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Nanogyroids Incorporating Multivalent Lipids: Enhanced
Membrane Charge Density and Pore Forming Ability for Gene
Silencing

Cecilia Leal™", Kai K. Ewert', Rahau S. Shirazi*, Nathan F. Bouxsein', and Cyrus R.
Safinya’”

T Department of Physics, Department of Materials, and Molecular, Cellular & Developmental
Biology Department, University of California, Santa Barbara, California 93106, United States

* Department of Chemistry and Biochemistry, University of California, Santa Barbara, California
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Abstract

The self-assembly of a custom-synthesized pentavalent cationic lipid (MVL5) and glycerol
monooleate (GMO) with small interfering RNA (siRNA) results in the formation of a double-
gyroid bicontinuous inverted cubic phase with co-localized lipid/siRNA domains as shown by
synchrotron X-ray scattering and fluorescence microscopy. The high charge density (due to
MVL5) and positive Gaussian modulus of the GMO-containing membranes confer optimal
electrostatic and elastic properties for endosomal escape, enabling efficient siRNA delivery and
effective, specific gene silencing.
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INTRODUCTION

The finding that the delivery of exogenous small interfering RNA (siRNA) molecules 20-25
basepairs in length induces gene silencing®2 through sequence-specific cleavage of perfectly
complementary messenger RNA3-7 has stimulated a surge of research activity in the fields
of functional genomics, nucleic acid (NA) therapeutics and biotechnology.18-13 One of the
major challenges in this field, in particular for therapeutics, is SIRNA delivery. In addition to
engineered viruses, cationic liposomes (CLs)%1415 and other nonviral vectors such as
polymers and nanoparticles6-22 have been used to deliver siRNA to cells. CL-based
nonviral NA vectors are desirable due their relative ease of production and their improved
safety profile compared to viral vectors, which have on occasion exhibited serious
undesirable side effects.23-25 However, further improvement of the efficiency and
specificity of target gene knockdown of nonviral siRNA vectors as well as a reduction of
their cytotoxicity are required.14
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CL-based DNA vectors26:27 are used in 7% of human gene delivery clinical trials.28-30 For
these and other nonviral vectors, endocytosis is the most common pathway of cell entry. We
have previously shown that endosomal escape is the rate and efficiency limiting step for
transfection with lamellar CL-DNA complexes of low to intermediate membrane charge
density (op).31:32 In contrast, high-op complexes are able to efficiently escape from
endosomes via fusion of their membranes with those of the endosome. Because CL vectors
typically consist of a binary mixture of cationic and neutral lipids, their membrane charge
density (the average charge per membrane area) may be increased by reducing the molar
fraction of neutral lipid, ®y, as well as by increasing the headgroup charge of the cationic
lipid.

Endosomal escape of the complex before it undergoes lysosomal degradation is also a
crucial step in the CL-mediated delivery of sSiRNA. At the same time, cytotoxicity is an
important concern for siRNA vectors due to the higher lipid/NA charge ratios (p) required
for successful delivery. For mixtures of the commercially available univalent cationic lipid
2,3-dioleyloxypropyltrimethylammonium chloride (DOTAP, “1,2-dioleoyl-3-
trimethylammonium-propane”) with 1,2-dioleoyl-sn-glycero-3-phosphatidyl choline
(DOPC), cytotoxicity is low at high ®popc (low o)py). However, so is the gene silencing
activity,14 possibly due to inefficient endosomal escape. Interestingly, substituting DOPC
with 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine (DOPE), a fusogenic neutral lipid
widely used in DNA delivery, gives rise to severe cytotoxicity and global inhibition of
protein production.1* A different approach to enhancing endosomal escape, based on
membrane elastic theory, was more successful. Fusion of the membranes of CL-vector and
endosome requires both membrane apposition and formation of membrane pores. Splay
shaped membrane surfaces such as those of membrane pores have negative Gaussian
curvature C1C, <0, where Cq and C, are the principal curvatures of the membrane, and are
characteristic of the membranes of inverse bicontinuous cubic phases (cf., also Figure 6). In
fact, the stabilization of inverse bicontinuous cubic phases is mediated by the formation of
pores.33-35 Thus, we designed a DOTAP-based siRNA vector exhibiting the cubic phase (to
favor the formation of membrane pores) by using glycerol monooleate (GMO) as the neutral
lipid. GMO forms inverse bicontinuous phases in a broad composition range: the double-
gyroid phase (Q,©; space group la3d) for low water content and the double-diamond phase
(QP; space group Pn3m) for higher water content.36:37 DOTAP/GMO-siRNA complexes
at dgpo = 0.75 exhibit a double-gyroid cubic phase. These complexes show low
cytotoxicity and improved gene silencing compared to DOTAP/DOPC-siRNA complexes,
which are in the lamellar phase (L,$IRNA).38 While this strategy improved silencing with
exclusive use of commercially available lipids, we previously also prepared effective SIRNA
vectors using the custom synthesized pentavalent cationic lipid MVL54:39 (chemical
structure shown in Figure 1). Multivalent lipids such as MVL5 give access to higher
membrane charge densities and have proven to be superior to monovalent lipids for DNA
delivery to hard-to-transfect cells as well as for siRNA delivery.1440 As mentioned earlier,
the high membrane charge densities accessible with these lipids can improve endosomal
escape.

In the present work we aimed to harness both electrostatics and elastic membrane properties
to improve the fusion of CL-siRNA complexes with endosomal membranes and thus
cytoplasmic delivery of siRNA and silencing activity. We prepared CL-SiRNA complexes
with the inverse bicontinuous cubic structure and enhanced charge density by combining
siRNA with CLs containing MVL5 and high molar fractions of GMO. These complexes
achieve 80% knockdown of the targeted gene without appreciable toxicity. The combination
of highly charged MVL5 with neutral GMO as a lipid favoring the cubic phase thus led to
optimal conditions for endosomal escape by optimizing both the membrane charge density
and the pore-forming ability. The high charge density of MVL5-containing membranes
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enhances adhesion of the vector’s membrane with the endosomal membrane and amplifies
GMO’s inherent ability to stabilize pore structures.

RESULTS AND DISCUSSION

In order to test our hypothesis that cubic-phase CL-siRNA complexes with increased oy
would show improved endosomal escape and gene silencing, we first examined the phase
behavior of siRNA complexes of mixtures of GMO with the multivalent lipids MVL2 (2+)
and MVLS5 (5+).31:39 The chemical structures of these lipids are shown in Figure 1. For both
MVL2 and MVL5, we found that MVL/GMO-siRNA complexes form a stable, well
ordered double-gyroid cubic phase (Q;;¢' SIRNA) at high contents of GMO (®gpo > 0.85 for
MVL2, ®dgpmo = 0.90 for MVL5). Figure 2A displays synchrotron small-angle X-ray
scattering (SAXS) scans of isoelectric (p = 1) MVL5/GMO-siRNA complexes at Dgpo =
0.90 (bottom) and ®gpo = 0.95 (top). The SAXS diffraction pattern for dgpo = 0.90 is
shown in Figure 2B. The large number of sharp reflections (ten) arises from a powder
sample with large domains as indicated by the narrow, perfectly symmetric rings in the
diffraction pattern. The peaks correspond to the reflections [h k I] as indicated in the figure:
[211], [220], [321], [400], [420], [332], [422], [431], [440], and [543], with reciprocal lattice
vectors q/(2n/a) = Gpg/(2n/a) = V(h? + k2 + 12) = /B, 48, V14, V16, v20, V22, V24, Y26, 32,
and v50. These peaks can unambiguously be assigned to a body-centered gyroid cubic
structure with space group la3d.4! Figure 2C shows a plot of the X-ray wave-vector q versus
(h2 + k2 + 12)1/2 for the Bragg reflections observed at ®gpo = 0.90. The plot fits a straight
line with slope 2n/a, where a is the lattice spacing of the cubic phase. This lattice spacing
does not vary within the studied molar fractions of GMO for MVL5/GMO-siRNA
complexes and is 154 A. Figure 2D shows SAXS scans for MVL2/GMO-siRNA complexes
at dgmp = 0.85 (top), Pgmo = 0.80 (middle) and at Do = 0.75 (bottom). At Do =
0.85, the characteristic pattern of the gyroid cubic Q& SIRNA phase is observed. At dgpo =
0.75, the observed reflections indicate that the complexes form the inverted hexagonal
HySIRNA phase.14.38 At the intermediate dgvo = 0.80, SAXS scans reveal coexistence
between the Q& SIRNA and the H;;SIRNA phase. Figure 2E summarizes our SAXS
experiments in a phase diagram for sSiRNA complexes prepared from MVL5/GMO (top),
MVL2/GMO (middle), and DOTAP/GMO (bottom) lipid mixtures as a function of ®gpo at
p = 1. In addition to the Q;;& SIRNA and the H,;SiIRNA phases, the lamellar L,SiIRNA phasel4:38
is observed at low ®gpo. In certain regimes of Ogpo, two of the phases coexist. Notably,
the phase boundaries shift systematically with headgroup size. The larger the headgroup of
the cationic lipid (MVL5 > MVL2 > DOTAP), the smaller the ®cjtionic Lipid that can
successfully be incorporated into the cubic phase and thus the narrower the regime in which
the Qi SIRNA phase is observed (0.975 < ®gmo < 0.90 for MVLS5, 0.975 < dgpo < 0.85
for MVL2, 0.975 < ®gpmo < 0.75 for DOTAP). The regime in which the H;S'IRNA phase is
observed behaves in a similar fashion. In fact, this phase was not observed for MVL5/
GMO-siRNA complexes, meaning that it either does not form in this system or only in a
very narrow composition range (we mapped the phase diagram as a function of ®gp g in
steps of 0.05). These trends are easily understood because the larger headgroups of the
multivalent lipids favor positive membrane curvature while both the QG+ SIRNA and the
HySIRNA phase consist of surfaces where one of the principal curvatures C1 and C, is
negative. In fact, to the best of our knowledge, cubic lipid phases containing multivalent
charged lipids have not been previously reported. Despite the reduced range of ®gpo for
which the cubic phase is observed, substituting monovalent DOTAP with pentavalent
MVL5 approximately doubles the maximum achievable membrane charge density (cf.,
Figure S2 in the Supporting Information).

Figure 3A shows a schematic representation of the unit cell of the bicontinuous gyroid cubic
phase of CL-siRNA complexes (Q;® SIRNA) The Q,,C: SIRNA phase is comprised of a
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bilayer surface separating two continuous, independent, and intertwined water nanochannels
(blue and orange) that contain the siRNA. For clarity, the bilayer is not shown in its entire
thickness in Figure 3A. Instead, it is represented by an imaginary surface (grey) at the center
of the membrane as indicated in the enlarged inset. Note the abundance of pore-like
membrane structures in the unit cell. The bilayer is comprised mostly of GMO, containing
no more than 10 mol% MLV5. Figure 3B shows the morphology of MVL5/GMO-siRNA
lipid complexes in the cubic phase regime (®gmo = 0.90, p = 1) as investigated by
differential-interference-contrast (Figure 3B, left panel) and fluorescence optical microscopy
(Figure 3B, middle panels). The complexes consist of globular aggregates which display a
perfect overlap of lipid and siRNA distributions in the two fluorescence modes (Figure 3B,
right panel). This colocalization of lipid and siRNA domains unambiguously demonstrates
that the bicontinuous cubic phase incorporates the sSiRNA molecules. In addition, UV
absorption measurements indicate that less than 2% of the total SIRNA concentration remain
in the supernatant after complex formation. The efficient silencing mediated by the MVL5/
GMO-siRNA complexes (see below) also provides evidence that SIRNA is incorporated in
the cubic phase.

The gene silencing efficiency (a measure of post-transcriptional knockdown of the gene
targeted by the transferred exogenous siRNA) of MVL/GMO-siRNA complexes was
assessed in mouse fibroblast L-cells at varied charge ratio (p) and neutral lipid content
(PN ) and thus complex phase. For comparison, we also measured the silencing efficiency
of MVL5/DOPC-siRNA complexes!4 and DOTAP/GMO-siRNA complexes.38 The cells
were pre-transfected with two plasmids encoding distinct luciferase genes (firefly (FF) and
renilla (RL)). After this step, the cells were treated with CL complexes of an siRNA that
targets solely the FF gene. Gene silencing was assessed by measuring both the FF and RL
expression levels with a dual luciferase assay. This allowed simultaneous measurement of
total knockdown (K, comprising specific and nonspecific knockdown) and nonspecific
knockdown (Kys) as knockdown of the FF and RL expression, respectively.14

An optimal gene silencing vector would show a Kt approaching unity at a Kys of nearly
zero. We only discuss the data for MVL5/GMO-siRNA complexes below because MVL2/
GMO-siRNA complexes exhibited pronounced nonspecific silencing (see Figure S1 in the
Supporting Information). This is in line with other experiments in which we have found
divalent cationic lipids to be more toxic than other multivalent lipids. The origin of this
phenomenon is still under investigation.

Figure 4A shows the total and nonspecific knockdown as a function of mole fraction of
neutral lipid, @y, at fixed p = 10 (shown before to be effective in gene silencing
experiments with MVL54). Filled and open symbols indicate Kt and Kys, respectively,
while symbol shape indicates the phase of the complexes as cubic (Q;;& SIRNA squares),
inverted hexagonal (H;SIRNA triangles) or lamellar (L,SIRNA, circles). For the entire range
of dy investigated (0.95 > dy > 0.05), MVL5/GMO-siRNA complexes achieve high
total gene knockdown (Kt % 0.8, 0.89 to 0.77). The total knockdown induced by DOTAP/
GMO-siRNA complexes also hardly varies with @y but is significantly lower (Kt ~ 0.7,
0.74 to 0.60). For MVL5/DOPC-siRNA complexes, Kt increases with @y, from Ky < 0.4
at ® = 0.95 to values comparable with the DOTAP/GMO system at lower @p (P <
0.5). Finally, at very low @y (O 0.1, i.e. = 90 mol% MVLS5 in the membrane), DOPC-
containing SiRNA complexes of MVL5 achieve Kt similar to that of GMO-containing
complexes. The nonspecific silencing is insignificant for all systems at this p. The fact that
MVL5/GMO-siRNA complexes exhibit high Kt at low Ky over the entire range of @y
makes them the most desirable system for future applications, where the required addition of
other lipid components (such as PEG-lipids) changes @y . A few other points are also worth
noting. The Kt for MVL5/GMO-siRNA complexes is high at high @y, even if the
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complexes are lamellar. This is not simply due to an increased membrane charge density
because of the small headgroup size of GMO (see below and Figure S2 in the Supporting
Information). Furthermore, and unlike the transfection efficiency of MVL5-containing CL—
DNA complexes,3! Kt does not decrease at low ®y_ (high op). This likely reflects
differences in the delivery mechanism, which might stem from the shorter length of the
SiRNA cargo and the resulting reduced complex stability or from the fact that SIRNA does
not need to be transferred to the nucleus to unfold its activity.

Figure S2 in the Supporting Information shows the data of Figure 4A plotted against the opy.
We calculated the membrane charge densityas op = €ZN¢ L /(NcLAcl + NNLANL) = eZD¢/
(PcLAcL + OnLAnL) Where A and Ay are the headgroup areas of the cationic and the
neutral lipid, respectively, e is the elementary charge, and Z the valency of the cationic lipid.
We used Zpotap =1, Zmvis =4.5 £ 0.1, Apopc = ApoTtap = 72 AZ’ AmvLs = 166 A2,31
and Agmo = 33 AZ24243 Switching to a cationic lipid of higher valency (e.g. MVLS5 in place
of DOTAP) or to a neutral lipid with smaller headgroup (e.g. GMO in place of DOPC) are
both strategies to increase o), at a given @y . For lamellar DNA complexes, weak
electrostatic attraction between the complex and the endosomal membrane at low o
coincides with poor transfection efficiency (TE) due to endosomal entrapment of the
complexes.31:32 Thus, TE increases exponentially with oy to @ maximum and then drops
again, possibly due to inhibited release of DNA from the high-o), complexes. Somewhat
similarly, the silencing efficiency (measured here as K1), of MVL5/DOPC-siRNA
complexes increases with o)y but does not drop at very high opy. Figure S2 further shows
that the increased silencing efficiency of MVL5/GMO-siRNA complexes (compared to
MVL5/DOPC-siRNA complexes) in the regime where both complexes are lamellar is not
simply due to an increase in o). Finally, the plot shows that despite the narrower range of
®p in which Q)G SIRNA complexes form in the MVL5/GMO system, the maximum charge
density of cubic MVL5/GMO-siRNA complexes is about twice that of DOTAP/GMO-
RNA complexes.

Figure 4B shows the total and nonspecific knockdown for the same lipid combinations as
Figure 4A, but as a function of the charge ratio p at fixed sSiRNA concentration and @y =
0.90. At this @y, all GMO-containing complexes are in the cubic phase and the DOPC-
containing complexes are in the lamellar phase. For all lipid systems, Ky initially steeply
increases with p and then saturates. Nonspecific silencing remains reasonably low for all
systems (0 < Kys < 0.23) up to p = 15. At higher p, Kys rapidly increases (arrow) and
eventually accounts for most (p = 30) or even all of Kys (p = 50). This highlights the
importance of measuring both Kt and Kys. Over the entire range of p, MVL5-containing
complexes in the cubic Q)& SIRNA phase (blue filled) exhibit the highest total gene
knockdown of the three systems, followed by DOTAP/GMO-siRNA complexes (at values
of p where Kysg is low).

The source of the observed high Kys at high charge ratios typically is cytotoxicity of the CL
vector.14 Thus, the evaluation of nonviral siRNA delivery vectors must include a careful
assessment of this parameter. We measured cytotoxicity both as a reduction in cell viability
and as compromised plasma membrane integrity, employing a tetrazolium salt-based assay**
and a standard assay measuring extracellular levels of lactate dehydrogenase, respectively.
The latter is particularly important for lipid vectors with fusogenic capabilities such as the
cubic Q& SIRNA phase. Figures 5A and 5B plot the percentage of viable cells and of cells
with unperturbed plasma membranes, respectively, as a function of total lipid concentration
at ®y =0.90 (as in Figure 4B) for MVL5/GMO and MVL5/DOPC lipid mixtures with and
without siRNA. The MVVL5/GMO-siRNA complexes (red squares) exhibit the cubic phase
while the MVL5/DOPC-siRNA complexes (red circles) are lamellar. Because sSiRNA
concentration and total sample volume are kept constant, the total lipid concentration is also
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a measure of the charge ratio p (displayed in red in the top x-axis). Remarkably, all systems
(including DOTAP/GMO-siRNA complexes38) display the same general behavior, showing
an onset of cytotoxicity at lipid concentrations of 0.15 mM (p = 20) that correlates well with
the onset of nonspecific silencing (cf., arrow in Figure 4B). Thus, despite its high silencing
efficiency that we attribute to enhanced fusion with endosomal membranes, the MVL5-
based cubic phase (existing exclusively at high GMO contents) is no more toxic than the
lamellar phase. This means that the intrinsic ability of CL-siRNA cubic phase particles to
promote membrane fusion selectively affects the endosomal membrane but not the plasma
membrane. Two factors likely contribute to this: (i) the external cellular membrane is
protected by the glycocalix, and (ii) confinement of the cubic CL-siRNA complexes within
the small endosomal compartments increases the number of inter-membrane collisions
(required for fusion) over that occurring between the plasma membrane and CL-SiRNA
complexes outside of the cell. The fact that cytotoxicity is independent of the presence of
SiRNA demonstrates that the main source of cytotoxicity is the lipid component. It is
therefore desirable to develop CL-siRNA complexes that exhibit efficient silencing at low p.
As a comparison of the MVL5-containing vectors in Figure 4B illustrates, MVL5/GMO-
SiRNA complexes achieve this objective by employing a physico-chemical approach,
increasing pore-forming ability (and also o) by exchanging the neutral lipid.

Biotechnology applications based on siRNA are currently assuming a leading role in areas
that extend beyond functional genomics, with therapeutics being the most exciting and
promising field. The formulation of efficient SiRNA delivery vectors with low toxicity is the
enabling step for any major discovery in siRNA-based gene silencing technology and
required for viable therapeutics. In the present work, we have presented an optimal lipid
carrier of SiRNA that enables highly specific and efficient gene silencing with virtually no
adverse effects on cell viability and plasma membrane integrity. This was achieved by
optimizing specific physico-chemical characteristics that overcome the major barrier of
endosomal entrapment. The preference of GMO for cubic phases increases the ability of the
lipid membranes to form pores, while the pentavalent MVL5 increases their charge density.
This is illustrated in Figure 6 which shows a schematic representation of the complexes’
mechanism of action. The main route for cell entry is endocytosis (I1), after which the CL—
SiRNA complex is incorporated in the endosome (I11). It needs to escape the endosome (1V)
to avoid lysosomal degradation and release its SiRNA cargo into the cytoplasm. This
requires fusion of the membranes of the CL-siRNA complex and the endosome (1V). The
high membrane charge density of the complex (due to MVL5) increases the electrostatic
attraction to the negatively charged endosomal membrane (l11), thus promoting membrane
apposition. The elastic properties of the cubic phase, specifically the positive Gaussian
modulus, kg > 0, favor formation of saddle-splay membrane structures with negative
Gaussian curvature (C1C, < 0). Therefore, once close contact between the membranes is
established, the membranes of the bicontinuous cubic phase likely facilitate the formation of
pores and fusion with the endosomal membrane, which also involves structures with
negative Gaussian curvature (cf., Figure 6).38 Overall, these processes promote the fusion of
the outer membrane of CL-siRNA complexes and the adjacent endosomal membrane,
resulting in endosomal escape and thus efficient cytoplasmic delivery of siRNA. In this way,
our results also indirectly confirm the importance of the barrier of endosomal escape for
SiRNA delivery and gene silencing with CL-siRNA complexes and validate the above-
mentioned strategies to overcome it.

EXPERIMENTAL SECTION

MVL2 and MVLS5 were prepared as described®1:3% The complex preparation and
experimental methods used have been described elsewhere4:38 and are provided in the
Supporting Information.
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Figure 1.
Chemical structure of the custom-synthesized multivalent lipids used in this work.3°
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Figure 2.
Synchrotron small-angle X-ray scattering (SAXS) data and phase diagram for cationic lipid/
GMO-siRNA complexes. A) SAXS data for MVL5/GMO-siRNA complexes at ®gmo =
0.95 (top), and at ®gpmp = 0.90 (bottom). The large number of observed peaks can
unambiguously be assigned to a body centered gyroid cubic structure with space group 1a3d,
termed Q,,C: SIRNA 38 (cf, also Figure 2). B) SAXS diffraction pattern acquired for MVL5/
GMO-siRNA complexes at ®gpmo = 0.90. The bright and narrow symmetric rings indicate
the presence of a perfect powder sample with large domains. C) Plot of the wave-vector g
versus (h? + k2 + 12)1/2 showing the expected straight line (with slope 2n/a, where a = 154 A
is the unit cell dimension) for cubic MVL5/GMO-siRNA complexes at dgnpo = 0.90. The
data points correspond to reflections shown in part A. D) SAXS data for MVL2/GMO-
SIRNA complexes at ®gpmo = 0.85 (top), ®Pgmo = 0.80 (middle) and at ®gpmpo = 0.75
(bottom). At dgpmo = 0.85, the characteristic pattern of the 1a3d cubic Q;,¢: SIRNA phase is
observed. At dgpo = 0.80, SAXS scans reveal a coexistence between the Q;,C: SIRNA and
the inverted hexagonal H;SiRNA phase.14:38 At dgpo = 0.75, only the reflections from the
H,SIRNA phase are present. E) Phase diagram for siRNA complexes of MVL5/GMO (top),
MVL2/GMO (middle), and DOTAP/GMO (bottom) lipid mixtures as a function of dgpo at
p = 1. Three different phases (and coexistence between them) are observed: QG SIRNA,
Hy; SIRNA and the lamellar L,SIRNA phasel4:38 The phase boundaries shift systematically
with headgroup size (see discussion in the text).
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siRNA Lipid

Figure 3.

A) Schematic depiction of a unit cell of MVVL5/GMO-siRNA complexes in the double-
gyroid (1a3d) cubic phase, QG SIRNA obtained for MVL5/GMO-siRNA complexes at 0.90
< dgmo < 0.975. The surfaces were generated using the level-set equations®® A lipid
bilayer surface separates two independent, continuous water channels (blue and orange)
containing the siRNA. For clarity, the bilayer is not shown in its entire thickness but
represented by an imaginary surface (grey) corresponding to a thin layer in the membrane
midplane as indicated in the enlarged inset. The majority of the membrane is comprised of
GMO (red), with no more than 10 mol% of pentavalent cationic MVL5 (white, note the
larger headgroup). B) Optical microscopy images of MVL5/GMO-siRNA complexes in the
cubic phase region (®gpmo = 0.90) at charge ratio p = 1. Complexes were viewed in
differential-interference-contrast mode (left), sSiIRNA fluorescence mode (second panel) and
lipid fluorescent mode (third panel). As evident from the merged image (right panel), lipids
and siRNA are completely co-localized in the globular CL-siRNA lipid complexes.
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T T T T T T
0 10 20p30 40 50

Total (K, filled symbols) and nonspecific (Kys, open symbols) gene knockdown for sSiRNA
complexes prepared from MVL5/GMO (blue), MVL5/DOPC (orange) and DOTAP/GMO
lipid mixtures. A) Ky and Kys as a function of mole fraction of neutral lipid (®y ) at fixed p
=10. B) Kt and Ky as a function of p at fixed @ = 0.90. MVL5/GMO-siRNA
complexes show improved, high, and specific silencing. In the regime where they exhibit the
gyroid cubic Q& SIRNA phase, the improvement over MVL5/DOPC-siRNA complexes is
biggest. The arrow indicates the onset of nonspecific silencing at p = 20.
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Figure 5.

Cytotoxicity of MVL5-based CL-SiRNA complexes at @y = 0.90 (as in Figure 3B). A)
Cell viability and B) membrane integrity as a function of total lipid concentration for cells
incubated with Q,,C: SIRNA MV/L5/GMO-siRNA complexes (red squares) and L,SIRNA
MVL5/DOPC-siRNA complexes (red circles). Also shown is the cytotoxicity of the
corresponding lipid mixtures without siRNA (black). The top x-axis indicates the
corresponding charge ratio, p, for samples containing siRNA. For both cytotoxicity assays
the data is unaffected by the phase of the complexes as well as the presence or absence of
siRNA. Both cell viability and membrane integrity remain around above 90% up to high
lipid concentrations, and the onset of toxicity corresponds directly to the observed increase
in Kns-
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Figure 6.

Schematic illustration of the siRNA delivery pathway of CL-siRNA complexes. Cell
attachment (1) is followed by endocytosis (I1). Complexes in the endosome (I11) need to
escape into the cytoplasm to deliver their SiRNA cargo. This is enabled by fusion of the
membranes of the complex with the endosomal membrane, which results in pore formation
(IV). The fusion process is aided by electrostatic attraction of endosomal and complex
membranes (I11) and the propensity of cubic phase-forming lipids to stabilize pore structures
with negative Gaussian curvature. In the enlarged view of a pore and the schematic of the
membrane structure of the gyroid cubic phase, blue and red lines indicate positive and
negative curvature, respectively.
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