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Abstract Primaquine (PQ), an 8-aminoquinoline antimalarial drug, has been widely used
for the eradication of hypnozoites from the liver and, therefore, recognized as the radical
cure of malaria. However, the clinical applications of PQ are restricted to patients with
glucose-6-phosphate dehydrogenase (G6PD) deficiency due to severe dose-related hemo-
lytic side effects. Nanoparticle carriers have shown great potential in achieving higher PQ
concentrations in the target site, thereby reducing dose-related systemic toxicity caused
by non-specific exposure. This work aims to develop, compare, and evaluate three PQ-
loaded lipid-based drug carriers including solid lipid nanoparticles (SLN), nanostructured
lipid carriers (NLC), and nano-emulsions (NE). The optimized PQ-SLN, PQ-NLC, and
PQ-NE had a particle size of 250 nm, a PDI range of 0.1 to 0.3, a zeta potential of =30 mV,
and entrapment efficiency of ~90%. All lipid formulations showed sustained release in
both simulated gastric and intestinal fluids over 6 h. Four empirical models — including
zero-order, Higuchi, Korsmeyer-Peppas, and Hixson-Crowell models — were tested to
understand the drug release mechanisms of PQ-SLN, PQ-NLC, and PQ-NE. The model
fitness was found to be the highest in the Korsmeyer-Peppas model for all the PQ-loaded
lipid formulations (R?: 0.88-0.94). No significant changes were observed in the entrap-
ment efficiency, particle size, and PDI of lipid formulations throughout 1 month of storage
at4 °C and 25 °C. PQ-SLN and PQ-NLC can be further lyophilized with cryoprotectants
to improve long-term stability. Finally, the treatment of erythrocytes with PQ-SLN, PQ-
NLC, and PQ-NE reduced erythrocyte hemolysis by approximately 4.5-fold compared to
the free drug solution.
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Malaria, a disease caused by Plasmodium parasites, has
been a severe public health problem that causes an estimated
1.5 billion cases and 7.6 million deaths from 2000 to 2019
(1). Among the six Plasmodium parasite species known to
infect humans, only two species, P. vivax and P. ovale, can
form dormant liver-stage parasites (hypnozoites) and cause
frequent relapses of malaria. A proportion of the parasites
growing in the liver transform into hypnozoites and later
become a persistent reservoir of infection. Hypnozoites lie
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dormant for weeks to months after the primary infection
until they develop into mature liver-stage schizonts contain-
ing thousands of merozoites. Eventually, the schizonts burst
and release merozoites into the bloodstream to infect red
blood cells (RBCs), resulting in the relapse of malaria (2, 3).

Primaquine (PQ), an 8-aminoquinoline drug approved
by the FDA in 1952, has been widely used ever since for
the eradication of liver-stage parasites (4). Despite more
than 70 years of clinical applications, the mechanism of
toxicity and efficacy are still not entirely understood. A
recent study, for example, suggested that hydrogen perox-
ide generated from the spontaneous oxidation of hydroxy-
lated metabolites of PQ is believed to kill dormant and
active liver-stage Plasmodium parasites (5). Addition-
ally, biotransformation of PQ hydroxylated metabolites
in the RBCs is believed to be associated with PQ-induced
hemolysis in patients with glucose-6-phosphate dehy-
drogenase (G6PD) deficiency, the most common enzyme
deficiency affecting over 400 million people worldwide
(6). The degree of hemolysis is dependent on the total
dose and genetic variability of G6PD, therefore, the dos-
ing regimens are often limited to 15 mg or 30 mg daily for
two weeks, resulting in poor patient compliance to drug
therapy (4, 7).

In oral drug delivery, lipid-based formulations have shown
several advantages over other types of delivery systems
for improving solubilization and bioavailability of poorly
water-soluble drugs, protecting drugs from degradation in
the gastrointestinal tract, controlled release profiles, and high
drug load potential (8—10). Previous studies have shown that
encapsulating PQ into liposomes, chylomicron emulsions,
and dendrimers can significantly improve the therapeu-
tic performance by achieving higher PQ concentrations in
the liver in comparison to other organs (e.g., blood, lungs,
kidneys, hearts, etc.), through intravenous route (11-13).
However, intravenous administration has several disadvan-
tages compared with the oral route: trained medical staff is
required as well as there being an increased cost, the risk of
infection, and pain. Drugs given by the intravenous route
without constant monitoring for adverse effects can cause
significant harm. The oral route is considered to be safer,
more effective, and convenient. Oral lipid nanoparticles have
been reported to enhance the accumulation of PQ in the liver
(14, 15), however, these reports did not explore, compare, or
contrast the characteristics of various lipid-based formula-
tions to examine how structural differences could affect the
efficiency of drug loading as well as the ability to reduce
hemolytic toxicity.

The present study aimed to develop, optimize, and
compare three PQ-loaded oral lipid-based formulations
namely, solid lipid nanoparticles (SLN), nanostructured
lipid carriers (NLC), and nano-emulsion (NE). The
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influence of lipid excipients, surfactants, and drug load-
ing on the physicochemical characteristics of lipid for-
mulations was evaluated through particle size, polydis-
persity index, drug content, entrapment efficiency, and
differential scanning calorimetry. The release kinetics of
the drug from SLN, NLC, and NE was explored in simu-
lated gastric and intestinal conditions. Four empirical
release kinetic models — including zero-order, Higuchi,
Korsmeyer-Peppas, and Hixson-Crowell models — were
employed to understand the drug release mechanisms
from the lipid-based formulations. The storage stabil-
ity of lipid nanoparticles was examined at 25 °C and
4 °C. Finally, the ability of SLN, NLC, and NE to protect
erythrocytes from PQ-induced cell lysis was investigated
in an ex vivo hemolysis toxicity study.

Materials and Methods
Materials

PQ phosphate was obtained from Sigma-Aldrich, USA.
Tween® 80 and Span® 80 were supplied by Acros
Organics, USA. Compritol® 888 ATO, Precirol® ATO
5, Geleol™ Mono and Diglycerides NF, Laurogly-
col™ FCC and Gelucire® 43/01 were obtained from
Gattefossé, USA. Solutol® HS 15 was supplied by
BASF, USA. Poloxamer® 188, Miglyol® 829, olive
oil, soybean oil, corn oil, sesame oil, oleic acid, and
castor oil were purchased and used as received. Ami-
con® Ultra centrifugal filter units (Molecular weight
cut off (MWCO) 100 kDa) were purchased from Mil-
lipore, USA. Fasted-state simulated gastric fluid
(FaSSGF) and fasted-state simulated intestinal fluid
(FaSSIF) powder were purchased from Biorelevant,
UK. Sprague Dawley rat red blood cells (catalog num-
ber: IRTSDRBC 10 ML) were purchased from Innova-
tive Research, USA. All other chemicals and solvents
were of analytical or high-performance liquid chroma-
tography (HPLC) grade.

Production of PQ Base

PQ phosphate was converted into PQ base following proce-
dures as described by Kamalinder et al. (13). PQ base was
obtained by alkalinization of PQ phosphate with ammo-
nium hydroxide at pH 12.0, which was then followed by
two extractions with chloroform. The organic phase was
washed twice with water and twice with a saturated solution
of sodium chloride. Before evaporation, the chloroform was
dried with anhydrous sodium sulfate.
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HPLC Analysis of PQ

Samples were analyzed using a Waters chromatographic sys-
tem consisting of Waters 717 plus autosampler and Waters
2487 dual A absorbance detector. A mixture of water, acetoni-
trile, tetrahydrofuran, and trifluoroacetic acid (900:90:10:1) was
used as the mobile phase on a Phenomenex Luna® Cg(2) col-
umn (4.6 mmx 30 mm, 3.0 um). The mobile phase was filtered
through a 0.22 um Millipore membrane filter and degassed for
15 min before use. All samples were injected and analyzed under
isocratic elution at the flow rate of 1.2 mL/min. UV detection was
set at 254 nm wavelength. Linear regression analysis of PQ peak
area as a function of concentration exhibited linearity (R*>0.999)
in the concentration ranges of 1 and 100 ug/mL. The average
percentage of recoveries for PQ at three different concentrations
(1 pg/mL, 10 pg/mL, 25 pg/mL) was found to be 99.4+1.7%.
The intra-day and inter-day RSD of standard solutions at three
concentration levels were lower than 1.2 and 1.6%, respectively.

Drug loading (%) =

the total weight of the drug — the weight of the unentrapped drug y
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The intensity weighted average particle size (z-average)
and polydispersity index (PDI) of SLN, NLC, and NE formu-
lations were determined by photon correlation spectroscopy
(Malvern Zetasizer Nano ZS Zen3600, Malvern Instruments,
USA). Samples were diluted at 1:10 (v/v) with ultra-pure
water before measurement. All measurements were per-
formed in triplicate at 25 °C. The surface charge of lipid
nanoparticles was determined by using Malvern Zetasizer

Nano ZS Zen3600 (Malvern Instruments, USA).

For the measurement of entrapment efficiency, a 500 pL
aliquot of the formulation was centrifuged at 5000 rpm for
15 min in a centrifugal filter unit (MWCO 100 kDa). After
centrifugation, the amount of PQ in the filtrate was quanti-
fied using the HPLC method mentioned earlier. Entrapment
efficiency was calculated using the equation below:

Entrapment efficiency (%)=

the total drug content — the free drug in the aqueous phase % 100

(M
Drug loading in nanoparticles was calculated using the
following equation:

the total drug content

100

the weight of the lipids 2)

Screening of Lipids

Five hundred milligram of solid lipids was heated to 80 °C
and then small amount of PQ was added gradually under con-
tinuous stirring until the mixture became turbid and precipita-
tion was observed (16). Additionally, a drop of the supernatant
was transferred onto a microscope slide covered with a glass
coverslip and examined using light microscopy. In the case of
liquid lipids, PQ was gradually added into 500 mg of liquid
lipids and then the mixture was stirred in the shaker for 24 h,
filtered through 0.22 pm filters, and analyzed by HPLC (17).

Preparation and Characterization of PQ-SLN,
PQ-NLC, and PQ-NE

Three different types of lipid-based formulations (PQ-SLN, PQ-
NLC, and PQ-NE) were prepared by homogenization and ultra-
sonication methods (18). Castor oil and Compritol® 888 ATO
were used as liquid lipid and solid lipid, respectively. The lipid
phase containing PQ, lipids, and Span® 80 was heated at 80 °C.
The aqueous solution containing Tween® 80 was heated to the
same temperature and then added into the lipid phase under stir-
ring at 1000 rpm. The premix was homogenized at 16,000 rpm
for 5 min using T 25 digital Ultra-Turrax® and further sonicated
at 40% amplitude for 15 min using a probe sonicator (Sonics,
USA). The hot nanoemulsion was cooled down to room tem-
perature to obtain lipid nanoparticles.

Lyophilization of PQ-SLN and PQ-NLC

PQ-loaded SLN and NLC formulations (5 mL) were diluted
at a ratio of 1:1 (v/v) with 20% (w/v) of mannitol solutions
before lyophilization (19). Blank SLN and NLC formula-
tions were diluted with distilled water at a ratio of 1:1 (v/v)
as controls. The samples were frozen at— 80 °C overnight
and then lyophilized using a Labconco FreeZone freeze-
drier (Labconco, Kansas City, USA). For the primary drying
of the dispersion, the temperature was increased and main-
tained at—5 °C for 12 h at a pressure of 0.2 mbar. During
the secondary drying, the shelf temperature was increased
to 25 °C at+1 °C/min. The temperature was maintained at
25 °C for 24 h. The lyophilized powders in glass vials were
reconstituted to the original volume (5 mL) with ultra-pure
water for further characterization.

Scanning Electron Microscopy (SEM)

SEM enables high resolution imaging of nanoparticles and
quantitative/qualitative analysis of nanoparticles. SEM
images of PQ-SLN and PQ-NLC were obtained using a
JSM-7200 FLV Field Emission Scanning Electron Micro-
scope (JOEL, USA) operated at 5 and 10 kV acceleration
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voltage. The samples were coated with platinum under an
argon atmosphere in an auto coater before imaging.

Differential Scanning Calorimetry (DSC)

Thermal studies were performed using a DSC (TA
Instruments, USA) equipped with an automated refrig-
erated cooling system. Pure PQ, pure Compritol® 888
ATO, and lyophilized PQ-SLN and PQ-NLC samples
(3—5 mg) were sealed in standard aluminum pans and
heated at a rate of 10 °C per min under a nitrogen gas
flow of 50 mL/min. An empty sealed pan was used as
a reference pan. DSC thermograms were collected and
analyzed using DSC Trios software.

In Vitro Drug Release Studies and Release Kinetics

In vitro release studies of selected formulations were per-
formed through the dialysis diffusion method. Dialysis
membrane bags (MWCO 10 kDa) containing 500 pL of
0.3% (w/v) PQ solution, PQ-SLN, PQ-NLC, and PQ-NE
formulations were added in scintillation vials contain-
ing 20 mL of FaSSGF and FaSSIF. The mediums were
maintained at 37 °C under continuous magnetic stirring.
Samples were collected at predetermined time intervals
in centrifugal filter units and centrifuged at 5000 rpm
for 10 min. After centrifugation, samples were analyzed
using the HPLC method mentioned earlier. Each study
was carried out in triplicates. In vitro release study data
of lipid formulations were fitted to four mathematical
models — including zero-order, Higuchi, Korsmeyer-
Peppas, and Hixon-Crowell models — to understand
release mechanisms (20, 21). The goodness-of-fit of the
models was determined and quantified by the coefficient
of determination (R?).

Zero order model W, = W, + kt 3)

where W, is the amount of drug released on time t, W,
is the initial amount of drug, and k is the release constant.

Higuchi model W, = kr'/? “4)

where W, is the amount of drug released on time t, and k
is the release constant.

Korsmeyer — Peppas model W,/ W, = kt" )

where W,/ W is the fraction of drug released on time t,
n is the release exponent, and k is the release constant.

Hixson — Crowell model W,'/3 — W,'/3 = kr (6)

where W, is the remaining amount of drug on time t, W,
is the initial amount of drug, and k is the release constant.
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Ex vivo Erythrocyte Hemolytic Studies

The hemolytic studies were performed using a previously
reported method (22). The erythrocyte suspension was
diluted with phosphate-buffered saline (PBS) at pH 7.4 and
used immediately after preparation. PQ in PBS (PQ solu-
tion), PQ-SLN, PQ-NLC, and PQ-NE formulations were co-
incubated with the erythrocyte suspension at 37 °C. After 2 h
of incubation, samples were centrifuged and the supernatant
was added to 96-well plates. The release of hemoglobin was
monitored by measuring the absorbance of the supernatant
at 540 nm with a microplate reader. Hemolysis induced with
Triton X-100 (1% w/v) in PBS was taken as a positive con-
trol. Percentage hemolysis was calculated according to the
following formula:

. (Amax - As)
hemolysis (%) = —— X100 7
( max ~ Amin)
Ajnax> Amin, and A represent the absorbance value of the

hemoglobin released from erythrocytes treated with Triton
X-100 solution, PBS buffer, and each sample, respectively.

Stability Study

The physical and chemical stability of PQ-SLN, PQ-NLC,
and PQ-NE formulations were evaluated for one month at
4 °C and 25 °C. Samples were analyzed after one month
for changes in particle size, PDI, entrapment efficiency, and
drug content in addition to physical appearance.

Statistical Analysis

Data analysis was performed using GraphPad Prism.
ANOVA analysis was used to compare the means of differ-
ent measurement groups. A p-value less than 0.05 was con-
sidered significant. Data are expressed as mean+ standard
deviation from triplicate measurements.

Results and Discussion
Solubility of PQ in Lipids

The PQ base was a viscous, yellowish-brown liquid with
a reported boiling point of 176 °C (14). The purity of PQ
base, molecular weight 259.35, was evaluated using mass
spectrometry and NMR techniques (see supplementary
material Figures S1-S3). Lipids of various grades gen-
erally recognized as safe (GRAS) were selected for the
preparation of lipid-based formulations. To achieve the
highest drug loading efficiency, while minimizing the
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Fig. 1 Solubility profile of PQ in a solid lipids and b liquid lipids; ¢ The effect of drug loading on the particle size and entrapment efficiency of
SLN, NLC, and NE formulations (Mean+SD, n=3). (** significant at p<0.01, *** significant at p<0.001, **** significant at p<0.0001)

number of excipients required to fabricate the lipid-based
formulations, the solubility of PQ in the selected lipids
was first investigated. As seen in Fig. 1a, Compritol® 888
ATO exhibited the highest solubilizing capacity compared
to the other solid lipids tested (Precirol® ATO 5, Geleol®
Mono and Diglycerides NF, and Gelucire® 43/01). In the
case of liquid lipids tested, PQ was most soluble in castor
oil, followed by corn oil, sesame oil, olive oil, oleic acid,
Miglyol® 829, and soybean oil (Fig. 1b). Due to the high-
est solubility of PQ, Compritol® 888 ATO and castor oil
were selected as the solid and liquid lipids, respectively,
for preparation of SLN and NE formulations. In the case of
NLC, the miscibility of the solid and liquid lipid, at differ-
ent ratios ranging from 9:1 to 1:1, was examined visually
under a microscope. Compritol® 888 ATO and castor oil
(3:1) did not reveal oil droplets on the microscope slide,
indicating that there was good miscibility between the two
at this ratio. The optimized solid/liquid lipid ratio not only
helps to achieve high drug loading but maintains the struc-
ture consistency at room temperature. Thus, the mixture of
Compritol® 888 ATO and castor oil (3:1) was selected for
the development of NLC.

Emulsification Efficiency of Surfactants

Surfactants play a crucial role in stabilizing the nanopar-
ticle/emulsion formulations by avoiding aggregation as
well as determining the properties of the nanoparticles/
emulsion droplets, such as particle size, zeta potential, and
polymorphic phase transitions. Six surfactants, includ-
ing Poloxamer® 188, Solutol® HS 15, Tween® 80, Lau-
roglycol™ FCC, Span® 80, and sodium cholate, either
alone or in combination, were investigated for their emul-
sification effect at the same concentration (1.5% w/v). The

hydrophilic-lipophilic balance (HLB) number of surfactant
mixtures was calculated according to Eq. (8):

HLB,;, = X,HLB, + X,HLB, + X;HLB, (8)

where X, X,, and X; are the weight fractions of the three
surfactants with HLB,, HLB,, and HLB;.

As shown in Table I, blank NLC prepared using hydro-
philic surfactant Tween® 80 (HLB 15) displayed the smallest
particle size, at 188 nm, and with a PDI of 0.18. In contrast,
large particle size was formed using lipophilic surfactants
Span® 80 (412 nm) and Lauroglycol™ FCC (427 nm). For
lipid nanoparticles prepared by oil-in-water (o/w) emulsifi-
cation method, hydrophilic surfactants (HLB>12) such as
Tween® 80, Poloxamer® 188, Solutol® HS 15, and sodium
cholate were found to have better emulsification efficiency
compared to lipophilic surfactants (HLB <12). Using sur-
factants containing different proportions of hydrophilic and
hydrophobic surfactants was reported to form a complex
interfacial film between the oil and water phases, which may
yield a synergetic effect in reducing particle size and stabi-
lizing the formulations (23, 24). It was observed that the
combination of Span® 80 and Tween® 80 at a 1:4 ratio can
significantly increase the encapsulation efficiency of PQ and
improve suspension stability. The large oxyethylene hydro-
philic headgroup of Tween® 80 provides a layer of steric
hindrance and hence prevents oil droplets from coalescence
or nanoparticle agglomeration. A small amount of Span®
80 (0.5%) was mixed with the lipid phase. The lipophilic
surfactant is less likely to desorb into the aqueous phase,
therefore, it serves as an anchor to stabilize the oil droplets
during formulation preparation and prevent drug molecules
from diffusing into the aqueous phase (25).



240 Page 60f 12

AAPS PharmSciTech (2021) 22:240

Table I The effect of

surfactants on average particle Surfoactants HLB Particle size PDI

size and PDI of blank NLC (1.5% wh) (nm)
Poloxamer® 188 29 222 0.15
Sodium cholate 18 266 0.19
Solutol® HS 15 15 265 0.19
Tween® 80 15 188 0.18
Lauroglycol™ FCC 4 427 0.35
Span® 80 43 412 0.4
Poloxamer® 188: Solutol® HS 15=1:1 22 289 0.2
Tween® 80: Solutol® HS 15=1:1 15 231 0.21
Tween® 80: Poloxamer® 188=1:1 22 202 0.15
Tween® 80: Span® 80=4:1 12.9 180 0.21
Tween® 80: Poloxamer® 188: Span® 80=1:1:1 16.1 270 0.22
Tween® 80: Solutol® HS 15: Span® 80=1:1:1 11.4 311 0.21
Poloxamer® 188: Solutol® HS 15: Span® 80=1:1:1 16.1 356 0.24

Drug Loading of liquid/solid or just liquid matrices. When PQ was added

SLN, NLC, and NE with PQ concentrations ranging from
0.15% to 0.6% w/v were developed while keeping the
other excipient concentrations constant. All formulations
were prepared under the same processing conditions. The
compositions of lipid formulations are shown in Table II.
Figure 1c shows, for the blank SLN, NLC, and NE nano-
particles, the average particle size was 210.0+11.0 nm,
123.0£5.0 nm, and 96.0+3.0 nm, respectively, indicating
that replacing part of solid lipid with liquid oil would result
in a decrease in particle size. Blank SLN composed of a
crystalline core of long-chain Compritol® 888 ATO (C22)
produces a bigger particle size compared to the amorphous
core of blank NLC and blank NE which were comprised

in the formulations with concentration up to 0.6% w/v, the
mean diameter of the PQ-SLN particles increased signifi-
cantly from 210.0+7.0 nm to 1066.0+11.0 nm (5.1 folds),
while the PQ-NLC and PQ-NE formulation displayed a
particle/droplet size change in the range of 123.0+5.0 to
707.0+18.0 nm (5.7 folds) and 96.0+3.0 to 220.0+9.0 nm
(2.2 folds), respectively.

Lipid composition significantly affects the amount of drug
loaded in the formulations. Based on the data of entrapment
efficiency and particle size shown in Fig. 1c, the estimated
amount of drug incorporated in PQ-NE-4, PQ-NLC-2, and
PQ-SLN-1, which have particle sizes around 200 nm, was
50.0+0.3 mg, 27.0+0.8 mg, and 13.0+0.1 mg, respectively.

Table I Composition of

. X Formulations PQ Compri- Castor oil Mannitol Particle size  Entrap-
g;imcagséngéoﬁgggusl;%ns (W %) tol® 888 (WA %)  (wiv%) (nm) ment
and evaluation results. All ATO 0 eofﬁ ciency
formulations contain 2.0% (wiv %) e
(w/v) Tween® 80 and 0.5% Blank SLN 0 3 - - 210 R
(w/v) Span® 80 PQ-SLN-1 015 3 ; ; 215 87

PQ-SLN-2 0.3 3 - - 249 90
PQ-SLN-3 0.45 3 - - 730 87
PQ-SLN-4 0.6 3 - - 1066 84
Post-lyophilized PQ-SLN 2 0.3 3 - 10 417 75
Blank NLC 0 2.25 0.75 - 123 -

PQ-NLC-1 0.15 2.25 0.75 - 118 89
PQ-NLC-2 0.3 2.25 0.75 - 197 90
PQ-NLC-3 0.45 2.25 0.75 - 318 82
PQ-NLC-4 0.6 2.25 0.75 - 707 78
Post-lyophilized PQ-NLC2 0.3 2.25 0.75 10 460 85
Blank NE 0 - 3 - 96 -

PQ-NE-1 0.15 - 3 - 107 83
PQ-NE-2 0.3 - 3 - 117 89
PQ-NE-3 0.45 - 3 - 137 84
PQ-NE-4 0.6 - 3 - 231 82
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It indicated that NLC and NE may carry more drugs due
to the presence of amorphous liquid lipid, which can distort
the perfect crystallization of solid lipids, thus increasing the
drug loading capacity (26). In other words, the solid lipids in
SLN may form perfect lipid crystals and limit their capacity
to accommodate drug molecules.

The optimized PQ-SLN-2, PQ-NLC-2, and PQ-NE-2
formulations had an entrapment efficiency of~90%, a par-
ticle size 0f <250 nm, a PDI range of 0.1 to 0.3, the zeta
potential of ~ —30 mV. The drug loading is approximately
4.9%, 5%, and 4.8% of the lipid content for PQ-SLN-2, PQ-
NLC-2, and PQ-NE-2, respectively. SEM was used to study
the morphology of PQ-SLN-2 and PQ-NLC-2. SEM Images
of PQ-SLN-2 and PQ-NLC-2 show spherical shapes in the
size range of 200-500 nm (Fig. 2). Particle aggregation was
not observed.

The developed formulations with desired particle size
ranged~ 100-250 nm could be absorbed by the intestine via
endocytosis or lymphatic pathway (27). When PQ concen-
tration exceeds 0.45%, an unstable suspension with drug
precipitation and gelation phenomenon was observed. This
may be due to the drug concentrations going beyond the sat-
uration point of the lipid-based nanoparticles, or insufficient

Fig. 2 SEM images of a PQ-
SLN-2 and b PQ-NLC-2

0.0
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amounts of surfactants that were unable to stabilize the nan-
oparticle systems.

DSC

DSC analysis was undertaken to investigate the melting and
crystallinity state of lipids in the nanoparticles. Figure 3
shows the DSC thermograms of Compritol® 888 ATO, PQ,
and lyophilized PQ-SLN-2, and PQ-NLC-2 formulations.
Melting, decomposition, or glass transition events were
not observed in the DSC thermograms of PQ base (Sup-
plementary S4). Pure Compritol® 888 ATO alone exhibited
an endothermic peak at 72.45 °C. This peak was observed
in PQ-SLN-2 and PQ-NLC-2 formulations, with a slight
shift to a lower temperature of 71.51 °C for PQ-SLN-2 and
71.73 °C for PQ-NLC-2. This shift in temperatures might
be explained by the decrease in the crystalline structure
of SLN and NLC due to the dispersion of amorphous PQ
and castor oil within the nanoparticles. It was noted that
the enthalpy of bulk material, PQ-SLN-2, and PQ-NLC-2
was 180.30 J/g, 103.71 J/g, and 48.57 J/g, respectively.
The decrease in enthalpy of NLC indicated that lipids were
arranged in a less-ordered state within the nanoparticles due

Fig. 3 DSC thermograms of
PQ base, Compritol® 888 ATO,
lyophilized PQ-SLN-2 and
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to the presence of liquid lipid; thus, less energy was required
to overcome the crystal lattice.

In vitro Drug Release Studies and Release Kinetics

To study the effect of pH and lipid composition on the drug-
release behavior of the optimized lipid formulations (PQ-
SLN-2, PQ-NLC-2, and PQ-NE-2), an in vitro release study
was performed for 6 h in FaSSGF (pH 1.2) and FaSSIF (pH
6.8) at 37+0.5 °C using the dialysis bag method. Free PQ
was released rapidly from the dialysis bag and reached 100%
in 1 h, which indicated that a significant amount of free PQ
was able to diffuse out of the dialysis bag in a short time. The

AAPS PharmSciTech (2021) 22:240

release of PQ from SLN, NLC, and NE formulations shows
an initial burst release over the first 30 min, followed by a
slower release rate over 6 h (Fig. 4a, 4b). The burst release
of PQ may be attributed to the unentrapped drugs which are
adsorbed on the surface of lipid nanoparticles rather than the
drugs entrapped in the lipid phase. The cumulative release of
PQ from SLN, NLC and NE was 69.5+0.6%, 68.9+0.2%,
66.1+0.7% at 6 h in FaSSGF, respectively. In FaSSIF, the
release of PQ from SLN, NLC, and NE was 63.6+1.7%,
63.7+1.8%, and 66.2+0.7%, respectively. Around 30% to
36% of PQ remained encapsulated in the lipid nanoparticle
may deliver the drug to the liver while protecting RBCs
from being exposed to the PQ-induced hemolysis.

Fig. 4 In vitro drug release pro- a b
files of PQ-SLN-2, PQ-NLC-2, . s
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To understand the mechanism of drug release from the
lipid nanoparticles, data were fitted to several empiri-
cal models, including zero-order, Higuchi, Korsmeyer-
Peppas, and Hixson-Crowell models. The higher value
of R? indicates a better fit of data. Table III shows the R?,
k, and n obtained from the analysis of the drug-release
data for nano-formulations with different fit models. The
model fitness was found to be the highest in the Kors-
meyer-Peppas model followed by the Higuchi, zero-order,
and Hixson-Crowell models. The goodness-of-fit was
also visualized using the bivariate plot of the predicted
and experimental release data (Fig. 4c—4f). For a sphere
geometry, the n value of 0.43 corresponds to Fickian
diffusion. The value of n>0.43 but<0.85 is considered
as anomalous (non-Fickian) transport. The n value of 0.85
corresponds to the Case-II transport (28, 29). The n value
of PQ-SLN-2, PQ-NLC-2, and PQ-NE-2 was calculated
to be between 0.57 and 0.65, showing that both diffusion
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and lipid erosion are involved in controlling the rate of
drug release from the lipid core and surfactant interfacial
films.

Stability Studies and Lyophilization of Lipid
Nanoparticles

PQ-SLN-2, PQ-NLC-2, and PQ-NE-2 were stored at
25+1 °C and 4+ 1 °C for one month. There was no sig-
nificant change in mean particle size, PDI, drug content,
and entrapment efficiency of the nano-formulations stored
at25°+°1 °Cand 4+1 °C (Fig. 5).

PQ-SLN-2 and PQ-NLC-2 were further lyophilized with
and without cryoprotectants. Without the presence of cryo-
protectants, the lyophilized formulations formed sticky and
large clumps. The physical-chemical properties could not be
analyzed for these preparations. In contrast, lyophilized for-
mulations with cryoprotectants could be reconstituted and

Table III Drug-release kinetics Formulation

Zero order model Higuchi model

Korsmeyer-Peppas Hixon—Crow-

of PQ-SLN-2, PQ-NLC-2, and model ofl model
PQ-NE-2 formulations
R? k R? k R? n k R? k
PQ-SLN-2 atpH 1.2 0.4 31.69 0.5 38.67 0.88 0.57 1.03 0.39 0.99
PQ-NLC-2 atpH 1.2 0.47 29.11 0.59 37.37 0.9 0.57 0.95 0.4 0.94
PQ-NE-2 at pH 1.2 0.44 29.20 0.55 36.72 091 0.59 0.96 0.35 0.94
PQ-SLN-2 at pH 6.8 0.73 16.09 0.9 30.13 0.92 0.67 0.6 0.65 0.34
PQ-NLC-2 at pH 6.8 0.64 19.62 0.82 31.84 0.92 0.65 0.7 0.5 0.39
PQ-NE-2 at pH 6.8 0.6 22.53 0.77 33.91 0.94 0.65 0.79 0.45 0.49
Fig. 5 Particle size, PDI a b
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redispersed. In the preliminary studies, four cryoprotectants
(5-10% w/v of mannitol, trehalose, lactose, and glucose) were
tested. 10% w/v of mannitol was found to be the most suitable
in preventing particles aggregation. Generally, lyophilization
helps in enhancing the physical stability of lipid nanoparti-
cles by removing water, however, the extreme pressure and
temperature produced during freeze-drying might affect the
physical-chemical properties of the formulations. Aggrega-
tion of particles and a decrease in entrapment efficiency were
observed after lyophilization (Fig. 6). PQ-SLN-2 has a higher
level of particle growth and lower entrapment efficiency after
reconstitution compared to PQ-NLC-2. This can be attributed
to the drugs expelled from solid lipid lattice. Water was crystal-
lized upon freezing, leading to increased drug concentration in
the dispersion medium. The accumulation of protonated mole-
cules could reduce zeta potential and cause particle aggregation
(30). Optimization of concentration of the cryoprotectants and
lyophilization cycle can improve the overall product quality.

Ex vivo Erythrocyte Hemolysis Studies

The ex vivo hemolysis assay was performed to evalu-
ate the hemolytic toxicity of PQ lipid nanocarriers.
Erythrocytes were isolated from Sprague Dawley rats
and co-incubated at 37 °C for 2 h with 1 pg/mL of PQ
solution and PQ-SLN-2, PQ-NLC-2, and PQ-NE-2 for-
mulations. We observed that PQ-related hemolysis is

Fig. 6 Effect of lyophiliza- a
tion on a particle size and PDI,
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dose-dependent, as increased drug concentration cor-
related with higher levels of hemolysis. Triton X-100
(1% w/v) and PBS were used as positive and negative
controls, respectively. As shown in Fig. 7, the hemolysis
level for free PQ solution, PQ-SLN-2, PQ-NLC-2, and
PQ-NE-2 formulations, was 77.3+1.6%, 17.5+0.6%,
17.7%+0.3%, and 16.7+1.3%, respectively. PQ solution
showed significant hemolysis levels compared to PQ lipid
nanoparticles (p<0.0001). Encapsulation of PQ in the
lipid-based formulations reduced hemolytic toxicity by
approximately 4.5-folds compared to PQ solution. The
results were in accordance with the previous reports that
hemolytic toxicity of PQ could be reduced by formulating
PQ into an appropriate drug delivery system (31).

Conclusion

This study presents optimization and comparison of three
nano-carrier PQ drug delivery systems namely, PQ-SLN,
PQ-NLC, and PQ-NE, and their exhaustive pharmaceutical
characterization. The physicochemical properties of the
drug, lipid matrix, and surfactant HLB values play a cru-
cial role in the early formulation development stage. For
the preparation of lipid nanoparticle dispersions, hydro-
philic surfactants such as Tween® 80 and Poloxamer®

| e et
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Fig. 7 Ex vivo erythrocyte hemolysis studies in the presence of the
free drug, PQ-SLN-2, PQ-NLC-2, and PQ-NE-2 (Mean=SD, n=3).
(**** significant at p<0.0001; free drug — PQ in PBS solution)

188 were proved to have higher emulsification efficiency
and smaller particles compared to lipophilic surfactants.
Synergistic combinations of hydrophilic and lipophilic
surfactants improved the stability and entrapment effi-
ciency of drugs in the lipid formulations. Furthermore,
replacing solid lipid with liquid lipid resulted in smaller
particles and a higher drug load. The presence of liquid
lipid in NLC can distort the perfect crystallization of solid
lipids, thus increasing the drug loading capacity. In vitro
release studies demonstrated prolonged PQ release from
the lipid nanoformulations, compared with PQ solution, in
simulated gastric and intestinal fluids. The release mecha-
nisms of drugs from SLN, NLC, and NE can be explained
by the Korsmeyer-Peppas model in which both drug dif-
fusion and lipid erosion are involved in the drug release
behaviors. Finally, all lipid formulations can successfully
protect erythrocytes from PQ-induced cell lysis. PQ-NE
appears to be a better formulation choice in terms of small
particle size, high drug loading, and ease of scalability and
manufacturing. Around 10 mL of the PQ-NE formulation
can achieve the current therapeutic dose of 15 or 30 mg
PQ. All three formulations, however, will be evaluated
in vivo to determine the effect of the particulate system on
absorption, liver targeting, and hemolytic toxicity.
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