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ABSTRACT: We report the synthesis and characterization of
a series of ionizable lysine-based lipids (ILL), novel lipids
containing a lysine headgroup linked to a long-chain
dialkylamine through an amide linkage at the lysine a-amine.
These ILLs contain two ionizable amines and a carboxylate,
and exhibit pH-dependent lipid ionization that varies with lipid
structure. The synthetic scheme employed allows for the
simple, orthogonal manipulation of lipids. This provides a
method for the development of a compositionally diverse
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library with varying ionizable headgroups, tail structures, and linker regions. A focused library of four ILLs was synthesized to
determine the impact of hydrophobic fluidity, lipid net charge, and lipid pK, on the biophysical and siRNA transfection
characteristics of this new class of lipids. We found that manipulation of lipid structure impacts the protonation behavior,
electrostatically driven membrane disruption, and ability to promote siRNA mediated knockdown in vitro. ILL-siRNA liposomal
formulations were tested in a murine Factor VII model; however, no significant siRNA-mediated knockdown was observed.
These results indicate that ILL may be useful in vitro transfection reagents, but further optimization of this new class of lipids is
required to develop an effective in vivo siRNA delivery system.

B INTRODUCTION

Lipid-based nanoparticles have long been used to deliver
biologically active molecules including drugs, DNA, and, more
recently, siRNA in vivo."” Liposomes and lipoplexes alter the
pharmacokinetics, biodistribution, and uptake pathways of
encapsulated or associated molecules.’” Depending on the
therapeutic application and drug properties, lipids with specific
biophysical characteristics are required to develop an effective
delivery system.* Due to their anionic charge and large size,
siRNA are not able to passively cross cellular membranes to
reach their site of action in the cytoplasm.>® Therefore, delivery
systems that actively promote cellular internalization and
endosomal escape are essential.”® Because of these properties,
lipid-based siRNA delivery systems are generally cationic or
ionizable to allow for high-efficiency siRNA encapsulation and
to promote intracellular membrane disruption and endosomal
escape.”””'® Recent work on the rational design of amino lipids
using structure—activity relationships indicates that fusogenic
lipids with pK,s in the pH 6.0—7.0 range are promising
candidates for siRNA delivery in vivo.”'” Following internal-
ization, the low-pH environment of the endocytic pathway is
believed to ionize these lipids, promoting electrostatic
interactions between carrier lipids and naturally occurring
anionic membrane lipids. These interactions drive the
formation of unstable, nonbilayer structures that lead to
membrane disruption and contents delivery to the cyto-
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plasm.'”~"® Formulation of nanoparticles using these ionizable
lipids at low-pH allows for efficient siRNA encapsulation, and
incorporation of helper lipids including phospholipids, sterols,
and PEG—lipids alters the size, surface charge, and stability of
these formulations, providing some control over the in vivo
pharmacokinetic properties of these systems.”®*!

Despite recent advances in the field, ionizable and cationic
systems are still limited by their immunostimulatory effects and
poor pharmacokinetics.'* In contrast to cationic lipids,
zwitterionic lipids such as phosphatidylcholine (PC) or
phosphatidylethanolamine (PE) show low in vivo cytotoxicity
and immunogenicity.”> However, their neutral surface charge
and pH-independent biophysical properties limit their ability to
efficiently encapsulate and deliver charged, high-molecular-
weight drugs. Previously, we reported a new class of
zwitterionic lipids (ZL) with headgroups containing a cationic
amine and an anionic carboxylate.”> These lipids are non-
immunogenic and nontoxic, and are capable of encapsulating
siRNA at low pH. However, ionization of these headgroups
occurs at a pH below that found in the endosomes, limiting the
utility of ZL as siRNA delivery systems.*’ Building on this
work, we describe the design, synthesis, and characterization of
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Figure 1. Ionizable lysine-based lipid (ILL) structures.
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Figure 2. Theoretical pH-dependent ionization of ILL.

ionizable lysine-based lipids (ILL) containing a lysine head-
group linked to a long-chain dialkylamine through an amide
linkage at the lysine a-amine (Figure 1). The resulting lipid
structure contains a primary and tertiary amine, as well as a
single carboxylate, and the overall net charge of the lipid
depends upon the ionization state of each protonatable moiety
(Figure 2). The general ILL structure maintains a zwitterionic
headgroup at the bilayer interface, potentially reducing
immunogenicity compared to other cationic systems. However,
the addition of a second ionizable amine in the lipid core is
expected to increase ILL pK, into a physiologically relevant
range to promote membrane destabilization, endosomal escape,
and siRNA delivery to the cytoplasm. We hypothesized that
varying the structure of ILL would impact their ionization
behavior, membrane interactions, and siRNA transfection both
in vitro and in vivo. A focused library of four ILLs with distinct
structures was synthesized to determine the impact of
hydrophobic fluidity, lipid net charge, and lipid pK, on the
biophysical and transfection characteristics of this new class of

lipids.

B EXPERIMENTAL PROCEDURE

Materials and Chemicals. 1,2-Dioleoyl-sn-glycero-3-phos-
phocholine (DOPC), 1,2-distearoyl-sn-glycero-3-phosphocho-
line (DSPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE), 1,2-dioleoyl-sn-glycero-3-(phosphor-1'-rac-glycerol)
(DOPG), 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP), and cholesterol (Chol) were purchased from Avanti
Polar Lipids (Alabaster, AL). 1-(Monomethoxypolyethylene-
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glycol)-2,3-dimyrystoylglycerol (PEG-DMG) was purchased
from NOF-Corporation (Tokyo, Japan). DLinDMA was
provided by Pfizer (Cambridge, MA). Boc-Lys-OMe HCl was
purchased from Combi-Blocks Inc. (San Diego, CA). Linoleic
acid was purchased from TCI-America Inc. (Portland, OR).
Quant-iT Ribogreen RNA reagent was purchased from
Invitrogen (Carlsbad, CA). The Steady-Glo luciferase assay
kit was purchased from Promega (Madison, WI). The Aniara
Biophen Factor VII assay kit was purchased from Fisher
Scientific (Houston, TX). Lipofectamine 2000 was purchased
from Life Technologies (Carlsbad, CA). All other reagents were
purchased from Sigma-Aldrich (Milwaukee, WI). Solvents were
purchased from VWR (Radnor, PA), and used without further
purification. siRNA for in vitro luciferase knockdown experi-
ments was provided by Pfizer (Cambridge, MA). siRNA for in
vivo Factor VII knockdown experiments was synthesized by
Dharmacon (Lafayette, CO). siRNA sequences are provided in
the Supporting Information.

Lipid Synthesis. A library of four ionizable lysine-based
lipids (ILL) were synthesized by conjugating lysine to a dialkyl-
P-alanine or dialkylglycine through an amide linkage between
the a-amine of lysine and the carboxylic acid of the dialkylated
amino acid. A detailed scheme for all synthesized lipids can be
found in the Supporting Information. TLC analyses were
performed on 0.25 mm silica gel F,g, plates (Fisher Scientific,
Houston, TX) using the described solvent systems. High-
performance flash chromatography (HPFC) was performed on
a Grace (Deerfield, IL) Reveleris HPFC system with prepacked
Reveleris silica gel columns (70 A, 40 um). "H NMR spectra
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were acquired using a Bruker (Fremont, CA) Avance 300 MHz
instrument. Chemical shifts are expressed as parts per million,
and tetramethylsilane was used as an internal standard.
MALDI-TOF spectra were acquired using Bruker (Fremont,
CA) Microflex workstation.

Liposomal Formulation for Biophysical Assays.
Chloroform solutions of lipids were dried in 10 X 25 mm
glass test tubes by rotary evaporation under reduced pressure
followed by high vacuum for 18 h. The lipid film was
rehydrated with 500 uL of 10 mM Tris buffer containing 150
mM NaCl, pH = 74 (5 mM final concentration). Each
preparation was sonicated 30 min at room temperature to form
monodisperse liposomes with diameters in the 80—120 nm
range. Particle size was measured using a Malvern (West-
borough, MA) Zetasizer NanoZS.

TNS Fluorescence Assay. Ionization behavior of ILL
containing liposomes was assayed using a protocol adapted by
Zhang et al.”* A § mM solution of ILL liposomes (40:40:15:5,
ILL/Chol/POPC/PEG-DMG) was diluted to 2.67 #M in a 10
mM buffer containing 150 mM NaCl, pH = 3.5-9.5.
Fluorescence was measured (Ex/Em = 320/430 nm) using a
Spex Fluorolog Fluorimeter (Horiba Scientific, Edison, NJ) to
obtain background, then measured again following the
introduction of 0.167 uM TNS to give the background
subtracted fluorescent signal (F). All experiments were run in
triplicate, and normalized to the background subtracted
fluorescent signals of DOTAP and DOPC liposomes to correct
for changes in TNS fluorescence as a function of pH. The net
charge of the ionizable lipid at a given pH is defined as

F - FDOPC

Net ChargePH = X 100

FDOTAP - FDOPC

where F is the fluorescence of the sample at the specified pH,
Fpopc is the fluorescence of DOPC liposomes (40:40:15:S,
DOPC/Chol/POPC/PEG-DMG) at the specified pH, and
Fporap is the fluorescence of DOTAP liposomes (40:40:15:S,
DOTAP/Chol/POPC/PEG-DMG) at the specified pH.

Membrane Lysis Assay. Membrane lysis activity was
assayed using a protocol adapted from Zhang et al.** A 5 mM
solution of membrane mimicking liposomes (45:20:20:1S,
DOPC/DOPE/DOPG/Chol) encapsulating 10 mM TRIS,
12.5 mM ANTS, 45 mM DPX, and 20 mM NaCl was diluted to
3.33 yuM in a 10 mM isosmotic buffer containing 150 mM
NaCl, pH = 5.5, 6.5, or 74. A’ S mM solution of ionizable
liposomes (40:60, ionizable lipid/POPC) was then diluted to a
concentration of 16.67 uM. Baseline ANTS fluorescence (Ex/
Em = 360/530 nm) was measured at t = 0 (F,;,) using a Spex
Fluorolog Fluorimeter (Horiba Scientific, Edison, NJ).
Following a 30 min incubation at 37 °C, ANTS fluorescence
was measured again (F). Maximum ANTS fluorescence was
measured following total membrane lysis using 0.5% C,E
(Faay)- All measurements were done in triplicate. % Lysis is
defined as

AXIOO
E

max

96Lysis y =

In Vitro siRNA Transfection Assay. In vitro transfection
was assayed using a protocol adapted from Akinc et al.*® HeLa
cells stably expressing firefly luciferase were seeded (8000 cells/
well) on an opaque black 96-well plate (Greiner Cellstar), and
allowed to attach overnight in 90% MEM media with 10% FBS,
100 pg/mL streptomycin, and 100 units/mL penicillin. Lipid/

38

siRNA complexes were made by combining lipid formulations
containing 40:40:20 ILL/Chol/DOPE (1 mg/mL total lipid, 25
mM NaOAc buffer, pH = 5.0) and siRNA (12.5 ug/mL siRNA,
25 mM NaOAC buffer, pH = 5.0) at N/P = 10 for 30 min at
room temperature. Cells were transfected with lipoplexes
containing anti-luciferase or nonspecific siRNA at the given
concentrations by adding the lipoplex solution to the cell
culture media and incubating for 24 h. Luciferase expression
was measured using the Steady-Glo assay kit (Promega,
Madison, WI). Luminescence was measured using an Infinite
m1000 Pro microplate reader (Tecan, San Jose, CA). Control
experiments were performed with Lipofectamine 2000
(LF2000) using the protocol provided by the vendor
(Invitrogen, Carlsbad, CA). Luminescence was normalized to
the nonspecific siRNA control, and treated wells were
compared against untreated wells to evaluate knockdown
efficiency. All measurements were done in triplicate.

In Vivo ILL-siRNA Liposomal Formulation. ILL-siRNA
formulations were prepared using a batch mixing process as
previously described.”> Formulations contained ILL, Chol,
DSPC, and PEG—DMG (40:40:10:10). Two milligrams of total
lipid was dissolved in 250 uL of ethanol and sonicated at 25 °C
for 5 min. The lipid/ethanol solution was subsequently injected
into a magnetically stirred 2.5 mL vial, which contained 100 pg
of siRNA dissolved in 250 uL of 50 mM citric acid buffer, pH 4.
The lipid suspension was stirred for 10 min and then extruded
using a hand-held extruder (Avestin, Ottawa, ON, Canada)
through 80 nm polycarbonate membranes (Whatman Interna-
tional, Kent, UK.) S times at room temperature. Ethanol was
removed by dialysis against PBS (pH 7.4) without Ca** and
Mg*" for 24 h. Encaspulation efficiency of siRNA was quantified
by measuring the fluorescence signal using the Quant-iT
RiboGreen RNA Assay Kit (Life Technologies, Carlsbad, CA)
in the presence or absence of 0.4% Triton-X. Fluorescence was
measured using the Fluostar fluorescence plate reader (BMG
Labtech, Cary, NC) (Ex/Em = 485/520 nm). Liposome size
and zeta potential were measured 3 times per sample on a
Zetasizer NanoZS (Malvern, Westborough MA) and averaged.

In Vivo Mouse Factor VII Knockdown Experiments.
Six-to eight-week-old female CD-1 mice (Charles River
Laboratories, Wilmington, MA) were administered ILL-
siRNA formulations via tail vein injection at an siRNA
concentration of S mg/kg (15:1 w/w ratio of ILL/siRNA) in
a total volume of 200 #L. Control mice received an injection of
200 uL of phosphate buffered saline without calcium or
magnesium salts (PBS). 48 h after administration, animals were
anesthetized with isoflurane. Blood was collected by sub-
mandibular cheek bleeding. Serum samples were obtained by
allowing the blood to clot for 30 min and then centrifuging for
15 min at 15000 rpm at 4 °C. The supernatant was collected
and analyzed for serum levels of Factor VII protein using the
Biophen VII chromogenic assay (Aniara, Mason, OH)
according to manufacturer’s instructions. A standard curve
was generated using serially diluted concentrations of PBS-
treated animals. Serum Factor VII levels of mice treated with
ILL-siRNA formulations were expressed as percentage of PBS-
control. Each group consisted of n = 3 mice. DLinDMA
liposomes (40:40:10:10 DLinDMA/Chol/DSPC/PEG-DMG)
served as a positive control.*

B RESULTS AND DISCUSSION

Chemistry and Structure of lonizable Lysine-Based
Lipids. Ionizable lysine-based lipids (ILL) contain a lysine
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headgroup linked to a long-chain dialkylamine through an
amide linkage at the lysine a-amine (Figure 1). The resulting
lipid structure contains a primary and tertiary amine, as well as
a single carboxylate. As such, the overall net charge of ILL
depends upon the ionization state of these protonatable
moieties (Figure 2). At low pH, all ionizable groups should
be protonated, yielding a net charge of +2. As the pH increases,
deprotonation of the carboxylate reduces the overall net charge
to +1, and subsequent deprotonation of the amines results in a
net charge of 0 or —1. We hypothesize that, similar to other
ionizable delivery systems, this pH-dependent ionization
behavior will promote siRNA encapsulation at low pH and
membrane destabilization along the endocytic pathway, while
preventing protein opsonization at physiological pH."> The
presence of the anionic moiety gives these lipids zwitterionic
characteristics that may reduce the immunostimulatory effects
that are characteristic of cationic lipid systems."*

We synthesized four distinct lipids to identify the impact of
structural modifications on the biophysical and transfection
behavior of these lipids (Figure 1): LOA-LysC2 contains a
linoleyloleylamine (LOA) and a two-carbon spacer between the
amide-linked lysine and the LOA core; DOA-LysC2 contains
the same two-carbon spacer but a dioleylamine (DOA)
hydrophobic region; LOA-LysC2-OMe is identical to LOA-
LysC2, except the carboxylic acid is methylated to prevent
ionization of this functional group and eliminate the cationic to
neutral charge transition; LOA-LysCl1 is analogous to LOA-
LysC2, but contains a single carbon linker between the amide
and the LOA core. This focused lipid library provides a
platform to study how lipid hydrophobic fluidity, net charge,
and amine pK, impact the biophysical and transfection behavior
of ILL.

The general ILL synthetic scheme allows for the orthoganol
manipulation of lipid structure. Full details of all synthetic
schemes can be found in the Supporting Information. Synthesis
begins with the formation of a dialkylamine by coupling a long-
chain fatty acid to oleylamine, followed by reduction of the
resulting amide using lithium aluminum hydride. This long-
chain dialkylamine is then functionalized with either ¢-
butylbromoacetate or t-butylacrylate to create a protected
trialkylamino acid with a one- or two-carbon spacer between
the tertiary amine and the carboxylate. Following deprotection,
the acid group is coupled to the a-amine of a protected lysine.
Global or selective deprotection of this compound yields the
final ILL product. All compounds were purified by HPFC prior
to biophysical characterization or transfection studies.

Liposomal Formulation for Biophysical Character-
ization. ILL liposomes for biophysical characterization were
prepared by rehydrating a dried lipid film of the desired
composition in 10 mM Tris buffer with 150 mM NaCl, pH =
7.4. Two different liposomal formulations were used; 60:40
POPC/ILL and 40:40:15:5 ILL/Chol/POPC/PEG-DMG.
Both preparations formed small (80—120 nm), stable lip-
osomes following sonication for 30 min at room temperature.

pH-Dependent lonization of ILL-Containing Lip-
osomes. The ionization behavior of ILL liposomes
(40:40:15:S, ILL/Chol/POPC/PEG-DMG) was studied by
comparing their relative surface charge as a function of pH
using a TNS assay.**?° TNS is an anionic fluorophore whose
fluorescence intensity increases drastically in a hydrophobic
environment due to the elimination of quenching by water
molecules. TNS partitions into cationic lipid membranes to a
greater extent than neutral or anionic membranes due to
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electrostatic interactions. This behavior makes TNS an ideal
candidate for exploring the surface charge of ILL containing
liposomes across a range of pH. As the ILL headgroup is
protonated with decreasing pH, the level of TNS fluorescence
should increase due to an increasing concentration of TNS in
the hydrophobic environment. The presence of multiple
ionizable groups in ILL makes data normalization difficult,
because the shape of the jonization curve differs depending on
lipid structure. As such, normalizing to the maximum and
minimum values for each sample does not accurately portray
their relative ionization behavior. However, normalization to a
formally positive lipid (DOTAP) and a neutral lipid (DOPC)
allows us to identify the relative net charge of the ILL as a
function of pH. The data for each ILL can then be compared to
that of other ILL, as well as lipids with a single ionizable amine,
such as DLinDMA.*° Lipid structures for these control lipids
can be found in Figure S1, Supporting Information.

TNS fluorescence in the presence of ILL liposomes was
measured in 0.5 pH unit increments from pH 3.0 to 9.5 (Figure
3). Our results indicate that all ILL show pH-dependent

2.5 = LOA-LysC2-OMe
- LOA-LysC2

o ~ LOA-LysC1
=2, - DOA-LysC2
g =+ DLinDMA
o 1.5
-
7]
Z 1.0
B
205
3

0.0

Figure 3. pH-dependent ionization of ILL liposomes (40:40:15:5 ILL/
Chol/POPC/PEG-DMG).

ionization; however, structural changes clearly impact their
ionization behavior. All ILL show a maximum net charge at pH
= 3.0 and a minimum net charge at pH = 9.5, as expected.
LOA-LysC2, which was the template for all synthesized lipids,
reaches a maximum net charge of +1.7, and exhibits a broad,
double sigmoidal ionization curve, eventually achieving a
minimum value of 0.0 at pH = 9.5. Altering the hydrophobic
region of LOA-LysC2 does not impact its ionization behavior,
as seen by the matching DOA-LysC2 curve. Altering the length
of the linker between the 3° amine and the amide linkage
significantly impacts the shape of the ionization curve, but has
no impact on the maximum or minimum lipid charge. This is
illustrated by the ionization behavior of LOA-LysC1 liposomes.
The shorter linker in LOA-LysC1 lowers the pK, of the 3°
amine, likely due to the electron withdrawing effect of the
amide in close proximity. LOA-LysC2-OMe, which has a
methylated carboxylic acid moiety, exhibits a significantly
different ionization profile due to the absence of the anionic
group. At low pH, LOA-LysC2-OMe liposomes achieve a net
charge of 2.0, indicating that both amines are fully protonated.

None of the ILL with an ionizable carboxylate reach a net
charge of 2.0 (maximum theoretical net charge) in the tested
pH range. However, methylation of the carboxylate results in a
fully ionized headgroup. This indicates that the carboxylate
moiety is either not fully protonated or is somehow interacting
with the free amino groups to disrupt interactions with the
TNS fluorophore. Interestingly, all of the ILL ionization curves
differ significantly from that of DLinDMA, a well-characterized
ionizable amino lipid,*® which shows a sigmoidal shape with a
maximum net charge of 1.0 and a sharp transition to 0.0
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between pH 6.0 and 7.0. ILL do not follow the sigmoid shape
observed for other ionizable amino lipids.'>**** These lipids
show a broader, more complicated ionization curve, possibly
due to the presence of multiple ionizable moieties with varying
pK, in each lipid. Additionally, differences in amine substitution
(1° versus 3°) or orientation in the bilayer (interfacial versus
extended) may affect lipid ionization and alter the pH-
dependent surface charge.

Lysis of Biomembrane Mimicking Vesicles by ILL
Liposomes. It is hypothesized that the charge state of lipids
impacts their ability to disrupt anionic biomembranes along the
endocytic pathway and deliver contents to the cytosol.”'>**
Cationic lipids can ion-pair with naturally occurring anionic
lipids, inducing a phase transition from the stable L, to the
unstable Hj; phase, promoting endosomal escape.'®*” The
efficiency of this process is believed to be essential for the
effective delivery of liposomal contents to the cytosol.”®'®*
However, formally cationic systems are generally immunosti-
mulatory and have short plasma half-lives due to protein
opsonization and subsequent clearance by the reticuloendo-
thelial sgfstem, making them poor candidates for systemic
delivery.” Alternatively, ionizable lipids that become cationic at
pH < 7.4 exhibit limited interactions with anionic membranes
in circulation, but have strong electrostatic interactions along
the endocytic pathway, thereby promoting efficient delivery.
Several of these ionizable systems have shown promising in
vivo data in preclinical models.'>"*

Membrane lysis activity at low pH is expected to correlate
with transfection efficiency, and may help identify lipids with
favorable properties for siRNA delivery in vitro and in vivo.
Understanding the pH-dependent interactions between ILL
containing liposomes and anionic membranes provides insight
into their expected behavior in circulation. We investigated the
capacity of ILL containing liposomes to lyse biomembrane
mimicking vesicles (BMV) encapsulating the fluorophore/
quencher ANTS/DPX as a function of pH. BMV consisted of
45:20:20:15 DOPC/DOPE/DOPG/cholesterol,” and ILL
liposomes contained 40:60 ILL/POPC. pH values of 7.4, 6.5,
and 5.5 were chosen to assay lipid behavior under
physiologically relevant conditions.

The synthesized ILLs provide a platform for investigating
how changes in lipid net charge (LOA-LysC2-OMe), hydro-
phobic group fluidity (DOA-LysC2), and lipid ionization
behavior (LOA-LysC1) impact membrane lysis compared to
LOA-LysC2 liposomes. Additionally, we compare the behavior
of ILL with DLinDMA, a well-characterized ionizable lipid that
is effective for in vivo siRNA delivery, and DOPC, a
zwitterionic membrane phospholipid that is neutral across the
tested pH range. DOPC liposomes show no lysis across the
tested pH range, as expected. DLinDMA liposomes show
strong pH-dependent lysis characteristics, with a S-fold increase
in lysis at pH = 5.5 (86%) compared to pH = 7.4 (16%).
Interestingly, DLinDMA still shows significantly more lysis at
pH = 7.4 than DOPC, indicating that these lipids are not fully
deprotonated at physiological pH (Figure 4).

Since all ILLs exhibit pH-dependent ionization, we
anticipated that we would observe pH-dependent BMV lysis
for all ILL liposomes due to changes in electrostatic interactions
as a function of pH. Interestingly, we observed that only LOA-
LysC1 shows pH-dependent membrane lysis (Figure 4). LOA-
LysC1 becomes cationic at a lower pH than all other ILL,
possibly explaining this difference in biophysical behavior. At
pH = 5.5, LOA-LysC1 shows a slightly lower extent of lysis
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Figure 4. Lysis of biomembrane mimicking vesicles (45:20:20:15
DOPC/DOPE/DOPG/Chol) by ILL containing liposomes (60:40
POPC/ILL).

(18%) than LOA-LysC2 (23%), our base lipid for all structural
modifications. This may be due to the lower net surface charge
of LOA-LysCl1 at pH = 5.5. DLinDMA shows a similar pH-
dependent lysis profile; however, the extent of lysis at pH = 5.5
is 4-fold higher, indicating it is more membrane active.

LOA-LysC2 and LOA-LysC2-OMe show pH-independent
membrane lysis behavior. LOA-LysC2 promotes roughly 23%
lysis, and LOA-LysC2-OMe, which is structurally analogous but
has a methylated carboxylate, and therefore a higher charge
density, shows 79% lysis across the tested pH range (Figure 4).
The difference in extent of lysis is likely due to differences in
liposomal surface charge; LOA-LysC2-OMe liposomes are
more cationic due to the absence of the anionic moiety, and
therefore promote stronger electrostatic interactions with BMV.
The pH-independent behavior of these two lipids was
unexpected based on their ionization behavior; we predicted
that the higher net surface charge at low pH would promote
electrostatic interactions and increase membrane lysis. Instead,
there appears to be a surface charge threshold above which
there exists a constant, lipid-dependent, extent of lysis. It is
interesting to note that LOA-LysC2-OMe liposomes at pH =
7.4 have an identical surface charge to LOA-LysC2 liposomes at
pH = 5.5, yet their extent of lysis is 3-fold higher. This indicates
that, independent of total surface charge, headgroup structure
impacts the ILL membrane lysis properties. This may be due to
changes in lipid orientation, amine group presentation, or
headgroup hydration in the bilayer caused by the presence of an
anionic moiety in the LOA-LysC2 headgroup.

Decreased fluidity in the hydrophobic lipid tails is known to
attenuate lipid mixing and fusion between lipid bilayers.*’
Comparing the membrane lysis behavior of LOA-LysC2 and
DOA-LysC2, which contains a more rigid dioleyl hydrophobic
region, we see that decreasing the fluidity of the ILL tails
prevents membrane lysis across the entire pH range (Figure 4).
In this case, the stability of the ILL liposome is likely preventing
electrostatically driven membrane fusion and lysis from
occurring.

In Vitro Screening of ILL-siRNA Complexes. We
investigated ILL lipoplexes as siRNA delivery systems in a
stably transfected HeLa-Luc cell line. Anti-luciferase and
nonspecific siRNA was complexed with ILL liposomes
(40:40:20, ILL/Chol/DOPE) at N/P = 10. This ratio showed
equivalent knockdown with lower toxicity compared to higher
N/P ratios (data not shown). Concentration-dependent
knockdown was assayed by incubating cells 0.11-90 nM of
siRNA for 24 h at 37 °C. Lipofectamine 2000 (LF2000) was
used as a positive control due to its well-characterized, potent
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transfection in vitro. Our results show that all ILLs show
potent, dose-dependent knockdown (Figure S). Structural

+ LOA-LysC1

<& DOA-LysC2

—+ LF2000

= LOA-LysC2

- LOA-LysC2-OMe

100

=1

1 10
Concentration (nM)

Figure 5. siRNA mediate knockdown of Renilla luciferase in stably
transfected HeLa-Luc cells. ILL lipoplexes (40:40:20 ILL/Chol/
DOPE) at N/P = 10 were used for all experiments.

differences impact the transfection efliciency of these systems,
and their efficacy generally correlates with their capacity to lyse
BMV. LOA-LysC2 and LOA-LysC2-OMe, which showed the
highest BMV lysis across all tested pH values, exhibited nearly
identical knockdown behavior. Both ILLs exhibited an ICs, of
1.1 nM. DOA-LysC2 and LOA-LysCl1, both of which showed
lower BMV lysis, exhibited IC, values of 11.5 and 16.6 nM,
respectively. All ILLs tested showed equivalent or superior
transfection to LF2000, and no significant toxicity was seen in
any formulation at the tested concentrations.

Though transfection efliciency generally correlates with the
trends seen in the BMV lysis data, there are discrepancies in the
overall behavior. For example, LOA-LysC2-OMe shows
significantly higher BMV lysis than LOA-LysC2, but has almost
identical transfection behavior. Also, DOA-LysC2 showed no
BMV lysis but still showed potent transfection. These
differences may be due to differences in the lipid formulation
between the lysis and transfection experiments. Inclusion of
fusogenic DOPE lipids in transfection formulations likely
increases the transfection efficiency by promoting membrane
disruption. However, the order of magnitude difference in ICs,
between ILLs that effectively lyse BMV and those that do not
indicates that this characteristic may be important regardless of
liposomal formulation.

Factor VIl Knockdown in Vivo with ILL Liposomes. All
ILL were tested for their ability to deliver siRNA in vivo. The
mouse Factor VII model was chosen as the primary in vivo
screen for ILL liposome mediated delivery of siRNA to
hepatocytes via systemic injection.”> Stable siRNA encapsulat-
ing liposomes suitable for systemic delivery were formulated
using 40:40:10:10 ILL/Chol/DSPC/PEG-DMG at a 15:1
lipid/siRNA (w:w) ratio. DSPC and PEG-DMG were used in
place of DOPE in these formulations to promote liposomal
stability in vivo. The encapsulation efficiency and particle sizes
of the resulting particles were 83% to 93% and 86 to 104 nm
(Table S1, Supporting Information). siRNA against the blood
clotting protein Factor VII was administered at 5 mg/kg via tail
vein injection. At 48 h post injection, blood was drawn and
protein levels were assayed. Factor VII levels were unchanged
compared to a PBS control for all tested ILL formulations
(Figure 6). A positive control formulation containing
DLinDMA showed potent knockdown, thereby verifying the
validity of the assay. Additional formulations containing LOA-
LysC2 or LOA-LysC2-OMe with varying helper lipids and lipid
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Figure 6. siRNA-mediated knockdown of Factor VII in vivo in a
murine model. ILL-siRNA formulations were administered at 5 mg/kg
via tail vein injection (15:1 w/w ILL/siRNA), and Factor VII levels
were assayed 48 h following administration. ILL liposomal formulation
40:40:10:10 ILL/Chol/DSPC/PEG-DMG.

ratios also showed no significant knockdown of Factor VII in
vivo (Figures S2 and S3, Supporting Information).

Despite their potency in vitro, ILL show no in vivo
knockdown in hepatocytes. The difficulty of translating effective
in vitro transfection reagents to viable in vivo siRNA delivery
systems is well-documented; cationic systems are rapidly
cleared by the RES, preventing accumulation and transfection
in hepatocytes.”® Additionally, structure—activity relationships
for ionizable lipids have shown that slight changes in lig)id
structure significantly impact their in vivo efficacy.”'**°
Though our ionization data indicates that ILL are more
cationic at low pH, the two most membrane active ILL (LOA-
LysC2-OMe and LOA-LysC2) show no pH-dependent lysis
behavior. Despite their promising in vitro transfection data, this
indicates that these two ILL may be too cationic at pH = 7.4 to
avoid protein or membrane interactions in circulation,
stimulating RES uptake and preventing hepatocyte targeting.
LOA-LysCl1, which exhibits pH-dependent membrane lysis, has
a lower extent of lysis at low pH that may prevent transfection
in vivo. DOA-LysC2 appears to be less membrane active than
all other ILL, possibly explaining its lack of efficacy. Changes to
the liposomal formulation of LOA-LysC2 and LOA-LysC2-
OMe did not improve results (data not shown). However, a
broad, systemic manipulation of liposomal formulation,
particularly the percentage of ILL as well as the choice of
helper lipids or inclusion of targeting moieties may help to
improve efficacy in these ILL systems.

B SUMMARY

Here, we have described the synthesis and characterization of
ionizable lysine-based lipids (ILL), a novel class of lipids with
pH-dependent biophysical behavior. The goal of this work was
to investigate how ionizable lipids with polyvalent, zwitterionic
headgroups behave compared to ionizable cationic systems.
Four distinct ILLs were synthesized, and structural variations
between ILLs impacted their biophysical behavior as well as
their ability to deliver siRNA in vitro. All ILLs became
increasingly cationic with a reduction in pH; however, only
LOA-LysCl was neutral at physiological pH. The ionization
curves of ILL differ significantly from those of DLinDMA, likely
due to the more complex, polyvalent headgroups. All ILLs
show potent siRNA mediated luciferase knockdown in vitro in
a stably transfected HeLa-Luc cell line, with LOA-LysC2-OMe
and LOA-LysC2 exhibiting ICy, values of roughly 1 nM.
Interestingly, our in vitro data correlated well with our
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membrane lysis results, indicating that electrostatically driven
membrane disruption promotes transfection. All ILLs form
small-diameter, monodisperse liposomes across multiple lip-
osomal formulations, and efficiently encapsulate siRNA.
However, ILL liposomes showed no in vivo knockdown in
hepatocytes using a mouse Factor VII model. Given their
potent transfection capabilities in vitro, the lack of in vivo
efficacy may be due to poor targeting of liposomes to
hepatocytes. Further optimization of these systems, through
systemic manipulation of liposomal formulation or chemical
modification of the ILL structures, may lead to higher in vivo

efficacy.

B ASSOCIATED CONTENT

© Supporting Information

Detailed synthetic schemes and chemical characterization data,
additional lipid structures, siRNA encapsulation and liposomal
characterization data, and additional Factor VII data. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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B ABBREVIATIONS

ANTS, 8-aminonophthalene-1,3,6-trisulfonate; Chol, cholester-
ol; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPE,
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; DOPG, 1,2
dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol); DOTAP, 1,2-
dioleoyl-3-trimethylamonium-propane; DLinDMA, 1,2-dilino-
leyloxy-3-N,N-dimethylaminopropane; DPX, p-xylene-bis-pyr-
idinium bromide; DSPC, 1,2-distearoyl-sn-glycero-3-phospho-
choline; ILL, ionizable lysine-based lipid; LF2000, Lipofect-
amine 2000; PBS, phosphate buffered saline without calcium
and magnesium salts; PEG-DMG, 1-(monomethoxypolyethy-
leneglycol)-2,3-dimyrystoylglycerol; POPC, 1-palmitoyl-2-oleo-
yl-sn-glycero-3-phosphocholine; TNS, sodium 2-(p-toluidino)-
6-naphthalenesulfonic acid
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