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Cationic liposomes (CLs) are assemblies of lipids with an overall cationic (positive) charge that is contributed by
the sum of the charges of the lipid headgroups. In particular, they are spherical bilayer assemblies of cationic lipids

or a mixture of neutral and cationic lipids. CLs effective carriers of a variety of therapeutics.

cationic liposomes nucleic acids gene therapy small-angle X-ray scattering

| 1. Introduction

Amphiphilic molecules and so on, molecules with a polar, hydrophilic headgroup and a hydrophobic tail or tails,
spontaneously self-assemble in water, primarily due to hydrophobic interactions . The resulting assemblies
expose the headgroups to the aqueous environment while avoiding exposure of the tails, which instead form their
own hydrophobic environment. This understanding, which is now commonplace, originated only after Bangham
and Horne discovered liposomes (also referred to as unilamellar or multilamellar vesicles; Figure 1) while studying
suspensions of phospholipids by electron microscopy . Liposomes, consisting of closed assemblies of bilayers of
lipids, resembled cell membranes in the electron micrographs, thereby confirming that the makeup of these
biological structures is lipid-based. Bangham and Horne’s work further demonstrated that lipid bilayer membranes
can accommodate hydrophobic molecules while forming a barrier for polar, hydrophilic molecules. Thus, these
studies also confirmed the hypothesis that the lipids of plasma membranes provide the permeability barrier that is

essential to biological membrane function.
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Figure 1. Schematic depiction of a unilamellar liposome consisting of a self-assembly of amphiphilic lipid
molecules. The liposome can transport cargo at three distinct sites: within its hydrophobic bilayer (red spheres),

within its hydrophilic aqueous interior (green ellipsoid), and at the amphipathic interface (yellow/blue rods).

In the wake of the landmark paper by Felgner et al. Bl which introduced cationic lipids as functional carriers of
DNA, countless cationic lipids have been synthesized and studied ZIRIGIZBILNI01I[12][1314)[I5][16] |n addition,
numerous aspects of the formation and action of complexes of CLs with DNA and other nucleic acids (NAs) have
been investigated [L7I18I[191[201[211[22]23][24](25][26]127][28] These worldwide research efforts with CL vectors have the

aim of improving efficacy both in vitro (at the cell level) and in vivo.

The importance of charge in preparing effective CL-based NA vectors was appreciated early on. In addition to the
fact that complex formation with CLs protects NAs from degradation, an early rationale for utilizing cationic rather
than neutral or negative liposomes to deliver DNA was that CL-DNA complexes designed to have an overall
positive charge (i.e., with a lipid/DNA charge ratio > 1) would electrostatically adsorb to anionic mammalian cells,
thus leading to cellular binding and more efficient uptake 2. Here, the lipid/DNA charge ratio refers to the number
of charges on the lipid divided by the number of charges on the DNA (under the conditions that the lipid and DNA

are combined).

Establishing other structure—activity relationships for cationic lipids for NA delivery is more challenging than for
small-molecule drugs. Instead of a single molecule interacting with, e.g., the binding pocket of a protein, a large
number of lipids joins together in a dynamic assembly before interacting with the NA to form the active principle
that engages with the target tissue or cell. In addition, the local environment may affect the CL-NA assembly and
the interactions with its target. Thus, changes to the structure of the lipid may affect the efficacy of the NA vector in

ways that are amplified by the process of self-assembly. It was to provide a guide for parsing through the
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overwhelming number of lipids and formulations by relating the lipid structure to properties of lipid self-assembly.
Some of these properties are only peripherally known to chemists designing these lipids because they stem from

the biophysics and physical chemistry of lipids as well as from colloid science.

2. Lipid Shape and Membrane Curvature Elastic Energy
Determine the Structures of Lipid Self-assemblies

It has been appreciated in surfactant and lipid science for over four decades that the shape of an amphiphile plays
a major role in determining the structure of its self-assemblies WEBYBLEB3] Figyre 2 illustrates the concept of lipid
shape and the resulting assemblies with molecular models of a few lipids for illustration. The area of the lipid's
headgroup relative to that of the tails determines the lipid’s shape, and arrangement of these shapes with the
constraint of exposing tails only to themselves and headgroups to the exterior aqueous environment naturally leads
to the self-assembled structure. These assemblies, in turn, constitute the lipid building blocks of resulting CL-NA

complexes.

A gquantitative (but nonetheless semiempiric) parameter for describing lipid shape and the resulting assemblies is
the “packing parameter”, viagl.. This dimensionless parameter is the ratio of the average area of the tails,
expressed as volume of the tails (v) over their maximum effective length (/) and the optimal headgroup area (ag)
[, For the lipids in Figure 2, the packing parameter increases from left to right, with v/agl.=1 for lipids with

cylindrical shape.

C,<0
C,<0

L8 2

DLinPC DOPE DOPC DOTAP MVLG2 MVLBG2
(+/-) (+/-) (+/-) (+) (4+) (16+)

Figure 2. Relation of lipid shape and the resulting self-assemblies. Inverse-cone-shaped lipids give rise to inverse
micellar structures (left); cylindrical lipids (center), where the headgroup area approximately matches the projected

area of the tails, prefer (nearly) flat membranes (lamellar phases and large vesicles, depending on water excess);
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cone-shaped lipid (right) prefer micellar structures such as cylinders of varying length and spheres. Blue and red
lines indicate the membrane curvatures C; and C,, respectively, of the assemblies. Purple lines behind the

schematic depictions of lipids with different shapes indicate the spontaneous curvature C, of their assemblies.

The physical formalism to describe lipid membranes and their elastic properties uses the membrane curvatures,
defined as the inverse of the membrane radii (C;=1/R;) in two orthogonal directions (Figure 2). For example,
C1=C5=0 for a flat membrane; C,;=C,=1/Rgy, for a spherical membrane with radius Rspp; and C1=0, C>=R,y, for a
cylindrical membrane with radius R,;. Negative curvature is also possible, e.g. for the surface of an inverse micelle
(Figure 2, top left). The shape of a lipid determines the spontaneous (in other words, preferred) curvature of the
membrane, termed C,. Introducing further the membrane modulus k (a measure of the bending stiffness of the
membrane) and the Gaussian modulus Kg (a measure of the propensity for (kg>0) or resistance to (kg<0) forming

saddle shapes), the elastic free energy of a membrane per unit area, E/A, is
EIA=05K(C—-Cp)?+KsCiCy (1)

with C=C,+C, being the mean curvature of the membrane and C;C, termed the Gaussian curvature of the
membrane [B4I35138] The elastic moduli k and kg can be related to the interactions between neighboring lipids in

the membrane using harmonic spring models EZI38],

The first term in Eg. 1 describes the free energy cost of bending a membrane away from its spontaneous
curvature, which increases as the membrane stiffness (k) increases. As mentioned above, the shape of a lipid
determines C, WEA, |ntuitively it may be easier to consider the spontaneous radius of curvature, Ry, in some
cases. Lipids with a headgroup area that is approximately equal to the projected area of their tails have a
cylindrical shape. This corresponds to a spontaneous curvature Cy=0 for the bilayer (Figure 2, center), and these
lipids tend to assemble into lamellar bilayer structures such as lamellar lyotropic phases (at low water content) or
large uni- and multilamellar vesicles (in excess water). Examples of such lipids are the neutral lipid DOPC (as well
as other related phosphocholines with saturated tails) and the monovalent cationic lipid DOTAP. The molecular
models in Figure 2 show that the steric size of the headgroup of DOTAP is much smaller than that of DOPC (or
DOPE, see below), but the charge of the headgroup and the electrostatic repulsion between lipids that it induces
as well as its hydration must be taken into account when considering the shape of the lipid in an aqueous

environment.

The shape of a lipid with a headgroup area that is smaller than the tail area is described as an inverse cone. For
lipids of this shape, Cy<0, and they tend to form inverse micelles (Figure 2, left) that assemble further into
structures such as the inverse hexagonal (H,) phase B2 for inverse cylindrical micelles or cubic phases for
inverse spherical micelles. A well-known example of such lipids is DOPE, which differs from DOPC only in bearing
an amino- instead of a trimethylammonium-group in its headgroup. It is in a larger hydration of the DOPC versus
the DOPE headgroup and thus a difference in lipid shape, again highlighting that the structure of lipids must be

considered in the context of their surroundings.
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Instead of a decrease in headgroup size, an increase in the average cross-sectional area of the lipid tails can also
change lipid shape from cylinder to inverse cone. An example of this is the lipid DLinPC, which bears two cis
double bonds in its linoleoyl tails, compared to the single double bond in each tail of DOPC. As illustrated in Figure
2, the additional bend in the tail cannot be compensated for by gauche conformations in the rest of the chain and
the tail area increases. Consistent with this, CLs containing DLinPC showed a propensity to form the inverse
hexagonal phase 41, Similarly, increasing chain unsaturation facilitated formation of the inverse hexagonal phase
for a series of cationic lipids with C,4 tails 42, Of these lipids, the one with linoleyl tails (DLin-DMA), has a structure
very similar to the cationic lipid used in the patisiran formulation (DLin-MC3-DMA; note the tails with two cis double
bonds). It is intriguing to note that the branching of the tails of the cationic lipids used in the mRNA vaccines

against COVID-19 also suggest that they have an increased cross-sectional area.

Cone-shaped lipids have a headgroup with an area that is larger than that of the tail. Cy>0, and the lipids usually
assemble into cylindrical or spheroidal micellar structures (Figure 2, right). This shape is common for amphiphiles
with a single tail, but their high toxicity prevents their use in therapeutics. Lipids with two tails can be cone-shaped
if they have a headgroup with high charge and/or large steric size. An extreme example is the custom-synthesized
lipid MVLBG2 8556, with a headgroup that bears 16 positive charges at full protonation. Lipids with a more
moderate charge, such as DOGS [43] and MVL5 #4451 have also shown a propensity for micellar structures. The
headgroup of PEG-lipids is large because of the steric size of the polymer chain (depending on PEG length), and

lipid mixtures containing them also form micellar structures, depending on the fraction of PEG-lipid 4&][471[48],

As mentioned above, the environment of a lipid must be taken into account when considering its shape, and
changing conditions can lead to a change in shape and thus the structure of the lipid assembly. One example of
this are changes in pH, which may increase or reduce the charge of a lipid’'s headgroup, depending on the lipid
structure. Another is the salt concentration in the aqueous environment; higher salt concentrations screen

electrostatic interactions, effectively reducing the headgroup size.

The spontaneous curvature of a mixture of lipids is equal to the sum of the spontaneous curvatures of the
individual lipids, Cy ;, weighted with their molar fraction, x;, provided that complete mixing of lipids in the membrane
takes place. Thus, for a mixture of two lipids, Cp= x1Cq 1 + X2Cy 2, With x;=nj/(n; + n,) and ny, n, the number of the
two lipids in the membrane. An illustration of this is provided by mixtures of cone-shaped MVLBG2 with cylindrical
DOPC. These mixtures form sheets (vesicles), cylindrical micelles that shorten with increasing content of MVLBG2,
and spherical micelles at low, intermediate, and very high contents of MVLBG2, respectively 42 An example on
the other side of the curvature spectrum are mixtures of DOPE and DOPC, which form lamellar or inverse micellar

structures depending on their composition 22!,

The second term in Eq. 1 contains the Gaussian modulus, Kg, and the Gaussian curvature, C;C,. Depending on
the sign of their Gaussian modulus, membranes will prefer to form shapes of either positive or negative Gaussian
curvature to minimize their elastic free energy. Examples of shapes with a positive Gaussian curvature (C;C,>0)
are the outer (C;>0, C,>0) and inner (C;<0, C,<0) monolayer of a spherical vesicle, while flat bilayers (C;=C,=0)

and cylindrical micelles (C;>0, C,=0) have a Gaussian curvature of zero. Membranes with a positive Gaussian
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modulus Kg>0 will favor saddle-shaped surfaces with C;C,<0. These include the surfaces of bicontinuous cubic
phases (Figure 6, left) and membrane pores (Figure 6, right; note the resemblance of the shape to a saddle) 2239
B9 Thus, a consideration of membrane elasticity suggests that cubic phase-forming lipids (i.e., with kg>0) favor
formation of pores (resulting from fusion of two membranes that face each other in close proximity) BY[E52],
Because escape from the endosome after being internalized by the cell, which requires pore formation, is a major
barrier to successful NA delivery, this is a highly relevant insight to the development of efficient CL-based NA

vectors.

| 3. The Self-Assembled Structures of CL-NA Complexes

While their opposite charge makes it appear intuitive that cationic liposomes and anionic NAs form complexes, the
fact is that both already are associated with neutralizing counterions in solution. The primary driving force for their
spontaneous self-assembly is the entropy gained by the release of positive counterions that are tightly bound to
DNA (referred to as Manning condensation B3)) and negative counterions near the cationic liposome surface within
the Guoy—Chapman layer Bl As the cationic membranes neutralize the phosphate groups on the DNA, those small
counterions gain in entropy because they are now free to diffuse and no longer bound to the DNA or cationic
membranes. This driving force is also important in the assembly of other oppositely charged macro-ions, e.g.

cationic polymers and DNA 4! or CLs and anionic proteins.

Initially, complexes of CLs and DNA were thought to consist of intact liposomes associated with DNA in a “bead-on-
string” or “spaghetti and meatballs” structure B2, Many subsequent studies have shown that such highly disordered
assemblies are at best a short-lived intermediate in the process of CL-DNA complex formation. Ultimately, a
complete topological transition from liposomes into collapsed condensates in the form of distinct liquid crystalline
self-assemblies occurs [B8IB7IE8IEI60] The internal structure of the CL-DNA complexes as initially revealed by
synchrotron small-angle x-ray scattering (SAXS) studies B8 is consistent with images from cryogenic electron
microscopy studies [69[61162]

As mentioned above, membrane shape is often determined by the spontaneous curvature of the membrane, which
is related to the molecular shape of the constituent lipids. The shape of the membrane component, in turn, often
determines the structure of the resulting CL—NA complex. Bilayer sheets, reflecting a spontaneous curvature of
Cy=0, as building blocks give rise to the most common phase of CL-DNA complexes. This phase was also the first
one to be discovered [BAB8l: the lamellar, L,C, phase (Figure 3, Top), consisting of a multilamellar arrangement of

DNA monolayers intercalated (sandwiched) between cationic membranes.

The L,C structure has been observed in CL-DNA complexes containing a broad variety of DNA and CLs formed
from a wide variety of cationic lipids. It has also been found in complexes of CLs with siRNA (3! and single-
stranded mRNA [84, Other phases that are closely related to the L,C phase but less relevant to delivery
applications have also been reported. Three-dimensional columnar phases are characterized by order of the DNA
chains not only within a single layer, but also between layers. Such phases have been observed for complexes of
CL membranes in the “gel” phase with chain-ordered lipids with long DNA [B2J[681[67],
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The inverse micellar building blocks resulting from lipids with preferred curvature Cy<0, such as DOPE, favor
formation of the inverted hexagonal phase of CL-DNA complexes (Figure 3, Middle). In this phase, termed H,C,
DNA chains occupy the aqueous interior of inverse cylindrical micelles, and those micelles are arranged on a

hexagonal lattice, forming a 2D columnar liquid crystalline phase.

Complexes of DOTAP/DOPE CLs with long linear DNA 8], plasmid DNA B9 as well as with siRNA 2l form inverse
hexagonal phases at sufficiently high membrane content of DOPE. This supports the hypothesis that the

membrane structure, guided by the lipid shape, is the main determinant of the structure of CL—NA assemblies.
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Figure 3. (Top) Schematic of the L,* phase of CL-DNA complexes, which consists of lipid bilayers of thickness 3,
alternating with DNA monolayers of thickness &,. From [ Reprinted with permission from AAAS. (Middle)
Schematic of the inverted hexagonal (H,©) phase of CL-DNA complexes. In this phase, inverse cylindrical micelles
containing DNA (i.e., DNA coated with a lipid monolayer) are arranged on a hexagonal lattice. From 88, Reprinted
with permission from AAAS. (Bottom) Schematic of the H,© phase of CL-DNA complexes. In this phase,
cylindrical micelles formed by membranes containing strongly cone-shaped lipids such as MVLBG2
are arranged on a hexagonal lattice and surrounded by the oppositely charged DNA chains which
form a honeycomb structure. Reprinted with permission from 8. Copyright 2006 American Chemical
Society.

When the lipid assemblies are cylindrical micelles (for lipids with positive preferred curvature, Cy>0), CL-DNA
complexes may form the hexagonal (H,°) phase (Figure 3, Bottom). In this liquid crystalline structure, the
cylindrical lipid micelles form a 2D hexagonal lattice. They are surrounded by the DNA, which forms a three-
dimensionally continuous substructure with honeycomb symmetry (58] This is an interesting contrast to the isolated
DNA rods (1D) and sheets (2D) in the H,© and L,© phases, respectively (Figure 3, Top and Middle).

The H,C phase was first observed in a narrow composition range of CL-DNA complexes containing =25 mol%
MVLBG2 (with the remainder DOPC) in their membranes. MVLBG?2 is a highly charged (16+) multivalent cationic
lipid with a dendritic headgroup 913l A distorted H,C phase was observed at higher contents of MVLBG2 and
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other highly charged (8+) dendritic lipids 9. However, the headgroups of most other, even multivalent (up to 5+)
cationic lipids, appear to be too small to force the formation of the cylindrical micelles that make up these phases.
For MVLBG2/DOPC-DNA complexes with higher contents (30—-50 mol%) of MVLBG2, SAXS reveals a distorted

hexagonal H,C phase 42,

In some cases, the incorporation of NA disrupts the preferred phase of the lipid component because it can not
otherwise be accommodated in the assembly. For example, the lipid GMO [ readily forms bicontinuous cubic
phases such as the gyroid Q,© with space group /a3d; this holds true even when GMO is mixed with (relatively
small amounts of) cationic lipids such as DOTAP or MVL5 BA72I73] Both of these cubic phases with added cationic
lipid are able to incorporate functional SiRNA to generate a novel bicontinuous double gyroid cubic lipid phase, with
the siRNA residing its two water channels (Figure 4) B9l72l The name of the phase indicates the fact that both the
water and the lipid subphases are continuous in three dimensions, and that there are two independent water
channels of gyroid symmetry (/la3d space group). A gyroid cubic structure has also been proposed for siRNA
complexes of a mixture of GMO with divalent cationic gemini lipids 4. More recently, cubic CL-siRNA complexes
with Im3m symmetry have been discovered when a small amount of PEG-GMO lipid was added to DOTAP/GMO
mixtures at very high GMO content (95 mol%) [Z3I78],

0.75 Devo 0.975

Figure 4. Schematic depiction of the double-gyroid cubic phase of CL-siRNA complexes labeled (Q;®: SIRNA). The
two intertwined but independent water channels are shown in green and orange. For clarity, the lipid membrane
separating the two water channels is represented by a gray surface corresponding to its center (see inset). Note
the negative Gaussian curvature of the bilayer, C1C»<0. Reprinted with permission from 2. Copyright 2010

American Chemical Society.

When CLs of the compositions that form double-gyroid cubic CL—siRNA complexes are mixed with DNA,
complexes in the H;© phase are formed. This likely occurs because the energetic cost of bending the DNA to

conform to the highly curved channels of the double-gyroid phase is greater than the cost for rearranging the lipid
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phase into the related H,C phase. In fact, studies with a series of short DNA duplexes of varied length and end
structure (“sticky”, repulsive, and no overhangs) revealed that stacking of these short pieces of DNA can induce the
H,C phase. Thus, counteracting the stacking with repulsive (nonpairing) overhangs or increased temperature

shifted the equilibrium towards the gyroid cubic phase 7.

4. Cationic Liposomes for The Delivery of Hydrophobic
Drugs

Aside from NA delivery, cationic liposomes have received intense interest as carriers for other classes of
therapeutics, in particular hydrophobic cancer drugs ( Figure 1 ) [Z8IZBOIBLIB2|E3IB] Many of the principles
underlying structure—activity relationships of CL-NA assemblies (such as the effect of lipid shape on assembly
structure) that have been outlined in the previous sections are also relevant, even as some intriguing differences

exist (e.g., with respect to the effect of PEGylation, see below).

A prominent example of a hydrophobic cancer drug is paclitaxel (PTX), which is among the most widely used

chemotherapy drugs to treat ovarian, breast, lung, pancreatic, and other cancers [E2IBEIE7I[88][EI[0][ILI[D2][93]
Because of their hydrophobicity, these drugs reside within the lipid bilayer rather than in the aqueous interior of the
liposome ( Figure 1 , red spheres). This means that they will remain associated with the lipid membranes upon
formation of CL-NA complexes, resulting in the exciting potential to combine them with NAs into therapeutics with

dual action 241,

Because of their low water solubility, hydrophobic drugs such as PTX are not effective unless formulated with a
carrier. Currently used formulations of PTX (such as Taxol® and Abraxane® ); frequently cause hypersensitivity
reactions and/or deliver PTX non-discriminately throughout the body 2288197 Therefore, the development of
liposomal formulations of PTX with high efficacy is an extremely active field of research [98I[83][100][101]102] 'jnc|yding
in clinical trials (4192 Cationic liposomes have been shown to target tumor neovasculature [Z2IBABLI[103][104] 5n
are readily internalized by cells. This makes cationic liposomes desirable vectors for hydrophobic drugs because

molecules such as PTX have to reach the inside of cells to unfold their activity.

A common feature of liposomal formulations of PTX is their relatively low loading capacity, at 3 mol% of the lipid
content. Improving the PTX loading capacity of liposomal carriers requires enhancing PTX solubilization within the
membrane (103, Recent work showed that there is great potential for achieving this by modifying the lipid tails 11,
PTX membrane solubility in cationic liposomes with tails containing two cis double bonds (linoleoyl tails) was
significantly increased compared to tails with one (oleoyl tails) double bond: 8 mol% PTX in the former remained
soluble for approximately as long as 3 mol% PTX (the above-mentioned membrane solubility limit) in the latter.
Comparison with DOPE-containing formulations suggests that the increase in solubility is likely not caused by the
structural change from bilayers to inverse cylindrical micelles ( Figure 2 ) but rather by the enhanced molecular
affinity between lipid tails and PTX. Importantly, the efficacy of the PTX-loaded CLs was unaffected by changing
the lipid tails in one cell line; in another cell line, the efficacy was even increased two-fold. These findings

demonstrate the potential of chemical modifications of the lipid tails: liposomal PTX carriers with increased PTX
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solubility, at maintained or even increased efficacy, reduce side effects and costs because they require less lipid to

deliver a given amount of PTX.

| 5. Concluding Remarks

As the range of applications of cationic liposomes in the delivery of therapeutics further matures and grows, it
becomes ever more important to consider principles from soft matter and biophysics and lipid and colloid science
when trying to understand the structure—activities of the cationic and neutral lipids, because the lipids exert their
function as an assembly of molecules. The results of ongoing studies investigating the barriers to targeted delivery
and the mechanisms of intracellular uptake, transport, and release of these vectors and their interactions with cell

components will continue to inform the design and synthesis of optimal lipid carriers of NAs.

Even as the medical applications are just beginning, cationic liposome-based vectors of nucleic acids for gene
delivery, gene silencing, and gene editing have found myriad applications in fundamental and applied biological
research. Further advances in the delivery systems will only add to these applications, be it in studies of
chromosome structure and function through the development of efficient vectors for very large DNA constructs, or
in molecular biology studies through improvements in the ability to efficiently deliver NAs into hard-to-transfect cell
lines such as T-cells, macrophages and dendritic cells. Other important frontiers of the field are selectively targeting
tissues beyond the liver (patisiran) and local delivery (mMRNA vaccines). Finally, for cancer therapeutics, the ability

of CLs to simultaneously deliver both NAs and hydrophobic drugs in combination therapies holds great promise.
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