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Small interfering RNAs (siRNAs) are potential therapeutic
substances due to their gene silencing capability as exempli-
fied by the recent approval by the US Food and Drug
Administration (FDA) of the first siRNA therapeutic agent
(patisiran). However, the delivery of naked siRNAs is chal-
lenging because of their short plasma half-lives and poor
cell penetrability. In this study, we used vesicles made from
bolaamphiphiles (bolas), GLH-19 and GLH-20, to investigate
their ability to protect siRNA from degradation by nucleases
while delivering it to target cells, including cells in the brain.
Based on computational and experimental studies, we found
that GLH-19 vesicles have better delivery characteristics
than do GLH-20 vesicles in terms of stability, binding affinity,
protection against nucleases, and transfection efficiency, while
GLH-20 vesicles contribute to efficient release of the delivered
siRNAs, which become available for silencing. Our studies
with vesicles made from a mixture of the two bolas (GLH-
19 and GLH-20) show that they were able to deliver siRNAs
into cultured cancer cells, into a flank tumor and into the
brain. The vesicles penetrate cell membranes and the blood-
brain barrier (BBB) by endocytosis and transcytosis, respec-
tively, mainly through the caveolae-dependent pathway. These
results suggest that GLH-19 strengthens vesicle stability, pro-
vides protection against nucleases, and enhances transfection
efficiency, while GLH-20 makes the siRNA available for gene
silencing.

INTRODUCTION

RNA interference (RNAi), a process of sequence-specific post-tran-
scriptional gene silencing, has been intensively studied due to its
therapeutic potential,’ "> as confirmed by the US Food and Drug
Administration (FDA) recently approved small interfering RNA
(siRNA) therapeutic agent (patisiran).'* RNAi can be triggered by
siRNAs, which are capable of silencing specific genes.'” Therefore,
siRNA can be used to treat cancer and other diseases by injecting
the synthesized sequences of siRNA that silence specific target genes.
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However, in order to be functional, naked siRNAs have to overcome
critical biological barriers during the delivery process. First, naked
unmodified siRNA molecules are significantly degraded in blood cir-
culation and in tissues by RNases before they reach the target cells. In
addition, the typical size of an siRNA molecule, which contains 21-23
nt in each strand, can be easily filtered and excreted by the kidney.'®"”
Even if the siRNA reaches the target cell after surviving the nucleases
and the elimination processes, its negative charge prevents its adher-
ence to the negatively charged cell membrane and, thus, its penetra-
tion into the cell is perturbed.'® To overcome these biological barriers,
siRNA requires delivery agents that (1) have positively charged atoms
to neutralize the negatively charged backbone of the siRNA, (2) have
an ability for efficient cell internalization, (3) efficiently bind to
siRNA, (4) are capable of protecting the siRNA against nuclease
degradation in blood, (5) avoid rapid filtration by kidney and liver
accumulation, and (6) efficiently release siRNA into the cytoplasm
after penetrating into the target cell.

Examples of delivery carriers are liposomes,'” polymers,” magnetic
nanoparticles,”” protein particles, dendrimers, inorganic materials,
and viral particles.”’ ** In addition, instead of using plain siRNAs,
RNA nanostructures have been studied and have shown potential
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for controlled and efficient delivery of RNAi inducers.*

In our previous studies, we synthesized bolaamphiphiles (bolas)
with positively charged head groups that have relatively low toxicity
and high stability in vivo and in vitro.”>*” We have shown that such
bolas form vesicles that can encapsulate and deliver a variety of
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compounds, such as small molecules, peptides, and proteins, across
the blood-brain barrier (BBB) into the brain.”* ' We also examined
the possibility of delivering siRNAs and RNA nanoparticles func-
tionalized with RNAi inducers by complexing them with bola mi-
celles. In these studies, we used four different bolas: GLH-19,
GLH-20, GLH-58, and GLH-60.*"*° In general, these bolas consist
of hydrophilic head groups that are connected to a hydrophobic
chain. The GLH-19 head groups are attached by the acetyl group
of acetylcholine (ACh), while those of GLH-20 are attached via
the nitrogen atom of the choline moiety (see molecular structures
of GLH-19 and GLH-20 in Figure S1). GLH-20 has a unique
feature, as its ACh head group can be hydrolyzed by choline esterase
(ChE).**”° In addition, vesicles made from GLH-20 penetrate the
BBB and release drugs that are associated with the vesicles via
vesicle destabilization due to hydrolysis of the GLH-20 head groups
that occurs when vesicles are exposed to tissues that highly express
ChE, such as the brain.”’ GLH-58 and GLH-60 have two and four
ACh head groups, respectively, which are connected to the two ends
of a relatively short hydrophobic aliphatic chain via the nitrogen
atom of the choline moiety.”

In previous studies, we formed micelles from the bolas complexed
with siRNAs and studied the effect of the geometry and total charge
of the bola head groups and the length of the hydrophobic chain on
the binding affinity of the micelle to the siRNA, the ability of the mi-
celles to protect siRNA against RNase, the ability of the micelles to
transfect siRNA efficiently, and the ability to release the siRNA
from the bola/siRNA complex for gene silencing.”>** In addition to
these findings, which are related to the interactions between siRNA
and the bolas, we also found that, due to their long hydrophobic
chains, GLH-19 and GLH-20 can form stable vesicles.”®*” In compar-
ison, both GLH-58 and GLH-60 do not form stable vesicles because of
their short hydrophobic chains and the large amount of positive
charge per molecule.”

Inspired by previous work, we now focused on cationic vesicles made
from bolas for their efficiency in delivering siRNA through biological
barriers, particularly into the brain and tumors. Using computational
and experimental methods, we examined the properties of vesicles
made from various formulations containing the bolas GLH-19 and
GLH-20 together with stabilizing components with respect to their
stability, protection of associated siRNA from nucleases, transfection,
and silencing capability, as well as in vivo siRNA distribution
following intravenous injection of GLH-19/GLH-20/siRNA vesicles
into mice. Our in silico and in vitro studies showed that cholesterol
(CHOL) and cholesteryl hemisuccinate (CHEMS) are required to
stabilize vesicle formation. In addition, we found that in comparison
to GLH-20 vesicles, GLH-19 vesicles show better stability, provide
better protection for siRNA against the action of RNases, and enable
better transfection into cells. However, both vesicles showed inde-
pendently similar silencing efficiencies. However, when the two
bolas, GLH-19 and GLH-20, were mixed together to form vesicles,
GLH-19 increased the stability, the binding affinity, the protection
of the siRNA from the action of nucleases, and the transfection effi-
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ciency, while GLH-20 allowed the GLH-19/GLH-20/siRNA vesicles
to deliver the associated siRNAs into the mouse brain across the
BBB and possibly make them available for gene silencing.

RESULTS

MD Simulations of Bola Vesicles

The Stability of Bola Membranes

The stability of bola membranes was examined by molecular dynamics
(MD) simulations with and without the presence of CHOL and
CHEMS. CHOL is electrostatically neutral and is able to aggregate
with CHEMS and bolas via hydrophobic interactions. CHEMS is also
hydrophobic but has negatively charged oxygen due to deprotonation
(Figure S1). In the absence of CHOL and CHEMS, the GLH-19 bola
monolayer maintained a stable membrane conformation for 100 ns
(Figure 1A), while the bilayer was significantly bent (Figure S3). These
results indicate that the high density of the GLH-19 head groups on the
bilayer surface triggered destabilization of the balance between the hy-
drophilic surface and the hydrophobic membrane body, resulting in se-
vere bending. The surface densities of the bola head groups are summa-
rized in Table S2. Although the GLH-19 monolayer maintained the
membrane conformation without CHOL and CHEMS when an siRNA
was associated with its surface, the electrostatic interactions between
the siRNA and the bola head groups destabilized the membrane surface
and caused a water channel near one end of the siRNA (Figure 1B). Our
dynamic light scattering (DLS) measurements and cryogenic transmis-
sion electron microscopy (cryo-TEM) images also showed the collapse
of the pure GLH-19 vesicles due to their association with siRNA (data
not shown). When CHOL and CHEMS were introduced, monolayer,
bilayer, and the mixture of monolayer/bilayer conformations of
GLH-19 remained stable regardless of the association with siRNA
(see Figures 1C and S4).

In silico studies showed that GLH-20 membranes without CHOL and
CHEMS were quickly destabilized and collapsed. Without CHOL and
CHEMS, a water channel was created in the GLH-20 monolayer at the
early stage of the MD simulation (Figure 1D) while the bilayer
membrane was significantly distorted in a 30-ns MD simulation
(see Figure S3). However, when CHOL and CHEMS were included,
the monolayer, bilayer, and monolayer/bilayer mixtures all main-
tained stable membrane conformations regardless of the association
with siRNA (see Figures 1E and S5). The enhancement of the stability
of GLH-20 vesicles due to the presence of CHOL and CHEMS was
also experimentally monitored (Figure 2A).

When GLH-19 and GLH-20 were mixed together (designated as
GLH-19/GLH-20) to form a monolayer, bilayer, and monolayer/
bilayer, all of these systems maintained stable membrane conforma-
tions in the presence of CHOL and CHEMS, regardless of the
association with siRNA (Figures 1F and S6).

Thus, our MD simulations indicate that without CHOL and CHEMS,
the strong electrostatic repulsion between the positively charged head
groups destabilized the membrane and caused a water channel to pene-
trate the membrane or induce severe membrane bending. However,
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Figure 1. Molecular Dynamics Shows Differences in Membrane Stability and siRNA Interaction that is Dependent Upon Composition

(A—F) The side and top view of membrane snapshots of (A) GLH-19 monolayer without CHOL and CHEMS, (B) GLH-19/siRNA without CHOL and CHEMS, (C) GLH-19/siRNA
with CHOL and CHEMS, (D) GLH-20 monolayer without CHOL and CHEMS, (E) GLH-20/siRNA with CHOL and CHEMS, and (F) GLH-19/GLH-20/siRNA with CHOL and
CHEMS. Gray regions, transparent surfaces, and blue spheres represent hydrophobic areas, head groups, and positively charged nitrogen (N) atoms, respectively. Water
holes are marked with yellow circles. siRNA is represented by a red surface. (G) Total population density of bola head groups near siRNA phosphate groups.

when CHOL and CHEMS were introduced for vesicle formation, the  bola head groups. The electrosttic surface potentials of the bola mem-
stability of the membrane increased due to the enhanced hydrophobic ~ branes in Figure S7 show the effect of the electrostatic relaxation due to
interactions and reduced electrostatic repulsion caused by the nega- ~ CHOL and CHEMS. This was shown also to be the case experimentally
tively charged CHEMS that interacted with the positively charged  (see The Stability of Bola Membranes above and Figure 2A).
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Figure 2. Characterization of the Bola Vesicles in Terms of Stability, Affinity to siRNA, Morphology, and Size Distribution

(A) Stability of the vesicles in solution as measured by the development of turbidity due to vesicle aggregation. Vesicles were made from 10 mg/mL GLH-20 without CHOL and
CHEMS (filed bars) and from 10 mg/mL GLH-20 with CHOL and CHEMS at a molar ratio of 2:1:1 (striated bars). Turbidity was measured by absorbance at 620 nm. (B)
Stability of vesicles after dilution. Vesicles were prepared from 10 mg/mL GLH-19 (left panel) and GLH-20 (right panel) in PBS/10 buffer containing 0.1 mg/mL CF. Percent CF
encapsulation was measured immediately (filed bars) and 24 h (striated bars) after dilution. A series of dilutions (10- to 100-fold) was done in PBS/10. (C) Agarose gel
electrophoresis of GLH-19/siRNA and GLH-20/siRNA vesicles. siRNA (400 nM final concentration) was mixed with the bola at final amounts, which are indicated in the figure
(in ng). For each amount of bola, 0.1% Triton X-100 was added in order to disintegrate the vesicles and release the encapsulated siRNA. (D) Cryo-TEM images of GLH-19 and
GLH-19/siRNA vesicles. (E) Size distribution measured by dynamic light scattering (DLS) indicates average diameters for GLH-19 and GLH-19/siRNA to be ~85 and
~125 nm, respectively. These sizes are in a good agreement with the observation made by the cryo-TEM. All tested bola vesicles in (B)—(E) contain CHOL and CHEMS. Note

that all depicted error bars (A and B) represent the mean of 3 replicates + or - the standard deviation (SD).

CrI” lon Distribution on the Surface of Bola Membranes

The surface properties of each bola membrane were characterized
by the mobility of the bola head groups and the average occupation
time of Cl™ ions in the vicinity of the membrane surface. The dis-
tributions of the bola head groups on each membrane surface are
summarized in Table S2 and Figure S8. Since the length of the
GLH-19 head group is longer than that of GLH-20, the positively
charged nitrogen (N) atoms of GLH-19 extend farther from the
membrane surface than do those of GLH-20. In addition, GLH-19
head groups have 5- and 1.5-fold higher linear and angular
mobility, respectively, than do those of GLH-20. Interestingly, the
characteristics of the bola head group mobility are independent of
the membrane conformation as well as of the components of the
membranes. For instance, when GLH-19 and GLH-20 were mixed,
the dynamics of the GLH-19 head groups did not interfere with
those of GLH-20, regardless of the membrane conformations, that
is, monolayer, bilayer, or monolayer/bilayer (see Table SI and
Figure S8).
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The average occupancy time of CI ™ ions in the vicinity of the membrane
surface was measured by the residence time of Cl ™~ ions that remained in
the vicinity (12 A) of the positively charged nitrogen atoms during 5-ns
intervals from 50 to 100 ns (Figure S2). Thus, the maximum residence
time of CI™ ions that was monitored was 5 ns. The average occupancy
time of Cl™ ions was normalized by the total number of nitrogen atoms
inthebolaand Cl™ ions in each system. The average Cl ™ ion density was
the highest on the GLH-20 surface, medium on the GLH-19/GLH-20
surface, and the lowest on the GLH-19 surface (Figure S9). In addition,
the bilayer surface had the highest, that of the monolayer/bilayer
mixture had medium, and the monolayer had the lowest Cl™~ ions den-
sity. Furthermore, the higher surface density of the bola head groups on
the bilayer surface among the test groups provided a more stable elec-
trostatic attraction for the Cl™ ions. These results indicate that the lower
mobility of GLH-20 head groups induced a denser Cl™ ion cloud on its
surface than that of GLH-19. Therefore, our in silico studies explain the
weaker siRNA association with GLH-20 than with GLH-19 in gels (see
Affinity of the Bolas to siRNA below).
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MD Simulations of Bola/siRNA Complexes

The association of the siRNA with different conformations of bola
membranes was characterized by the population density of each bola
head group near the siRNA phosphate groups (see Figure S2C). The
number and population density of bola head groups in the vicinity of
each phosphate atom (P;) were monitored for the last 30 ns of each
MD trajectory (70-100 ns range) and are plotted in Figure S10. Both
GLH-19 and GLH-20 head groups were highly populated in the area
of the minor grooves. In the major groove regions, small amounts of
the GLH-19 head group populations were still observed due to the rela-
tively long length and high mobility of the GLH-19 head groups. How-
ever, the major groove of the siRNA near the GLH-20 membrane was
more exposed to water than that of GLH-19 because the relatively short
GLH-20 head groups on the membrane surface were not able to reach
the major groove. Therefore, independent of the orientation of the
siRNA, GLH-19 showed better coverage of siRNA than did GLH-20.

The total population density of the bola head groups around the siRNA
phosphate groups (>_P;, where i indicates all phosphate groups in
siRNA) is displayed in Figure 1G. For each tested group, the GLH-19
membranes showed the highest head group population densities
around the siRNA while those of the GLH-20 membranes had the
lowest. When both bolas were mixed together, due to the GLH-19,
the population density of the GLH-19/GLH-20 head groups around
the siRNA phosphate groups was increased compared to that of the
GLH-20 membranes. In addition, bilayer membranes, which have the
highest surface density of bola head groups, showed the highest popu-
lation of head group density around the siRNA phosphate groups while
those of the monolayer had the smallest. Therefore, these results indi-
cate that GLH-19 head groups in bilayer membrane conformations
can provide better siRNA coverage than do other test groups. This in
silico study explains why GLH-19 and GLH-19/GLH-20 vesicles
showed better protection of vesicle-associated DNA against DNase
than did GLH-20 vesicles (see Protection against Nucleases below).

In Vitro Characterization of the Bola Vesicles

Vesicle Stability in Solution

The stability of vesicles that were made from GLH-20 with and
without CHOL and CHEMS in solution was compared. As shown in
Figure 2A, vesicles made from a formulation that contained the bola
without CHOL and CHEMS aggregated rapidly, as shown by the
increased absorbance of the vesicle suspension at 620 nm over time.
The inclusion of CHOL and CHEMS in the vesicle formulation re-
sulted in a stable vesicle suspension that did not aggregate and main-
tained its stability for at least 24 h after vesicle preparation. Our i silico
studies also showed that CHOL and CHEMS are required for vesicle
stability (see The Stability of Bola Membranes above). As a measure
of vesicle stability, we also looked at the amount of carboxyfluorescein
(CF) encapsulation at various times after vesicle preparation with
CHOL and CHEMS. We found that the vesicles maintained their
encapsulated CF for a long period (up to 6 months after preparation,
which was our last measurement) when the vesicles were kept at a high
concentration of 10 mg of bolas per mL (data not shown). However, we
noticed that the GLH-20 vesicles lost their stability when they were

diluted. Since our MD simulations indicated that GLH-19 vesicles
may be more stable than GLH-20 vesicles, we compared the stability
of GLH-19 and GLH-20 vesicles after diluting them to various degrees.
As shown in Figure 2B, when both bolas were diluted 100-fold for 24 h,
the GLH-19 vesicles maintained their encapsulated CF while the GLH-
20 vesicles lost almost all encapsulated CF.

Based on these results, all bola vesicles that were associated with
siRNA described below contain CHOL and CHEMS.

Affinity of the Bolas to siRNA

To study the binding affinity of the bolas to siRNA, we studied the as-
sociation of 400 nM siRNA with three different concentrations of
bolas (2.0, 2.5, and 3.0 pg/mL). The results, which are presented in
Figure 2C, show that the affinity of GLH-19 to siRNA is significantly
greater than that of GLH-20. For all three concentrations, siRNA was
associated with GLH-19 vesicles and did not migrate on the electro-
phoretic gel as free siRNA. The siRNA was dissociated from the
GLH-19 vesicles only after adding the detergent Triton X-100 that
disrupted the vesicles. In comparison, it was found that siRNA was
associated with GLH-20 only at the highest concentration that was
used in this experiment (3.0 pg/mL). We estimated the approximate
percentage of loading efficiency as follows: the molecular mass of
bolas is around 1,200 Da, which means that 2 ug/mL corresponds
to 1,666 nM. As shown in Figure 2C, 400 nM siRNA is fully associated
with 1,666 nM GLH-19, meaning that the loading efficiency for GLH-
19 is at least 24%, whereas 400 nM siRNA is associated (partially) with
3 ng/mL GLH-20 (equal to 2,500 nM GLH-20), namely, less than 16%
the loading efficiency for GLH-20. Our MD simulations explained the
differences in the binding affinities between GLH-19 and GLH-20.
GLH-20 vesicles induce higher density and more stable Cl~ ions on
their surface than on the GLH-19 surface, so that siRNA cannot easily
associate with the GLH-20 surface at low concentrations (see Cl— Ion
Distribution on the Surface of Bola Membranes above).

Cryo-TEM and DLS Measurements

Cryo-TEM showed that both GLH-19 and GLH-20 formed spherical
vesicles with average diameters of 110 nm (see, for example, the GLH-
19 vesicles in Figure 2D). When siRNAs were associated with the
GLH-19 vesicles, the overall shape of the vesicles was slightly
deformed to an oval shape (Figure 2D), and the zeta potential (Fig-
ure S11) of the vesicles (~37 mV) decreased when siRNA was added
(~32 mV). DLS measurements also showed consistent results with
the cryo-TEM (Figure 2E). Without siRNAs, the diameter of GLH-
19 vesicles was measured to be 85 nm while it was increased to
125 nm when siRNAs were associated with the GLH-19 vesicles.
These results indicate that the association with siRNA may alter the
surface tension of the bola vesicles and induce slight deformations.

Protection against Nucleases

The ability of the vesicles to protect associated nucleic acids from the
hydrolytic action of nucleases was tested by exposing DNA-containing
vesicles to DNase. The 5 end of the sense strand of the DNA was
tagged with an Iowa Black FQ (fluorescence quencher), and the 3’
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Figure 3. Protection of Encapsulated Polynucleotides against Nucleases

(A) The digestion of DNA by DNase can be detected by the fluorescence that is triggered when the polynucleotide is degraded by the nuclease and separation between the
Al488 and the lowa Black FQ occurs. (B) Relative stabilities of DNA duplexes associated with either GLH-19 (red line) or GLH-20 (blue line) and (C) GLH-19/GLH-20 (orange
line) in the presence of DNase. Quenched DNA duplex (100 nM final) labeled with Al488 and lowa Black FQ was mixed with the bolas (10 ng final), and DNase was added after
2 min of incubation at 37°C. As a control, naked DNA duplex was completely digested by DNase (black line). Excitation was set at 460 nm and emission was measured at

520 nm. All tested bola vesicles contain CHOL and CHEMS.

end of the antisense strand of the DNA was tagged with Alexa Fluor
488 (Al488) (Figure 3A). The hydrolysis of the DNA by the DNase
was detected by monitoring the emission of the fluorescence, which
occurs when the Al488 and the quencher separate due to the hydrolysis
of the DNA. The hydrolysis of naked DNA was relatively fast, as shown
by the black line in Figures 3B and 3C, and it was digested in about
15 min. In comparison, the hydrolysis of the DNA associated with
GLH-19 vesicles was very slow; even at 180 min after the addition of
the DNase, only about 10% of the DNA underwent hydrolysis (Fig-
ure 3B). Also, the hydrolysis of the DNA that was associated with
GLH-20 vesicles was slow, but it was significantly faster than the hy-
drolysis of the DNA that was associated with GLH-19 vesicles, and
it was digested after about 160 min (Figure 3B). We also tested whether
vesicles made of a mixture of GLH-19 and GLH-20 will still protect the
associated nucleic acids from hydrolysis while GLH-20 plays its role in
BBB penetration and efficient siRNA release. As shown in Figure 3C,
vesicles made from a mixture of GLH-19 and GLH-20 protected the
associated DNA from hydrolysis by DNase almost as well as did the
GLH-19 vesicles. Our computational studies were consistent with
these experimental results, and they explain why GLH-19 provides
better protection than GLH-20. During the MD simulations it was
found that GLH-19 head groups cover a larger area of the siRNA
than the area covered by GLH-20, and therefore the siRNA can be pro-
tected more efficiently when it is associated with GLH-19 vesicles.

Transfection and Gene Silencing

Transfection Experiments

Our previous data showed that internalization of the vesicles occurs
via endocytosis since uptake of vesicles in a variety of cell types has
been observed at 37°C but not at 4°C.**>° Therefore, in order to deter-
mine the mechanism of endocytosis, we performed some additional
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experiments with specific inhibitors for different pathways of endocy-
tosis, similar to experiments with polyethylenimine, another delivery
system for nucleic acids.”” Our results clearly demonstrate that the
internalization of vesicles made of GLH-19/GLH-20 proceeds mainly
via the caveolae-dependent pathway and not via the clathrin-depen-
dent pathway, as Filipin III, a specific inhibitor of the caveolae-depen-
dent pathway, significantly inhibited vesicle internalization whereas
chlorpromazine, a specific inhibitor of the clathrin-dependent
pathway, had no effect on vesicle internalization (Figure S12).

The transfections of bola vesicles (made from GLH-19, GLH-20, or
GLH-19/GLH-20, each associated with siRNA) were examined. The
3’ end of the siRNA antisense strands was fluorescently labeled
with Al488 or Alexa Fluor 546 (Al546). The sequence of the sense
strands was designed to silence the enhanced green fluorescent pro-
tein (EGFP) gene. Transfection was tested using human breast cancer
cells, MDA-MB-231. The transfection efficiencies were visualized by
confocal fluorescence microscopy and further analyzed by fluores-
cence-activated cell sorting (FACS). The results of the transfection
studies showed that the uptake of GLH-19/siRNA vesicles was higher
than that of the GLH-20/siRNA vesicles (Figure 4A), possibly due to
the higher binding affinity of GLH-19 to the siRNA, leading to less
dissociation of the siRNA (see Figure 2C). The transfection proceeds
via the endosomal system as indicated by the co-localization of the
siRNA with EEA1. EEA1 localizes exclusively to early endosomes
and has an important role in endosomal trafficking. EEA1 binds
directly to the phospholipid phosphatidylinositol 3-phosphate
through its C-terminal FYVE domain and forms a homodimer.
EEA1 acts as a tethering molecule that couples vesicle docking with
soluble N-ethylmaleimide-sensitive factor attachment protein recep-
tors (SNAREs) such as N-ethylmaleimide-sensitive fusion protein,
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Figure 4. Transfection and Silencing Efficiencies for GLH-19/siRNA and GLH-20/siRNA Complexes (siRNAs = 100 nM)

(A) Transfection efficiencies of human breast cancer cells (MDA-MB-231) with GLH-19/siRNA and GLH-20/siRNA were visualized by confocal fluorescence microscopy (left)
and statistically analyzed with flow cytometry experiments (right). To show the generality, two different duplexes labeled with AI546 and Al488 were used for imaging and flow
cytometry experiments, respectively. (B) Study of the co-localization of fluorescently labeled siRNA with commonly used marker EEA1 for early endosomal compartments. (C)
EGFP knockdown assays for human breast cancer cells (MDA-MB-231/EGFP) that stably express EGFP. Three days after the transfection of cells with siRNAs, EGFP
expression was observed by fluorescence microscopy (left) and statistically analyzed with flow cytometry experiments (right). Note that the initial fluorescent cells had two
populations represented by two maximums. All tested bola vesicles contain CHOL and CHEMS. Image numbers in (A)—(C) correspond to differential interference contrast
(DIC) images (1), Al546 emission (2), EAAT antibody staining (3), and GFP signal (4). Images 1+2 and 1+2+3 are superimpositions of two or three different images.

bringing the endosomes physically closer and ultimately resulting in
the fusion and delivery of endosomal cargo (Figure 4B), which is now
available to act on its specific gene as indicated in the present study by
the ability of the delivered siRNA to silence specific genes.

Specific Gene Silencing Experiments

Silencing was examined by the ability of the siRNA to suppress the
expression of the EGFP gene, which is constitutively expressed in hu-
man breast cancer cells (MDA-MB-231/EGFP). The efficiency of the
EGFP silencing for GLH-19/siRNA and GLH-20/siRNA was measured
by fluorescence microscopy and, further, by FACS (Figure 4C). GLH-
19/siRNA and GLH-20/siRNA vesicles demonstrated similar silencing
performance. Considering the better uptake of GLH-19/siRNA, we
conclude that the similar silencing efficiency possibly stems from the
lower binding affinity of GLH-20 with siRNA, which was shown in
both the experimental results (see Figure 2C) and the MD simulation
studies (see MD Simulations of Bola/siRNA Complexes above).

We also tested vesicles made from a mixture of GLH-19 and GLH-20
for their transfection and silencing efficiencies. As shown in Fig-
ure 5A, the transfection efficiency of vesicles made from a mixture
of GLH-19 and GLH-20 was good and, in fact, it was better than
the commercial delivery agent Lipofectamine 2000 (L2K). Also,
compared to L2K, GLH-19/GLH-20/siRNA vesicles demonstrated
better silencing efficiency (Figures 5B and 5C). It seems that in vesi-
cles made from a mixture of GLH-19 and GLH-20, each bola contrib-
utes to transfection and silencing based on its own characteristics to
improve the resulting silencing efficiency. Thus, GLH-19 contributes
to stability and binding affinity, while GLH-20 contributes to efficient
release of the siRNAs, which becomes available for silencing.

To show the generality of the reported platform and the high potential
of bola vesicles for siRNA delivery, we explored the ability of bola ves-
icles to deliver therapeutic siRNAs to human melanoma cells.
Approximately 50% of malignant melanomas carry mutations in
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Figure 5. Transfection and Silencing Efficiencies for
GLH-19/GLH-20/siRNA-AI488 Vesicles (siRNA =

100 nM)

(A) Transfection (uptake) and (B and C) silencing efficiencies
of L2K and GLH-19/GLH-20/siRNA vesicles shown by
fluorescence microscopy in B and flow cytometry in (C). All
tested bola vesicles contain CHOL and CHEMS.

jected GLH-19/siRNA-AI555 and cryosectioned
the organs to obtain thin sections (40 um thick)
from the tumor and the liver at 30 min and 2 h af-
ter the injection. Fluorescence microscopy of
these sections showed progressive infiltration of
the siRNA-AI555 into the tumor parenchyma.
At 30 min after the injection, the Al555 fluores-
cence was seen in blood vessels that supply blood
to the tumor and some also in the tumor paren-
chyma in proximity to the blood vessel. Signifi-
cant accumulation of the dye in all of the cells
within the tumor was also seen 2 h after systemic
tail vein injection (Figure 7B). In comparison, the
liver showed little fluorescence that seemed to be
accumulated mainly near or in phagocytic
Kupffer cells (Figure 7B).

To take advantage of the strengths of both bolas,
we examined the ability of GLH-19/GLH-20 ves-
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BRAF kinase (BRAFV®0E), leading to constitutive activation of MEK
(mitogen-activated protein kinase kinase)-ERK (extracellular signal-
regulated kinase) downstream signaling, which drives melanomagen-
esis.”® We transfected A375 melanoma cells carrying the homozygous
BRAFV*°F mutation with a BRAFY***E_specific siRNA using GLH-
19/GLH-20 bola vesicles. HMCB melanoma cells, which carry wild-
type BRAF, were used as a non-target control. As shown in Figure 6A,
efficient knockdown was observed for the melanoma-associated
BRAFVE allele (92% =+ 3%, SEM; n = 4) but not for wild-type
BRAF in HMCB cells, even though both cells showed similar
siRNA-AI488 uptake with GLH-19/GLH-20 vesicles (Figure 6B).
Thus, bola agents can efficiently deliver an siRNA that specifically tar-
gets a relevant oncogenic mutation in tumor cells.

In Vivo and Ex Vivo Experiments

In the initial in vivo experiments, we tested GLH-19/siRNA-IRDye
700 and GLH-19/siRNA-AI555 vesicles injected into the tail vein of
mice with a flank tumor in two different experiments. At 2 h after
the injection, we collected tumor, liver, lung, and brain and performed
fluorescence imaging on the whole organ (Figure 7A). Fluorescence
imaging of the collected organs showed significant accumulation of
siRNA-IRDye 700 in the implanted flank tumor and in the brain,
but not in the liver or the lung after the tail vein injection of
the GLH-19/siRNA-IRDye 700 vesicles. In another experiment, we in-
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icles to deliver siRNA to a flank tumor and into

the brain. Vesicles were loaded with siRNA
tagged with IRDye 700 and injected into the tail vein of mice, which
were sacrificed at different time periods after the injection. We then
monitored the accumulation of the siRNA-IRDye 700 in the tumor
and in the brain at different time points. We found that GLH-19/
GLH-20/siRNA-IRDye 700 vesicles successfully delivered the
siRNA-IRDye 700 into the implanted flank tumor and into the brain.
As shown in Figure 8, the fluorescence of the siRNA-IRDye 700 was
seen in both the tumor and in the brain 30 min after the injection of
GLH-19/GLH-20/siRNA-IRDye 700 vesicles and remained in these
tissues for at least 6 h after the injection.

DISCUSSION

Previous studies” ™ and the present study show that the efficiency of
bola vesicles to deliver siRNA into cells is determined by the length of
the hydrophobic chain of the bolas, the total charge, the atomic geom-
etry of the head groups, and the assembled conformations, which can
be either micelles or vesicles. GLH-58 and GLH-60 that contain rela-
tively short hydrophobic chains formed only micelle conformations.
GLH-60 has a total of four positively charged head groups, so that it
has strong binding affinity and weak siRNA release. Alternatively,
GLH-58 has two positively charged head groups and showed moder-
ate binding affinity along with protection capability against hydrolysis
of the associated siRNA by nucleases, transfection capability, and
silencing capability.” However, micelle structures do not penetrate

32,33
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A A375 HMCB A375 Figure 6. Silencing Oncogenic BRAF with siRNAs
Delivered with Bola Vesicle Formulations
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the BBB very well,> whereas vesicles have been shown to penetrate
into the brain and deliver compounds that do not normally penetrate
the BBB into the brain.”**° Delivering siRNA into the brain is impor-
tant for the treatment of brain tumors and some neurological diseases.
Therefore, we examined whether vesicles that have been shown to
penetrate into the brain can associate with siRNA and deliver it
into the brain and tumors.

Both GLH-19 and GLH-20 have two positively charged head groups
with relatively long hydrophobic chains so that they can form either
micelle or vesicles, depending on the preparation protocols.””* I
addition, our present computational and experimental studies
showed consistent results arguing that the stability of bola vesicles
can be enhanced by the presence of CHOL and CHEMS. Thus, if
CHOL and CHEMS were absent, only GLH-19 formed vesicles. How-
ever, even GLH-19 vesicles that did not contain CHOL and CHEMS
collapsed when they interacted with siRNA. In comparison, when
CHOL and CHEMS existed in bola membranes, both GLH-19 and
GLH-20 maintained stable vesicle conformations regardless of the
association with siRNA.

n

Our previous MD simulations as well as our MD simulations in the
present study showed that GLH-19 head groups have more mobility
and extend farther from both the micelle and vesicle surface than does
the head group of GLH-20. This difference significantly affected the
characteristics of each bola vesicle in terms of stability, binding affin-
ity, protection, transfection, and siRNA release, as summarized below.

Our computational studies and cryo-TEM images indicate that the
surface properties of vesicles and micelles are different. Bola head

the data from this study to those described in

Kim et al.>?). In addition, the uniformly distributed

head groups on the vesicle surface may induce a
more stable negative ion cloud on its surface than that of the micelle
surface. Thus, as it was shown in our experimental and computational
studies, siRNAs began to associate with GLH-20 under higher con-
centrations as compared to the lower concentration of GLH-19 that
were needed to associate with siRNA.

The different behaviors of each head group on the surface also explain
the different protection efficiencies between GLH-19 and GLH-20 as
well as between micelles and vesicles. It was found that siRNA protec-
tion by GLH-19 in the form of either a micelle or a vesicle was better
than the protection achieved by GLH-20. In addition, the protection
of siRNA against the hydrolytic action of nucleases by GLH-20 mi-
celles was worse than that of GLH-20 vesicles. The high mobility
and greater extension of the GLH-19 head groups from vesicle and
micelle surfaces results in durable siRNA protection. Alternatively,
the low mobility of the embedded GLH-20 head groups caused
weak siRNA protection. In addition, the rugged surface of GLH-20
micelles may cause weaker siRNA protection than that of GLH-20
vesicles.

The strong binding affinity and efficient siRNA protection by GLH-
19 result in a better transfection efficiency than that obtained by
GLH-20 in both the micelle and vesicle forms. However, due to the
weaker binding affinity of GLH-20, and more efficient release of the
siRNA from the bola/siRNA complex, silencing efficiencies after
siRNA release were comparable between the two bolas.

The performance of bola vesicles was also examined by in vivo and
ex vivo experiments. It was found that a significant amount of siRNA
flank implanted tumor,

accumulated in the while minor
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Whole organ fluorescence after injection of

GLH-19/siRNA-IRDye700 vesicles

Lung

Fluorescence in sections cut from the flank tumor and liver
B after injection of GHL-19/siRNA-AI555 vesicles

Tumor 30 min postinjection

Tumor 2 hours postinjection

Liver 2*hours postinjection

Figure 7. Fluorescence Imaging of Tumor, Liver, Lung, and Brain of Mice after Intravenous Injection of GLH-19 Vesicles Containing siRNA Coupled to a

Fluorescent Probe

(A) Fluorescence imaging of whole organs 2 h after tail vein injection of GLH-19/siRNA-IRDye 700 vesicles, showing significant accumulation of fluorescence in the flank
implanted tumor and in the brain. Note that the fluorescence is seen in green over a brown background, but not in lung and liver, and that only brown background is seen in
the liver and the lung, except for green fluorescence in blood vessels of the lung. (B) Fluorescence imaging of sections that were cut from a flank implanted tumor and the liver
at 30 min and 2 h after tail vein injection of GLH-19/siRNA-AI555, showing progressive accumulation of siRNA-AI555 in the tumor, but not in the liver. Fluorescence (red) is
seen penetrating from a blood vessel in the tumor (at 30 min after the injection; left side of bottom panel) into the tumor parenchyma, until all the tumor parenchymais filled with
red fluorescence at 2 h after the injection (center of bottom panel). Only little fluorescence can be seen in the liver 2 h after the injection (right side of bottom panel). Cell nuclei
were stained with DAPI, shown in blue. All tested bola vesicles (20 mg/kg) contain CHOL and CHEMS.

accumulation of siRNA was observed in the liver following the injec-
tion of GLH-19 vesicles with fluorescently tagged siRNA. To further
explore the delivery capability of bola vesicles, we investigated siRNA
delivery with a mixture of two bolas: GLH-19 and GLH-20. We pre-
dicted that GLH-19/GLH-20 vesicles will efficiently deliver siRNA
into the brain because GLH-19 contributes to the strength of stability,
binding affinity, and protection of siRNA against nucleases, while
GLH-20 provides the capability of BBB penetration and efficient
siRNA release via hydrolysis of the GLH-20 head group by ChE.
Our computational studies showed that when the two bolas were
added together for vesicle formation, the characteristics of each
bola head group are maintained, and no interference occurs due to
the interactions between the two different head groups. Our experi-
mental results demonstrated that, indeed, GLH-19/GLH-20 vesicles
have strong protection capability and significantly better transfection
and silencing efficiencies than those of the commercial transfection
agent L2K. Based on these computational and experimental studies,
we examined the biodistribution of GLH-19/GLH-20/siRNA-IRDye
700 vesicles and their ability to deliver the associated siRNA into
the brain. The bola vesicles cross the BBB by transcytosis, which in-
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cludes a step of endocytosis followed by exocytosis. In previous papers
we showed that the vesicles are endocytosed by endothelial cells from
microvessels of the brain (cells that constitute the BBB).?**® We also
demonstrated that proteins that do not cross the BBB are transported
into the brain parenchyma when encapsulated in the vesicles.’® There
are other examples in the literature of nanoparticles that cross the
BBB via transcytosis. A review that discusses these processes can be

. 39-41
found in several references.

In conclusion, we characterized the delivery of siRNA using three bola
vesicles, GLH-19, GLH-20, and GLH-19/GLH-20. Each bola vesicle
has different characteristics: GLH-19 vesicles have better stability,
higher binding affinity, better protection of siRNA against nucleases,
and better transfection capability than GLH-20 vesicles, while GLH-
20 vesicles release siRNA better due to a weaker binding affinity and
the capability of the GLH-20 head groups to be hydrolyzed by ChE.*
Thus, when vesicles were made from a mixture of the two bolas, the
characteristics of each bola contribute to the end results, and thus the
GLH-19 enhanced the delivery process and the GLH-20 enabled
efficient siRNA release, and both bolas together form vesicles capable
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Figure 8. Fluorescent Imaging of siRNA-IRDye 700 in the Flank Tumor and in the Brain following Injection of GLH-19/GLH-20/siRNA-IRDye 700 Vesicles into

the Tail Vein of Mice

In each time panel, left images are tumor (top) and brain (bottom), and right images show their fluorescence. Fluorescence imaging shows significant accumulation of SiRNA-
IRDye 700 in the tumor and in the brain at different time points after tail vein injection. All tested bola vesicles (20 mg/kg) contain CHOL and CHEMS.

of crossing the BBB. In addition, our study also showed that the
delivery characteristics of bola vesicles are different from those of
micelles in terms of binding affinity, protection of siRNA from the
action of nucleases, and the resulting biodistributions of the delivered
siRNA. Therefore, our studies demonstrate that depending on the
delivery purpose, proper delivery agents and their conformation
can be chosen according to the target organ and target cells.

MATERIALS AND METHODS

Synthesis of the Bolas

The bolas, GLH-19 and GLH-20, were synthesized in Ben-Gurion
University as previously described.”” >’

Preparation of Bola Vesicles

Ethanol Injection (EI)

This method was typically used for obtaining vesicle suspensions
without CHOL and CHEMS. 10 mg of GLH-19 or GLH-20 was
weighed in an Eppendorf tube, dissolved in 50 pL of ethanol. The so-
lution of the bolas was transferred to a high-pressure liquid chroma-
tography (HPLC) syringe and quickly injected into in a 5-mL glass
vial containing 1 mL of 0.1 mg/mL CF solution in PBS buffer, which
was vortexed vigorously. The solution was then bath sonicated for
15 min at room temperature.

Film Hydration and Sonication

This method was typically used for obtaining vesicle suspensions with
CHOL and CHEMS. The molar ratio of bolas to the CHEMS and
CHOL was 2:1:1, respectively. 10 mg of GLH-19 or GLH-20 was
weighed in a 5-mL glass vial; 1.6 mg of CHOL and 2.4 mg of CHEMS
were weighed in separate Eppendorf tubes, and 350 pL of chloroform
was added to each tube to dissolve the content. Two solutions were
transferred to a glass vial containing the bolas and vortexed until a ho-
mogeneous solution was obtained. The resulting solution was dried
under nitrogen flow to get a uniform thin film spread on the walls
of the vial. The film was dried for an additional 12-16 h under vac-
uum to remove all chloroform residues. To the dried film, 1 mL of so-
lution containing the compound to be encapsulated (e.g., CF when
stability of the vesicles was measured) was added and vortexed until

the film was dissolved completely. The resulting vesicle solution
was sonicated by a probe sonicator for 5 min in an ice-cold bath in
cycles as follows: 15-s pulse/10-s rest; the power was adjusted to avoid
bubble formation and overheating of the sample.

Agarose Gel Electrophoresis of the Bola/siRNA Vesicles

To determine the binding affinity of the siRNA to the bolas, the bola/
siRNA complexes were run at room temperature on 2% agarose gel in
the presence of 89 mM Tris-borate (pH 8.3). The assay was performed
with several concentrations of the bolas and a fixed concentration of
the siRNA. siRNA that was bound to the bolas did not run on the gel,
whereas a band of the free siRNA was stained by ethidium bromide
and was visualized on the gel by a Hitachi FMBIO II multi-view
imager.

Dynamic Light Scattering Experiments

For dynamic light scattering experiments, sample solutions contain-
ing bola/siRNA vesicles were used. The samples were measured at
25°C with a Zetasizer Nano (Malvern Instruments, Worcestershire,
UK) equipped with a 633-nm laser.

Stability Studies

Vesicle Stability in Solution and after Dilution

When vesicle aggregation in solution occurs, the vesicles lose their
stability. Vesicle aggregation was monitored by following the develop-
ment of turbidity in the vesicle solution. The development of turbidity
was measured by following the change in absorbance of the vesicle so-
lution at 620 nm as a function of time.

Vesicle stability was also determined by measuring the change in the
amount of CF encapsulation as a function of dilution in diluted PBS
buffer. Vesicles were made by EI from 10 mg/mL GLH-19 or GLH-20
in diluted PBS buffer (containing 1:10 NaCl content compared to a
regular PBS buffer and designated as PBS/10 buffer), containing
0.1 mg/mL CF. Vesicles were diluted 10-, 20-, 50-, and 100-fold in
PBS/10 buffer, kept at room temperature (RT), and encapsulation
was measured at 1 and 24 h after the dilution. Encapsulation was
calculated from the difference between the fluorescence before and
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after the addition of Triton X-100 after diluting the vesicles 200-fold
in order to reduce the extravesicular CF below its self-quenching
concentration.

All stability studies were done in triplicate.

Stability of Associated DNA after Exposure to RQ1 DNase

To study the ability of the vesicles to protect associated nucleic acid
against nuclease, DNA duplexes containing one 3’ antisense strand
conjugated with Al488 and a 5’ sense strand conjugated with Iowa
Black FQ quencher were preincubated with bola (GLH-19, GLH-
20, or GLH-19/GLH-20)/siRNA vesicles, and the dequenching of
Al488 upon digestion with RQ1 DNase (Promega, Madison, WI,
USA) was followed by fluorescence resonance energy transfer
measurements.

Cryo-TEM

Quantifoil copper 200 mesh R 3.5/1 grids were washed overnight
with acetone. To prepare a frozen, hydrated grid, 2.5 pL of sample
was applied to the grid, blotted, and plunged into liquid ethane using
Vitrobot III (FEI, Hillsboro, OR, USA). Images were collected at
liquid nitrogen temperature (~100 K) on a JEM-2010F (JEOL, To-
kyo, Japan) cryo-TEM equipped with a field emission gun. JEM-
2010F was operating at 200 kV and was equipped with a Gatan
cryo-holder (model 626) (Gatan, Pleasanton, CA, USA). Images
were recorded on DE-12, a 12.6-megapixel (3,072 x 4,096) direct
detection device sensor (Direct Electron, San Diego, CA, USA). Sam-
ples were imaged at x13,900 effective magnification targeted at 3—
4 pm under focus. We used a total specimen exposure for each image
of 30 e /A% over 1 s.

Transfection of MDA-MB-231 Human Breast Cancer Cells with
Bola/siRNA Complexes

The siRNA duplexes in the in silico, in vitro, in vivo, and ex vivo ex-
periments were designed to silence EGFP as described in our previous
study.’® siRNA transfections were performed with the human breast
cancer cell line MDA-MB-231 (that either express or do not express
EGFP) using vesicles made from the bolas GLH-19, GLH-20, or a
mixture of the two. Upon resuspension in water, the bola vesicles
(1 mg/mL) were mixed with siRNAs (100-fold the desired final con-
centration) at a 1:1 volume ratio. Upon 30 min of incubation at room
temperature, the bola/siRNA complexes were diluted 50-fold in
Opti-MEM prior to addition to the cells for transfection. Upon a 4-
h incubation at 37°C, the media were replaced by regular DMEM
for 24 h (transfection efficiency) or 72 h (silencing efficiency).

Fluorescent Light Microscopy

To assess the silencing efficiency, cells were imaged after the transfec-
tion with a Nikon 200 TE inverted microscope (Nikon, Melville, NJ,
USA). To visualize the uptake of the bola/siRNA particles, experi-
ments were performed with a LSM 710 confocal microscope (Carl
Zeiss) and RNAs were labeled with Al546. The cells were fixed with
4% paraformaldehyde and imaged (transfection efficiency) or per-
meabilized with 0.2% Triton X-100 for 20 min in order to label the
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early endosome-associated protein EEA1 (with primary [Cell
Signaling Technology, Danvers, MA, USA] and Al488-conjugated
secondary [Molecular Probes, Eugene, OR, USA] antibodies), and
Nikon 200 TE-Al488 imaging was performed with the 488-nm line
of an argon laser while Al546 imaging was obtained through excita-
tion with a DPSS 561 laser.

Flow Cytometry

For statistical analysis of the flow cytometry experiments, at least
30,000 MDA-MB-231 cells (Cell Biolabs, San Diego, CA, USA; with
or without EGFP) as well as A375 (BRAF'®F) and HMCB
(BRAFWT) cells (gifts from Dr. Deborah K. Morrison, NCI-Frederick)
were analyzed by FACS analysis with a FACSCalibur flow cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA).

BRAF6%F Gene Silencing with Bola/siRNA Complexes

A375 and HMCB cells were plated at 10° cells/35-mm dish and trans-
fected with 100 nM (final concentration) siRNA-Al488, BRAFY®°°E
siRNA (5'-GCUACAGAGAAAUCUCGAUUU-3'), or a non-target-
ing siRNA pool (Thermo Fisher Scientific, D-001810-10-05). Briefly,
the siRNAs were incubated with GLHs for 30 min at 25°C, protected
from light. After incubation, the mixture was diluted in 1 mL of Opti-
MEM (Thermo Fisher Scientific, #31985088) and directly added to
cells previously rinsed with PBS. After 4 h, the mixture was replaced
with regular serum-containing media. For siRNA uptake assays, cells
were trypsinized after 24 h and analyzed by FACS. For knockdown
experiments, whole-cell lysates were generated after 48 h using radio-
immunoprecipitation assay (RIPA) buffer (10 mM Tris [pH 7.4],
150 mM NaCl, 1 mM EDTA, 0.5% sodium deoxycholate, 0.1%
SDS, 1% Triton X-100). Antibodies used for immunoblotting were
anti-BRAF (Santa Cruz, sc-5284) and anti-B-actin (Santa Cruz,
sc-1616-R).

In Vivo Experiments

All animal in vivo experiments were performed according to the
Frederick National Laboratory for Cancer Research (Frederick,
MD, USA) Animal Care and Use Committee guidelines. For these
experiments, 107 MDA-MB-231 tumor cells were subcutaneously
injected in the flank of each athymic nude mouse (Charles River
Laboratories, Frederick, MD, USA). Experiments were performed
when the tumors reached at least 3 mm in their longest diameter
(about 2 weeks after cell injection). Two different fluorescently
labeled (with either Al555 or IRDye 700 dyes) duplexes were
used. Biodistribution of GLH-19/siRNA-IRDye 700 and GLH-19/
siRNA-AI555 was examined at two time points (30 and 120 min
post-injection) using four mice, out of which two mice were used
to visualize fluorescence in whole isolated organs at 30 and
120 min post-injection, and the other two mice were used for his-
tofluorescence studies of the implanted tumor and of the liver
also at 30 and 120 min post-injection. In addition, time-dependent
biodistribution of GLH-19/GLH-20/siRNA-IRDye 700 was exam-
ined using six mice, one for control and five for five different
time points. Images of in vivo experiments were taken by a Nikon
200 TE inverted microscope (Nikon, Melville, NJ, USA). Imaging
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studies were performed on MDA-MB-231 tumor-bearing athymic
nude mice (Charles River Laboratories, Frederick, MD, USA).

MD Simulations

Preparation of Bola Membranes for In Silico Study

The initial molecular structures of GLH-19, GLH-20, CHOL, and
CHEMS were built with Discovery Studio Visualizer (Figure S1).
The force fields (FFs) and topologies of GLH-19, GLH-20, CHOL,
and CHEMS were prepared by the Amber antechamber package®
utilizing the general Amber force field (GAFF),* which has been
developed for small organic molecules. Detailed procedures are dis-
cussed in Supplemental Materials and Methods.

Due to the unique structural characteristics of the bolas that were
tested in this study, which contained a single hydrophobic chain
bound to two positively charged hydrophilic head groups at each
end of the hydrophobic chain, these bolas can potentially form a
monolayer or a monolayer/bilayer membrane mixture.** For the in
silico studies, we tested three different types of bola membranes:
monolayer, bilayer, and the mixture of monolayer and bilayer (mono-
layer/bilayer). The stability of each membrane was further examined
in terms of the presence of CHOL and CHEMS and the association
with an siRNA. The list of 31 membrane systems for the in silico
studies are summarized in Table S1. The detailed information about
membrane patch preparations, MD simulation protocols, and in silico
data analysis are provided in Supplemental Materials and Methods.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
1016/j.0mtn.2020.02.011.
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