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Abstract

High-energy methods for the manufacturing of nanomedicines are widely used; however, interest in low-energy methods is
increasing due to their simplicity, better control over the process, and energy-saving characteristics during upscaling. Here, we
developed a novel lipid-core micelle (LCM) as a nanocarrier to encapsulate a poorly water-soluble drug, nifedipine (NFD), by
hot-melt emulsification, a low-energy method. LCMs are self-assembling colloidal particles composed of a hydrophobic core and
a hydrophilic shell. Hybrid materials, such as Gelucire 44/14, are thus excellent candidates for their preparation. We characterized
the obtained nanocarriers for their colloidal properties, drug loading and encapsulation efficiency, liquid state, stability, and drug
release. The low-energy method hot-melt emulsification was successfully adapted for the manufacturing of small and narrowly
dispersed LCMs. The obtained LCMs had a small average size of ~ 11 nm and a narrow polydispersity index (PDI) of 0.228.
These nanocarriers were able to increase the amount of NFD dispersible in water more than 700-fold. Due to their sustained drug
release profile and the PEGylation of Gelucire 44/14, these nanocarriers represent an excellent starting point for the development
of drug delivery systems designed for long circulation times and passive targeting.
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Introduction

The delivery of poorly water-soluble drugs has challenged
pharmaceutical scientists for decades. Several strategies have
been explored to tackle this issue, including the use of solid
dispersions [1], cyclodextrin inclusion complexes [2], emulsion
and microemulsion development [3], and nanosuspensions [4,
5]. Over the past years, increasing attention has been paid to the
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use of nanocarriers as a means to deliver drugs to target sites.
As part of current efforts in nanocarrier development, key ques-
tions to be addressed revolve around the type of drug formula-
tion to be used and possible fabrication methods. In this paper,
we focus on the latter issue.

Lipid carriers are well-suited for drug delivery and trans-
port of poorly water-soluble drugs to different parts in the
body, e.g., the brain [6] or accumulation in the liver [7]. A
number of lipid carriers are currently available, including solid
lipid nanoparticles (SLN) [8], self-(micro)emulsifying drug
delivery systems (SMEDDS) [9], nanostructured lipid carriers
(NLC) [10], nanoemulsions (NE) [11], and hybrids combining
lipidic and polymeric materials, such as lipid nanocapsules
(LNC) [12] and lipid-core micelles (LCM) [13]. Lipid carriers
are made up of at least one type of lipid, which constitutes the
matrix or core, and a surfactant, which stabilizes the matrix in
aqueous media. The advantages of these nanosystems include
their high affinity for poorly water-soluble drugs, high drug
loading capacity, their biocompatibility, and their ability to
cross membranes, making them excellent candidates for the
delivery of poorly water-soluble drugs [14]. Nevertheless,
these systems also have a number of limitations, such as
temperature-related stability problems and the fact that lipid
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chains may reorganize over time, thus altering release profiles
[14]. As a consequence, the efficient delivery of poorly water-
soluble drugs depends not only on the choice of nanosystem,
but also on the materials constituting the system.

Current advances in material technology are opening up
new avenues for nanocarrier development. LCMs are self-
assembling colloidal particles measuring less than 100 nm in
diameter and composed of a hydrophobic core and a hydro-
philic shell [15]. Their production therefore requires hybrid
materials, such as Gelucire 44/14, to address the poor water
solubility of a drug. Gelucire 44/14 is composed of polyeth-
ylene glycol (PEG) glycerides, a mixture of monoglycerides,
diglycerides, and triglycerides and monoesters and diesters of
PEG. Due to its amphiphilic character and surface-active
properties, it has been used extensively in different drug de-
livery strategies, including self-emulsifying drug delivery sys-
tems [16] and SLN [17], in addition to other uses as a co-
surfactant. Gelucire 44/14 is thus an excellent candidate for
the development of a new formulation for LCMs.

Micelle formation depends on critical micelle concentra-
tion (CMC), a surfactant-specific value which is affected by
temperature, pressure, and other factors. At room temperature,
the CMC of Gelucire 44/14 is 72 mg/L. Micelle fabrication
can be a complex and energy-intensive process, as described
by Friedrich and Miiller-Goymann [18], who developed an
inverse micelle nanosuspension using Ultra-Turrax (conven-
tional high-energy method) followed by a high-pressure ho-
mogenization technique, in order to increase the efficiency of
the process.

Gelucire 44/14 is solid at room temperature, with a melting
point of 44 °C, thus requiring heat for the quick and efficient
dissolution of a poorly water-soluble drug. The characteristics
of Gelucire 44/14 make it a promising candidate for the devel-
opment of LCMs. LCMs have been used for the solubilization
of various poorly water-soluble drugs, including paclitaxel
[19], camptothecin [20], and vitamin K3 [21]. While LCMs
are self-assembling, assembly can be improved through the use
of hot-melt emulsification, a method that is well-suited to the
characteristics of Gelucire 44/14. It is worth noting that while
hot-melt emulsification has ample use in the production of
nanoemulsion/microemulsion [22] and SLNs [23], no previous
investigations have described its use in the production of small
LCMSs. Furthermore, when used for SLNs, hot-melt emulsifi-
cation usually requires an additional step of high-energy ho-
mogenization, such as high-pressure homogenization [24].
Other high-energy methods include high-shear stirring and
ultrasonication. In contrast with high-energy methods, low-
energy methods rely on the materials’ chemical potential
[25], examples include phase inversion temperature, self-emul-
sification, and solvent diffusion methods [26]. While high-
energy methods are more common, the interest in low-energy
methods has steadily been growing. Their advantages over
high-energy methods include their non-destructive nature and
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greater energy efficiency; they are thus of particular interest for
large-scale production [27]. Here, we used a low-energy meth-
od, hot-melt emulsification, for the first time in the fabrication
of small size LCMs for the delivery of a model poorly water-
soluble drug, such as nifedipine (NFD).

Materials and methods
Materials

Gelucire® 44/14 was kindly donated by Gattefosse (Lyon,
France). Tween 20 (Sigma-Aldrich, Germany), Span 80
(Sigma-Aldrich, Germany), nifedipine HPLC grade 97% pure
(AK Scientific, CA, USA), methanol (Panreac Quimica SLU,
Spain), and dichloromethane (Merck, Germany) were purchased
and used as received. A Milli Q water Ultrapure Simplicity®
(Merck, Germany) was used to produce ultrapure water.

Fabrication of micelles

Micelles were produced by hot-melt emulsification with the
two selected compositions depicted in Table 1. First, water
was heated to 70 °C, and a lipid phase composed of
Gelucire® 44/14, Tween 20, and Span 80 was melted by stir-
ring in an oil bath at 70 °C. When both phases reached 70 °C,
they were mixed under rapid stirring, and cold water was
immediately added (Table 1). The mixture was taken out of
the oil bath and stirred for an additional 5 min. For nifedipine-
loaded micelles, 30, 45, or 60 mg of NFD were added to the
lipid phase prior to heating to 70 °C. Finally, samples were
centrifuged for 30 min at 5000 rpm to eliminate excess NFD
and stored for further characterization.

Micelle size, polydispersity index, and zeta potential

The physicochemical properties of the obtained micelles were
determined in a Malvern® Zetasizer Nano ZS. Particle size
and polydispersity index (PDI) were determined by dynamic
light scattering. The zeta potential was measured by Doppler
laser velocimetry. Number distributions were used to express
size results. Each sample was measured in triplicate and each
measurement corresponds to the average of 10—15 determina-
tions by the instrument.

Table 1 Composition of

formulations F30 and Materials F30 F20
F20
Gelucire 44/14 (mg) 1200 800
Tween 20 (mg) 188 125
Span 80 (mg) 52 35
Hot water (mg) 2560 3040
Cold water (mL) 60 60
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Characterization of micellar state

The liquid state was determined by differential scanning cal-
orimetry (DSC) in a DSC131 Evo (Calisto Inc., USA). DSC
measures the difference in heat needed to increase the temper-
ature of a sample and that of a reference. The temperature
gradient was 25 to 65 °C at 5 °C/min.

Characterization of micelle morphology

The morphology of the obtained nanoparticles was analyzed
using the transmission electron microscopy (TEM) mode of
an Inspect F50 scanning transmission electron microscope
(FEIL Hillsboro, OR, USA) after loading the samples onto a
copper grid. Samples were stained with 0.5% phosphotungstic
acid for 2 min, washed with water, dried at room temperature
and visualized under the microscope.

Encapsulation efficiency and drug loading

Encapsulation efficiency (EE) and drug loading (DL) were de-
termined by directly measuring the NFD in micelles by dissolv-
ing nifedipine-loaded micelles in methanol:dichloromethane
80:20 (%v/v) in a 1:6 (%v/v) ratio of sample:solvent (see equa-
tions below). The NFD content was determined in a Dionex
UltiMate 3000 High Pressure Liquid Chromatography system
(Thermo Scientific, USA) after separation of excess nifedipine
by centrifugation. The column used was Inertsil ODS-4 (5 um
4.6 x 150 mm) and kept at 40+ 1 °C. The mobile phase
consisted of methanol:water 60:40 (% v/v) at a flow rate of
I mL/min. The volume injected was 20 puL, and detection
was performed at 237 nm. For NFD, the detection limit was
0.002 mg/mL, the quantification limit was 0.25 mg/mL, and
the calibration curve had an R* = 0.9993.

%Encapsulation Efficiency (EE)
_ Amount of NFD measured (mg)

Fig.2 Representative TEM micrograph of F30 LCMs. The bar represents
100 nm

%Drug Loading (DL)

Amount of NFD measured (mg)

= 100
Amount of solids in formulations (mg) %

Release study

A release study by dialysis was conducted in phosphate buffer
(10 mM, pH 7.2) at 37 °C in an incubator (Labtech, Chile) at
75 rpm. Dialysis bags (SnakeSkin® Dialysis Tubing, Thermo
Scientific, USA) with a molecular weight cut-off of 3500 Da
were cut to a length of 7.5 cm, sealed at the bottom, loaded
with 4-mL sample, sealed at top, and kept in 26 mL of phos-
phate buffer to maintain sink conditions. Samples were taken
at 0, 3, 6, 24, 48, 96, and 120 h, and NFD released was
quantified using the HPLC method described above. Each
formulation was studied in three independent batches.

Colloidal stability test

= - % 100 The stability of the formulation was assessed over a period of
Amount of NFD wheighed (mg) 1 month, both at room temperature and at 4 °C. In both cases,
Fig. 1 Size (nm) and PDI of both 20 - o
formulations in triplicate, with OSize  OPDI
and without NFD load - 0.60
15 4 l l
sl L1 1 oo
£ @)
° o
2} l 3
5
5 | 5 5 S S| to20
0 0.00

F30

F3030mg F3045mg F3060mg F20

F2030mg F2045mg F2060 mg
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Fig. 3 Comparison of DSC
thermograms obtained from

LCMs in solution, LCMs freeze-

dried, and Gelucire 44/14 —

Heat Flow

—Nifedipine
—Span 80
Tween 20

28 33

the formulation was protected from light for the duration of
the test period. Two formulations with three different amounts
of NFD each, for a total of six, were tested. For each formu-
lation, a control without the drug was also tested. For each
sample, size, PDI, and ZP were determined at 0, 1, 2, 3, and
4 weeks.

Results and discussion

Lipid core micelle fabrication, size distribution,
and zeta potential characterization

The final formulations of micelles were achieved after testing
various micelle-forming materials, including Gellucire 44/14,
Gellucire 50/13, sodium stearate, and sodium taurocholate.
Preliminary formulation development included studies of ad-
ditional surfactants such as Tween 20 and Span 80. Most
studied formulations were not able to elicit monodisperse

Fig. 4 Auto scaled DSC
thermogram of freeze-dried
LCMs

Heat flow
/

28 33

@ Springer

—Gelucire 44/14
—LCM freeze-dried
—LCM in solution
—Physical mixture

38 43 48 53
Temperature (°C)

nanoscale particle size distributions and conversely presented
large particle sizes (over 100 nm) and polydispersity indices
(over 0.4). Only Gelucire 44/14 with the inclusion of surfac-
tants exhibited narrowly dispersed nanoscale particle size.
Thus, this work presents the findings of further testing of the
selected Gelucire 44/14 lipid core micelles. These micelles
were prepared by hot-emulsification, a procedure frequently
used for solid lipid nanoparticles but without prior reports on
lipid core micelles. As shown in Fig. 1, the average size of the
obtained micelles was 11.5+2.0 nm, with a high reproduc-
ibility given the small data dispersion of three independent
batch productions in different dates. Particle size was less
variable in formulation F30 than in F20, and the incorporation
of NFD did not produce any statistically relevant changes. The
relatively low mean PDI of 0.228 + 0.024 might be related to
the width of the particle size population. PDI values were
similar across formulations. Only for F30-45 mg NFD, the
PDI was above average; nevertheless, at 0.343 +0.01, it still is
a low value. Compared to similar LCMs prepared by both

38 43 48 53 58
Temperature (°C)
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Fig. 5 Encapsulation efficiency
(EE) and drug loading (DL) for
F20 and F30 formulations with
different amounts of NFD 14

ODL (%)

1

Drug loading (%)

F30 30 mg

high- and low-energy methods, the LCMs obtained here were
of a small size and had a low PDI. LCMs prepared using high-
energy methods such as extensive vortexing of a diacyllipid-
PEG film [28] and filtration [19] have been found to fall into
size ranges of 7-20 nm or 10-35 nm, respectively, to give a
few examples. When using low-energy methods, SMEDDS
systems have a similar size range to LCMs. A SMEDDS sys-
tem prepared with Gelucire 44/14 using a water titration meth-
od resulted in particle sizes between 31.7+ 7.8 nm and 73.1 £
22.7 nm, with PDI values of 0.720 and 1.105, respectively
[29]. Other studies using melt emulsification to render
nanosuspensions have included the use of micelle-forming
and stabilizing materials such as poloxamer 188, Tween 80,
polyvinyl alcohol, polyvinyl polyvinylpyrrolidone K25, and
their mixtures [22] without reaching the small particle size of
our LCMs nor the narrow particle size dispersion. The mean
ZP for the LCMs produced here is —7.4+5.1 mV. The large
standard deviation is due to the small value of zeta potential
because of the absence of ionizable groups in the hydrophilic
PEG corona of LCMs. The developed LCMs were still stable
due to the PEG shell provided by Gelucire and resulting in

EE (%)

100

N
80 >
2
o
£
[ 60 g
- —— S
E
2
40 3
&
20
— — — — — 0
F30 45 mg F30 60 mg F20 30 mg F20 45 mg F20 60 mg

steric hindrance stabilization [30]. Here, the addition of NFD
did not significantly affect any of the measured parameters.
The method described here is reproducible and has the advan-
tage of being a low-energy method, eliminating the need for
ultrasonication or high-pressure homogenization to achieve
small sizes and low polydispersity. The homogeneity and nar-
row size distribution of the micelles can be observed in the
TEM micrograph in Fig. 2.

Thermal analysis by differential scanning calorimetry

Since Gelucire 44/14 has a melting point of 44 °C and is thus
solid at room temperature, the physical state of the particles
obtained was investigated in two DSC experiments. First, we
analyzed a concentrated solution of micelles in a hermetic
pan; and second, a freeze-dried sample of micelles in a con-
ventional DSC pan. Figure 3 shows the comparison of these
two samples with unprocessed Gelucire 44/14. Only the
freeze-dried sample showed an endothermic peak; for micelles
in solution, no peak was obtained. Therefore, micelles are
solid when freeze-dried, but not in solution. This experiment

Fig. 6 NFD release (30 mg load 50
in each formulation) of F20 (low
Gelucire 44/14 amount) and F30
(high Gelucire 44/14 amount) in 40
phosphate buffer (pH 7.2) =

gso 1 / - \,w»“”"/"’w““

E 4

° g

2 20

z /

£
/
/e
//
101 ¢ e F20 - 30 mg NFD - low Gelucire 44/14
!
!
/ -+ F30 - 30 mg NFD - high Gelucire 44/14
0 /
0 24 48 72 96

Time (hours)
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Table 2 Stability test of blank

formulations F30 and F20 and Formulation Time (weeks)  Temperature (°C)  Size (nm) PDI Zeta potential (mV)

FND loaded at 30, 45, and 60 mg

NFD in weeks 0 and 1. Storage F30 0 25 13.1(1.4) 0.184 (0.136)  —11.2(1.7)

was conducted at 4 and 25 °C. F30 1 25 26.4 (7.4) 0491 (0.029) —1.5(0.3)

Full details of stability results are g3 1 4 275(19) 0465 (0.036) —2.5(0.1)

in Table S1 in Electronic

Supplementary Materials F30NFD30 0 25 12.6 (0.8) 0.350 (0.037)  —7.8 (4.6)
F30NFD30 1 25 344 (21.00 0366 (0.053) —3.7(0.2)
F30NFD30 1 4 29.0 (14.2) 0460 (0.044) —3.2(0.2)
F30NFD45 0 25 9.60 (1.4) 0.278 (0.010)  —9.8(0.5)
F30 NFD 45 1 25 21.4 (1.8) 0.398 (0.034)  —2.1(0.1)
F30 NFD 45 1 4 22.6 (3.0) 0.361 (0.075)  —2.9(0.3)
F30NFD60 0 25 13.6 (0.4) 0.306 (0.043) —4.7(1.8)
F30NFD 60 1 25 18.7 (3.0) 0.426 (0.126) —3.4(04)
F30NFD 60 1 4 27.1(3.7) 0.477 (0.174)  —3.3(0.6)
F20 0 25 12.0 (5.6) 0.266 (0.021)  —6.2(3.0)
F20 1 25 22.4(1.8) 0.351 (0.035)  —2.2(0.1)
F20 1 4 24.3(1.2) 0.424 (0.061)  —3.0(0.1)
F20NFD30 0 25 13.8(0.3) 0.361 (0.019) —=5.0(3.7)
F20NFD30 1 25 22.42.9) 0.438 (0.052)  —3.3(0.3)
F20NFD30 1 4 26.6 (3.1) 0.461 (0.043)  —3.4(0.1)
F20NFD45 0 25 12.7 (0.9) 0.147 (0.010)  —19.2(1.3)
F20 NFD 45 1 25 22.2(0.7) 0.421 (0.030) —1.3(0.5)
F20 NFD 45 1 4 28.5(5.2) 0.358 (0.077)  —2.5(0.5)
F20NFD60 0 25 10.9 (0.2) 0.322 (0.035) —-7.7(1.2)
F20NFD 60 1 25 35.5(16.4)  0.565(0.280) —5.3(1.1)
F20NFD 60 1 4 70.9 (46.5) 0914 (0.115) —5.4(0.7)

is commonly used to characterize the melting of SLNs, and we
conducted this to clarify the state of the PEGylated lipids of
LCMs that are solids at room temperature [31]. In Fig. 4, the
graph representing the freeze-dried micelle from Fig. 3 is re-
plotted at an enlarged scale, at which an endothermic peak can
clearly be seen. Figure 3 shows an interesting decrease in the
melting point of Gelucire, a result of the added surfactants,
such as Tween 20 and Span 80. It has previously been de-
scribed that the mixture of different surfactants can have a
plasticizing effect, thereby affecting physical properties, such
as the melting point [32]. This effect is further corroborated by
analyzing the physical mixture where the Gelucire 44/14 melt-
ing point appears at a similar range as that of the pure material.
Results of the other pure materials in the temperature range
indicate no significant changes after LCM production.

Encapsulation efficiency and drug loading

We found the micelles to have a better encapsulation efficien-
cy (EE) profile in F30 formulations, probably due to the in-
creased proportion of Gelucire in these formulations, allowing
the encapsulation of greater amounts of micelles and NFD. As
can be seen in Fig. 5, the formulation with the best EE was
F30 with 30 mg of NFD. EE decreased with increasing
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amounts of NFD, an effect related to the formulations’ maxi-
mum loading capacity. Excess drug that has not been loaded
into micelles by the second week usually precipitates and
crystalizes. Nevertheless, for F30 30 mg NFD, this was not
seen within the whole month. Of note, the solubility of nifed-
ipine in water is 0.0059 mg/mL [33], while our F30 30 mg
NFD formulation allowed for the dispersion of around
0.47 mg/mL, a more than 700-fold increase. Variations in drug
loading (DL) were not statistically significant. The average
DL across formulations was 8.2, with the highest standard
deviations observed for F20-45 mg NFD and F20-60 mg
NFD. These two formulations showed the least stability over
the duration of experiments.

Nifedipine release study

Release studies were conducted for the formulations with the
highest EE; the results are shown in Fig. 6. The main dif-
ference between both formulations is that the standard devi-
ation for F30 shows a greater variability across triplicates.
However, both formulation released more than 25% over
4 days. There are no statistically significant differences be-
tween release profiles, and after 24 h, both release profiles
seem to reach a plateau around 30%. The low amount of
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drug released and the similarity of release values between 24
and 96 h characterize the release profile as one of long-term
releases. The low release rate might represent an advantage
for intracellular delivery, which has been described for nano-
particles [34-37]. Furthermore, the use of PEG has been
described to result in stealth nanosystems, thus extending
the time that nanoparticles can remain in circulation. In ad-
dition, the nanosystem developed here is a good candidate
for targeted release [38]; as has been described, the addition
of a ligand to the PEG corona enables nanosystems to target
specific cells or tissues. The use of biotin and folate as
ligands in polymeric micelles is an example of targeting
cancer with PEG-coated nanoparticles [39—41].

Stability test results

Another important aspect to consider is micelle stability.
Loaded micelles were more stable, although starting in the
first or second week, excess NFD began to crystallize at the
bottom of the reaction containers. Micelles were most stable at
room temperature, but even then, stability was not maintained
after 2 weeks, after which there was a marked increase in size
over 50 nm in almost all cases (see Table 1S in electronic
supplementary materials). The zeta potential generally does
not fall below — 10 mV; and over time, it approaches 0. The
PDI shows a noticeable increase from the second week on-
wards, which could reflect an increase in the micelle size
populations, as well as indicating that at room temperature,
the growth and aggregation of particles to larger sizes occurs
between the first and second week. In contrast, for refrigerated
micelles, the value was relatively stable over time, which
could mean that the growth of the particles is insignificant
(Table 2 and electronic supplementary materials).

Conclusions

Hot-melt emulsification, a low-energy method previously de-
scribed for SLNs, should be considered for the preparation of
LCM:s. The energy savings resulting from the lack of mechan-
ical homogenization, such as high-pressure homogenization,
is of importance for the industry, and studies using low-energy
methods are becoming more frequent. Beyond energy effi-
ciency, hot-melt emulsification shows real promise for the
preparation of these novel Gelucire 44/14-based LCMs, in-
cluding the resulting small particle sizes and low PDI values
shown here, indicating just one population of LCMs. Further
advantages lie in the capacity for stealth nanocarriers resulting
from the PEG corona, and the high increase of dispersible
NFD—used here as a model of a poorly water-soluble
drug—in an aqueous medium. Together, with a long-term
release profile, these characteristics could be exploited to de-
velop nanocarriers for intravenous administration and passive

and active targeting. Further optimization of these LCMs
should address the issues of nanocarrier stability.
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