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Abstract

Background The lipid self-emulsifying system has been advanced as a promising delivery vehicle for improving

the solubility and bioavailability of artemether and lumefantrine. However, the observed kinetic instability (propen-
sity of lumefantrine to rapid crystallisation from nano-scale droplets) in aqueous acid has impelled some researchers
to incorporate surfactants/solubilizers in the dissolution medium prior to dissolution studies. Thus, in our present
work, we sought to prepare micro/large nano-scale (> 100 nm) and yet kinetically stable lumefantrine lipid self-
emulsifying system (that would not require an external drug dissolution enhancing agent in the dissolution medium)
and palm kernel oil-based 100 nm kinetically stable artemether lipid self-emulsifying system with rapid emulsification
time. COVID-19 and Plasmodium falciparum-infected Africans with previous long exposure to malaria have manifested
attenuated inflammatory cytokines more than malaria-naive patients. Therefore, the ingestion of artemether-lume-
fantrine with enhanced solubility may further promote blunting of cytokines. Therefore, this work was aimed at pre-
paring (< 100 nm) stable artemether and aqueous acid-stable micro/large nano-scale (> 100 nm) lumefantrine lipid
self-emulsifying system destined for improved antimalarial and anti-inflammatory activities.

Results The droplet sizes of all the liquid artemether and lumefantrine formulations were between 8.95-39.88

and 1018-4195 nm, respectively. The loading efficiency for all the formulations was, between 72.91+2.89

and 100.00+0.29%. All the artemether and lumefantrine batches emulsified within the range of 3.90+0.69 to
12.26+£0.69 s. Stable and transparent emulsions were formed on aqueous dilution to 1000 ml. The percentage drug
released for artemether and lumefantrine ranged from 76.25+2.98 t0 99.22 + 1.61%. The solid lipid self-emulsifying
systems produced, had fair and passable flow properties. Differential scanning calorimetry revealed that the solid
artemether and lumefantrine lipid self-emulsifying system were amorphous. Solidification with Neusilin FH, or sur-
factant replacement with Kolliphor EL and Kollidon VA 64 fine prevented micro-or large nano-scale lumefantrine lipid
self-emulsifying system from crystallisation in aqueous acid (pH 1.2). Higher antimalarial activity and remarkable anti-
inflammatory effects (P <0.05) favoured the lipid self-emulsifying formulations.
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Conclusion Optimal in vitro and in vivo results (enhanced antimalarial and anti-inflammatory activities) were
obtained with kinetically stable lumefantrine micro/large nano-scale droplets and kinetically stable palm kernel oil-
based (<50 nm) artemether lipid self-emulsifying system droplets.

Keywords Lipid self-emulsifying system (LSES), Artemether (ART), Lumefantrine (LUM), Neusilin FH,, Anti-malarial,

Anti-inflammatory

1 Background

The water solubility of more than 75% of the chemicals
currently being developed is poor. The bioavailability of
medications that are poorly aqueous soluble following
oral administration is likely to be low due to the difficul-
ties in disintegrating and dissolving in the gastrointesti-
nal system. Recently, lipid-based drug delivery systems
like lipid self-emulsifying systems (LSES) have gained
increasing attention for the past decade by virtue of
improving the oral bioavailability of poorly water-soluble
or lipophilic drugs. Recent researches have reported the
use of lipid-based systems to improve the solubility, bio-
availability and wide range of therapeutic activities [1-3].
LSES is a mixture of lipid, surfactant, and co-solvent/co-
surfactant with isotropic characteristics, which emulsifies
spontaneously to produce a fine oil-in-water or water-
in-oil emulsion under gentle agitation in the aqueous
phase [4—6]. The advantages of emulsions include high
drug loading capacity, reduced drug irritation/toxicity,
protection of sensitive drugs, improved drug dissolution,
enhanced absorption and bioavailability [4, 7]. The com-
plementary effects of oil and surfactant provide a solubi-
lising milieu that forms dispersions of less or greater than
100 nm in the aqueous phase [8—10].

Artemether (ART) and Ilumefantrine (LUM), the
model drug candidates deployed in this work, are WHO-
approved antimalarial combination therapy molecules
with poor aqueous solubility [11]. When orally adminis-
tered, their dissolution rate in the gastrointestinal tract
becomes the rate-limiting step to absorption [12, 13].
Their low aqueous solubility and concomitant poor bio-
availability may result in poor therapeutic outcomes. The
most worrisome is the possibility of initiating drug resist-
ance caused by sub-lethal tissue drug concentration [14,
15]. The lipid self-emulsifying system can address these
challenges. In addition to its antimalarial properties, the
promising anti-inflammatory and immunomodulatory
potential of ART has been documented [16]. Different
types of inflammation may be the outcome of viral infec-
tions. SAS-COV-2 is known to cause an intense inflam-
matory cytokine storm [17, 18]. Africans who have
previously had long exposures to malaria (and, of course,
antimalarial drugs) have shown fewer COVID-19-based
inflammatory cytokines compared to malaria-naive indi-
viduals with null or lower exposures [19]. Therefore, the

ingestion of ART-LUM with enhanced solubility may fur-
ther promote blunting of cytokines and perhaps explain
the reduction in mortality rate among Africans on
COVID-19 comorbidity therapy.

Despite the promising potential of LSES, reports have
shown that in the presence of surfactants, oleic acid (OA)
dissolves LUM more than most oils because of the hydro-
phobic ionic complexation interaction between anionic
OA and cationic LUM [20]. However in the presence
of aqueous acid, which has a stronger ionic strength,
the OA-LUM bond is broken, resulting in precipita-
tion. This precipitation challenge may have informed the
exclusion of SGF/0.1N HCI as a dissolution medium for
ART-LUM Self-Nano-Emulsifying Drug Delivery Sys-
tem (SNEDDS) by some workers [14]. To improve dis-
solution, they only used phosphate buffer pH 7.2, which
was modified with 1% sodium lauryl sulfate. A previous
researcher conducted in vitro release studies on ART-
LUM nano-liposomes using only pH 7.2 dissolution
medium [21]. Another researcher carried out dissolution
studies on LUM nano-powder using 0.1N HCI contain-
ing 0.1-1% w/v benzalkonium chloride solution [22]. In
previous clinical studies, conventional LUM tablets and
LUM solid dispersion required co-administration with
365.8 kcal and 497 kcal of fat, respectively, to achieve
enhanced solubilisation and bioavailability of LUM [23,
24]. To the best of our knowledge, there is paucity of
data on the investigation of micro/large nano-scale LUM
LSES droplets with kinetic stability in aqueous acid that
do not require the incorporation of surfactants/solubiliz-
ers in the dissolution medium prior to dissolution stud-
ies. Furthermore, due to the reported anti-inflammatory
and immunomodulatory potential of ART, we embarked
on a preliminary investigation on the anti-inflammatory
properties of the ART/LUM LSES with enhanced solubil-
ity. A positive outcome may motivate further studies to
understand the role of ART/LUM LSES in the manage-
ment of COVID-19-associated inflammations in patients
simultaneously suffering from malaria.

In our present work, we produced acid-stable micro/
large nano-scale droplets of LUM LSES with short
emulsification time as preferred alternatives to LUM
nanocrystals and nanodroplets susceptible to crystal-
lisation in aqueous acid, and ART LSES using vegetable
oil (palm kernel 0il)(PKO) due to their GRAS status,
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biocompatibility, cost-effectiveness, and availability [4,
25]. Therefore the aims of this study was to create stable
PKO-based nano-scale (50 nm) ART LSES and aqueous
acid-stable OA-based micro/large nano-scale (>100 nm)
LUM LSES with enhanced anti-inflammatory and anti-
malarial activities.

2 Experimentals

2.1 Materials

Shea butter was procured from Owode market Offa,
Kwara— State Nigeria, Palm kernel oil (locally sourced
from Ogige market, Nsukka, Nigeria), Oleic acid (Nas-
fco Scientific Supplies Ltd, London), Tween 80 (Sigma
Aldrich, Germany), Kolliphor EL, Kolliphor RH 40, Kolli-
phor HS 15, Kollidon VA 64 (BASE, Germany), Labrasol,
Gelucire, Lauroglycol 90, Lauroglycol FCC, Capryol 90,
Capryol pgmc, Peceol, Labrafac lipophile (Gift samples
from Gattefosse, France), Artemether (Hangzhou Day-
ang chemical, China), Lumefantrine (Hangzhou Dayang
chemical, China), Neusilin FH2 (Fuji Chemical Industry
Co. Japan), Hydrochloric acid (Sigma Aldrich, Germany),
Absolute Methanol(Sigma Aldrich, Germany), Distilled
water (STC Unit UNN). All other chemicals are of ana-
lytical grade and were used as such.

2.2 Purification of oils
A 2% w/w suspension of a 2:1 ratio of activated charcoal
and bentonite mixture in shea butter or palm kernel oil
was heated at 80-90 °C for 1 h and filtered using What-
man filter paper [13].

2.3 Solubility studies

An excess amount of artemether was added to each of
the excipients (lipids, surfactant, co-surfactant) and agi-
tated with a mechanical flask shaker at intervals for 24 h.
A 0.1 ml volume of the supernatant was withdrawn from
each sample and introduced into a 100 ml volumet-
ric flask containing 25 ml of 1IN HCL. It was heated for
20 min at 80+ 2 °C, cooled, and made up to 100 ml with
distilled water. At a wavelength of 325 nm, the amount
of artemether and thus its solubility in various excipi-
ents were determined spectrophotometrically (UV/VIS
Spectrulab UK). The procedure above was followed for
the solubility studies of lumefantrine. 0.1 ml of the super-
natant was mixed with 70 ml of 0.1 M methanolic HCI
in a 100 ml volumetric flask. The volume was made up
to 100 ml with 0.1 M methanolic HCI and labelled as the
stock solution. From the stock solution, 1 ml was taken
and made up to 10 ml with methanolic HCI, and the solu-
bility values were determined spectrophotometrically at a
wavelength of 335 nm [8]. Triplicate determinations were
made.
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2.4 Pseudoternary phase studies

The pseudoternary phase diagrams were developed by
the water titration method. Aliquots of each surfactant,
co-surfactant and oil were mixed together at room tem-
perature. The surfactant and co-surfactant (Smix) were
mixed according to these ratios: 1:0, 1:0.5, 1:1, 1:2, 1:3,
3:1, and 3:2. Then the ratio of oil to Smix was varied as
follows: 1:9, 1:8, 1:7, 1:6, 1:5, 1:4, 1:3.5, 1:3.0, 1:2.5, 1:2.0,
1:1.5, 1:1, and 1:0.5. Drop-wise quantities of water were
added to each oil-smix mixture and mildly shaken until
the end point was reached. The ratios that gave stable
LSES were then selected.

2.5 Formulation of LSES

Drug-loaded anhydrous LSES was prepared based on
stable batches arising from pseudo-ternary phase dia-
grams. An 80 mg quantity of artemether was added to
appropriate quantities of palm kernel oil, Kolliphor HS
15: Tween 80 (1:1), and Capryol PGMC® (Table 1). The
mixture was mixed under magnetic stirring (Gallen-
kamp, England) to give a final concentration of 80 mg of
artemether per 800 mg of LSES formulation. The 50 mg
of lumefantrine per gram of LSES was also prepared
by stirring a mixture of lumefantrine (50 mg), oleic
acid, Kolliphor HS 15, and Capryol PGMC® (Table 1).
For further studies, the formulations were stored at an
ambient temperature of 30+ 0.5 °C.

2.6 Centrifugation test/stability test

The anhydrous drug loaded emulsions with different
concentrations of artemether and lumefantrine were
stored for 72 h at room temperature and observed for
isotropicity (homogeneity, phase separation and drug
precipitation). The formulations were subsequently
centrifuged at 3500 rpm for 15 min using a centrifuge
(Uniscope, England) and observed for the above-men-
tioned changes.

2.7 Freeze and thaw cycle test

The anhydrous drug-loaded emulsion was visually
assessed after 72 h of storage at 30+0.5 °C. Fresh sam-
ples were stored in a refrigerator at 4 °C for 12 h, and
thereafter they were subjected to an ambient tempera-
ture of 30 °C for 12 h. This cycle was repeated daily for
3 days and observed for drug precipitation and phase
separation.

2.8 Emulsification time and aqueous dilution test

The emulsification time of the formulations was deter-
mined by introducing a unit dose into a 250 ml beaker
containing 100 ml of 0.1N HCI for artemether LSES
or 100 ml of phosphate buffer solution (pH 7.2) for
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Table 1 Composition of artemether and lumefantrine loaded LSES

i. Formulation code A1:0.5 B1:0.5 C1:0.5 A3:1 B3:1 C3:1

O:S:.C 23:51:26 16:56:28 15:57:28 23:58:29 16:63:21 11:66:23

Palm kernel oil (mg) 187.44 129.44 120.24 185.04 123.52 68.32

Solutol: Tween 80 (mg) 204.2:204.2 223.52:22352 226.6:226.6 230.6:2306 253.68:253.68 274.36:274.36
Capryol pgmc (mg) 204.16 22352 226.56 153.76 169.12 182.96
Artemether (mg) 80 80 80 80 80 80

ii. Formulation code A3:1 B3:1 C3:1 A3:2 A1:0.5 B1:0.5

O:S:.C 32:49:19 39:45:17 24:57:19 31:41:23 30:47:23 22:52:26

Oleic acid (mg) 2984 361.6 241 308.1 298.3 2159

Solutol (mg) 5264 478.8 569.25 415.14 407.8 522.7

Capryol pgmc (mg) 1754 159.6 189.75 276.76 2339 2614
Lumefantrine (mg) 50 50 50 50 50 50

O oil, S surfactant, C co surfactant

lumefantrine. This alkaline pH was preferred because
LUM precipitated in 0.IN HCl medium [13]. The
beaker was placed on a hot plate—magnetic stirrer
(Gallenkamp, England) assembly, set at 100 rpm and a
temperature of 37 £ 0.5 °C. The time for complete emul-
sification was observed and recorded. Triplicate deter-
minations were made. A 400 mg quantity of artemether
or LUM LSES was emulsified in 100 ml of 0.1 N HCl
or phosphate buffer pH 7.2 and diluted further to 1 L.
Each was stored for 5 h, 24 h, and 1 week, respectively,
and observed for drug precipitation.

2.9 Particle size analysis and polydispersity index test
Particle size and polydispersity index were determined
using a zeta sizer (Malvern Instruments, UK) at a light
scattering angle of 90° [4]. Triplicate determinations were
made.

2.10 Preparation of solid and liquid acid-stable LSES

To forestall crystallisation of LUM from the above LSES
in aqueous acid, solidification or surfactant replace-
ment and crystallisation inhibitor inclusion were car-
ried out. The liquid LSES was mixed with ethanol (96%)
at 4:3 ratios and blended with Neusilin FH, at a Neusi-
lin to LSES ratio of 6:4 and screened through sieve No
14 (Endecotts UK). The mass was air dried at room tem-
perature before being oven dried for 1 h at 40 °C. The
solid LSES was then screened through the same sieve
and subsequently evaluated for bulk and tapped den-
sity, compressibility index, flow rate, angle of repose and
other powder properties [26, 27]. Artemether solid LSES
was also prepared as above. A 1 g quantity of solid ART
LSES containing 40 mg of artemether or a 2.5 g quantity

Table 2 Composition of Lumefantrine LSES using Kolliphor EL as
surfactant component

Ratio (0:5:C) Oil (oleic Surfactant Co-surfactant  Kollidon
acid) ml  (kolliphor (lauroglycol) VA 64
EL) ml ml (mg)
34:50:16 034 041 0.16 100
34:55:11 0.34 045 0.11 100
34:60:04 0.34 049 0.06 100
34:65:01 0.34 0.54 0.01 100

of LUM containing 50 mg of LUM was filled into size 0
capsules. To confer aqueous acid-stability on LUM LSES,
Kolliphor HS 15 was replaced with Kolliphor EL, while
Capryol® PGMC was replaced with Lauroglycol® 90.
In brief, LUM was mixed with oleic acid, Kolliphor EL,
and Laurogylcol® 90 and stirred with a magnetic stirrer
to achieve a final concentration of 60 mg of LUM per
g of LSES. Thereafter, 100 mg of Kollidon VA 64 fine, a
crystallisation inhibitor and dispersant, was introduced
into the mixture and stirred until it completely dissolved
(Table 2). Subsequently, the liquid formulations were
evaluated for loading efficiency, droplet size, polydisper-
sity index, emulsification time, and aqueous dilution as
earlier described.

2.11 Drug content/loading efficiency of the LSES

Unit dose of each artemether or lumefantrine formula-
tion was assayed as described under solubility studies.
From the drug content, the % loading efficiency was cal-
culated as below:

Drug content

100
(1)

% Drug loading effici =
o Drug foading eHICIency = 4 mount of drug incorporated *
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2.12 Drug release studies

The dialysis and basket (Apparatus I) methods were,
respectively, adopted to study the dissolution behaviour
of the formulations. Before use, the cellulose membrane
was presoaked in the medium (SGF, pH 1.2 or Phos-
phate buffer, pH 6.8) for 24 h. A mixture of 0.4 ml of
the LSES (equivalent to 40 mg of artemether) and 1 ml
of the medium was introduced into a 6 cm long mem-
brane tied at both ends. This was subsequently tied to a
vertical spindle and lowered into a 500 ml beaker con-
taining the dissolution medium and positioned on a
magnetic stirrer (Gallenkamp, England). The volume
of dissolution medium used was 500 ml and the stirrer
rotation speed was 100 rpm, while the temperature was
maintained at 37+0.5 °C. At a predetermined interval
(0,05,1, 2,3, 4,5, 6 h), 5 ml aliquots of the dissolution
medium were sampled and replaced with 5 ml of the cor-
responding fresh medium. The samples were treated as
earlier described and assayed spectrophotometrically for
artemether. Triplicate determinations were made. The
assay procedure above was carried out on lumefantrine
LSES (equivalent to 50 or 60 mg of drug) using metha-
nolic HCl and spectrophotometrically assayed for the
amount of lumefantrine present as previously described.
Dissolution studies were also carried out using the basket
method (apparatus I) at time intervals was 0, 2, 5, 10, 15,
20, 25, 30, 35, 40, 45 min [4].

2.13 Differential scanning calorimetry (DSC) on solid LSES
Thermal analysis as well as excipient compatibility was
studied using differential scanning calorimetry. The DSC
(Netzsch DSC 204 F1, Germany) of solid LSES and Neu-
silin FH2 was measured at temperatures ranging from
50 to 350 °C. The analysis was performed under a liquid
nitrogen atmosphere at a rate of 10°/min.

2.14 Antimalaria studies

The formulations with the least particle sizes and high
drug loading efficiency were chosen for the in vivo stud-
ies. The Plasmodium berghei parasites were obtained
from the National Institute of Medical Research, Lagos,
Nigeria. Peter’s 4-day suppressive test was adopted
[28, 29]. Earlier before the animal experiment, the Ani-
mal Ethics Committee at the Faculty of Pharmaceuti-
cal Science, University of Nigeria, Nsukka approved the
research protocol for the use of experimental animals.
Hence, the study was conducted in accordance with the
Ethical Guidelines of the Animal Care and Use Com-
mittee (Research Ethics Committee) of the University of
Nigeria, Nsukka, following the Federation of European
Laboratory Animal Science Association and the Euro-
pean Community Council Directive of November 24,
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1986 (86/609/EEC) [4]. A 0.2 ml quantity of donor mouse
blood diluted with Phosphate buffer saline (PBS) contain-
ing parasitized erythrocytes was intraperitoneally inocu-
lated into 15 groups of 6 Swiss albino mice per group,
which weighed between 20 and 30 g (parasetamia level,
27-35%). The groups are as follows:

Group A treated with solid ART LSES.

Group B treated with solid LUM LSES.

Group C treated with solids ART-LUM LSES.

Group D was given liquid ART LSES.

Group E treated with liquid LUM LSES.

Group F was given ART-LUM liquid LSES.

Group G treated with crushed commercial ART-
LUM tablet.

Group H was given palm kernel oil-based LSES with-
out ART (as a control).

Group I treated with distilled water (control).

Group ] was given oleic acid-based LSES without
lumefantrine (as a placebo).

Group K received solid LSES based on Neusilin with-
out artemether (placebo).

Group L received solid LSES based on Neusilin with-
out lumefantrine (placebo).

Group M was given an aqueous dispersion of ART.
Group N treated with an aqueous dispersion of LUM.
Group O was given an aqueous dispersion of LUM-
ART.

Treatment was initiated daily from day O through day 3
with 4 mg/kg of artemether and 24 mg/kg of lumenfan-
trine, respectively. On the fourth day, blood was taken
from the mice and thinly smeared on a microscope slide.
The blood films were fixed on the slide using methanol
and stained with Giemsa, pH 1.2. The number of para-
sitized erythrocytes was recorded after counting 250
red blood cells from each slide. This is how antimalarial
activity was calculated [30].

mean parasitemia of treated group
x 100

(2)

Activity = 100 —

mean parasitemia of control

2.15 Preliminary anti-inflammatory studies

Sheep red blood cells (SRBC) were sourced from Obollo
afor Abbatoir, Nsukka, Nigeria. The cells were washed
thrice in copious volumes of normal saline by centrifu-
gation at 5000 rpm for 10 min. The supernatant was
aspirated and the packed cells were adjusted to a con-
centration of 1.0x 10® cells/ml with chilled normal saline.
Mice were induced to inflammation by injecting 0.1 ml
of 25% v/v SRBC in normal saline intraperitoneally. The
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SRBC-induced mice were divided into nine groups,
each consisting of five mice per group. Control groups
received distilled water, diluents, and standard drug solu-
tions. Artemether (40 mg/kg), Lumefantrine (40 mg/kg)
and drug-loaded LSES formulations were administered
orally to the mice for 5 days consecutively as described
below.

Group 1 SRBC +distilled water

Group 2 SRBC +oleic acid and palm kernel
oil LSES

Group 3 SRBC+commercially ART-LUM
tablet

Group 4 SRBC +aqueous dispersion of ART
&LUM

Group 5 SRBC+aqueous ART dispersion

Group 6 SRBC +aqueous LUM dispersion

Group 7 SRBC +artemether + lumefantrine
LSES

Group 8 SRBC +artemether LSES

Group 9 SRBC + lumefantrine LSES

The anti-inflammatory activities of the mice were
investigated by determining the haemagglutination anti-
body (HA) titre, delayed type hypersensitivity (DTH),
and white blood cell differentials. The procedures are
described below.

2.16 Haemagglutination antibody (HA) Titre

Each mouse was immunized intraperitoneally with 0.1 ml
of 25% v/v SRBC in normal saline on day 0. Blood sam-
ples were collected through the orbital plexus from each
animal on day 7, and the antibody titre was determined
by a modified haemagglutination technique [31]. In
eppendorf tubes, two-fold diluted sera in phosphate buft-
ered saline (PBS) pH 7.2 (25 ul) were mixed with 25 pl
of 1% SRBC suspension in PBS (pH 7.2). The tubes were
incubated at 37 °C for 1 h and monitored for haemag-
glutination. Antibody titre was measured by observing a
value with the highest serum dilution that showed visible
haemagglutination.

2.17 Delayed type hypersensitivity (DTH)

DTH was evaluated as described. On day 14, the mice
were again challenged with 0.1 ml of 25% v/v SRBC sus-
pension in normal saline at the left-hind foot pad. After
24 h, the thickness of the left-hind foot pad was then
measured using a vernier caliper. The difference between
the thickness of the left hind foot pad and the right hind
foot pad was used as the DTH index [32].

2.18 White blood cell differentials
The white blood cell differential was done using a com-
pound light microscope (GXM-F2000, Olympus-UK).
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Drops of peripheral blood samples were collected on
day 14 from the tails of the mice and were used to make
smears on glass slides and allowed to dry [33]. The dried
smears were fixed and stained using rapid-stain kit rea-
gents following the protocol described in the rapid-stain
kit manual (Antigénes, Germany), and then viewed under
the light microscope at a magnification of 100 X aided by
an immersion oil. 100 leukocytes were counted per slide
and their observed percentage differentials were noted.

2.19 Histopathology studies

The histopathological study was conducted in accord-
ance with the Ethical Guidelines of the Animal Care and
Use Committee (Research Ethics Committee) of the Uni-
versity of Nigeria, Nsukka, following the Federation of
European Laboratory Animal Science Association and the
European Community Council Directive of November 24,
1986 (86/609/EEC) [4]. A 0.2 ml quantity of donor mouse
blood containing parasitized erythrocytes was diluted with
phosphate buffer saline (PBS) and intraperitoneally inocu-
lated into 5 groups of 5 Swiss albino mice per group, which
weighed between 15 and 20 g. The groups are as follows:
Group A was treated with normal saline (control); Group
B was infected and treated with ART-LUM (ART, 2 mg/
kg body weight and LUM, 12 mg/kg body weight) as a low
dose; Group C was infected and treated with ART-LUM
(ART, 4 mg/kg body weight and LUM, 24 mg/kg body
weight) as a normal/medium dose; Group D was infected
and treated with ART-LUM (ART 8 mg/kg body weight
and LUM 48 mg/kg body weight) as a high dose; Group E
was infected and untreated. The drugs were administered
twice daily for 3 days. Following treatment with the drugs,
mice were allowed to fast overnight, sacrificed, and the
internal organs such as the spleen, liver, and kidney were
collected for histopathology. The liver, kidney, and spleen
were fixed in 10% formalin before being dehydrated in
increasing concentrations of ethanol [34]. Thereafter, the
tissues were soaked in chloroform overnight, infiltrated
with, and embedded in molten paraffin wax. The blocks
were later trimmed and sectioned at 5—6 microns. The sec-
tions were deparaffinized in xylene, immersed in distilled
water, and subsequently stained with haematoxylin and
eosin (H and E) for light microscopy. Histopathological
imaging and assessment were performed under high mag-
nification (400x) (Weltzlar, Germany). The severity level
of each histopathological change was graded on a scale of
0-3, according to a semi-quantitative assessment [34, 35].

2.20 Data and statistical analysis
Results were expressed as the mean + standard deviation.
All statistical calculations were done with the Sigma Plot
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11 software and Graph Pad Instat Demo. P values less
than 0.05 were considered significant.

3 Results

3.1 Purification of oils

The purified palm kernel oil and shea butter were all free
of odours and debris. They also showed better organolep-
tic properties compared to the unpurified samples.

3.2 Solubility studies
The solubility values of ART and LUM in various excip-
ients are shown in Figs. 1 and 2. LUM recorded the
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highest solubility (336.8 mg/ml) in oleic acid; on the
other hand, ART had the highest solubility in palm kernel
oil, hence their choice as the oil phase.

3.3 Pseudoternary phase studies

A mixture of palm kernel oil, Tween 80, Kolliphor HS
15 (1:1), and Capryol PGMC were used for the pseudo
ternary phase studies to determine the optimal compo-
nent mixture and delineate the self-emulsifying region
for artemether LSES. Kolliphor HS 15 was previously
used as the surfactant component. However, because of
its low miscibility with water and small self-emulsifying

Excipients

Fig. 1

Concentration (mg/ml)
S 888 8 g

w
o

Bar chart presentation of the solubility of artemether in various excipients

Excipients
Fig. 2 Bar chart representation of the solubility of lumefantrine in various excipients
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domain, it was blended with Tween 80 at a ratio of 1:1.
On the other hand, a mixture of oleic acid (oil), Kolli-
phor HS 15 (surfactant) and Capryol PGMC (co-sur-
factant) was used for the pseudo ternary phase studies
of lumefantrine LSES. Large areas of self-emulsification
were obtained at Smix (surfactant: co-surfactant) ratios
of 1:0.5 and 3:1 (Figs. 3, 4) for both lumefantrine and
artemether. In additional pseudoternary phase studies
where the Kolliphor HS 15 was replaced with Kolliphor
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EL, large areas of self-emulsification were obtained at
Smix ratios of 1:3 and 3:1.

3.4 Post-formulation isotropicity/centrifugation test/
astability test and freeze and thaw cycle test

The LSES batches were visually transparent, which evi-

dences complete excipient miscibility and drug solubi-

lisation. There was no observed instability following the

refrigeration cycle and centrifugation tests.

a Smix(solutoitween )

111
(4]

100 smk 1:1

100 °
Water O 10 20 30 40 50 60 70 80 %0 100  olpka)
b. smix (tween80 solutol) 1:1
Smix 3:1

10

100 o

water o 10 20 30 <0 so &0 70 so so 100 Ol Exa
Fig. 3 a, b Pseudoternary phase diagram consisting of palm kernel oil, Solutol and Tween 80 (1:1) at a Smix 1:1 and b Smix 3:1. *Smix surfactant

mixture, pk/pka palmkernel oil
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a. smix (solutol/capryil cpgme)

oleic

acld
b. SovCpgme

Smix 3:1
0 100
¥ ~ , , , , y > O'?é
Water 0 10 20 20 40 S0 60 70 &0 S0 100 &c¢

Fig. 4 a, b Pseudoternary phase diagram consisting of oleic acid, Solutol, Capryol pgmc a Smix 1:0.5 and b Smix 3:1. *Smixsurfactant mixture,

Cpgmc Capryol pgmc

3.5 Emulsification time test and aqueous dilution test

However, in the aqueous phase, Kolliphor HS 15 LUM
LSES proved to be kinetically unstable due to precipitation
in aqueous acid (though not in phosphate buffer pH 7.2).
In SGEF, the ART formulations emulsified within 3-8 s to
form a clear or bluish microemulsion, while in phosphate

buffer solution (pH 7.2), Kolliphor HS 15 LUM LSES
emulsified within 6-12 s. On the other hand, Kolliphor
EL-based LUM LSES emulsified in SGF pH 1.2 within
91.8-132 s, but upon the inclusion of Kollidon VA 64 fine
in the LSES, the ET was reduced to 51-72 s. All the ART
batches were clear and transparent on dilution to 1000 ml
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with distilled water, except for batch A,,; which was
bluish in colour. In storage for 5 h and up to 24 h, they
still retained their visual appearance. The Kolliphor HS
15-based LUM batches were also clear, transparent and
stable after 5 h following dilution with distilled water, but
a cloudy appearance was observed after 24 h of storage.
As afore-noted, dilution in SGF pH 1.2 prompted rapid
drug precipitation. This was, however, not the case with
Kolliphor EL-Kollidon VA 64 fine LUM LSES, which were
stable at 5 and 24 h post-dilution in SGF (pH 1.2). Such
kinetic stability in the aqueous phase is sufficient to per-
mit the withdrawal of the unit dose prior to oral ingestion.
On the other hand, after 5 h dilution, Kolliphor EL. LUM
LSES (without Kollidon VA 64 fine) developed instability
(creaming).

3.6 Particle size analysis and polydispersity index test

All the ART formulations showed DS ranging from 8.95
to 39.88 nm with PDI of 0.07-0.25, while Kolliphor HS
15 LUM LSES had DS of 1579-2022 nm and PDI of
0.27-0.33 (Table 3). On the other hand, the DS of Kol-
liphor EL LUM LSES and Kolliphor EL-Kollidon VA 64
fine LUM LSES ranged from 341.95 to 8493 nm and 504
to 3897 nm, and their corresponding PDI, 0.48-0.8 and
0.7-0.9, respectively. With the exception of Kolliphor
EL LSES containing 65% surfactant (34:65:01), the other
three batches (34:50:01, 34:55:11, and 34:60:04) had sig-
nificantly (P<0.05) higher DS than those of Kolliphor HS
15 LSES. However, in spite of their higher DS and PDI,
they prevented precipitation of LUM, unlike Kolliphor
HS 15 LSES that suffered LUM crystallisation in aqueous
acid. Kolliphor EL-Kollidon VA 64 fine LSES with higher
PDI provided a better micro-environment that further

Table 3 Droplet characteristics of the various LSES
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enhanced the stabilisation of LUM from crystallisation.
High PDI may be attributed to irregular molecular inter-
active adsorption of Kollidon VA 64 fine on the hydro-
philic surface of the emulsion droplets.

3.7 Granulation properties

The Hausner’s quotient (HQ), Carr’s compressibil-
ity index (CI), angle of repose, and flow rate values of
artemether (ART) and lumefantrine (LUM) LSES granu-
lations are shown in Table 4.

3.8 Drug content/loading efficiency of the LSES

The loading efficiencies of the liquid and solid ART
(LSES) were between 72.91-100 and 62.04—100%, respec-
tively, while those for the liquid and solid LUM LSES
ranged between 79.65-96.42 and 86.5—-100%, respectively
(Table not shown). The loading efficiency of the Kolliphor
EL-Kollidon VA 64-based LUM formulation was between
93 and 98%.

3.9 Drug release studies and release kinetics

The cumulative amount (%) of ART that diffused through
the dialysis membrane into SGF (pH 1.2) or phosphate
buffer solution (pH 6.8) was between 76 and 99% or
76 and 100% (Fig. 5a—c), while that of LUM was 9% in
SGF (pH 1.2) or phosphate buffer solution (pH 6.8) The
apparently poor LUM diffusion from dialysis membrane
(molecular weight of 6000 dalton) motivated resort to
the use of Apparatus 1 (basket method) for LUM release
studies in phosphate buffer solution (pH 6.8). Conse-
quently, the quantity of LUM released was between 84
and 90% (Fig. 5d). Dissolution studies at pH 1.2 were
not furthered because of the inadvertent precipitation

Artemether LSES
Batch A1:0.5 B1:0.5 A3:1 B3:1 C3:1
Droplet size (nm) 39.88+4.0 1496+6.0 1442+25 1210+£1.7 895+0.9
Polydispersity index 0.25+0.04 0.12+0.009 0.09+0.002 0.11+0.03 0.09+0.005
Kolliphor HS 15 Lumefantrine LSES
32:49:19 30:47:23 24:57:19
Droplet size (um) 1589+ 104 1579+ 200 20224311
Polydispersity index 0.33+0.068 0.34+0.099 0.27+0.04
Kolliphor EL Lumefantrine LSES
34:50:16 34:55:11 34:60:06 34:65:01
Droplet size (nm) 8493+778 4229+709 8852+1395 341.95+20.6
Polydispersity index 0.64+0.04 0.8+0.05 0611+0.2 048+0.02
Lumefantrine + Kollidone VA64 fine LSES
50 55 60 65
Droplet size 3897+£1235 2228.5+419 402.6+85 504.6+4.5
Polydispersity index 0.9+0.2 0.9+0.12 0.9+0.008 0.7+0.008
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Table 4 Properties of artemether and lumefantrine LSES granules

Page 11 of 24

Artemether Avos Bios Cios Az, B3, Gy
formulation

BD (g/cmg) 0.61+£0.02 0.57+0.01 0.58+0.01 0.58+0.01 0.56+0.01 0.55+0
TD (g/cm?) 0.81+0.02 0.79+0.02 0.76+0 0.76+0 0.72+0.02 0.74+0.02
Cl (%) 2530£20 2691+£2.56 23.61£1.40 231516 22.04+3.6 2529+20
H.Q 1.34+£0.04 1.37+0.05 1.31+£0.02 1.30£0.02 1.29+0.06 1.34+0.03
AR() 20.62+2.05 16.48+0.50 21.80£1.0 17.82+0.25 1835+1.34 19.19+3.03
FR(g/9) 7.68+045 5.89+0.83 7.58+0.84 705+1.39 855+0.25 8.07+0.30
Lumefantrine As, Aios G

formulations

Lumefantrine LSES granules

BD (g/cm?’) 0.60+0.03 0.60+0.03 0.58+0.01

TD (g/cm?) 0.73£0.04 0.75+0.02 0.74+0.02

Cl (%) 17.49+£1.45 19.41+4.99 21.65£3.25

HQ 1.21+£0.03 1.25+0.07 1.28+0.05

AR () 18.34+0.62 2324098 2375+1.18

FR (g/s) 740+0.21 7.37+0.29 743+0.14

Each data is expressed as mean+SD; n=3

B.D bulk density, T.D tapped density, C./ compressibility index, H.Q Hausner’s quotient, A.R angle of repose, F.R flow rate

of LUM that ensued therein. To address this hiccup, we
adopted two approaches: (1) In the LUM LSES, replace
Kolliphor HS 15 with Kolliphor EL and Kollidon VA 64.
(2) Adsorption of the liquid LUM LSES on Neusilin FH2.
To identify the dominant release mechanism, the data
from the in vitro release investigation was fitted into the
various mathematical release models. The results are
shown in Table 5.

3.10 Differential scanning calorimetry (DSC) on solid LSES
The amorphous Neusilin FH, powder (Figs. 6, 7) had a
broad endothermic melting peak at 230.9 °C, whereas
the more crystalline ART and LUM powders had sharp
endothermic melting peaks at 89.7 °C and 134.7 °C,
respectively.

3.11 Antimalaria studies

ART-LUM LSES, solid ART-LUM, and commercial
ART-LUM tablet brands had antimalarial activities (AA)
of 85.21%, 72.63%, and 55.03%, respectively (Table 6).
Furthermore, the AA of the aqueous dispersion of
ART-LUM was 21.2%. The ART-LUM LSES, which dem-
onstrated the highest antimalarial activity, had the least
% parasitemia (5.0+1.83). Every patient’s clinical sign of
treatment effectiveness is a decrease in parasitemia. The
hematological parameters (PCV, RBC count) were found
to be significantly higher (P<0.05) in all drug-treated ani-
mals compared to placebo treated animals (Table 7).

3.12 Preliminary anti-inflammatory studies

The sheep red blood cell (SRBC)-injected mice exhibited
a remarkable increase in delayed-type hypersensitivity
reaction (0.80+0.06) and haemagglutination antibody
titre (96+18.47) indicating stimulation of cellular and
humoral immunity, respectively (group 1). However, the
administration of ART-LUM LSES elicited significantly
lower (p<0.05) haemagglutination antibody (HA) titre
and delayed type hypersensitivity (DTH) in the mice
compared to the untreated group (group 1). The differen-
tial counts of white blood cells did not vary much across
all treated groups. The groups that received either aque-
ous dispersion of pure ART or ART LSES (groups 5, 8)
showed lower values of HA and DTH compared to the
groups that received aqueous dispersion of pure LUM,
LUM LSES (groups 6, 9), aqueous dispersion of pure
ART-LUM or ART-LUM LSES (group 4, 7). Groups that
received LSES (groups 7, 8, and 9) recorded lower values
of HA and DTH than the groups that received the com-
mercial drug (group 3). Refer to Tables 8 and 9.

3.13 Histopathology studies

Histopathology studies were carried out to investigate
the safety of the LSES in organs. The effects of the for-
mulations at low doses (2 mg/kg artemether and 12 mg/
kg lumefantrine), medium doses (4 mg/kg artemether
and 24 mg/kg lumefantrine) and high doses (8 mg/kg
artemether and 48 mg/kg lumefantrine) on the liver,
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Fig.5 a-f Release profile of artemether and lumefantrine loaded LSES in SGF pH 1.2 and Phosphate buffer pH 6.8. Each value designates
mean+SDof n=3
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Fig.5 continued
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Table 5 Release kinetics studies

Batches  Dissolution technique/media Zero order First order Higuchi Krosmeyers  Krosmeyers

R? R? R? Peppas R? Peppas n

C31 Rotating basket (SGF pH 1.2) 0.387 0.671 0.876 0.975 0.239

C31 Rotating basket (phosphate buffer pH 6.8) 0437 0.738 0.890 0.944 0312

A 1:0.5 Dialysis membrane (SGF pH 1.2) 0.742 0.899 0.948 0.949 0.479

C105 Dialysis membrane (SGF pH 1.2) 0.955 0.886 0.789 0.949 0479

B1:0.5 Dialysis membrane (phosphate buffer pH 6.8) 0.965 0.886 0.789 0.949 0479

A3 Dialysis membrane (phosphate buffer pH 6.8) 0917 0.977 0.981 0.949 0479

kidney, and spleen were investigated after oral adminis-
tration to the mice. Microscopic examination of the liver
sections of the uninfected and untreated control groups
showed apparently normal plates of hepatocytes radi-
ating away from the central vein and portal areas com-
prising the hepatic artery, hepatic portal vein, and bile
ducts. On the other hand, the post-infection untreated
group had severe periportal mononuclear cellular infil-
tration (inflammation), widespread hemosiderosis (evi-
dence of red cell haemolysis and erythrophagocytosis),
and hepatocyte necrosis. The kidney sections from the
uninfected and untreated control groups had normal
histological architecture, comprising the glomerulus and
renal tubules within the interstitial tissues. However, the
post-infection untreated group had prominent mononu-
clear cellular infiltration of both the glomerulus and renal
tubules (glomerulonephritis). These were mildly seen
in the low and medium dose groups, but the high dose
group had tubular vacuolation (nephrosis). The spleen
sections showed varying degrees of haemosiderosis (evi-
dence of red blood cell breakdown), megakaryocyte pro-
liferation (evidence of hemopoiesis), and a reduction in
lymphoid tissue (lymphoid hypoplasia) (Table 10). The
infected untreated group showed severe liver damage.
Various degrees of improved histopathological changes
were seen in the liver, kidney, and spleen of all the treated
groups when compared to the post-infection untreated
group. Effectiveness and safety appear to be associated
with low or medium dose LSES; however, high dose
administration of the formulations was associated with
moderate hepatic necrosis and tubular degeneration/
nephrosis (Figs. 8, 9, 10). Therefore, it is important to stay
within the recommended dose of artemether and lume-
fantrine during malaria treatment to avoid the damage
caused to the liver and kidney at high doses.

4 Discussion

Natural fats/lipids were utilized as part of the excipients;
therefore activated charcoal and bentonite were used for
purification process. Activated charcoal and bentonite,
have been previously used for lipid purification [15]. They

have the ability to adsorb impurities and thus produce
purified oil or lipids.

Lumefantrine had remarkable solubility in oleic acid.
The high solubility of lumefantrine may be attributed to
the ionic hydrophobic interaction between the tertiary
amine of LUM and the carboxylic group of oleic acid
[20]. Therefore oleic acid was selected as the oil phase for
the lumefantrine formulations. On the other hand, ART
had the highest solubility in palm kernel, hence its choice
as an oil phase. Drug solubility in oil is very crucial as it
forms the core for the dissolved drug and facilitates self-
emulsification of the lipophilic drug [9, 36].

The post-formulation visual test/refrigeration/centrif-
ugation tests were to typically predict stability, the pro-
spective effect of transportation, mechanical impacts,
and environmental conditions on the LSES. A kinetically/
thermodynamically unstable LSES would be tractable
to drug crystallisation under minimal centrifugal force
which may portend amenability to precipitation in aque-
ous phase.

The ART LSES did not indicate any form of precipita-
tion in aqueous acid or phosphate buffer in the aqueous
dilution test; it is suggestive of kinetic stability. Unless
an overwhelming external influence impinges on a ther-
modynamically stable LSES, it will not undergo phase
separation, Ostwald ripening, or drug crystallisation.
Mechanistically speaking, kinetic stability implies that
between the reactant state (LSES) and the product state
(phase separated emulsion) there exists a high reaction
barrier but the free energy remains negative (AG<0). In
thermodynamic stability, from the reactant to the prod-
uct state the free energy is greater than zero (AG>0);
implying that reaction will not take place unless exter-
nal energy is introduced [37]. The presence of Kolliphor
EL (with critical micelle concentration, (CMC) of 0.02%)
and Kollidon VA 64 fine in LUM LSES imparted kinetic
stability since phase separation and drug crystallisation
were not observed.

The observed emulsification time values of Kolliphor
HS 15 LUM LSES and some of the Kolliphor EL-based
formulations containing Kollidon VA 64 were within
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the acceptable range of 0—1 min as previously reported
[7]. Phosphate buffer solution served as the emulsifying
medium for Kolliphor HS 15 LUM LSES because LUM
had crystallized out in SGF pH 1.2. Drug crystallisation
in this aqueous acid may be attributed to the weakening
of the bond between the amine group of lumefantrine
and the carboxylic group of oleic acid by hydrogen ions
from HCI [20]. To correct this physicochemical deficit,

Kolliphor EL-based LUM LSES was formulated to pro-
mote stability in aqueous acid. Kolliphor EL has been
reported to most efficiently emulsify oleic acid as it has
three fatty acid chains attached to the PEG glycerol [20,
38, 39]. While Kolliphor EL successfully ensured non-
LUM recrystallisation in aqueous acid, Kollidon VA 64
scaled down ET and reinforced crystallisation inhibi-
tion. As a result, the addition of Kollidon VA 64 to the
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Table 6 Percentage antimalarial activities across the groups

Groups Antimalarial
activity (%)

Group A 56.36
Group B 43.05
Group C 72.63
Group D 77.07
Group E 84.23
Group F 85.21
Group G 55.03
Group H -

Group | -

Group J -

Group K 15.18
Group L 20.12
Group M -

Group N -

Group P 21.20

Table 7 Hematological parameters of the animals after infection
and after treatment

Groups After infection After treatment

PCV (%) RBC (10°) PCV (%) RBC (109)
Group A 31.8+1.79 8.44+0.52 41+1.15 10.54+0.31
Group B 304+207 8514051 414183 9.90+042
Group C 27+£11.90 797+0.76 42+2.90 10.50+£0.12
Group D 31.17+£3.60 7.87+0.77 40.5+£3.11 10.39+0.70
Group E 32+3.65 851+0.13 36.67+£3.21 1049+£0.17
Group F 354+3.71 7.08+0.51 427541222 10.36+0.64
Group G 2144195 5.05+042 344+230 9.32+041
Group H 32.25+3.30 6.60+0.68 33254275 8.76+043
Group | 3067+250  7.75+0.96 312£1.92 7.75+053
Group J 32171271 6.76+0.72 31.2+1.30 75+0.85
Group K 30.20+£1.48 6.87+0.50 2867+3.05 7.70+0.74
Group L 314+167 7.10+0.68 31.67+£153 744+0.12
Group M 24+297 6.12+0.49 356+3.65 841+1.25
Group N 232+3.03 567+042 3475+359  661£053
Group O 495+3.70 10.72+0.14 48.25+3.10 10.69+0.24
Group P 232+383 5.93+0.50 33.6+358 843+0.29

LUM LSES improved stability and may have prevented
drug crystallisation during GIT transit. Essentially,
LSES are mostly preferred to emulsify in a short time
to arguably promote a short onset of action, consistent
absorption, and bioavailability. Whereas Kolliphor EL
apparently promoted kinetic stability in aqueous acid,
Kollidon VA 64 fine did reinforce it by probably sustain-
ing the inhibition of nucleation, creaming, and phase
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Table 8 Effects of Artemether and Lumefantrine loaded
LSES on SRBC induced delayed-type hypersensitivity and
haemagglutination titre in mice

Treatment groups HA DTH response (mm)
Group 1 96+1847 0.80£0.06
Group 2 6+1.15 0.15+0.03
Group 3 50+26.61 0.70+0.22
Group 4 32+11.31 040+0.11
Group 5 20+6.93 0.35+0.06
Group 6 26+6.00 0.38+0.06
Group 7 42+1361 043+0.11
Group 8 34+11.49 040+0.08
Group 9 4442856 0.50+0.14

separation. In this way molecularly dissolved LUM
maintained its entrapment in the droplet, and thus mit-
igated LUM recrystallisation via the "parachute effect
which is characterized by non-crystallisation of solubi-
lized poorly soluble drug from dosage form immersed
in aqueous phase" [40-42]. Kollidon VA 64 fine is
known to prevent the "spring effect,” which involves the
diffusion of solubilized poorly soluble drugs from dos-
age forms to crystallize out in the surrounding aqueous
GIT environment [40].

Kollidon VA 64 fine caused a sudden drop in parti-
cle size—403 nm and 505 nm, as Kolliphor EL concen-
tration increased to 60% and 65%, respectively. This
was lower than the particle size seen in Kolliphor HS
15 (1579-2022 nm). Kolliphor HS 15 LSES, may have
been assaulted by Laplace pressure in an aqueous acid
medium. Laplace pressure is the resultant outcome of
interfacial tension existing at the curved interface of
droplets dispersed in another liquid. During emulsi-
fication, Laplace pressure could cause an emulsion to
become thermodynamically unstable by collapsing
smaller droplets and their contents into larger ones due
to higher pressure impingement on the inner concave
interface than on the convex interface of the droplets.
In the process of smaller droplets merging with larger
ones, drug crystallisation ensues. This Ostwald ripen-
ing process, accelerated by the ionic strength of HCI,
may have contributed to the rapid precipitation of
LUM from Kolliphor HS 15 LSES droplets in pH 1.2
medium. The surfactant (Kolliphor HS 15) has a criti-
cal micelle concentration, (CMC) of 0.002-0.05%.
Increased surfactant concentration probably attenuated
Laplace pressure and Ostwald ripening through fur-
ther interfacial tension reduction. ART LSES showed
particle sizes ranging from 8.95 to 39.88 nm and PDI
of 0.09-0.25. ART LSES fulfilled all optimal condi-
tions (nanodroplet size, PD) for a typical kinetically
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Table 9 Effects of Artemether and Lumefantrine loaded LSES on white blood cell differentials
Groups White blood cell differentials (mean +SD)

Lymphocytes (%) Neutrophils (%) Monocytes (%) Eosinoph (%)
Group 1 70.75+4.82 23.00+4.20 5.50+0.96 1.00+041
Group 2 75.00+4.65 21.50+4.79 3.00+0.00 0.50+0.50
Group 3 73.75+1.31 22254246 2.75+0.85 0.75+048
Group 4 73.25+494 19.75+3.97 425+1.03 2.75+0.85
Group 5 66.50+5.25 29.00+5.69 3.50+0.95 1.50+£0.95
Group 6 67.00+6.61 32.00+£5.94 5.50+£0.50 200+£0.82
Group 7 68.00+£6.94 26.50+£6.02 425+1.18 1.25+0.75
Group 8 67.25+3.54 24.75+2.56 550+0.87 2.50+1.26
Group 9 69.50+3.20 20.50+£0.96 6.50+0.96 3.00+1.29

Results are expressed in Means+SD (n=5)

Group 1—SRBC +distilled water; Group 2—SRBC + diluent only; Group 3—SRBC + commercial drug sample (40 mg/kg); Group 4—SRBC + Artemether + Lumefantrin
solution (40 mg/kg); Group 5—SRBC + Artemether solution (40 mg/kg); Group 6—SRBC + Lumefantrin solution (40 mg/kg); Group 7—SRBC + Artemether + Lumefantrin
formulation (40 mg/kg); Group 8—SRBC + Artemether formulation (40 mg/kg); Group 9—SRBC + Lumefantrin formulation (40 mg/kg)

Table 10 Summary of histopathological effects as seen in the liver, kidney and spleen

Lesion Control 2mg/kg 4 mg/kg 8 mg/kg Infected
(normal ART+12mg/kg ART+24mg/kg ART+48mg/kg untreated
saline) LUM LUM LUM

Haemosiderosis (liver) 00,1 312 22,1 2,11 323

Periportal mononuclear cells infiltration (liver) 0,00 22,1 1,12 0,01 333

Hepatic necrosis/vacuolations (liver) 0,00 1,0,2 1,11 32,2 2,11

Kupffer cell hyperplasia (liver) 0,0,0 11,2 1,01 0,0,1 332

Mononuclear inflammatory cells infiltration (kidney) 0,00 11,2 1,02 0,01 32,2

Tubular degeneration/vacuolations/nephrosis (kidney) 0,00 1,01 1,1, 322 2,11

Haemosiderosis (spleen) 0,0,1 31,1 2,11 2,10 3,21

Megakaryoblast hyperplasia (spleen) 0,01 31,2 2,21 211 3,23

Lymphoid hypoplasia (spleen) 0,00 112 1,02 1,0,1 32,2

Macrophages/splenic phargocytosis (spleen) 00,1 31,1 21,1 2,10 32,1

LUM lumefantrine, ART artemether, normal (0), mild (1), moderate (2), and severe (3)

24

Fig. 8 Photomicrograph of the liver sections from group a—e X400.
Note the periportal mononuclear cellular infiltration, inflammation
in group e (white arrows) and hepatocyte vacuolations in group d

(black arrows) x 400

and probably thermodynamically stable microemul-
sion [43]. Although most of the LUM LSES particle
sizes were within the small micrometre or large nano-
range, the observed stability of LUM LSES during
aqueous dilution and dissolution studies may sustain
drug-dissolved droplets until they transit to the intes-
tinal milieu. Within the intestine, further emulsification
of the droplets by a mixture of endogenous bile salts
and phospholipids would ensure consistent absorption
[44-46]. Thus, with the exception of droplets that are
susceptible to lymphatic uptake, both micro-scale and
nano-scale droplets are liable to lipase hydrolysis in
the intestine. Hence, we posit that as far as Kolliphor
EL-Kollidon VA 64 LSES is concerned, once its kinetic
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Fig. 9 Photomicrograph of the kidney section from group a—e. Note
the normal architecture comprising the glomerulus (G) and renal
tubules (T) within the interstitial tissues in group a and mononuclear
cellular infiltration of both the glomerulus and the renal tubules
(glomerulonephritis) in the infected untreated group e (black
arrows) which were midly seen in the low dose group b (black
arrows) but not in the medium and high dose group ¢, d. See tubular
nephrosis or vacuolation in group ¢ (white arrow) x 400

e

Fig. 10 Photomicrograph of the spleen section from group a-e.
Note megakaryocyte proliferation (evidence of hemopoiesis)—black
arrows and reduction in lymphoid tissue (lymphoid hypoplasia)

in all except the un-infected untreated control group a x400. Group
a treated with normal saline (control), group b low dose, group ¢
medium dose, group d high dose and group e infected untreated

stability properties ensure intact droplets in the stom-
ach and intestine for 2-3 h (gastric emptying time),
droplet size may be of little consequence. The critical
question worthy of consideration in the treatment of
malaria with ART and LUM is whether the drugs will
remain solubilized in GIT fluid without crystallisa-
tion prior to absorption. Due to their poor solubility
in aqueous and aqueous acid phases, most formulation
attempts to improve the solubility of ART and LUM
require nutritional aids (e.g. milk) to improve bio-
availability or surfactants in the dissolution medium
to preclude crystallisation. However, our present Kol-
liphor EL-Kollidon VA 64 LUM LSES formulations are
potentially capable of preventing drug crystallisation,
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improving absorption, enhancing bioavailability and
mitigating resistance caused by sub-lethal drug concen-
tration [10, 47, 48].

The granulation properties generally indicate fair or
passable flow behaviour. The angle of repose is a meas-
ure of the internal friction or cohesion of the parti-
cles. It is high if cohesive and other forces are high
and vice versa. Generally, if the angle exceeds 50°, the
powder will not flow satisfactorily while materials hav-
ing values near the minimum, circa 25°, flow easily and
well [26, 49]. It should be noted that the liquid LSES
was adsorbed onto Neusilin without the addition of
flow aid. Based on the angle of repose, Hausner’s quo-
tient, and Carr’s compressibility index results, batches
Bs, (ART LSES) and Aj,; (LUM LSES) demonstrated
acceptable granulation properties. It has been reported
that HQ values of less than 1.25 indicate good flow,
while values greater than 1.25 indicate poor flow. HQ
values between 1.25 and 1.5 require the addition of a
glidant to improve flow [27]. The flow scale of powder
and granulations has been described as excellent, for
values of CI within 5-15%, good for 12-16% and fair
to passable for 18—-21%, while between 23 and 35% are
said to be poor, 33-38% are very poor and values >40%
are extremely poor [27]. HQ and CI are useful indices
for assessing drug powder and granule flow properties.
These flow indices are not individually sufficient to con-
firm powder or granulation flowability. For instance, a
powder could have a high Carr’s compressibility index
and still flow well under gravity and vice versa. There-
fore, it has been reported that no one test or index
could reliably reflect powder flow ability. Furthermore,
we observed that unusual consolidation of the granules
occurred in the tapped density experiments. This could
be attributed to the weak bond formation between the
granules or the probable low tensile strength of the
granules formed. Wet granulation is often associated
with the formation of liquid bridges between particles,
with the tensile strength of these bonds increasing as
the quantity of granulating fluid increases. Thus, in the
process of drying, the formation of interparticulate
bonds due to the fusion or recrystallisation and cur-
ing of the binding agent takes place [50-52]. In this
study, the wetting agent used was ethanol, without
any binding agent. Therefore, the particles of the gran-
ules formed were interbonded weakly, which explains
the amount of deformation that ensued upon tapping,
as is evident in the high tapped density values. So far,
the general flow behaviour of the granulations is suffi-
cient to guarantee free and easy flow into hard gelatin
capsules.
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The DSC spectra showed the sustained solvation form
of the drugs within the Neusilin FH2 matrix resulted in
the broad melting peaks of solid ART and LUM LSES at
58.5 °C and 54.2 °C, respectively [51, 53]. By implication,
the solid carrier advantageously amorphized the two
drugs and showed no potential excipient incompatibility.

The high drug loading efficiency was an indication of
the high drug entrapment capacity of the LSES. Achieve-
ment of high drug entrapment is more predictable with
LSES than with polymeric nanoparticles. The incorpora-
tion of a liquid self-emulsifying formulation into a solid
dosage form may combine the advantages of LSES with
those of a solid dosage form and overcome the disadvan-
tages (including leakage from the capsule shell) associ-
ated with encapsulating liquid formulations.

The Kolliphor EL LUM LSES showed an initial burst
release of over 80% of drug within 3—4 min in SGF pH
1.2 and phosphate buffer pH 6.8 (graph not shown) while
the Neusilin FH2-based LUM LSES had a maximum
release of about 60% in SGF pH 1.2 and 51.54-67.81% in
phosphate buffer solution pH 6.8. Recall that the change
of surfactant from Kolliphor HS 15 to Kolliphor EL with
the inclusion of Kollidon—VA 64 prevented crystallisa-
tion of LUM in the aqueous acid media. Consequently,
the release study further confirmed that no external dis-
solution aids was required in the dissolution studies. The
observed erratic release of LUM from the solid LSES may
be attributed to the varying desorption times of LSES
from the adhered insoluble particle surfaces (Neusilin
FH,). On the other hand, the diminished release of LUM
could be attributed to stronger adherence to and entrap-
ment of LUM within the three-dimensional structure of
Neusilin. Previous workers have reported similar obser-
vations [54—57]. The successful inhibition of LUM crys-
tallisation in aqueous acid by Neusilin FH, may be due
to the impartation of a micro-alkaline environment that
probably increased the aqueous acid pH to an alkaline
scale. At a 5% w/v slurry concentration, Neusilin FH,
records a pH of 9.7 [58]. Recall that at pH of 7.2, the Kol-
liphor HS 15 LSES was not susceptible to LUM crystalli-
sation. Thus, at an elevated pH of 9.7, a sufficient alkaline
milieu fostered emulsion stability.

The R? value seen in the kinetic studies reveals the
degree to which the formulations suit the mathematical
models. In terms of how well each batch fit, the Kors-
meyer—Peppas model performed better than the Higuchi
model for all formulations. Unlike the Higuchi release
model, which explains that the release of drugs from an
insoluble matrix is dependent on the square root of time
and based on fickian diffusion, the Korsmeyer—Peppas
model describes a system where the fractional release
of drugs is exponentially related to time [59]. The Kors-
meyer kinetic model is often used when the release
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mechanism is not evident or when there are numerous
release occurrences. The release mechanism is defined
by the "n" value of the Korsmeyer—Peppas model. The
"n" value between 0 and 0.5 supports fickian diffusion,
however n between 0.5 and 1 indicates mass transfer or
anomalous transport [60]. All of the formulations’ “n”
values were lower than 0.5 depicting fickian diffusion
(Table 5).

The antimalarial study reinforces the superiority of
combination therapy over monotherapy. This is not sur-
prising since the two drugs are known to cause hemoly-
sis of red blood cells together with parasite clearance.
The incomplete drug desorption from Neusilin FH, may
have been responsible for the reduction in antimalarial
activity recorded by solid LSES in comparison with liq-
uid LSES. The gastroprotective role of LSES droplets
on ART and general solubilisation of LUM and ART
probably enhanced absorption, bioavailability, and anti-
malarial activity [4, 48, 61]. The alkaline pH of Neusi-
lin FH, may have also offered gastro protection to ART
by increasing the pH of the micro-environmental pH.
Expectedly, the self-emulsified droplets, aided by their
high surface area-to-volume ratio, may have promoted
consistent drug absorption across intestinal epithelium
or via the lymphatic route. Lymphatic transport could be
occasioned by highly lipophilic drugs, long-chain fatty
acids, and LSES via association with lipoproteins [62].
On the other hand, the non-enhancement of the solubili-
ties of artemether and lumefantrine by commercial tab-
let brands may have resulted in poor/erratic absorption
and poor bioavailability. In an industrial setting, the for-
mulation pharmacist and company policy makers could
choose between the option of liquid LSES or solid LSES
given their kinetic stability (especially absence of drug
crystallisation) and high antimalarial activity prospects.
Whereas the solid LSES has shorter tabletability steps,
the liquid LSES enjoys faster emulsification time. If cap-
sule leakage is a potential disadvantage to tackle in liquid
LSES, possible delayed drug (LUM) desorption may be a
demerit to unravel in solid LSES.

Inflammations develop by changing the response of
T-cells, thereby causing irregularities in the immune
system, which are associated with the migration
of leukocytes, especially neutrophils. The effect of
artemether-lumefantrine LSES on the immune sys-
tem was demonstrated using the HA and DTH tests.
The DTH reaction is a type-IV hypersensitive immune
response that provides a functional in vivo assessment
of cell-mediated immunity in animals [32]. Generally,
the T-helper 1 (Thl) cell-mediated immune response
oversees the elimination of intracellular parasites
while the T-helper 2 cell-mediated immune response is
responsible for the elimination of extracellular parasites
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[63]. Activation of the Thl cells prompts the release of
cytokines that initiate the activation and accumulation
of macrophages, enhancement of vascular permeability,
induction of vasodilation, and consequently inflamma-
tion [64]. This process was responsible for the swelling
of the foot pad observed in the mice. The present study
has revealed that ART and LUM LSES have good anti-
inflammatory effects with immune system modulation
as the possible mechanism of action. The lipid vehicle,
which improved solubility, consequently improved the
drug’s anti-inflammatory activities compared to the com-
mercial brand. Surprisingly, from the results obtained,
the LSES vehicle (without the drugs) elicited a remarka-
ble decrease in HA and DTH. The fatty acid composition,
especially oleic acid, has been known to play important
roles in immune and inflammatory responses. Previous
studies have reported the role of oleic acid in suppressing
lymphocyte proliferation and inhibiting cytokines [65].
These fatty acids have also been reported to be useful in
speedy wound healing [66]. Recall that the bond between
the carboxylic group of oleic acid and the amine group
of the lumefantrine may have affected the availability of
free oleic acid. The white blood differential counts did
not vary much across all treated groups (Table 9). This
suggests that the white blood differential count may not
be a perfect index to measure anti-inflammatory activ-
ity and, hence, there is a need to evaluate possible mark-
ers expressed on the surface of the white blood cells for
a more accurate interpretation. ART had more immu-
nomodulatory and anti-inflammatory effects than LUM.
This is consistent with previous studies where artemether
inhibited neuroinflammation-mediated HT22 neuronal
toxicity in liposaccharide (LPS)-stimulated BV2 micro-
glia/HT?22 neuron co-culture after 24 h [16]. This suggests
that artemether LSES and, to a lesser extent, lumefan-
trine LSES abate the production of cytokines that trig-
ger Thl-mediated inflammatory immune responses. This
activity may be found useful in the treatment of inflam-
mations associated with diseases like COVID-19, which
is known to induce Thl-hyperinflammatory immune
responses in human lungs and a systemic inflamma-
tory cascade [67]. Studies have shown that SARS-CoV
2 infection triggers increased production of interleu-
kin-2 (IL-2), IL-6, IL-7, granulocyte-colony stimulating
factor, macrophage inflammatory protein 1, monocyte
chemoattractant protein 1, interferon-inducible protein
10, tumour necrosis factor (TNF-), and ferritin, leading
to fatal hypercytokinemia with failure of the lungs and
death [68]. It has been reported that COVID-19 African
patients with long exposure to malaria had lower levels
of inflammatory cytokines and mortality [19]. However,
the antimalarial drugs used in treating malaria during
the exposure period were not countenanced to also cause
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blunting of inflammatory cytokines. Therefore, further
studies evaluating the long-term exposure effect of anti-
malarials (ART-LUM) on inflammatory cytokines ought
to be conducted to confirm if malaria or drug exposure or
both should be given credit for the blunting effect. Until
then, it suffices that our present finding has confirmed
ART-LUM to exert a blunting effect on some inflam-
matory markers and may hold promise in mitigating
cytokine storm possibilities during COVID-19 infection.

The histopathology result of the liver sections is attrib-
uted to the erythrocytic stage of the parasitic life cycle.
In response to the damage, the kupffer cells actively pro-
liferate, break down ruptured red blood cells and split
haemoglobin molecules, thus leading to haemosiderosis
(linked with anaemia) and eventually hepatic necrosis.
The high-dose treated groups were devoid of the lesions
seen in the untreated group but had benign hepatocyte
vacuolations [69]. The low and medium dose groups had
milder presentations of periportal mononuclear cellu-
lar infiltration, hemosiderosis, and hepatocyte necrosis.
The liver damage seen with the infected untreated group
may be attributed to the erythrocytic stages of the plas-
modium life cycle and toxins produced by the parasite.
This may have resulted in the active proliferation of the
kupffer cells (Kupffer cell hyperplasia), thereby break-
ing down ruptured red blood cells by phagocytic action
and splitting the haemoglobin molecules. The result-
ant pathological effect is the accumulation of iron in the
liver (haemosiderosis), which is often linked to anaemia
and could extend to the rapid death of the parenchymal
cells of the liver (hepatic necrosis) that is evident with
untreated malaria [70].

5 Conclusion

Nanosized artemethers (8—39 nm) and micro-scale LUM
(1579-2022 nm) lipid self-emulsifying systems (LSES)
with improved stability and rapid emulsification time
(about 1 min) were produced and investigated. The solidi-
fication of liquid LUM LSES with Neusilin FH, or refor-
mulation of LSES with Kolliphor EL and Kollidon VA 64
fine improved the stability and prevented the crystallisa-
tion of the micro-scale LUM LSES in aqueous acid. Hence,
there was no need for the inclusion of dissolution aides in
the pH 1.2 dissolution medium. The increased antimalar-
ial activities (85.21%) and (72.63%) of the liquid and solid
LSES, respectively, could be attributed to improved drug
solubilisation by the LSES in contrast with the commer-
cial drug (55.03%). ART and LUM LSES exerted palpable
anti-inflammatory effects. Modulation of the immune
system could be a possible explanation for the observed
anti-inflammatory effects. The artemether and lumefan-
trine LSES demonstrated a good safety profile as seen in
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the histopathological studies; however, moderate hepatic
necrosis and tubular degeneration/nephrosis were associ-
ated with high dose administration of the formulations.
The use of ART and LUM LSES may be a useful manage-
ment strategy for COVID-19 induced inflammations in
patients with malaria. It is safe to conclude that for the
first time we have prepared a LUM micro-scale lipid sys-
tem with improved solubility / enabled stability in aque-
ous acid and a stable ART nano-scale lipid system (with
improved stability) from palm kernel oil.
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ART Artemether
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IL-2 Interleukin-2
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