as determined
spectrophotometrically.

Preparation of Magnetic Microbubbles
and Association of Lentiviral Particles

For 10 ml of microbubble solution, phospholipids (2 mg
DPPE and 10 mg DPPC) were mixed in chloroform in a
round bottom flask using rotation under heating at 60°C in
a water bath. The organic solvent was then removed under
vacuum using a Rotavapor-R (Büchi Labortechnik GmbH,
Essen, Germany) and the remaining lipids were dissolved in
10% glycerol at 60°C in a water bath under rotation. If not
otherwise stated, 250 μg magnetic iron oxide nanoparticles
were mixed with the lipid solution in 1.5 ml glass vials with
screw caps with silicon/PTFE membranes (Schubert &
Weiss Omnilab GmbH, München, Germany). The mixture
was then covered with perfluorocarbon gas and shaken
for 20 s in a CapMix (3 M ESPE, Seefeld, Germany).
For coating with lentiviral particles, viral particles were
added to magnetic microbubbles and the mixture was

coated with gas and left to incubate for 10 min before
use. The formation of microbubbles was confirmed by
microscopy and by applying pressure to the mixture
forcing the microbubbles to rupture leaving a clear
solution. The association of pCHIV.eGFP viral particles
to magnetic microbubbles was controlled for by fluorescence
microscopy (Axiovert 200M microscope Zeiss, Jena,
Germany) and flow cytometry.

Measurement of Magnetizability and Size
of Microbubbles

Microbubbles coated withmagnetic particles were exposed to a
magnetic field and the kinetics of the suspension clearance was
measured at 480 nm with a modified Specord 210 (Analytik
Jena, Jena, Germany). The microbubbles’ size was assessed by
microscopy as well as with a Casy Counter (Schärfe Systems,
Roche Diagnostics, Mannheim, Germany).

In Vitro Transduction and Transduction
Efficiency Experiments

For transduction of lentiviral particles associated to
magnetic microbubbles a magnetic nanoparticle to len-
tiviral particle ratio of 300 fg Fe/viral particle to match
a multiplicity of infection (MOI) of 5, if not stated
otherwise, was used. Viral magnetic microbubbles
(MMB) were applied to subconfluent HMEC in DMEM
supplemented with 1% fetal calf serum. The cell plate
was placed on top of a neodymium iron boron magnet
and the cells sonicated (1 MHz ultrasound frequency
with an exposure time of 0.5 min at an intensity of
2 W/cm2 and 50% duty cycle) by applying the ultrasound
probe directly into the medium using an ultrasonic device
from Rich-mar (G. Heinemann, Schwaebisch Gmuend,
Germany) followed by further incubation on the magnet for
30 min at 37°C under static conditions. The cells were then
rinsed with PBS and cultured in 10% HMEC medium for
another 72 h. For measurement of transduction efficiency
transduced cells (HMEC) were washed with PBS followed by
detachment from the culture dishes with Accutase. Cells were
pelleted at 0.8 g for 2 min and pellets rinsed with PBS followed
by fixation in 3% formalin without methanol for 10 min. Fol-
lowing rinsing with PBS the cells were suspended in PBS and
the expression of eGFP was measured using a FACS Canto II
(BD Biosciences, Heidelberg, Germany). eGFP expression was
also confirmed by fluorescent microscopy. The fluorescence
intensity was evaluated within regions of interest (entire image).

Statistical Analysis

All statistical analyses were performed using Sigma Plot
version 10.0. For comparisons of two normally distributed
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groups of data, the Student’s t-test was used. For multiple
comparisons of normal distributed data the one-way analysis
of variance (one-way ANOVA) was used. All data are
presented as means±SEM. Differences were considered
significant at an error probability level of p<0.05.

RESULTS

Characteristics of Microbubbles

The microbubbles generated in this study were shown to have
a mean diameter of 4.3±0.04 μm and upon association with
different MNP the mean diameter was kept constant. Only in
the case of coating with PEI-Mag2 the diameter was increased
(4.6±0.02 μm, p<0.05, n03, Table 1) compared to naked
microbubbles. Interestingly, when coating with positively
charged PEI-Mag2 and PEI-Mag3 the amount of microbub-
bles/ml was not significantly changed, although somewhat
lower in comparison to naked microbubbles (Table 1, n03).
However, when coating with the negatively charged MNP
PalD2-Mag1 or PalD1-Mag4 the amount of microbubbles/
ml was significantly reduced compared to the amount of
naked microbubbles/ml (p<0.05, n03, Table 1). The micro-
bubbles remained stable for up to 48 h under perfluorocarbon
gas (Fig. 1a, n03). For efficient rupture of magnetic micro-
bubbles (MMB), different times of ultrasound exposure were
tested while keeping the frequency, intensity and duty cycle
constant (1 MHz, 2 W/cm2, DC 50% respectively). As shown
in Fig. 1b all exposure times tested efficiently destroyed the
microbubbles, as assessed by microscopy (n03). To evaluate
the effect of ultrasound exposure on cell viability, human
microvascular endothelial cells (HMEC) were exposed to ul-
trasound for the different times and the cytotoxicity measured
directly after treatment byMTT reduction. As seen in Fig. 1c,
an exposure time of 0.5, 1, 2 and 3 min did not have a
significant impact on cell viability although a tendency
towards a time dependent reduction in cell viability was ob-
served (n012, HMEC). 5 min of ultrasound treatment howev-
er, significantly affected cell viability (p<0.05, n012, HMEC).
Due to these results an ultrasound exposure of 0.5 min was

chosen for the following experiments. Upon ultrasound appli-
cation (1 MHz, intensity 2 W/cm2, duty cycle of 50% and an
exposure time of 0.5 min) 99.9%±2.8*10−4% of the micro-
bubbles were destroyed (p<0.05, n03, Fig. 1a).
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Fig. 1 Microbubble characteristics. (a) Microbubbles were shown to be
stable up to 48 h (n=3) as measured by calculating the number of intact
gas filled microbubbles at different time points. The majority of micro-
bubbles were efficiently destroyed by ultrasound treatment with an expo-
sure time of 0.5 min (*p<0.05, n=3). (b) Microscopic images of magnetic
(PEI-Mag2) microbubbles before (far left) and after (right and second panel)
different times of ultrasound treatment (1 MHz, 2 W/cm2, DC 50%). (c)
Cell viability upon different exposure times to ultrasound was measured by
MTT reduction directly after treatment and the difference in viability was
significant at the exposure time of 5 min (*p<0.05, 1 MHz, 2 W/cm2, DC
50%, HMEC, n=12).

Table 1 Microbubble Size and Amounts

Mean diameter (μM) MB/ml

MB 4.3±0.04 48.2*106±5.5*106

MB + PEI-Mag2 4.6±0.02* 34.1*106±1.3*106

MB + PEI-Mag3 4.4±0.03 39.6*106±5.5*106

MB + Pald2-Mag1 4.3±0.02 17.0*106±0.4*106*

MB + Pald1-Mag4 4.3±0.00 22.2*106±1.3*106*

*p<0.05 vs MB; MB: Microbubbles
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Synthesis of Magnetic Nanoparticle-Coated
Microbubbles

Several MNP were tested for their ability to associate with
microbubbles. To assess the binding of magnetic iron oxide
nanoparticles to the lipid microbubbles the magnetizability
of the microbubbles was measured by application of an
external magnetic field generated by a neodymium iron-
boron magnet. As seen in Fig. 2a–d (photos) the MMB were
trapped at the site of the magnet and the rest of the solution
remained clear. To quantify the magnetic responsiveness of
the MMB, the turbidity of the solution was measured during

the time of magnetic collection. Microbubbles coated
with PEI-Mag2 and PEI-Mag3 were readily magnetiz-
able compared to naked microbubbles, as shown by a
faster collection time at the magnet, whereas coating
with PalD2-Mag1 or PalD1-Mag4 was less efficient
(n03, Fig. 2a–d). To test the magnetic particle satura-
tion of microbubbles to avoid rests of free MNP, they
were left to stand for 1 h after coating with PEI-Mag2
to let the microbubbles float to the surface. As seen in
Fig. 2e the MNP raised to the surface together with the
microbubbles in contrast to MNP in the solvent not contain-
ing any microbubbles.
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Fig. 2 Coating of microbubbles with magnetic nanoparticles. Microbubbles were made magnetic by coating with MNP (0.25 μg MNP/μl). The
magnetizability was assessed by measurement of the clearance of the microbubble solution upon application of a magnetic field. Microbubbles were
efficiently collected at the magnet when coated with (a) PEI-Mag2 (n03) or (b) PEI-Mag3 (n03). (c) Coating with PalD2-Mag1 (n03) or (d) PalD1-Mag4
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Association of Lentivirus to Magnetic Microbubbles

For lentiviral association to the microbubbles, a lentivirus
carrying eGFP attached to the membrane bound matrix
region of the structural HIV protein Gag (pCHIV.eGFP)

(12) was used. Microbubbles coated with PEI-Mag2, PEI-
Mag3, PalD2-Mag1 or PalD1-Mag4 were incubated with
lentiviral particles for 10 min at room temperature and tested
for binding of lentivirus by microscopy. As seen in Fig. 3a
pCHIV.eGFP (green) attached efficiently to microbubbles
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coated with PEI-Mag2 or PEI-Mag3 but less efficiently to
microbubbles coated with PalD2-Mag1 or PalD1-Mag4.
The association of lentivirus was confirmed by flow cytometry
showing significant binding of pCHIV.eGFP to microbubbles
coated with PEI-Mag2 or PEI-Mag3 (Fig. 3b, p<0.05, n03) in
contrast to microbubbles coated with PalD2-Mag1 or PalD1-
Mag4 (n03). To study whether coupling of lentivirus affects
the association of MNP to the microbubbles, fluorescently
labeled MNP (Atto550-PEI-Mag2) were incubated with
pCHIV.eGFP and the association of both magnetic particles
and lentivirus was visualized by fluorescent microscopy. As
seen in Fig. 3c both MNP as well as lentivirus associated with
the microbubbles (n03). The mean microbubble diameter or
the amount of microbubbles/ml was not changed after lenti-
viral association in comparison to non viral MMB (n03).
However, compared to naked microbubbles, the amount of
microbubbles/ml was significantly reduced (Fig. 3d, p<0.05,
n03). Furthermore, to elucidate whether the lentiviral par-

Transduction Efficiency of Lentiviral Microbubbles
Coated with Different Magnetic Nanoparticles

To investigate the functional capacity of this association,
microbubbles coated with the four different MNP were
incubated with a lentivirus carrying a CMV-driven eGFP
expression cassette and applied to human microvascular

endothelial cells (HMEC) followed by exposure to an exter-
nal magnetic field for 30 min and ultrasound (Fig. 4a).
These cells represent a feasible target of vascular gene
delivery in vivo, since microvascular endothelial cells consti-
tute the major part of the vascular network in tissues and are
metabolically active. Transduction of HMEC with micro-
bubbles coated with PEI-Mag2 or PEI-Mag3 resulted in a
strong eGFP expression, whereas transduction with PalD2-
Mag1 or PalD1-Mag4 coated microbubbles did not yield
any higher eGFP expression than cells transduced with virus
only (Fig. 4b and c, n04). Due to these results and the data
for the magnetizeability of the different nanoparticle coated
microbubbles, the following experiments were performed
using PEI-Mag2 nanoparticles. To confirm the association
of lentivirus with MMB, we compared the transduction
efficiency of endothelial cells (HMEC) through addition of
lentiviral MMB with the addition of the supernatant left
after magnetic collection of the microbubbles. As seen in
Fig. 4c transduction of HMEC with the lentiviral MMB
before magnetic separation, thus containing both magnetic
microbubbles and lentiviral particles, resulted in expression
of eGFP, whereas transduction using the supernatant after
magnetic separation, not containing any MMB, did not
yield any eGFP expression (n08), demonstrating the associ-
ation of lentivirus to MMB.

Magnetic Trapping and Ultrasound-Mediated
Destruction of Microbubbles Enhances Lentiviral
Transduction In Vitro

After establishing the optimal combination of lentivirus,
MNP and microbubbles, we investigated the influence of
the different parameters constituting this technique on en-
dothelial lentiviral transduction. HMEC were transduced
with lentivirus associated to magnetic (PEI-Mag2) micro-
bubbles followed by exposure to a magnetic field and ultra-
sound application. The fluorescence intensity was measured
72 h following transduction by flow cytometry. Cells trans-
duced with lentivirus without MMB did not express eGFP as
compared to non transduced cells (Fig. 5a and b, n012).
Cells treated with lentiviral MMB without magnetic field
exposure or with ultrasound application only showed a
significantly higher eGFP expression (p<0.05, n012,
HMEC). However, treatment with lentivirus bound to
MMB upon ultrasound in combination with magnetic field
exposure for 30 min showed an even higher expression of
eGFP compared to the other treatments (53±0.6% and
39±0.5% enhancement respectively) or non transduced
cells (p<0.05, n012). These effects were also observed when
performing fluorescent microscopy of cells undergoing the
different treatments (Fig. 5c, n06, HMEC). To control for
these effects microbubbles coated with fluorescently labeled
MNP were applied to endothelial cells using these settings.

Fig. 3 Association of lentivirus to magnetic nanoparticles. (a) Magnetic
microbubbles (MB, 0.25 μg MNP/μl) were incubated with a lentivirus (LV)
containing a membrane GFP-fusion protein (pCHIV.eGFP) and the associ-
ation was visualised by fluorescent microscopy. Microbubbles coated with
the MNP PEI-Mag2 or PEI-Mag3 readily bound lentivirus, whereas coating
with PalD2-Mag1 or PalD1-Mag4 did not associate with any detectable
amounts of lentiviral particles (all n03). (b) Flow cytometry analysis of these
MMB revealed association of lentivirus when using PEI-Mag2 and PEI-Mag3
coated microbubbles (*p<0.05, n03). PalD2-Mag1 or PalD1-Mag4 coat-
ed microbubbles did not associate with lentivirus (n03). Histograms show
the shift in GFP-fluorescence between MMB without pCHIV.eGFP (red)
and with association of pCHIV.eGFP (green). (c) Association of lentivirus
and MMB was visualised by fluorescence microscopy of microbubbles
coated with fluorescently labelled PEI-Mag2 (PEI-Mag2-Atto-550, red)
and fluorescent lentiviral particles (pCHIV.eGFP, green) (n03). (d) The
mean microbubble diameter was increased when coating with PEI-Mag-2
but not when adding lentiviral particles to the complex (§p<0.05, vs.
naked MB mean diameter, black line, n03), whereas the amount of
microbubbles/ml was lower after lentiviral particle association (*p<0.05
vs. naked MB, grey bars, n03). (e) Lentiviral particles (pCHIV.eGFP)
associate directly with the microbubbles only to some extent as shown
by the sparse green fluorescence surrounding the microbubbles. MB:
microbubbles, LV: lentivirus.
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ticles associate with the MNP or the microbubbles, pCHIV.
eGFP lentivirus was incubated with naked microbubbles and
analyzed with fluorescence microscopy. Although a direct
association of lentivirus with microbubbles was observed to
some extent it was not as extensive as in combination with
MNP (Fig. 3e).
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Only the combined exposure to a magnetic field and ultra-
sound accomplished a major increase in deposition of mag-
netic microbubbles, as seen by fluorescent microscopy
(Fig. 5d, n04, HMEC). Upon application of these different
settings to endothelial cells and measurement of the reduction
of MTT as an index of cell viability, ultrasound alone or
ultrasound together with magnetic microbubble application
but without magnetic field exposure reduced cell viabil-
ity with only 3.1±1.9% and 10.9±2.7% respectively,
although not significantly, in comparison to non treated
control cells (n012, HMEC). Viral particles alone or in
combination with ultrasound application showed no signifi-
cant effect on cell viability in comparison to non treated cells
(6.9±2.2% and 2.6±1.9% reduction respectively, n012,
HMEC). The application of MMB associated with lentivirus
in combination with ultra sound and magnetic field exposure
resulted in a slight, non significant, increase of cell viability of
6.2±2.9% (Fig. 5e, n012, HMEC).

DISCUSSION

Targeted site-directed therapy would be of advantage in
several pathological conditions and is favourable due to
the reduction or even prevention of undesirable systemic
side effects. Furthermore, by deploying therapeutic substan-
ces only at the site of interest, lower doses of the agent would
be necessary, which is not only cost effective but further
reduces side effects. However, several factors, such as the
binding of therapeutical agents to plasma proteins and
moderate physiological response, limit this approach.
In this study we developed a method, which shows
promising characteristics for local lentiviral gene delivery in
vivo, by combining for the first time magnetic targeting with
microbubble assisted lentiviral gene delivery. We

successfully produced MMB by coating microbubbles
with MNP and accomplished the association of lentivi-
ruses to these complexes.

The microbubbles generated in this study show charac-
teristics favourable for in vivo use, as the microbubbles have a
diameter of below 5 μm, which is similar to the erythrocytes
with mean diameters of 6–8 μm. Furthermore the phospho-
lipid composition of the microbubbles makes them flexible,
also in a similar way to the erythrocytes, thereby enabling
their passage through the capillary system. In another study
of ours, we were able to show that the majority of MMB
were retained at the site of a magnetic field under flow,
demonstrating high probability of being able to be steered to
a specific site within the vasculature in vivo (20). This in turn
is a prerequisite for systemic delivery without undesired
trapping of the substances at other sites. Coupling of small
oligonucleotides (21), plasmid DNA (22) and viruses (13) to
MNP and their subsequent attraction towards an external
magnetic field have previously been used as transfection or
transduction technique of cells in vitro. This technique dis-
plays several advantages in comparison to standard trans-
fection techniques, such as rapid deposition of the material
to the cells (within 5 min of application), low cytotoxicity
due to the reduced transfection time and high transfection
efficiency as a result of the strong magnetic retention of the
genetic material (21). In fact, this technique has been shown
to even be highly efficient for gene or oligonucleotide deliv-
ery to primary endothelial cells, which have shown to be
hard to transfect (22). These are all favourable character-
istics for in vivo use. However, due to the blood flow velocity
in vivo, a sufficient magnetic moment is needed to retain the
MNP at the site of magnetic field exposure. As the magnetic
moment is proportional to their size, larger particles may be
needed, which may limit the passage through smaller vessels
like the capillaries. To overcome this, our approach aimed
to reach a sufficient magnetic moment by coating micro-
bubbles with MNP instead. This was achieved by spreading
the magnetic particles over a greater surface area and at the
same time yielding a greater collection of MNP to one
microbubble unit. We compared microbubbles with differ-
ent MNP and analysed their ability to be steered towards
and trapped at the site of a magnetic field. By studying these
parameters we found that microbubbles were more readily
coated with the positively charged MNP PEI-Mag2 or PEI-
Mag3 than with the negatively charged PalD2-Mag1 or
PalD1-Mag4. This can probably be explained by the fact
that the phospholipids surrounding the gas core are nega-
tively charged. An association of negatively charged MNP
and negatively charged microbubbles may nevertheless be
possible when using a positively charged linker, like Ca2+, as
described in the study of Soetanto et al. (23).

Microbubble mediated delivery of viral vectors, including
retroviral particles, has been performed by other groups

Fig. 4 Functionality of lentiviral associated magnetic microbubbles. (a)
Schematic drawing of magnetic microbubble mediated lentiviral transduc-
tion of endothelial cells. Addition of lentiviral MMB to the cell culture
medium (1) is followed by application of a magnetic field, MF, (2) to allow
for deposition of MMB on the cells. The MMB are destroyed by application
of ultrasound, US, (1 MHz, 2 W/cm2, DC 50%, 0.5 min) by immersing the
probe into the medium (3). After US treatment the cells are left on the
magnet for another 30 min (4). (b) Functionality of different MMB associ-
ated with a lentivirus containing a vector for eGFP-expression (rrl-CMV-
eGFP, MOI 5) was measured by transduction of HMEC using the micro-
bubble technique combined with ultrasound treatment (1 MHz, 2 W/cm2,
DC 50%, 0.5 min) and exposure to a magnetic field for 30 min (n04). MB:
Microbubbles, TM: Transmission. (c) Relative fluorescence intensity was
measured of microscopic images shown in B as an index of eGFP expres-
sion (*p<0.05 vs. virus treatment only, n04, HMEC). (d) Analysis of
lentiviral association to microbubbles coated with PEI-Mag2. HMECs were
treated with MMB carrying rrl-CMV-eGFP lentivirus (MOI 2) before (left
panel) and with the supernatant (SN) after (right panel) magnetic collection
of the microbubbles (n08). MF: Magnetic field, SN: Supernatant, TM:
Transmission.
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(24–26). By local ultrasound application relatively high spec-
ificity to the target site could be obtained. However, these
microbubbles circulate freely and several runs of ultrasound
application are therefore needed to efficiently destroy the
majority of the microbubbles at a local site. By associating
lentiviral particles to MMB, as performed in this study, these
can be forced to deliver their genetic material to a specific
site after magnetic trapping followed by ultrasound mediat-
ed destruction of the microbubbles. Our hypothesis was that
the concentration of magnetic microbubbles at the site of
interest during exposure to a magnetic field would be more
rapid and further increased resulting in higher accumulation
of the genetic material, which in turn would enhance gene
transfer efficiency. Indeed, lentiviral particles readily and
rapidly associated with the positively charged MMB proba-
bly through electrostatic interactions. In our microbubble
complexes an association between the magnetic particles
and the lentivirus takes place rather than a direct association
of lentivirus to microbubbles, as this was shown to be rather
poor. This indicates that the lentiviral particles are sur-
rounding the microbubble rather than being contained
within the microbubble core. This is in concordance with
the study of Trueck et al. (14) demonstrating efficient binding
of lentiviral particles to these MNP. However, even if lenti-
viral microbubbles coated with negatively charged MNP
were shown to inefficiently deliver the genetic material,
these MNP may bind lentiviral particles per se, as also de-
scribed by Trueck et al. (14), by for instance hydrophobic
interactions between the hydrophobic palmitoyl groups of
the PalD-MNP and hydrophobic residues present on HIV-
derived lentiviral particles or in the presence of two-valent
cations. Alas, the combination of lipid microbubbles, MNP
and lentiviral particles is likely somewhat more complex.
Even if poorly associated to microbubbles, the remaining

free negatively charged MNP did not seem to bind lentivirus
in our setting, as the transduction efficiency using these
complexes were as low as with virus alone. Therefore the
microbubbles or the solvent in which the microbubbles are
present (10% glycerol) may interfere with the direct associ-
ation of negatively charged MNP and lentiviral particles.
Furthermore, this finding correlates well with the observa-
tion that the coating of microbubbles with negatively
charged MNP was less efficient and that the amount of
microbubbles/ml was significantly reduced in these samples.
None the less, association of lentivirus to MMB did not
change the characteristics any further and MMB carrying
lentivirus efficiently and fast delivered their material to
endothelial cells in culture upon magnetic field exposure
and ultrasound application. This resulted in relatively high
transduction rates considering the short incubation time
(30 min). To a significant lesser extent addition of lentiviral
MMB without magnetic deposition and bursting led to en-
hanced lentiviral mediated eGFP expression, as did the addi-
tion of lentiviral MMB combined with ultrasound exposure.
These results coincide with the studies of Stride et al. and
Vlaskou et al., where a combination of both ultrasound and
magnetic field exposure led to enhanced transfer of plasmid
DNA usingmagnetic microbubbles compared to ultrasound (9)
or magnetic field exposure alone (9,10). Surprisingly, in our
experiments there was no difference in gene delivery efficiency
between application of MMB and MMB in combination with
ultrasound treatment. This may be explained by the relatively
short incubation time (compared to the incubation time of 24 h
by standard transfection procedures), as the material, whether
set free by ultrasound exposure or not, does not have time to
come into sufficient contact with the cells. Furthermore, our
ultrasound settings may not increase cell permeability to a high
extent, although sufficient for rupture of theMMB. In addition,
microbubbles coated with fluorescently labelled MNP only
showed high deposition of magnetic microbubbles when using
an external magnetic field, suggesting that the increase
in transduction efficiency is mainly due to a more rapid
and enhanced interaction between viral microbubbles
and cells. Taken together, this demonstrates that by
combining ultrasound mediated destruction of lentiviral
magnetic microbubbles with magnetic trapping the time
of transduction can be reduced and the efficiency sig-
nificantly enhanced without the cost of higher cytotox-
icity; a feature also advantageous for an in vivo
application. In contrast to the study of Su et al. (27),
where ultrasonic destruction of microbubbles resulted in
a reduction of endothelial cell viability of 30%, we only
observed a 11% decrease in cell viability. This may be
due to lower cell permeability upon ultrasound exposure
using our settings. In other previous studies ultrasonic
microbubble transfection, using settings similar to this
study, did not result in a high reduction of cell viability

Fig. 5 Magnetic trapping and ultrasound mediated destruction of micro-
bubbles enhances lentiviral transduction in vitro. (a) Efficiency of different
parameters constituting the MMB technique to transduce HMEC with rrl-
CMV-eGFP (MOI 5) was measured by flow cytometry of eGFP expressing
cells 72 h after transduction. While lentivirus (LV) alone (exposure time
30 min) did not result in any eGFP expression, exposure to lentiviral
magnetic (PEI-Mag2) microbubbles or lentiviral MMB in combination with
ultrasound (US) (1 Mhz, 2 W/cm2, DC 50%, 0.5 min) enhanced the
number of eGFP expressing endothelial cells. The highest eGFP expression
was yielded when using the combination of lentiviral MMB, exposure of a
magnetic field (MF) and US mediated MB destruction (*p<0.05, n012,
HMEC). (b) Representative flow cytometry histograms showing the differ-
ence in amount of eGFP expressing cells using the different settings in a. (c)
The transduction efficiency of the different combinations of MMB, MF and
US exposure was confirmed by fluorescence microscopy (n06, HMEC).
TM: transmission. (d) Deposition of magnetic microbubbles on the cell
surface was detected by fluorescence microscopy of microbubbles coated
with fluorescent MNP (green) (n04, HMEC). GF-MNP: Green fluorescent
magnetic nanoparticles. (e) Cytotoxicity measurements of endothelial cells
treated with different combinations of MMB, LV, US and MF assessed by
MTT reduction 72 h after treatment (*p<0.05, n012, HMEC).
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(approximately 10%) (28,29). More importantly, the applica-
tion of MMB in combination with magnetic trapping and
ultrasonic destruction of these did not further decrease cell
viability. In fact, none of the treatment combinations
decreased cell viability any further than application of
virus alone, suggesting there are no additional effects of
the combined treatments.

Although this technique shows promising characteristics
for in vivo use, it still remains to be investigated how efficient
the technique will be for gene transfer in vivo. The possibility
of local magnetic targeting of substances to tissues is depen-
dent on the strength of the applied magnetic field. Since this
decreases with increasing distance to the magnetic tip, mag-
netic targeting of deeper situated tissues or of structures
situated deeper within an organ remains challenging. One
approach to overcome this problem is addressed by previous
studies (30,31) and ourselves (20), where nickel coated vas-
cular stents were magnetizied by an external magnetic field
thus influencing the original magnetic field and causing
strong field gradients deeper into tissues. This approach in
combination with magnetic microbubble mediated lentiviral
gene delivery may be promising for targeting non superficial
vessels and continuous to be the focus of our future work.

CONCLUSION

In this study we for the first time show that coating lipid
microbubbles with MNP followed by association of lentivi-
ruses to these complexes is possible and that this technique
accomplishes high transduction rates of endothelial cells very
fast at low cytotoxicity. We therefore think this novel tech-
nique may prove efficient as a tool for site specific lentiviral
mediated delivery of genetic material to the vasculature in vivo
after systemical application, by possibly reducing not only
undesired gene expression at distant sites but also the amount
of lentiviral particles needed for a physiological response.
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