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ABSTRACT: The utility of using a protammine/DNA complex coated with a lipid Lipid/Protammine/DNA
envelope made of cationic 1,2-dioleoyl-3-trimethylammonium propane (DOTAP)
for transfecting CHO (Chinese hamster ovary cells), HEK293 (human embryonic
kidney cells), NIH 3T3 (mouse embryonal cells), and A17 (murine cancer cells) cells Lipid/DNA

was examined. The widely used DOTAP/DNA lipoplex was employed as a reference. -
In all the tested cell lines lipid/protamine/DNA (LPD) nanoparticles were more
efficient in transfecting cells than lipoplexes even though the lipid composition of the
lipid envelope was the same in both devices. Physical—chemical properties were found to control the ability of nanocarriers to
release DNA upon interaction with cellular membranes. LPD complexes easily release their DNA payload, while lipoplexes remain
largely intact and accumulate at the cell nucleus. Collectively, these data explain why LPD nanoparticles often exhibit superior
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performances compared to lipoplexes in trasfecting cells and represent a promising class of nanocarriers for gene delivery.

Gene therapy research is still problematic owing to a paucity
of acceptable vector systems to deliver nucleic acids to
patients for therapy.' > Viral vectors are efficient but may be
dangerous for routine clinical use. Synthetic nonviral vectors are
fundamentally safer but are currently not efficient enough to be
clinically viable. A possible solution for gene therapy lies with
improved synthetic nonviral vectors based upon well-established
platform technologies and a thorough understanding of the
barriers to efficient gene delivery and expression (transfection)
relevant to clinical applications of interest. One of the most
common nonviral gene delivery vectors are DNA—cationic lipid
complexes (lipoplexes). On the basis of freeze —fracture electron
micrographs and X-ray diffraction studies, it was suggested that
lipoplexes are multilamellar onion-like systems with DNA sand-
wiched between opposing lipid bilayers.*® Once inside the cell,
such multilamellar structure offers protection from DNA degra-
dation but do not often allow for an adequate DNA release from
endosomal compartments. If gene payload is not released from
endosomes, it is shuttled to the lysosomes, where it is degraded
by the abundant nucleases and transfection may fail.”~ ' To
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overcome this problem, lipid/DNA/polycation (LDP) com-
plexes, in which plasmid DNA (pDNA) condensed with a
polycation is encapsulated by a lipid envelope, have recently
been developed.'” Kogure et al."” demonstrated that the lucifer-
ase activity of a DNA—poly-L-lysine complex (DPC) with a lipid
envelope was 10 times higher than only DPC in NIH 3T3 cells,
suggesting that the lipid coating is important and critical for
efficient gene delivery. Recent studies showed superiority of
LPD-mediated gene transfer over conventional liposomes for
delivering a gene to the liver.'> Over the past few years several
efforts to improve the delivery efficiency of LPD systems have
been made.'*'® The composition of the lipid envelope of LPD
systems has been modified with novel chemical compounds,
while the surface has been functionalized with several polymers
and ligands. In a recent study a new lysine based cationic lipid
containing a guanidine group that serves simultaneously as a
delivery component and a therapeutic agent was reported.'® Such
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Figure 1. (Top) Digital photograph of protammine/DNA complexes
(P/DNA) with increasing P/DNA weight ratio Ry: Ry = 0.1 (lane 1),
Ry = 0.5 (lane 2), Ry = 1 (lane 3), Ry = 2 (lane 4), Ry = 3 (lane $),
Rw =S (lane 6), Ry = 10 (lane 7), and control DNA (lane 8). Experiments
revealed two major bands for naked DNA (lane 8). The high-mobility
band was attributed to the most compact (supercoiled) form, and the
less-intense one was considered to be the non-super-coil content in the
plasmid preparation. (Bottom) Molar fraction of plasmid DNA pro-
tected by protamine, Xpna, against the P/DNA weight ratio, Ry

novel formulation resulted in enhanced cellular uptake, gene
silencing, and tumor growth inhibition. Systemic tumor-targeted
delivery remains the most challenging issue in the drug delivery
field. In vivo data of tissue distribution demonstrated the
potential of surface-modified LPD nanoparticles for tumor
targeting."> Whether the superior performance of LPD systems
over the consolidated lipoplex strategy does correlate with
distinct physical—chemical properties of LPD complexes is an
open question that needs to be answered. Generally, lipoplex
dispersions are heterogeneous and polydisperse, consisting of a
variety of structures in dynamic equilibrium. Recently, the
existence of hybrid structures made of multilamellar lipoplexes
stuck together by DNA has been reported.' Because physical—
chemical properties of gene vectors may determine their inter-
action with cells and tissues, a precise knowledge of these
properties may be important for predicting their biological
response both in vitro and in vivo. Comparative studies of
pDNA-encapsulation type and lipoplex type gene vectors would
therefore provide useful information to decipher the relationship
between the physical—chemical properties of gene vectors and
their mechanisms of interaction with the cell’s components. This
knowledge is expected to drive the rational design of highly
efficient gene delivery systems.

In the present study, we show that the transfection effi-
ciency (TE) of protammine/DNA complexes coated with a lipid
envelope made of cationic 1,2-dioleoyl-3-trimethylammonium
propane (DOTAP) is from 3 to 20 times higher than that of
DOTAP/DNA lipoplexes. We asked whether such remarkable
difference in TE did correlate with particulate features of com-
plexes. To answer this question, we investigated complex forma-
tion, DNA protection ability, surface properties, nanostructure,
ability to release DNA upon interaction with cellular lipids, and
intracellular trafficking. We present findings showing that the
superior efficiency of LPD complexes over lipoplexes does
correlate with their distinctive physical—chemical properties.
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Figure 2. (A) Diameter of P/DNA complexes, Dy, as a function of the
P/DNA weight ratio, Ry. This behavior is typical of the reentrant
condensation effect. (B) -Potential of P/DNA complexes as a function
of Ryy. The charge inversion effect occurring for 0.5< Ryy <1 changes the
overall charge of the aggregates from negative (DNA excess) to positive
(protamine excess).

B RESULTS

Complex Formation. Gel retardation assay was carried out to
evaluate the condensing ability of P/DNA, LPD complexes, and
lipoplexes.”®** The complete retardation of the binary P/DNA
complex can be observed when the P/DNA weight ratio, Ryy, was
above 0.5 (Figure 1, top part). Starting from Ry = 0.75, the molar
fraction of plasmid DNA completely protected by protamine,
Xpna (Figure 1, bottom part), was maximum (i.e., Xpyna = 1).
P/DNAcomplex formation was investigated by measuring the
average hydrodynamic radius, Rp, and the electrophoretic mo-
bility of the diffusing complexes in the solution. The combined
use of these two techniques allowed us to study both of the two
typical phenomena occurring in these systems, namely, the
reentrant condensation and the charge inversion effect.”>® In
Figure 2 the average dimensions and the C-potential of P/DNA
particles are plotted against Ryy. As can be seen, with the increase
in Ryy, complex formation begins and the diameter of complexes,
Dy, gradually increases until a maximum is reached at Ry ~ 1.
Our results are in good agreement with previous studies show-
ing that P/DNA particles show a neutral charge at Ry = 0.9.”
Further increase in the P content determines the formation of
decreasing-size complexes until the size of the original P/DNA
core is approximately reached again (reentrant condensation).
Aggregates also undergo the charge inversion effect, documented
by the {-potential values whose sign changes for 0.5 < Ry <1,
differentiating negatively and positively charged aggregates. On
the basis of these results, P/DNA complex at Ry = 0.75 was
therefore chosen because it guaranteed complete DNA protec-
tion, exhibited negative charge (—20 mV), and had appropriate
dimensions (260 nm) with the minimum P content. Then the
preassembled negatively charged P/DNA core was coated with a
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Figure 3. (A) Diameter of LPD complexes (triangles) and lipoplexes
(circles) as a function of the lipid/DNA volume ratio, Ry. (B)
C-Potential of LPD complexes (triangles) and lipoplexes (circles) as a
function of Ry,.

lipid envelope through membrane fusion of positively charged
DOTAP small unilamellar vesicles (SUVs) (S5 mV, Ry =
61.2 nm), triggered by the electrostatic attraction around the
negatively charged core. The main results are summarized in
Figure 3 where we show the diameter Dy; (part A, triangles) and
the {-potential &, (part B, triangles) of DOTAP/P—DNA LPD
complexes as a function of the lipid/DNA volume ratio, Ry. As can
be seen, with the increase of Ry, complexation begins and the size
of the complexes gradually increases until a maximum is reached
(Dgr A 500 nm at Ry = 0.5). Increasing the lipid content (Ry > 0.5)
results in the formation of decreasing-size complexes. Aggregates
also undergo the charge inversion effect, recognizable by the -
potential values (Figure 3b, triangles) whose sign changes around
Ry = 0.5, differentiating negatively and positively charged aggre-
gates. This trend shows three different { potential regions: (i) the
region where the net charge of LPD complexes is negative and
almost constant at (—31 mV); (ii) the region where the inversion
of § potential sign takes place (around Ry = 0.5); and (iii) the
region where the net charge of the LPD complexes is positive
(47.8 mV). We observe that condensed P/DNA core (260 nm) is
larger in size than the final LPD complex (~220 nm). This finding
suggests that the P/DNA core is partly disassembled upon
DNA-lipid interaction. Upon disassembling, some free DNA
may give rise to a minor fraction of lipoplexes, if any, in the final
dispersion. Even though the polydispersity index was low (pdi
<0.25), this possibility cannot be excluded. In Figure 3 Dy; (part A,
circles) and {,, (part B, circles) of DOTAP/DNA lipoplexes
plotted against Ry are also reported. As evident, both the re-
entrant condensation and the charge inversion effect occurred, but
at Ry values larger than those observed in the case of LPD
complexes. Dynamic investigation of size and { potential showed
that both LPD nanoparticles and lipoplexes were fairly stable over
24 h (Supporting Information). The LPD complex at Ry = 2 was
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Figure 4. Molar fraction of DNA protected, Xpya, by LPD nanopar-
ticles and lipoplexes over incubation with buffer (A) and serum (B).

finally chosen because it exhibited positive charge (47.8 mV) as
well as the lowest colloidal dimensions (220 nm) and the lowest
polydispersity index (pdi = 0.22).

DNA condensation was also investigated by UV —vis absorp-
tion measurements by which the binding constants for both LPD
complexes and lipoplexes were estimated (K pp = (2.1 £ 0.5) x
10*M'and Kiipoplex = (1.3 £0.3) x 10* M ; details are given
in the Supporting Information). A slightly stronger lipid/DNA
interaction for LPD systems was observed. Since the stability of
lipid—DNA complexes is related to charge neutralization, our
findings are most likely to indicate that grotammine contributes
to a better DNA charge neutralization.”

DNA Protection Ability. The DNA protection ability of both
LPD nanoparticles and lipoplexes was investigated by electropho-
resis on agarose gel. In Figure 4A we report the molar fraction of
DNA protected by either lipoplexes and LPD nanoparticles, Xpna,
over the incubation period with cells. The starting point
(t = 0) refers to the time when lipid vectors are usually given to
cells, i.e., about 20 min of incubation after lipid—DNA mixing. At
t =0, the protection ability of LPD is almost complete while some
free DNA is present in the lipoplex formulation (Xpna & 0.25).
Such values of protection remained the same over 3 h of incuba-
tion. The presence of serum in the transfection media has been
found to be inhibitory to gene transfer.”” This inhibition has been
mainly attributed to serum—lipid membrane interaction resulting
in destabilization of the lipid structure. Such structural degradation
is often accompanied by lipid—DNA dissociation and release
leading to a decrease in the DNA protection ability of complexes.
We therefore investigated the protection ability of both LPD
nanoparticles and lipoplexes in serum. As can be seen in
Figure 4B, no relevant changes in the molar fraction of protected
DNA, Xpna, occurred. This indicates that the DNA-protection
capacity of complexes was not modified by serum.
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Figure S. (Top) Photograph of an SDS—PAGE (12% gel) of human
plasma proteins retrieved from DOTAP CLs (lanes 1 and 2), LPD
complexes (lanes 3 and 4), and lipoplexes (lanes S and 6). Lane 7 is a
protein molecular weight marker. The black arrows indicate the bands of
human plasma proteins that were found to be much more abundantly
associated with lipoplexes than with cationic liposomes. (Bottom)
Intensity of protein band identified in the patterns of both lipid
nanoparticles, Iy pp, and lipoplexes, I1j,oplexy compared to the that of
corresponding band identified in the patterns of DOTAP CLs, Inorap-
Intensity ratios (Ipp/Iporap, triangles) and (Irpopiex/InoTap, circles)
are plotted against the molecular weight of several protein bands, M. In
the case of LPD complexes approximately uniform intensity ratios were
observed, whereas intensity ratios of lipoplexes exhibited a random
variation.

Surface Properties. Recent pioneering studies®® >* have
reported on the existence of a rich protein layer associated with
the surface of nanoparticles after treatment with biological fluids
(e.g,, human plasma, HP). Here we perform proteomics experi-
ments to investigate the “protein corona” associated with the
surface of DOTAP cationic liposomes (CLs), LPD complexes,
and lipoplexes after interaction with HP. Figure S (top part)
shows one-dimensional sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (1D SDS—PAGE) (12% gels) of plasma
proteins retrieved from DOTAP CLs (lanes 1 and 2), DOTAP/
DNA lipoplexes (Ry = 2) (lanes 3 and 4), and LPD complexes
(Ry =2) (lanes S and 6). As Figure S shows, 1D SDS—PAGE
experiments were highly reproducible. Even though an accurate
protein analysis is beyond the scope of the present study and will
be given in detail elsewhere, some systematic effects were
detected. We observe that the intensities of almost all protein
bands of CLs (lanes 1 and 2) were higher than those of both
lipoplexes (lanes 3 and 4) and lipid nanoparticles (lanes S and 6).
Since the signal intensity within each scan is proportional to the
vesicle surface available to plasma protein adsorption, this result
indicates that the lipid membrane area of CLs that is available for
binding is larger than that of lipoplexes and lipid nanoparticles.

500
i X
400+ ,I’ ;e\ e
E 04 S 2 Theeldy
r T~
g ! ,' \\i
Qw0 3 3
\’l
o ¥ -® - Lipoglex
@ mA-uD
o
0 10 20 30 40
Cyzp (mg/ml)
40~ i -@- Lipoplex
-4-1PD
=y 3
3 3
E 4 3
a3 'Eii:::-'.
20 ‘:f:::===-.-.!
A ®
| [} i I I

Figure 6. (A) Diameter of LPD complexes (triangles) and lipoplexes
(circles) as a function of albumin concentration, Cxy 5. (B) {-Potential of
LPD complexes (triangles) and lipoplexes (circles) as a function of
albumin concentration, Capp.

To find a surface similarity between the different surfaces, the
intensity of each protein band identified in the patterns of both
lipid nanoparticles, Iy pp, and lipoplexes, I1 joplex, Was compared
to that of the corresponding band identified in the patterns of
DOTAP CLs, Iporap- A comparative intensity analysis is re-
ported in Figure S (bottom part) where the intensity ratios
(Itpp/Inorap) and (Inpoplex/InoTap) are plotted against the
molecular weight of several protein bands, Myy. In the case of
LPD complexes a series of approximately uniform intensity ratios
was observed (Figure S, bottom part, triangles). On the other
hand, intensity ratios of lipoplexes (Figure S, bottom part,
circles) exhibited a random variation. This finding is most likely
to suggest that the surface of LPD complexes has a high degree of
similarity with that of pure DOTAP CLs, while that of lipoplexes
has not. Furthermore, a protein band observed in the protein
pattern of lipoplexes (indicated by black arrow in Figure S, top
part) was not detected in the pattern of CLs or in that of LPD
nanoparticles. This high-intensity band was centered around
23 kDa. In this band a large number of Ig-Gs were identified by
their mass (proteomics data not reported). Ig-Gs are basic
proteins involved in many processes such as immunity
response.” This finding indicates that the surface charge of
lipoplexes differs, at least locally, from being positive. The latter
observation is most likely to suggest that negatively charged
DNA is adsorbed at the lipoplex surface and can interact with
basic plasma proteins. In summary, our findings suggest that (i)
the surface area of LPD complexes available to protein adsorp-
tion resembles that of DOTAP CLs (i.e., it is mainly lipidic) but it
is smaller than that of pure DOTAP SUVs; (ii) the surface of
lipoplexes is partly decorated with DNA molecules, while that of
LPD is not.

We therefore asked ourselves whether the observed differ-
ences in the surface properties of lipoplexes and LPD nanopar-
ticles may also affect their size and {-potential upon inter-
action with plasma proteins. To model the interaction of
complexes with plasma proteins, albumin from bovine serum

dx.doi.org/10.1021/jm200237p |J. Med. Chem. XXXX, XXX, 000-000
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Figure 7. (A) Synchrotron SAXS pattern of LPD complexes at a lipid/
DNA volume ratio, Ry = 2. Two broad Bragg peaks, corresponding to a
periodicity d = 27t/qg; = 7.10 nm, were detected and larger than those
commonly observed in most DOTAP/DNA complexes (typically
5.5—6.2 nm). (B) Synchrotron SAXS pattern of DOTAP/DNA lipo-
plexes (Ry = 2). The sharp periodically spaced peaks at qqp, are caused
by alternating lipid bilayer—DNA—monolayer structure with periodicity
d =27/q0; = 6.01 & 0.01 nm. The middle peak (marked by an arrow)
results from one-dimensional (1D) ordering of the DNA sandwiched
between the lipid bilayers and corresponds to a DNA interhelical spacing
dDNA = Zﬂ/qDNA =4.01 nm.

(Sigma-Aldrich, St. Louis, MO) was employed. Albumin is the
main protein of HP and is negatively charged at physiological pH.
Size and §-potential of complexes were investigated as a function
of increasing albumin concentration, Cap, from zero up to
its typical concentration in plasma (35 mg/mL). Figure 6A
shows that upon interaction with albumin, the size of both
lipoplexes and LPD nanoparticles increased with increasing
albumin concentration, passed throughout a maximum, and
finally reached a plateau value. On the other side, the { potential
(Figure 6B) changed from positive (~40 mV) to negative values
(about —20 mV). Even though albumin changed the {-potential
of lipoplexes and LPD nanoparticles to negative, gel electro-
phoresis showed that albumin was never able to release pDNA
from the complexes (data not shown). Such finding is in very
good agreement with the results of Figure 4B showing that the
DNA protection ability of complexes is not affected by serum.
Nanostructure. Figure 7A shows the synchrotron SAXS
pattern of LPD complexes (Ry = 2). As evident, two broad
Bragg peaks, corresponding to a periodicity d = 27/qo01 =
7.10 nm, were detected. The large peak width, which is char-
acteristic of a system with a short scattering correlation length, is
an indication that the bilayers are weakly bound. Further, the
lamellar periodicity, d, is larger than that commonly observed in
most DOTAP/DNA complexes (typically 5.5—6.2 nm).*~” This
suggests that the lipid membranes are in a highly swollen state
due to electrostatic repulsion between adjacent charged DOTAP
bilayers. From the full width at half- maximum (fwhm) of the
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Figure 8. Transfection efficiency of LPD complexes and lipoplexes at
the same lipid/DNA ratio (Ry = 2). Luciferase activity is expressed as
relative light units/mg of protein in the cell lysate.

first-order lamellar Bragg peaks, a domain lamellar size of L., =
27t/twhm ~ 70 nm could be estimated. These observations are
consistent with a model of LPD complexes made of a P/DNA
core coated with a lipid envelope made of about 10 DOTAP
bilayers.

We next examined the nanostructure of DOTAP/DNA lipo-
plexes. Figure S, top, shows the SAXS pattern of DOTAP/DNA
lipoplexes (Ry = 2). The sharp periodically spaced peaks at qoo;
are caused by alternating lipid bilayer —DNA—monolayer struc-
ture with periodicity d = 271/qoo; = 6.01 & 0.01 nm. This result is
in agreement with previous experimental evidence of the DNA-
induced liposome restructuring upon lipoplex formation pro-
vided by different techniques such as X-ray diffraction and
cryoelectron microscopy.*”® The middle peak (marked by an
arrow) results from one-dimensional (1D) ordering of the DNA
sandwiched between the lipid bilayers.**** It is usually referred to
as “DNA peak” and corresponds to a DNA interhelical spacing
dpna = 27T/qpna = 4.01 nm. From the fwhm of the first-order
lamellar Bragg peaks, a domain lamellar size of about L,, =
27/twhm ~ 200 nm could be estimated. Given the lamellar
d-spacing, d = 6.00 nm, this finding suggests that DOTAP/DNA
lipoplexes are multilamellar onion-like structures made of more
than 30 repeating lipid bilayer/DNA monolayer repeat units.*®

Transfection Efficiency. To compare the ability of LPD
nanoparticles and lipoplexes (Ry = 2) to deliver plasmid DNA,
TE experiments were performed in NIH 3T3, CHO, Hek293,
and A17 cells. TE results are reported in Figure 8. According to
the literature, TE was found to be dependent on the given cell
line. The CHO cell line was much more easily transfected than
the Al17 one, while intermediate levels of transfection were
obtained with Hek 293 NTH 3T3 and cells. Even though different
celllines exhibited varying levels of TE, Figure 8 clearly shows the
superior performance of LPD nanoparticles over lipoplexes in all
the tested cell lines. TE was found to increase by a factor of ~3 in
Al17, ~4 in CHO, ~8 in Hek293, and ~20 in NIH 3T3 cells.

Interaction with Cellular Lipids. A viewpoint now emerging
is that a critical factor in the lipid-mediated gene delivery is the
structural evolution of lipoplexes upon interaction and mixing
with anionic cellular lipids.”**"*3~3® Such a structural rearrange-
ment is supposed to play a central role in the DNA escape
process, ie, in how DNA dissociates from lipoplexes and is
released into the cytoplasm and eventually into the nucleus.
Thus, we were particularly interested in whether the DNA release
from complexes upon interaction with cellular lipids might
correlate with the TE data reported in Figure 8. Electrophoretic
experiments (digital photographs not reported for space con-
sideration) allowed us to quantify the molar fraction of DNA that

dx.doi.org/10.1021/jm200237p |J. Med. Chem. XXXX, XXX, 000-000
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Figure 9. Molar fraction of DNA, 1 — Xpya, that is no longer
electrostatically associated with LPD complexes and lipoplexes after
interaction with DOPG (A) and DOPA (B) cellular lipids of as a
function of the anionic/cationic charge ratio, R.

is no longer electrostatically associated with cationic lipids,
1 — Xpna, as a function of the anionic/cationic charge ratio R
upon interaction with DOPG (Figure 9A) and DOPA
(Figure 9B) cellular lipids. At the lowest R (R = 0.5), DNA is
almost completely dissociated from LPD complexes (1 — Xpna
~ 1), while a large fraction of DNA is still protected by lipoplexes
(1 — Xpna of ~0.35 and ~0.45 for DOPG and DOPA,
respectively). Figure 9 also shows that DNA released from
lipoplexes, 1 — Xpna, increases with increasing R and reaches
1 at R” 10. These findings suggest that a much lower amount of
anionic lipids (ALs) is needed to promote complete DNA
dissociation from LPD complexes.

Size and {-potential of lipoplexes and LPD nanoparticles upon
interaction with cellular lipids are reported in Figure 10. Addition
of ALs to cationic complexes results in a marked increase in size
until a maximum is reached (at R of ~0.5 and ~1 for lipoplexes
and LPD systems, respectively). Upon further addition of anionic
charge, vesicle size reverted to control values. The observed
increase in size of complexes for R < 1 can be either associated
with van der Waals attractions overcoming weak electrostatic
repulsions (reentrant condensation) or to vesicle fusion. Aggre-
gates also undergo the charge inversion effect, documented by
the C-potential values whose sign changes for 0.5 < R < 1,
differentiating positively and negatively charged aggregates. Size
and C-potential of complexes after interaction with ALs were
pretty stable over 24 h (data not reported for space consider-
ation). On the basis of the analysis reported in Figure 10, it is
difficult to correlate the extent of DNA release (Figure 9) with
the size and {-potential of complexes emerging from interaction
with cellular lipids. Electrophoresis results (Figure 9) show that
for R < 0.5 DNA is almost completely released from LPD
systems, while it is still largely protected by lipoplexes. As a
whole, these results indicate that the size and {-potential of
complexes interacting with cellular lipids are mainly regulated by
the anionic/cationic charge ratio, R, while the ability of the
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Figure 10. (A) Diameter of LPD complexes (triangles) and lipoplexes
(circles) upon interaction with DOPG as a function of the anionic/
cationic charge ratio, R. (B) {-Potential of LPD complexes (triangles)
and lipoplexes (circles) upon interaction with DOPG as a function of the
anionic/cationic charge ratio, R. (C) Diameter of LPD complexes
(triangles) and lipoplexes (circles) upon interaction with DOPA as a
function of the anionic/cationic charge ratio, R. (D) -Potential of LPD
complexes (triangles) and lipoplexes (circles) upon interaction with
DOPG as a function of the anionic/cationic charge ratio, R.

investigated formulations to release DNA is controlled by factors
other than R. The DNA release ability may be connected with the
membrane fusion rate of complexes with cellular membranes that
is, in turn, inversely related to the multilamellarity of lipid
aggregates. Such suggestion is in good agreement with SAXS
findings (Figure 7) showing that lipoplexes are multilamellar
systems, while LPD nanoparticles are made of a few membranes
and are therefore more disposed to fuse with ALs mimicking
cellular membranes and to release their gene cargo.

Cell Imaging. Confocal images of CHO-K1 cells 4 h after
incubation with LPD complexes and DOTAP/DNA lipoplexes
(Ry = 2) are shown in Figure 11. We observe that green
fluorescence from lipids forming LPD nanoparticles was clearly
localized, while DNA (red fluorescence) had visibly spread into
the cytoplasm (Figurel1A). It may be reasonable to judge such
spreading red regions as due to plasmid DNA exiting from the
endosomal or lysosomal stage into the cytoplasm. Over the same
time scale, CHO-K1 cells incubated with DOTAP/DNA lipo-
plexes were mainly distributed throughout the cytoplasm and to
some extent at the cell periphery (Figure 11B). Complexes
appeared almost devoid of cytoplasmic plasmid DNA, suggesting
that such binary formulation is defective in facilitating endosomal
escape of nucleic acids, resulting in entrapment of plasmid DNA
in endosomes. Since there is a possibility that lipoplexes exhibit
DNA release with different kinetics than LPD complexes, the
distribution was followed at various time points (4, 6, 8, 10, 12,
24,36, and 48 h). Over such time scale, significant cytosolic DNA
release from lipoplexes as that observed for LPD nanoparticles
was not detected.

W DISCUSSION

This study represents a direct comparison between a pDNA-
encapsulated system (LPD) and a complex system (lipoplex) on
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Figure 11. Confocal microscopy of CHO-K1 cells 4 h after treatment with LPD complexes (A) and lipoplexes (B). Green fluorescence from NBD lipids
forming LPD complexes was clearly localized, while DNA (red fluorescence) had visibly spread into the cytoplasm. DOTAP/DNA lipoplexes were
distributed throughout the cytoplasm and to some extent at the cell periphery. Colocalization of green and red fluorescence signals suggests that

lipoplexes are intact with DNA trapped within.

the basis of the same lipid composition. Crucial to the mecha-
nism of gene delivery is likely the relative ease by which the gene
and amphiphile dissociate. Insight into parameters that deter-
mine stabilization and destabilization of these complexes, which
are intricately related to their efficiency in gene delivery, requires
an understanding of factors that govern amphiphile—DNA
interaction and subsequent complex formation. Upon comglex
formation, reentrant condensation and charge inversion 0,21
occurred in both systems (Figure 3). Both charge inversion
and charge and size saturation of LPD complexes were found to
occur at Ry values smaller than those observed when lipoplexes
were used. This finding means that complete encapsulation of
protammine/DNA core by a lipid envelope requires a lower
amount of cationic lipid than that needed to condense the same
amount of DNA by a lipoplex system. Toxicity of the complex, as
described for many such complexes, may depend upon the
amount of cationic lipid used to transfect cells. Pertinent to
sustaining such toxicity effects may be their biodegradability and
the cell’s capacity to eliminate cationic lipids. Thus, LPD com-
plexes, because of the lower amount of cationic lipid needed to
protect DNA, are potentially less toxic than lipoplexes.

We found that TE of LPD nanoparticles was higher than that of
lipoplexes in all the tested cell lines (Figure 8). DNA complexes
must overcome a series of barriers to gain access to the membrane
surface, cytoplasmic compartment, and nucleus of a target cell and
to translate transgenes into protein. As particles encounter each of
these barriers, they are subject to a certain probability of success
or failure in overcoming each. The cumulative probability of
success for the entire journeg is reflected in the transfection
efficiency for a given system.>” A number of physical—chemical
properties of lipoplexes have been proposed as factors regulating
success in overcoming such transfection barriers such as
size, 0™ {-potential, has nanostructure,zz'% propensity to
be disintegrated by anionic lipids,***"**"***" and ability to
release DNA both in the cytosol and in the nucleus.

Upon arrival near the cell, complexes associate electrostatically
with mammalian cells, which contain surface proteoglycans with

negatively charged sulphated groups. Since the first interaction
between nanocarriers and cells is charge-mediated and not
specific, complexes with high -potential are supposed to be
better internalized. A preferential binding should result in sub-
sequent efficient cellular internalization of the carrier—DNA
complex that is crucial to nonviral gene transfer. However,
{-potential of LPD complexes and lipoplexes were found to be
roughly the same (, = 47.5 and 44.4 mV, respectively). Thus,
charge-mediated efficient binding played a minor role, if any, in
differentiating efficiency levels of the two carriers.

Nonviral vectors can be transported to the cytoplasmic
compartment by a diversity of endocytic mechanisms.” Each
of these pathways may support a different level of transfection
mediated by a given delivery system. An emerging paradigm for
the design of effective gene carriers is the modification of
particulate parameters to encourage entry via a preferable
endocytic pathway.*** The endocytic machinery and cell mem-
brane have well-defined geometries and flexibility that may
restrict entry of incompatibly large or small particles.**”*
Recently, a size-dependent mechanism of lipoplex internalization
has been proposed.*' Accordingly, complexes with a size of
approximately 200 nm or less are supposed to enter cells basically
via the clathrin-coated pathway, while larger complexes are
internalized via caveolae-mediated pathways. Our DLS data show
that both LPD complexes and lipoplexes used in the present
study are larger than 200 nm in size. Even though a precise
determination of the internalization mechanisms of LPD com-
plexes and lipoplexes is beyond the scope of the present study, we
claim that potential differences in their internalization efficiency,
if any, should not be size regulated. In summary, size and surface
charge of complexes could not be taken into account to justify
differences in TE.

It is the surface of the gene delivery system that is recognized
and processed by cells, and this has important implications for
safety considerations and the practice of nanomedicine.”® **
From this point of view, surface properties of LPD complexes
and lipoplexes were found to be largely different from each other.
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Proteomics experiments (Figure S, top) showed that surface of
LPD complexes resembles that of pure DOTAP CLs while that
of lipoplexes is partly decorated with adsorbed DNA molecules.
The latter finding is in very good agreement with the recent
suggestion that the position of the neggatively charged DNA is not
controlled in the lipoplex system.' This aspect is potentially
detrimental for in vivo application because interactions between
negatively charged DNA and positively charged serum compo-
nents have been found to result in the formation of large
aggregates and would also result in undesirable lung accumula-
tion. On the other side, encapsulating pDNA in the lipid
envelope would be an ideal strategy to shield the mutual
interactions between DNA and basic serum proteins.'>'>~'*

When in the cytosol, the ability of a nonviral vector to escape
from the endosomal compartment determines the carrier’s
transfection ability. Exposure to the acidic and degradative
lysosomal compartment reduces the transfection efficiency of
nonviral vectors. Therefore, enhanced escape from the acidic
endosomes by the proton sponge effect™ or by chemical and
physical endosomolytic agents’ has been pursued to help
surmount this cytoplasmic barrier. Most lipid/DNA complexes
are ordered structures. In cells, they may be presumed to interact
with a number of cellular membranes, during which DNA may be
released gradually only after the lipoplex has acquired enough
anionic lipids to neutralize the cationic charge and to rearrange
into a structure from which the DNA can escape. Thus, inter-
mixing of cellular lipids with lipoplex lipids is presumed to be a
necessary step in transfection.” Upon nanocarrier—cellular
membrane interaction, anionic cellular lipids laterally diffuse into
the complex and locally neutralize cationic lipids.>> Formation of
cationic/anionic mixed bilayers is expected to weaken the
electrostatic attraction between cationic lipoplex lipids and
anionic DNA molecules. Only when the membrane charge
density of cationic membranes is completely neutralized by
anionic lipids does DNA start to escape from complexes
appreciably.”® SAXS measurements showed that DNA is not
present in the lipid envelope of LPD complexes, but it is confined
in the central core. Thus, anionic cellular lipids can interact with
cationic lipids of LPD complexes without competing with DNA
molecules. According to electrostatic interaction models, > we
hypothesize that the absence of electrostatic competition be-
tween ALs and DNA molecules would result in the high
incorporation efficiency of ALs within LPD membranes, result-
ing in the efficient DNA cytoplasmic release observed by con-
focal microscopy experiments (Figure 11). Numerous contacts
visualized by electron microscopy between lipoplexes and var-
ious cellular membranes™* support a concept of gradual lipoplex
peeling and DNA release. SAXS measurements reported in
Figure 7 show that LPD complexes are made of about 10 lipid
layers in a highly swollen state, while lipoplexes are well ordered
multilamellar structures made of more than 30 alternating lipid/
DNA layers. Given the need for intermixing of anionic cellular
lipids and cationic carrier lipids,>> >* our findings take on a
particular significance because the ability of ALs to initiate DNA
release could depend on the extent of membrane fusion (strictly,
lipid mixing) between anionic cellular membranes and lipid
carriers. All these suggestions are well supported by results
reported in Figure 9 showing a plain correlation between
complexes and their ability to release DNA upon interaction
with cellular lipids.

Figure 12 summarizes our present understanding of mecha-
nisms occurring upon complex—cell interaction. Because of

Plasma
Membrane

Figure 12. Because of comparable size and {-potential, as well as
identical lipid composition, it is reasonable to judge that LPD complexes
and lipoplexes enter the cell using similar internalization mechanisms.
However, after complex internalization, both LPD complexes and
lipoplexes fuse with the negatively charged endosomal membrane.
LPD complexes are more fusogenic than lipoplexes, a phenomenon
that is presumably related to higher interaction between cationic and
anionic cellular lipids due to the absence of competing DNA in the lipid
envelope and to the lower number of lipid layers to be peeled off. DNA
release from endosomes is not a relevant barrier for LPD complexes,
while DOTAP/DNA lipoplexes remained largely intact and accumu-
lated at the nuclear membrane without releasing DNA abundantly.

similar size and {-potential, as well as identical lipid composition,
it is reasonable that complexes enter the cell using similar
internalization mechanisms. However, after complex internaliza-
tion within cells, both LPD complexes and lipoplexes must fuse
with the negatively charged cellular membrane to escape endo-
somes. LPD complexes are more fusogenic than lipoplexes, a
phenomenon that is presumably related to higher interaction
between cationic and anionic cellular lipids due to the absence of
competing DNA in the lipid envelope and to the lower number of
lipid layers to be peeled off. If poor DNA release from lipoplexes
proves to be a critical attribute of poor transfection, an intelligent
strategy to achieve efficient dissociation of pDNA is desirable.
Collectively, these data support the hypothesis that the encapsu-
lation of pDNA in the lipid envelope has a distinct advantage for
releasing DNA in the cytosol. As for intranuclear disposition of
the DNA cargo, coating the core with the minimum number of
fusogenic lipid envelopes ensuring complete DNA protection is
ideal for decoating and for facilitated release.

B CONCLUSIONS

The findings reported herein indicate that a LPD system is
more efficient in transfecting cells if compared to the consoli-
dated lipoplex strategy. Such a system has evident advantage in
terms of endosomal escape and DNA release. Encapsulating
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pDNA in the lipid envelope would also be an ideal strategy to
shield the mutual interactions between DNA and basic serum
proteins for in vivo applications as well as to better investigate the
interaction between nanocarriers and cellular compartments.
The findings reported in this study promise to be useful for the
development of efficient gene delivery systems for both in vitro
and in vivo applications. In the near future, the very same
packaging strategy will be applied to develop a proper LPD
system equipped with functional devices to control intracellular
fate and intranuclear DNA release. This functionalized envelope-
type system will be able to compete with the efliciency of viral
vectors.

B EXPERIMENTAL SECTION

Liposomes. Cationic 1,2-dioleoyl-3-trimethylammonium propane
(DOTAP) and fluorescently labeled NBD-DOTAP were purchased
from Avanti Polar Lipids (Alabaster, AL) and used without further
purification. DOTAP cationic liposomes (CLs) were prepared accord-
ing to standard protocols.> In brief, the proper amount of DOTAP was
dissolved in chloroform and the solvent was evaporated under vacuum
for at least 24 h. The obtained lipid films were hydrated with the
appropriate amount of Tris-HCI buffer solution (107> M, pH 7.4) to
achieve the desired final concentration (1 mg/mL). The same experi-
mental protocol was used to prepare negatively charged liposomes made
of anionic lipids dioleoylphosphatidylglycerol (DOPG) and dioleoyl-
phosphatidic acid (DOPA). Liposome dispersions were sonicated to
clarity to prepare SUVs.

LPD Complexes. Protamine sulfate salt (P) from salmon (MW =
S.1 kDa) was purchased from Sigma-Aldrich (St. Louis, MO). For
dynamic light scattering, synchrotron small-angle X-ray scattering
(SAXS), and electrophoresis experiments, calf thymus DNA was used.
For confocal fluorescence microscopy experiments, Cy3-labeled 2.7 kbp
plasmid DNA (Mirus Bio Corporation, Madison, WI) was used.
Positively charged P/DNA microspheres were prepared at seven
protamine/DNA weight ratios Ry = 025, 0.5, 1, 2, 3, 5, and 10.
Positively charged P/DNA microspheres at Ry = 0.5 were mixed with
DOTAP SUVs at nine lipid/DNA volume ratios, Ry = 0.25, 0.5, 1, 1.25,
1.75,2, 3, 5, and 10.

Lipoplexes. When adequate amounts of the DNA solutions were
mixed with suitable volumes of DOTAP liposome dispersions, self-
assembled DOTAP/DNA lipoplexes at nine volume ratios Ry = 0.25,
0.5, 1, 1.25, 1.75, 2, 3, 5, and 10 were obtained.

Size and {-Potential. The size and size distribution of CLs, LPD,
and lipoplexes were measured at 25 °C by a Malvern NanoZetaSizer
spectrometer equipped with a S mW HeNe laser (wavelength 1 =
632.8 nm) and a digital logarithmic correlator. The normalized intensity
autocorrelation functions were detected at 90° and analyzed by using the
CONTIN method, which analyzes the autocorrelation function through
an inverse Laplace transform®”®" in order to obtain the distribution of
the diffusion coefficient D of the particles. This coefficient is converted
into an effective hydrodynamic radius Ry; by using the Stokes—Einstein
relationship Ry = K3 T/(677D), where KpT is the thermal energy and 77
the solvent viscosity. Our clusters invariably show a size distribution, and
the values of the radii reported here correspond to the so-called
“intensity weighted” average.> The electrophoretic mobility measure-
ments were carried out by means of the laser Doppler electrophoresis
technique, the same apparatus used for size measurements. The mobility
u was converted into the {-potential using the Smoluchowski relation
C = un/e, where 17 and ¢ are the viscosity and the permittivity of the
solvent phase, respectively.

One-Dimensional Polyacrylamide Gel Electrophoresis
(1D-PAGE). Human plasma was prepared as described elsewhere.®®
An amount of 100 4L of CL, LPD, and lipoplex suspensions (1 mg/mL)

were incubated with 100 4L of plasma on ice. The samples were
centrifuged to pellet the particle—protein complexes. The pellet was
resuspended in phosphate buffered saline (PBS), transferred into a new
vial, and centrifuged again to pellet the particle—protein complexes; this
procedure was repeated twice. The proteins were eluted from the
particles by adding sodium dodecyl sulfate (SDS) sample buffer to the
pellet and boiling the solution. Then the proteins were separated by 10%
1D SDS—PAGE gels. Coomassie PhastGel Blue R-350 was used to stain
the gels with gentle agitation, in accordance with the manufacturer’s
manual (GE Healthcare, Milan, Italy). All experiments were conducted
four times to ensure reproducibility of the particle—protein complex
pellet sizes, general pattern, and band intensities on the 1D gels. To
determine molecular weights of proteins after electrophoretic run,
protein molecular weight markers were used. The molecular weights
were finally obtained by means of the dedicated software Kodak
(Rochester, NY).

Synchrotron Small Angle X-ray Scattering. SAXS measure-
ments were performed at the Austrian SAXS station of the synchrotron
light source ELETTRA (Trieste, Italy).* SAXS patterns were recorded
with gas detectors based on the delay line principle covering the g-ranges
from gpmin = 0.04 Ao Gmax=0.5 A~ with aresolution of § x 10 *A™*
(fwhm). The angular calibration of the detectors was performed with
silver behenate powder (d-spacing of 58.38 A). The data have been
normalized for variations of the primary beam intensity, corrected for the
detector efficiency, and the background has been subtracted. Exposure
times were typically 300 s. No evidence of radiation damage was
observed in the X-ray diffraction patterns. In both experimental sessions
the sample was held in a 1 mm glass capillary (Hilgenberg, Malsfeld,
Germany) and the measurements were performed at 25 °C with a
precision of 0.1 °C.

Transfection Efficiency. Transfection efficiency is evaluated by
the expression of reporter firefly luciferase gene and measured by the
luciferase reporter assay. Fibroblasts 3T3 NIH, CHO, Hek293, and
A17% cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with GlutaMAX-I (Invitrogen) supplemented with 10% fetal
bovine serum (FBS, Invitrogen) at 37 °C and 5% CO, atmosphere,
splitting cells every 2—4 days to maintain monolayer coverage. Twenty-
four hours before transfection 150 000 cells were seeded per well into
24-well culture plates in order to reach 70—80% confluence during
transfection. For transfection experiments, plasmid DNA (pGL3 control
vector, which codifies for firefly luciferase under the control of SV40
promoter) (Promega, Madison, WI) was employed. Both LPD nano-
particles and lipoplexes were prepared at a fixed lipid/DNA volume
ratio, Ry = 2. This value was chosen because it corresponds to a typical
plateau value. LPD complexes and lipoplexes were prepared in Optimem
(Invitrogen) by mixing, for each well of 24-well plates, 0.5 ug of pDNA,
condensed or not with protamine, with 10 uL of sonicated lipid
dispersion (0.5 mg/mL). These complexes were left for 20 min at room
temperature before adding them to the cells. The cells were incubated
with lipoplexes in Optimem (Invitrogen) for 3 h to permit transient
transfection before they were incubated in 1 mL of growth medium for
24 h. Finally, cells were whashed in PBS and harvested in 200 #L of 1x
reporter lysis buffer (Promega). Of the cell suspension 20 #L was diluted
in 100 uL of luciferase reaction buffer (Promega), and the luminescence
was measured after 10 s using a luminometer (Berthold). Results were
espressed as relative light units per mg of cell proteins as determined by
Bio-Rad protein assay dye reagent (Bio-Rad). Each condition was
performed in quadruplicate and repeated three times.

Electrophoresis on Agarose Gels. Electrophoresis studies
were conducted on 1% agarose gel containing ethidium bromide in
Tris—borate—EDTA (TBE) buffer as elsewhere described.>® LPD com-
plexes and lipoplexes were prepared by mixing 4 1g of pDNA, condensed
or not with protamine, with 45 uL of lipid dispersion (1 mg/mL DOTAP).
These complexes were left for 20 min at room temperature before
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incubating them with (i) Tris-HCl buffer solution (incubation time
0—3 h), (ii) fetal bovine serum (FBS) (incubation time 0—3 h), and
negatively charged liposomes (DOPA, DOPG) (incubation time 1 h).
Naked plasmid DNA, P/DNA microspheres, LPD complexes, and
lipoplexes (upon interaction with Tris-HCl buffer solution, serum,
and cellular lipids at different R values) were analyzed by electrophoresis.
For this purpose, 10 uL of each sample was mixed with 2 uL of loading
buffer (glycerol 30%, bromophenol blue 0.25%) and subjected to
agarose gel electrophoresis for 1 h at 80 V. The electrophoresis gel
was visualized and digitally photographed using a Kodak image station,
model 2000 R (Kodak, Rochester, NY). Digital photographs were
enhanced using dedicated software (Kodak MI, Kodak).®

Confocal Fluorescence Microscopy Experiments. Chinese
hamster ovary (CHO-K1) cells were cultured and maintained in a
humidified, 5% CO, atmosphere at 37 °C in Dulbecco’s modified Eagle’s
medium (Gibco, Paisley, U.K.) supplemented with 10% fetal bovine
serum and nonessential amino acids, splitting the cells every 2—4 days to
maintain monolayer coverage. For transfection experiments, lipoplexes
were prepared in PBS (Invitrogen, Carlsbad, CA) by mixing 0.5 ug of
Cy3-labeled plasmid DNA with 10 #L of sonicated lipid dispersions.
These complexes were left for 20 min at room temperature before
adding them to the cells. Confocal fluorescence microscopy experiments
were performed with the Olympus Fluoview 1000 (Olympus, Melville,
NY) confocal microscope.

B ASSOCIATED CONTENT

© Ssupporting Information. DNA condensation by lipo-
plexes and LPD nanoparticles from UV—vis absorption mea-
surements; size and § potential of complexes followed in time
over 24 h. This material is available free of charge via the Internet

at http://pubs.acs.org.
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