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Phospholipid-Free Small Unilamellar Vesicles for Drug

Targeting to Cells in the Liver

Wunan Zhang, Roland Bottger, Zhu Qin, Jayesh A. Kulkarni, Julian Vogler,

Pieter R. Cullis, and Shyh-Dar Li*

It is reported that cholesterol (Chol) and TWEEN 80 at a molar ratio of 5:1 can
form small unilamellar vesicles (SUVs) using a staggered herringbone micro-
mixer. These phospholipid-free SUVs (PFSUVs) can be actively loaded with

a model drug for targeting hepatocytes via the endogenous apolipoprotein
mechanism. PFSUVs particles with compositions of Chol:TWEEN

80 ranging between 1.5:1 and 5:1 (mol/mol) can be produced with a mean
diameter of =80 nm, but only the high-Chol formulations (3:1 and 5:1) can
retain a transmembrane gradient of ammonium sulfate for active loading of
doxorubicin (DOX). Under cryo-transmission electron microscopy, PFSUVs-
DOX displays a unilamellar bilayer structure with DOX molecules forming
spindle-shape aggregates inside the aqueous core. Relative to PEGylated lipo-
somal doxorubicin (PLD) that exhibits little interaction with cells in various
conditions, the cellular uptake of PFSUVs-DOX is dependent on the presence
of serum and enhanced with an increased concentration of apolipoproteins.
After intravenous injection, the vast majority of PFSUVs-DOX accumulates

in the liver and DOX is detected in all liver cells (predominantly the hepato-
cytes), while PLD is captured only by the sinusoidal cells (i.e., macrophages).
This report discloses an innovative lipid bilayer vesicle for highly efficient and

(Chol), can form bilayer vesicles known as
niosomes.® Niosomal formulations are
capable of encapsulating hydrophilic and
hydrophobic drugs in the aqueous core
and the lipophilic membrane, respec-
tively.’-1% Niosomes have been extensively
used in the cosmetic industry and studied
for topical drug delivery for decades.['!13]
However, intravenous (i.v.) administration
of niosomes is investigated much less fre-
quently."1%] Niosomal formulations given
iv. only displayed marginal differentia-
tion in pharmacokinetics (PK) compared
with free drugs and are therefore regarded
as inadequate for systemic delivery.'>1¢
These studies investigated the use of sur-
factants in combination with a minor
to equimolar content of Chol. It was
shown that once the surfactant content
increased above 50 mol%, the resulting
lipid membrane could no longer hold a
barrier to prevent burst drug leakage in

selective hepatocyte targeting.

1. Introduction

Lipid vesicles with a bilayer structure have been utilized exten-
sively for drug delivery.l'?] Fifteen phospholipid-based formula-
tions have already succeeded in clinical trials since the approval
of Doxil in 1995 and significantly motivated the development
of related delivery systems.?! Several nonphospholipid mate-
rials have been reported to construct similar bilayer structures
with differential properties extending the scope of applica-
tions.[*%! Surfactants, most often supplemented with cholesterol
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physiological environments, which in turn
diminished their ability to modify the PK
and biodistribution (BD) of drugs.'’-1%
Additionally, relatively high surfactant ratios in the membrane
(>50 mol%) resulted in increased ion permeability, which ham-
pered the formation of a transmembrane gradient required for
active drug loading.l?”! For the past decades, =50 mol% has been
widely assumed as the maximum Chol content possible to be
incorporated in all types of lipid bilayer vesicles.?22l A number
of studies concluded that an equimolar content of surfactant
and Chol is the optimal formulation for niosomes regarding
stability and pharmaceutical properties. Again, these high-
in-surfactant formulations suffered from nonoptimal stability
for systemic drug delivery.?*2% Increasing the Chol content
could augment membrane rigidity to reduce the membrane
permeability and drug leakage. Nevertheless, the audacious
attempts of fabricating a formulation with an increased Chol
ratio higher than 50 mol% have failed in the past decade.l?*?’]
Niosomes are mostly prepared with the thin-film hydration
method, sometimes followed by membrane extrusion to control
the size homogeneity.'”?#28] This method has not been suc-
cessful to prepare niosomal formulations containing >50 mol%
Chol. Novel manufacturing strategies are to be investigated for
producing diverse formulations. Recently, microfluidics was
utilized to produce conventional niosomes; however, it was not
possible to incorporate a Chol content higher than equimolar
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with this technique either.”.>2°31 In this study, we utilized a
staggered herringbone micromixer (SHM) to engineer nano-
sized vesicles with a high Chol content (>50 mol%). Chol was
first dissolved in ethanol with a surfactant, TWEEN 80, and this
organic phase collided with an aqueous phase within the SHM
system, allowing self-assembly of Chol and TWEEN 80 into a
bilayer structure in a controlled manner. Here, we report the
development and optimization of the Chol:TWEEN 80 formula-
tion and the microfluidic conditions for fabricating high-Chol
phospholipid-free small unilamellar vesicles (PFSUVs) for
active loading of a weak-base model drug, doxorubicin (DOX).
We then compared the drug release profile, PK, and BD of
PFSUVs-DOX with the standard PEGylated liposomal doxoru-
bicin (PLD). The drug targeting mechanism of PFSUVs-DOX
was also investigated. To the best of our knowledge, this work
was the first successful attempt to fabricate PFSUVs with a
high Chol content capable for active loading of an ionizable
drug and demonstration of its unique in vivo PK and BD for
hepatocyte targeting.

2. Results and Discussion

2.1. Fabrication of Empty PFSUVs

PFSUVs with different Chol/TWEEN 80 ratios were fabricated
using the SHM. Briefly, TWEEN 80 and Chol were dissolved
in ethanol and infused into a microfluidic chip alongside with
an ammonium sulfate (AS) solution. As the lipid solution
got diluted with water leading to increased polarity, Chol and
TWEEN 80 self-assembled into particles. These particles were
collected and transferred into a tangential flow filtration (TFF)
system, which removed ethanol, exchanged the exterior buffer
to create an AS gradient for active drug loading, and concen-
trated the formulations (Figure 1). PFSUV particles with Chol/
TWEEN 80 ratios of 1.5:1, 2:1, 3:1, and 5:1 (mol/mol, referred
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to as PFSUVs 1.5:1, 2:1, 3:1, and 5:1, respectively) showed a
similar mean diameter around 70 nm (Figure 2A). The particle
size remained constant under storage at 4 °C for at least 10 d
without any precipitates, indicating good stability. In contrast,
PFSUVs 8:1 showed an increased diameter of 115 nm, and upon
storage at 4 °C, the size continued to increase and was therefore
not suitable for drug delivery applications. The increase of par-
ticle size could result from the aggregation of Chol molecules
that could no longer be homogeneously dispersed by TWEEN
80 molecules due to their large content (88 mol%). PFSUVs 5:1
corresponding to a molar Chol content of 83% was found to
be the upper Chol limit to form stable particles using SHM,
and the cryo-transmission electron microscopy (cryo-TEM)
showed that PFSUVs 5:1 displayed a small unilamellar vesicular
structure (Figure 2B). During the microfluidic process, rapid
mixing of the lipid solution with the aqueous phase resulted in a
rapid increase in the polarity of the medium. The solution quickly
achieved a state of high supersaturation of both TWEEN 80 and
Chol monomers throughout the entire mixing volume followed
by rapid and homogeneous nucleation of the lipids, which in
turn initiated the self-assembly of lipid nanoparticles. The rapid
nucleation event could occur within 1 ms for ultrafast nanopar-
ticle formation before the concentration of Chol exceeded the
limit of aggregation.?”l This unique process allowed successful
fabrication of PFSUVs containing up to 83 mol% Chol.

2.2. Optimization of Active Drug Loading Conditions

Active loading offers several advantages compared to passive
loading, including increased loading efficiency and enhanced drug
association with the particles without rapid drug leakage. DOX
was used as a model drug in the whole study, as its active loading
method has been well established with a clinically approved
product Doxil (Johnson & Johnson), and DOX is a fluorescent
molecule that can be easily detected and imaged. PESUVs were

Lipid Ammonium
ethanol Sulfate
solution (AS)

Q O

PFSUVs

Nl

HBS

Figure 1. Schematic illustration of PFSUVs preparation. A) Chol and TWEEN 80 dissolved in ethanol were mixed with AS in a SHM to pro-
duce PFSUVs. B) The exterior phase of the particles was then exchanged with HBS (pH = 7.4) to achieve a transmembrane gradient using

TFF.
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Figure 2. A) Stability of empty PFSUVs with different ratios of Chol/TWEEN 80 stored at 4 °C in HBS. The particle size was monitored for 10 d using
a particle analyzer. B) Cryo-TEM images of PFSUVs 5:1 indicated the formation of a small unilamellar vesicular structure.

first fabricated in 120 x 107> m AS, followed by TFF to remove
ethanol and exchange the exterior buffer to 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid buffered saline (HBS, pH 7.4)
to create a transmembrane gradient (inner core: AS; exterior:
HBS). The PFSUVs were then incubated with DOX at different
drug-to-lipid ratios at various temperatures for different periods
of time. After the drug loading, particle size and drug encapsu-
lation efficiency (EE) of formulations prepared under different
conditions were compared. At loading temperatures of 20 and
37 °C, the size of the final particles remained at 55—75 nm for
all tested formulations (Figure 3A). After incubation at 45 °C,
PFSUVs 1.5:1 increased its size to 145 nm, while PFSUVs 2:1,
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3:1, and 5:1 remained at their initial size of 60-80 nm. When
the loading temperature was further increased to 60 °C, all
PFSUV formulations displayed an increased size to 100-175 nm.
This temperature-induced particle aggregation of PFSUVs was
dependent on the formulation. Formulations that contained an
increased amount of TWEEN 80 tended to aggregate upon incu-
bation at elevated temperatures. Particles with a TWEEN 80 con-
tent above 33%, i.e., PFSUVs 1.5:1 and 2:1, could not actively load
DOX under all tested conditions (Figure 3B). High TWEEN 80
formulations might not contain a stable bilayer structure to main-
tain the transmembrane gradient for active drug loading. Only
the formulations with a high Chol ratio (3:1 and 5:1, mol/mol)
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Figure 3. Optimization of DOX loading into PFSUVs containing an AS gradient. The impact of the loading temperature and lipid composition was

investigated by monitoring A) the particle size and B) encapsulation efficiency (EE).

C) The loading kinetics into PFSUVs 5:1 was measured at different

temperatures. D) Furthermore, the D/L ratio was optimized. Data points represent mean = SD (n = 3).
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Figure 4. A) Cryo-TEM images of empty PFSUVs indicating a bilayer structure and B) DOX-loaded PFSUVs showing crystalline aggregates inside the

core.

could successfully load DOX via the AS gradient. For PESUVs
3:1, the EE performed at 20 to 45 °C was comparable at =80%,
while at 60 °C no drug was loaded. On the other hand, the EE
for PFSUVs 5:1 displayed an increasing trend from 71% to 93%
with increasing temperature from 25 to 45 °C. However, at 60 °C,
the EE of PFSUVs 5:1 decreased to 75%. The results suggest that
Chol stabilized the bilayer at high temperatures but also decreased
the membrane permeability for DOX permeation. Therefore, to
promote drug loading into PFSUVs with a high Chol content,
the loading temperature needed to be increased to enhance the
membrane permeability. However, an excessive increase of the
loading temperature destabilized the bilayer, inducing particle
aggregation and reducing the drug loading efficiency. Based on
these results, we selected the PFSUVs 5:1 formulation for further
studies, as it displayed the highest stability and drug loading effi-
ciency. Furthermore, this formulation contains the least amount
of TWEEN 80 with fewer concerns about surfactant-induced side
effects such as hemolysis.¥] Indeed, this formulation did not
induce hemolysis of sheep red blood cells (Figure S1, Supporting
Information) at a wide range of concentrations.

We then examined the drug loading kinetics with PFSUVs
5:1 (referred to as PFSUVs from now on) at 2045 °C. As shown
in Figure 3C, increasing the incubation temperature facilitated
drug loading. EE reached the maximum of 60% in 30 min for
20 °C incubation, 80% in 30 min for 37 °C, and 82% in 15 min
for 45 °C, respectively, at a drug/lipid ratio (D/L) of 1/10 (w/w).
We then fixed the loading temperature at 37 °C and studied
the EE at a range of D/L. As shown in Figure 3D, EE of >95%
could be achieved at a D/L of 1:20 (w/w). The EE decreased
with increasing D/L, indicating the EE reached its maximum
at the D/L of 1:20. We then selected these conditions to prepare

PFSUVs-DOX for the following studies. We first compared the
structures of empty PFSUVs and PFSUVs-DOX using cryo-
TEM. As shown in Figure 4, PFSUVs exhibited a morphology
of small unilamellar vesicle with a bilayer structure, and DOX-
loaded PFSUVs contained a needle-like object in the aqueous
core, which was also reported with Doxil.*¥ This spindle-
like object is anticipated to be the insoluble crystalline of
DOX-sulfate formed after active loading.*! Unlike Doxil, whose
morphology is altered from a spherical shape to the olive shape
due to the growth of the spindle aggregates inside the liposome,
the morphology of PFSUVs-DOX remained as spherical. It is
noted that besides the AS gradient, the citric acid gradient was
also employed to actively load DOX into PFSUVs with compa-
rable results (Figures S2 and S3, Supporting Information). This
indicates significant potential of PFSUVs for maintaining var-
ious transmembrane gradients for loading of different drugs.

2.3. Comparison between PLD and PFSUVs-DOX

To the best of our knowledge, this is the first report of suc-
cessful fabrication of small unilamellar vesicles prepared
without a phospholipid but only a surfactant TWEEN 80 and
>50 mol% of Chol. This report also demonstrates that a drug
could be actively loaded into this type of vesicles. We then char-
acterized PFSUVs-DOX with various in vitro and in vivo assays
and compared this innovative delivery system with a reference
formulation, PLD. We first prepared PLD following the proto-
cols and compared the key physicochemical properties between
PFSUVs-DOX and PLD (Table 1).38 PFSUVs-DOX (76 nm)
prepared by microfluidics were smaller than PLD (111 nm)

Table 1. Physical properties of PFSUVs-DOX and PLD. Data = mean £ SD (n = 3).

Formulation Composition Method D/L ratio EE [%] Drug loading value [w%]  Size [nm] PDI ZP [mV]
PFSUVs-DOX Tween 80/Chol (1/5) Microfluidics 1:20 9613 4.8%0.2 76.5+t45 0.132+£0.027 =5.5%35
PLD DSPC/DSPE-mPEG2000/  Thin-film hydration 1:8 95+£1 11.9+£0.2 111.3£9.7 0.036 +0.003 —247%1.9

Chol (38/4/25)
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Figure 5. In vitro drug retention of PFSUVs-DOX and PLD in 50% FBS at
37 °C. Data = mean + SD (n = 3).

fabricated by the thin-film hydration method. The polydisper-
sity index (PDI) of PFSUVs-DOX (0.132 + 0.027) was higher
than PLD (0.036 £ 0.003), but in an acceptable range (<0.2).
The particle size variation within each formulation was low,
indicating that both PFSUVs-DOX and PLD were highly
reproducible. The zeta potentials (ZPs) of PFSUVs-DOX and
PLD were —5 and —25 mV, respectively. The negative surface
charge of PLD was due to the phosphate groups of N-(carbonyl-
methoxypolyethylene glycol 2000)-distearoyl-glycerophosphoeth-
anolamine (DSPE-PEG2000) in the formulation. PLD provided
an increased D/L compared to PFSUVs-DOX (1:8 vs 1:20, w/w),
indicating a higher drug content per PLD particle, while both for-
mulations exhibited similar EE (=95%). The drug loading value
of drug per PESUVs and PLD weight was 4.8 weight% (w%) and
11.9 w%, respectively. We then compared PFSUVs-DOX and
PLD in various in vitro and in vivo assays.

2.4. Drug Retention

Both PLD and PFSUVs-DOX stably retained DOX when
incubated with 50% fetal bovine serum (FBS) for at least
6 d, demonstrating <10% drug leakage (Figure 5). In previous
studies, 50%-80% of drug leakage from niosomal formulations
was reported after 24-48 h incubation.'>' To the best of our
knowledge, this is the first report showing that a drug could be
stably retained in a surfactant-based SUV formulation. It has
been demonstrated that nanoparticles having weak association
with drugs provide no enhancements in improving pharma-
cokinetics and drug targeting.[*’]

2.5. Pharmacokinetics and Biodistribution

The improved serum stability of PFSUVs-DOX allowed us to
study the PK and BD of this innovative delivery system in com-
parison with PLD. PFSUVs-DOX or PLD were i.v. injected into
BALB/C mice at a dose of 5 mg DOX kg™!. After 10 min, 0.5, 2,
24, and 48 h (PFSUVs-DOX) or 2, 24, and 48 h (PLD) plasma
and various tissues were collected for DOX measurement. As
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shown in Figure 6A, PLD displayed prolonged blood circulation
and a significant plasma concentration of PLD (23.7 ug mL™)
was still detected 2 d post injection, while PFSUVs-DOX was
rapidly removed from the plasma by 2 h. The PK data were
analyzed by the noncompartmental model using the PKSolver
software to obtain and compare key PK parameters, including
half-ife (t; ), volume of distribution (V,), clearance (CL), and
area under the curve (AUC) (Table 2). The data show that
PFSUVs-DOX displayed 52-fold decreased t;,,, 3-fold reduced
V,, 18-fold increased CL, and 18-fold decreased AUC com-
pared to PLD. The PK of our PLD was consistent with the lit-
erature.’®l The PK of PFSUVs-DOX differed significantly from
that of PLD, suggesting a unique biodistribution profile.

We therefore compared the tissue distribution of the two for-
mulations. As shown in Figure 6B, PLD was mainly taken up by
the liver and spleen (3-5 ug g™ tissue) with minimal concentra-
tions detected in other tissues (<0.3 pug g™! tissue), including the
brain, lungs, kidneys, and heart. It is also noted that the spleen
and liver uptake of PLD occurred as soon as 2 h with 3—4 pg g!
and gradually increased over time to 5 ug ¢! in 1-2 d. In compar-
ison with the plasma data, the tissue uptake levels of PLD were
minimal, indicating the majority of PLD remained in the blood
circulation. The results with PLD are consistent with the litera-
ture.’®3% On the other hand, within 2 h after injection, PFESUVs-
DOX was largely detected in the liver with a concentration of
15 ug g1, which explains the rapid plasma clearance, but the liver
concentrations rapidly declined to <1 pg g™! in 1 d (Figure 6C).
The spleen clearance of PFSUVs-DOX was also significant rela-
tive to other tissues that only showed low uptake (<1 pg g7?),
including the brain, lungs, kidneys, and heart. However, the
spleen uptake of PFSUVs-DOX was only moderate (2-3 pug g7}
compared to the liver. The data indicate that PESUVs-DOX rap-
idly distributed to the liver after i.v. administration, leaving low
concentrations in the plasma and other tissues. Additionally, this
BD profile is different compared to free DOX, which is predomi-
nantly found in the kidney 1 h post iv. injection with minimal
uptake by the liver, as shown by us in a previous report.*l There-
fore, we conclude that PFSUVs provided liver targeting.

The BD profiles of PFSUVs-DOX were distinctive from PLD.
In particular, the liver uptake of PLD increased over time, while
that for PFSUVs-DOX declined rapidly after 2 h, suggesting dif-
ferent mechanisms. The liver is composed of different cell types,
mainly the hepatocytes (60% of total liver cells) and macrophages
(Kupffer cells, 10%~15% of total liver cells).*1#2| A variety of nano-
particles have been shown to be recognized by the Kupffer cells
for plasma clearance, including PLD.] We then compared the
intraliver uptake profiles of PLD and PFSUVs-DOX. Figure 7A
shows the confocal images of the liver sections collected 2 h
after injection of PLD or PFSUVs-DOX. Fluorescein-phalloidin
was used to label cellular actins to differentiate the hepatocytes
from the sinusoidal cells (mostly Kupffer cells). PFSUVs effec-
tively delivered DOX to all the cells in the liver, while PLD was
almost exclusively associated with sinusoidal cells. The quanti-
tative results show that on average there were 217 hepatocytes
and 91 sinusoidal cells per field of the liver section image and
>90% were positive with DOX, after treatment with PFSUVs-
DOX (Figure 7A,C). The data indicate that PFSUVs were effec-
tive in delivering DOX to various cell types in the liver, and the
hepatocytes accounted for the major uptake. In contrast, only 2%

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. A) Semi-log plot of plasma concentrations and B,C) biodistribution of PLD and PFSUVs-DOX after intravenous administration at 5 mg DOX kg™

in BALB/C mice. Data = mean = SD (n = 3-5).

of the hepatocytes were associated with PLD, which was predomi-
nantly delivered to sinusoidal cells (16%). To further demonstrate
PFSUVs targeted cells in the liver, we labeled PFSUVs with a lipo-
philic dye 1,1-dioctadecyl-3,3,3’,3"-tetramethylindotricarbocyanine
iodide (DiR) that would not penetrate cell membranes in its free
form and found that the fluorescence signals after i.v. administra-
tion of PFSUVs-DiR were detected in the cytoplasm of liver cells
(Figure S4, Supporting Information).

Consistent with the biodistribution data (Figure 6C,D), the
overall uptake of PFSUVs-DOX by the liver was higher than
PLD, but interestingly PFSUVs-DOX declined rapidly after
2 h (Figure 6D). A similarly rapid removal of PFSUVs-DOX
was also demonstrated in the brain, but not other tissues. Both
hepatocytes and blood-brain barrier have been shown to express
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a variety of drug efflux pumps, such as P-glycoprotein that has
been shown to remove DOX.[* PLD was not effectively removed
by the liver because the delivery was focused to the Kupffer cells,
rather than the hepatocytes (Figure 7). It has to be noted that
these efflux phenomena are most likely specific for DOX, which
was utilized as a model drug in this study, and results may be
different for other drugs this delivery system may be applied to.

2.6. Cellular Uptake and Liver Targeting Mechanism
TWEEN 80 incorporated in nanoparticles has been shown

to mediate adsorption of apolipoproteins.[*>#6l Additionally,
PFSUVs contain a high concentration of Chol, which may

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Pharmacokinetic parameters of PFSUVs-DOX and PLD after i.v.
injection in mice determined with PKSolver software using a noncom-
partmental model. Parameters include elimination half-life (3, ,), volume
of distribution during terminal phase (V,), area under the plasma
concentration—time curve from time zero to infinity (AUCy_..), and total
body clearance of the drug from plasma (CL).

Formulation PFSUVs-DOX PLD
Dose [mg kg™'] 5 5
tz [h] 0.3 15.6
V. [mLkg™] 9.1 253
CL[mLkg™ h™] 20.0 1.1
AUC,_.. [ug mL™" h] 250.2 44489

harness the endogenous Chol uptake mechanism by the
liver, again through the apolipoproteins.l*/! Apolipoprotein
coating is a well-known uptake mechanism for several lipid
nanoparticle formulations,**3 because apolipoproteins
are a known ligand for the low-density lipoprotein (LDL)
receptor family expressed by the hepatocytes, including the
LDL receptor, LDL receptor-related protein, very low-density
LDL receptor, and ApoE receptor 2.53 Among these recep-
tors, the LDL receptor was demonstrated to be the major
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contributor responsible for internalization of apolipoprotein-
coated nanoparticles.[*]

To test the proposed involvement of apolipoproteins, we com-
pared the cellular uptake of PLD and PFSUVs-DOX by LDL
receptor positive cells in the presence and absence of serum or
apolipoproteins. As shown in Figure 8 while free DOX penetrated
into the cells and bound with the nuclear DNA effectively in all
the tested conditions, there was no cellular internalization of PLD
under any conditions. It has been shown that PEGylated particles
exhibit minimal interaction with cell membrane due to the steric
hindrance.’ On the other hand, PFSUVs were taken up by all
cells in the presence of serum, suggesting serum components
were critical for the uptake. Furthermore, the PFSUVs-DOX signal
increased over increasing concentrations of apolipoproteins in the
medium. Thus, the data support our hypothesis of apolipoprotein
dependency of the cellular uptake, which could be most likely
attributed to the LDL receptors expressed on the cell surface.

Since receptors of the LDL receptor family are overex-
pressed by cells in the liver including the hepatocytes and
Kupfter cells, the mechanisms for the liver-targeted delivery of
PFSUVs are hypothesized as follows: (a) Upon i.v. administra-
tion, the serum apolipoproteins rapidly adsorb onto PFSUVs;
(b) As the liver is a highly perfused organ with high hepatic
blood flow (0.95 mL min~! in BALB/C mice),** a large amount

(e}

1004

804

Percentage of DOX" cells [%]

Hepatocytes  Sinusoidal cells

Figure 7. A) Confocal microscopy images of liver sections taken from mice 2 h after intravenous treatment with PFSUVs-DOX or PLD at 5 mg DOX kg™".
Nuclei were stained with DAPI (blue), cytoskeletons were stained with fluorescein-phalloidin (green), and DOX was visualized in red. Arrows 1 and
2 indicate hepatocellular and sinusoidal (Kupffer cell) uptake of DOX, respectively. B) Total number of DOX-positive hepatocytes and sinusoidal cells
per microscopy images (n = 3) and C) corresponding percentage of DOX-positive of each cell type.
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Figure 8. The uptake of PFSUVs-DOX and PLD by LDL receptor positive EMT-6 cells under different conditions. A) Confocal images of cells after 4 h
incubation and B) quantitative results measured by the CellProfiler software. Data = mean + SD (n = 100 cells). Apo low, middle, and high represent
concentrations of apolipoproteins in the culture medium at 5, 20, and 100 ug mL™", respectively.

of apolipoprotein-coated PFSUVs-DOX would reach the liver
within a short time. That way the liver would be preferred over
organs also containing LDL receptor positive cells, but showing
slower blood flow, such as the lungs (0.25 mL min~!) and brain
(0.39 mL min!); (c) A fraction of PFSUVs (size =80 nm) was
captured by the Kupffer cells in the sinusoid, while the rest pen-
etrated through the sinusoidal fenestrae (=100 nm) due to the
small size and interacted with the hepatocytes®®>7); (d) Apolipo-
protein-coated PFSUVs were recognized possibly through the
binding with receptors of the LDL receptor family expressed
by all cells in the liver, including the hepatocytes, Kupffer cells,
and hepatic stellate cells, for internalization.l’® As a result, all
the cells in the liver were positive with DOX via the delivery of
PFSUVs (Figure 7). We summarized the hypothesized mecha-
nism in Figure 9.

2.7. Potential Future Applications of PFSUVs

Liver diseases are a global health problem accounting for
~2 million deaths per year worldwide, including liver cirrhosis,
hepatitis B, and hepatocellular carcinoma.l>%! Both sinusoidal
cells and hepatocytes are crucially involved in these diseases.
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Current nanoparticle delivery technologies mainly target
Kupffer cells that represent 10%-15% of the liver cells.[*142 A
drug delivery system that also targets other types of liver cells,
including the hepatocytes, the dominant liver cells (=60%), will
be highly desirable for improving therapy of liver diseases.
Additionally, PFSUVs can maintain transmembrane gradients
for active loading of drugs, making this formulation attractive
for targeting a wide range of therapeutic agents to treat various
liver disorders. To show that PESUVs will be potentially useful
for the treatment of major liver diseases, we encapsulated sev-
eral drugs relevant for liver diseases at the same conditions as
optimized for DOX (Table 3).

Malaria is characterized with an initial liver stage, where par-
asite sporozoites invade hepatocytes and undergo asexual rep-
lication before progressing to the blood.[®] Quinone drugs are
used to treat malaria and efficient liver targeting to stop malaria
progression at the liver stage remains a challenge.[®?l We encap-
sulated the weakly basic quinine drug chloroquine using the AS
gradient into PFSUVs achieving an EE of 95.4%. Further devel-
opment of this delivery system encapsulated with chloroquine
and other quinine-based drugs such as primaquine could be
highly beneficial for liver-stage malaria treatment.[%3l Another
liver-related infectious disease related to liver impairment is

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 9. Schematic illustration of the hypothesized liver-targeting mechanism of PFSUVs-DOX in a sinusoid capillary. After binding with apolipo-
proteins in the plasma upon i.v. administration, PFSUVs-DOX was recognized by the Kupffer cells attached to the endothelium via the LDL receptor.
PFSUVs-DOX can also penetrate the hepatic sinusoidal fenestrae and interact with hepatocytes via the LDL receptor family.

viral hepatitis (hepatitis B and hepatitis C) resulting in liver
cirrhosis and hepatocellular carcinoma.® Immune modula-
tors targeting the Toll-like receptor 7/8 such as imiquimod and
resiquimod (R848) have been investigated as an interferon-
alpha booster to treat hepatitis C.%! Both imiquimod and
R848 are weakly basic drugs and could be efficiently loaded into
PFSUVs (EE: 98.2% and 93.3%, respectively) using the AS gra-
dient. Finally, liver injury induced by a variety of agents such
as alcohol, environmental pollutants, dietary components, and
drugs, resulting in progression of steatohepatitis, liver fibrosis,
or cirrhosis remains a problem in society.**® Curcumin, a
natural product isolated from turmeric, exerts hepatoprotective
and therapeutic effects on several liver diseases associated with
oxidative stress and inflammation through various cellular and
molecular mechanisms.l”] Nanoformulations of curcumin are
an emerging field for improving the bioavailability and organ
targeting of this compound.®® As a hydrophobic drug, we
encapsulated curcumin in the bilayer of PFSUVs via passive
loading (EE = 88.9% at a D/L of 1/40). Potential in medical
applications of these formulations will be demonstrated in
future studies.

3. Conclusion

For the first time, we have shown that a PFSUV containing
83 mol% Chol and 17 mol% TWEEN 80 could be fabricated
using a staggered herringbone micromixer with a mean diam-
eter of 76.5 nm. Due to the high Chol content, the bilayer was
stable to maintain a transmembrane gradient for active loading
of a weak-base model drug DOX. This is also the first example
that PFSUVs could stably retain a drug and improve the drug

targeting after systemic delivery. PFSUVs-DOX displayed
unique PK and BD profiles compared to PLD. In particular,
we demonstrated that after i.v. administration, PESUVs rapidly
accumulated in the liver and delivered DOX to all the cells in
the liver, including hepatocytes (vast majority), while PLD was
only found within the sinusoidal cells (i.e., Kupfter cells).

4. Experimental Section

Preparation of PFSUVs: PFSUVs with optimized Chol/TWEEN
80 (Sigma-Aldrich, Oakville, ON, Canada) molar ratios (5:1) were
prepared in a controlled nanoprecipitation process using a two-channel
microfluidic system (NanoAssemblr Benchtop, Precision Nanosystems
International, Vancouver, BC, Canada). The NanoAssemblr was equipped
with a microfluidic cartridge that contained the SHM design (dimensions
6.6 X 5.5 x 0.8 cm, Precision Nanosystems International). Solutions
were injected into the cartridge via polypropylene syringes (Becton,
Dickinson and Company, Franklin Lakes, NJ) with a size of 10 and
3 mL for aqueous and organic phases, respectively. Chol and TWEEN
80 were dissolved in ethanol (Greenfield Global, Toronto, ON, Canada)
at a final concentration of 10 mg mL™" and mixed with 120 mmol L™
aqueous AS solution (Sigma-Aldrich) in the microfluidic system at a
flow ratio of 1/3 between ethanol and the aqueous phase. Alternatively,
AS was replaced by 300 mmol L™ citric acid (Sigma-Aldrich). Per run,
12 mL of particle suspension was produced at a total flow rate of
15 mL min~' and the procedure was conducted at room temperature.
Raw PFSUVs (50 mL) were then subjected to a TFF system (KrosFlo
KR2i, Spectrum Laboratories, Rancho Dominguez, CA) to remove
ethanol, exchange the exterior phase to HBS (pH 7.4) or 100 mmol L™
sodium acetate buffer (pH 5, Sigma Aldrich), and concentrate. In the
TFF system operating in the ultrafiltration mode, PFSUVs were filtered
through a diafiltration cartridge with a molecular weight cut-off of
500 kDa (MidiKros Hollow Fiber Filter, surface area 115 cm?, fiber inner
diameter 0.5 mm, length 20 cm, Spectrum Laboratories) at a flow rate of

Table 3. Physical properties of PFSUVs loaded with different drugs. Data = mean + SD (n = 3).

Formulation Loading method D/L ratio EE [%] Drug loading value Size [nm] PDI
(W]

PFSUVs-chloroquine Active loading 1:20 95.4+2.2 48+0.1 57.0+0.4 0.13£0.01

PFSUVs-imiquimod Active loading 1:20 98.2+4.7 49+03 57.5+3.4 0.13£0.03

PFSUVs-R848 Active loading 1:20 93.3+8.1 4.7+0.5 50.1£0.8 0.09 +£0.02

PFSUVs-curcumin Passive loading 1:40 88.9+8.6 22+0.2 56.4+0.6 0.10£0.04
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140 mL min~' and concentrated to 30 mg mL™" total lipid concentration.
Chol concentration in PFSUVs after diafiltration and concentration
was determined using a Chol E assay kit (FUJIFILM Wako Diagnostics
Corporation, Richmond, VA). The average particle size was measured
using dynamic light scattering (Zetasizer NanoZS, Malvern Instruments,
Malvern, UK). Error bars represent three average size measurements of
the same formulation. The short-term storage stability of empty PFSUVs
was evaluated by storage in HBS at 4 °C. At selected time points (0, 1, 2, 3,
and 10 d), the size of PFSUVs was measured.

Drug Loading: PFSUVs (2.0 mg total lipids) were incubated with
100 pg drug in the appropriate buffer (final volume 1 mL). DOX
(Alomone Labs, Jerusalem, Israel) and chloroquine diphosphate
(Sigma-Aldrich) were loaded in HBS (pH 7.4), whereas imiquimod and
R848 (both Cayman Chemical, Ann Arbor, MI, USA) were loaded in
100 mmol L™" sodium acetate buffer (pH 5). The mixture was incubated
for 1 h at 37 °C and then quenched on ice for 2 min. The drug-loaded
particles were subjected to purification by TFF as described above in the
diafiltration mode using ten diafiltration volumes of buffer.

The EE of DOX was calculated using UV-vis spectroscopy as described
earlier with some modifications.%® Briefly, PFSUVs-DOX in HBS (10 uL)
was mixed with NaOH (2 uL, 4 mol L™") and HBS (2 uL) and transferred
immediately to a spectrophotometer (NanoDrop 2000, Thermo Fisher
Scientific, Burnaby, BC, Canada) to detect the absorbance at 600 nm.
The final EE was calculated using Equation (1), where R represents
the sample absorbance, R, represents the absorbance of a mixture
containing PFSUVs-DOX (10 pL) and HBS (4 uL), and Ryq represents
the absorbance of PFSUVs-DOX (10 uL) mixed with NaOH (2 puL, 4 mol
L") and aqueous Triton-X 100 (2 uL, 10%, w/w, Thermo Fisher Scientific)

RS_RO

= Ro—R, Mm

The encapsulated contents of chloroquine, imiquimod, and R848
were determined using ultra performance liquid chromatography
(UPLC). PFSUVs (20 pL) were lysed by adding 40 uL methanol (VWR,
Mississauga, ON, Canada) and sonication (5 min). Samples were
analyzed on an ACQUITY UPLC H-Class System (Waters, Milford, MA)
coupled online to a photodiode array detector. Separation relied on a
BEH-C18 column (inner diameter: 2.1 mm; length: 50 mm; particle
size: 1.7 um, Waters; column temperature: 60 °C) at a flow rate of
0.3 mL min™' using a linear aqueous methanol gradient in the presence
of trifluoroacetic acid (TFA, =98%, Alfa Aesar, Tewksbury, MA). Eluent
A and B consisted of 0.1% v/v aqueous TFA and methanol containing
0.1% v/v TFA, respectively, and were mixed in the following gradient.
1 min: A/B (95/5); 6 min: A/B (0/100); 3 min: A/B (0/100); 1 min: A/B
(95/5); 2 min: 1 min: A/B (95/5). Drugs and cholesterol were detected
via absorbance at 342 nm (chloroquine), 320 nm (imiquimod and R848),
and 205 nm (cholesterol), respectively, and quantified using calibration
curves to calculate drug loading values. The encapsulation efficiency was
calculated as a ratio of drug loading values before and after purification
of the freshly loaded particles.

Alternatively, curcumin (Alfa Aesar) was encapsulated into PFSUVs at
a D/L of 1/40 via a passive loading approach during their preparation.
Chol, TWEEN 80, and curcumin at a molar ratio of 72.5:25:2.5 were
dissolved in ethanol at a final concentration of 10 mg mL™". This
solution was mixed with PBS in the microfluidic system at a flow ratio
of 1/3 between ethanol and the aqueous phase. The setting of the
microfluidic preparation process and purification was as described
above. The encapsulation efficiency of curcumin-loaded particles was
determined using UPLC as described above with detection of curcumin
at an absorbance of 430 nm.

Cryo-TEM: The morphology of empty PFSUVs and PFSUVs-DOX
was imaged by Cryo-TEM (FEI Titan Krios, Hillsboro, OR) following a
previously described method.”® Sample preparation was performed
using the Mark IV Vitrobot (FEI, Hillsboro, OR) at the UBC Bioimaging
Facility. About 2—4 pL of PFSUVs and PFSUVs-DOX at 25 mg lipid mL™
was applied to a copper grid and plunge-frozen in liquid ethane to
generate vitreous ice. The frozen samples were stored in liquid nitrogen
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until imaging. The FEI Titan Krios (Hillsboro, OR) at the Life Sciences
Institute (UBC) was operated at 300 kV under low-dose conditions with
images collected on a Falcon 3 (FEI) direct electron detector. A nominal
underfocus of 0.5-1.5 tm was used to enhance image contrast.

Preparation and Characterization of PLD: The thin-film hydration
method was utilized to prepare PLD as described before with some
modifications.*®  Briefly,  1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC)/Chol /DSPE-PEG2000 (32 mg, 38:25:4, mol/mol/mol, Avanti
Polar Lipids, Alabaster, AL) was dissolved in chloroform (Thermo Fisher
Scientific). The organic solvent was removed under vacuum (BUCHI
Labortechnik AG, Flawil, Switzerland) at 60 °C. The thin-film was
hydrated with 250 mmol L™ AS at 60 °C for 45 min and sonicated for
10 min (ultrasonic bath, Thermo Fisher Scientific). The lipid suspension
was extruded for ten times through 100 nm and then 50 nm Nucleopore
Track-Etch membranes (Sigma-Aldrich RTC, Laramie, WY) using a
mini-extruder (Avanti Polar Lipids). Liposomes were dialyzed against
HBS (pH 7.4, 1:1000, v/v) overnight. The final lipid concentration of
liposomes was determined by the Chol E kits.

DOX (1 mg) was mixed with empty liposomes (8 mg total lipid) in a
total volume of HBS (1 mL). The loading mixture was incubated at 60 °C
for 45 min and then quenched in ice for 2 min. Free DOX was removed
by dialysis against HBS for & h (1: 1000, v/v). PLD was subsequently
filtered through a 0.22 um polyethersulfone membrane (Thermo Fisher
Scientific) for sterilization. PLD was characterized for its size, PDI, and
ZP by a particle analyzer (Zetasizer). The DOX concentration and EE
were measured using the same method as described for PFSUVs.

In Vitro Drug Retention: DOX leakage from particles was investigated
using a previously described method with minor modifications.”l PLD
and PFSUVs-DOX were diluted with sterile PBS to adjust the DOX
concentration to 50 ug mL™", then mixed 1:1 with FBS (Gibco Laboratories,
Gaithersburg, MD), and incubated at 37 °C. After 1, 2, 3, and 6 d, the
sample (10 pL) was collected and diluted 30-fold with PBS. The sample
(225 pL) was transferred to a 96-well plate, PBS (25 pL) was added, and
the fluorescence was detected using a microplate reader (excitation:
485 nm; emission: 590 nm; Hidex, Turku, Finland). The relative drug
retention at each time point was calculated using Equation (2), where F,
denotes the fluorescence at the selected time point, Fy is the fluorescence
at time 0, and Fyqp is the fluorescence of a mixture containing diluted
sample (225 pL) and aqueous Triton-X 100 (25 pL, 10%, w/w), followed
by incubation at room temperature in the dark for 15 min

F—Fo

*100% 2
Fwo—Fo) ) @

Relative drug retention = (1 -

Pharmacokinetics and Biodistribution Study: Female BALB/C mice
(18-20 g, 6-7 weeks old) were purchased from The Jackson Laboratory
(Bar Harbor, ME). All the in vivo studies were conducted in accordance
with the established experimental protocols (ID: A18-0177) approved
by the Animal Care Committee of the University of British Columbia
(Vancouver, BC, Canada).

PFSUVs-DOX or PLD was administered to mice via the tail-
vein injection at 5 mg DOX kg™'. At 2, 24, and 48 h, the plasma was
isolated and DOX concentration was measured using a previously
reported method.% After euthanasia, the heart, liver, spleen, kidneys,
lungs, and brain were excised. The tissues were washed twice with
PBS, blotted dry, and weighted into a 1.5 mL microtube (Next
Advance, Inc., Troy, NY). Typically, tissue (0.1-0.3 g) was collected, a
nuclear lysis buffer (0.3 mL per 0.1 g organ) containing 10 mmol L™
HEPES, 1 mmol L7 MgSO4, and 1 mmol L™' CaCl, in water (pH 7.4)
was added, and tissue homogenization was performed with a tissue
homogenizer Precellys 24 (Bertin Technologies, Courtland, CA).
The homogenate (100 pL) was transferred into a 1.5 mL microtube,
and aqueous Triton X-100 (50 pL, 10%, w/w), water (100 pL), and
acidified isopropanol (750 puL, 0.75 mol L™' HCl) were added and the
mixture was stored at —20 °C overnight. After thawing, the mixture
was equilibrated to room temperature for 1 h, centrifuged (10 min,
12 000 X g), and the supernatant (250 pL) was loaded onto a 96-well
plate for DOX quantification by fluorescence spectroscopy by comparing
the fluorescence intensity with a calibration curve generated by spiking
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known amounts of DOX into different tissue homogenates of untreated
mice. Pharmacokinetic data sets were evaluated with a PKSolver add-in
for Microsoft Excel using noncompartmental analysis./2

Microscopic Liver Analysis: The livers from PFSUVs-DOX and PLD treated
mice were harvested 2 h post injection, fixed in aqueous formaldehyde
(10%, v/v), and sectioned using a vibratome (Precisionary Instruments,
Boston, MA). Tissue sections with a thickness of 40 um were collected
in PBS and soaked inside 1% Triton-X 100 (w/w) solution for 15 min.
Fluorescein-phalloidin (4 U mL™", Thermo Fisher Scientific) was applied
to stain the tissue for 15 min at room temperature. After being washed
with PBS for three times, the section was placed on a glass slide. One
drop of Fluoroshield with 4,6-diamidino-2-phenylindole (DAPI) (Thermo
Fisher Scientific) was applied on the section before it was sealed with a
coverslip. The tissue section was then imaged by confocal microscopy.

Cellular Uptake: EMT-6 cells (LDL receptor positive) were cultured in
Dulbecco’s Modified Eagle Medium (Thermo Fisher Scientific) containing
FBS (10%, v/v), penicillin (100 U mL™"), and streptomycin (100 ug mL™")
at 37 °C with 5% CO,."3l EMT-6 cells were seeded on a coverslip and
placed in a 24-well plate (10° cells per well) for 24 h prior to the study. Cells
were treated with DOX, PFSUVs-DOX, or PLD (5 ug DOX mL™) in the
presence or absence of 10% FBS and a range of concentrations of human
apolipoprotein (5, 20, and 100 ug mL™, BioVision Inc., Milpitas, CA) for
4 h. After removal of the medium, the cells were washed with PBS twice
and fixed with 10% formaldehyde in PBS (Starplex Scientific, Etobicoke,
ON) at room temperature for 20 min. The coverslip was washed twice
with PBS and mounted on a glass slide with DAPI-Fluoroshield. The cells
were imaged using a Zeiss confocal microscope (LSM 700, Carl Zeiss
Canada, Toronto, ON, Canada) and the image was analyzed using the
CellProfiler software (Version 3.0, Broad Institute, Cambridge, MA).

Statistical Analysis: All data are expressed as mean t* standard
deviation (SD). Statistical analysis was conducted with the two-tailed
unpaired t-test for two-group comparison or one-way ANOVA (analysis
of variance), followed by the Turkey multiple comparison tests (for
three or more groups) by using GraphPad Prism software (GraphPad
Software, San Diego, CA). A difference with p < 0.05 was considered to
be statistically significant. (*: P < 0.05; **: P < 0.002; ***: P < 0.0002;
#k%%k: P < 0.0001; n.s.: not significant.)
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Supporting Information is available from the Wiley Online Library or
from the author.
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