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decreased to 2276±288 nm at the end of 120 min having a
polydispersity over 0.7 for both of the incubations.

Among the CLDC10 and CLDC11 prepared at the highest
ratios (1:0.186 w/w) the complexation process was the fastest
and the size observed between 2900 nm to 3044 nm remained
nearly unchanged with CLDC10, whereas a progressive
increase and then decrease was observed with CLDC11. The
measured size of CLDC10 was 2412±62.7 nm at the end of
120 min, however the polydispersity index was over 0.7. The
complexation was completed at all incubation periods for both
complexes as confirmed by the gel electrophoresis analysis.

Conclusion

The results indicated that the incubation time required for
complexation was variable. Maturation to form stable com-
plexes is incubation time-dependent and needs to be optimized
depending on the materials and experimental conditions used.
These findings were consistent with the report of Yang and
Huang [7] who described the time-dependent maturation and
changes of the CLDC for serum resistance. Consequently, the
DLS results of our study, which were also confirmed by gel
electrophoresis, allowed to monitor the association and
dissociation processes during complexation by an increase or
decrease in the particle size of the CLDC. DLS provides a rapid
tool for initial screening and selection of liposome/DNA
complexes.
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Summary

The aim of this study was to develop cationic microbubbles
which can bind and protect plasmid DNA (pDNA). For this
purpose, microbubbles were coated with poly-(allylamine HCl)
(PAH) using the Layer-by-Layer technique.

Introduction

Ultrasound in combination with microbubbles (often called
sonoporation) has recently acquired much attention in the field
of gene delivery because of its low toxicity, simplicity and
mainly because of its applicability in vivo without major
complications. The mechanism by which ultrasound mediates
cellular delivery has been ascribed as cavitation. Cavitation is
the alternate growing and shrinking of formed or added gas-
filled microbubbles as a result of the high and low pressure
waves generated by the ultrasound. Eventually, these cavitating
(oscillating) microbubbles can also implode due to these high
pressure waves. The cavitation and especially the implosion of
microbubbles generate local shock waves and microjets that can
temporarily perforate the cell membrane and that can allow
macromolecules to extravasate from the bloodstream. However,
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Fig. 2. CLSM images of (A) uncoated microbubbles prepared with FITC-BSA;
(B) RITC-PAH-coated microbubbles prepared with unlabelled albumin; (C)
unlabelled, uncoated microbubbles incubated with yoyo-1 labelled pDNA and
(D) unlabelled, coated microbubbles incubated with yoyo-1 labelled pDNA.
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a major limitation of the currently available microbubbles is that
they have a short lifetime, and neither bind or protect the
therapeutic DNA against nuclease. Binding of DNA to the
microbubbles will assure that the DNA is present at the site of
microbubble implosion, enhancing the chance that the DNA is
dragged inside the cell or even the nucleus by the generated
microjets. Consequently, the aim of this work was to develop a
new type of ultrasound responsive microbubbles that can bind
and protect the DNA against nucleases, and that stay stable
during several hours.

Experimental methods

Preparation and characterization of uncoated and PAH-coated
microbubbles

Microbubbles were prepared by mixing C4F10 gas and an
albumin–dextrose solution through a three-way-valve, fol-
lowed by a short sonification. The PAH-coated microbubbles
were prepared starting from the microbubbles above using the
Layer-by-Layer (LbL) technique. Briefly, after washing the
microbubbles were incubated with 5 mL of a PAH solution
(2 mg/mL, hepes buffer). Subsequently, the PAH was
removed by washing (three times) the microbubbles with
sterile hepes buffer (20 mM, pH 7.4). Laser diffraction and
zeta potential measurements were used to determine respec-
tively the size distribution and the surface charge of the
microbubbles.

DNA binding properties

Confocal laser scanning microscopy (CLSM) was used to
visualize the binding of fluorescent labeled pDNA to the PAH-
coated microbubbles. Picogreen was used to determine the
maximal loading capacity of the coated microbubbles. Briefly,
150 μL of microbubble suspension was incubated with
increasing amounts of pDNA and after 5 min of incubation
time, the microbubbles were separated using centrifugation and
the amount of pDNA in the subnatans was quantified using
picogreen.

DNase I experiments

Microbubbles and pDNA were incubated for 5 min. After-
wards DNase I was added till a concentration of 200 U/L was
obtained. After 15 min of incubation, microbubbles and pDNA
Fig. 1. Size distribution (left) and surface charge (right) of uncoated and PAH-
coated microbubbles in the absence and presence of pDNA.
were separated using a 5 M NaCl solution before centrifugation.
Aliquots of the subnatans were run on a 1% agarose gel for 60–
80 min.

Results and discussion

The size distributions and surface charges of the uncoated
and polyallylamine hydrochloride (PAH)-coated microbubbles
are shown in Fig. 1. About ∼90% of the uncoated and
coated microbubbles had a size between 1 and 5 μm.
Microbubbles within such a size range are known to favour
cavitation upon exposure to clinically used ultrasound
frequencies (such as 1 MHz). Coating of the microbubbles
with PAH, turned the surface charge positive (Fig. 1, right
panel A–C), which may indicate that the microbubbles are
indeed coated with PAH.

The albumin shell (FITC labelled, green) of the uncoated
microbubbles and the PAH coat (RITC labelled, red) around
these microbubbles was subsequently visualized using CSLM
(Fig. 2A and B). The appearance of a red colored ring around
the microbubbles further proved that the microbubbles are
indeed coated with PAH.

Addition of pDNA to the uncoated microbubbles did not
alter the microbubbles' surface charge. Incubation of uncoated
microbubbles with yoyo-1 labelled pDNA (green) resulted in a
rather homogeneous distribution of the green fluorescence (Fig.
2C). However, an accumulation of the pDNA around the
microbubbles occurred when the PAH-coated microbubbles
were incubated with the green labelled pDNA (Fig. 2D). Similar
conclusions could be drawn from zeta potential measurements:
addition of pDNA altered the ζ of the PAH-coated microbubbles
from positive to negative (Fig. 1), which proves pDNA binding.
Fig. 3. Stability of uncoated and PAH-coated microbubbles. The insert shows a
SEM-image of a PAH-coated microbubble after degradation.



Fig. 4. Gel electrophoresis. Gels were run after NACL-induced dissociation of
the pDNA. ‘Smiling’ appeared due to the high salt concentrations used (5 M
NaCl). (A) Uncoated microbubbles; (B) PAH-coated microbubbles. Each lane
contains 1 μg of plasmid DNA. (1) DNA molecular weight marker; (2) naked
plasmid DNA; (3) naked plasmid DNA incubated with DNase I solution
(200 IU/L); (4) plasmid DNA incubated with inhibited DNAse (200 IU/L); (5)
microbubbles and plasmid DNA; (6) microbubbles and plasmid DNA incubated
with DNase I (200 IU/L); (7) microbubbles and plasmid DNA incubated with
inhibited DNase I (200 IU/L).
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The picogreen assay revealed a maximum loading capacity of
0.1 pg/microbubble.

Perfluorocarbon gas-filled microbubbles are, despite the fact
that they are covered by an albumin shell, very unstable. Indeed,
the albumin shell does not completely prevent the diffusion of
gas out of the microbubble. Coating of microbubbles with PAH
could enhance their stability, A 5-fold increase of the half-life
(from 75 min to 6 h) of the microbubbles was obtained after
coating them with PAH (Fig. 3). The insert presents a SEM-
image of a PAH-coated microbubble after degradation.

The ability of the microbubbles to protect pDNA against
nuclease cleavage was tested using gel electrophoresis. The
uncoated microbubbles were not able to protect pDNA from
degradation by DNase I (lane 6 versus 3 of gel A). In contrast,
the PAH-coated microbubbles were able to prevent degradation
(lane 6 versus 2, 4 of gel B) Fig. 4.

Conclusions

Cationic charged microbubbles could be prepared by coating
albumin stabilized microbubbles with PAH. These coated
microbubbles had a 5-fold longer life and were capable of
binding and protecting pDNA against nucleases. The maximal
loading capacity of these coated microbubbles was estimated to
be around 0.1 pg of pDNA/microbubble.
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Summary

A novel ternary polyplex of triblock copolymer, pDNA and
anionic dendrimer phthalocyanine was developed. The physi-
cochemical characterization suggests the formation of tri-
layered polyplex micelles with both pDNA and DPc incorpo-
rated in one compartment. The polyplex showed a 25 times
photochemically enhanced transgene expression at optimum
irradiation time compared to the non-irradiated control. Due to
its neutral surface charge these polyplexes hold a promise for in
vivo application after systemic delivery.

Introduction

One of the major requirements for in vivo gene therapy is
development of a gene vector which can safely and effectively
deliver a therapeutic gene into specific cells and can achieve
regulated gene expression. The photochemical internalization
(PCI) technology developed by Berg [1] offers light-inducible
cytosolic delivery of the transgene. PCI is based upon the light
activation of a photosensitizer specifically located at the
membrane of endocytic vesicles inducing the rupture of this
membrane upon illumination. Although this strategy allowed the
light-induced transfection, the enhancement of gene expression
was accompanied by remarkable photocytotoxicity. In the
previous study, it appeared that photodamage towards sensitive
organelles might be responsible for that photocytotoxicity. Also,
there was discrepancy in the subcellular localization between
pDNA polyplexes and photosensitizer that made the system less
effective. Thus, the control of subcellular localization of
photosensitizer might be a key factor in achieving light-induced
transfection with minimal photocytotoxicity. Recently, a ternary
complex composed of a core containing the packaged DNA and
an envelope of anionic dendrimer phthalocyanine (DPc) has been
developed in our laboratory. The ternary complex showed more
than 100-fold photochemical enhancement of the transgene
expression in vitro with reduced photocytotoxicity and demon-
strated the first success of PCI-mediated gene delivery in vivo [2].
However this system is unlikely to be used for in vivo application
after systemic delivery due to the negative surface charge. Thus
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