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ABSTRACT: Lipid-based formulations have been developed to improve stability profiles,
tolerability, and toxicity profiles of small molecule drugs. However, manufacture of such
formulations involving lipophilic compounds can be labor-intensive and difficult to scale because
of solubility and solvent compatibility issues. We have developed a rapid and scalable approach
using rapid-mixing techniques to generate homogeneous lipid nanoparticle (LNP) formulations of
siRNA, triglycerides, and hydrophilic weak-base drugs. Here, we used this approach to entrap a
hydrophobic small molecule, Amphotericin B (AmpB), a hydrophobic drug not soluble in ethanol.
The three prototypes presented in this study were derived from LNP-siRNA systems, triglyceride nanoparticles, and liposomal
systems. Cryogenic transmission electron microscopy (cryo-TEM) revealed that all three LNP-AmpB formulations retain structural
characteristics of the parent (AmpB-free) LNPs, with particles remaining stable for at least 1 month. All formulations showed similar
in vitro toxicity profiles in comparison to AmBisome. Importantly, the formulations have a 2.5-fold improved IC50 for fungal growth
inhibition as compared to AmBisome in in vitro efficacy studies. These results demonstrate that the rapid-mixing technology
combined with dimethyl sulfoxide (DMSO) for drugs insoluble in other organic solvents can be a powerful manufacturing method
for the generation of stable LNP drug formulations.

■ INTRODUCTION
Amphotericin B (AmpB) is a polyene macrolide broad-
spectrum antifungal used in the treatment of life-threatening,
systemic fungal infections.1 Prolonged systemic delivery of
AmpB is also the treatment of choice for protozoan infection
leishmaniasis.2 Intravenous administration of AmpB as a
deoxycholate micellar suspension (Fungizone) results in well-
documented side effects, such as hemolytic and renal
toxicities,1,3 brought about by the complete dissociation of
Fungizone components upon rapid dilution in blood during
the infusion process.4 To increase tolerability and decrease
toxicity of AmpB, lipid-based formulations with improved
stability profiles, such as Abelcet,5 Amphotec/Amphocil, or
AmBisome, have been developed. Owing to their improved
retention and stability in serum,4,6,7 these controlled release
AmpB formulations demonstrate lower renal and hemolytic
toxicities, as well as increased efficacy. These formulations
demonstrate improved safety profiles, with the median lethal
dose (LD50) in mice increased more than 20 fold8 compared to
Fungizone. AmBisome (liposomal formulation of AmpB), in
particular, has a safety profile that surpasses those of many
other lipid-based AmpB formulations. Unfortunately, the
manufacture of AmBisome is labor-intensive and complicated
because of the poor solubility of AmpB in organic solvents,
resulting in a cost per vial that is higher than that of less-
tolerable alternatives. To date, no generic lipid-based AmpB
formulations has been developed.9 Although AmpB is soluble
in DMSO, this solvent (with a high boiling point of 189 °C) is
incompatible with scale-up manufacturing techniques such as
spray drying but is considered as a Class 3 solvent with higher

tolerated residual amounts in clinical formulations.10 Thus,
there is a need for easy-to-prepare, low-cost, scalable, stable,
and effective formulations of AmpB, as well as other lipophilic
compounds that are incompatible with certain organic solvents.
Previously, our work has described a novel manufacturing

method for the generation of lipid nanoparticles,11−14 which
avoids the requirement of tedious lipid dehydration and
rehydration techniques. The method employs a herringbone
micromixer that induces controlled mixing of an organic phase
containing lipids with an aqueous phase. This method allows
for improved particle homogeneity and process scalability
through robust control of the mixing conditions and
parallelization of the mixers. In addition, unlike other
manufacturing methods such as extrusion, this technique is
compatible with a wide range of water-miscible organic
solvents that are particularly essential for the encapsulation
of hydrophobic compounds. In this study, we describe the
application of this rapid-mixing technology to the synthesis of
three distinct lipid nanoparticle carriers of AmpB (LNP-
AmpB). The three prototypes are derived from the previously
described LNP-siRNA particles,11 triglyceride emulsions,14 and
vesicular systems.15 The three prototypes, that have been
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produced previously using rapid-mixing techniques,16 were
chosen to study their ability to encapsulate hydrophobic small
molecules. They represent a diverse range of particle
morphologies and compositions. We show that these
prototypes have significantly improved in vitro toxicity profiles
compared to AmpB alone, without hindering drug efficacy.
Thus, our study demonstrates that rapid-mixing is a versatile
technique for the synthesis of LNPs for various applications
with the ability to retain and deliver small molecule
therapeutics.

■ MATERIALS AND METHODS
Materials. The lipids 1,2-distearoyl-sn-glycero-3-phosphoethanol-

amine-N-[methoxy-(polyethylene glycol)-2000], 1,2-distearoyl-sn-
glycero-3-phosphorylcholine (DSPC), and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) were purchased from Avanti Polar
Lipids (Alabaster, AL). The ionizable amino lipid 2,2-dilinoleyl-4-(2-
dimethylaminoethyl)-[1,3]-dioxolane (DLin-KC2-DMA, henceforth
KC2) was purchased from Biofine International (Vancouver, BC).
Lipid tracer 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine
perchlorate (DiI-C18) was purchased from Invitrogen (Burlington,
ON). Cholesterol, glyceryl trioleate (triolein or TO), and 3(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
purchased from Sigma-Aldrich (St. Louis, MO). AmpB was purchased
from MP Biomedical (Santa Ana, CA) as desiccated yellow powder.
AmBisome (AmpB) liposome for injection was a generous gift from
Gilead Sciences (Foster City, CA). The formulation was hydrated and
used as per manufacturer’s recommendation.
Preparation of AmpB-Containing Lipid Nanoparticles. All

lipids except AmpB were maintained in ethanol stocks; AmpB was
dissolved in DMSO. For ionizable amino lipid formulations (KC2-
AmpB-LNP), 20 mM lipid composed of DLin-KC2-DMA, DSPC,
cholesterol, polyethylene glycol−1,2-distearoyl-phosphatidylethanol-
amine (PEG−DSPE), and AmpB at the molar ratio of 50/10/28.5/
1.5/10, respectively, were mixed in 45:55 v/v DMSO: ethanol. siRNA
against firefly luciferase17 was dissolved to 0.37 mg/mL in 25 mM
MES, 25 mM sodium acetate pH 6.5. KC2-only formulations were
generated in a similar manner with DLin-KC2-DMA/DSPC/Chol/
PEG−DSPE at a 50/10/38.5/1.5 molar ratio. For triglyceride
formulations (TO-AmpB-LNP), 15 mM lipid composed of POPC,
TO, PEG−DSPE, and AmpB at a molar ratio of 50/39/1/10,
respectively, was dissolved in 22:78 v/v DMSO:ethanol. The aqueous
stream contained 1× PBS. The TO-only formulations were generated
in a similar manner with lipid composition POPC/TO/PEG−DSPE
at 60/39/1 mol %. For generating liposomal formulations (PC-
AmpB-LNP), 20 mM lipid composed of POPC, cholesterol, PEG−
DSPE, and AmpB at a molar ratio of 49/45/1/5, respectively, was
dissolved in 20:80 v/v DMSO: ethanol. The aqueous component
contained PBS. For PC-only formulations, the lipid composition
POPC/Chol/PEG−DSPE at 54/45/1 mol % was used. For LNP
uptake studies, 0.2 mol % DiI-C18 was included in the organic phase
at the expense of cholesterol for amino lipid suspensions and POPC
for triglyceride and liposomal formulations.
The organic and aqueous solutions were mixed at a ratio of 1:3

(organic: aqueous v/v) using either a NanoAssmblr (Precision
Nanosystems, Vancouver, BC) at a final flow rate of 12 mL/min or a
T-junction mixer at a final flow rate of 24 mL/min (6 mL/min
organic steam and 18 mL/min aqueous stream), as previously
described.18,19 Both methods produce identical systems, as shown
elsewhere.20 Following mixing, the nanoparticles were dialyzed against
at least 1000-fold volume of PBS. The particles were then
concentrated to ∼2 mg/mL AmpB using an Amicon Ultracel
centrifugal unit (Millipore, Billercia, MA). A schematic of this is
shown in Supporting Figure 1.
Analysis of Lipid Particles Containing AmpB. LNPs were

analyzed for lipid and AmpB concentrations, as well as the particle
size. Total lipid concentration was extrapolated from the cholesterol
concentration, as determined by the total Cholesterol E assay (Wako

Chemicals, Richmond, VA). For cholesterol-free formulations, the
Phospholipid C assay (Wako Chemicals, Richmond, VA) was used as
per manufacturer’s recommendation and total lipid extrapolated from
the amount of phospholipids. AmpB concentration was measured by
the absorbance at 382 and 405.5 nm. None of the other lipids used in
this study exhibited measurable absorbance at these wavelengths. The
particle size was determined by dynamic light scattering (DLS) using
the Malvern Zetasizer NanoZS (Worcestershire, UK).

Cryo-Transmission Electron Microscopy (Cryo-TEM). LNPs
were imaged with a FEI Tecnai G20 TEM (FEI, Hillsboro, OR) using
the method previously described.21 LNPs were concentrated to
approximately 15−20 mg/mL total lipid. The solution (3−5 μL) was
applied to a copper grid in a FEI Mark IV Vitrobot. The sample was
vitrified in liquid ethane cooled using liquid nitrogen. The
transmission electron microscope was operated at 200 kV in the
low-dose mode, and images were obtained using a bottom-mount FEI
high-resolution charge-coupled device (CCD) camera at a nominal
defocus of 0.5−2.0 μm. Sample preparation and image acquisition
were performed at the UBC Bioimaging Facility (Vancouver, BC).

In Vitro Cytotoxicity Studies. Cell survival was measured using
an MTT proliferation assay, as previously described.22 Briefly, cultures
HeLa cells were plated on 96-well plates, allowed to grow overnight,
and then treated with various lipid formulations for 24 h. AmpB-LNPs
were dosed at a concentration of 1.5−100 μg/mL AmpB. Control
formulations were dosed at the lipid concentrations corresponding to
the drug-containing treatments. At the end of the treatment, 25 μL of
5 mg/mL MTT in PBS was added to each well. Following a 2 h
incubation, 100 μL of 20% SDS in DMF/water pH 4.7 (extraction
buffer) was added and incubated overnight. The absorbance was
measured at 570 nm.

In Vitro Hemolysis Test. Hemolysis tests were performed as
previously described.23 Briefly, human erythrocytes (RBCs) (In-
novative Research, Novi, MI) were washed three times with cold
saline (0.9% w/v NaCl) and suspended in PBS to 4% v/v. Various
LNP formulations, AmpB only, and AmBisome were incubated with
RBCs at 37 °C for 1 h. Baseline hemolysis levels were determined
from RBCs incubated with PBS only. Complete hemolysis was
induced by incubating RBCs with 0.25% v/v Triton X-100. After
incubation, samples were briefly centrifuged at 4 °C to generate an
RBC pellet. The supernatant was removed, and absorbance was
measured at 535 nm. Baseline hemolysis was subtracted from all
treatments, followed by a correction to Triton X-100 samples to
determine percentage hemolysis.

LNP Uptake by Macrophage Cell Line RAW 264.7. LNP
uptake measurements and images were generated as previously
described.24 Briefly, RAW 264.7 cultured cells were plated into 96-
well plates and allowed to grow overnight. Culture medium contained
AmpB-LNP at 1−100 μg/mL AmpB was used to treat cells for 24 h.
The cells were washed once with PBS supplemented with calcium and
magnesium (PBS-CM), fixed in 3% paraformaldehyde with 500 ng/
mL Hoechst for 15 min, washed twice with PBS-CM, and stored in
100 μL of PBS-CM. Imaging and quantitation were performed using a
Cellomics Arrayscan VTI HCS Reader (Thermo Scientific, Pittsburg,
PA). Cellular DiI-C18 intensities were measured for a minimum of
400 cells and normalized to untreated controls.

In Vitro Knockdown with AmpB-LNP-siRNA Formulations.
22Rv1-luciferase cells were cultured at 37 °C 5% CO2 in Rosewell
Park Memorial Institute (RPMI) 1640 medium supplemented with
10% fetal bovine serum (FBS). LNP-siRNA systems with and without
AmpB were prepared with siRNA against firefly luciferase. Cells were
treated over a concentration range of 0.01−1.0 ug/mL siLuc with
each formulation for 24 h and the luciferase expression measured
using the SteadyGlo Luciferase assay kit (Promega, Madison, WI), as
previously described.25 The results are presented in Supporting Figure
2.

In Vitro Efficacy Studies with AmpB-LNPs. All yeast cells were
cultured in yeast extract−peptone−dextrose (YPD) medium (1%
yeast extract, 2% peptone, and 2% glucose) at 30 °C. Saccharomyces
cerevisiae strain BY4741 was first cultured overnight to the stationary
phase and then subcultured for 4 h to reach the midlog phase.
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Approximately 1100 yeast cells were seeded in each well of the 96-
well microplates. Formulations were then added to microplates at
concentrations of 0.003−6 μg/mL of AmpB. Parent formulations
(without AmpB) were diluted to the corresponding lipid concen-
trations for cell treatments. Cells were grown for 20 h, and absorbance
was measured at 600 nm using the Dynex Plate Reader (Chantilly,
VA). The percentage of growth normalized to untreated cells was
reported for each formulation. Experiments were repeated for a
minimum of three times.

■ RESULTS AND DISCUSSION

Rapid Mixing Enables High-Throughput Manufactur-
ing of LNP-AmpB. In this study, we developed three LNP-
AmpB prototypes: (1) ionizable amino lipid KC2 in an LNP-
siRNA derivative (KC2-AmpB-LNP); (2) glyceryl trioleate, in
an oil-in-water emulsion (TO-AmpB-LNP); (3) POPC and
cholesterol, in a liposomal formulation (PC-AmpB-LNP). All
LNP-AmpB formulations were generated by the rapid-mixing

Figure 1. Structures of lipids employed in AmpB-LNP formulations. The three AmpB-LNP prototypes discussed in this study are generated
through mixtures of the above lipids. These lipids (top to bottom) include the drug molecule (1) AmpB; (2) ionizable amino lipid: 2,2-dilinoleyl-4-
(2-dimethylaminoethyl)-[1,3]-dioxolane (KC2); phospholipids: (3) distearoyl-phosphatidylcholine (DSPC), and (4) palmitoyl-oleoyl-
phosphatidylcholine (POPC); (5) triglyceride: glyceryl trioleate (Triolein); and structural lipids: (6) cholesterol; and (7) polyethylene glycol−
distearoyl-phosphatidylethanolamine (PEG−DSPE). The short-hand names of the lipids are shown to the right of each structure.

Table 1. Stability of AmpB-LNPs at Room Temperature or 4 °C over One montha

1 day @ RT 1 week @ RT 1 month @ 4 °C

formulation encapsulation (%) (sd) size (PDI) (nm) D:L (w:w) size (PDI) (nm) D:L (w:w) size (PDI) (nm) D:L (w:w)

KC2-AmpB 80.2 (6.1) 54.3 (.109) 0.12 55.3 (.134) 0.14 53.7 (.134) 0.14
TO-AmpB 77.2 (7.1) 25.5 (.235) 0.08 24.6 (.263) 0.09 24.4 (.251) 0.09
PC-AmpB 88.0 (5.3) 39.2 (.115) 0.06 50.8 (.115) 0.07 44.2 (.165) 0.08

aAmpB-LNPs were maintained under strict conditions. LNPs were analyzed for particle size and drug/lipid ratio (w/w) 1 day (at RT) after
production, following 1 week at room temperature storage and 1 month under refrigeration. AmpB-LNPs display robust stability over the tested
time periods. Results are the average of three independent studies. KC2-AmpB particles were prepared at a target D:L ratio of 0.16, TO-AmpB
particles at 0.12, and PC-AmpB particles at 0.08.
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of a water-miscible organic phase and an aqueous phase using
either a T-junction mixer or NanoAssmblr for highly
controlled mixing rates and ratios. The formation of the
most energetically favorable lipid structures is driven by the
dilution of the organic phase into an aqueous phase. The
structures of the various components in these formulations are
shown in Figure 1.
The size of KC2-AmpB-LNPs (∼54 nm) is similar to that of

its parent formulation lacking AmpB (Table 1), and the cryo-
TEM analysis revealed the formation of structures that are also
found in the parent formulation (Figure 2A,D). The electron
dense interior of the LNPs results from the formation of a
deprotonated-ionizable lipid oil phase, which is sequestered
from the external medium using a stabilizing lipid coat, as
previously described.20,26 Comparatively, KC2-AmpB-LNPs
have significant morphological defects, with particles displaying
a protruding edge. This “tear-drop” morphology is likely due to
the preferential localization of AmpB to the regions of high
surface curvature27 and the ability of AmpB to rigidify these
environments.28 Additionally, as AmpB interacts strongly with
sterols, excess cholesterol typically found within the core of the
LNP-siRNA systems20,21,26,29 is likely recruited to the surface
of the LNP, resulting in an increased surface-to-core lipid ratio
supporting the formation of alternative structures.
Similarly, the production of the oil-in-water emulsion (TO-

AmpB) resulted in a stable formulation with a diameter of ∼26
nm (Table 1). This formulation consisted of a heterogeneous
population of liposomes and nonbilayer structures, as observed
under cryo-TEM (Figure 2B,E). Observation of a morpholog-
ically heterogeneous formulation is consistent with the higher
polydispersity index measured by DLS (Table 1). The
presence of liposomal structures was not expected, however,
as previous studies have shown that a nanoemulsion of
triglycerides and phospholipids is composed of a nonpolar-
triglyceride core, stabilized by a surface monolayer of
amphipathic phospholipids and the absence of liposomal
structures.14,19 Our formulations contained a small amount of
PEG−DSPE, which was added to improve particle stability
during storage and in serum.30 The long, saturated acyl chains
of PEG−DSPE likely drive the formation of lamellar structures

during rapid lipid mixing. Unlike the case of KC2-AmpB, the
particular structural characteristic of TO-AmpB remained
unchanged upon the incorporation of AmpB (Figure 2B,E).
With regard to the liposomal formulation PC-AmpB, the

presence of drugs results in liposomes of ∼39 nm in diameter
(Table 1; Figure 2C,F). We observed clearly defined
unilamellar systems without any noticeable particle defects
by cryo-TEM. The visibly uniform particle size and population
observed are consistent with the lower polydispersity index of
the liposomes, as measured by DLS (Table 1).
To assess formulation effectiveness, we examined the

retention of AmpB in storage and other particle characteristics
such as size and polydispersity. The three formulations of
AmpB were stored at ambient temperature for one week or at
4 °C for one month and then characterized. We found that all
formulations maintained a stable particle size and drug content
(Table 1). Although the particle size of PC-AmpB-LNP
showed a slight increase at ambient temperature, the drug
content of the formulation was unaffected.

AmpB-LNPs Are Nontoxic. To characterize the ability of
LNP formulations to mitigate the toxicities of AmpB, we
performed in vitro MTT and hemolysis tests, which evaluates
the susceptibility of AmpB to exchange out of the LNPs.31

Consistent with similar studies performed previously,32 we
observed 40% reduction in cell viability in HeLa cells treated
with free AmpB at the highest tested concentration of 100 μg/
mL (Figure 3A). In contrast, cell survival remained unchanged
for the LNP formulations of AmpB across all concentrations
tested, suggesting that these formulations are nontoxic (Figure
3A). Over a similar concentration range, AmpB-LNPs caused
minimal hemolysis compared to the free drug, which showed
hemolytic activity at concentration ≥25 μg/mL (Figure 3B).
Most notably, free AmpB at the highest dose of 100 μg/mL
induced almost 100% hemolysis, in comparison to negligible
hemolysis observed for AmpB-LNP treatments. These results
suggest that the LNP formulations can efficiently retain AmpB
to decrease the toxicity associated with the free drug, and
AmpB-LNP-siRNA systems retain their ability to knockdown
target genes (Supporting Figure 2).

Figure 2. Cryo-TEM of LNPs and AmpB-LNPs. AmpB-LNPs were concentrated to 15−20 mg/mL total lipid, applied to a glow-discharged copper
grid, and plunge-frozen into liquid ethane. Cryo-TEM micrographs of (A) KC2-LNPs, (B) TO-LNPs, (C) PC-LNPs, (D) KC2-AmpB-LNPs, (E)
TO-AmpB-LNPs, and (F) PC-AmpB-LNPs. Scale bar = 100 nm.
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AmpB-LNPs Are Readily Taken up by Macrophages.
Invading fungal infections, for which AmpB is primarily
indicated, involve parasite localization to the phago-lysosomal
compartment of liver and spleen macrophages.2,33 Therefore,
cellular internalization of AmpB and, in particular, internal-
ization of AmpB by macrophages are of paramount importance
to drug activity. In order to quantify the cellular uptake of
AmpB-LNPs, we incorporated trace amounts of nonexchange-
able lipid dye DiI into formulations and measured the
intracellular fluorescence levels of the dye in macrophages.
We found that the TO-AmpB formulation was most readily
endocytosed by cultured RAW 264.7 macrophages, followed
by KC2-AmpB-LNPs and PC-AmpB-LNPs (Figure 4). At the
highest dose of 100 μg/mL AmpB, the TO-AmpB formulation
showed a sixfold increase in uptake compared to the other
prototypes. At 30 μg/mL AmpB, this difference is approx-
imately 12-fold.

LNP-AmpB Are Potent Antifungal Agents. Given that
AmpB-LNPs improve the in vitro toxicity profile of AmpB
(Figure 3A,B), we next tested the antifungal activity of the
formulations using a growth-inhibition assay. Specifically, yeast
cells were treated with AmpB at concentrations of 0.003−6.0
μg/mL for 20 h, and cell growth was then measured by
absorbance. First, we found that control LNPs lacking AmpB
did not inhibit yeast growth (Figure 5A). These observations
suggest that the antifungal mechanism relies on AmpB
exchange from the formulation. In line with these findings,
we have previously shown that the rate of lipid exchange
correlates with the particle size and amount of stabilizing PEG-
lipids.30 The small LNPs generated in this study may be prone
to rapid lipid exchange in the presence of a lipid sink.30 The
ergosterol-rich yeast cell membrane likely acts as a powerful
lipid sink that orchestrates a catastrophic LNP collapse upon
the release of AmpB.
Next, our results indicate that AmpB-LNPs maintain the

same potency as the free drug (Figure 5A), suggesting that
these formulations are promising candidates as antifungal
therapeutics. Importantly, the commercial gold-standard,
AmBisome, was found to be less potent, as the concentration
needed to inhibit growth by 50% (IC50) of AmBisome was 2.5-
fold higher compared to other AmpB-LNPs (Figure 5B). This
can be explained by several properties. In contrast to our
AmpB-LNPs, the composition of AmBisome allows for ion-
pair formation between the primary amine of AmpB and the
phosphate of 1,2-distearoyl-sn-glycero-3-phospho-(1′-rac-glyc-
erol) (DSPG), which can potentially retard AmpB exchange
and subsequent activity.6 Another contributing factor to the
higher IC50 may be the rigid bilayer generated by the
hydrogenated soy phosphatidylcholine (HSPC) and choles-
terol found in AmBisome. Specifically, the phenomenon of the
fluid-phase separation of lipids within bilayers containing
cholesterol mole fractions between 10−30 mol % and the
presence of high phase-transition temperature lipids (such as
HSPC and DSPG) to generate cholesterol-rich regions34

would only serve to increase the local cholesterol:AmpB ratio,
thereby further reducing AmpB efflux. This fluid-phase
separation of lipids does not occur when the cholesterol
mole fraction exceeds 30%, as in the case of PC-AmpB-LNPs,
which contain up to 45 mol % cholesterol. The results suggest

Figure 3. LNPs are well tolerated at high AmpB concentration in
vitro as measured by MTT and RBC hemolysis. (A) Cell culture
media containing AmpB-LNPs, AmpB only, or AmBisome was used
to treat HeLa cells (passage <20) in a 96-well plate. Following 24 h of
treatment, 25 μL of the MTT reagent was added to each well and
incubated for 2 h. Extraction buffer (100 μL) was added to each well,
and the plate was incubated overnight. Absorbance was measured at
570 nm. (B) Isolated human RBCs were washed three times with ice-
cold saline (0.9% NaCl). AmpB-LNPs, AmpB only, and AmBisome
were diluted in PBS. The 2% v/v RBC solution with an AmpB
concentration of 1.5−100 μg/mL was briefly invert-mixed and
incubated at 37 °C for 1 h. The mixtures were placed on ice and
briefly centrifuged. The absorbance of the collected supernatant was
read at 535 nm and corrected to that of Triton X-100-treated RBCs.

Figure 4. Cultured RAW 264.7 cells readily endocytose LNP-AmpB.
Cells were treated with LNP-AmpB containing DiI-C18 as a
fluorescent lipid tracer. Twenty-four hours after treatment, cells
were fixed, and particle uptake was analyzed by Cellomics Arrayscan.
Internalized DiI intensities were quantified for 400 cells and
normalized to the untreated control. Results represent average ±
s.d. of three independent experiments.

Langmuir pubs.acs.org/Langmuir Article

https://doi.org/10.1021/acs.langmuir.1c00530
Langmuir 2021, 37, 7312−7319

7316

https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00530?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00530?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00530?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00530?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00530?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00530?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00530?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00530?fig=fig4&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c00530?rel=cite-as&ref=PDF&jav=VoR


that formulations like TO-AmpB-LNPs are internalized
efficiently into macrophages and retain potent antifungal
activity, and could have high therapeutic potential. As AmpB is
indicated for intracellular pathogens, particle uptake into the
target cell and the ability to exchange AmpB are essential to
the antifungal activity.
Finally, we describe our current models of the AmpB-LNPs

generated using the rapid-mixing technique (Figure 6). These
models are based on the following notions: (1) while the three
AmpB-LNP prototypes are structurally diverse (Figure 2), the
dominant species of each AmpB-LNP should retain structural
properties similar to its parent formulation;12−14 (2) AmpB
should solubilize in regions that can tolerate its amphipathic
structure; and (3) AmpB should interact preferentially with
sterol in cholesterol-containing LNPs. For KC2-AmpB-LNP
(Figure 6A), we anticipate that AmpB is solubilized not only
with the membrane on the surface of the LNP but also within
and around the oil phase adopted by the deprotonated
ionizable lipid.12,13 The high mole fraction of cholesterol in
these formulations (28.5 mol %) allows for improved AmpB
entrapment and retention. It is estimated that a 50 nm KC2-
AmpB-LNP provides a hydrophobic volume for AmpB
solubilization that is 1.8 times greater than that of a unilamellar
bilayer structure of the same size. This difference in
hydrophobic volume increases with the particle size.

Triglyceride-containing TO-AmpB-LNP formulations (Figure
6B) are speculated to retain AmpB as a part of the surface
monolayer because the amphipathic nature of AmpB would
decrease interactions with the triglyceride core. In contrast,
PC-AmpB-LNPs (Figure 6C), much like its parent formula-
tion, form bilayer structures, with AmpB hypothesized to
reside in the bilayer. In this case, the high mole fraction of
cholesterol is responsible for improved AmpB entrapment and
retention.

■ CONCLUSIONS

In summary, AmpB-LNPs produced using rapid-mixing
techniques are stable, mitigate cellular and hemolytic toxicities
of the parent compound in vitro, and maintain the antifungal
activity of free AmpB. Moreover, the rapid-mixing method
allows for the production of diverse types of nanoparticles and
abolishes the need for labor-intensive solvent removal
techniques. We believe that our formulation method and
various LNP prototypes for AmpB can be applied to other
lipophilic compounds that require fluid-phase solubilization,
such as miltefosine and propofol.

Figure 5. AmpB-LNPs achieve improved antifungal activity compared to AmBisome. Cultured yeast cells in the YPD medium were seeded in 96-
well plates and treated with free AmpB, AmBisome, and AmpB-LNPs at concentrations of 0.003−6.0 μg/mL AmpB. Twenty hours after the
addition of the drug, absorbance was measured at 600 nm. (A) Percentage of growth normalized to untreated cells was reported for each
formulation. Dotted lines represent control formulations, and solid lines represent AmpB containing systems. (B) Extrapolated IC50 values for the
formulations that showed growth inhibition, with calculated error shown in brackets. Results represent average ± s.d. of three independent
experiments.

Figure 6. Proposed morphology of the dominant species in AmpB-LNP formulations. (A) siRNA-containing LNPs composed of KC2, cholesterol,
DSPC, and PEG−DSPE with AmpB. (B) Triglyceride-containing AmpB-LNPs composed of surface lipids, POPC and PEG−DSPE, with a triolein
core. (C) Liposomal formulation of AmpB containing POPC, cholesterol, and PEG−DSPE. In the above figure, lipids are colored as follows: DLin-
KC2-DMA (blue), cholesterol (gray), POPC (purple), DSPC (light gray), AmpB (orange), PEG−DSPE (red), triolein (light blue), and siRNA
(dark red).
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