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16.1 INTRODUCTION

The interaction of DNA with oppositely charged cosolutes such as cationic lipids and
polymers has attracted a large amount of scientific interest ever since the seminal
finding of Felgner et al. [1] that cationic lipids may be used to transfer DNA into
mammalian cells [2-7]. Gene therapy, the use of DNA (genes) as a drug, promises
cures for a wide variety of diseases. These include inherited diseases, cancers,
cardiovascular diseases, and many others. However, while a large number of clinical
trials of gene therapy are currently ongoing worldwide [8,9], delivery of the desired
DNA remains a big challenge. The use of genetically modified viruses still accounts
for the majority of clinical trials and has yielded the first successful cure by gene
therapy [10]. But these “viral methods” have also come under increased scrutiny
because of a few recent setbacks that have highlighted the safety drawbacks of viral
vectors [11-13]. Viruses activate the immune system and they have led to insertional
mutagenesis in oncogenes. There is a small but finite chance of the viral vector
becoming viable again, and their capacity is limited to about 40,000 base pairs.
Therefore nonviral vectors for gene delivery have generated increasing interest [2—7].
These vectors are formed by the self-assembly of DNA and cationic lipids (CL) or
polymers, and thus they impose no limit on the size of the DNA that may be delivered
[14]. In fact cationic lipid vectors have been used to transfer fractions of a human
artificial chromosome—at a size of about 1 million base pairs—into cells [15]. In
addition cationic lipid vector are much easier to prepare than viruses. Commercial
lipid formulations are available and are used widely for transfection of cells in culture.
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However, to be a viable vector for applications in gene therapy, the efficiency of
nonviral vectors needs to be improved.

In this chapter we present an overview of work aimed at determining the
mechanisms of transfection of cationic lipid (CL}-DNA complexes and how their
structures and physicochemical parameters affect their transfection mechanism and
efficiency. Such knowledge is expected to yield the basis for a rational optimization of
CL-DNA vectors. The in vitro studies described here apply directly to a transfection
efficiency (TE) optimization in ex vivo cell transfection, where cells are removed and
returned to patients after transfection.

CL-DNA complexes readily form with a large variety of lipids. This ease of
preparation and the variability of the lipid composition constitute two of the main
advantages of CL vectors. Typically a mixture of at least two lipids is used. One is a
cationic lipid, and the other one, sometimes called a “helper lipid,” is a neutral lipid. The
structures of most lipids mentioned in this chapter are shown in Figure 16.1 and Table
16.1. As neutral lipids, 1,2-dioleoyl-sn-glycerophosphatidylethanolamine (DOPE) and
1,2-dioleoyl-sn-glycerophosphatidylcholine (DOPC) were employed. DOPE is one of
the most popular neutral lipids currently in use in gene therapy applications of CLs.
DOTAP (2,3-dioleoyloxypropyltrimethylammonium chloride) is a commercially
available, standard cationic lipid. The MVLs and PEG-lipids were synthesized in our
group [16-20].

16.2 FORMATION AND STRUCTURES OF CL-DNA COMPLEXES

In this section we discuss the findings relevant to understanding the formation,
nanostructure, and thermodynamic stability of CL-DNA complexes.

In aqueous solutions both DNA and cationic lipid assemblies (liposomes or
micelles) are associated with their respective counterions. The high charge density
of DNA actually results in “counterion condensation™: in its solution structure, the
bare length between negative phosphate groups on the DNA backbone is equal to
lp=1.7 A. This is less than the Bjerrum length in water Iz e(= ezlakaT) =7.1A, with
the dielectric constant of water &, = 80. The Bjerrum length corresponds to the
distance where the Coulomb energy between two unit charges is equal to the thermal
energy kpT. Under these conditions a mean-field nonlinear Poisson-Boltzmann
analysis shows that positive counterions will condense on the DNA backbone until
the Manning parameter £ = /p /I approaches unity [21]. Here I; is the renormalized
distance between the negative charges after counterion condensation.

A similar analysis shows that near the surface of a positively charged membrane, for
example, the cationic liposome surface, nearly half of the negative counterions are
contained within the Gouy—Chapman length [ = e/2ntl3c,,. Here Oy is the charge
density of the lipid membrane [22].

Combining DNA and cationic lipid allows the charges of the lipid head-group to
neutralize the phosphate groups on the DNA. This replaces and releases the tightly
bound counterions of both lipid and DNA into solution (Figure 16.2, top). The resulting
gain of translational entropy by the counterions is the driving force for higher order
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Figure 16.1 Chemical structures and abbreviated names of cationic and neutral lipids
mentioned in this chapter. See Table 16.1 for Head-Group structures, spacer lengths, and lipid
names of the (T)MVLs.

self-assembly into CL-DNA complexes [23-25]. We use the term “bound counterions”
ina loose form: the counterions near the macromolecular surfaces are “bound” and yet
remain in a fully hydrated state. Thus there is no change in the entropy of water
molecules when “bound counterions” are released into solution.

Mesoscopically the mixing of cationic lipid and DNA results in their spontaneous
self-assembly into small globular particles (0.2 pm diameter) of CL-DNA complexes.
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TABLE 16.1 Abbreviated Names and Spacer Lengths of Newly Synthesized
Multivalent Cationic Lipids, their Charge and the Chemical Structures of their Head-

Groups
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b Charge in complex, determined by an ethidium bromide displacement assay.
“See [18]

4 See [20]
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Figure 16.2 (A) Schematic of the formation of CL-DNA complexes from liposomes and
DNA. The release of tightly bound counterions is the driving force for the self-assembly
process. (B—-D) Schematic depictions of the nanoscale interior structure of the three known
phases of CL-DNA complexes: lamellar (L), inverted hexagonal (H$), and hexagonal (HE)

phases. Also shown are characteristic X-ray scattering patterns for the three phases. (Reprinted
in part with permission from [19.29]. H{ phase images © 2006 American Chemical Society)

This self-assembly has been shown for a large variety of lipids by way of differential
interference contrast microscopy [14,17-19]. Fluorescence microscopy reveals the
presence of both lipid and DNA within these particles. Depending on the complex
composition (i.e., surface charge) and the solution conditions (e.g., salt content), the
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primary particles may aggregate further over time. The effects of varying the two main
compositional parameters, lipid-DNA charge ratio and ratio of neutral to cationic
lipid, will, be discussed, below.

Synchrotron X-ray diffraction has yielded insight into the nanoscale structure of
self-assembled CL-DNA complexes. The three phases of CL-DNA complexes
reported to date are shown in Figure 16.2, together with examples of their characteris-
tic X-ray scattering patterns. The lamellar (LS) phase is the most commonly observed
structure. The sharp, evenly spaced O0L peaks (marked goo;, gooz, - - -) result from the
layered structure of the CL-DNA complexes with d = §,, + 8,, = 21t/goo,. Here 8, is
the membrane thickness, which can be measured independently via X-ray diffraction
of multilamellar lipid assemblies in the absence of DNA. The remaining water layer
thickness 8,,=d — §,, typically equals about 25 A, the thickness required for a
monolayer of DNA in its hydrated B-form. The broad peak visible between the
002 and 003 reflections is a DNA-DNA correlation peak and yields the average
interaxial distance between the DNA rods as dpys = 21/gpna-

The sandwiched DNA forms an array of chains that uniformly covers the available
lipid area. Thus dpyy is a simple function of the hpld-DNA charge ratio p,,, (see also
below) and has been found to range from roughly 25 Aat high membrane charge
densities—where the DNA rods are nearly touching—to roughly 55 A at low mem-
brane charge densities [14,26-28]. The lamellar L phase of CL-DNA complexesis a
novel hybrid liquid crystalline phase: the lipids form a three-dimensional smectic
phase while the DNA rods between the lipid bilayers from a two-dimensional smectic
phase.

Atcertain compositions, CL-DNA complexes containing the popular helper lipid
DOPE and the cationic lipid DOTAP have been shown to form the inverted hexagonal

HS) phase of CL-DNA complexes [29]. The nanoscale internal structure and
typical X-ray scattering pattern of this phase are also shown in Figure 16.2. DOPE
differs from DOPC only by possessing an ammonium group in place of a trimethy-
lammonium group. However, the weaker hydration of this group reduces the head-
group size of DOPE significantly, resulting in a cone-like molecular shape. Thus
DOPE confers a negative curvature to membranes, whereas DOTAP and DOPC
induce a zero (flat) spontaneous curvature. The negative curvature favors the
formation of the inverse micelles present in the columnar liquid-crystalline H§
structure, which is observed in the DOTAP/DOPE system when the weight fraction
of DOPE, ®ppp = weightpope/(weightpopr + weightporap), is larger than rough-
ly 0.65 [29,30]. The DNA molecules are located inside the inverse micelles, which
assemble on a hexagonal lattice to form the H§ phase. This structure resembles that
of the inverted hexagonal Hy; phase of DOPE in excess water [31], with DNA
replacing part of the water from the space inside the inverse micelles. Of note, not
only the addition of lipid with negative spontaneous curvature, but also a strong
reduction of the membrane bending rigidity x by addition of cosurfactant (hexanol),
can induce the shift from the lamellar (LS) to the inverted hexagonal (H§) phase of
CL-DNA complexes [29].

The X-ray scattering pattern of the H,‘; phase clearly shows the gy, g1, 20, and g2
reflections of the hexagonal lattice. The lattice spacing a = 41/(q; V/'3) was found to
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be consistent with the expected dimensions of DOTAP/DOPE monolayers and DNA
with two hydration layers.

The recently discovered third, Hf CL-DNA phase [19] is also driven by the
curvature. Just as the cone shape of DOPE favors a negative curvature of the lipid
membrane because of its small head-group, lipids with a very large head-group (i.e., an
inverted cone molecular shape) favor a positive curvature. Interestingly cationic lipids
with up to five charges assemble into lamellar DNA complexes, even though some of
them form spherical or cylindrical micelles in aqueous solution (without DNA).
However, a recently synthesized lipid with 16 positive charges in the head-group
(MVLBG2, see Table 16.1) exhibits the hexagonal HIC phase over a narrow range of
composition around 25 mol% cationic lipid/75 mol% DOPC [19]. Other nonlamellar
phases with, as of now, an undetermined structure are observed at higher contents of
this highly charged lipid. The X-ray scattering pattern again shows peaks indicative of
a hexagonal structure with the g,q, g1, 420, 921, and gy reflections visible. However,
the lattice spacing a is increased to 81.5 A ( compared to 67.4 A in the HE phase), and
this is due to the completely different arrangement of the lipid and DNA In the Hf
phase, cylindrical lipid micelles are arranged on a hexagonal lattice, and the DNA
forms a honeycomb lattice in the interstices of this lipid arrangement.

The nanoscopic structure of CL-DNA complexes has a profound influence on their
transfection mechanism. This effect will be discussed below, after introducing the two
main compositional parameters that also affect vector performance.

16.3 EFFECT OF THE LIPID-DNA CHARGE RATIO (pchg)
ON CL-DNA COMPLEX PROPERTIES

One of the key parameters governing the properties and transfection efficiency of CL—
DNA complexes is the ratio of lipid to DNA. While frequently the weight ratio of the
total lipid or cationic lipid to DNA is reported, the most meaningful parameter is the
cationic lipid—- DNA charge ratio, p,,. This is because complexes show universal or at
least analogous physicochemical and biological behavior as a function of this
parameter.

16.3.1 Physicochemical Effects and Phase Behavior of CL-DNA Lipids

At the isoelectric point, essentially all lipid and DNA are incorporated into the
complex, which is without charge because the charges on lipid and DNA exactly
compensate each other. Importantly there is arange of p,,, around the isoelectric point
(pchg =1) where excess lipid (if p.,e> 1) or excess DNA (if Peng < 1) is fully
incorporated into the complexes, even though there no longer is an exact matching
of charges. We refer to this phenomenon as “overcharging,” because of the resulting
excess charge in the complex either due to the lipid or the DNA. The corresponding
excess counterions are not released into solution but still gain entropy: upon addition of
excess DNA to an isoelectric complex, the counterions of that DNA are released into
the “counterion vacuum” of the isoelectric complex and thus gain entropy. In other
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Figure 16.3  Schematic depiction of the regimes of CL-DNA complexes as a function of the
lipid-DNA charge ratio p,,,. Around the isoelectric point, overcharging occurs as excess lipid
or DNA is incorporated into the complexes. Beyond the limits of overcharging, phase separation
sets in and CL-DNA complexes coexist with DNA (Peng < 1) or liposomes (p.,, > 1) in
solution.

words, incorporation of excess DNA into an isoelectric complex is driven by an
osmotic concentration gradient between counterions near the DNA and inside the
isoelectric complex. The incorporation of excess liposomes can be explained in a
similar manner. Beyond a critical level of overcharging, additional charged species are
no longer incorporated, and overcharged complexes coexist with free DNA or free
liposomes in solution [28]. Figure 16.3 schematically shows the overcharging (single
phase) and coexistence regimes as a function of p, b

The overcharging regime is not necessarily symmetrical around the isoelectric
point. [tis strongly influenced by the membrane charge density of the lipid membranes
as well as by the solution conditions, in particular, the salt concentration. This is shown
in Figure 16.4 (top), which shows a plot of the measured average DNA interaxial
distances dpy. for DOTAP/DOPC-DNA complexes of varied charge density in water
and 150 mM NaCl solution. At the isoelectric point of Lg CL-DNA complexes, dppy is
directly related to the lipid membrane charge density (6,): dpyy = el(lysyy), with Iy
designating the average distance per anionic charge along the DNA backbone [27,28].
For simple geometric reasons, dpy, increases or decreases, respectively, as additional
lipid or DNA is incorporated into the isoelectric complex. Thus dpy, is a useful
indicator of overcharging. All data in Figure 16.4 follow sigmoidal curves, consistent
with the schematic picture shown in Figure 16.3. At the lowest charge ratios, dpyy is
shortest and constant until it starts to increase close to the isoelectric point. Note that in
the figure, dpy4 is plotted against the DOTAP/DNA weight ratio p, with p = 2.2 Pohss
As seen in Figure 16.4, dy4 increases through the isoelectric point until it saturates,
marking the end of the overcharging regime. As expected from the model for
overcharging described above, the overcharging regime extends over a wider range
of p., as the membrane charge density of the lipid increases, namely, as the weight
fraction neutral lipid (P pp) decreases (Figure 16.4, top left) [28]. Thisis because the
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Figure 16.4 (a) Variation of the interhelical distance dj,y, with the DOTAP/DNA wei ghtratio
p=2.2 x p.j, in DOTAP/DOPC-DNA complexes with a fixed DOPC weight ratio ®p¢ and no
salt. The vertical dashed line indicates the isoelectric point (p = 2.2). The solid line through the
data at ®pc = 0.7 is the result of nonlinear Poisson-Boltzman theory for complexes with low
membrane charge density [24]. The dashed lines are guides to the eye. The complexes are single
phase in the region of increasing dpya, coexisting with DNA at lower p and with lipid at higher
p. (b) Same as (a) at 150 mM NaCl. All lines are guides to the eye. (bottom) Variation of the
complex C-potential with changing p. The vertical line marks the isoelectric point (p =22).
Lines through the data are guides to the eye. (Reprinted with permission from [28].° 1999
Biophysical Society)

confinement of the counterions increases with & ,,. Also in accordance with the model,
complexes with lower 6, incorporate more DNA (corresponding to an earlier onset of
the increase in dpy4). Apart from the increasing counterion concentration within the
complex, the electrostatic repulsion between the additional DNA rods limits the
amount of DNA that will be incorporated. The lower o, corresponds to a larger initial
dpna, and thus less strong repulsion between the DNA rods.

The driving force of the counterion release mechanism is reduced by added salt.
Thisis particularly true for counterion release from the lipid membrane, which relies
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on a concentration gradient between the layer of ions confined close to the lipid
membrane and the bulk solution. Since the Gouy—Chapman length scales with 1/c,,
the concentration of counterions next to the lipid membrane scales with o,,.
Therefore the addition of salt to a solution in which the complexes are formed has
astronger effect on complexes with low 6, (high ®popc), as shown in Figure 16.4 (top
right) for a NaCl concentration (150 mM) comparable to that of the cell culture media.

The results obtained by X-ray scattering and analysis of the DNA interaxial
distances were corroborated by measurements of the zeta potential of CL-DNA
complexes. As demonstrated by the typical data shown in Figure 16.4 (bottom), the
zeta potential measurements also clearly demonstrate the effect of overcharging.
Inversion of the surface potential consistently occurs at the isoelectric point. Of note,
high o,y complexes reach higher positive saturation zeta potentials, while low On
complexes display larger values of the negative saturation zeta potential. This effect is
consistent with the complexes’ ability to incorporate larger amounts of cationic lipid or
DNA, respectively, as outlined above.

16.3.2 Biological Effects

The lipid-DNA charge ratio has a strong effect on the biological properties of CL—
DNA complexes, as summarized in Figure 16.5. Figure 16.5 (top) exemplarily shows
the effect of p,, on the transfection efficiency as measured with a luciferase assay
[20]. As was initially observed for DOTAP [32], the TE of all lipids studied in our
group to date increases with p,, up to a saturation value; this behavior is independent
of the composition of the membrane. However, the charge ratio at which saturation
occurs (P:;,g) can vary among different families of lipids. This is seen in Figure 16.5
(top), which shows the transfection efficiencies of complexes with 60 mol% cationic
lipid for DOTAP and the multivalent, dendritic lipids MVLG2, MVLBGI, and
MVLBG?2 (Table 16.1) [20] at various values of Pehg: a lipid-DNA charge ratio of 3
lies in the saturated regime for DOTAP, while the dendritic lipids require at least
Peng = 4.5. The start of the increase in the TE with Pcre for DOTAP is around the
isoelectric point, which suggests a correlation with the surface charge. The exterior
cell membrane contains many negatively charged polysaccharides, which have been
implicated in the attachment and uptake of the CL-DNA complexes [33-35]. A
cationic surface charge would thus favor attachment and internalization of the
complex. However, zeta potential measurements have shown that the surface charge
of DNA complexes of the dendritic lipids also changes sign at the isoelectric point
(Figure 16.6). In addition a variation in the onset of efficient transfection with Pchg
was observed between different cell lines [19]. Further work is necessary to fully
understand how the lipid structure or its properties affect p’, , with the goal of
establishing rules to predict it.

Large amounts of cationic lipids or polymers are toxic to cells, with polymers
typically being much more toxic than lipids on a “per charge” basis. Figure 16.5
(bottom) shows cell toxicities for complexes with 60 mol% DOTAP, MVLG2,
MVLBGI, and MVLBG?2 as a function of Perg- TOXicities were measured using a
commercially available assay that probes cell membrane integrity [20]. Note the
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Figure 16.5 Transfection efficiency (top) and cytotoxicity (bottom) of DNA complexes
containing 60 mol% cationic lipid at various lipid-DNA charge ratios. Note the difference in
the scale of the charge ratio axes. The amount of DNA is constant for all data points.
Transfection efficiencies were measured using a luciferase assay. Cytotoxicity was assessed
with an assay that probes cell membrane integrity. (Reprinted with permission from [20].°
2006 American Chemical Society)

different scale of the p,;,-axis compared with the transfection efficiency plot. For all
lipids in this plot, and all other lipids investigated in our laboratory, only the charge
ratios much exceeding those required for efficient transfection produced any notable
toxicity. Nevertheless, it is worth noting that the onset of the curve is much delayed for
the dendritic lipids in comparison with DOTAP, demonstrating their reduced cyto-
toxicity. This may be important in newly emerging applications such as the delivery of
small interfering RNA (siRNA) for gene silencing [36,37], which requires much
higher values of p,, than DNA delivery [38].

16.4 EFFECT OF THE MEMBRANE CHARGE DENSITY (o) ON CL-DNA
COMPLEX PROPERTIES

The second main compositional parameter of CL-DNA complexes is the ratio of
neutral to cationic lipid. For comparative discussions, it is helpful to use the lipid
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Figure 16.6 Data from an ethidium bromide (EtBr) displacement assay (fop) used to measure
the charge of dendritic multivalent lipids in complexes with DNA. EtBr fluoresces when
intercalated into DNA but is expelled by lipid-DNA complex formation, which results in
reduced fluorescence intensity due to self-quenching of EtBr in solution. The fluorescence
intensity is normalized to that of DNA with EtBr and no lipid and plotted against the lipid/DNA
weight ratio to resolve the data for the different lipids. Zeta potential of MVLBG1-DNA
complexes (bottom) as a function of calculated p,,,. Analysis of the data from the EtBr
displacement assay yielded Z,,,, which was used to calculate p,,. The line (sigmoidal fit) is a
guide to the eye. Note that the zeta potential changes sign at approximately p,,, = 1. (Adapted
with permission from [20].° 2006 American Chemical Society)

membrane charge density, oy, to quantify this parameter. The membrane charge
density is defined as the cationic charge per unit area. It may be thought of as a lipid-
independent measure of how cationic a membrane is. For example, two membranes,
each containing the same molar fraction of a cationic lipid, may exhibit very different
values of o,,if the two cationic lipids carry a different charge (provided that their head-
group areas are the same). At the same time oy, of two membranes containing very
different molar fractions of cationic lipid may be similar if the two cationic lipids have
very different charges. To calculate oy, one needs to know the charge of the cationic
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lipid effective in DNA complexation and its head-group area:

eZNd l—q),,/

== Capd
A111+Acl d)rxl"’rd)cl c:

Om

where r=A_/A,, is the ratio of the head-group area of the cationic to neutral lipid,
O = eZIA, is the charge density of the cationic lipid with valence Z, and D, =N,/
(N + Ne)and @ = N,/ (N,,; + N,,) are the molar fractions of the neutral and cationic
lipids, respectively.

The charge of the lipid can be determined using zeta potential measurements. An
alternative and experimentally much simpler method is the ethidium bromide ( EtBr)
displacement assay. EtBr fluoresces when intercalated between the bases of DNA but
self-quenches in solution. As shown in Figure 16.6 (top), addition of the cationic lipid
to amixture of DNA and EtBrresults in a drop of fluorescence as EtBris expelled upon
the complex’s formation. Analysis of the sigmoidal curves yields the charge of the
lipid [18]. Figure 16.6 (bottom) exemplarily shows that the charge determined with the
EtBr assay agrees with that obtained from the zeta potential measurements. Note that
in Figure 16.6 (top), the lipid to DNA weight ratio is used as the abscissa to resolve the
data for various lipids, while the zeta potential is plotted against the charge ratio
calculated using Z from the EtBr assay.

The importance of the membrane charge density for the overcharging and
stability of CL-DNA complexes in a salt solution has already been discussed. In
addition the membrane charge density is a universal parameter governing the
transfection efficiency of lamellar complexes. Early data for commercially avail-
able lipids of varied charge such as DOTAP (1+), DMRIE (1+), and DOSPA (5+)
showed that DOSPA-containing complexes remained highly transfectant at much
larger mol fractions of DOPC, as large as 0.7. At this composition, TE for the
univalent cationic lipids is nearly two orders of magnitude lower [30]. A more
detailed investigation explored the effect of a broad range of charge densities on TE,
using a newly synthesized set of multivalent lipids (MVL2—(T)MVLS; see Table
16.1) [17,18]. X-ray diffraction showed that these MVLs form lamellar (Lf) MVL/
DOPC-DNA complexes.

The TE results for DNA complexes of several MVLs at various MVL/DOPC
ratios are shown in Figure 16.7. Corresponding data for DOTAP (as a monovalent
lipid and a control) are also plotted. The amount of DNA was kept constant for all
data points. Figure 16.7A shows TE as a function of the mol fraction of the cationic
lipid. All cationic lipids exhibited a maximum in the TE as a function of the lipid
composition: at 65mol% for MVL2, 70 mol% for MVL3, 50 mol% for MVLS5,
55 mol% for TMVLS5, and 90 mol% for DOTAP. Thus, while the optimized TE is
similar for all lipids, this TE appeared at different molar ratios. This behaviour
demonstrates the importance of optimizing the ratio of neutral to cationic lipid for
novel cationic lipids. Such optimization should go beyond the testing of only a few
integer ratios often seen in the literature. The optimal lipid compositions resultin a
TE that is about three orders of magnitude larger than that of complexes with poor
efficiency. !
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Figure 16.7 (A) Transfection efficiency (TE) as a function of the molar fraction cationic lipid
for CL/DOPC-DNA complexes prepared with MVL?2 (diamonds), MVL3 (squares), MVLS
(triangles), TMVLS (inverted-triangles), and DOTAP (circles). All data was taken at Peng=2.8,
using the same amount of DNA for each data point. (B) The same TE data plotted against the
membrane charge density, Gy. The solid line is a Gaussian fit to the data. Data for DOTAP/
DOPE-DNA complexes (open circles, H] phase) are also shown. Three regimes of transfection
efficiency are labeled. Reproduced with permission from [18]. (Copyright 2005 John Wiley &
Sons Limited.) ’

Figure 16.7B shows the same transfection efficiency data, now plotted against the
membrane charge density, ,,. Remarkably a notable simplification takes place, and
all the data points merge onto a single curve. This demonstrates that o, is a universal
parameter and a predictor of transfection efficiency for lamellar (LY) CL-DNA
complexes. The resulting universal curve reveals an optimal charge density of
oy = 17.0£0.1 x 107 (e/A?) [18].

The universal curve for the TE of LS complexes shown in Figure 16.7B displays
three distinct regimes. In the low o, regime (regime I), TE increases exponentially
with the membrane charge density: for small values of o, a straight line fits the data
well. In regime IIL, at very high o, TE decreases exponentially with o,,. Between
these regimes there is a resulting regime of optimal TE, centered around G, (regime
II). When transfection experiments are performed in the presence of chloroquine, a
weak base that disrupts endosomes, only the TE of complexes in regime I is improved.
This suggests that in regime I, endosomal escape is the limiting step in the transfection
process [18,30]. Confocal microscopy experiments (see below) further support this
finding. Escape from the endosome likely occurs via an activated fusion process of the
oppositely charged membranes of endosome and complex [30]. The activation energy
for this can be written as 6 = ak — bo,,, where a and b are constants >0. The
parameter K is the bending rigidity of the membrane, which is mainly determined by
the lipid tails and therefore constant in the described experiments. The bending of
membranes, as required for fusion, results in an energy cost proportional to k. Since the
interacting membranes are oppositely charged, the activation energy decreases with
increasing oy,. If endosomal entrapment limits transfection as proposed earlier, the
activation energy for fusion directly relates o, to the transfection efficiency via an
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Arrhenius-type equation, predicting the observed exponential increase of TE with
o [30]:
Bk
TE x Rate of fusion = — ¢ %E/T
T

Here 1/t is the collision rate between the trapped CL-DNA particle and the endosomal
membrane.

16.5 EFFECT OF NONLAMELLAR CL-DNA COMPLEX STRUCTURE
ON THE TRANSFECTION MECHANISM

Figure 16.7B also shows the TE data for DOTAP/DOPE-DNA complexes (hollow
circles). The TE of these complexes does not follow the universal curve at small
membrane charge densities (high content of neutral lipid), where they are in the
inverted hexagonal (H{;) phase. This suggests that H§ and LS complexes transfect by
fundamentally different mechanisms, and that endosomal escape/fusion of the
complex and endosomal membranes are not limiting the TE for Hf complexes
(see also confocal microscopy results below). The highly charged head groups of the
dendritic cationic lipids MVLBGI1 (8+) and MVLBG2 (16+) give access to very
high membrane charge densities. However, as shown in Figure 16.8, their TE does
not decrease at high o,,. While this does not match with the universal TE curve of
Figure 16.7B, complexes of these dendritic lipids are no longer in the lamellar phase
beyond 25 (MVLBG2) and 40 (MVLBGI1) mol% cationic lipid. This further
demonstrates the strong effect of the complex structure on the transfection pathways
and suggests that the release of DNA from highly charged lipid membranes may be
more facile for Hf than for LS complexes.
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Figure 16.8 Transfection efficiency of DNA complexes of DOTAP, MVLBG!, and MVLBG2
plotted against the mol fraction of cationic lipid in mixtures with DOPC. All data points were
taken at a lipid-DNA charge ratio of 6, using a constant amount of DNA. (Reprinted with
permission from [20]. © 2006 American Chemical Society)
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Figure 16.9  Laser scanning confocal microscopy images of transfected mouse L cells, fixed
six hours after incubation with complexes. Red and green fluorescence corresponds to lipid and
DNA labels, respectively; yellow, the overlap of the two, denotes CL-DNA complexes. The cell
outline was observed in reflection mode, appearing in blue. Scale bars are 5 pm. For each set of
images. middle is the x-y (top) view at a given z; right is the v-z side view along the vertical dotted
line: bottom is the v~z side view along the horizontal dotted line. Arrows in the side views mark
objects circled in the top view. (Top left) A cell transfected with L, DOTAP/DOPC-DNA
complexes at Mppc = 0.67 for which TE is low, as shown in Figure 16.7. No evidence for
fusion is visible and only intact CL-DNA complexes such as the one marked by a circle are
observed inside the cells. This observation implies that DNA remains trapped within the
complexes, consistent with the observed low transfection efficiency. (Top right) Cells trans-
tected with Hy; DOTAP/DOPE-DNA complexes (Mpope = 0.69) show transfer of fluorescent
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It is important to note that optimized CL-DNA complexes, independent of  their
structure, transfect equally well in the in vitro conditions of our experiments (Figures
16.7 and 16.8). Thus far we have observed a notable difference in the performance
between optimized complexes of different lipids in only one instance: the TE of
complexes of MVLBG?2 in a “‘hard to transfect” embryonic mouse fibroblast cell line
was an order of magnitude higher than their DOTAP counterparts [19].

Laser scanning confocal microscopy (LSCM), which provides true three-dimen-
sional imaging with micrometer resolution, has yielded further insight into the
transfection pathways of lamellar and inverted hexagonal complexes. Figure 16.9
shows typical LSCM micrographs of cells fixed after six hours of incubation with HE
complexes as well as LS complexes at high and low o, Lipid and DNA were labeled
using red and green fluorescent probes, respectiv ely. Their overlap appears yellow, and
the cell outline blue (reflection mode).

In the case of the H complexes (Figure 16.9, top right), the mixing of cellular and
complex lipids is evident from the fluorescent labeling of the cell membrane. In
addition free DNA is observed in the cytoplasm. The observed lipid mixing is
indicative of fusion, either before or after endocytosis of the complexes. In stark
contrast, only intact complexes and no lipid mixing are observed for low Gy lamellar
complexes (Figure 16.9, top left). The lack of indications for fusion suggests that
complexes are taken up via endocytosis. No evidence for escape from the endosome
nor dissociation of the complexes is seen. While high o, lamellar complexes (Figure
16.9, bottom) also do not show lipid mixing, both free DNA as well as a few intact
complexes are visible inside the cell. Thus these complexes also enter via endocytosis,
but they are able to release their DNA. Moreover, since the free DNA is in a condensed
state but there are no DNA-condensing compounds in the endosome, the DNA must
reside in the cytoplasm, which implies endosomal escape.

16.6 MODEL OF TRANSFECTION WITH LAMELLAR CL-DNA
COMPLEXES

The results from diverse methods have provided keys to an extended understanding of
the mechanism of transfection by lamellar CL-DNA complexes [18,30]. Figure 16.10
schematically depicts the features of this model.

¢ e

lipid to the cell plasma membrane and the release of DNA (green; in the circle) within the cell.
(Bottom) A typical LSCM image of a cell transfected with LS complexes at Mpope=0.18,
corresponding to cationic membranes with a high charge density 6, 0.012 ¢/A” and high TE
(see Figure 16.7). Although the lamellar complexes used here show high TE, no lipid transfer to
the cell plasma membrane is seen in contrast to high-transfecting H{ complexes. Both released
DNA (1) and intact complexes (2) are observed inside the cell. Labels ( 3)and (4) : A complex in
the process of releasing its DNA into the cytoplasm. For objects labeled with numbers, plots of
fluorescence intensity as a tunction of position are shown in boxes in the lower right corner.
(Reprinted with permission trom [30]. © 2003 Biophysical Society) (See color plate.)
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cell-p-msmbrane CL-DNA < =

Figure 16.10 A model of the cellular pathway and transfection mechanism of LE complexes.
Cationic complexes adhere to cells due to favorable electrostatic interactions (a) and enter
through endocytosis (b and ¢). Complexes with low oy largely remain trapped in endosomes
(d). Complexes with high &, escape the endosome through activated fusion (e). The released
smaller complexes dissociate more or less effectively by interactions with charged macro-
molecules inside the cell, depending on their 6, (fand g). Strong membrane—DNA interactions
at very high o), may lead to diminished dissociation (g), but efficient release occurs at
Tu =0y * (f). (Reproduced with permission from [18]. Copyright 2005 John Wiley & Sons
Limited)

The initial attachment to the cell is mediated by electrostatics (Figure 16.10a) and
followed by endocytosis (Figure 16.10b). The three regimes of the universal TE curve
shown in Figure 16.7B correspond to distinct complex—cell interaction regimes
occurring after endocytosis [18]. For complexes with low oy < ou™® (regime 1),
endosomal escape limits the TE (Figure 16.10c¢ and d). Some complexes escape via
activated fusion with the endosomal membrane, resulting in the exponential increase
of TE with o), over three orders of magnitude.

Athigher o, (regimes Il and I1I), the TE is no longer limited by endosomal escape,
as demonstrated using a chloroquine assay and by confocal microscopy [18,30]. These
complexes fuse easily with the endosomal membrane, releasing smaller complexes into
the cytoplasm (Figure 16.10e). However, at very high oy > oy (regime IIT), the TE
decreases with . It is possible that transfection is limited by complex dissociation in
the cytoplasm, which is due to the strong electrostatic interaction between the DNA and
the highly charged lipid bilayers (Figure 16.10g). The optimal TE observed in regime I1
reflects acompromise between opposing requirements ( Figure 16.10): escape from the
endosomes requires high o,,, but dissociation of complexes in the cytoplasm requires
low oy Future strategies to optimize the TE of lamellar CL-DNA complexes must
strive to decouple these opposing requirements. This is particularly important in view of
the abundance of the lamellar structure and the fact that DOPE has turned out to be an
undesirable lipid for in vivo applications.
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16.7 MODEL OF TRANSFECTION WITH INVERTED HEXAGONAL
CL-DNA COMPLEXES

As indicated by their deviation from the universal curve of Figure 16.7B and the
extensive mixing of complex and cell membrane lipids observed by confocal
microscopy (Figure 16.9), CL-DNA complexes in the inverted hexagonal phase are
prone to membrane fusion. This is intimately related to their structure and the preferred
curvature of lipid membranes containing DOPE [30]. As schematically shown in
Figure 16.11, the outermost lipid monolayer, which must cover any HS complex to
provide a hydrophilic surface, exhibits a curvature opposite to that of the preferred
(negative) curvature of the lipids coating DNA inside the complex. This elastically
frustrated state of the outer monolayer, which is independent of o, drives the rapid
fusion with the plasma or endosomal membrane., leading to release of a layer of DNA
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Figure 16.11 Schematic of an inverted hexagonal CL-DNA complex interacting with the
plasma membrane or the endosomal membrane. The outer lipid monolayer covering the HS
complex has a positive curvature, whereas the preferred curvature of DOPE-containing
membranes is negative, as realized in the monolayers coating DNA. Thus the outer layer is
energetically costly. This results in a driving force, independent of the cationic membrane
charge density, for rapid fusion of the HE complex with the bilayer of the cell plasma membrane
or the endosomal membrane. (Reprinted with permission from [30]. © 2003 Biophysical
Society)
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and a smaller H§ complex within the cell. The process can then repeat itself until all
DNA is released from the complex. In contrast, the bilayer structure of lamellar 7S
complexes is inherently more stable and release of DNA only occurs as the complex. is
disassembled, layer by layer, through interactions of the cationic m_embrane's with
anionic components of the cell such as the predominantly anionic actin and microtu-
bule cytoskeletal filaments [39,40].

16.8 PEGYLATED CL-DNA COMPLEXES: SURFACE
FUNCTIONALIZATION AND DISTINCT DNA-DNA INTERACTION
REGIMES

Simple CL-DNA complexes as described above are successful for.in v.itm u"aflsfect.ion
of many mammalian cell lines and are currently used in ex vivo and in vivo clinical trials
(e.g., involving intra-tumoral injection methods) [4,41]. However, they are not .well
suited for systemic applications. Both cationic lipids and their DNA compl.exes ac.txvate
the complement system [42], which results in their rapid removal from cgculaUOn by
the mononuclear phagocytic system cells through opsonization. As previously est_ab-
lished for liposomes [43-46], conjugation of poly(ethyleneglycol) (PEG) to nonviral
vectors can reduce the activation of the complement system [42]. The presence of a
hydrophilic polymer shell provides a repulsive barrier and results in vastly ix}creased
circulation lifetimes, a phenomenon referred to as steric stabilization. Thus incorpo-
rating PEG-lipids is an essential step in making CL-DNA comp.le?(es v1abh.3 for
systemic gene delivery. In future applications functionalized PEG-lipids of variable
length may also be used to add functionality and specificity to CL—DNA cpmplex§s by
acting as tethers for target-specific ligands (e.g., peptides). Thus it is crucial to gain an
understanding of the effects of incorporating PEG-lipids into CL-DNA complexes.

16.8.1 DNA-DNA Interaction Regimes in PEG-Lipid CL-DNA
Complexes

Recent work has probed the structure, morphology, and function of CL—PNA
complexes containing a ternary mixture of DOTAP, DOPC, and PEG—hplds
[16,47]. It was shown that a critical value of PEG chain length exists, above
which steric stabilization and other polymer-specific effects become evident. '1_"he
structures of the investigated lipids are displayed in Figure 16.1. X-ray diffraction
of isoelectric (p.,, =1) complexes revealed a single phase of stable lamellar
complexes for the PEG400-lipids. The lamellar structure was also observed for. tt}e
PEG2000-lipids, but phase separation occurs at higher contents of the PEq-llpld
(>7mol% for PEGZOOOz'*-lipid; >10mol% for PEG2000-lipid). Complete incor-
poration of added PEG-lipid into the complexes is not possible beyond these Iim1t§.
Three distinct DNA interchain interaction regimes exist as a function of composi-
tion, due to (1) long-range repulsive electrostatic forces, (2) short—range regulsive
hydration forces, and (3) a novel polymer-induced attractive depletion force in two
dimensions.
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The effect of incorporating PEG4002+—lipid into isoelectric CL-DNA complexes
was studied by monitoring the average interaxial distance between DNA chains (dpna;
see Figure 16.2) while increasing the mol fraction of PEG400” " -lipid at various constant
mol fractions of DOTAP (Mporap)- The results reveal that PEG4002+—lipid simply acts
asanadditional cationic lipid, leading to the condensation of DNA throughanincrease in
the membrane charge density. As with DOTAP [48], two distinct DNA interaction
regimes are observed. In the electrostatic regime (4 x 10 2 e/A’< om<8.5x 10 *e/A?),
dpny depends purely on the membrane charge density. In the regime of o, > 8.5 x
1073 e/A, a strong repulsive hydration barrier between DNA rods dominates [48],
preventing further condensation of the DNA. Neutral PEG400-lipid also shows no
polymer-specific behavior, presumably because of the short chain length (<n> = 9):its
exchange with DOPC does not affect the DNA spacing.

A distinctly different picture arises for PEG-lipids with chains of molecular wei ght
2000 g/mol (<n> =453), Figure 16.12 (left) shows XRD data from single-phase
DOTAP/DOPC-DNA complexes of constant Mporap = 30% containing increasing
amounts of neutral PEG2000-lipid. The DNA interaxial spacing (dpna = 21/qpya)
decreases from 53.7 A (without PEG-lipid) to 49.1 A (1.6 mol% PEG-lipid) to 41.6 A
(6.7 mol% PEG-lipid) with increasing mole fraction of the PEG2000-lipid, indicating
the existence of an additional attractive force. This force is due to the presence of a
polymer chain in the confined space between the lipid bilayers where the DNA chains
reside (depletion attraction force; see below). The fact that addition of neutral as well
as cationic (data not shown) PEG2000-lipid decreases the DNA spacing confirms that
the polymer chain-DNA interaction is the dominating effect of adding PEG2000-
lipids, as opposed to electrostatics in the case of PEG400-lipids. For complexes with
Gy > 8 x 10 3e/A2, the repulsive hydration forces again dominate the interactions
between the DNA rods [47].

Figure 16.124 schematically shows the origin of the polymer-induced depletion
attraction force between DNA strands. This phenomenon is well known in bulk
solution, but much larger PEG molecular weights are required in three dimensions
[49]. PEG of molecular weight 2000 Da has a radius of gyration of roughly 35 A
[50,51]. Thus the PEG2000 part of the PEG2000-lipid will be excluded from regions
between DNA rods [52], for which the electrostatically calculated values of dpna
dictate a width of 5 to 35 A. This causes a phase separation between the polymer and
the DNA within the layers of the complex, as shown schematically in Figure 16.12B
and C. The decreased DNA spacing then is a result of osmotic stress exerted on the
DNA domains by the PEG2000 chains confined to the outside of these domains, which
increases with the concentration of polymer. As depicted in Figure 16.12B and C. the
resulting complex has DNA-rich domains, shown in dark gray, and polymer-rich
domains, shown in light gray.

16.8.2 Surface Functionalization of CL~DNA Complexes with
PEG-Lipids

Optical microscopy of PEG-lipid/CL-DNA complexes at Peng = 2.8 and Mporap
0.82 in a cell culture medium (DMEM) was performed to demonstrate surface



398 LIPID-DNA INTERACTIONS

1 PEG2000-lipid
iy, = 41.6A
103 6.7%
10’
dpy, = 49.1A
z- 6
£ 1w
5 &g DN‘AII
- o, e
= i A
= 10° 1 V\JK—\-
E 1.6%
4
10" 3
31001]
17, }
103 7 S‘é dDNA:SS./Z\
N S S »
o ()

a(A™h

Figure 16.12 (Left) XRD scans of LS DOTAP/DOPC-DNA complexes containing varied
amounts of PEG2000-Iipid. Arrows mark the DNA interhelical peaks, which move to larger
dpna (corresponding to a decrease of dpy4) as PEG2000-lipid is added to the membranes of the
complex. The dashed lines mark the position of gpy, for 0% PEG-lipid. (Right) Schematics of a
lamellar CL-DNA complex containing long-chain PEG-lipids . (A) A depletion attraction force
cause by the presence of the polymer packs the DNA rods closer than predicted by electrostat-
ics. (B) Cross section of a PEG-lipid/CL-DNA complex with DNA-rich domains (dark gray)
and polymer-rich domains (light gray) in between lipid bilayers (gray). (C) Enlarged view
showing the internal phase separation as well as the outer shell of polymer chains. (Reprinted in
part with permission from [47]. © 2004 Biophysical Society)

coverage by the PEG-lipids and further pinpoint their distinct, chain length dependent
behavior [47]. Figure 16.13A shows complexes without any PEG-lipid. Some aggre-
gation is observed, because of the presence of salts in DMEM. Figure 16.13B shows
complexes at Mpreao0 iipia = 10%. Again, aggregation is clearly evident. However,
complexes prepared using the long-chain PEG-lipid at MprGa000 lipid = 10% demon-
strate a strong shielding effect of the polymer (Figure 16.13C). No aggregation of
complex particles occurs, because of the steric repulsion conferred by the shell of the
PEG2000-lipid polymer chains. As was mentioned earlier, this steric stabilization is
important for developing a viable in vivo gene delivery system [53-55].
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Figure 16.13 (Left) Microscopy images of DOTAP/DOPC-DNA complexes a Mp7ap = 0.33
in the presence of cell culture medium (DMEM), taken in DIC (left). lipid fluorescence (center),
and DNA fluorescence modes. The images show complexes prepared (4) without PEG-lipid
(B), with 10 mol% PEG400-lipid, and (C ) with 10 mol% PEG2000-lipid. The complex particles
aggregate when no PEG-lipid or PEG400-lipid are added but are sterically stabilized by 10 mol%
PEG2000-lipid. (Right) Transfection efficiency of PEG-lipid/DOTAP/DOPC-DNA complexes
as a function of increasing molar fraction of PEG-lipid (MpEG.1ipia). at constant My orp = 0.80.
Addition of PEGZOOOZ"’-lipid or PEG2000-lipid reduces TE by nearly two orders of magnitude
with only 6 mol% added PEG-lipid. By contrast, adding PEG400°* -lipid or PEG400-lipid does
not change TE significantly, even at 20 mol% PEG-lipid. As a reference, TE for naked DNA is
typically on the order of 0.3 x 10° RLU/mg protein. Note that 20 mol% PEG400-lipid and 6 mol
% PEG2000-lipid correspond to an approximately equal total weight of PEG. (Reprinted with
permission from [47]. © 2004 Biophysical Society)

Figure 16.13 (right) shows transfection results for positively charged, PEG-lipid
containing CL-DNA complexes (Peng =2.8) [47]. At Mporap —0.80. the trans-
fection efficiency is high without added PEG-lipid, but the addition of 6 mol%
PEG2000-lipid or PEGZOOOZ‘-lipid abolishes most of this activity, reducing TE by
about 2 orders of magnitude. This suggests that electrostatic binding of the cationic
CL-DNA complexes to cells is strongly reduced by the shielding of the complex by
the PEG2000 polymer layer with a thickness roughly equivalent to 35 A. In contrast,
the addition of a cationic or a neutral PEG400-lipid only negligibly affects the TE,
even at 20mol% PEG400-lipid. As suggested by the microscopy images, no
shielding occurs with these shorter amphiphiles. At the same time the further
addition of cationic lipid (PEG400° ) does not improve transfection in this regime
of high o, where the TE is at 2a maximum (Figure 16.7). Note that 6 and 20 mol% of
the PEG2000-lipid and the PEG400-lipid, respectively, correspond to an approxi-
mately equal total weight of PEG.

In summary, microscopy and transfection experiments show that the added PEG-
lipid coats the surfaces of the complexes, whereas X-ray diffraction results reveal that



400 LIPID-DNA INTERACTIONS

the PEG-lipid is located internally as well. The next step on the way to CL-DNA
complexes for in vivo applications will be to recover the potential for cell adhesion, for
instance, by attaching specific, adhesion-mediating peptides to the distal end of some
of the PEG chains.

16.9 CONCLUSION AND SUMMARY

The immense promise that gene therapy holds for future medical applications is
reflected by a large amount of basic, applied, and clinical research in this field.
Complexes of cationic lipids and DNA, as one of the most prominent examples of
nonviral vectors for gene delivery/gene therapy, will be preferable over viral
vectors if their limited transfection efficiency can be improved. To this end it is
important to gain an understanding of the transfection mechanisms of CL~-DNA
complexes and the parameters governing their efficiency. Recent work reviewed in
this chapter has shown how the CL-DNA complex structure, the lipid/DNA charge
ratio (p.sg), and the membrane charge density (o,,) affect the transfection
efficiency (TE), while also providing insight into the distinct delivery mechanisms
on a molecular level.

The molecular shape of the lipids determines the complex structure, which in turn
determines the transfection mechanism. Three phases of CL-DNA complexes
have been characterized and their structures determined so far: the lamellar (o),
the inverted hexagonal (H; ), and the hexagonal (H) phase. The lamellar structure is
the most abundant of these. For a given structure and thus transfection mechanism,
Peng and o are key parameters affecting the transfection efficiency. In particular,
Oa is a universal parameter governing TE of lamellar complexes. Three distinct
regimes of the TE as a function of o exist, corresponding to different complex—cell
interactions. The regime of the highest TE is found at intermediate membrane charge
density, indicating and emphasizing the importance of optimizing the neutral/
cationic lipid ratio, especially for multivalent lipids.
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