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Delivery Efficiency

of the venous sinus. One day post-injection the luciferase
signal could only be detected in the lungs and only for N/P
ratio > 3 (Figure 1B). The level of luciferase expression in the
lung was similar at N/P ratios of 6, 8 and 10 (respectively
6.4 x 104, 5.0 x 104 and 3.9 x 104 photons/s) (Figure 1B). After
imaging, different organs, including lungs, were dissected,
homogenized and the organ extracts were assayed for
luciferase expression. The luciferase signal was measured with
a luminometer and expressed as relative light unit (RLU) per
mg of protein. As shown in Figure 1C, a good correlation was
observed between bioluminescent imaging in whole animal
and luciferase assay in lung extract. However, the luciferase
assay performed on organ extracts was able to detect much
lower levels of luciferase expression that were not detected
by whole animal imaging. As shown in Figure 1D, upon organ
dissection and homogenization, luciferase expression was
determined in spleen, liver, kidney and heart extracts using
a luciferase assay. In the spleen, kidney and heart, the N/P
ratios of 8 and 10 seem to give higher luciferase expression
than the N/P ratio of 6. In the liver, the N/P of 8 is slightly
better than the other N/P ratios. Hence the DNA to in vivojetPEI® ratio and the injection conditions should be adapted
to the targeted organ. Collectively, these data show that the
IVIS100 imaging system is able to detect 99% of the emitted
luciferase signal, while the remaining 1% can be determined
with a luciferase assay performed on organ extracts.

Only positively charged complexes can bind the cell surface
via interaction with negatively charged syndecans.5 The
overall charge of the in vivo-jetPEI®/DNA complexes is crucial
for efficient delivery. It is determined by the DNA to reagent
ratio. This ratio which represents the ionic balance within the
complexes is classically defined as the N/P ratio, referring to
the number of nitrogen residues (N) in the in vivo-jetPEI® per
phosphate (P) of DNA. In vivo-jetPEI®/DNA complexes become
positively charged when excess nitrogen residues are present
versus phosphate residues of DNA. An N/P > 3 is required.
Examples of complex charge and size at different N/P
ratio are showed in Figure 1A. Moderate particle charge
is necessary for the colloidal stability of the formulation
since strong repulsive forces between the particles prevent
aggregation. The charges of complexes obtained with the
N/P ratio of 6, 8 and 10 have a good stability for in vivo
applications whereas the complexes formed at the N/P ratio
of 3 are too weak. Higher N/P ratios (6, 8 and 10) give
particles of small size, comprised between 43 and 48 nm
(Figure 1A) perfectly suitable for in vivo application.
The non-invasive IVIS100 system from PerkinElmer was used
to follow the luciferase plasmid expression upon systemic
delivery with in vivo-jetPEI® through retro-orbital injection
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Figure 1. Effect of nitrogen over phosphate ratio on delivery efficiency. Forty micrograms of pCMVLuc plasmid were complexed with in vivo-jetPEI® at N/P
ratio of 0 (control), 3, 6, 8 and 10. Thirty minutes after complexation, particle charge and zeta potential were measured using a zeta sizer (a). Complexes were
injected retro-orbitally and mice were imaged with the IVIS100 imaging system 24 h after injection (exposition time 5 s) (b). After imaging, organs were removed
and the luciferase level in each organ was analyzed in organ extracts using a luciferase assay and expressed relative to the amount of proteins (c and d), n=6.
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Luciferase Expression Time Course in Lungs After
Complex Injection
Once bound on the cell surface via interaction with the
syndecan, in vivo-jetPEI®/DNA complexes are endocytosed
into intracellular vesicles.6 There, in vivo-jetPEI® acts as a
“proton sponge” in the acidic environment of the lumen of
endosomes.1,7 Multiple protonations of in vivo-jetPEI® induce
osmotic swelling followed by endosome rupture, leading to
plasmid release into the cytoplasm.8,9 In vivo-jetPEI® protects
DNA against nucleases present in blood and serum.10,11,12 Upon
intravenous injection (tail vein or retro-orbital), the plasmid
is quickly delivered in organs and expressed in cells. We
investigated the time course of the luciferase expression in
lungs using the PerkinElmer bioimaging system. As shown in
Figure 2A, bioimaging of whole animals shows lung luciferase
expression as early as 12 h after retro-orbital injection. In lungs,
maximum expression is observed between 12 and 24 h after
systemic injection (respectively 6.9 x 105 and 9.1 x 105 photons/s)
(Figure 2A). Lungs were dissected after imaging, and the lung
extracts were assayed for luciferase expression (Figure 2B). Again
a good correlation was observed between the two techniques
for detection of luciferase expression. The luciferase protein is
not very stable and its life time is quite short.13 Using a different
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reporter protein, such as eGFP or delivering a plasmid without
CpG motives in order to avoid the silencing of gene expression
over time14 can increase transgene expression duration.

Complex Stability and Storage Temperature
We previously showed that in vivo-jetPEI® protects DNA from
degradation by serum and blood nucleases.10,11,12 As shown
before, a small size of complexes is essential to promote
efficient gene delivery in vivo (Figure 1). The complexes
can be formed and then stored for many hours before their
use if they are stable in size and do not form aggregates.
We measured in vivo-jetPEI®/DNA complex sizes after
30 min complexation time or when stored 24 h at different
temperatures (room temperature, 4 °C and 37 °C) by
Dynamic Light Scattering. Figure 3A shows that in vivojetPEI®/DNA complexes are stable for at least 24 h at 4 °C,
RT and 37 °C, as no variation of complex size was observed.
Luciferase expression in the lungs was determined by
bioimaging after storage of the complexes at 4 °C for 24 h
and compared with complexes after 30 min complexation
time. No significant variation of luciferase expression level
was observed after 24 h storage (Figure 3B). Imaging was
confirmed by luciferase assay in lung extracts (Figure 3C).

B

Figure 2. Luciferase expression time course after in vivo-jetPEI®/DNA complex injection. Forty micrograms of pCMVLuc complexed with in vivo-jetPEI®
(N/P=8) were injected through the retro-orbital sinus. Mice were imaged 12, 24, 48, 72 and 96 h after complex injection using the IVIS100 imaging system
(exposition time 10 s) (a). After injection, lungs were removed and luciferase expression was assayed in lung extracts (Figure 2b, luciferase expression in the
lung), n=6.
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Figure 3. Complex stability at different storage temperatures. Forty micrograms of pCMVLuc were complexed with in vivo-jetPEI® (N/P=8). Complex size
was determined after 30 min and 24 h storage at RT, 4 °C and 37 °C by Dynamic Light Scattering using a zeta sizer (a). For in vivo imaging, complexes incubated
30 min or stored 24 h at 4 °C were injected through the retro-orbital sinus. The animals were imaged with the IVIS100 imaging system 24 h after injection
(exposition time 5 s) (b). After imaging, lungs were removed, luciferase expression in lung extracts was quantified and expressed relative to the amount of
proteins (n = 6), Figure 3c.
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Conclusion
In vivo-jetPEI -mediated gene delivery is a very useful and
easy-to-develop technology. Here we have shown that
bioimaging is a perfectly complimentary tool to follow
reporter gene expression, and improve gene delivery
parameters in mice. The in vivo bioluminescence imaging
systems developed by PerkinElmer are particularly suitable to
follow plasmid expression upon delivery with in vivo-jetPEI®.
This delivery technology can be adapted to target different
organs using various routes of administration including
systemic injection or local delivery routes like intra-tumoral,
intra-thecal or subcutaneous.2,10,14,15 Taken together our
data showed, that in vivo-jetPEI® is a potent reagent for
functional and therapeutic studies in animal models. As it is
validated for non-viral gene therapy in humans, it is also a
good candidate for human therapeutics.
®

Materials and Methods
Instrumentation
IVIS100 Xenogen system (PerkinElmer).
Reagents

Bioluminescence imaging
For in vivo bioluminescence imaging, 150 mg/kg of D-luciferin
potassium salt were injected i.p. to the mice. Mice were
anesthetized 10 min after injection with isoflurane and imaged
with an IVIS100 Xenogen system (PerkinElmer).
Complex charge and Zeta potential determination
Particle size and zeta potential were determined by
Dynamic Light Scattering using a ZetaSizer Nano-ZS
(Malvern Instrument) with the following specifications:
medium viscosity, 1.036 centipoise (cP); refractive index (RI)
medium, 1.337; RI particle, 1.47; Dielectric constant, 78.5;
temperature, 25 °C.
Luciferase assay in organ extracts

Plasmid: pCMVLuc (Promega)
Transfection reagent: in vivo-jetPEI®
(Polyplus-transfection)
Buffer: Glucose 10% (Polyplus-transfection)
D-luciferin potassium salt (PerkinElmer)
Table 1. Complex preparation and injection.
N/P

Volume of in vivo-jetPEI®

3

2.4 µL

6

4.8 µL

8

6.4 µL

10

8 µL

Complexes were prepared in 200 µL of glucose 5% final
concentration. 40 µg DNA were diluted in 100 µL (final
volume) of glucose 5% and mix by pipetting up and down.
The appropriate amount of in vivo-jetPEI® (Table 1) was
diluted in 100 µL (final volume) of glucose 5% and mix by
vortexing. The diluted in vivo-jetPEI® solution was added
to the diluted nucleic acid solution, mixed by vortexing
and left for 30 min at RT before injection. For the complex
stability experiments, the complexes were stored at different
temperatures at this stage. Complexes were injected
through the retro-orbital sinus within 2s.
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NMRI Nude female 5-weeks old were obtained from
Elevage Janvier and subjected to a week quarantine and
acclimation period before use. Animals were maintained under
conventional housing conditions (12 h light/12 h night,
22 °C). All animal studies were conducted in accordance
to the French Animal Care guidelines and the protocols
were approved by the Direction des Services Vétérinaires.

For luciferase analysis in organ extracts, mice were
sacrificed; organs were removed and quickly frozen. Organs
were then homogenized with an ultra-thurax in appropriate
volume (Table 2) of 1x lysis buffer (Promega) and frozen O/N
at -80 °C. Lysates were centrifuged at 15,000 g for 5 min
and luciferase activity was assessed by using 5 µL of lysate
after addition of 100 µL of luciferin solution (Promega).
Luciferase activity was normalized per mg of protein by
using the BCA assay (Pierce).
Table 2.
Organ

Volume of Lysis Buffer (mL)

Spleen

1

Liver

2

Kidney

1

Heart

1

Lung

2
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