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ABSTRACT Purpose. The aim of this study was to
evaluate cationized gelatin nanoparticles as biodegrad-
able and low cell toxic alternative carrier to existing
DNA delivery systems. Methods. Native gelatin nano-
particles were produced using a two step desolvation
method. In order to bind DNA by electrostatic inter-
actions onto the surface of the particles, the quaternary
amine cholamine was covalently coupled to the parti-
cles. The modified nanoparticles were loaded with dif-
ferent amounts of plasmid in varying buffers and
compared to polyethyleneimine-DNA complexes (PEI
polyplexes) as gold standard. Transfection ability of
the loaded nanoparticles was tested on B16 F10 cells.
Additionally, the cell toxicity of the formulations was
monitored. Results. Different setups resulted in effi-
cient gene delivery displayed by exponential increase
of gene expression. The gene expression itself occurred
with a certain delay after transfection. In contrast to
PEI polyplexes, cationized gelatin nanoparticles almost
did not show any significant cytotoxic effects. Conclu-
sions. Cationized gelatin nanoparticles have shown the
potential of being a new effective carrier for nonviral
gene delivery. The major benefit of gelatin nanoparti-
cles is not only the very low cell toxicity, but also their
simple production combined with low costs and multi-
ple modification opportunities offered by the matrix
molecule.

INTRODUCTION

Safe and efficient delivery of DNA into cells is still a
dominant task in today’s biotechnological research.
Direct injection of naked DNA is the easiest way of
administration, but this approach is limited to only a
few applications as for example injection into solid
tumors (1) or muscle tissue (2). For most applications
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direct injection is not efficient enough due to enzy-
matic degradation and electrostatic repulsion between
the negatively charged cell membrane and DNA, con-
sequently inhibiting efficient cellular uptake.

For these applications a carrier system, either viral or
nonviral, is needed. Statistics covering all clinical trials
worldwide that are currently dealing with gene deliv-
ery reveal that viral vectors are still the clear number
one, being used in more than 70% of all protocols (3).
Nevertheless, having the advantage of the highest effi-
ciency in delivery, viral vectors also have major draw-
backs with respect to safety due to possibly severe
immune reactions or oncogenic effects. These substan-
tial reasons made the development of nonviral alterna-
tives highly desirable. Common strategies are either
complexes of nucleic acids with cationic polymers, i.e.
polyplexes (4, 5), or based on cationic lipids, i.e.
lipoplexes (4, 6). Furthermore, plasmid DNA can be
loaded on the surface of previously formed solid nano-
particles as for example solid-lipid nanoparticles (7) or
silica nanoparticles (8). But although a variety of
efforts have been made in the past, the ideal system has
not been found yet, since most of the physiologically
well tolerated carriers lack in transfection efficiency
and the majority of the efficient carriers are poor in
terms of biodegradability or cell toxicity.

Our research group focuses on gelatin as potential basis
for colloidal carrier systems. The water-soluble macro-
molecule is obtained by heat dissolution at alkaline or
acidic conditions and partial hydrolysis of collagen in
animal skins, bones and tendons. The majority of the
tonnages produced every year are known to be utilized
in food industries. But also the amount of gelatin
applied in pharmaceutical industries is not negligible,
especially as far as capsules and ointments are con-
cerned (9). In terms of nanopharmaceutics, gelatin was
already considered as interesting biodegradable base
material in the early days of particle development (10).
The interest was based on the facts that gelatin has
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been known for its low immunogenicity for many
years (11) and is administered intraveneously since it is
an ingredient of various registered blood substitutes.
Despite the fact that a preparation method for gelatin
nanoparticles using desolvation was already described
in 1978 (10), the quality of nanoparticles being pre-
pared by this procedure is rather unsatisfying. Result-
ing particles commonly have broad size distributions
and tend towards instabilities. Finally, the reproduc-
ibility is inadequate as well. The underlying reason is
the heterogeneity of gelatin having a broad molecular
weight range (12, 13). A solution for these problems
was the development of the two step desolvation tech-
nique (14) that allows the production of homogeneous
and stable colloidal spheres. Since we established a sur-
face modification of the nanoparticles leading to posi-
tively charged particles (15) and validated the stable
nucleotide loading (16), the aim of this study was to
test our formulations iz vitro. Positive results of other
groups that have already shown the potential of gelatin
(17-19) and cationized gelatin (20-22) as complexing
agent or hydrogel matrix for gene delivery encouraged
our plans.

Besides the optimization of experimental conditions, a
second focus of the study was to monitor the cell toxic
effects of the system, to prove the thesis that gelatin
nanoparticles are physiologically very well tolerated.
PEI polyplexes, known for their high transfection effi-
ciency (23, 24) were chosen as gold standard to rate the
potential of the new nonviral carrier.

MATERIALS AND METHODS
Materials

Gelatin type A from porcine skin (175 Bloom), glut-
araldehyde (25%), 1-ethyl-3-(3-dimethyl-aminopropyl)
carbodiimide hydrochloride (EDC) and (2-aminoet-
hyl)-trimethylammoniumchloride hydrochloride
(cholaminechloride hydrochloride) for the preparation
of gelatin nanoparticles were purchased from Sigma-
Aldrich (Taufkirchen, Germany). The acetone (p.a.)
needed for this procedure was purchased from VWR
International (Ismaning, Germany).

Linear PEI with an average molecular weight of 22
kDa (PEI 22) was purchased from Euromedex (Exgen
500, Euromedex, Souffelweyerheim, France).

The DNA plasmid used in our studies was pCMVLuc
(Photinus pyralis luciferase under the control of the
CMV enhancer/promoter) as described by Plank et al.
(25) purified with the EndoFree Plasmid Kit from
Qiagen (Hilden, Germany).

Preparation of cationized gelatin nanoparticles

Plain gelatin nanoparticles were produced by the two
step desolvation technique (14). The first step is per-
formed to discard low molecular weight components
of gelatin which would make the production of stable
nanoparticles with a uni-modal size distribution impos-
sible. After resolvation of the sediment and pH-adjust-
ment (pH 3.0), the in-situ particles were prepared by a
second desolvation step. In order to bind DNA by
electrostatic interactions onto the particles’ surface, the
quaternary amine cholamine was covalently coupled
onto the surface. This step was a further optimization
of procedures previously described by Coester (15). An
aqueous dispersion of native nanoparticles was
adjusted to pH 4.5 and a molar excess of cholamine
was added under constant stirring. After a certain time
EDC was added to activate free carboxyl groups on the
particles to react with cholamine (as well). The final
particles were characterized by sizing via dynamic light
scattering and measurement of the zeta potential (§
potential). The determinations of both parameters
were conducted with a Zetamaster (Malvern Instru-
ments, Worcestershire, UK). Each assigned size and
corresponding polydispersity index was the mean of 10
subruns. The ( potential was determined by the same
instrument and calculated as the mean of 10 individual
measurements.

Cell culture

Cell culture media, fetal calf serum (FCS) and antibiot-
ics were purchased from Invitrogen GmbH (Karlsruhe,
Germany). B16F10 cells were grown in Dulbeco’s
Modified Eagle’s Medium (DMEM) (1.0 g glucose/L)
supplemented with 10% FCS at 37°C in 5% CO,
humidified atmosphere.

Plasmid DNA loading of gelatin nanoparticles

Two different batches of cationized nanoparticles were
loaded with different amounts of plasmid (0.33 - 1%
[m/m]) in varying conjugation media to find opti-
mized conditions.
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The used conjugation media were phosphate buffered
saline (PBS) 7.4 and PBS 7.0/water (1:1 ratio). In order
to bind the DNA onto the nanoparticles, a dispersion
of nanoparticles was pipetted to a solution of plasmid
DNA (40 pg/mL) in buffer and mixed vigorously.
After an incubation period of 2 min, 50 puL. nanoparti-
cle dispersion containing 200 ng DNA (luciferase plas-
mid) loaded in various plasmid to nanoparticle ratios
was directly added to each well. The nanoparticles
were centrifuged and complete DNA loading was veri-
fied by analyzing the supernatant for unbound DNA,
UV-metrically at 260 nm wavelength (15).

Preparation of PEI polyplexes

For complex preparation, PEI was used at a 1 mg/mL
working solution, neutralized with HCI.

DNA complexes were prepared by first diluting PEI 22
in HBS (Hepes buffered saline: 20 mM Hepes, 150 mM
NaCl, pH 7.1). This PEI-conjugate buffer solution was
pipetted to plasmid DNA diluted in HBS and mixed
vigorously. Complexes were formed at a molar ratio of
PEI nitrogen atoms to DNA phosphate (N/P) of 6.

Complexes were allowed to stand for at least 20 min at
room temperature before use. The final concentration
of DNA (luciferase plasmid) in complexes was 20 pg/
mL.

Complex containing 200 ng pCMVLuc was added
directly to each well.

Transfection

5.0 x 10° cells per well were seeded into 96-well plates
(Gibco). After 16 h of incubation with the different
formulations, the transfection media was removed and
replaced by fresh media containing 10% FCS. After 24
h media was again replaced.

During transfection and for the following 24h 100 U/
mL penicillin and 100 pg/mL streptomycin were

added.

Luciferase assay

For luciferase detection, cells were washed once with
PBS, lysed in 50 pL of Promega cell lysis solution
(Promega, Mannheim, Germany), and assayed as previ-
ously described (26). Luciferase activity was deter-

mined from 20 pL samples of the lysate using the
Luciferase Assay system (Promega); measurements

were performed in a luminometer (Lumat LB9507,
Berthold, Bad Wildbad, Germany).

Values are given as light units and represent the total
luciferase activity per 5.0 x 10° cells as mean + stan-
dard deviations of at least triplicates. 2 ng of recombi-
nant luciferase (Promega) corresponded to 107 light

units.

Cell viability

Compared to PEI polyplexes, cell viability studies of
loaded and unloaded nanoparticles, were performed
using a CellTiter-Glo™ Luminescent Cell Viability
Assay (Promega, Mannheim, Germany) according to
the manufacturer’s instructions. This assay is based on
quantification of the ATP content of viable cells.

RESULTS AND DISCUSSION

To control the success of the surface modification
using cholamine, we determined the surface charge of
unmodified gelatin nanoparticles compared to cation-
ized particles by measuring their { potentials at differ-
ent pH values (Figure 1).
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Figure 1: { potential measured in correlation to the pH
value (ionic backround: 1 mM NacCl)

Whereas plain gelatin nanoparticles resulted in an iso-
electric point of 5.7, the nanoparticles modified with
cholamine remained positively charged within the
measured pH range. Consequently, the pH of the
physiological environment should not have any effect
on the DNA loading.
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Performing preliminary studies to determine the maxi-
mum amount of plasmid loading (data not shown), we
found that we were able to load up to 50 pg plasmid
per milligram nanoparticles onto the particles (5% [m/
m]), but these formulations were very instable and
agglomerated quickly in any physiological media. This
rapid process could only be stopped by reducing the
amount of loaded plasmid to 20 ng/mg (2% [m/m]).
Nevertheless, within this study only the formulations
loaded between 3.3 pg/mg and 10 pg/mg (0.33-1% [m/
m]) showed significant transfection results. Searching
for reasons, we investigated the { potentials of formula-
tions containing different DNA to nanoparticle ratios
(Figure 2).

10 1
N —

0.33% 0.50% 1.00% 2.00%
-5

-10 4

3.00% 5.00%

-15 -

-20 -

Zetapotential (mV)

-25

-30 -

-35 J

Figure 2: { potential determination of formulations with
various ratios of DNA to nanoparticles (m/m).

The measurements were performed in physiological
PBS 7.4. Formulations containing 3-5% (m/m) payload
tended towards quick agglomeration and resulted in
strong negative ( potentials. Reducing the DNA con-
tent to 2% (m/m) prevented aggregations and corre-
lated with a characteristic reduction of the
formulations’ { potential to -9.5 mV. Finally, the for-
mulations that were able to transfect the B16 cells
(0.33-1% [m/m]) had all either a neutral or slightly pos-
itive { potential, which appears to be crucial for suc-
cessful gene delivery as it facilitates the passage through
the negatively charged cell membrane. The two nano-
particle batches used in this study had a mean size of
288.3 nm (ZWgen288+) and 182.7 nm (ZWgen182+).
Dynamic light scattering suggested a uni-modal size
distribution for both batches, having low polydisper-
sity indices of 0.067 (ZWgen288+) and 0.101
(ZWgen182+).

For nanoparticulate plasmid formulations loaded in
PBS 7.4, none of the three different loading concentra-
tions showed any significant gene expression after 24 h.
However the PEI polyplexes showed their strongest
gene expression (1.46 x 10" RLU [relative light units])
at this point (Figure 3).
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Figure 3: Transfection efficiency of cationized gelatin
nanoparticles after 24 h; conjugation buffer: PBS 7.4;
cells: untreated cells; PEI: standard polyplex; 1%, 0.5%,
0.33%: relative amount of plasmid loaded onto gelatin
nanoparticles (m/m)

Performing the DNA loading of the particles in PBS
7.0/water (1:1 ratio) instead of PBS 7.4 led to first
detectable gene expressions for the formulations loaded
with 0.5% plasmid (m/m) after 24 h (Figure 4).

PEI

Figure 4: Transfection efficiency of cationized gelatin
nanoparticles after 24 h; conjugation buffer: PBS 7.0/
water (1:1 ratio); cells: untreated cells; PEl: standard
polyplex; 1%, 0.5%, 0.33%: relative amount of plasmid
loaded onto gelatin nanoparticles (m/m)
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After 72 h, both the nanoparticles incubated in PBS 7.4
(Figure 5) and in PBS 7.0/water (1:1 ratio) (Figure 6)
resulted in distinct increases of gene expression.
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Figure 5: Transfection efficiency of surface-modified
gelatin nanoparticles after 72 h; conjugation buffer: PBS
7.4; cells: untreated cells; PEIl: standard polyplex; 1%,
0.5%, 0.33%: relative amount of plasmid loaded onto
gelatin nanoparticles (m/m)

1.E+07 4

[ ZWgen288+
1 E+06 4 EZWgen182+
L
0 1.E+05 A ™
8
o 1.E+04 4
<]
o
© 1.E+03 -
o]
|
X 1E+02 4
1.E+01 A
1.E+00 T T T T T T T
cells PEI 1% 05% 0.33% 1% 0.5% 0.33%
200 ng DNA

Figure 6: Transfection efficiency of surface-modified
gelatin nanoparticles after 72 h; conjugation buffer: PBS
7.0/water (1:1 ratio); cells: untreated cells; PEIL
standard polyplex; 1%, 0.5%, 0.33%: relative amount of
plasmid loaded onto gelatin nanoparticles (m/m)

Formulations prepared in PBS 7.4 showed already
noticeable outcomes with 2.98 x 10* RLU for the
larger nanoparticles (ZWgen288+) containing 0.33%
plasmid loading (m/m) and 4.94 x 10* RLU for
ZWgen182+ (0.5% [m/m] plasmid). The best gene
expressions could be achieved in PBS 7.0/water (1:1
ratio) with measured 1.12 x 10° RLU for ZWgen288+
and 2.63 x 10° RLU for ZWgen182 (both 0.5% [m/m]
plasmid).

Overall, there is a tendency favoring the use of 182.7
nm large particles as carrier (ZWgen182+) with a rela-
tive amount of 0.5% plasmid (m/m) loaded onto the
particles. As for the conjugation buffer, further studies
have to be performed to find the ideal media. Com-
pared to PEI the peak gene expression occurs with a
certain delay. One reason could be a prolonged intrac-
ellular processing due to slow endosomal escape or a
different cellular uptake mechanism.

Since cytotoxicity of our formulations was the second
focus of our experiments, we monitored the viability
of the transfected B16 F10 cells simultaneously (Figure
7).
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Figure 7: Cell viability of B16 F10 cells after 72 h of
incubation; PEI: standard polyplex; 1%, 0.5%, 0.33%:
relative amount of plasmid loaded onto gelatin
nanoparticles (m/m)

After a total time of 72 h, only averaging 10.9% of the
B16 F10 cells transfected with PEI polyplexes
remained viable, whereas the viability of all cells that
have been transfected with gelatin nanoparticle formu-
lations was between 83.3 and 100%. For transfection,
PEI formulations are typically incubated with cells for
4 h instead of 16 h as in this study. This can maybe
explain the low cell viability of cells transfected with
PEI polyplexes but also demonstrates the good physio-
logical tolerance of gelatin nanoparticle formulations.
A trend was observed, that formulations loaded with
less relative plasmid amount are more toxic. The rea-
son for this might be that the higher remaining posi-
tive net charge of the formulations induces lower cell
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viability. Furthermore, a marginal tendency towards
formulations conjugated in PBS 7.4 showing less cell
viability can be seen but in general, the cell toxicologi-
cal effects of our formulations are minimal compared
to PEI polyplexes. These results were also confirmed
earlier in toxicological studies of our group that dem-
onstrated the same very low iz vitro toxicity compared
to DOTAP/DOPC (1:1 ratio) liposomes (16).

CONCLUSION

A major benefit of gelatin nanoparticles for use in gene
transfer is not only the very low cytotoxocity, but also
their simple and reproducible production, which
would facilitate future upscaling. Low costs of the base
material gelatin make this approach commercially
attractive. Gene transfer efficiency of our formulations
are only approximately one order of magnitude lower
than the efficiency of ‘gold standard’ cationic PEI poly-
plexes; these iz vitro transfection rates are significant
and quite remarkable considering that we are still at an
early stage of formulation optimization. One advan-
tage offered by the amino acid side-chains of the gelatin
matrix molecule is the option of multiple further mod-
ifications. This could be used for coupling of ligands to
improve targeting diseased tissues, to enhance specific
cellular uptake or affect intracellular distribution.
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