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ABSTRACT: We present a simple and industrially accessible method of producing Phytantriol O O
liquid crystalline lipid nanoparticles with various internal structures based on v;afr:)r:o; :cz:azt: M vt watr,
phytantriol, Pluronic F127, and vitamin E acetate. Bilayer vesicles were produced in EtOH O O

when an ethanolic solution dissolving the lipid components was mixed with isiba

deionized water. After the evaporation of ethanol from the aqueous mixture, vesicles % SIS
L@ @ Evaporation

: (- EtOH)

were transformed into lipid-filled liquid crystalline nanoparticles with well-defined @
internal structures such as hexagonal lattices (mostly inverted cubic Pn3m), lined or

coiled pattern (inverted hexagonal H,), and disordered structure (inverse Hexagonal Lined/  Disordered
microemulsion, L,), depending on the compositions. Further studies suggested lattices  coiled

that their internal structures were also affected by temperature. The internal No 045wt% 1.0 wt%

structures were characterized from cryo-TEM and small-angle X-ray scattering e Santent

results. Microcalorimetry studies were performed to investigate the degree of

molecular ordering/crystallinity of lipid components within the nanostructures. From the comparative studies, we demonstrated
the present method could produce the lipid nanoparticles with similar characteristics to those made from a conventional method.
More importantly, the production only requires simple tools for mixing and ethanol evaporation and it is possible to produce 10

kg or so per batch of aqueous lipid nanoparticles dispersions, enabling the large-scale production of the liquid crystalline
nanoparticles for various biomedical applications.

KEYWORDS: evaporation method, lipid crystalline lipid nanoparticles, large scale synthesis,
vesicles to lipid-filled nanoparticle transitions, internal structures

1. INTRODUCTION

The field of biomedicine has great interest in liquid crystalline
lipid nanoparticles with various internal structures including
inverted cubic, hexagonal, and microemulsion forms.' >
Because they are structurally different from liposomes (aqueous
dispersion of lipid bilayers) and micelles, lipid nanoparticles
have the ability to carry various hydrophobic and hydrophilic
drugs either inside the hydrophobic domains or water channels
of the nanostructure.~"” These lipid nanoparticles were mostly
prepared with glycerol monooleate or phytantriol (as a material
for nonlamellar liquid crystalline phase) and Pluronic F-127 (as
a stabilizer),"*~"” but various combinations of liquid crystalline-
forming materials and stabilizers have been recently developed
for the effective and uniform production of lipid nano-
particles.'*™*' As for synthetic methods, several wet-based
approaches have been proposed to develop these lipid
nanoparticles.'*~*’ Generally, bulk nonlamellar liquid crystal-
line phases were mechanically chopped, homogenized,
sonicated, and microfluidized in the production of nano-
particles.'*"'%""7%° Heat treatment of dispersion under high
pressure were also used.'””**” However, these methods may
require either high mechanical/thermal energies. On the other
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hand, the production of the liquid crystalline nanoparticles by
using a hydrotrope (i, ethanol),28 from a dialysis method,”
or by shearing process’’ suggested more efficient routes for the
large scale production without using excess energies. For
commercialization and various applications, it is still necessary
to develop various facile and economical approaches which
regulate the internal structures and functions as drug delivery
carriers.

Here, we present a new simple and large-scale method to
produce lipid nanoparticles with various well-defined internal
nanostructures (Figure 1). In contrast to previous reports, we
introduced the transformation of bilayer vesicles into lipid
nanoparticles during the removal (evaporation) of one
component (ethanol) in aqueous solution. The base
components that we used include phytantriol, Pluronic F127,
and vitamin E acetate.'®'” When these components were mixed
with a water—ethanol mixture having sufficiently high ethanol
content, they formed aqueous dispersions of lipid bilayers. After
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Figure 1. A schematic representing a synthetic route developed in the present work for the production of liquid crystalline lipid nanoparticles with
various internal nanostructures. Lipid bilayers vesicles were produced from a simple transfer of the ethanolic mixture of Pluronic F127, phytantriol,
and vitamin E acetate into deionized water under stirring. Then, a transformation of bilayer vesicles into lipid nanoparticles took place when ethanol
was evaporated from a water/ethanol mixture containing the lipid components. The lipid nanoparticles had well-defined internal structures such as
hexagonal lattice (mostly inverted cubic Pn3m), lined/coiled pattern (inverted hexagonal H,), or disordered structures (inverse microemulsion, L,),

depending on the amount of vitamin E acetate.

ethanol evaporation, the bilayer vesicles restructured them-
selves into lipid-filled nanoparticles with well-defined internal
structures: depending on the amount of vitamin E acetate, we
obtained hexagonal lattices (mostly inverted cubic Pn3m),
lined/coiled pattern (inverted hexagonal H,), or disordered
nanostructures (inverse microemulsion, L,). The internal
structures were also affected by temperatures. The lipid
nanoparticles having different compositions varied in the
degree of crystallinities (or molecular orderings among the
lipid components) within the nanostructures. The sizes,
internal structures, and crystallinities of the lipid nanoparticles
were investigated using a dynamic light scattering, cryo-
transmission electron microscope (cryo-TEM), small-angle X-
ray scattering (SAXS), and microcalorimetry. In addition, the
characteristics of the three lipid nanoparticles were compared
with the lipid nanoparticles prepared from a conventional
method.'® Because our current method requires simple mixer
and evaporator, commercially available and scalable facilities, to
mix components and remove a volatile component from the
aqueous solution, it can produce at least 10 kg of aqueous
dispersion containing lipid nanoparticles at one time.

2. EXPERIMENTAL SECTION

2.1. Materials. Phytantriol (>96.6%) was purchased from Roche
(Germany). Pluronic F127 and vitamin E acetate (>96.5%) were
purchased from BASF (Germany). Ethanol and acetonitrile (HPLC,
99.9%) was purchased from Fisher Scientific (Pittsburgh, PA).

2.2. Lipid Nanoparticle Production. For the production of
phytantriol-based liquid crystalline nanoparticles, 3.0 g of phytantriol
and 1.2 g of Pluronic F127 were dissolved in 12.7 mL of ethanol. The
ethanolic mixture was transferred into 90 mL of deionized water, and
was continuously stirred with an agitator for S min (Daelim Electric
Co, Korea). Next, most ethanol was removed using a rotary evaporator
(R-200, BUCHI, Switzerland) at 45 °C until the mass of aqueous
nanoparticle dispersion became 60 g (it took approximately 1 h). After
the evaporation, deionized water was added for the aqueous dispersion
to be a total of 100 g, and weight concentration of phytantriol in the
aqueous dispersion was 3 wt %. To produce lipid nanoparticles with
different internal nanostructures, we dissolved 0.45 or 1.00 g of
vitamin E acetate in the ethanol with phytantriol and F127. This
ethanolic mixture was also transferred into deionized water, and the
aqueous mixtures were stirred and evaporated as described above.
After the evaporation, deionized water was also added for the aqueous
dispersions to be a total of 100 g with lipid concentrations (phytantriol
+ vitamin E acetate) of 3.45 and 4 wt %, respectively.

The residual contents of ethanol in the lipid nanoparticle aqueous
dispersions were determined by using a gas chromatography with
flame ionization detector (GC-FID, Agilent, Santa Clara, CA). We
dissolved 1 g of lipid nanoparticle aqueous dispersion in 50 mL
acetonitrile. Then, we injected the solution into a column (1.0 mL/
min) to carry the solution into an oven. The detection was conducted
in the oven at 240 °C under nitrogen gas flow. The concentration of
ethanol was quantified by comparing signals of ethanol from the GC-
FID with a calibration curve in which the intensity of ethanol signals
(using HPLC grade ethanol) was plotted as a function of ethanol
concentration. For the three types of lipid nanoparticles, the ethanol
contents were 0.2 wt % in the aqueous dispersions.

2.3. Lipid Nanoparticle Characterization. Cryo-TEM was used
to investigate the morphologies of the internal structures of the lipid
nanoparticles. A 7 uL fluid drop was placed on a grid with holes. Then,
the grid was immersed in liquid ethane, stored in liquid nitrogen, and
transferred into a Gatan model 630 cryotransfer (Gatan, Inc,
Warrendale, PA) under liquid nitrogen at approximately —185 °C. A
Tecnai 12 electron microscope (Philips, Eindhoven, The Netherlands)
was used to observe the sample. The temperature and acceleration
voltage were approximately —170 °C and 120 kV, respectively. Image]
software was used to obtain fast Fourier transform (FTT) patterns for
the TEM images. The nanoparticles’ hydrodynamic diameters were
measured using dynamic light scattering (Zetasizer Nano ZS90,
Malvern Instrument). Microcalorimetry (VP-DSC, MicroCal, United
Kingdom) was also used to monitor the thermal behavior of the lipid
nanoparticles. The sample chamber was filled with 0.6 mL of aqueous
nanoparticle dispersion. The reference chamber was filled with either
deionized water (for lipid nanoparticles) or with a mixture of ethanol
and water (for lipid vesicles). The dispersion was scanned from $ to 70
°C at heating rate of 1 °C/min.

SAXS measurements were carried out using the 4C SAXS II
beamline of the Pohang Light Source II (PLS II) with 3 GeV power at
Pohang University of Science and Technology, Korea. A light source
from an In-vacuum Undulator 20 (IVU20: 1.4 m length, 20 mm
period) of the Pohang Light Source II storage ring was focused with a
vertical focusing toroidal mirror coated with rhodium and mono-
chromatized with a Si (111) double crystal monochromator (DCM),
yielding an X-ray beam wavelength of 0.734 A. The X-ray beam size at
the sample stage was 0.1 (V) X 0.3 (H) mm?. A two-dimensional (2D)
charge-coupled detector (Mar USA, Inc.) was employed. A sample-to-
detector distance (SDD) of 1.00 m for SAXS was used. The magnitude
of scattering vector, q = (47/1) sin 6, was 0.30 nm ™' < g < 6.85 nm ™",
where 26 is the scattering angle and A is the wavelength of the X-ray
beam source. The scattering angle was calibrated with silver behenate
standard. We used quartz capillary with an outside diameter of 1.5 mm
and wall thickness of 0.01 mm, as solution sample cells. All scattering
measurements were carried out at various temperatures by using a
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FPSO-HL refrigerated circulator (JULABO, Germany). The SAXS data
were collected in 0.3 min. Each 2D SAXS pattern was radial averaged
from the beam center and normalized to the transmitted X-ray beam
intensity, which was monitored with a scintillation counter placed
behind the sample. The scattering of distilled water was used as the
experimental background.

3. RESULTS AND DISCUSSION

The lipid nanoparticle production first involved dissolving
phytantriol and F127 in ethanol, and transferring the ethanol
solution into deionized water. We used a phytantriol-to-F127
ratio of 2.5 (weight based), and ethanol concentration was 10
wt % in the aqueous dispersion. A cryo-TEM image revealed
that this process resulted in the production of unilamellar
bilayer vesicles with hollow interiors (Figure 2A). Next, when

Intensity

Figure 2. Cryo-TEM images of the lipid nanoparticles (A) before and
(B) after the evaporation of ethanol. The lipid nanoparticles were
produced with phytantriol and Pluronic F127. The concentrations of
phytantriol and F127 were 3.0 and 1.2 wt %, respectively, in the
aqueous dispersion. Inset in (A) is the magnified image showing
bilayer vesicles (scale bar: S0 nm). (C) A magnified image of the lipid
nanoparticles shown in (B). (D) Distributions of hydrodynamic
diameters (D},) before and after the evaporation of ethanol.

ethanol was removed using a rotary evaporator, the bilayer
vesicles were mostly transformed into nanoparticles with lipid-
filled inner structures (Figure 2B). In addition, a small number
of giant vesicles with irregular shapes was also found. At high
magnification (Figure 2C), the nanoparticles appeared to have
a textured structure with a regular lattice. Because the entire
lipid components were soluble in ethanol, the existence of
ethanol in the aqueous medium may lower the interfacial free
energies between the medium and the lipid components,
producing the vesicular forms. While ethanol was removed, the
lipid components tended to reduce the contact area with the
aqueous solution. As a result of these transformations, the sizes
slightly decreased. From dynamic light scattering studies
(Figure 2D), the nanoparticles’ hydrodynamic diameters were
reduced from 197 to 179 nm after ethanol removal (Table 1),
which was consistent with the trend observed in the cryo-TEM
images (from 77 to 67 nm).

Table 1. Summary of Dynamic Light Scattering Results

types of lipid nanostructures

vitamin E acetate concn

preparation (wt %) evaporation” (1’11)1’}111)
evaporation method” 0 before 197
after 179

0.45 before 205

after 200

1.0 before 278

after 254

conventional 0 136
method" 0.45 — 145
1.0 174

“For all samples, the concentrations of phytantriol and F127 were 3.0
and 1.2 wt %, respectively, in the aqueous dispersion. “Before: before
the evaporation of ethanol in the aqueous dispersions. After: after the
evaporation of ethanol. “The method developed from the present
study. “The method from ref 16. “Sonication was introduced.

Spicer et al. produced the inverted cubic liquid crystalline
nanoparticles from the dilution of the mixture of ethanol and
monoolein with excess F127 aqueous solution, having ethanol
content of 5 wt %.”* However, there was a possibility that the
existence of a hydrotrope could weaken liquid crystal
characteristics.”’ To exclude such a possibility and to produce
the lipid nanoparticles with well-defined internal nanostructures
sufficient for various applications, we kept evaporating ethanol
(for approximately 1 h) until a trace amount remained in the
aqueous dispersions. From GC-FID analysis, the amount of
ethanol was only 0.2 wt % in the aqueous dispersions after the
evaporation process. Most importantly, it is worth noting that
the current method can produce 10 kg of lipid nanoparticles at
one time, making it an industrially accessible method.

It is reported that the addition of vitamin E acetate alters the
liquid crystals’ internal structures.'® We prepared the lipid
nanoparticles composed of phytantriol and vitamin E acetate
(Figure 3). Vitamin E acetate was codissolved in ethanol with
phytantriol and F127. This ethanol mixture was then
transferred into deionized water. The concentrations of vitamin
E acetate used were 0.45 and 1 wt % in the aqueous dispersions,
while the concentrations of the other components were kept
constant. Then, vitamin E acetate/phytantriol weight ratios
were 0.15 and 0.33, respectively. As in the case of the
nanoparticles made without vitamin E acetate, after the
evaporation, the hydrodynamic diameters of the two lipid
nanoparticles also decreased (Figure 3A; from 205 to 200 nm
and from 278 to 254 nm for the nanoparticle dispersion
containing 0.45 and 1.0 wt % of vitamin E acetate, respectively).
It is also worth noting the hydrodynamic diameters of the lipid
nanoparticles were increased with increasing content of vitamin
E acetate. The same trend was also observed when 6preparing
the nanoparticles by introducing a different method'® but with
identical compositions to our lipid nanoparticles (Table 1).

We conducted cryo-TEM studies to investigate the internal
nanostructure of the nanoparticles (Figures 3B—D). In the lipid
nanoparticles containing 3.0 wt % of phytantriol and 0.45 wt %
of vitamin E acetate, there was a lined and coiled patterns
observed with cryo-TEM (Figure 3B). In the other region
(Figure 3C), only the coiled pattern was observed. Analysis of
several cryo-TEM images revealed a 1:1 probability of finding
the two regions. The coiled and lined morphologies were not
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Figure 3. (A) Distributions of hydrodynamic diameters (D,) of the
lipid nanoparticles before and after the evaporation of ethanol. The
lipid nanoparticles were produced with phytantriol, Pluronic F127, and
vitamin E acetate. The concentrations of phytantriol and F127 were
3.0 and 1.2 wt %, respectively, in the aqueous dispersion. Vitamin E
acetate concentrations were noted in the figure. Cryo-TEM images
showing the different morphologies of lipid nanoparticles by varying
the vitamin E acetate content in aqueous dispersions: (B and C) 0.45
and (D) 1.0 wt % (vitamin E acetate/phytantriol weight ratios were
0.15 and 0.33, respectively).

present in the nanoparticles with 3.0 wt % of phytantriol and
1.0 wt % of vitamin E acetate (Figure 3D).

Fast Fourier transform (FFT) patterns were obtained in
order to investigate the internal structure of each lipid
nanoparticle from the cryo-TEM images. The nanoparticles
made with only phytantriol exhibited hexagonal lattices viewed
from a [111] direction (Figure 4A,B), which are similar to the
patterns suggesting inverted cubic structures.'”'?>?52¢ In
contrast, a ring pattern was observed in the coiled nanoparticles
(3.0 wt % phytantriol and 0.45 wt % vitamin E acetate). Several
literatures suggest that inverted hexagonal nanostructures
generally have lined or coiled patterns,"”**** while the other
literature reported that they exhibit both hexagonal symmetry
and curved striations.”” Based on a phase diagram suggested by
Dong et al,'® an inverted hexagonal phase might be expected
with the weight ratio of vitamin E acetate to phytantriol was
0.15. Meanwhile, we did not observe any FFT pattern of the
nanoparticles with 3.0 wt % of phytantriol and 1.0 wt % of
vitamin E acetate (Figure 4E). Instead, disordered worm-like
internal structures were observed (Figure 4F). Previous studies
showed that the solubilization of a hydrophobic additive
induces transition from cubosomes via hexosomes to micellar
cubosomes and emulsified microemulsions with an internal L,
phase.””*® From the results, it seems evident that the internal
structures became disordered with increasing the content of
vitamin E acetate.

To obtain more detailed information about the internal
structures of three types of nanoparticles, we performed SAXS
studies (Figure S). The lipid nanoparticles prepared with only
phytantriol showed higher-order Bragg diffraction up to the

Figure 4. (A, C) Cryo-TEM images showing the internal structures
and (B, D) corresponding fast Fourier Transform (FFT) patterns of
the liquid crystalline lipid nanoparticles containing (A, B) 0 wt % and
(C, D) 0.45 wt % vitamin E acetate in the aqueous dispersion. (E, F)
High magnified cryo-TEM images of the lipid nanoparticles containing
1.0 wt % vitamin E acetate in the aqueous dispersion. Inset in E was
the corresponding FFT pattern. For all the samples, the concentrations
of phytantriol and F127 were 3.0 and 1.2 wt %, respectively, in the
aqueous dispersion.

sixth order with a certain ratio indicated in Figure 5A, which is
characterized by an inverted cubic phase with Pn3m
symmetry.”> The lattice parameter was determined to be 74.1
A at 10 °C (Table 2). Along with the six peaks characteristics of
Pn3m, a peak at 0.133 A™' (marked as asterisk) was also
exhibited. The peak was overlapped with the first peak in the
diffraction pattern with the nanoparticles containing 3.0 wt %
phytantriol and 0.45 wt % vitamin E acetate and with the ratio
identified as hexagonal symmetry (H,).”*** Taking the result of
a recent report into account,’ the peak corresponded primarily
to the first diffraction peak from the inverted H, phase. The
coexistence of cubic Pn3m and inverted H, phases might be
attributable to the presence of impurities of commercial lipid
phytantriol used in this study. We used the peak at 0.133 A™"
and the last two peaks (0.239 and 0.254 A™") in the diffraction
pattern to match the peak-position ratio of 1:\/ 3:\/ 4 (for H,
phase) for the determination of lattice parameters of H, phase.
However, unfortunately, we observed a set of three reflections
that did not correspond with the peak-position ratio of the H,
phase. In the present results, it was speculated the other high-
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Figure S. SAXS patterns of the liquid crystalline lipid nanoparticles prepared (A) from the present method and (B) by introducing a conventional
method (ref 16). The lipid nanoparticles were produced with phytantriol, Pluronic F127, and vitamin E acetate. The concentrations of phytantriol
and F127 were 3.0 and 1.2 wt %, respectively, in the aqueous dispersion. The concentrations of vitamin E acetate aqueous dispersions varied as
indicated in each figure. The measurement temperature was 10 °C. (C, D) Temperature-dependent SAXS spectra for the lipid nanoparticles
prepared from present method with (C) only 3.0 wt % of phytantriol and (D) 3.0 wt % of phytantriol and 0.45 wt % of vitamin E acetate. For

asterisks (*) and arrows in the figures, see the text.

Table 2. Structural Parameters Obtained from the SAXS
Data (Figure 5) of the Liquid Nanoparticles

lattice
vitamin E acetate = measurement space parameter,
preparation concn (wt %) temp (°C) group a (A)
evaporation 0 10 Pn3m 741 £ 02
method”
H, -
30 Pn3m  66.0 £ 0.2
H, —
) H, 474 + 02
L, 389 + 03¢
s5 L, 383 + 037
0.45 10 H, 52.8 £ 0.3
30 H, 485 + 03
50 L, 38.5 + 037
1.0 10 L, 453 + 037
conventional 0 10 Pn3m 743 £ 03
method®
H, -
045 10 H, 526 + 0.3
1.0 10 L, 451 + 037

“For all the samples, the concentrations of phytantriol and F127 were
3.0 and 1.2 wt %, respectively, in the aqueous dispersion. “The method
developed from the present study. “Lattice parameters were not
determined due to lack of second and third peaks. See the text for the
explanation. “The characteristic distance for the L, phase (d = 27/q)
from the observed single broad peak. “The method from ref 16.

order peaks were buried beneath the background at 10 and 30
°C, presumably due to their very low intensity. Instead, we

20442

estimated the characteristic distance ( = 27/q) of 47.1 £ 0.2 A
with the peak at 0.133 A~

As explained above, the nanoparticles containing 3.0 wt %
phytantriol and 0.45 wt % vitamin E acetate had the internal
structure of inverted H, phase with a lattice parameter of 52.8 A
at 10 °C. Meanwhile, there was no characteristic peak for the
lipid nanoparticles containing 3.0 wt % of phytantriol and 1.0
wt % of vitamin E acetate. The pattern was indicative of inverse
microemulsion (L, phase) with the characteristic distance of
45.3 A, estimated from this broad peak.

To validate the present method as an effective way for the
production of lipid nanoparticles with similar quality to those
obtained from conventional methods, we compared SAXS data
of the lipid nanoparticles prepared from the present method
with those of the nanoparticles prepared by introducing a
conventional method (Figure SB and Table 2; see Table 1 for
the hydrodynamic diameters).'® Briefly, phytantriol or mixture
of phytantriol and vitamin E acetate was added to aqueous
solutions containing F127 under sonication. The compositions
of phytantriol, vitamin E acetate, F127, and water were identical
to those of the nanoparticles prepared from the present
method. Regardless of the preparation method, the space group
and lattice parameter were essentially the same. Putting the
cryo-TEM images and SAXS results together, we suggest the
present method could not only manipulate the internal
nanostructures under composition variation but also produce
the lipid nanoparticles bearing similar characteristics with the
nanoparticles prepared from a conventional method. In
addition, the results also indicate that the presence of small
amount of ethanol in the produced aqueous dispersions by
applying the simple evaporation method does not affect the
internal structures.
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Figure 6. (A—C) Microcalorimetry thermograms of the lipid nanoparticles before and after the evaporation of ethanol. The lipid nanoparticles were
produced with phytantriol (3.0 wt %), Pluronic F127 (1.2 wt %), and vitamin E acetate. The concentrations of the vitamin E acetate contents in
aqueous dispersions were (A) 0, (B) 0.45, and (C) 1.0 wt %. (D) Comparisons of the transition enthalpies among the three types of lipid
nanoparticles. (E) Microcalorimetry thermograms of the lipid nanoparticles prepared by introducing a conventional method (ref 16.). (F)
Comparisons of enthalpies of transition between the nanoparticles prepared from the present method and those from the conventional method.

We additionally performed temperature-dependent SAXS
studies with the lipid nanoparticles prepared from the present
method (Figure SC,D). For the lipid nanoparticles prepared
with only phytantriol (Figure SC), the inverted cubic Pn3m
maintained at 30 °C but the peaks were shifted to higher g
values. The lattice parameter was decreased from 74.1 A at 10
°C to 66.0 A at 30 °C. In addition, the peak at 0.133 A~
measured at 10 °C was shifted to 0.149 A™! (characteristic
distance of 41.9 + 0.2 A) at 30 °C with increased intensity,
meaning that the inverted hexagonal structure was slightly
developing. At 50 °C, most peak characteristics of cubic Pn3m
disappeared. Instead, a broad diffraction pattern with traces of
three peaks remained (indicated as arrows): a close
investigation of the three peaks revealed that they were
originated from H, phase with a lattice parameter of 47.4 A.
Therefore, upon heating, a mixture of Pn3m and H, phases
were transitioned to a mixture of L, and H, phases. All the
peaks completely disappeared at 55 °C and the only L, phase
existed. The similar trend was observed for the lipid
nanoparticle containing 3.0 wt % of phytantriol and 0.45 wt
% of vitamin E acetate (Figure SD). The lattice parameter was
decreased from 52.8 A at 10 °C to 48.5 A at 30 °C, and the
three characteristic peaks, attributed from H, phase, dis-
appeared at 50 °C. Temperature effect has been addressed by
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. 16,22,25,33 . . .
previous reports. > With increasing temperatures,

inverted cubic phases transitioned to H, and further to L,
phases. It was also reported that the addition of oil also induced
the phase changes.””** The current results were in line with the
previous results.

Although the above experimental evidence proved our
method produced lipid nanoparticles with similar quality to
those from a conventional method, it is worth addressing that
the present temperature-dependent SAXS data were a little
different from the previous data reported in ref 16. In the
literature, the lipid nanoparticles containing 2.7 wt % of vitamin
E acetate showed an inverted cubic phase to H, phase
transition, but a significant peak due to inversed H, phase still
remained at 50 °C with in the nanoparticles. This is probably
due to the use of impure commercial phytantriols:*® while the
literature showed only peaks characteristics of cubic Pn3m, our
SAXS data suggested that the nanoparticles prepared with only
phytantriol contained small portion of H, phase in cubic Pn3m,
regardless of preparation method.

Microcalorimetry studies for the three types of lipid
nanoparticles were conducted to obtain more information
about the nanoparticles (Figure 6). For the nanoparticles made
with only phytantriol (Figure 6A), the thermogram of the
bilayer vesicles peaked at 22.0 °C before evaporation. After
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evaporation, the nanoparticles peaked at 25.0 °C. In addition,
the peak intensity of heat capacity was increased after the
evaporation. An analysis of the thermograms (Table 3) revealed

Table 3. Summary of Microcalorimetry Results”

peak
vitamin E acetate ) temp AH
preparation conen (wt %)”  evaporation®  (°C)?  (cal/mol)®
evaporation 0 before 220 392
method
after 25.0 596
0.45 before 23.0 243
after 24.7 274
1.0 before 23.0 188
after 24.7 221
conventional 0 25.0 568
method®
045 =" 253 269
1.0 253 216

“Peak temperatures and enthalpies were obtained from the analysis of
Figure 6 The concentrations of phytantriol and F127 were 3.0 and
1.2 wt %, respectively, in the aqueous dispersion. “Before: before the
evaporation of ethanol in the aqueous dispersions. After: after the
evaporation of ethanol. dTemperatures showing the maximum peak
intensities in the thermograms. “Enthalpy was estimated from the
integration of peaks. ”The method developed from the present study.
8The method from ref 16. "Sonication was introduced.

that the enthalpies integrated from the peaks also increased by
52% (from 392 to 596 cal/mol). The same trends were
observed with the nanoparticles prepared with phytantriol and
vitamin E acetate (Figure 6B,C). For both nanoparticles, the
peak temperatures shifted from 23 °C before evaporation to
24.7 °C after evaporation. The enthalpies of transitions were
increased after the evaporation by 11% (from 243 to 274 cal/
mol) and 12% (from 188 to 221 cal/mol) for the nanoparticles
containing 0.45 and 1.0 wt % of vitamin E acetate, respectively.
These results suggest that the change in the nanostructures
from vesicles to lipid-filled nanoparticles led to an increase in
the lipid nanoparticles’” degree of crystallinity. In other words,
the lipid nanoparticles had a higher degree of molecular order
than the lipid vesicles had. This phenomenon may also result in
the slight increase in the transition temperatures.

We compared the microcalorimetry results among three
types of lipid nanoparticles (Figure 6D and Table 3). Each
nanostructure had different degree of crystallinity. Before
evaporation, the enthalpies for the transition of the bilayer
vesicles containing 0.45 and 1.0 wt % vitamin E acetate
decreased by 38 and 52%, respectively, when compared to
those formed without vitamin E acetate. After the evaporation,
the transition enthalpies of the lipid nanoparticles also
decreased by 54 and 63%, respectively. These results suggest
that the addition of vitamin E acetate decreases the ordered-
packing among lipid components in both the bilayer vesicles
and lipid nanoparticles, which may be in line with the previous
literatures.”>*> In addition, the molecular ordering of lipid
components in the bilayer vesicles may greatly influence the
resulting nanostructures of the lipid nanoparticles.

We also compared thermal behaviors of the lipid nano-
particles prepared from the present method with those of the
nanoparticles prepared by introducing a conventional method
(Figure 6E,F).'® Similarly with Figure 6A—C, the three types of
nanoparticles prepared from the conventional method showed
the decreased in the peak intensities of heat capacity with

increasing the vitamin E acetate contents. Comparing the
thermal properties of the samples produced from the
conventional method with those from the present method,
peak temperatures differed by less than 0.6 °C. The enthalpies
of transitions differed only by 4.9%, 1.9%, and 2.3% when the
lipid nanoparticles had vitamin E concentrations of 0, 0.45, and
1.0 wt %, respectively.

It is worth discussing the origin of the transition obtained
from the microcalorimetry results. The transition temperatures
after the evaporation were not much different among the
samples having different compositions. From the present SAXS
studies for the inversed cubic and hexagonal phases, there was
no indication on the structural transitions between 10 and 30
°C (Figure SC,D), implying that the peaks observed at 24.7—
25.0 °C of the lipid nanoparticles after evaporation might not
be related to the phase transitions (i.e., Pn3m to H, or H, to
L,). From the literatures, the microcalorimetry generally
measured order (crystal) to disorder (liquid crystal) transitions
of certain lipid structures suspended in aqueous systems.’”** If
the transition temperatures (22—23 °C) of the lipid vesicles,
obtained before the evaporation, were attributed to the same
reason, the transition temperatures (24.7—25.0 °C) of lipid-
filled nanoparticles obtained after the evaporation might be
originated from the crystal to liquid crystal transitions among
the lipid components without significant changes in the liquid
crystalline phases. As such, the enthalpies of transitions
explained the degree of ordering among the lipid components
within a certain internal structures.

4. CONCLUSIONS

Since 1996,"* many reports have addressed liquid crystalline
lipid nanoparticle structures and their ability to hold various
therapeutic payloads. While these studies are very important, it
is also important to establish an industrially accessible synthetic
method to both increase productivity and expand the
application of these nanoparticles. We produced lipid nano-
particles from bilayer vesicles through the removal (evapo-
ration) of one component (ethanol) in aqueous solution: the
method did not require excess mechanical energy or heating.
Therefore, the present method can economically produce the
liquid crystalline lipid nanoparticles in large quantities and with
well-defined internal structures with hexagonal lattice (mostly
inverted cubic), lined/coiled pattern (inverted hexagonal), and
disordered forms (inverse microemulsion) depending on the
compositions. We would suggest the present data are beneficial
not only to those who wish to commercially use liquid
crystalline lipid nanoparticles but also to those who will apply
these nanostructures to various fields.
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