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ABSTRACT

Purpose We describe a nucleation-based method which
allows for the generation of monodisperse lipid nanoparticles
over a range of diameters. Using a set of novel zwitterionic
lipids and inverse phosphocholine lipids with pKas ranging from
2 to 5, we showed how the hydrodynamic diameter of lipid
nanoparticles can be systematically manipulated over a 60 nm
to 500 nm size range.

Method Lipid nanoparticles were prepared by adding an anti-
solvent, such as water, to the organic phase containing the lipid
components. This led to super-saturation and the spontaneous
formation of particles.

Results The growth and final particle size was controlled by
the ratio of the components in the ternary system: lipid,
organic solvent and aqueous phase. Particles with diameter
below 125 nm were formed under conditions where the
super-saturation coefficient was between 2.3 and 20. PEG-lipid
served as an efficient growth inhibitor except at very high
and low lipid concentrations. Encapsulation efficiency of
siRNA into lipid nanoparticles was shown to be pH-dependent
and requires the protonation of the anionic carboxylate groups of
the zwitterionic lipids, emphasizing the importance of electrostatic
forces.

Conclusion This process enables high encapsulation efficiency
of nucleic acids and allows the size of lipid nanoparticles to be
controlled.

KEY WORDS controlled nucleation - lipid nanoparticles -
siRNA - zwitterionic lipids

INTRODUCTION

The systemic delivery of siRNA is a multi-step process in
which several barriers must be overcome before the target
cells are reached (1). Because siRNA is negatively charged
and subject to degradation in the bloodstream, carriers are
developed to transport the siRNA to the site of action.
Among the vectors developed for siRNA delivery, lipid
based delivery systems such as liposomes, lipoplexes and
lipid nanoparticles have proved to be effective carriers and
are currently assessed as clinical candidates for the treat-
ment of liver cancer, liver-related diseases, and solid tumors
(2,3).

siRNA/lipid nanoparticles must be within a specific
range of sizes in order to be effectively delivered to the site
of action after systemic administration. Certain organ and
tumor tissues are best reached with particles smaller than
150 nm (4,5). Access to organ and tissue cells is restricted by
the extracellular matrix and connective tissue, which repre-
sent a dense network with only small gaps (6). For example,
transendothelial openings in fenestrated capillaries of tumor
tissues with diameters of 40-80 nm put a limit on the size of
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particles which can be effectively delivered to the site of
disease. Similarly, access to hepatocytes in the liver is restrict-
ed by the fenestrated endothelium with gaps of 100-150 nm
in diameter (2,7).

Existing lipid nanoparticle preparation methods in-
clude the T-mixing method to reproducibly prepare
cationic lipid-DNA complexes (8), the ‘ethanol-destabi-
lized preformed liposomes’ process (9), and the ‘stepwise
ethanol dilution method’ (10). For the ethanol-
destabilized liposome approach, the sizes of the pre-
formed and extruded liposomes are very sensitive to
the nucleic acid addition step. Thus, under certain con-
ditions particles can increase in size in an uncontrolled
manner or irreversibly aggregate. Similar to the
ethanol-destabilized liposome process, small particles
can be obtained with the stepwise ethanol method.
Using this procedure, lipids are dissolved in ethanol
and mixed with a buffer solution containing nucleic
acid. A second dilution step with buffer is required to
obtain high encaspulation efficiency and stable particles.
However, a mechanism-based rationale has not yet been
described to explain how these nanoparticles form, how
particle size can be controlled, or how aggregation can
be circumvented.

In this paper, we present a nucleation based method,
which allows for the generation of monodisperse lipid
nanoparticles over a broad size range (60-500 nm).
The nucleation of lipid nanoparticles is caused by su-
per-saturation. This is initiated by the addition of an
anti-solvent to the organic solvent phase which contains
the lipid components (11,12). An aqueous buffer system
1s used as the anti-solvent, while the organic solvent
phase can be any solvent, that is miscible with water
and in which the lipid components are soluble. This
includes methanol, ethanol, tetrahydrofuran, etc. The
final size of the particles is dictated by the nucleation
and growth kinetics. Both can be controlled by altering
The
hydrodynamic diameters of the particles can be regu-

parameters in the super-saturation method (13).

lated and shifted to smaller or larger size ranges

2zwitterionic lipids (ZL)

through manipulation of the following process parame-
ters: (1) lipid composition and concentration, (2) solvent
to anti-solvent ratio, (3) lipid solubility in the final
mixture. These parameters influence the systems
super-saturation coefficient. A fourth way is the use of
additives such as PEG to provide a steric barrier to
prevent coalescence.

Zwitterionic lipids (ZL) and inverse phosphocholine (iPC)
lipids with pKas ranging from 2 to 5 were used to generate
lipid/siRNA nanoparticles via controlled nucleation (14, 15).
The ZL consist of anionic protonable carboxylate groups and
tertiary or quarternary amine groups (Fig. 1); the iPC lipids
also contain quarternary amines, but have a phosphate
as the protonable anionic group (Fig. 1). By constructing
a ternary phase diagram we demonstrate systematically
how parameters of a multicomponent nanoparticle sys-
tem (lipid components, siRNA, organic phase, and water
phase ratio) can be used to control the hydrodynamic
diameter of the particles and the encapsulation of siRNA
in the particles.

MATERIALS AND METHOD
Materials

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),
1,2-dioctadecanoyl-sn-glycero-3-phosphocholine (DSPC),
Cholesterol, N-palmitoyl-sphingosine-1-{succinyl [methoxy
(polyethylene glycol)750] (C16 PEG750), and N-palmitoyl-
sphingosine-1-{succinyl [methoxy(polyethylene glycol)2000]
(C16 PEG2000) were obtained from Avanti Polar Lipids,
Inc. (Alabaster, AL, USA). PEG-DMG was purchased from
NOF-corporation (Tokyo, Japan). Zwitterionic lipids (ZL) and
1PC lipids were synthesized as described in (14,15). Slide-A-
Lyzer Dialysis cassettes, 10 K MWCO, were purchased from
Thermo Scientific. The anti-luciferase siRNA: 5-GAUUAU-
GUCCGGUUAUGUA-3’ (cat. No. D-002050-01-20) was
purchased from Dharmacon. Quant-iT™ RiboGreen®
RNA Reagent was purchased from Invitrogen (Carlsbad,
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Fig. I Chemical structures of zwitterionic lipids and inverse phosphocholine lipids.
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USA). All other chemicals were purchased from Sigma
Aldrich.

Nanoparticle Preparation Using the Controlled
Nucleation Method

Lipid nanoparticles were prepared using a batch mixing pro-
cess at 25 °C. The lipid or lipid mixture was dissolved in a
water-miscible organic solvent (methanol) and sonicated at
25 °C for 5 min. The lipid/organic solvent solution was
subsequently injected into a magnetically stirred 2.5 ml vial,
which contained siRNA dissolved in an aqueous buffer system.
For reproducible injection speed, a KD Scientific pump hold-
ing a syringe with a 22 GX1 1/2 needle was used to inject the
methanol lipid solution into the aqueous phase. The injection
rate was 5 ml/min unless specified otherwise. The lipid sus-
pension was stirred for 10 min at 350 rpm. Methanol was
either removed under reduced pressure using a rotavapor for
1—4 h or by dialysis against PBS without Ca”* and Mg”". The
amount of lipid, organic phase and aqueous phase was adjust-
ed to obtain the desired mass fractions (mf) in the three-
component system. These components were expressed as mass
fraction of lipid (mfyig), mass fraction of methanol (mfyi.on)
and mass fraction of water (mfgiop), where mfjiig + mfyieon +
mfipo=1. A typical lipid nanoparticle formulation was pre-
pared as follows: 0.5 g of aqueous phase (50 mM citric buffer,
pH 3) containing 150 pg of siRNA was placed into a 2.5 ml
glass reaction vial containing a magnetic stirring bar. Then
3 mg of lipid mixture was dissolved in 0.5 g of methanol and
injected into the aqueous buffer system under constant stirring.

Extrusion

To investigate the effect of extrusion on particle size, lipid
nanoparticles were extruded in the presence of methanol or
after removal of methanol through 80 nm polycarbonate
membrane (Avestin, Ottawa, CA) 5 times at room
temperature.

3D Surface Plot: Three Component System

A surface plot was constructed for two different lipid nano-
particle compositions. Formulation 1 was composed of
DLinPAT/DOPE/PEG-DMG at a molar ratio of
60:30:10. Formulation 2 was composed of DLinPAT/
DSPC/Chol/PEG-DMG at a molar ratio of 40:10:40:10.
The lipid/siRNA ratio used was 20:1 (wt:wt). The lipid
nanoparticles were prepared using the controlled nucleation
method and consist of three components: aqueous phase,
organic phase and lipids. The ratios between these 3 com-
ponents determine nucleation and the final particle size.

@ Springer

In the surface plot, the hydrodynamic diameters of the
lipid nanoparticles were plotted onto the y-axis, the mass
fraction of methanol on the x-axis, and the mass fractions of
lipids onto the z-axis. The mass fraction of the aqueous
phase (aqueous buffer), can be determined by subtracting
the mass fraction of methanol and the corresponding mass
fraction of lipid from 1 (mfioo=1 — mfyrcon — mfjipiq). For
the DLinPAT/DOPE/PEG-DMG formulation seven mass
fractions of methanol (0.1, 0.2, 0.3, 0.4, 0.5, to 0.7) each
combined with eight mass fractions of lipid (0.0001, 0.0003,
0.001, 0.003, 0.01, 0.015, 0.02, and 0.05) were tested. For
formulation 2 (DLinPAT/DSPC/Chol/PEG-DMG) five
mass fractions of lipid (0.0001, 0.0003, 0.001, 0.003, and
0.01), each combined with five mass fractions of methanol
(0.1, 0.2, 0.3, 0.4, 0.5) were investigated. Higher mass frac-
tions of lipid could not be tested due to limited solubility of
DLinPAT/DSPC/Chol/PEG-DMG in methanol. The hy-
drodynamic diameters were measured after methanol was
removed by dialysis. Lipid nanoparticles were not subjected
to extrusion. Results are given as mean values t sd of three
independent experiments.

Determination of Super-Saturation

In precipitations generated by the addition of an anti-
solvent to a dissolved solute, the super-saturation is reported
as the ratio of the total mass of solute added divided by the
final solution volume, c, to the bulk solubility, c., in the final
solvent mixture: Super-saturation : S=c/cy (11). The super-
saturation of the DLinPAT/DOPE/PEG-DMG lipid mix-
ture was determined at multiple solvent/anti-solvent mix-
tures and lipid concentrations (mfjpiq 0.05, 0.01, 0.0001).
Since DLinPAT and DOPE are the major contributors to
the super-saturation of the DLinPAT/DOPE/PEG-DMG
(60/30/10) lipid formulation in the resulting solvent mix-
ture, the super-saturation is presented as combined values of
DOPE and DLinPAT. The solubility of the lipid mixture in
different aqueous buffer/methanol compositions was used
to determine super-saturation. Three different lipid mass
fractions (0.05, 0.01, 0.0001) of DLinPAT/DOPE/PEG-
DSPE were dissolved in MeOH and added at the indicated
mass fraction ratios to aqueous buffer solution. After
15 min, the liposomal mixtures were centrifuged for
60 min at 100,000 rpm at 4 °C (TLA 100.2 rotor, Beckman
TL-100, Beckman Coulter, Fullerton, CA). The superna-
tant was then separated from the pellet and the amount of
lipid in the pellet and supernatant was quantified by reverse
phase HPLC. HPLC was performed using an analytical
reverse phase G8 column (Agilent Zorbax Eclipse XDB-
C8 (4.6x150 mm; 5 pm)) with a mobile phase composed
of a mixture of water and methanol containing 0.1 %
trifluoroacetic acid. DLinPAT and DOPE were eluted with
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a 15 min MeOH gradient (90-99 %) using a flow rate of
1.25 ml/min, a column temperature of 45 °C and peak
monitoring at 205 nm. The injection volume was 50 pl.
The elution times for DLInPAT and DOPE were 5.339 and
7.125 min, respectively. Figure 3c is representative of a
sample chromatogram. Lipid standard curves in the range
from 0.1 mM to 1 mM were generated for both DLinPAT
and DOPE, and used to determine the lipid concentration
in each sample run. Experiments were repeated twice.

Particle Size of Lipid Nanoparticles

Hydrodynamic diameter and particle size distributions
were measured by dynamic light scattering using a Malvern
Zetasizer NanoZS (Malvern, UK). The z-average (Z-ave)
diameters of at least ten measurements were reported.
All measurements are given as mean values £ sd of three
independent runs, each performed in triplicate

Phase Contrast Images of Lipid Nanoparticle
Suspension

For phase contrast images, lipid nanoparticle suspensions
were placed onto a glass slide and covered with a cover
glass. Phase contrast microscopy was performed on a Nikon
Eclipse TS 100 using a Plan Flour ELWD 20%/0.45
objective. Images were recorded with a RT Monochrome
Diagnostic instruments camera and the SPOT advanced
software.

Effect of PEG on Particle Growth

To investigate the effect of different concentrations of PEG
on particle size and the growth of lipid nanoparticles, in-
creasing amounts of PEG-lipid (C16 PEG750 and C16
PEG2000) were incoporated into the DLinPAT/DSPC/
Chol/PEG-lipid. The DSPC concentrations were adjusted
to account for the decreasing amounts of PEG-content
(10 %, 5 %, 1.5 %, and 1 %). The mole ratio of the lipid
components were as follows: DLinPAT/DSPC/Chol/
PEG-lipid (40/10+(10-x)/40/x), where x is the mole % of
PEG-lipid. Results are given as mean values * sd of three
independent experiments.

Encapsulation of siRNA

siRNA encapsulation efficiency was determined using the
Ribogreen® assay. Ribogreen is a membrane-impermeable
dye and increases its fluorescence upon binding to siRINA.
Encaspulation efficiency of siRNA was quantified by
measuring the fluorescence signal upon addition of Ribogreen
to aliquots of lipid nanoparticle formulations in the presence
or absence of 0.4 % Triton-X. Fluorescence was measured

using the Fluostar fluorescence plate reader (BMG) at
excitation and emission wavelengths of 485 nm and
520 nm respectively. siRNA encapsulation efficiency
was quantified as follows: % = (Fr — Fg)/Fr*100, where
Fp represents the fluorescence of liposomal formulation
before treatment with Triton, and I represents the
fluorescence of liposomal formulation after treatment
with Triton. siRNA was quantified by a calibration curve
ranging from 50 ng/ml to 1 pg/ml siRNA. Results are
given as means of triplicate measurements * sd and are
representative of three independent experiments.

Effect of pH and pKa on Encapsulation Efficiency
of siRNA

To investigate the influence of pH on siRNA encapsulation
efficiency, the following buffers were used: 50 mM citric
acid buffer, pH 3; 50 mM citric acid buffer, pH 4; 50 mM
sodium aceate buffer, pH 5; 50 mM sodium phosphate
buffer, pH 7.4; and 50 mM Tris, pH 8.5. DOBAQ/
DOPE/PEG-DMG (molar ratio 60/30/10) at a 20/1 lipid/
siRNA wt/wt ratio was used as a representative lipid
formulation. The effect of lipid pKa on siRNA encapsu-
lation was investigated using a set of lipids with pKas
ranging from 2 to 5: DOBAQ, DLinPAT, DOMPAQ,
DOAAQ, DOCP, and DOCPe. Lipid nanoparticles were
prepared in a 50 mM citric acid buffer, pH 3. Experi-
ments were repeated twice and results are given as means
of triplicate measurements * sd.

RESULTS

Hydrodynamic Diameter: A Function of Solvent,
Anti-Solvent and Lipid Ratio

Different therapeutic applications require specific physico-
chemical properties of particles (i.e. size, charge) for efficient
delivery. Thus methods to fine-tune these parameters
become increasingly important. The optimal ratio of
solvent/anti-solvent to lipid for generating particles in a
certain size range is specific for each lipid composition.
Therefore, this needs to be adjusted accordingly. The
hydrodynamic diameter of DLinPAT/DOPE/PEG-DMG
lipid nanoparticles can be controlled by adjusting the mass
fractions of the ternary system: mfy,iq, mfpoo, mfyicon.
As illustrated in the 3D surface plot in Fig. 2a, small
particles in the size range of 50-100 nm are obtained with
methanol mass fractions from 0.1 to 0.5 in certain com-
binations with lipid mass fractions from 0.0003 to 0.05.
Regions with large particles are found in regions of low
methanol mass fractions (0.1 & 0.2) and high lipid mass
fractions (0.015, 0.02 and 0.05). Highly diluted lipid
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Fig. 2 (a) 3D surface plot showing the hydrodynamic diameter of DLInPAT/DOPE/PEG-DMG (60/30/10) formulation as a function of mfveor and mfigig.
(b) Stable nanoparticle region: plot shows the effects of methanol mass fraction (mfveon) and lipid mass fraction (mfiig) on hydrodynamic diameter of lipid

nanoparticles with sizes <300 nm.

solutions can also result in the formation of large particles (up
to 800 nm). This is the case when a low mass fraction of lipid
(mfiipig 0.0001) is dissolved in a high mass fraction of
methanol (mfy.on 0.7). A growth in particle size of 40—
500 nm is observed for all lipid mass fractions when the
methanol mass fraction is increased from 0.5 to 0.7.

A simplified 2D graph (Fig. 2b), which details the rela-
tionship between mfyig, mfyeon and particle diameter
reveals that intermediate particle sizes of 175 nm to
275 nm are generated at a low lipid mass fraction
(mf 4;iq=0.0001) with methanol mass fractions ranging
from 0.1 to 0.5. For the 2 highest lipid mass fractions
(0.02 and 0.05), small particles (60—100 nm) were
obtained at methanol mass fractions from 0.3 to 0.5.
Both, decreasing the mfy;.on to 0.1 or increasing it to
0.7 resulted in the formation of larger particles. For
lower lipid mass fractions (0.001 and 0.003) particles in
the range of 50-100 nm are generated with methanol
mass fractions from 0.1 to 0.4. Lipid mass fractions of
0.015 and 0.01 displayed the widest range of particle
sizes in the desired spectrum of 50-100 nm. When
increasing the methanol mass fraction from 0.5 to 0.7,
a trend of increasing sizes for all lipid mass fractions
was observed.

Effect of Super-Saturation on Particle Size

As described by Addio and Prud’homme (11), super-
saturation can be controlled through the concentration of
the solute in the system and the solubility of the solute in the
resulting mixed solvent system (in this case aqueous buffer/
methanol). The super-saturation of the DLinPAT/DOPE/
PEG-DMG lipid mixture in different aqueous buffer/meth-
anol compositions was determined by mixing a lipid meth-
anol solution at certain mass fractions with the aqueous
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phase. mfy.op 0.1 to 1 corresponds to methanol concen-
trations of 10—-100 %. Super-saturation was determined for
3 different mfyp;q (0.0001, 0.01, 0.05) by reverse phase
HPLC (Fig. 3¢). In Fig. 3a, the super-saturation coefficients
of DLinPAT and DOPE, combined, are presented as a
function of mfy.on and mfjpiq. Super-saturation increased
with decreasing percentage of methanol (decreasing mfy;.opn)
and increased with increasing mfy,iq (Fig. 3a). The highest
super-saturation was obtained for the highest lipid concentra-
tion (mfj,iq 0.05). Low super-saturation in the range of 1.1 to
1.7 was observed for mfyiq 0.0001. In Fig. 3b, the super-
saturation is correlated with the hydrodynamic diameter.
Particle sizes smaller than 125 nm were obtained with
super-saturation from 2.3 to 20. This corresponds to mfyiq
0.01 at mfyreon 0.1 to 0.5, and mfji,q 0.05 combined
with mfy.op 0.3 to 0.7. Lower super-saturation in the
range of 1.7 yielded particle sizes larger than 125 nm
(177 to 220 nm). At the lowest super-saturation of 1.1
(mfjipig 0.0001 combined with mfy.on 0.7) particle sizes
increased to 784 nm. Super-saturation ~40 resulted in
particle sizes of 885 nm.

Influence of Lipid Composition on Particle Size

In order to investigate how lipid composition affects size
distribution, the helper lipids in the first formulation were
replaced with DSPC/Chol/PEG-DMG while keeping
DLinPAT as the lead lipid. Cholesterol and DSPC were
chosen because they both display different molecular
geometry compared to DOPE (16). The difference in
lipid geometry can influence packing of the lipids in the
bilayer and hence particle sizes. For DLinPAT/DSPC/
Chol/PEG-DMG, the optimal region for generating lipid
nanoparticles <100 nm was obtained with mfj,;q 0.0001
to 0.003 at mfy.opg below 0.3. Large, aggregated
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Fig. 3 (a) Super-saturation of DLInPAT and DOPE, combined, as a
function of Mfveor and Mg, (b) super-saturation of different mfjgq is
correlated with the hydrodynamic diameter, (c) sample HPLC chromato-
gram at 205 nm displaying the retention time of DLINPAT (5.339 min) and
DOPE (7.125 min).

particles >500 nm were found at mfy.oy above 0.3.
This corresponds to a methanol concentration of >35 %
MeOH in the final solution (Fig. 4a, b). An expanded graph
depicting the particle sizes in the smaller diameter ranges
shows that particles <100 nm were generated at methanol
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Fig. 4 (a) 3D surface plot showing the hydrodynamic diameter of
DLIinPAT/DSPC/Chol/PEG-DMG (40/10/40/10) formulation as a function
of mfveon and mfjig. (b) 2D plot shows the effects of mfyeon and mfigg
on hydrodynamic diameter of lipid nanoparticles. (c) Plot shows the distri-
bution of hydrodynamic diameter of DLInPAT/DSPC/Chol/PEG-DMG
lipid (40/10/40/10) nanoparticles in the size range of interest (60—140 nm).

mass fractions of 0.2 to 0.3 and lipid mass fractions of 0.0001
to 0.003 (Fig. 4c). Decreasing the volume and mass
fraction of methanol to 0.1 or increasing the lipid mass
fraction to 0.01 both resulted in larger particles.
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Fig. 5 Phase contrast images of DLinPAT/DSPC/Chol/PEG-DMG (40/10/40/10) lipid nanoparticles containing cholesterol needles at higher mass fractions
of methanol. (a) mﬂipid 0.00 meMeOH 0.4, (b) mf”pid 0-003/meeOH 0.4, (C) mﬁ,pid 0.0 I/meeOH 0.5. Bar=10 Hm.

Phase contrast images of lipid nanoparticles generated with
high mass fractions of methanol were taken (mfy;.op>0.3)
(Fig. 5). The formation of cholesterol needles >10 pm was
observed. This shows that at high methanol concentrations,
two main processes were competing with another: nucleation
to lipid nanoparticles and the formation of cholesterol needles.

Speed of Injection and its Influence on Hydrodynamic
Diameter

Particle formation is mainly controlled by the local super-
saturation at the boundary surface of the solvent and anti-
solvent while mixing. Thus, the influence of speed of injec-
tion of the methanol lipid phase into the aqueous solution or
vice versa was investigated using the lipid composition
DLinPAT/DOPE/PEG-DMG. A significant increase in size
of 12—15 nm occurred when the injection speed was decreased
from 5 ml/min to 0.5 ml/min or 0.1 ml/min (Fig. 6a). A
further increase in particle size can be obtained when
injecting the siRNA/buffer solution into the lipid/methanol
mixture (Fig. 6b). At an injection speed of 5 ml/min particles
were 100 nm. However, particle sizes increased to 200 nm
when the injection speed was decreased to 0.1 ml/min.

Effect of PEG on Particle Growth

The colloidal stability of particle formulations is an important
aspect for therapeutic delivery as well as long-term storage.
Uncontrolled growth and irreversible aggregation of particles
due to Van der Waals interactions often complicate the pro-
cess of nanoparticle preparation. Since PEG coatings are
known to stabilize particles in various polymeric and lipidic
nanoparticle systems, we investigated its effect on the forma-
tion of DLinPAT/DSPC/Chol/PEG-lipid nanoparticles.
Two PEG-lipids with different PEG chain lengths (750 Da
and 2000 Da) were incorporated into the lipid nanoparticles
in different mol concentrations (0—10 %). As shown in Fig. 7,
sizes increased with decreasing PEG concentrations as well
as with shorter PEG chain length. At the same mole concen-
trations, the PEG 2000 Da leads to smaller sizes than PEG
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750 Da. Uncontrolled particle growth due to precipitation
and aggregation of particles occurs when no PEG-lipid was
added.

Extrusion of Lipid Nanoparticles Before Solvent
Removal Allows Size Reduction

The particle sizes reported in Figs. 2—7 were all obtained
through the optimal choices of mfy;.on, mhjipiq and mfgo,
without any further post-processing of the particles. The
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Fig. 6 Influence of mixing speed and mixing mode on particle size for (a)
Injection of lipid/methanol solution into aqueous siRNA/buffer solution and
(b) Injection of aqueous siRNA/buffer solution into lipid/methanol mixture.
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ability to manipulate particle diameter by extrusion may
provide additional benefit for generating particles in the size
range of interest. DLinPAT/DOPE/PEG-DMG and
DLinPAT/DSPC/Chol/PEG-DMG lipid nanoparticles
were either extruded before or after removal of methanol
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DLinPAT/DSPC/Chol/PEG-DMG lipid nanoparticles following extrusion be-
fore and after methanol removal. Significance between the mean values was
calculated using unpaired Student's t-tests.

through 80 nm polycarbonate membranes. As shown in
Fig. 8a, b, the hydrodynamic diameter of lipid nanoparticles
can be further reduced by at least 40 nm (p<0.01 for
DLinPAT/DOPE/PEG-DMG and p<0.001 for
DLinPAT/DSPC/Chol/PEG-DMG), without affecting
the encapsulation efficiency of siRNA, when extrusion is
performed before the removal of methanol. However, if
lipid nanoparticles were extruded after methanol removal,
no significant reduction in size was observed.

Effect of pKa and pH on Encapsulation Efficiency
of siRNA

A thorough understanding of the factors influencing the
encapsulation efficiency of nucleic acids into lipid nanopar-
ticles is just as important as the optimization of particle size.
Encapsulation of nucleic acids into lipid nanoparticles can
occur by a passive process (17,18) or through electrostatic
interactions. To investigate the conditions of optimal siRNA
encapsulation, various zwitterionic lipids with pKas ranging
from 2 to 5 were used for the preparation of nanoparticles.
Lipid nanoparticles were formed with all tested lipids.
However, encapsulation efficiency of siRNA was only
achieved when the pH of the buffer used was below the
pKa of the lipids. For DOBAQ/DOPE/PEG-DMG lipid
nanoparticles at pH 7.4 and pH 8.5, the percentage of
siRNA encapsulated was negligible at 4-5 %. This could
be further increased to 39£5 % at pH 5 and 8517 % at pH
3 (Table Ia). When keeping the pH at 3, but using zwitter-
ionic lipids with different pKas, only the one with a pKa
value of 5 (DOBAQ), DLinPAT) showed high encapsulation
efficiency of siRNA with 7515 to 83%7. In contrast, lipids
with pKa<3, such as DOAAQ, DOCP, and DOCPe,
showed no siRNA encapsulation at pH 3 (Table Ib). No
statistically significant decrease in siRNA activity was ob-
served, when exposing the stRNA to acidic pH 3 (data not

Table 1 (a) pH Dependence of siRNA Encapsulation into DOBAQ/
DOPE/PEG-DMG Lipid Nanoparticles, (b) the Effect of pKa on siRNA
Encapsulation Efficiency with the Lipid Composition of Lipid x/DSPC/Chol/
PEG-DMG (40/10/40/10), Where Lipid x Stands for DOBAQ, DLInPAT,
DOMPAQ, DOAAQ, DOCP or DOCPe

(2 (®)
pH of buffer Encapsulation Lipid pKa Encapsulation
efficiency (%) efficiency (%)
3 85x7 DOBAQ 5 857
5 39=5 DLinPAT 5 755
7.4 5+2 DOMPAQ 5 68=10
8.5 4+ DOAAQ <3 0
DOCP 2 6=+3
DOCPe 2 0
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shown). This is in line with studies showing that less than
3 % of the siRNA is degraded at low pH (9,19).

Effect of Process Parameters on Encapsulation
Efficiency of siRNA

The ratios between methanol, water, and lipid not only
affect hydrodynamic diameter, but also encapsulation effi-
ciency of siRNA. As can be seen in Fig. 9a, encapsulation
efficiency of siRNA for all mass fractions of lipids (DLin-
PAT/DOPE/PEG-DMG) is enhanced with increasing mass
fractions of MeOH. This corresponds to a higher percent-
age of methanol in the final lipid formulations. Encapsula-
tion efficiency of siRNA seems to be more affected by the
mass fraction of MeOH when using high mass fractions of
lipids. The encapsulation efficiency of siRNA was enhanced
by 40 % for higher lipid mass fractions (0.01, 0.015, 0.02)
when the methanol mass fraction was increased from 0.1 to
0.5. Although higher methanol mass fractions also lead to
higher siRNA encapsulation when using low mass fractions
of lipids (0.001 & 0.003) the effect was less pronounced and
an increase of 20 % was achieved. This phenomenon is
depicted in Fig. 9b: the steepest slopes were observed for
the high lipid mass fractions (0.015 and 0.02) and decreased
when lipid mass fractions were lowered to 0.01, 0.003
and 0.001.

DISCUSSION

In this paper, we have presented evidence showing that
particle sizes of lipid nanoparticles and encapsulation efhi-
ciency of nucleic acids can be regulated using the controlled
nucleation method. As the rate of super-saturation ulti-
mately determines nucleation and particle growth (11,12),
changing mass fractions of solvents, anti-solvents, and lipids

a 100
£ 90 -
T 80
S
£ 60
5 50
& 40 -
® 30
f=%
g 20
¢ 10
0 |
0 0.2 0.4 06

Mfyeon

will affect precipitation and particle formation. For the
hydrophobic lipid components, nucleation is initiated by
changing from the organic media, in which the lipids are
highly soluble, to a poor solvent mixture by adding aqueous
media. Although, this procedure allows for the use of all
organic solvents, which are miscible with water and are able
to dissolve the lipids (i.e. ethanol, tetradydrofuran, etc.), we
chose methanol in these experiments. With its low boiling
temperature, methanol can be removed not only by dialysis
but also by rotary evaporation at reduced pressure.
Because super-saturation can be controlled by the lipid
concentration in the system and its solubility in the solvent/
anti-solvent mixture (11), we investigated the size distribu-
tions of 2 different lipid compositions as a function of dif-
ferent lipid concentrations and solvent mixtures. In both
formulations, the zwitterionic lipid DLinPAT was used as
a lead lipid, but formulated with different helper lipid com-
positions (DLinPAT/DOPE/PEG-DMG and DLinPAT/
Chol/DSPC/PEG-DMG). The 3D surface plots showed
that the optimal range of methanol, water and lipid mass
fractions in which particle diameters smaller than 100 nm
are obtained, is different for each lipid composition. This
may be due to different solubilities of the helper lipids in
methanol or molecular shapes that could result in different
membrane packing (16,20). For DLinPAT/DOPE/PEG-
DMG, at high super-saturation (c/c,=40) which is the case
at low methanol mass fractions (mfyreopr 0.1) combined with
high lipid mass fractions (mfy,iq 0.05), particles aggregated
(Figs. 2a, 3). This may be attributed to a local increase in the
number of lipid molecules, which can participate in the for-
mation of particles and aggregation. Higher lipid concentra-
tions also enhances the probability of collision between the
nanoparticles, and hence increase aggregation (21). An in-
crease in particle size of ~50 nm was also observed for
DLinPAT/DSPC/Chol/PEG-DMG at high lipid con-
centrations (mfyr.on 0.2 & 0.3 and mfy,iq 0.01) compared

b

Mfjipia R? slope

# mfipig 0.001 0.001 0.9585 29
| I'I"lf"P,-d 0003 0.003 09605 51
0.01 0.9737 67

mMfipig 0.01
mf 0.015 0.015 0.7768 79
g 002 09525 97

® mfipig 0.02

Fig. 9 (a) Encapsulation efficiency as a function of mfveor and mfigg using DLINPAT/DOPE/PEG-DMG (60/30/10) as an example. (b) Slope of regression lines.
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to those generated at lower mass fractions of lipid (Fig. 4b, c).
Higher lipid mass fractions, at which the effect of concentra-
tion may be more pronounced, could not be investigated for
DLinPAT/DSPC/Chol/PEG-DMG lipid nanoparticles due
to the limited solubility of cholesterol in methanol (22).
As shown in Fig. 3a, b, colloidally stable particles with
large hydrodynamic diameters (500-800 nm) were found for
DLinPAT/DOPE/PEG-DMG lipid nanoparticles at low
mfji,iq 0.0001 in a high mfyreop 0.7. This corresponds to a
low super-saturation (c/c,=1.1) in the final mixture. One
explanation could be that PEG depletes at the interface of
the particles due to its high solubility in water. This could
cause a loss of steric stabilization and accelerated particle
growth, resulting in particles with large diameters and multi-
lamellarity. An alternative explanation why larger particles
are formed at the same lipid mass fraction but higher
methanol concentrations (mfy.on 0.7) could be that the
lipids are more soluble at high methanol concentrations.
Hence, the initial numbers of nucleating particles formed
are lower at high methanol concentrations than at lower
methanol concentrations. Upon slow removal of metha-
nol by dialysis, the lipid molecules that remained in solu-
tion, precipitates onto the fewer nucleation sites that were
initially formed (21). Thus larger particle sizes are generated.
This corroborates the findings by Chen et al. who showed
that peptide nanoparticles and B-carotene particles were
larger when the super-saturation rate was lower (23,24).
For the DLinPAT/DSPC/Chol/PEG-DMG formula-
tion, particles smaller than 140 nm were obtained at all
mass lipid fractions as long as the mass fraction of methanol
did not exceed 0.3. With higher amounts of methanol
(mfyeop=0.4 and mfy;.0p=0.5) particles grew in an un-
controlled manner leading to irreversible aggregation
(Fig. 4a). Phase contrast images showed the formation of
large cholesterol needles >10 pm (Fig. 5). Since a common
method to crystallize cholesterol from organic solvents
involves adding water, two main processes were competing
with one another at high methanol concentrations: nucleation
to lipid nanoparticles and the formation of cholesterol needles.
Because the particle formation takes place at the bound-
ary surface between the solvent and anti-solvent upon mix-
ing, changes in the meso-mixing and micro-mixing mode of
these two solvents significantly affect nucleation kinetics and
particle growth (12). As shown in Fig. 6, particle size does
not only depend on the mass fraction ratios of the ternary
system, but also on the mixing mode and mixing speed.
Although the same amount of lipid, methanol, and water
was used for all DLinPAT/DOPE/PEG-DMG formulations;
the speed of mixing (5 ml/min, 0.5 ml/min, 0.1 ml/min) and
the mode of mixing (organic phase into aqueous phase and
vice versa) result in different initial super-saturation rates of
the lipid in the solvent mixture. According to theoretical
deductions by Cao, final particle sizes depend on the

concentration of a solute in a solvent (25). High initial super-
saturation of a solute in a solvent favors the formation of a
large number of nuclei. Since the number of available mole-
cules at a given concentration of solute is the same, a larger
number of nuclei favor smaller particle sizes. The highest
1nitial super-saturation resulting in smallest particle sizes was
obtained when the lipid/methanol solution was injected at
high speed into the aqueous solution. Slower injection resulted
in smaller amounts of lipid and lower super-saturation at the
very beginning. The number of nucleation sites formed was
smaller and the nucleation sites continued to grow by collect-
g still dissolved or newly added lipid molecules. Lower
super-saturation leading to slightly larger particles (100 nm
vs. 60 nm) also occurs with high initial amounts of solvents and
low concentrations of the anti-solvent water. This is the case
when the aqueous phase is added to the methanol/lipid phase
(21). The effect is even stronger when the injection speed was
reduced from 5 ml/min to 0.1 ml/min. Particle sizes in-
creased to 200 nm, indicating a reduction in the number of
particles. Changes in particle diameter were also observed
when altering the stirring from 120 rpm to 350 rpm and
1200 rpm. For DLinPAT/DSPC/Chol/PEG-DMG, particle
sizes of 82 nm*7 nm were obtained at both 350 rpm and
1200 rpm. However, at the low stirring speed (120 rpm)
particle sizes slightly increased to 100 nm=£6 nm.

Particle size was not only controlled by adjusting the
super-saturation of the lipid compositions in the solvent
and anti-solvent mixture (Fig. 3), but also using a PEG-
coating. As shown in Fig. 7, particle sizes decreased with
the mole % of PEG and PEG chain lengths. Lipid nano-
particles irreversibly aggregated when no PEG-lipid was
included in the formulations. This indicates that PEG serves
as an effective steric barrier and is important for suspension
stability (26). The PEG coating acts as a growth inhibitor
and prevents flocculation by reducing the number of colli-
sions and preventing the particles from fusing (27,28). Thus,
longer PEG-chain lengths are more effective as particle
growth inhibitors than shorter ones.

A 3D-surface plot is convenient for visualizing how three
components can impact hydrodynamic diameter of par-
ticles. It is also helpful to determine process parameters that
yield particles in the size range of interest. However, such a
process requires that data be collected over a large range of
independent variable values. This can be time consuming
and requires a large amount of lipid and siRNA. Thus, we
have shown that extrusion is a viable method for refining
particle sizes without having to investigate all the process
parameters. We found that the size of the lipid nanoparticles
can be reduced by at least 40 nm when the extrusion was
performed before the removal of the solvent (Fig. 8). Fur-
thermore, extrusion did not affect encapsulation efficiency
of siRNA (data not shown). Particle sizes could not be
decreased when extrusion was done after solvent removal.
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One explanation for this could be that lipid nanoparticles are
more fluidic in the presence of the organic solvent. During the
extrusion process they are more likely to deform, re-organize
and adapt to the size of the membrane pores (9). In contrast,
after removal of the organic solvent, the solubility of the lipid
nanoparticles in the final aqueous solution is reduced. This
makes them stiffer and less likely to form smaller structures.

The encapsulation efficiency of siRNA depends on several
factors: (1) the siRNA to lipid ratios; (2) the pKa of the lipids
and the pH of the buffer used for particle preparation; and (3)
the percentage (mass fraction) of the organic solvent in the final
solution. As can be seen in Table Ia and b, encapsulation of
siRNA was pKa and pH dependent. Electrostatic interactions
with the siRNA, and thus the encapsulation of the siRNA, can
only occur at pH values where the zwitterionic lipids are in a
protonated state and therefore positively charged (9). Increas-
ing the pH above the pKa of the lipids decreased or completely
inhibited stRNA encapsulation. ZL with a pKa of 5 required a
pH of 3 for substantial stRNA encapsulation. However, pH 3
was not sufficient for lipids with even lower pKa (<3), such as
DOAAQ or DOCP, and DOCPe. At the optimal pH, the
mass fraction of methanol and lipid are also important
factors which affect the encapsulation efliciency. As shown in
Fig. 9a, b, encapsulation efficiency of siRNNA increased in a
linear manner with increasing concentrations of methanol.
Enhancement of up to 50 % encapsulation efficiency was
observed when mfy.on increased from 0.1 to 0.5. Strikingly,
the effect of methanol concentration on siRNA encapsulation
efficiency was more noticeable when using high mass fractions
of lipid (see increasing slope factors for regression lines in
Fig. 9b). One of the reasons could be that, at low methanol
mass fractions, lipids may nucleate too fast at the interface after
mixing. With low methanol concentration, the vesicles are also
less deformable and may not be able to rearrange during the
nucleation process to encapsulate siRNA that is further away
from the initial interface.

Based on these results we suggest a model to explain the
lipid nanoparticle formation generated by the controlled
nucleation method (Fig. 10). (Step 1) Upon mixing of the

'S (1) interfacial precipitation
fragments
lipid mixture in methanol

(2) formation of bilayer

lipid/methanol solution with an aqueous buffer, precipita-
tion of lipid molecules at the interfaces between the organic
and aqueous phase occurs due to local super-saturation.
Super-saturation is achieved by adding the lipid/metha-
nol solution into an anti-solvent, in this case aqueous
buffer solution. Lipid molecules orient themselves with
the hydrophilic headgroups pointing in the direction of
the aqueous phase and the hydrophobic tails pointing
towards the organic phase. (Step 2) As the methanol is
diluted by mixing of the aqueous and organic phase, lipid
bilayer fragments are formed. (Step 3) If lipid bilayer
fragments are positively charged, negatively charged
nucleic acids in the aqueous solution will serve as nucle-
ation sites for the precipitation of lipid molecules into
vesicles. (Step 4) Finally, to reduce the overall energy of
the system bilayer fragments assemble into vesicles to
form lipid nanoparticles (29,30).

Since nucleation of the lipid nanoparticles occurs at the
interfaces between the organic phase and aqueous phase, the
mixing mode plays a critical role in the formation of, and thus
the size of, the lipid nanoparticle. For batch mixing processes,
which are presented here, lipid concentration, lipid composi-
tion, and the mixing mode (i.e. injection speed) control particle
sizes. For microfluidic devices, the flow conditions in the chan-
nels determine the mixing mode and the interfaces between
two solutions (31-35). Thus, the distribution of lipid nano-
particle sizes generated by microfluidics are a function of the
microchannels’ architecture, the flow rate and mixing speed of
the two solutions (33). Microfluidic devices can be designed to
mix solutions under laminar flow conditions or by chaotic
advection (31). The latter enables shorter mixing times and
higher flow-rates by using microchannels with staggered her-
ringbone, zig-zag shaped, or serpentine structures (36,37). This
can result in a more homogeneous nucleation mixing environ-
ment capable of producing smaller particle sizes (38). Thus,
microfluidic devices would seem to be the preferred technolo-
gles to exploit super-saturation conditions formed by solvent
dilution methodologies to produce liposomes, emulsions, and
other nanoparticles of defined diameters.

(3) nucleation onto siRNA  (4) assembling of bilayer

fragments into vesicles

Fig. 10 Proposed model for the formation of lipid nanoparticles mediated by super-saturation and nucleation.
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CONCLUSION

In this study we demonstrated how lipid nanoparticles can
be generated based on the controlled nucleation process.
Using a mechanism-based approach we showed how sizes of
lipid nanoparticles and encapsulation efficiency of nucleic
acid can be manipulated and systematically controlled by
altering process conditions. Since the final particle size
depends on factors such as super-saturation, lipid composi-
tion, and amounts of growth inhibitors (PEG), experimental
conditions need to be optimized for each lipid nanoparticle
formulation. For DLinPAT/DOPE/PEG-DMG particles
with hydrodynamic diameters below 125 nm are obtained
in regions of intermediate super-saturation. Both, low and
high super-saturations of lipids lead to larger particles. Further
investigations are required to learn whether this is a general
phenomenon for other liposomal formulations. By adjusting
the ratios of lipid, organic solvent, and aqueous phase, lipid
nanoparticles with size ranges tailored to specific biological
and therapeutic applications can be generated.
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