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Purpose: Lipid nanocapsules (LNCs) have shown potential to increase the bioavailability
and efficacy of orally administered drugs. However, their intestinal translocation to distal
target sites and their implication in pharmacokinetic (PK)-pharmacodynamic (PD) rela-
tionships are yet to be elucidated. In this study, the effect of LNCs on the PD activity and
pharmacokinetics of praziquantel (PZQ), the mainstay of schistosomiasis chemotherapy,
was investigated.

Materials and methods: The composition of LNCs was modified to increase PZQ payload
and to enhance membrane permeability. PZQ-LNCs were characterized in vitro for colloidal
properties, entrapment efficiency (EE%), and drug release. PD activity of the test formulations
was assessed in Schistosoma mansoni-infected mice 7 days post-oral administration of a single
250 mg/kg oral dose. Pharmacokinetics of the test formulations and their stability in simulated
gastrointestinal (GI) fluids were investigated to substantiate in vivo data.

Results: PZQ-LNCs exhibited good pharmaceutical attributes in terms of size (46—62 nm),
polydispersity index (0.01-0.08), EE% (>95%), and sustained release profiles. Results indicated
significant efficacy enhancement by reduction in worm burden, amelioration of liver pathology,
and extensive damage to the fluke suckers and tegument. This was partly explained by PK data
determined in rats. In addition, oral targeting of the worms was supported by the stability of
PZQ-LNCs in simulated GI fluids and scanning electron microscopy (SEM) visualization of
nanostructures on the tegument of worms recovered from mesenteric/hepatic veins. Cytotoxicity
data indicated tolerability of PZQ-LNCs.

Conclusion: Data obtained provide evidence for the ability of oral LNCs to target distal post-
absorption sites, leading to enhanced drug efficacy. From a practical standpoint, PZQ-LNCs
could be suggested as a potential tolerable single lower dose oral nanomedicine for more effec-
tive PZQ mass chemotherapy.

Keywords: lipid nanocapsules, praziquantel, Schistosoma mansoni, bioavailability, oral
targeting, pharmacokinetics, tegument

Introduction

Oral drug administration offers obvious advantages particularly in the treatment of
chronic conditions and for mass administration. However, achievement of effective
drug concentrations at the disease site or therapeutic targets may be challenged by
multiple interrelated physicochemical, biopharmaceutical, physiological, and clinical
barriers."? In recent years, nanoformulations have emerged as prominent strategy for
increasing the bioavailability and efficacy of diverse orally administered drugs and
biomolecules. Most investigated systems include nanosuspensions® and nanoparticles
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(NPs) of the polymer-based,* lipid-based,’ and hybrid®’ types
in addition to mesoporous silica and carbon NPs.3*

Strategies to overcome intestinal barriers include the
enhancement of mucus permeability by controlling NPs’
size and surface charge and by decorating the NPs’ surface
with polyethylene oxide'® or mucin-cleaving enzymes.! 12
Increased oral absorption has also been achieved by inhibiting
the P-gp efflux pump and utilizing the bile acid pathway.!*!4
Biomimetic drug-imprinted polymer NPs were shown
to increase the efficacy of orally administered drugs.'>'
However, targeting distal postabsorption sites implies the
translocation of NPs across the intestinal epithelium. This
depends, to a great extent, on the structural integrity of NPs,
a further design challenge. Nevertheless, such advancements
have been associated with NP-related concerns such as bio-
degradability, biocompatibility, cytotoxicity/genotoxicity,'”
and nanotoxicity.'®!1°

Lipid nanocapsules (LNCs), relatively new biomimetic
nanocarriers,” appear to integrate many of the prerequisites
for nanocarrier-mediated oral drug delivery. They consist
of a lipid core stealth-coated nanostructure with a relatively
rigid phospholipid/ethoxylated surfactant shell, prepared
using a low energy phase-inversion temperature method
and approved ingredients. LNCs are characterized by a size
range of 20—100 nm, structural stability in simulated gastro-
intestinal (GI) media,*** and ability to diffuse in intestinal
mucus.?® Furthermore, LNCs are taken up by Caco-2 cells
via size-independent active endocytosis, a process affected
by P-gp?*% in addition to size-dependent passive transport.>*
LNCs were shown to exhibit no genotoxicity or cytoxicity
except for Kolliphor® HS 15.2%%” The prospective use of LNCs
as oral nanovectors was verified by the bioavailability and/or
activity enhancement of diverse drugs including paclitaxel,?
Sn38,% fondaparinux,” and miltefosine (MFS).*

Praziquantel (PZQ) is the current mainstay of schistoso-
miasis treatment worldwide, although with several limita-
tions including mainly large dose (40 mg PZQ/kg),® poor
bioavailability, and relatively short half-life due to its racemic
nature and extensive first pass effect.>! Lipid-based delivery
systems, particularly solid lipid NPs,**? liposomes,*** and
nanoemulsions* were shown to improve PZQ bioavailability.
The objective of the present study was to gain more insight
into LNCs as oral nanocarriers with potential postabsorption
targeting ability using PZQ. Assessments of PZQ-LNCs as a
potential single oral dose nanoformulation for the treatment
of schistosomiasis mansoni were based on in vivo anti-
schistosomal activity, pharmacokinetic (PK) data, scanning
electron microscopy (SEM) imaging of worms recovered

from mesenteric/hepatic veins of infected mice, and in vitro
cytotoxicity.

Materials and methods

Materials

PZQ was obtained from Egyptian International Pharma-
ceuticals Industries Co (EIPICO) (Cairo, Egypt). Labrafac®
lipophile WL 1349 (caprylic-capric acid triglycerides;
European Pharmacopeia, 1Vth, 2002) was obtained from
Gattefossé SA (Saint-Priest, France). Kolliphor HS 15
(a mixture of free polyethylene glycol 660 and polyethyl-
ene glycol 660 hydroxystearate, European Pharmacopeia,
IVth, 2002) was obtained from BASF (Ludwigshafen,
Germany). Lipoid S100 (a soybean lecithin containing 94%
of phosphatidylcholine) was obtained from Lipoid GMBH
(Ludwigshafen, Germany). Oleic acid (OA) was obtained from
Sigma-Aldrich Co. (St Louis, MO, USA). Miltefosine (MFS)
(1-hexadecylphosphocholine) was obtained from Chem-Impex
International (New York, NY, USA). HPLC grade acetonitrile
was obtained from Thermo Fisher Scientific (Waltham, MA,
USA). Span® 80 (sorbitan monooleate) was obtained from
LobaChemie for Laboratory Reagents and Fine Chemicals
(Mumbeai, India). All other chemicals were of analytical grade.

Preparation of PZQ-LNCs

LNC formulations were prepared using the phase inver-
sion method initially reported by Heurtault et al?® with
modification. In preliminary experiments, PZQ-LNCs with
different compositions were prepared using Lipoid (2.8%,
w/w) as lipophilic surfactant. This was replaced with Span
80 (hydrophilic lipophilic balance [HLB] 1.8) in the final
formulations. In brief, PZQ was added to Labrafac (30%,
w/w), Kolliphor HS 15 (25%, w/w), Span 80 (1.8%, w/w),
filtered deionized water, and NaCl solution (0.88%, w/w, in
deionized water). After magnetic stirring, the mixture was
subjected to three progressive heating and cooling cycles
between 65 and 85°C at 4°C/min. An irreversible shock
was induced by twofold dilution with cold deionized water
(0°C-2°C) added at 1°C—-3°C from the beginning of the phase
inversion zone (PIZ). This was followed by slow magnetic
stirring at room temperature for 5 min. For LNC formula-
tions modified with OA (6%, w/w) and MFS (0.2%, w/w),
additives were incorporated in the emulsion mixture, which
was subjected to temperature cycling between 45 and 75°C
and quenching at 60°C. PZQ was added to LNC formula-
tions at two concentration levels, 5 and 25 mg/mL of the
final dispersion. The following four LNC formulations were
used: PZQ-LNC-5, PZQ-LNC-25, PZQ-OA-MFS-LNC-5,
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and PZQ-OA-MFS-LNC-25. LNCs were freshly prepared
and used within 24 h.

In vitro characterization of PZQ-LNCs
Colloidal properties

The z-average particle size (PS), polydispersity index (PDI),
and zeta potential (ZP) of LNCs were measured by photon
correlation spectroscopy (PCS) (PCS Zetasizer® Nano ZS
Series DTS 1060; Malvern Instruments, Malvern, UK).
Samples were diluted 1:30 (v/v) with filtered deionized water
prior to measurements.

Percent entrapment efficiency (EE%)

The EE% of PZQ-LNC formulations was determined using
a dialysis technique after checking for PZQ dialyzability.
PZQ-LNC dispersion (100 puL) was dialyzed through pre-
soaked dialysis bags suspended in phosphate buffer solution
(pH 7.4) for 2 h at 2°C—8°C. The free drug in dialysate was
determined by HPLC-UV method as described later. The
drug payload (mg/g) was calculated from the weight of PZQ
entrapped in the total dry weight of LNCs.

PZQ was determined using the USP 2007 HPLC-UV
method (HPLC-1260 Infinity Agilent Technologies equipped
with a isocratic pump, a variable wavelength UV/Vis detec-
tor, and a manual injector) at room temperature on a reversed-
phase Equisil® BDS-C18 column (250x4.6 mm, 5 um),
equipped with a 5 mm security guard column (Equisil;
Maisch GmbH, Ammerbuch, Germany). An isocratic mobile
phase consisting of acetonitrile and water (70:30) was
injected (20 uL), and the flow rate was adjusted to 1 mL/min.
PZQ was detected at A_ 210 nm, and a calibration curve
(0.5-25 pg/mL) for peak area ratios and a regression equa-
tion were used for PZQ determination.

In vitro release study

PZQ release from PZQ-LNC dispersions was assessed in
phosphate buffered saline (PBS) (pH 7.4) containing 0.002%
Tween 80 using a dialysis method in a thermostatically con-
trolled shaking water bath (100 strokes/min) at 37°C10.5°C
(PZQ solubility under the release conditions was 7012 pg/
mL). PZQ suspension 25 mg/mL was used as control. At fixed
time intervals, 1 mL samples were withdrawn and replaced
with an equal volume of fresh medium at 37°Cx0.5°C. PZQ
was assayed as described.

Antischistosomal activity of PZQ-LNCs

in Schistosoma mansoni-infected mice
The study was conducted at the Schistosoma mansoni Bio-
logical Supply Program Unit of Theodor Bilharz Research

Institute (SBSP/TBRI, Giza, Egypt) in strict accordance
with the TBRI Guidelines for Ethical Conduct in Use of
Animals in Research. Albino mice, aged 68 weeks and
weighing 18-20 g, were maintained in conditioned rooms
at 21°C on sterile water ad libitum and a balanced dry food
containing 14% protein. Mice were infected by subcutane-
ous injection of 0.2 mL aliquots of a cercarial suspension
containing 80 cercariae into the loose skin of the back of
the mouse.’” Mice were then kept for 42 days allowing
cercariae to mature into adult worms. Mice were then
randomly divided into four groups, six mice each. Mice in
the treatment groups were administered a single 250 mg/kg
oral dose of PZQ either as an aqueous suspension in 0.002%
Tween 80 or LNCs dispersion by gastric gavage. Seven days
post-treatment, on the 49th day postinfection (pi), mice of
all groups were sacrificed by cervical dislocation following
a heparin injection.

Antischistosomal activity
This was assessed in terms of the percentage of reduction
in total adult worm burden, histopathological changes in
liver parenchyma, the number and size of liver granulomas,
and the morphology of worms recovered from mesen-
teric/hepatic veins, by SEM (JFC-1100E; JEOL, Tokyo,
Japan).

The percentage of reduction in total worm burden was
calculated based on the number of recovered adult worms in
all groups, by the perfusion technique,*® as follows:

Mean value (control group) —

Mean value (treated group) %100

% reduction =
’ Mean value (control group)

For histopathological changes in liver parenchyma,
specimens of the liver of mice of all groups were fixed
in 10% neutral buffered formalin. Histological sections,
5 um thick, were stained with hematoxylin and eosin, and
hepatic parenchyma was examined by light microscopy.
The number of granulomas in 10 successive fields in at
least five slides from each mouse was examined. The
mean value of 10 readings for each mouse was calculated,
and the mean number of granulomas was calculated for
each group. The diameters of granulomas were mea-
sured under a light microscope equipped with an ocular
micrometer. Only granulomas containing one clearly
identifiable, central egg were selected. For each mouse,
the mean diameter of 10 granulomas was determined and
the mean size of granulomas estimated for each group.

International Journal of Nanomedicine 2018:13

submit your manuscript

4495

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Amara et al

Dove

For SEM imaging, adult worms were collected from the
hepatic and mesenteric veins of mice of all groups 24 h after
drug administration. Worms were fixed in 2.5% glutaralde-
hyde in phosphate buffer (pH 7.4) and sputter coated with
an ultrathin gold coat for SEM imaging.

PK study

The PK study was conducted in accordance with the
guidelines adopted by the Institutional Animal Care and
Ethical Committee of the Faculty of Pharmacy, Alexandria
University, which also approved the experimental proce-
dure (approval no ACUC/32). Fifteen female Wistar rats
(200-260 g) were divided into three equal groups and fasted
overnight prior to the experiment. A single 250 mg/kg oral
dose of PZQ as PZQ-LNC-25 and PZQ-OA-MFS-LNC-25
test formulations was administered by gastric gavage using
an aqueous PZQ suspension (25 mg/mL) as control. Blood
samples were collected via the orbital plexus under anesthesia
at prescheduled time intervals for 4 h for PZQ suspension
and 24 h for PZQ-LNCs. Blood samples were centrifuged at
4,000 rpm for 10 min, and plasma samples were immediately
frozen at —20°C pending analysis.

Aliquots of rat plasma, 300 uL each, were vortex-
mixed with 900 UL acetonitrile for 1 min and centrifuged at
14,000 rpm for 10 min. The organic phase was transferred
to a clean tube and evaporated under nitrogen. This was
followed by lyophilization and reconstitution of the residue
in 100 UL of acetonitrile. PZQ in plasma was determined
by the HPLC-UV method as described earlier. The method
was validated for plasma samples and PZQ quantification
achieved using calibration graphs for peak areas of PZQ in
spiked plasma (0.1-10 pg/mL) obtained under similar condi-
tions. Plasma concentrations versus time data were analyzed
noncompartmentally using the Excel PK solver add-in.

Stability in simulated Gl fluids

The stability of freshly prepared PZQ-LNCs in simulated gas-
trointestinal (GIT) fluids (USP 33-28NF2010) was examined,
as reported.?! Briefly, simulated gastric fluid (SGF) (pH 1.2)
(2 gofNaCl and 3.2 g of pepsin in 7 mL HCl and the volume
made up to 1,000 mL) and simulated intestinal fluid (SIF) (pH
6.8) (6.8 g of KH,PO, in 250 mL water to which was added
77 mL of 0.2 N NaOH, 500 mL of water, and 10 g of pancre-
atin). LNC dispersions were diluted to a final concentration
of 10% (v/v) in simulated GI fluids and incubated at 37°C.
Samples were withdrawn at 0, 1, 2, and 3 h. An additional 6 h
sample was withdrawn for SIF. The size of collected LNCs
was measured by PCS, and the EE% calculated by HPLC

after the separation of LNCs by centrifugation for 30 min
at 3,6063% g using ultracentrifugal concentrators (MWCO
100,000, Vivaspin6™; Sartorius, Gottingen, Germany).

In vitro cytotoxicity study

Human peripheral blood mononuclear cells (PBMCs) were
used to assess the in vitro cytotoxicity of LNCs in comparison
with PZQ solution in ethanol. PBMCs were obtained from
a 20 mL blood sample donated by a healthy volunteer under
medical supervision. The procedure was approved by the
Research Ethics Committee of the Faculty of Pharmacy,
Alexandria University, after obtaining the written informed
consent of the volunteer (approval no 1762). LNC samples,
sterilized using 0.22 wm sterile syringe filters, were serially
diluted in a 96-well plate for different PZQ concentrations
(0.3-100 pg/mL). Cell suspension at 1x10° cells/mL was
added to dispersions of the test formulations (100 puL/well).
Control wells were prepared by adding 100 puL of culture
medium to the cell suspension. The plate was incubated at
37°C, 5% CO, for 24 h, and the cell viability was assessed
using the 3-(4,5-dimethiazol-zyl)-2-5-diphenyltetrazolium
bromide (MTT) assay at 570 nm* in triplicate. Dose—response
curves were plotted, and IC,  values were calculated.

Statistical analyses

Antischistosomal activity data were analyzed using the IBM
SPSS software Version 20.0. Kolmogorov—Smirnov test
was used to verify the normality of variables’ distribution.
Quantitative data were described using range, mean, standard
deviation, and median. For normal quantitative variables,
F-test (analysis of variance [ANOVA]) was used to compare
more than two groups and post hoc test (Tukey) was used for
pair-wise comparisons. For abnormal quantitative variables,
Mann—Whitney test was used to compare two groups and
Kruskal-Wallis test was used to compare more than two
groups. Other results were analyzed using the paired #-test.
P-values =0.05 indicated statistical significance.

Results
Formulation of PZQ-LNCs

Based on a series of preliminary experiments using Labrafac,
Kolliphor, and either Lipoid or Span 80, a PZQ-LNC for-
mulation with the basic composition, Labrafac (30%, w/w),
Kolliphor HS 15 (25%, w/w), and Span 80 (2%, w/w), was
selected. Span 80 reduced the phase inversion temperature
(PIT) to 68°C. LNC composition was further modified by
the inclusion of OA (6%, w/w), resulting in a lower heating/
cooling temperature range (45°C—65°C).>> MFS was also
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Table | Physicochemical properties of blank and PZQ-loaded LNC formulations (n=3)

Code PZQ Mean size PDI ZP (mV) EE% Payload
(mg/mL) (nm) (mglg)

LNC - 57.8%1.1 0.04 -5.8+1.4 - -
PZQ-LNC-5 54.7+2.5 0.08 —-3.8+0.7 95.7+0.5 17.5
PZQ-LNC-25 25 61.8+2.7 0.04 —7.5+1.8 95.1+0.8 849
OA-MFS-LNC - 52.9+1.13 0.01 —7.6+0.5 - -
PZQ-OA-MFS-LNC-5 5 46.8+1.2 0.03 —4.2+1.7 97.0+0.9 17.6
PZQ-OA-MFS-LNC-25 25 50.8+0.1 0.04 -8.9+2.3 99.8+0.1 86.3

Abbreviations: EE%, entrapment efficiency; LNC, lipid nanocapsules; MFS, miltefosine; OA, oleic acid; PDI, polydispersity index; PZQ, praziquantel; ZP, zeta potential.

added to the LNCs (0.2%, w/w) without further effects either
on PIT or on temperature range.

Characteristics of PZQ—-LNCs
The physicochemical properties of LNC formulations are
shown in Table 1. Blank LNCs had a mean diameter of
57.8 nm and were generally uniform (PDI 0.04) with a ZP
of —5.8 mV. Loading LNCs with PZQ or modifying their
composition with OA and MFS slightly but significantly
(P<<0.05) affected their colloidal properties. EE% values
generally exceeded 95%. Increasing the initial PZQ concen-
tration from 5 to 25 mg/mL of LNC dispersion resulted in a
significant increase in drug payload (Table 1).

In vitro PZQ release in PBS (pH 7.4)/0.002% Tween
80 at 37°C under sink conditions showed almost complete
release of free PZQ in 1 h, indicating dialyzability (Figure 1).
LNC formulations showed biphasic release profiles with a
relatively small burst effect (12.6%—19.0% in 30 min), indi-
cating efficient drug entrapment, yet a greater burst effect

100 -
90 1
80

70

was observed at higher initial drug loading. The difference
was statistically significant for PZQ-LNCs (P<<0.05). The
extent of PZQ release from LNCs in 24 h ranged from
44.6% to 48.4%.

Antischistosomal activity in S. mansoni-

infected mice

Encapsulation of PZQ in LNCs resulted in a significant
increase in antischistosomal activity upon administration of
a single 250 mg/kg oral dose of LNCs, compared to PZQ
suspension to S. mansoni-infected mice. Efficacy assess-
ment was based on changes in worm burden count, the size
and number of granuloma, and the histopathology of liver
sections.

Data for worm burden and their statistical analysis are
shown in Table 2. Untreated mice showed a mean total
worm load of 24.67£1.86, which was significantly reduced
by PZQ suspension (70.9%). The two PZQ-LNC formu-
lations exerted a significantly greater reduction in worm

---#-- PZQ suspension
—e— PZQ-LNC-5
— o PZQ-LNC-25
—& - PZQ-OA-MFS-LNC-5
—# - PZQ-OA-MFS-LNC-25

Cumulative percentage release of PZQ

12

15 18 21 24 27

Time (h)

Figure | Release of PZQ from PZQ-LNC and PZQ-OA-MFS—LNC formulations containing 5 or 25 mg/mL of PZQ in comparison to PZQ in PBS (pH 7.4) at 37°C.

Note: Data represent mean + SD (n=3).

Abbreviations: LNC, lipid nanocapsules; MFS, miltefosine; OA, oleic acid; PZQ, praziquantel.
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Table 2 Effect of single 250 mg/kg oral dose of PZQ-LNC formu

lations in comparison with PZQ suspension on the total worm load

recovered from S. mansoni-infected mice and reduction in adult worm burden (n=5)

Worm load Animal group/formulation code Significance
Group I: Group 2: Group 3: Group 4: test
untreated PZQ suspension PZQ-LNC-25 PZQ-OA-MFS-
control LNC-25

Total worm load

Minimum 22.0 6.0-8.0 0.0-3.0 0.0-3.0 H=20.066*

Maximum 27.0 6.0-8.0 0.0-3.0 0.0-3.0 P<0.001*

Mean 24.67 7.17 1.83 2.0

SD 1.86 0.98 0.98 1.10

Median 25.0 7.50 2.0 2.0

Percentage of reduction 709 92.6 91.9

P-value P1=0.004%, P2=0.003%*, P3=0.004*, P4=0.003*, P5=0.003%, P6=0.652

Notes: Percentage of reduction: percentage of reduction between each group and

Group |. H: Kruskal-Wallis test, significance between groups was done using Mann—

Whitney test. Pl: P-value for comparison between Groups | and 2. P2: P-value for comparison between Groups | and 3. P3: P-value for comparison between Groups | and 4.
P4: P-value for comparison between Groups 2 and 3. P5: P-value for comparison between Groups 2 and 4. Pé: P-value for comparison between Groups 3 and 4. *Statistically

significant at P=0.05.

Abbreviations: LNC, lipid nanocapsule; MFS, miltefosine; OA, oleic acid; PZQ, praziquantel; S. mansoni, Schistosoma mansoni.

load (92.6 and 91.9% for PZQ-LNC-25 and PZQ-OA-
MFS-LNC-25, respectively) compared to PZQ suspension.
A similar pattern was observed for the reduction in the
number and size of granuloma (Table 3), though the reduc-
tion induced by the two PZQ-LNC formulations was not
statistically significant.

Histopathological changes in liver sections of infected
untreated mice are shown in Figure 2A—E. Preserved hepatic
architecture with multiple portal and parenchymal granulomas
of variable sizes and shapes is clear in Figure 2A. Irregularly
outlined and cellular granulomas composed of lymphocytes,
histiocytes, epitheliod cells, and esoinophils surrounding

Table 3 Number/LPF and size (1um) of hepatic granulomas in S. mansoni-infected mice in the different study groups (n=5)

Parameter Treatment F (P)
Group I: Group 2: PZQ Group 3: Group 4: PZQ-OA-
control suspension PZQ-LNC-25 MFS-LNC-25

Number of granuloma/LPF 308.931*

Minimum 29.0 18.0 10.0 1.0 (<0.001%)

Maximum 32.0 21.0 14.0 14.0

Mean 30.7 19.3 12.2 12.7

SD I.1 1.0 1.5 1.0

Median 30.5 19.0 12.5 13.0

Percentage of reduction 1370 160.3 158.7

P-value P1<0.001*, P2<<0.001*, P3<<0.001%*, P4<<0.001%*, P5<<0.001%*, P6=0.887

Diameter of granuloma (um) 54.204* (<0.001%)

Minimum 400 257 165 173

Maximum 4,710 377 268 306

Mean 437 296 200 217

SD 26 41 40 49

Median 437 283 189 189

Percentage of reduction 1322 154.1 150.4

P-value P1<0.001*, P2<<0.001%*, P3<<0.001%*, P4<<0.001%*, P5=0.003*, P6=0.852

Notes: Percentage of reduction: percentage of reduction between each group and

Group |. F: F value for ANOVA test, significance between groups was done using post

hoc test (Tukey). Pl: P-value for comparison between Groups | and 2. P2: P-value for comparison between Groups | and 3. P3: P-value for comparison between Groups |
and 4. P4: P-value for comparison between Groups 2 and 3. P5: P-value for comparison between Groups 2 and 4. P6: P-value for comparison between Groups 3 and 4.

*Statistically significant at P=<0.05.

Abbreviations: ANOVA, analysis of variance; LNC, lipid nanocapsules; LPF, low power field; MFS, miltefosine; OA, oleic acid; PZQ, praziquantel; S. mansoni, Schistosoma mansoni.
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Figure 2 Histopathological study of H&E-stained liver sections of different groups of mice infected with Schistosoma mansoni.

Notes: Infected untreated group showing: (A) multiple granulomas of variable sizes and shapes with preserved hepatic architecture (x100); (B) cellular granuloma composed
of lymphocytes, histiocytes, epithelioid cells, and eosinophil cells, surrounding the bilharzial egg (x400); (C) Kupffer cell hyperplasia and bilharzial pigment (x400); (D) fatty
changes in hepatocytes (x400); (E) hepatic sinusoids with lymphocytic infiltration (x400); and (F) infected PZQ suspension-treated mice (x100); (G) infected PZQ-LNC-25-
treated mice (x100), and (H) infected PZQ-OA-MFS-LNC-25-treated mice (x100) showing small cellular granulomas with mild amelioration of liver pathology.
Abbreviations: LNC, lipid nanocapsules; MFS, miltefosine; OA, oleic acid; PZQ, praziquantel.

recently deposited intact or partially degenerated eggs could
be observed in Figure 2B. Hyperplasia of Kupffer cells,
deposition of bilharzia pigment (Figure 2C), and fatty changes
in hepatocytes (Figure 2D) were also observed. The hepatic

sinusoids showed lymphocytic infiltration (Figure 2E). Liver
sections of PZQ suspension and PZQ-LNC-treated mice
showed scanty small hepatic granulomas with amelioration of
hepatic pathology (Figure 2F). However, marked improvement
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was more evident in liver sections of mice treated with the
two LNC formulations (Figure 2G and H).

SEM images of male worms recovered from the hepatic
and mesenteric veins of mice of all groups are shown in
Figure 3. Worms from untreated mice (Group 1) showed
round to oval oral and ventral suckers (Group 1A). The
dorsolateral surface of the mid-body was covered with
well-developed tubercles of uniform size and distribu-
tion (Group 1B), and the intact tegument surface showed
apically directed spines (Group 1C). Worms from the
PZQ suspension-treated group (Group 2) showed distorted
oral suckers (Group 2A), tegumental damage in the form
of surface erosion with the flattening of some tubercles
(Group 2B), and distorted spines (Group 2C). Worms
from PZQ-LNC-25-treated mice (Group 3) showed more
distorted oral suckers (Group 3A), severe tegumental dam-
age manifested as damaged tubercles and eroded tegument

Suckers

Group 1
untreated
control (UT)

25kV  x1,000

Group 2
PZQ suspension

Group 3
PZQ-LNC-25

038922

Group 4

PZQ-LNC-
OA-MFS-25

Tegument at x5,000

with the appearance of sub-tegumental tissue (Group 3B),
and severely distorted spines (Group 3C). Similar extensive
damage to the worm tegument and spines was observed in
PZQ-OA-MFS-LNC-25-treated mice (Group 4A—C).

PK study

The plasma concentration versus time profiles for PZQ-
LNC-25 and PZQ-OA-MFS-LNC-25 in comparison
with PZQ suspension following administration of a single
250 mg/kg oral dose to female Wistar rats are shown in
Figure 4. Validation data for the HPLC-UV method used
for PZQ quantitation in plasma indicated linearity over the
concentration range of 0.1-100 pg/mL (R?=0.9998), the limit
of detection (LOD) and limit of quantification (LOQ) values
of 3.142 and 9.55 pug/mL, respectively, and a coefficient of
variation for intra-day and inter-day precisions for three qual-
ity control PZQ solutions (7, 3, and 1 pg/mL) <7.8%.

5pum 014026

\

4 L0 QSN
AV AR DA )
P PN NN

25 kV x15,000 1um 038916

>

5um 038929

10 um 038940 25kV x5,000
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Figure 3 SEM images of male worms recovered from the hepatic and mesenteric veins of mice of the four study groups.

Notes: SEM of a male Schistosoma mansoni worm recovered from infected untreated mice (Group |) showing (A) normal OS and VS (x1,000), (B) dorsal tegument
surface with uniform size, regularly distributed T, and visible S (x5,000), and (C) apically situated S (x15,000); infected PZQ suspension-treated mice (Group 2) showing
(A) distorted OS (x3,500), (B) flattening of some T with loss of S (x5,000), and (C) distorted S (x15,000); infected PZQ-LNC-25-treated mice (Group 3) showing
(A) distorted OS (x3,500), (B) severe tegumental damage with erosion of the surface and appearance of subtegumental tissue (x5,000), and (C) distorted S (x15,000); and
infected PZQ-OA-MFS-LNC-25-treated mice (Group 4) showing (A) distorted OS (x1,500), (B) severe tegumental damage with erosion of the surface and appearance of
subtegumental tissue (x5,000), and (C) distorted S (x15,000).

Abbreviations: LNC, lipid nanocapsules; MFS, miltefosine; OA, oleic acid; OS, oral sucker; PZQ, praziquantel; S, spines; SEM, scanning electron microscopy; T, tubercles;
VS, ventral sucker.
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Figure 4 Mean plasma levels of PZQ following oral administration of 250 mg/kg dose of PZQ as suspension and LNC formulations to rats (n=5).

Note: Error bars represent standard error of the mean.

Abbreviations: LNC, lipid nanocapsules; MFS, miltefosine; OA, oleic acid; PZQ, praziquantel.

The PK parameters calculated by noncompartmental
analysis are listed in Table 4. Peak plasma concentration
for PZQ suspension (5.5+1.9 pg/mL) was reached after
612.4 min. A significant increase in time to reach maximum
plasma concentration (¢ ) was observed for PZQ-LNCs
(20+7.8 and 2248.4 min for PZQ-LNC-25 and PZQ-OA-
MFS-LNC-25, respectively). Although a slight increase in
maximum plasma concentration (C_ ) was observed for
PZQ-LNC formulations compared to PZQ suspension, the
difference did not reach statistical significance. In contrast,
a significant increase in AUC, . (P<<0.05) was observed.
This was in line with the significant increase in half-life
(¢,,) and mean residence time (MRT) (£<0.05). Statisti-
cal analysis indicated that differences in PK parameters
of the two PZQ-LNC formulations were not significant
(Table 4).

Table 4 Pharmacokinetic parameters of PZQ after a single oral
dose (250 mg/kg) of PZQ suspension or PZQ-LNC formulations
(n=5)

Pharmacokinetic PZQ PZQ-LNC-25 PZQ-OA-
parameter suspension MFS-LNC-25
t,, (h) 1.7+0.8 5.7+1.0 8.9+2.9

t_ (min) 6.0+2.4 20+7.8 22,0484

C... (ug/mL) 5.5%1.9 6.2+0.5 6.513.1

AUC, , (ug/mL h) 79422 14.8+5.7 19.0£5.9
AUC, . . (ug/mLh) 9.9+1.5 18.9+4.3 27.247.5
MRTM‘;obs (h) 34420 7.6+2.8 12.74+4.1

Abbreviations: LNC, lipid nanocapsules; MFS, miltefosine; OA, oleic acid; PZQ,
praziquantel; t plasma, half-life; tow time to reach maximum plasma concentration;
C..» Maximum plasma concentration; AUC, area under the curve; MRT, mean
residence time.

Gl stability

The particle size (PS) of both PZQ-LNC-25 and PZQ-OA-
MFS-LNC-25 did not significantly change after 3 h incuba-
tion in SGF. However, a limited (<10%), though significant
decrease in EE%, was observed over 3 h. Both formulations
retained their size for the first hour in SIF containing 1% (W/v)
pancreatin at pH 6.8. This was followed by aggregation. EE%
data indicated no PZQ leakage over the 6 h incubation.

In vitro cytotoxicity study

Cytotoxicity data obtained for PZQ-LNC-25 and PZQ-
OA-MFS-LNC-25 in comparison with blank LNCs and
PZQ solution in ethanol in PBMCs are shown in Figure 5.
Blank LNCs showed in vitro cytotoxicity (IC, 63.4 pug/mL),
which was significantly increased by the incorporation of
OA and MFS (IC,  43.4+1.1 ug/mL). Furthermore, load-
ing LNCs with PZQ did not change the cytotoxicity of the
corresponding blank LNCs considerably, under the study
conditions. IC,, values for PZQ-LNCs (58.9+5.3 and
43.4x1.1 pg/mL for PZQ-LNC-25 and PZQ-OA-MFS—
LNC-25, respectively) were larger than that of free PZQ
(IC,, 11.0£2.2 pg/mL).

Discussion

LNCs exhibit unique properties, particularly small size
range and structural stability, favoring their use as oral
nanocarriers.?>*® In the present study, their potential for
oral targeting ability was assessed using PZQ, a large dose
antischistosomal drug. The current mainstay strategy for
schistosomiasis chemotherapy involves mass administration
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Figure 5 Cytotoxic effect of PZQ-loaded LNCs in comparison to PZQ solution on PBMCs using MTT assay and expressed as IC,| values after 24 h of incubation.
Abbreviations: LNCs, lipid nanocapsules; MFS, miltefosine; MTT, 3-(4,5-dimethiazol-zyl)-2-5-diphenyltetrazolium bromide; OA, oleic acid; PBMCs, peripheral blood

mononuclear cells; PZQ, praziquantel.

of a single oral dose of PZQ.*° Thus, PZQ-LNCs with a rela-
tively high drug loading, small size, and enhanced membrane
permeability were formulated.

In a preliminary trial, PZQ-LNCs were prepared using
Lipoid as a structure-enforcing lipophilic phospholipid
surfactant, which, in conjunction with the hydrophilic
surfactant Kolliphor, acts as emulsion stabilizer during
LNC formation.?® Results obtained using LNC formula-
tions that included Labrafac (19%-30%, w/w), Kolliphor
(19%-25%, w/w), and Lipoid (2.8%, w/w) indicated PZQ
incorporation up to 15 mg/mL of LNC dispersion. This might
not allow a curative PZQ dose in preclinical testing. The PZQ
dose in mice ranges from 400 to 1,350 mg/kg.*' Substitut-
ing Span 80 2% (w/w) for Lipoid allowed increase of PZQ
concentration to 25 mg/mL. The reduction in PIT observed
for Span 80 formulations can be attributed to a reduction in
the oil/aqueous phase interfacial tension.*

Furthermore, OA was added to modify the fluidity of
LNCs and permeabilize cell membrane for enhanced LNC-
cell interaction and intestinal transport.**** The reduction
in heating—cooling range during LNC formation could be
explained by OA-induced fluidization of the surfactant
monolayer*® and partial incorporation of some OA molecules
into the surfactant film of the microemulsion phase.*® MFS
was incorporated for enhancing LNC structural integrity
and imparting membrane activity.>’ Inclusion of both addi-
tives resulted in slight changes in colloidal properties of
PZQ-LNCs (Table 1), indicating uniform PZQ distribution

within the LNC core, the reduction in size being attributed
to enhanced emulsification during LNCs’ formation.
Similar to other lipophilic drugs such as paclitaxel and
albendazole,®*” PZQ was efficiently entrapped in the LNCs
oily core (EE >95%) allowing a payload of 86.3 mg/g for
PZQ-OA-MFS-LNC-25 (Table 1).

Sustained release of PZQ (Figure 1) combined with pub-
lished release data for other drugs?3® suggested structural
integrity of LNCs, a factor of great importance to their in vivo
performance. Increasing initial drug loading was associated
with a greater burst effect. The difference was statistically
significant only for PZQ-LNCs and not for PZQ-OA-MFS—
LNCs, pointing to more effective drug entrapment by the
inclusion of additives. OA was reported to increase PZQ
solubility via ionic interactions and hydrogen bonding.*

The prepared PZQ-LNCs with low (5 mg/mL) and high
(25 mg/mL) drug loading could be potential formulations for
clinical applications involving relatively low or high curative
PZQ doses such as in pediatric and adult oral nanomedicines,
respectively. In the present study, LNCs with higher drug
payload (PZQ-LNC-25 and PZQ-OA-MFS-LNC-25) were
selected for pharmacodynamic (PD), PK, and cytotoxicity
assessments.

The superior antischistosomal activity of both PZQ-LNC
formulations in S. mansoni-infected mice following admin-
istration of a single oral dose of PZQ (250 mg/kg) compared
to PZQ suspension (Tables 2 and 3) was substantiated by
the greater damage to suckers and tegument of adult worms

submit your manuscript

4502

Dove

International Journal of Nanomedicine 2018:13


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Oral praziquantel-LNCs with enhanced antishistosomiasis efficacy

(Figure 3). In fact, sucker deformity reduces the fluke’s
ability to adhere to blood vessels, rendering the ingestion
of nutrients more difficult.* Tegumental damage along the
worm body impairs the functioning of the tegument and
destroys the worm defense system, facilitating attack by the
host’s immune system.* Combined data provided evidence
for the significant enhancement of PZQ activity by LNCs
formulated to possess the required attributes.

LNCs showed great promise in recent years as nanovec-
tors for antiparasitic agents.’*#%5! For instance, we dem-
onstrated earlier that LNCs significantly enhanced the PD
activity of MFS as a potential repurposed antischistosomal
agent.’*3 Efficacy of MFS-LNCs against both mature and
prepatent S. mansoni worms in S. mansoni-infected mice
in a single oral 20 mg/kg dose was mainly attributed to
facilitation of intestinal transport and interaction with the
tegument surface, an effect significantly augmented by
inclusion of OA as gut membrane permeabilizer® and/or
fusogenic agent.* More recently, MFS was shown to unmask
parasite surface antigens not normally exposed to the host
during infection, enhancing their serological recognition.™
In the present study, inclusion of MFS and OA in PZQ-OA-
MFS-LNCs did not significantly enhance antischistosomal
activity (Tables 2 and 3), probably because of the lower MFS
dose used (10 mg/kg) and masking of OA effects by Span 80
(sorbitan monoleate), reported to exert a fusogenic effect on
phospholipid vesicles.**

PK data indicated an increased PZQ bioavailability
(Table 4), contributing to an enhanced PD activity by LNCs.
However, this may not solely depend on the increase in sys-
temic concentration of the drug. It has been reported recently
that changes in the systemic exposure to PZQ induced by an
irreversible pan-cytochrome P450 (CYP) inhibitor ora CYP
inducer were not predictive of efficacy in the S. mansoni
mouse model.” Furthermore, validity of classical drug

B AW
25 kV x35,000

0.5 ym 038920

25 kV x35,000

PK/PD relationships following oral drug administration
may not entirely apply to oral nanomedicines.? Targeting
distant sites postabsorption may greatly contribute to efficacy
enhancement by nanoformulations, provided that structural
integrity is maintained.>***57 In the present study, stability
of PZQ-LNCs in GI media, attributed to steric stabilization
provided by the nonionic Kolliphor shell,?"** corroborated
LNCs’ ability to permeate through mucus®* and the intes-
tinal barrier via active endocytosis.?>?*?* Furthermore, SEM
visualization of nano-objects on the surface of the tegument
of adult S. mansoni worms recovered from the hepatic/
mesenteric veins postoral administration to infected mice
(Figure 6) provided further evidence for oral targeting by
LNCs, as observed earlier for MFS—-LNCs.*® It has been
demonstrated that the availability of PZQ in high concentra-
tions before the hepatic first pass metabolism is a key factor
in the efficacy of PZQ against S. mansoni adult worms in
the mesenteric veins.* The study outcomes combined with
literature data suggest intestinal transport of more or less
structurally intact PZQ-LNCs and targeting S. mansoni
tegument as a main factor contributing to antischistosomal
efficacy enhancement. From an application standpoint, PZQ-
LNCs could be suggested as an oral nanotherapeutic with
potential S. mansoni tegumental targeting.

Safety assessment of these formulations indicated that
standard blank LNC formulations showed some degree of
cytotoxicity to PBMCs under the study conditions, attributed
to the surfactant Kolliphor.?® Increased cytotoxicity of OA
and MFS-containing LNCs can be attributed to cytotoxic
effects reported on different cell lines.®¢2 PZQ-LNCs
showed similar cytotoxicity to the corresponding blank
formulations, supporting data for PZQ thermosensitive nano-
emulsion.*® Importantly, PZQ-LNC formulations showed
better tolerability compared to free PZQ, an observation
reported for PZQ solid lipid NPs.®

0.5 ym 038926 25 kV x35,000 0.5 ym 038936

Figure 6 SEM of a male Schistosoma mansoni worm (x35,000) recovered from a mouse treated with (A) PZQ suspension, (B) PZQ-LNC-25 or (C) PZQ-OA-MFS-LNC-25
showing nanostructures of similar size to LNCs in between spines and on damaged schistosomal surface (indicated by arrows), only in worms recovered from mice treated

with PZQ-LNC formulations (B and C).

Abbreviations: LNCs, lipid nanocapsules; MFS, miltefosine; OA, oleic acid; PZQ, praziquantel; SEM, scanning electron microscopy.
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LNCs with modified composition proved highly effective for oral insulin delivery. Biomaterials. 2018;151:13-23.
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