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ABSTRACT: Hemolytic toxicity caused by primaquine (PQ) is a
high-risk condition that hampers the wide use of PQ to treat liverstage malaria. This study demonstrated that phospholipid-free
small unilamellar vesicles (PFSUVs) composed of Tween80 and
cholesterol could encapsulate and deliver PQ to the hepatocytes
with reduced exposure to the red blood cells (RBCs). Nonionic
surfactant (Tween80) and cholesterol-forming SUVs with a mean
diameter of 50 nm were fabricated for delivering PQ. Drug release/
retention, drug uptake by RBCs, pharmacokinetics, and liver
uptake of PFSUVs-PQ were evaluated in in vitro and in vivo models
in comparison to free drugs. Additionally, the stress eﬀect on RBCs
induced by free PQ and PFSUVs-PQ was evaluated by examining
RBC morphology. PFSUVs provided >95% encapsulation
eﬃciency for PQ at a drug-to-lipid ratio of 1:20 (w/w) and stably retained the drug in the presence of serum. When incubated
with RBCs, PQ uptake in the PFSUVs group was reduced by 4- to 8-folds compared to free PQ. As a result, free PQ induced
signiﬁcant RBC morphology changes, while PFSUVs-PQ showed no such adverse eﬀect. Intravenously (i.v.) delivered PFSUVs-PQ
produced a comparable plasma proﬁle as free PQ, given i.v. and orally, while the liver uptake was increased by 4.8 and 1.6-folds,
respectively, in mice. Within the liver, PFSUVs selectively targeted the hepatocytes, with no signiﬁcant blood or liver toxicity in mice.
PFSUVs eﬀectively targeted PQ to the liver and reduced RBC uptake compared to free PQ, leading to reduced RBC toxicity.
PFSUVs exhibited potential in improving the eﬃcacy of PQ for treating liver-stage malaria.
KEYWORDS: phospholipid-free small unilamellar vesicles (PFSUVs), primaquine (PQ), red blood cells (RBCs), liver targeting,
liver-stage malaria
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stage of P. vivax and P. ovale, with potential to cure malaria.4
However, the wide use of PQ and TQ for malaria therapy has
been limited as they both induce signiﬁcant hemolytic toxicity,
particularly in individuals with glucose-6-phosphate dehydrogenase deﬁciency (G6PDd).5,6 Patients with G6PDd have
limited ability to regenerate nicotinamide adenine dinucleotide
phosphate (NADPH) and glutathione (GSH) in their
erythrocytes, resulting in increased oxidative stress levels and
eventually hemolytic anemia when treated with either PQ or
TQ.7,8
We hypothesized that a drug delivery system that can stably
encapsulate PQ/TQ during the blood circulation and target

INTRODUCTION
Malaria remains one of the most lethal parasitic diseases in
tropical regions around the world. According to the World
Health Organization (WHO), there are more than 200 million
new cases of malaria annually.1 Malaria is mainly transmitted
to humans by mosquito bites, and then the sporozoites are
carried through the blood to the liver. In humans, Plasmodium
vivax, P. ovale, P. falciparum, and P. malariae are the common
four species of parasites responsible for the malaria infection.
When sporozoites reach the liver, they inﬁltrate the
hepatocytes, replicate, and ﬁnally cause rupture of the
hepatocytes, releasing merozoites that can penetrate the red
blood cells (RBCs). The parasites then continue their asexual
blood stage and eventually burst the host RBCs, presenting
clinical symptoms.2 Notably, the parasites can be dormant in
the liver and cause malaria relapse weeks or even years after
infections.3 Most antimalarial drugs, such as chloroquine,
hydroxychloroquine, and meﬂoquine, are only eﬀective in the
blood stage, while 8-aminoquinolines, including primaquine
(PQ) and tafenoquine (TQ), are also eﬀective for the hepatic
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the hepatocytes will reduce the drug exposure to the RBCs and
increase the drug targeting to the liver, leading to improved
therapy of liver-stage malaria. In previous publications, we have
described the development of PFSUVs (phospholipid-free
small unilamellar vesicles), an innovative delivery system,
showing signiﬁcant accumulation in the hepatocytes, where the
malaria parasites reside. This delivery system is composed of
cholesterol and Tween80, hence the name “phospholipid-free”
to diﬀerentiate from standard liposomal SUVs that are made of
phospholipids. Although there have been many diﬀerent
nanoparticles developed for drug delivery, the vast majority
of them were captured by the Kupﬀer cells and eliminated.9,12
Here, we report the utilization of this formulation for targeting
PQ to the liver with reduced RBC exposure and toxicity. We
fabricated the particles using microﬂuidics and optimized the
active loading protocol for PQ with detailed characterizations
of the ﬁnal formulation. We then examined the ability of the
particles to stably retain PQ in the presence of serum and
compared their RBC uptake and toxicity with free PQ. Finally,
pharmacokinetics and liver uptake of free PQ and PQ loaded
in the particles were evaluated and compared in mice. The
safety of this nanoparticle formulation was also studied in mice
by examining the blood chemistry and liver histology.
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encapsulation eﬃciency (EE) was determined using ultra
performance liquid chromatography (UPLC) by comparing
the D/L before and after dialysis. For UPLC analysis, 15 μL of
PFSUVs was mixed with 45 μL of ethanol and sonicated for 5
min, followed by injection of 10 μL of the sample.
Ultra Performance Liquid Chromatography (UPLC).
PQ concentration was analyzed using an ACQUITY UPLC HClass System (Waters, Milford, MA) coupled online to a
photodiode array (PDA) detector (wavelength = 265 nm) and
a QDa mass spectrometer operated in positive ionization
mode. For mass spectrometry, the ionization was carried out at
250 °C (source temperature) using a cone voltage of 65 V, and
the concentration of PQ was determined by integrating the
single ion recognition (SIR) peak for the singly charged
molecular ion (m/z 260.1) acquired at a capillary voltage of 0.5
V. Tween80 and Chol concentrations were also analyzed using
the same chromatography system coupled to an evaporative
light scattering (ELS) detector. Separation relied on a BEHC18 column (inner diameter = 2.1 mm; length = 100 mm;
particle size = 1.7 μm, Waters) at a ﬂow rate of 0.3 mL/min
using a gradient mobile phase containing a mixture of eluents
A and B (0.1% v/v aqueous TFA and 0.1% v/v TFA in
methanol, respectively). The following gradient was employed:
0 min: A/B (95:5); 2 min: A/B (95:5); 8 min: A/B (0:100);
11 min: A/B (0:100); 11.1 min: A/B (95:5); 13 min: A/B
(95:5).
Cryogenic Transmission Electron Microscopy (CryoTEM). PFSUVs and PFSUVs-PQ (25 mg lipid/mL) were
deposited onto a glow-discharged copper grid, vitriﬁed using
an FEI Mark IV Vitrobot (FEI, Hillsboro, OR), and imaged
using a 200 kV Glacios microscope equipped with a Falcon III
camera at the UBC High Resolution Macromolecular CryoElectron Microscopy facility (Vancouver, BC).
In Vitro Drug Retention. PFSUVs-PQ (∼1.2 mg PQ/mL)
was mixed with either HBS or fetal bovine serum (FBS)
(Gibco Laboratories, Gaithersburg, MD) at a 1:1 ratio (v/v)
and incubated at 37 °C. After 10, 30, and 120 min, 200 μL of
the sample was collected and puriﬁed by size exclusion
chromatography (SEC) on a Sephacryl packed gel to remove
the leaked drug. Forty-ﬁve μL of the sample before and after
SEC was mixed with 300 μL of ethanol, and the mixture was
vortexed for 30 s, placed on ice for 30 min, and centrifuged
twice at 12 500 rpm for 5 min. The supernatant (280 μL) was
collected, lyophilized, and reconstituted in 45 μL of ethanol.
Ten μL of the sample was then injected into the UPLC for PQ,
Tween80, and Chol analysis as described above. Drug
retention was calculated following eq 1, where (D/L)i and
(D/L)f are the initial and ﬁnal drug-to-lipid ratios, respectively.

■

MATERIALS AND METHODS
Chemical and Reagents. Human red blood cells (RBCs)
were purchased from Innovative Research (Novi, MI). Dialysis
membrane (10 kDa molecular weight cutoﬀ, MWCO) was
purchased from Spectrum Laboratories (Waltham, MA). All
other organic solvents, reagents, and buﬀers were of analytical
grade and obtained from Sigma-Aldrich (Oakville, ON,
Canada).
PFSUVs Preparation and Characterization. PFSUVs
with a cholesterol (Chol)/Tween80 molar ratio of 5:1 were
prepared as previously described.9 Brieﬂy, the formulation was
fabricated using a microﬂuidic mixing system (NanoAssemblr
Benchtop, Precision Nanosystems, Vancouver, BC, Canada).
Chol and Tween80 were dissolved in ethanol at a ﬁnal
concentration of 10 mg/mL and mixed with 250 mM
ammonium sulfate in the microﬂuidic system at a ﬂow ratio
of 1:3. Particles were produced at a total ﬂow rate of 15 mL/
min at room temperature and dialyzed against HEPES (4-(2hydroxyethyl)-1-piperazineethanesulfonic acid) buﬀered saline
(HBS, pH 7.4) overnight to remove ethanol. PFSUVs were
then concentrated using a tangential ﬂow ﬁltration (TFF)
system (KrosFlo KR2i, Spectrum Laboratories, Rancho
Dominguez, CA) operating in the ultraﬁltration mode and
ﬁltered through a diaﬁltration cartridge with an MWCO of 500
kDa (MidiKros Hollow Fiber Filter, surface area = 115 cm2,
ﬁber inner diameter = 0.5 mm, length = 20 cm, Spectrum
Laboratories) at a ﬂow rate of 40 mL/min and concentrated to
25 mg lipid/mL. The average particle size and polydispersity
index were measured by dynamic light scattering (DLS) using
Zetasizer NanoZS (Malvern Instruments, Malvern, UK). For
ﬂuorescent-labeled PFSUVs, DiR (lipophilic carbocyanine
DiOC18(7) dye) was added to the lipid solution at 1.1 mol
% followed by the same preparation process.
PQ Loading into PFSUVs. PQ was loaded into PFSUVs
(25 mg/mL total lipids) by the active loading method. Brieﬂy,
PFSUVs were mixed with PQ at various drug-to-lipid (D/L)
ratios ranging from 1:20 to 1:5 (w/w). The mixture was
incubated for 1 h at 37 °C and then quenched on ice for 2 min.
The formulation was then dialyzed against HBS overnight. The

(D/L)i − (D/L)f
ji
drug retention = jjj1 −
j
(D/L)i
k

zyz
zzz × 100
{

(1)

RBC Uptake of PQ. Human RBCs were washed with
phosphate buﬀered saline (PBS) twice and resuspended in PBS
at a ﬁnal hematocrit of 5%. RBCs were incubated at 37 °C with
either PFSUVs-PQ or free PQ at concentrations of 0.05−0.16
mg PQ/mL for 10 min. This range of concentrations was
estimated to include C0 in our in vivo pharmacokinetic study
(see below). RBCs were then collected by centrifugation at
3000 rpm for 5 min, lysed with 1 mL of lysis buﬀer (BD
Biosciences, San Jose, CA) at room temperature for 15 min,
and centrifuged at 3000 rpm for 5 min. Forty-ﬁve μL of the
B
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Figure 1. Intraliver distribution of DiR-labeled PFSUVs. Confocal microscopy images of liver sections collected from female CD-1 mice 2 h after
injection with DiR-labeled PFSUVs (red). Sections were stained with DAPI (blue) and Alexa Fluor 488 Phalloidin (green). Arrows 1 and arrows 2
represent hepatocytes and Kupﬀer cells, respectively, identiﬁed by their nuclear morphology and phalloidin staining.

Intrahepatic Distribution. Mice were i.v. injected with
PFSUVs-DiR at a dosage of 0.3 μg DiR/g. Two hours post
injection, mice were sacriﬁced, and the liver was harvested
immediately, followed by washing with PBS and storage in
10% (v/v) formalin in PBS overnight at room temperature.
Tissue sections with a thickness of 40 μm were prepared from
the formalin-ﬁxed livers using a vibratome (Precisionary
Instruments LLC, Boston, MA). Sections were collected in
PBS and subsequently incubated in 0.1% (v/v) Triton X-100
in PBS for 5 min, washed with PBS three times, and then
incubated in 1% (v/v) bovine serum albumin in PBS for 10
min. Sections were washed 3 times with PBS then incubated in
Alexa Fluor 488 Phalloidin (APh, 80 μL, 1 U/mL). Finally,
sections were further washed with PBS to remove excess
staining and mounted on a glass slide with a drop of
Fluoroshield containing DAPI (Sigma-Aldrich). The stained
section was imaged using a confocal microscope (Zeiss LSM
700) at 20× magniﬁcation and analyzed with ZEN software
(both Carl Zeiss, Oberkochen, Germany).
Pharmacokinetics. PFSUVs-PQ dissolved in HBS was
administered to mice via i.v. injection, and free PQ dissolved in
saline was administered through either the tail-vein or oral
gavage at 5 mg PQ/kg (100 mg lipid/kg). At 10, 30, and 120
min, blood was collected and was quickly transferred into an
EDTA-coated tube. Plasma was isolated by centrifugation at 4
°C for 10 min at 500g. Forty-ﬁve μL of plasma was then
processed and analyzed for PQ following the same UPLC
protocol as described above. After animal euthanasia, a piece of
liver (∼0.2 g) was excised and washed twice with PBS, blotted
dry, and weighed into a 1.5 mL microtube (Next Advance, Inc.,
Troy, NY). PBS containing the protease inhibitor cocktail

supernatant was collected, processed, and analyzed by UPLC
as described in the drug retention study.
Erythrocytes Morphology. The experimental protocol
was adopted from a previous report.10 Human RBCs were
diluted to a ﬁnal hematocrit of 2% and incubated with either
saline, free PQ, or PFSUVs-PQ at 0.5 mg PQ/mL at 37 °C for
10 min. Ten μL of the sample was placed on a glass slide for
imaging by a light-inverted microscope utilizing a 40×
magniﬁcation objective (Olympus CKX41, Tokyo, Japan).
In Vitro Hemolysis. Human RBCs (2% hematocrit) were
incubated with free PQ or PFSUVs-PQ at a range of
concentrations (0.025, 0.05, and 0.1 mg PQ/mL) at 37 °C
for 2 h and centrifuged at 5000g for 10 min at 4 °C. The
supernatant was collected and measured for the absorbance at
540 nm using a microplate reader. PBS and 10% Triton-X 100
in water (w/v) were used as the negative and positive control,
respectively. The relative hemolysis (RH) was calculated using
eq 2:
RH% =

Rs − R n
Rp − Rn

(2)

where Rs, Rn, and Rp are the absorbance of the sample, negative
control, and positive control, respectively.
Animals. Female CD1 mice (18−20 g, 6−7 weeks old)
were purchased from The Jackson Laboratory (Bar Harbor,
ME). All in vivo studies were conducted in accordance with an
established protocol approved by the Animal Care Committee
of the University of British Columbia (Vancouver, BC,
Canada).
C
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Figure 2. Characterization of PFSUVs-PQ. (a) Particle size and PDI of PFSUVs-PQ prepared with diﬀerent D/L ratios. Data = mean ± SD (n =
3). (b) Drug encapsulation eﬃciency of PFSUVs prepared with diﬀerent D/L ratios. Data = mean ± SD (n = 3). (c, d) Cryo-TEM images of empty
PFSUVs and PFSUVs-PQ.

(1:100 v/v dilution, Sigma-Aldrich) was added (0.3 mL per 0.1
g tissue), and tissue homogenization was performed with a
tissue homogenizer Bullet blender (Next Advance, Inc., Troy,
NY) at an instrument speed of 10 for 5 min at 4 °C. The
homogenate (45 μL) was then processed using the same
protocol described above for UPLC analysis of PQ.
Toxicology of PFSUVs in Mice. Mice were injected i.v.
with empty PFSUVs at 100 mg of total lipid/kg (equivalent to
5 mg PQ/kg). Blood was collected from the mice 24 h post
injection, followed by euthanasia. Whole blood (0.5 mL) was
collected in an EDTA Minicollect tube (Greiner Bio-one,
Kremsmünster, Austria) and stored at 4 °C. Serum was
obtained by collecting 0.3 mL of blood in a clot activator tube
(Microvette, Sarstedt AG & Co., Nümbrecht, Germany)
incubated for 20 min at room temperature, followed by
centrifugation at 10 000g for 5 min. Complete blood count
(CBC) and serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) were measured by IDEXX
Reference Laboratories Ltd. (Delta, BC, Canada) and
compared to the reference values provided by Charles River.
The liver was collected immediately after euthanasia, washed
with PBS, and stored in 10% (v/v) formalin in PBS for 48 h at
room temperature. Paraﬃn-embedded liver section, hematoxylin and eosin staining, and microscopic imaging were
performed by Wax-it Histology Services Inc. (Vancouver,
BC, Canada).
Statistical Analysis. All data are presented as mean ± SD.
Statistical analysis was performed with GraphPad Prism

version 8.0 (GraphPad Software, San Diego, CA). Comparisons between groups were made by one-way ANOVA. A
diﬀerence with p < 0.05 was considered to be statistically
signiﬁcant.

■

RESULTS AND DISCUSSION
Preparation and Optimization of PQ Loaded PFSUVs.
While many drugs are eﬀective for the blood stage of malaria,
such as chloroquine and meﬂoquine, only PQ and TQ are
active against the liver stage of the disease. However, both PQ
and TQ generate oxidative stress within erythrocytes, causing
hemolysis, which is particularly severe in patients with G6PD
enzyme deﬁciency.11 This limits the wide use of PQ and TQ
for the therapy of malaria. The project was aimed at developing
a delivery system that could reduce RBC uptake of PQ and
target PQ to the hepatocytes, thus reducing the toxicity and
improving the eﬃcacy against liver-stage malaria.
We have previously developed a lipid-based nanoparticle
formulation, named PFSUVs, that can stably retain weak base
drugs in the serum and eﬀectively deliver to the hepatocytes
after i.v. delivery.9 Our data showed that PFSUVs fabricated
using the staggered herringbone mixer (SHM) microﬂuidic
system with a 5:1 molar ratio of Chol/Tween80 displayed
predominant accumulation in the liver.12 In this study, we
further demonstrated that within the liver, PFSUVs selectively
accumulated in the hepatocytes as soon as 2 h post injection.
As shown in Figure 1, the hepatocytes (indicated by arrow 1)
can be identiﬁed through the phalloidin staining and their
D
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the blood circulation until uptake by the liver. The optimized
PFSUVs-PQ with a D/L of 1:20 was incubated with HBS or
FBS at 1:1 (v/v) at 37 °C, and 10−120 min later, the sample
was puriﬁed by size exclusion chromatography (SEC) to
remove released PQ from PFSUVs-PQ. The concentration of
PQ within PFSUVs was measured using UPLC (Figure 3). We

distinct nuclear morphology from the Kupﬀer cells (indicated
by arrow 2), and approximately ∼70% of DiR-labeled PFSUVs
were detected within the hepatocytes. This would make
PFSUVs a suitable delivery system for PQ to improve the
treatment of liver-stage malaria. In the following, we explored
using PFSUVs for targeted delivery of PQ to the liver, while
reducing the uptake by the RBCs, with a goal to resolve the
challenges of PQ for treating malaria.
To encapsulate PQ into PFSUVs, Chol and Tween80 were
dissolved in ethanol and then rapidly mixed with 250 mM
ammonium sulfate in a microﬂuidic chip. As the lipid solution
mixed with the aqueous phase, Chol and Tween80 selfassembled into SUVs due to the increase in polarity. After
ethanol removal via dialysis and concentration through the
TFF system, PFSUVs containing an ammonium sulfate
gradient were produced with a mean diameter of 50 ± 3.45
nm, a polydispersity index (PDI) of 0.10 ± 0.05, and a neutral
ζ potential of −0.29 ± 0.38 mV. PQ was then actively loaded
into PFSUVs by incubating PQ with PFSUVs at a range of
drug-to-lipid (D/L) ratios (1:20 to 1:5) at 37 °C for 1 h. The
formulations were then puriﬁed by dialysis against HBS and
analyzed for their size, PDI, and drug encapsulation eﬃciency
(EE). As shown in Figure 2a, the particle size and PDI
remained constant at ∼50 nm and ∼0.1, respectively, for all
preparations except for that with a high D/L of 1:5 exhibiting
an increased mean size of ∼80 nm and an increased PDI of
>0.2 due to additional drug that could lead to a larger particle
size by unstable incorporation into the bilayer. Additionally,
the EE of PFSUVs prepared with a D/L of 1:20 was the
highest at 95%, and the EE decreased with increasing D/L,
suggesting the PQ loading capacity reached the maximum at a
D/L of 1:20 (Figure 2b and Table 1). We then selected the
formulation prepared with a D/L of 1:20 for the following
studies.

Figure 3. In vitro drug retention of PFSUVs-PQ in HEPES-buﬀered
saline (HBS) or fetal bovine serum (FBS) at 37 °C. Data = mean ±
SD (n = 3).

observed stable PQ retention within PFSUVs for a period of
120 min, demonstrating <10% drug leakage in serum. We did
not examine longer time points as the vast majority of PFSUVs
accumulated in the liver within 2 h after i.v. delivery.9
RBC Uptake of PQ. It has been shown that reactive oxygen
species (ROS) induced by PQ causes hemolytic damage on
RBCs,5,6 and the RBC toxicity was found dependent on the
drug concentration within the RBCs.13 We hypothesized that
free PQ would be readily accessible for RBCs through rapid
diﬀusion, while loading PQ into PFSUVs would hinder the
RBC uptake and reduce hemotoxicity. Here, we compared
RBC uptake of free PQ and PFSUVs-PQ in an in vitro setting.
We incubated free PQ or PFSUVs-PQ at concentrations of
0.05−0.16 mg PQ/mL with RBCs at 37 °C for 10 min. This
range of concentrations was estimated to include C0 in our in
vivo pharmacokinetic study. RBCs were then collected and
analyzed for PQ using UPLC-MS. As shown in Figure 4, free
PQ displayed signiﬁcantly increased RBC uptake compared to
PFSUVs-PQ, with 8-fold and 4.3-fold increases at 0.05 mg
PQ/mL and 0.16 mg PQ/mL, respectively.
In Vitro Hemolysis Assay. Since PFSUVs exhibited the
ability to rapidly accumulate in the liver and PFSUVs-PQ
showed reduced RBC uptake, we hypothesized that PFSUVsPQ would be less toxic to RBCs, inducing minimal hemolysis.
We compared RBC toxicity of PQ and PFSUVs-PQ using
hemolysis assay. As shown in Figure 5a, PFSUVs-PQ displayed

Table 1. Characterization of PFSUVs-PQ Prepared with
Diﬀerent D/L Ratiosa
D/L
ratio
(w/w)

size (nm)

1:20
1:14.3
1:11.1
1:10
1:6.7
1:5

53.1
54.7
50.6
48.7
46.6
86.6

±
±
±
±
±
±

3.1
5.7
0.8
1.6
1.6
6.2

PDI
0.10
0.11
0.07
0.08
0.06
0.21

±
±
±
±
±
±

0.05
0.03
0.01
0.01
0.002
0.06

encapsulation
eﬃciency (%)
94.2
86.6
73.5
58.6
33.7
25.4

±
±
±
±
±
±

1.2
5.8
11.5
11.0
4.1
7.0

ζ potential
(mV)
−0.29
−1.21
−1.26
−0.66
−1.41
−0.14

±
±
±
±
±
±

Article

0.38
0.29
0.56
1.61
0.91
0.64

Data = mean ± SD (n = 3).

a

Morphological characteristics (size, lamellarity, drug loading) of empty PFSUVs and PFSUVs loaded with PQ were
analyzed using CryoTEM (Figure 2c,d). The PFSUV particles
displayed a spherical shape with sizes between 50 and 60 nm,
which was consistent with the DLS results. Relative to empty
PFSUVs, the majority of the PFSUVs-PQ showed a double
bilayer structure with an electron-dense structure inside the
vesicles, suggesting PQ loaded inside the particle core.
Drug Retention. Drug retention in PFSUVs in the
presence of serum is crucial for drug targeting. If PQ was
burst-released from PFSUVs in serum, then PFSUVs-PQ
would behave like free PQ after i.v. administration. Therefore,
an in vitro drug release study was conducted to evaluate the
ability of PFSUVs to retain PQ within the delivery system in

Figure 4. PQ concentrations in RBC after 10 min of incubation at 37
°C with free PQ or PFSUVs-PQ. Data = mean ± SD (n = 3). (*: P <
0.05; ****: P < 0.0001)
E

https://doi.org/10.1021/acs.molpharmaceut.1c00520
Mol. Pharmaceutics XXXX, XXX, XXX−XXX

Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

Article

Figure 5. (a) Hemolysis of PFSUVs-PQ and free PQ after incubation with RBCs at 37 °C for 2 h. (b) RBCs morphology after incubation at 37 °C
with saline, (c) free PQ, or (d) PFSUVs-PQ. (Data = mean ± SD (n = 3). (**: P < 0.001).

reduced hemolytic toxicity compared to free PQ at all of the
tested concentrations including the calculated C0 at 0.065 mg
PQ/mL. It is noted that normal RBCs were used in this study
due to lack of access to G6PDd samples, and therefore, the
hemotoxicity was mild. Nevertheless, the results support that
PFSUVs-PQ was signiﬁcantly safer than free PQ.
Erythrocytes Morphology. The eﬀect of PQ, as a
stressor, on RBCs can also be displayed by a change in cell
morphology,14,15 and deformed RBCs will be removed by
macrophages in the liver and spleen, leading to anemia. We
incubated RBCs with PFSUVs-PQ or free PQ at 37 °C for 10
min and imaged the cells under light microscopy. A high
concentration of 0.5 mg PQ/mL was used in this study to
induce visible morphology change. As shown in Figure 5c, the
RBC cell membrane deformed from a biconcave shape into a
cup or bowl-like shape known as stomatocytes after incubation
with free PQ.16 However, when incubated with PBS (Figure
5b) or PFSUVs-PQ (Figure 5d), a little or no eﬀect in
membrane deformation was detected, suggesting increased
safety with PFSUVs-PQ compared to free PQ. The results are
consistent with the RBC uptake data.
In Vivo Pharmacokinetics. The main goal of this research
was to increase the delivery of PQ to the liver, while reducing
its exposure to the RBCs. Thus, the eﬃcacy of PQ against
liver-stage malaria would be enhanced, and the RBC toxicity
would be decreased. Pharmacokinetic studies in mice for free
PQ and PFSUVs-PQ were preformed to compare the delivery
of PQ in the plasma and liver. Free PQ or PFSUVs-PQ was i.v.
injected into female CD-1 mice at a dose of 5 mg PQ/kg.
Additionally, an oral dose of free PQ was administered and
compared, since PQ is commonly given orally. The plasma and
liver were collected at 10, 30, and 120 min post administration
and analyzed for PQ. The plasma proﬁles of PQ for oral-PQ,
i.v.-PQ, and PFSUVs-PQ are comparable as illustrated in
Figure 6a and Table 2. However, the overall liver delivery by
PFSUVs-PQ was increased by 4.5-fold and 2-fold compared to
i.v.-PQ and oral-PQ, respectively, based on the area under the

Figure 6. Pharmacokinetic proﬁles of i.v.-PFSUVs-PQ, i.v.-PQ, and
oral-PQ in (a) plasma and (b) liver in female CD-1 mice after
receiving a dose at 5 mg PQ/kg. Data = mean ± SD (n = 3−5).

Table 2. Area under the Curve Analysis of Pharmacokinetics
Drug Proﬁle (Figure 6)

AUCplasma (μg min/mL)
AUCliver (μg min/mL)
AUC ratio (liver/
plasma)

PFSUV−PQ
(i.v.)

oral-PQ

i.v.-PQ

13.6 ± 3.2
246.8 ± 49.3
18.09

11.2 ± 3.6
125.6 ± 23.0
11.21

14.7 ± 3.1
54.7 ± 11.9
3.71

curve (AUC) comparison in Figure 6b. The AUC ratio
between liver and plasma in the PFSUVs-PQ group was 4.8fold and 1.6-fold higher than that in the i.v.-PQ and oral-PQ
groups, respectively, indicating enhanced liver selectivity. Due
F
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results indicate no signiﬁcant acute toxicity of PFSUVs in mice.
The safety of long-term use of PFSUVs will be studied in the
future.

to the current lack of access to a disease model, further eﬃcacy
studies will be pursued in the future. However, together with
the in vitro RBC data (Figures 4 and 5) and the PK results, our
study suggested PFSUVs might improve eﬃcacy against liverstage malaria and reduce RBC toxicity of PQ.
In Vivo Toxicology Study of PFSUVs. Finally, to examine
the safety of PFSUVs as a delivery system, we i.v. injected
empty PFSUVs at 100 mg lipid/kg (equivalent to 5 mg PQ/
kg) into female CD-1 mice and collected blood and serum 24
h later, followed by euthanasia and liver harvest. Acute liver
toxicity was evaluated by measuring ALT and AST and
compared to the reference values provided by Charles River.17
The acute eﬀect of PFSUVs on the blood cells was determined
by performing a complete blood count (CBC) analysis and
compared to the reference values. As shown in Table 3, there

■

CONCLUSION
The current study demonstrated that PFSUVs composed of 83
mol % Chol and 17 mol % Tween80 were able to encapsulate
PQ into the core of particles by active loading. PFSUVs stably
retained PQ without signiﬁcant drug leakage for 120 min in
serum, reduced PQ uptake by the RBCs, and eﬀectively
targeted PQ to the liver compared to free PQ. Furthermore,
PFSUVs eﬀectively accumulated in the hepatocyte but
displayed no acute blood or liver toxicity. The results showed
the signiﬁcant potential of using PFSUVs to improve the
eﬃcacy and safety of PQ for treating liver-stage malaria.

■

Table 3. Liver and Blood Toxicology Values Treated with
Empty PFSUVs Compared to Normal Values

ASSOCIATED CONTENT

* Supporting Information
sı

test
ALT (U/L)
AST (U/L)
12

RBC (×10 /L)
hematocrit (L/L)
hemoglobin (g/L)
MCV (fL)a
MCH (pg)a
MCHC (g/L)a
RDW (%)a

PFSUVs treated
Liver
39.33 ±
75.00 ±
Blood
8.05 ±
0.44 ±
129.75 ±
54.05 ±
16.18 ±
298.85 ±
16.83 ±

7.77
16.52
1.05
0.05
13.91
1.08
0.61
6.93
2.30

normal

The Supporting Information is available free of charge at
h t t p s : // p u b s . a c s . o r g / d o i/ 1 0 . 10 2 1/ a c s. m o l p h a r m a ceut.1c00520.

41.63 ± 13.91
82.8 ± 39.85
8.77
0.49
145
56.39
16.59
295.2
16.62

±
±
±
±
±
±
±

DLS particle characterization, % dose/g liver of PQ in
the liver in female CD-1 mice, and hematoxylin and
eosin-stained sections of mouse liver (PDF)

1.12
0.067
20.5
3.75
1.09
26.5
1.09
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