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Oxime ether lipids containing hydroxylated
head groups are more superior siRNA
delivery agents than their nonhydroxylated

counterparts

Aim: To evaluate the structure-activity relationship of oxime ether lipids (OELs)
containing modifications in the hydrophobic domains (chain length, degree of
unsaturation) and hydrophilic head groups (polar domain hydroxyl groups) toward
complex formation with siRNA molecules and siRNA delivery efficiency of resulting
complexes to a human breast cancer cell line (MDA-MB-231). Materials & methods:
Ability of lipoplex formation between oxime ether lipids with nucleic acids were
examined using biophysical techniques. The potential of OELs to deliver nucleic acids
andsilence green fluorescent protein (GFP) gene was analyzed using MDA-MB-231 and
MDA-MB-231/GFP cells, respectively. Results & conclusion: Introduction of hydroxyl
groups to the polar domain of the OELs and unsaturation into the hydrophobic
domain favor higher transfection and gene silencing in a cell culture system.

Keywords: breast cancer cells e lipoplexes ® nonsymmetric hydrophobic domain e oxime
ether lipids ® RNA interference e structure—activity relationship

Small interfering RNA (siRNA)-based gene
silencing is a promising approach for the
treatment of diseases including cancer [1-5).
However, delivery of uncomplexed (naked)
siRNA is challenging due to nuclease deg-
radation and the overall negative charge
of the siRNA [67]. Therefore, carriers have
been developed for siRNA delivery. Cationic
lipids are the most commonly used nonvi-
ral agents to deliver nucleic acids including
plasmid DNA, antisense oligos, siRNA and
small hairpin RNA (shRNA) [78-10]. The
most popular cationic lipids, DOTAP and
DOTMA associate with negatively charged
DNA or siRNA via electrostatic interactions
resulting in the formation of lipoplexes (lipid-
nucleic acid nanoparticles). These lipoplexes
have been demonstrated to provide high
in vitro transfection efficiency [11.12]. Modifi-
cations in the chemical structure of DOTAP
and DOTMA have been extensively studied
to determine structure—function relation-
ships for optimal transfection efficiency.
Delivery of nucleic acids using cationic lipids
as carriers is reliant on various factors such as

the type of cationic head group [13], length
and degree of unsaturation of the hydropho-
bic domain chains [14], and lipid backbone
functionality [15]. The nature of the anionic
counterion [16,17], and the nucleic acid-to-cat-
ionic lipid charge ratio 18] also play a role in
the overall transfection efficiency [14.19].

The optimal traits of nucleic acid carriers
can be classified into two major categories,
high transfection efficiency and minimal
nonspecific cytotoxicity. Although DOTAP
and DOTMA have been examined in detail
as nucleic acid transfection agents, one of
the most widely used commercially avail-
able nucleic acid transfection agents is Lipo-
fectamine 2000 (L2K). Although this formu-
lation is highly efficacious, it has considerable
nonspecific cytotoxic effects presumably due
to its multivalent cationic nature [20]. This
limitation has prompted investigators to
explore monovalent cationic lipids as alternate
transfection agents [21.9.20] Interestingly, the
linking functionality, and to a lesser extent
the nature of the cationic head group of the
lipids have been demonstrated to contribute
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toward the observed nonspecific toxic effects [22]. There-
fore, in addition to ether and ester linking domains in
transfection lipids, such as in DOTMA and DOTAP,
respectively, other linking functionalities, such as
orthoester [23], carbamate [24], amide [25.26] and phos-
phoramidate [27) moieties have been studied. Besides the
linking functionalities described above, lipid hydrocar-
bon chains lengths are also likely to contribute to the
cytotoxicity of cationic lipids [14].

With an aim to develop lipid transfection agents with
low toxicity and high transfection efficiency, we pur-
sued the synthesis of oxime ether lipids (OELs). Oxime
linkages are readily assembled using click chemistry [28]
and are present in US FDA approved pharmaceuticals,
such as fluvoxamine [29]. Moreover, the resulting oxime
linkages are robust at pH 7 and prone to hydrolysis only
under strongly acidic conditions. Nonetheless, their use
in pro-drug formulations suggests suitable metabolism
after cellular incorporation [30.31]. Therefore, it can be
anticipated that oxime ether lipids are not likely to bear
long-term in vivo toxicity issues.

Synthesis of oxime ether lipids (containing the
quaternary ammonium head groups) by utilizing the
oximation approach has been reported previously by
Biswas et al. [9]. These lipids when examined as tools
to deliver nucleic acids (pDNA and siRNA) to cul-
tured cells under 7z vitro conditions exhibited lower
toxicity [9]. In the present investigation, we have fur-
ther examined the suitability of OFL as feasible trans-
fection agents by introducing hydroxyl groups in the
hydrophilic region of these lipid molecules; as well
as modification in hydrophobic core by varying the
chain lengths and/or degree of unsaturation. The lip-
ids used in the study shown in Figure 1 use an oxime
ether group to conjugate the hydrophobic domain
to the positively charged quaternary ammonium ion
head group. OELs 1-3 were varied in the carbon chain
length from C -C  and the degree of unsaturation
as previously reported (9. Hydroxylated transfection
agents have been noted previously to be better-suited
agents for nucleic acid delivery [32]. Consequently, in
addition to the above-mentioned variations; we pre-
pared OFELs that contain hydroxyl groups attached to
the head group region (lipids 4 and 5). Herein, we dis-
close the ability of this panel of OELs to deliver siRNA
for RNAI in human breast cancer cells. We describe
their delivery efficiency on the basis of their differ-
ences in chain length, degree of unsaturation and the
presence of hydroxylated head groups.

Materials & methods

Materials

1,2-Dioleoyl phosphatidylethanolamine (DOPE) was
procured from Avanti polar lipids, Inc. (AL, USA).

Human breast cancer cell lines MDA-MB-231 and
green fluorescent protein expressing MDA-MB-231/
GFP cells were procured from ATCC (VA, USA) and
Cell Biolabs, Inc. (CA, USA), respectively. Nuclease
protease free water was purchased from Quality Bio-
logical, Inc. (MD, USA). Early endosomal marker
(EEAL1) and secondary fluorescein antibody were pro-
cured from Cell Signaling, Inc. Cell titer blue reagent
and RQ1 RNase free DNase buffer and DNAse were
obtained from Promega Corp. (WI, USA). Cell cul-
ture reagents and media were purchased from Invi-
trogen (NY, USA). The sequences for the sense and
anti-sense strands for the Dicer substrate of RNAs (DS
RNAs), Alexa-488 and Alexa-546 labeled RNA/DNA
hybrid duplexes, Alexa-488 and Iowa black quencher
labeled DNA duplexes were purchased from Integrated
DNA Technologies, Inc. (IA, USA):

* RNA sequences for DS RNA: sense: 5'-
pACCCUGAAGUUCAUCUGCAC-
CACCG; antisense: 5'-CGGUGGUGCAGA-
UGAACUUCAGGGUCA, 5’ side of sense strand
is phosphorylated;

e Fluorescently labeled DNA: DNA antisense labeled
with Alexa488: GGAGACCGTGACCGGTGG
TGCAGATGAACTTCAGGGTCAtt/3AlexF4
88N/;

¢ DNA sense labeled with Alexa546:
5'—/5AlexF546N/aa TGACCCTGAAGTTCAT-
CTGCACCACCGGTCACGGTCTCC;

e DNA sense with Towa Black Quencher (IBQ): 5'-/
[BQ/aa TGACCCTGAAGTTCATCTGCACC-
ACCGGTCACGGTCTCC.

Methods

Synthesis of oxime ether lipids

Lipids 1-3 have been reported previously [9]. Full exper-
imental details for synthesis of hydroxylated OELs
4 and 5 are described in the Supplementary Material
(please see online at http://www.futuremedicine.com/
doi/full/10.2217/NNM.15.105). The approach to

prepare these lipids is given in Figure 2.

Nucleic acid duplex assembly

Nucleic acids used in this study were DS RNA
duplexes [33], fluorescent duplexes of Alexa-488 RNA/
DNA hybrids, DNA duplexes and quenched DNA
duplexes containing Al488 and lowa black fluores-
cence quencher (FQ), Alexa 546 labeled RNA/DNA
hybrids [343s) designed against green fluorescent pro-
tein (GFP). The specific sense and antisense strands

of all the designed duplexes were heated at 90°C for
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Figure 1. Panel of oxime ether lipids.

1 min and then annealed at room temperature before
further use as described [34].

Preparation of oxime ether liposomes

Lipids were solubilized in CHCI, at a concentration of
10 mg/ml. OELs (1 mg) were placed in glass vials and
then mixed with an equimolar amount of the matrix
lipid DOPE. Lipid films were prepared using a rotary
evaporator under reduced pressure, and kept over-
night in desiccator at room temperature. Lipids films
were hydrated with 3 ml of enzyme-free water under
vortexing and were probe sonicated for 10 min on ice
bath with 1-min cycle of sonication and 1-min rest to
obtain 0.33 mg/ml of OEL in the liposomes [9]. The
resulting OEL liposome preparations were either used
for further complexation with nucleic acids (described
below), or alternatively, the OEL liposomes were stored
at 4°C and used within 2 weeks of their preparation.
Although the liposomes contain DOPE as a helper
lipid, the liposomes used in this study will be referred
as OEL liposomes.

Formation of oxime ether liposomes/nucleic
acid complexes

To prepare oxime ether liposome/nucleic acid com-
plexes, the lipids at different concentrations were intro-
duced to a fixed concentration of nucleic acids (DS
RNAs or RNA/DNA hybrids or DNA duplexes) and
incubated for 30 min at room temperature. (We also
conducted silencing studies to examine the effects of
varying concentrations of DS RNA for a range of lipid
5 (see Supplementary Material). After incubation, the
mixture was diluted tenfold by using either enzyme-
free water/buffer or serum media at room temperature
and the resulting mixture was used immediately for dif-

N
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ferent experiments. The final concentration of nucleic
acids and the lipid concentrations are mentioned in the
respective experimental section and figure legends.

Size & zeta-potential measurements

The liposomes before or after complexation with DS
RNAs were analyzed for their hydrodynamic size and
zeta potential using Zeta Sizer Nano ZS (Malvern
Instruments, MA, USA). OEL alone and at different
concentrations in complexation with DS RNAs (50
nM) were run in triplicate in an automatic mode at

25°C equipped with a 633 nm laser and a back-scat-
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Figure 2. Synthetic scheme for synthesis of lipids 4

and 5. Conditions: a. N-hydroxyphthalimide, PPh,,
DIAD, 0 °C to rt, 12h; b. N,H,*H,0, CH,Cl,, rt, 2.5h (16%,
2 steps); c. tetradecyl aldehyde (for 9) or oleyl aldehyde
(for 11), CH,CL,, rt, 10h (47-71%); d. TFA, CH,Cl,, 0 °Cto
rt, 3h (91-100%); e. glycidol, EtOH, rt, ca. 2.5d (38—
41%); f. CH,l, CH,Cl, (sealed tube), 55 °C, 18h (63-64%).
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tering detector. However, only data for 10 pM for each
OEL in complexation with 50 nM DS RNA are shown.
Hydrodynamic size of the samples was measured using
the Stokes—Einstein equation. The zeta potential of
the complexes was calculated from the electrophoretic
mobility using Smoluchowski approximation [36].

Cryo-electron microscopy

Cryo-electron microscopy (Cryo-EM) was performed
on two representative oxime ether lipids, lipid 2 and
lipid 5. Liposomes without nucleic acids were visualized
using 1000 uM OEL. Similarly, liposome/nucleic acid
complexes were examined at concentrations of 1000
uM OEL and 10 uM DS RNA were used. Four microli-
ters of sample were blotted onto freshly glow-discharged
holey carbon grids (Quantifoil R2/2, SPI, PA, USA) and
vitrified in a Vitrobot plunge freezer (FEI, OR, USA).
Images were recorded with a T20 microscope (FEI) at
200 kV on an Eagle CCD camera (FEI).

Fluorescent anisotropy/polarization
measurements

Binding affinities of OEL with nucleic acids were deter-
mined by conducting fluorescent anisotropy/polar-
ization measurements using Tecan Infinite M1000
(Tecan, USA). Fluorescent Alexa-488 labeled RNA/
DNA hybrid duplexes (100 nM) were incubated with
various concentrations of different OELs ranging from
1 to 40 uM per well in the 96-well plate. Changes in
fluorescent (anisotropy/polarization) values of hybrid
duplexes upon binding to OEL with respect to the
hybrids alone was measured at A,_ 470 and A__ 517 nm.

Protection of nucleic acids

The protection of nucleic acid duplexes by OEL upon
digestion by nucleases was determined by fluorescence
resonance energy transfer (FRET) experiments (37]. In
brief, quenched DNA duplexes in which the 3’ anti-
sense strand labeled with fluorescent Alexa-488 and the
5" sense strand labeled with fluorescence quencher Iowa
Black FQ were used. DNA duplexes (50 nM) alone or
complexed with OEL (5 and 10 pM) in 1x RQ1 RNase
free DNase buffer were incubated and fluorescence was
measured at 37°C for 5 min in a fluorimeter (Horiba
Jobin Yvon, NJ, USA) to get a stable baseline at A_460
and A, 520 nm for Alexa 488 (slit width at 2 nm). After
5 min, RQ1 RNase free DNase was added according
to the manufacturer’s protocol to the samples while at
37°C and the degradation of the duplexes was monitored
following the dequenching of Alexa 488 for 3 h.

Cell culture studies
MDA-MB-231 (human breast cancer) cells either
stably expressing enhanced green fluorescent protein

(GFP) or non-GFP cells were maintained in a Dul-
becco’s modified Eagle’s medium (DMEM) 10% (v/v)
heat-inactivated FBS (fetal bovine serum), 100 iu./ml
penicillin and 100 pg/ml streptomycin under a humid-
ified 5% CO, incubator at 37°C. On the basis of the
experimental requirements, either GFP-expressing or
non-GFP MDA-MB-231 cells were used.

Uptake & silencing measurement by flow
cytometry

One day before the experiments, 60,000 cells/well of
MDA-MB-231 cells and 30,000 cells/well of MDA-
MB-231/GFP in the serum containing media were
plated in two separate 24-well plates for uptake and
silencing experiments. On the day of transfection, OEL
(1-5) at different concentrations from 1-20 uM com-
plexed with 50 nM of either Alexa-488 RNA/DNA
hybrid duplexes or dicer substrates of RNA duplexes
(DS RNAs) were added to the cells plated in each well
of the plate in serum containing media. The cells were
then incubated for 4 h at 37°C. After 4 h, the media
was replaced with the fresh serum media. Uptake effi-
ciency of RNA/DNA hybrid duplexes and silencing of
GFP was quantified using Cell Quest software after 1
day and 3 days of transfections respectively by fluores-
cence-activated cell sorting (FACS).

Fluorescent microscopy

Approximately 3 days or approximately 72 h after the
transfection, MDA-MB-231/GFP were imaged with a
Nikon 200 TE inverted microscope (NJ, USA) using
Meta Morph software (Universal Imaging Co., PA,
USA) to determine the silencing efficiency of GFP by
OEL/DS RNAs complexes. PanFluor 20X, ELWD,
NA = 0.45 objective and a Nikon B-2E/C, 465-
495/505/515-555 cube (Chroma Technology Corp.,
VT, USA) were used for the GFP imaging.

Endosomal colocalization

To observe the colocalization of fluorescently labeled
Alexa-546 RNA/DNA hybrids (50 nM) in MDA-
MB-231 cells, the early endosomal marker (EEA1) was
used. A 30,000 cells/quadrant of a culture dish were
seeded 1 day before the transfection. The next day, cells
were transfected with fluorescently labeled hybrids (50
nM) complexed with respective OEL (10 uM) in serum-
containing media in separate well quadrants. After 4 h
of incubation, 1% BSA in 1x PBS (washing solution)
was used to wash the cells three-times and the cells were
fixed with 4% paraformaldehyde in 1x PBS for 10 min
at room temperature. The cells were then washed again
three-times and permeabilized with 0.2% Triton X-100
in 1x PBS for 10 min. After washing the cells three-
times, the cells were treated with primary antibody
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EEA1 in 1% BSA in 1x PBS for 1 h. The cells were then
washed three-times and were stained with anti-EEA1
secondary antibody labeled with Alexa-488. Thereafter,
the cells were fixed again with 4% paraformaldehyde in
1x PBS as mentioned above and were imaged with a pin-
hole adjusted to 1 airy unit and analyzed for endosomal

colocalization using an LSM 710 confocal microscope
(Carl Zeiss) with a 63x, 1.4 NA magnification lens.

Cell viability assay

Viability of the MDA-MB-231 cells was determined on
treatment with OEL alone and in complexation with
DS RNAs. Typically, 20,000 cells/well were seeded in
96-well plates in serum containing media 24 h prior to
experiments. OEL at different concentrations (1-20 M)
with DS RNAs (50 nM) were added to the cells in trip-
licate in serum-containing media in the plate and incu-
bated for 4 h at 37°C. After incubation, the media were
replaced with fresh serum-containing media. The cells
were then incubated for another 24 h at 37°C. At the
end of incubation, cell titer blue reagent was added to
each well according to the manufacturer’s protocol and
the cells were further incubated for 4 h at 37°C. The
fluorescence of the resofurin (converted from resazurin
by viable cells) was measured at A_ 560 and A 590 nm
with an auto cut-off in a fluorescent ELISA plate reader
(Spectra MAX, Molecular Devices, CA, USA).

Results

Hydrodynamic diameter analysis

Formulations of OEL liposomes alone or in complex-
ation with DS RNA (50 nM) were measured for their
hydrodynamic sizes. All the OEL preparations showed
particle diameters in the range of 80-140 nm. On com-
plexation with DS RNA, the diameters of the resultant
lipoplexes were smaller in comparison to the OEL for-
mulations alone. The data for samples containing OEL
at 10 uM and DS RNA at 50 nM are shown in Figure 3A.

Zeta-potential measurements

Zeta potentials for OEL liposomes alone or in com-
plexation with DS RNA (50 nM) were also measured
(Figure 3B). All the OEL liposomes alone showed posi-
tive Zeta potential as expected due to their positively
charged head groups. The zeta potential measured was
in the range of 50—60 mV. In contrast, the zeta poten-
tial decreased in the presence of DS RNA due to the
electrostatic interaction between the OEL and DS RNA
as expected. The data for samples containing OEL at
10 uM and DS RNA at 50 nM are shown in Figure 3B.

Morphology
Although all the OELs used in this study differ in

certain aspects, such as chain length, degree of unsat-

uration, presence of hydroxylated head group, they
are all dual fatty acyl chain lipids. Therefore, we
selected the two most diverse examples, lipid 2 (alkyl
polar domain, nonsymmetric saturated hydrophobic
domain, C,/C,,) and lipid 5 (hydroxylated polar
domain, symmetric unsaturated hydrophobic domain,
C,./C,.) and examined their morphology before
and after complexation with DS RNA (Figure 4).

Due to technical limitations, we performed the
cryo-electron microscopy (Cryo-EM) at 100-fold
higher concentration than the concentrations used for
other experiments. However, the OEL:DS RNA ratio
of 100:1 corresponds to the one used for the transfec-
tion experiments (5 uM OEL/50 nM DS RNA). Both
the OEL only samples formed nice spherical liposomes
whereas upon addition of DS RNA, clumps of multi-
lamellar or concentric liposomes were observed, con-
sistent with previously reported observations [38]. The
apparent visual discrepancy on the results obtained by
the overall size distribution of OEL—siRNA complexes
by cryo-EM in contrast to the DLS measurements can
be reconciled based on utilization of 100-fold excess of
samples used for cryo-EM.

Binding affinity of oxime ether lipid/nucleic
acid complexes

The binding affinity of OEL to nucleic acids was deter-
mined by fluorescence polarization measurements.
This technique depends on the tumbling of a fluores-
cent molecule and exploits the relative change in the
polarization/anisotropy values upon binding with a
larger molecule. The slower the tumbling, the higher
the polarization/anisotropy values [39]. These measure-
ments were done using fluorescent Alexa488 labeled
RNA/DNA hybrid duplexes. OELs at different con-
centrations from 1 to 40 uM were mixed with a con-
stant concentration of fluorescent duplexes (100 nM).
All the lipids showed an increase in anisotropy values
with respect to the control duplexes even at the low-
est concentration of 1 uM. Similar binding affinities
for lipid 1, lipid 2, lipid 4 and lipid 5 to fluorescent
duplexes were observed almost at all the concentra-
tions of lipids tested. However, lipid 3 demonstrated
significantly lower binding affinity to duplexes at all
the concentrations (Figure 5).

Protection of nucleic acids by OEL

Here the protection of quenched DNA duplexes
interacting with a DNase enzyme was evaluated. The
fluorescence of Alexa488 upon DNase digestion was
taken as the measurement of nucleic acid degrada-
tion and then correlated as protection by respective
oxime ether lipids. We performed these experiments
using two different concentrations of OELs: 5 and
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Figure 3. Size and zeta potential analysis of oxime
ether lipid liposomes with or without addition of
Dicer substrate of RNA. Liposomes (10 uM) alone and
in complexation with DS RNA (50 nM) were analyzed
for their average diameter and zeta potential as
described in the Methods section. (A) Diameter (nm)
for various lipids (black bars) or in complexation with
DS RNA (crossed bars). (B) Zeta potential analyses of
oxime-ether lipids liposomes alone (black bars) and in
complexation with DS RNA (crossed bars) are expressed
in mV. The error bars in (A & B) represent standard
deviation (n = 3).

DS RNA: Dicer substrate of RNA.

10 uM. The data presented are representative of at
least three independent experiments. All OEL lipo-
plexes at both concentrations tested showed protec-
tion of DNA duplexes against enzyme DNase. How-
ever, the unsaturated lipids (lipid 3 and lipid 5) did
not protect the nucleic acids quite as well when com-
pared with the other saturated lipids. In fact, lipid 3
showed the least protection which was followed by

lipid 5 (Figure 6).

Cell viability

Impairment of cell viability upon addition of OEL
liposomes alone or in complexation with DS RNA was
assessed using a cell-titre blue reagent. The dye resa-
zurin present in the reagent is converted to resorufin
upon enzymatic reaction in viable cells, and the fluo-
rescence of resofurin is then measured (A_ 560 nm,
A_. 590 nm) to assay cell viability. MDA-MB-231 cells

did not show any sign of impairment in their viabil-
ity on treatment with the OEL (1-20 uM)/ DS RNA
(50 nM) lipoplexes after 24 h (Figure 7).

Uptake efficiency of nucleic acids by OELs

The uptake efficiency of Alexa488 RNA/DNA hybrid
duplexes was measured using the breast cancer cell
line, MDA-MB-231. FACS analysis showed that all
OELs were capable of delivering the nucleic acids in
the presence of serum (10% FBS) (Figure 8). Lipids 3
and 5, with hydrophobic domain unsaturation, showed
better uptake at higher concentrations whereas lipids
1 and 4 (C,, unsaturated tails) showed better uptake
at lower concentrations. Asymmetric lipid 2 showed
generally poorer uptake overall. The uptake efficiency
of lipids was also compared with the commercial trans-
fection agent lipofectamine (L2K). Lipids 3, 4 and 5
demonstrated higher uptake than L2K at 20, 5 and
10 uM, respectively.

Silencing of green fluorescent protein gene

The release of nucleic acids such as siRNA from the
delivery vectors is crucial to cause RNA interfer-
ence (RNAI) that corresponds to the silencing of a
particular gene. It was observed that all the OELs
were capable of releasing DS RNA and were further
processed by the RNAI pathway to cause silencing of
the GFP gene in the presence of serum (10% FBS).
Hydroxylated lipids 4 and 5 performed well with GFP
gene silencing in human breast cancer cells (Figure 9).
We observed that lipid 5, which has a hydrophobic
domain comprised of C, /C . chains and contains
hydroxyl groups in the polar domain, consistently
showed superior GFP silencing at all the doses tested
and was also a better performer than the commer-
cial transfection agent L2K and 10 and 20 uM con-
centration of OEL (see also Supplementary Figure 1).
Lipid 2, which contains additional dissymmetry in
the hydrophobic domain (C,,/C,

not contain OH groups in the polar domain consis-

chains) but does

tently showed lower silencing activity in comparison
to other lipids tested. The only exception was the
silencing activity mediated by lipid 2 at 5 uM con-
centration. A representative fluorescent microscopic
image (Figure 9B) demonstrates the silencing of GFP
by lipid 5/DS RNA complexes.

Endosomal co-localization

To determine whether the OEL/nucleic acid complexes
enter the cells via endosomes or not, we used the early
endosomal marker (EEA1, primary antibody) to co-
localize the uptake of Alexa 546 RNA/DNA hybrid
duplexes. We stained the EEA1 with the fluorescein
tagged anti-EEA1 antibody and observed the colocal-
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ization of Alexa546 RNA/DNA hybrids (red) with
EEAL (green) as punctate yellow fluorescence. It was
evident from the Figure 10 panel EEA1 + Alexa 546
RNA/DNA hybrids that RNA/DNA hybrid duplexes
delivered by all the OEL tested were co-localized with
EEAL1 suggesting that the nucleic acids delivered by
OELs were internalized by endosomes.

Discussion

Our investigations of oxime ether-based cationic lip-
ids have established them as promising candidates for
nonviral nucleic acid delivery in serum conditions.
In our examination of the relationship between OEL
structure and siRNA transfer efficacy, some trends
emerged. Polar domain hydroxylation had the greatest
influence on release properties, where hydroxylated lip-
ids 4 and 5 outperformed their nonhydroxylated coun-
terparts in regard to nucleic acid release upon cellular
internalization, as indicated by GFP silencing.

® OEL

Lipid 2

Lipid 5

f——— 100 nm

Although tight lipid complexation with nucleic
acids is desirable for protection against enzymatic deg-
radation, the nucleic acid phosphate-lipid ammonium
interactions [40] in concert with hydrophobic domain
packing and any polar domain hydrogen bonding
interactions must be readily overcome at a later stage
for lipoplex disassembly to occur.

In this regard, the OELs appear well structured for
effective siRNA protection and release. Hydrophobic
domain asymmetry has been suggested as a struc-
tural factor that is beneficial for nucleic acid release,
thus ultimately enhancing transfection activity [27.41].
Each of the OELs in our panel were used as a mixture
of (E,E)- and (E,Z)-oxime ether isomers, meaning a
nontrivial amount of nonsymmetric (£,2)-lipid was
present. Nonsymmetric hydrophobic domains likely
benefit transfection due to better nucleic acid release
through looser lipid packing in the lipoplex formula-
tion [27.42-44]. A second level of asymmetry was exam-

@i OEL/DS RNA |

Figure 4. Cryo-electron microscopy images. OEL alone, and OEL complexed with DS RNA (OEL/DS RNA) for (A)

lipid 2, and (B) lipid 5.
DS RNA: Dicer substrate of RNA; OEL: Oxime ether lipid.
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Figure 5. Nucleic acid binding affinity of oxime ether
lipid liposomes. Liposomes prepared from OEL were
diluted to a range of lipid concentrations (1-40 pM)
and 100 nM of Alexa 488 RNA/DNA hybrid was

added to the samples. Fluorescence anisotropy was
determined (see Methods section) as a measure of
binding affinity. Lipid 1 (closed purple rhombus), lipid

2 (closed red square), lipid 3 (closed yellow triangle),
lipid 4 (closed deep blue circle) and lipid 5 (black
asterisk). The error bars represent standard error of

the mean (£SEM) calculated from the values of two
independent experiments (n = 2).

ined in this study in the use of lipid 2 having the mixed
fatty acyl lengths, C, and C, chains in the hydro-
phobic domain. We found by comparing lipid 1 (C,,/
C,,) and 2, that the added asymmetry in the alkyl tails
was not beneficial for transfection. Indeed, the poor-
est performing lipid by most criteria studied was the
nonhydroxylated, nonsymmetric lipid 2.

Lipoplex uptake and activity was also facilitated
by lipid hydroxylation, and this observation agrees
well with the assessment of a recent review [45] citing
greater transfection efficiencies for lipids possessing
hydroxylated head groups. This effect is thought to
be mediated by the decrease in head group hydration
that results from the incorporation of functionality
capable of hydrogen bonding. Neighboring lipid-lipid
interactions in the lipoplex bilayers lead to exclusion
of interstitial water, and the resulting high positive
charge/low hydration motif promotes electrostatic
interactions not only with the polynucleotide but also
with cell membranes [46].

Unsaturation in the OEL lipid hydrophobic domain
also strongly impacted cellular uptake and nucleic acid
protection of the resulting complexes. Uptake of lipid—
siRNA complexes by the cells showed concentration
dependence wherein unsaturated-tail lipids outper-
formed at higher concentrations of the added complexes
whereas saturated-tail lipids were optimal for mid-range
concentrations. Prior studies designed to determine
optimal lipid chain length and unsaturation have gen-
erated conflicting results [45]; the concentration depen-

dence we have observed for our lipids may partially
explain this inconsistency. Nucleic acid protection was
also superior for the saturated lipids (1, 2, 4); however,
despite weaker protection from the longer-chain unsat-
urated lipids, silencing of GFP was not compromised.
Transfection efficiency has been known to be enhanced
by the effects of unsaturation as unsaturated lipids are
thought to fluidize endosomal bilayers and thus facili-
tate the lipoplex escape [47]. Similar effects might have
occurred in the present studies by unsaturated lipids to
fluidize endosomes and help in lipoplex escape to release
siRNA to promote efficient silencing.

Conclusion

Over the past decade, Nantz and colleagues (co-authors
in this study) have focused on the design and synthesis
of oxime ether lipids as superior transfection agents [9].
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Figure 6. Kinetics of DNA degradation by DNase. Ability
of oxime ether lipid to protect quenched DNA duplexes
was determined at two lipid concentrations complexed
with 50 nM DNA, as described in the Methods section.
Fluorescence increase as a function of time represents
dequenching of Alexa488 upon degradation from
quenched duplex. DNA (dark blue line), lipid 1 (red
line), lipid 2 (light green line), lipid 3 (purple line),

lipid 4 (light blue line) and lipid 5 (light brown line).
The data presented are representative of at least three
independent experiments. (A) Oxime ether lipid: 5 uM,
(B) oxime ether lipid: 10 uM.
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The inspiration to use an oxime ether as a linking func-
tionality follows from observations that oxime ether
drugs such as Fluvoxamine are in wide clinical use [29],
and initial studies indicate that oxime ether lipids can
be developed as suitable transfection agents [9]. This
study was designed to carefully examine the structure—
function relationship of oxime ether lipids (OELs)/
siRNA lipoplexes with their biological activity.

The average size distribution of the OEL/DS RNA
(Dicer substrate of RNA) lipoplexes ranged from 80
to 120 nm in diameter. Binding experiments revealed
that lipids 1, 2, 4 and 5 bind DS RNA with similar
affinity. In contrast, binding of lipid 3 was drastically
reduced. Using alexa488-labeled duplexes, the trans-
fection efficiency of various OELs was determined in
MDA-MB-231 cells. In general, the efficiency of GFP
silencing mediated by the oxime ether lipid contain-
ing lipoplexes was dependent on the concentrations
of the lipids used in our study, that is, addition of
higher amounts of lipoplexes to a known number of
cells yielded an increase in GFP silencing. Lipid 5 in
particular, exhibited superior transfection efficiency
at higher concentrations of the lipid. We also noted
that lipid 2 containing the nonsymmetric fatty acid
chains consistently showed reduced transfection effi-
ciency at all concentrations tested. Experiments with
an endosomal marker indicated that the lipid—siRNA
complexes enter the cells via the endocytic pathway.

Interestingly, the higher binding affinity of lipid
5 to nucleic acids did not correlate well with protec-
tion against DNase. We hypothesize that the higher
binding affinities of these lipids are mediated by lower
fluidity (ordered lipid packing due to saturated fatty
acyl chains). In addition, the presence of the hydroxyl
head group further strengthens the association with
the nucleic acids via the formation of hydrogen bonds.
We predict that the presence of unsaturation in the
fatty acyl chains (such as in lipid 3) reduces the effects
imparted by the hydroxyl groups that contribute to
hydrogen bonding (such as in lipid 5). Therefore, lipo-
plexes containing lipid 5, although exhibiting strong
affinity with the nucleic acids, fail to provide maximum
protection against DNAse degradation. This, however,
may facilitate dissociation of the nucleic acid from
the lipid resulting in a higher degree of silencing (as
observed in the case of lipid 5). In addition, fatty acyl
chain symmetry/asymmetry as well as chain length is
likely to contribute toward efficient gene delivery. Fur-
ther experiments in this area will be needed to assess
the nucleic acid-lipid interactions 77 vitro and in vivo.

The results of this study led us to conclude that
the lipids containing hydroxylated head groups are
superior carriers for siRNA delivery to cells and the
fatty acyl chain length and degree of unsaturation also
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Figure 7. Effect of addition of oxime ether lipid
liposome/Dicer substrate of RNA complexes on
viability of MDA-MB-231 cells. Liposomes containing
various lipid concentrations (1-20 uM) were complexed
with 50 nM Dicer substrate of RNA and the resulting
lipoplexes were added to MDA-MB-231 cells plated in
96-well clusters (see Methods section). Cell viability was
monitored 24 h post-addition. The values are presented
as percentage cell viability. Values of cells without

any addition of samples were taken as 100%. Lipid 1
(purple bars), lipid 2 (red bars), lipid 3 (light brown
bars), lipid 4 (dark blue bars) and lipid 5 (black bars).
The error bars represent standard error of the mean
(£SEM) calculated from the values of two independent
experiments (n = 2).

contributes toward enhancement of transfection and
silencing activity iz vitro. To our knowledge, a system-
atic examination of OEL structure—function activity
with respect to their ability to carry siRNA to the cells
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Figure 8. Cellular uptake of oxime ether lipid
liposomes/Alexa488 RNA/DNA hybrid complexes.
Various concentrations of OEL (1-20 uM) were
complexed with Alexa488 RNA/DNA hybrid (50 nM)
and added to MDA-MB-213 cells (non-GFP) plated on
24-well clusters and cellular uptake was monitored
post 24 h as described in the Methods section.
Lipofectamine (L2K) was used as a reference standard
at a concentration of 2 ug/ml per well. The values are
expressed as relative fluorescence arbitrary units (a.u.)
as a function of increasing concentration of liposomes.
Lipid 1 (purple bars), lipid 2 (red bars), lipid 3 (light
brown bars), lipid 4 (dark blue bars), lipid 5 (black bars)
and L2K (brown bar). The error bars represent standard
error of the mean (xSEM) calculated from the values of
two independent experiments (n = 2).

future science group

www.futuremedicine.com 2813



Research Article Gupta, Mattingly, Knipp et al.

interior has not been reported earlier. Therefore, we
believe that this is the first report to this end. Further
examination of our OEL liposomes in animal stud-
ies will validate their suitability as 77 vivo nucleic acid
carriers.

Future perspective
RNAij-based therapeutics has become an important
field of research since the first clinical trial studies led

®
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Figure 9. Green fluorescent protein gene silencing by
oxime ether lipid liposomes/Dicer substrate of RNA
complexes. (A) Dose-dependent silencing activity of
GFP gene mediated by OEL (1-20 uM)/DS RNA (50 nM)
complexes is shown and compared with L2K (2 ng/ml)/
DS RNA (50 nM) complexes. Lipid 1 (purple bars), lipid
2 (red bars), lipid 3 (light brown bars), lipid 4 (dark
blue bars), lipid 5 (black bars) and L2K (brown bar).
The error bars represent standard error of the mean
(+SEM) calculated from the values of two independent
experiments (n = 2). (B) Representative fluorescent
microscopic images of MDA-MB-231/ GFP cells showing
silencing of the GFP gene mediated by lipid 5 (10 uM)/
DS RNA (50 nM) complexes.

DS RNA: Dicer substrate of RNA.

by Davis and colleagues in year 2010 [48]. The future of
this technology bears merit and is believed to play an
important role for personalized medicine in the future.
However, one of the bottlenecks in success of clinically
suitable RNAI agents calls for development of suitable
delivery platforms [10]. Lipids (including phospho-
lipids) have been long-sought as suitable carriers for
drugs and/or nucleic acids for chemotherapy and gene
delivery including vaccines [7]. Application of lipids as
carriers of therapeutics is based on their inherent bio-
logical properties and potentially relatively nontoxic
effects [9.2021]. However, nucleic acid delivery using the
lipids as carriers is predominantly reliant on the posi-
tive charge of the latter. It is discernable that positively
charged lipid molecules with user-friendly chemical
synthesis routes, desired biodegradability and the abil-
ity to complex with nucleic acids may lead to successful
RNAi-based therapies [9]. Structure-function studies
indicate that overall charge (18], size, fatty acyl compo-
sition [14,41] and the polarity of head groups of the lipid
carriers [13,45] or surface properties will likely dictate
the suitability of resulting nucleic acid-lipid complexes
for patient care in the future. In addition inclusion of
molecules (such as PEG lipids) that will allow longer
circulation times as well as molecules (such as pH-
sensitive lipids) that will facilitate endosomal escape in
the formulations would aid in designing superior lipid-
based delivery systems. This study provides a first step
to accomplish these objectives.

We foresee that lipid-based delivery systems will have
a crucial role in systemic application of siRNA in the
clinic. However, the lipid-based delivery systems for
siRNA are mostly targeted to the liver/spleen. There-
fore, more extensive studies are needed at the iz vivo
level to make them available to other tissues based on
their pharmacokinetic profile, distribution in organs and
diseased tissues, interaction with serum proteins, degra-
dation of siRNA and lipid delivery system by enzymes,
immune-stimulatory effects, targeting diseased tissue/
cells selectivity versus nonspecific normal tissue/cells
uptake, escape from endosomes and release profile of
siRNA in the cytoplasm for efficient gene silencing,
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Executive summary

Lipid-based nonviral delivery systems for RNAi or siRNA delivery

e Lipid-based delivery agents has been widely used for the delivery of nucleic acids including siRNAs and several
of such formulations are under clinical trials.

Oxime ether lipids for RNAi or siRNA delivery

¢ We have been developing oxime ether lipids as transfection agents. Oxime ether lipids (OELs) 1, 2, 3, 4 and 5
containing variations in the hydrophobic domain chain length, degree of unsaturation and/or with hydroxyl
groups incorporated polar domain were synthesized and compared for siRNA delivery.

Structure-activity relationship between designed OELs & siRNA delivery or key observations of the study

e Lipids 1, 2, 4 & 5 bind DS RNA with similar affinity whereas binding of lipid 3 was drastically reduced.

e All the lipids mediated transfection under serum conditions and were nontoxic in human breast cancer
cells. Lipid 5 exhibited superior transfection efficiency at higher concentrations of the lipid. Whereas lipid 2
(nonsymmetric) consistently showed reduced transfection efficiency at all concentrations tested.

¢ Incorporation of hydroxyl groups to the polar domain and unsaturation into the hydrophobic domain of the
OELs favor higher transfection and gene silencing (~70%) activity.

Potential of OELs as siRNA delivery agents

e Results led us to confidently say that the lipid 5 mediated delivery of siRNA will show promising results in vivo
and we hope to take it to clinical trials.
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