Kenechukwu et al. BMC Chemistry (2025) 19:64 BMC Chemistry
https://doi.org/10.1186/513065-025-01422-4

- ) ) )]
Solidified reverse micellar solution-based ot

chitosan-coated solid lipid nanoparticles
as a new approach to enhance oral delivery
of artemether in malaria treatment

Franklin Chimaobi Kenechukwu'", Kingsley Chinazam Ugwu', Chibuzor Stanley Offorbuike’,

Enyi Moses Ojukwu', Thaddeus Harrison Gugu?, Reuben Ejike Eze', Chinazom Precious Agbo',

Mumuni Audu Momoh', Anthony Ikechukwu Onah?, Chinekwu Sherridan Nwagwu', Onyinyechi Lydia Ugorji*,
Emmanuel Chekwube Ossai’, Calister Elochukwu Ugwu?, Paul Achile Akpa', Adaeze Chidiebere Echezona',
Samuel WisdomofGod Uzondu'®, Chimaobi Odinaka Ugorji’, Wilfred Ikechukwu Ugwuoke®,

Teerapol Srichana” and Anthony Amaechi Attama'

Abstract

Solidified reverse micellar technology and surface-modification are promising techniques for improving the biop-
harmaceutical properties of poorly water-soluble drugs such as artemether, a first-line antimalarial drug. Thus,

the aim of this study was to develop and evaluate artemether-loaded chitosan-coated solid lipid nanoparticles
(SLNs) based on solidified reverse micellar solution (SRMS) for improved oral malaria therapy. Artemether-loaded
and unloaded SLNs were prepared from optimized SRMS (consisting of Phospholipon® 90G and Compritol® ATO
888 at 3:7 ratio) with or without chitosan by high-shear melt-homogenization, and thereafter characterized for phys-
icochemical performance, stability, safety and antimalarial activity using Plasmodium berghei-infected mice. Results
showed both smooth and irregular particles with a layer of polymer coating in chitosan-modified SLNs, increased
drug amorphization as well as compatibility of the drug and excipients employed in the formulations. The opti-
mized formulation was stable and nanomeric (size 292.90+ 5.01 nm, polydispersity index 0.191 +£0.09, and zeta-
potential +32.50+ 1.58 mV) with good encapsulation efficiency (82.03%), demonstrated minimal toxicity on Caco-2
cells, exhibited controlled drug release compared with fast release of artemether suspension and gave significantly
(p<0.05) greater antimalarial activity than artemether suspension. Artemether-loaded chitosan-coated SRMS-based
SLNs improved the antimalarial activity of the drug and can be pursued as a novel alternative for improved oral
malaria treatment.
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Introduction

Malaria, a life-threatening disease caused by Plasmodium
parasites and spread via infected Anopheles mosquitoes,
poses a significant global health threat [1]. In many parts
of the world, it remains a serious health risk, especially in
sub-Saharan Africa, where the disease burden remains as
high as 90% [2]. In 2022, there were an estimated 249 mil-
lion cases and 608,000 deaths worldwide resulting from
malaria, with the World Health Organization (WHO)
African Region bearing the highest burden [3]. Children
under 5 accounted for about 80% of all malaria deaths in
Africa. Symptoms range from mild to severe, including
fever, chills, headache, fatigue, delirium, seizures, and dif-
ficulty breathing [4].

Currently, artemisinin-based combination therapies
(ACTs) are the mainstay in malaria treatment [5, 6].
Treatment with these drugs, as well as malaria preven-
tion using malaria vaccine (RTS, S/AS01), is believed to
pave way for malaria eradication [7]. Although there has
been considerable advancement in the efforts to eradi-
cate malaria over the last 15 years, the goal of global
eradication remains unattainable due to recent reports
of drug resistance coupled with the challenge of poor
drug absorption after oral administration [8]. Despite
enormous efforts being put in place in drug discovery for
antimalarial drugs and newly discovered mechanisms of
action of antimalarial agents, Plasmodium falciparum,
the deadliest strain of the malaria parasite, has devel-
oped resistance to several antimalarial medications [9—
21]. The ACT merges rapidly acting artemisinin-derived
compounds with a drug from a different class, delivering
a powerful dual attack against the malaria parasite [22].
Unfortunately, literature has established it that arte-
misinin-based drugs have poor aqueous solubility as well
as low oral bioavailability, and these have put the drugs in
a danger list of therapeutic failure, if urgent action is not
taken [23].

Artemether, a methyl ether derivative of artemisinin,
is a prodrug that is extracted from the Chinese anti-
malarial plant Artemisia annua. It metabolizes to dihy-
droartemisinin in the bloodstream before attacking the
malaria parasite. The drug exerts its anti-malarial effect
via iron-catalyzed production of a carbon-centered free
radical and subsequent alkylation of malaria-specific
proteins [24]. Put another way, its mode of action is the
production of alkylated heme and proteins by the heme-
mediated breakdown of carbon-centered free radicals
[25]. Artemether is transformed into free radicals and
other electrophilic intermediates in the presence of intra-
parasitic iron, which subsequently alkylates particular
malaria target proteins [26]. It has been demonstrated
that artemisinin can be bioactivated by both heme and
free intracellular reduced iron species. This is necessary
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for the medication to bind covalently to macromolecules
throughout the entire parasite. Thus, artemether cova-
lently alters several targets [27]. Therefore, peroxide in
the chemical structure of artemether is essential to its
function. First synthesized in the early 1970s, artemether
has remained very relevant in the treatment of malaria till
date [28]. However, artemether, though very efficacious
against malaria parasite has a major drawback of having a
short half-life. It is also hydrophobic, grouped under class
IV of the biopharmaceutical classification system (BCS).
Drugs in this class exhibit an oral bioavailability of about
less than 40% due to poor water solubility [29], and are
generally not suitable for oral administration unless they
are formulated using some special drug delivery technol-
ogies [30]. These weaknesses of artemether in addition
to the use of substandard artemisinin-based formula-
tions are threats to the progress made in the fight against
malaria, by helping early development of drug resistance
and recrudescence.

The afore-mentioned setbacks have warranted the
modification of the physicochemical properties of the
drug using nanotechnology. We intend to use nano-
technology to design an artemether formulation with
improved water solubility and oral bioavailability for
malaria treatment. In our research, we developed and
evaluated artemether-loaded chitosan-modified solid
lipid nanoparticles (SLNs) based on solidified reverse
micellar solution (SRMS). SRMS are lipid-based biode-
gradable matrix drug delivery systems widely investigated
as potential drug delivery systems for drugs experienc-
ing penetration and absorption challenges [31]. Inter-
estingly, a good number of research has revealed that
co-formulation of poorly water-soluble drugs with lipid-
based matrices such as SRMS has potential of improving
oral bioavailability [30-33]. When lipophilic drugs are
incorporated into lipid-based drug delivery systems such
as SRMS, their aqueous solubility, absorption and sys-
temic distribution are enhanced. The activities of some
enzymes (lipase) and bile salt solubilization in the small
intestine on lipids are extended to the lipophilic drugs in
their company [34, 35]. SRMS is also used to achieve con-
trolled release of entrapped drugs through a mesophasic
transformation of the solid lipid contents after melting
and dispersing in water [30, 33].

SRMS-based SLNs offer several advantages including
small size and large surface area, controlled drug release,
excellent physical stability, prevention of drug degrada-
tion, allows for hydrophilic and/or hydrophobic drugs
incorporation; avoidance of use of organic solvents for
production (hence it is safer); can be used for dermal,
per oral, intravenous administration, and most impor-
tantly, greater stability and bioavailability of incorpo-
rated drug(s) [36, 37]. The main disadvantage of SLNs,
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however, is their solid lipid content, which reduces their
ability to load drugs since the drugs are ejected from the
crystalline structure of the solid lipid [38]. Furthermore,
SLNs are susceptible to gastrointestinal fluid and may be
destroyed by bile salts due to their lipidic nature [39]. To
address these problems, some researchers have employed
chitosan as a coating material for SLNs [40—42]. More
recently, our group successfully used chitosan as a coat-
ing agent for SLNs [43]. This is because chitosan coating
can maximize drug transport by preserving the nano-
structure of the SLNs and conferring a mucoadhesive
effect on the SLNs, thereby increasing the retention of
encapsulated drug in the biological membrane.

Chitosan is a mnatural polymer which contains
B-(1,4)—2-acetamido-D-glucose and [-(1,4)—2-amino-
D-glucose unit, and is produced from chitin (in shells of
crustacea, the cuticles of insects, and cell walls of some
fungi) through the removal of an acetate moiety from
chitin through hydration in concentrated alkali [44—46].
Chitosan and its derivatives are soluble in dilute acid
and its derivatives have different molecular weights and
degree of deacetylation, and these properties determine
their physical and chemical properties [47]. It is able to
form films easily, and hence useful for coating lipids and
polymer carriers [48]. Chitosan and its derivatives are
very attractive for the formulation of novel drug delivery
systems, because of their biodegradability, biocompatibil-
ity, versatility of application, enhanced stability and solu-
bility, low toxicity, simple and mild preparation methods
[49, 50]. They are therefore used for loading protein
drugs, genes, and anticancer drugs; in brain targeting
drug delivery, in mucosal drug delivery and for achieving
controlled drug delivery [51-53]. Chitosan-based deliv-
ery systems have also been useful for various routes of
administration including oral, nasal, ocular, vaginal and
parenteral routes [40-53].

Meanwhile, there is currently no report on SRMS-
based chitosan-coated SLNs containing artemether. Thus,
the novelty of this study lies in the use of SRMS-based
chitosan-coated SLNs for the first time to enhance oral
delivery of artemether for malaria therapy. The chitosan-
coated SLN should be capable of protecting artemether
against GIT degradation, enhance the amorphosity and
hence improve the drug dissolution in biorelevant media
and ultimately enhance the antimalarial activity of the
drug.

Consequently, the aim of this study was to encapsulate
artemether in SRMS-based SLNs and coat the formula-
tion with chitosan in order to improve the water solu-
bility, oral absorptivity and bioavailability of the drug.
Uncoated formulations were also formulated for com-
parison. In vitro characterization was done on the devel-
oped formulations to determine the physicochemical
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performance; the in vivo antimalarial activity was evalu-
ated in Plasmodium berghei-infected mice using a con-
ventional protocol; while histological and hematological
effects of the formulations were ascertained in major
organs implicated in malaria in comparison to a pure
sample of artemether.

Methods

Chemicals

The pure sample of artemether used was a kind gift from
May and Baker PLC, Ikeja, Lagos, Nigeria. Soluplus®
(polyvinylcaprolactam-polyvinyl ~ acetate-polyethylene
glycol grafted copolymer) was kindly provided by BASF
(Ludwigshafen, Germany). Compritol® ATO 888 was
kindly provided by Gattefosse (St. Priest, France). Chi-
tosan (200-300 kDa, deacetylated degree 85%) was
purchased from Sigma-Aldrich (Gillingham, UK).
Other materials include methanol and ethanol (Sigma
Aldrich, USA), sorbic acid (Foodchem Int. Co., China),
Polysorbate® 80 (Tween® 80) (Merck KGaA, Darmstadt,
Germany), Phospholipon® 90G (P90G) (Phospholipid
GmbH, Koln, Germany) and Softisan® 154 (Cremer Oleo
GmbH, Hamburg, Germany). The remaining substances,
reagents, and solvents were all purchased commercially
and were of analytical grade or above.

Instruments or equipment

The following items of equipment were used in the study:
Ultra-Turrax homogenizer (T 25 digital Ultra-Turrax
IKA, Staufen, Germany), Nano-ZS zeta sizer equipped
with Zeta sizer software v6.34 (Malvern Instruments,
United Kingdom), microconcentrator (5000 MWCO
Vivascience, Hanover, Germany), freeze-dryer (Amsco/
Finn-Aqua Lyovac GTZ, Germany), Fourier trans-
form infrared spectroscope (Perkin-Elmer, MA, USA)
equipped with a universal attenuated total reflectance
(ATR) sampling attachment (ATR-FTIR), scanning elec-
tron microscope (model HITACHI SU3900, JAPAN), dif-
fractometer (D8 Powder Diffractometer, Brucker, USA),
UV-Vis Spectrophotometer (Unico 2102 PC UV/Vis
Spectrophotometer, New York, USA), centrifuge (TDL-4
B. Bran Scientific and Instrument Co., London, Eng-
land), pH meter (Hanna Instruments, Romania) Moticam
Images Plus 2.0 digital camera (Motic China Group Ltd.)
and Statistical Package for Social Sciences, SPSS (Version
17, SPSS Inc., New York, USA).

Quantification of artemether

The analysis of artemether was carried out using an indi-
rect spectrophotometric (Unico 2102 PC UV/Vis Spec-
trophotometer, New York, USA) method, which was
based on reacting a solution of artemether in methanol
with concentrated HCI acid and heating at 60 °C for
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30 min. The solution was then scanned in the spectro-
photometer in the range 200—600 nm and the maximum
absorption was observed at 265 nm. Stock solution of the
drug in methanol was prepared and diluted in the range
of 0.2-1.2 mg/ml followed by dilution with conc. HCl
at 1:1 ratio (volume by volume) and heating for 30 min.
Absorbances were determined at 265 nm against the
blank and then plotted against the corresponding con-
centrations to give the calibration curve. Thereafter, the
method was validated by checking for its precision, accu-
racy, % recovery, limit of detection and limit of quanti-
tation using standard guidelines. The method exhibited
a limit of detection (LOD) of 0.15 pg/mL and a limit of
quantitation (LOQ) of 0.69 ug/mL for artemether. The %
Drug Recovery, which was 98.5% met the standard accu-
racy criteria outlined in USP40, NF35 General Chap-
ter 1225 (80-120%). The UV-Vis spectrophotometric
system displayed linearity over the concentration range
of 10-120 pg/mL (r*=0.9984). Precision, evaluated as
%RSD, was consistently less than 2%, indicating a high
level of accuracy and reliability in the quantification of
artemether. Thus, this method achieved satisfactory per-
centage recovery, detection and quantitation limits for
artemether.

Screening of different solid lipids

In this study, the solubility of artemether in the solid
lipids [stearic acid (SA), Softisan® 154 (S154) and
Compritol® 888 ATO (C888)] was determined using
modifications of established techniques [54, 55]. Briefly,
excess amounts of artemether were added to each melted
lipid (after heating at 10 °C above their melting tempera-
tures) until saturation was reached. In addition, using
1:3 (w/w) drug-lipid ratio, artemether was added to each
melted lipid (after 15 min heating at 10 °C above their
melting temperatures) and stirred for 5 min in a thermo-
regulated magnetic stirring plate assembly. Thereafter,
the drug-lipid mixture was visually inspected. The clar-
ity of the drug-lipid mixture played a role in the selection
of the lipid in addition to the saturation solubility of the
drug in the lipid.

Formulation of SRMS lipid matrices

Following the solubility test performed in the preced-
ing section, C888 (m.p. 75 °C) was selected for the
preparation of the solidified reverse micellar solution
(SRMS) lipid matrices consisting of 30:70 mixtures of
Phospholipon® 90G (P90G) and Compritol® 888 ATO
(C888) by the fusion method [39]. P90G and C888 were
weighed precisely, melted together at 85 °C on a hot plate,
and agitated at 200 rpm with the aid of a magnetic bead.
After melting and mixing, the temperature was lowered
to room temperature to allow the lipid matrix to solidify.

Page 4 of 25

It was then scraped out of the beakers and kept in tightly
sealed glass bottles until needed.

Preparation of SRMS-based artemether-loaded
chitosan-coated SLNs

The SLN formulations were prepared by a high-speed
homogenization method [56]. In these formulations, the
lipid matrix prepared from P90G and C888 were used
in addition to Tween® 80 (surfactant), sorbic acid (pre-
servative), Soluplus® (solubilizer/co-surfactant) and
distilled water (vehicle) with or without chitosan by the
high-speed melt-emulsification technique. The lipid
phase, which included artemether (1.0%w/w), was mixed
with the aqueous phase, which contained an emulsifier,
to prepare the formulation. A hot plate magnetic stir-
rer was used to continuously stir a known volume of
distilled water at 1,000 rpm while maintaining a tem-
perature of 85 °C. Tween® 80, sorbic acid, and Soluplus®
were added to the mixture to prepare the aqueous phase.
The lipid phase was prepared by melting the lipid matrix
composed of P90G and C888 at 85 °C and dissolving
artemether in it. The aqueous phase was dropwise mixed
with the lipid phase at the same temperature of both
phases, i.e., 85 °C with constant stirring for 30 min. The
primary emulsion obtained was then subjected to high-
speed homogenization using the Ultra-Turrax homog-
enizer (T 25 digital Ultra-Turrax IKA, Staufen, Germany)
for 15 min at 10,000 rpm. The final formulation was then
immediately cooled at 10 °C using an ice bath to obtain
SLNs. For chitosan-coated SLN formulations, a speci-
fied amount of chitosan (0.5%) was added to the aque-
ous phase. Briefly, after being dissolved in 1% acetic acid
solution, the chitosan was added to the aqueous phase,
which also contains the surfactants (Table 1).

Determination of mean particle sizes, polydispersity
indices and zeta potential

Polydispersity indices (PDI), zeta potential, and hydrody-
namic mean particle size of the formulations were meas-
ured at 25 °C using a Nano-ZS zeta sizer equipped with
Zeta sizer software v6.34 (Malvern Instruments, United
Kingdom). The instrument utilizes a 4 mW He—Ne red
laser at 633 nm. The light scattering was detected at 173°
by non-invasive backscatter technology with a measur-
ing range from approximately 0.6 nm to 6 m. Disposable
polystyrene cuvettes (1 ml) were used for measurements.
Double distilled water was used to dilute the formula-
tions and measurements were done in triplicates.

Determination of encapsulation efficiency (EE) and loading
capacity (LC)

A microconcentrator (5000 MWCO Vivascience, Hano-
ver, Germany) was filled with about 5 ml of each of the
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Table 1 Formulation composition of artemether-loaded SRMS-based chitosan-coated SLNs

Batch code Lipid matrix Artemether Tween® 80 Soluplus® Sorbic acid Chitosan Distilled water
(Y%ow/w) (Y%ow/w) (Yow/w) (Yow/w) (Yow/w) (%ow/w) q.s. to 100%w/w

X 10.0 1.0 1.0 4.0 0.1 0.0 100.0

Y, 10.0 1.0 1.0 40 0.1 0.5 100.0

Xo 10.0 0.0 1.0 4.0 0.1 0.0 100.0

Yo 10.0 0.0 1.0 40 0.1 0.5 100.0

X, free neutral SRMS-based SLNs, Y, free chitosan-coated SRMS-based SLNs, X; artemether-loaded unmodified SRMS-based SLNs, and Y; artemether-loaded chitosan-

coated SRMS-based SLNs

uncoated and chitosan-coated SLNs. After centrifug-
ing the microconcentrator (TDL-4 B. Bran Scientific
and Instrument Co., London, England) for two hours at
4000 rpm, the supernatant was collected and diluted with
methanol followed by addition of concentrated HCl acid
and heating at 60 °C for 30 min. The drug concentration
was sufficiently assessed using spectrophotometry at a
preset wavelength (Unico 2102 PC UV/Vis Spectropho-
tometer, New York, USA). Equation 1 was used to com-
pute the quantity of artemether encapsulated in the SLNs
using the typical Beer-Lambert’s plot for artemether to
determine the EE % [37].

EE (%) = Actual drug content % 100 )
"~ Theoretical drug content M

Using Eq. 2, the ratio of the lipids’ overall weight to the
active pharmaceutical ingredient (API) that is entrapped
is expressed by LC [57].

LC=—
1

X100 @)

where, W, is the weight of lipid added in the formulation
and W, is the amount of API entrapped by the lipid.

Lyophilization of artemether-loaded chitosan-coated
SRMS-based SLN dispersions

For the purpose of performing solid-state and other char-
acterizations, the formulated samples were divided into
two and one part was lyophilized. In short, the samples
underwent a 12-h lyophilization process in a freeze-dryer
(Amsco/Finn-Aqua Lyovac GTZ, Germany) set at —40 °C
and 2.7 Pa of pressure; the lyophilized powders of the
uncoated and chitosan-coated SLNs were then stored in
a dry, cool area.

Fourier transform infrared (FT-IR) spectroscopy

Utilizing attenuated total reflectance, the compatibility
between the pure drug and excipients was investigated
using a PerkinElmer Spectrum equipped with a universal
attenuated total reflectance (ATR) sampling attachment,
Fourier transform infrared spectroscopy (ATR-FTIR)

(Perkin-Elmer, MA, USA). In short, the spectra man-
ager set up the proper parameters after the equipment
had been equilibrated for thirty minutes. The ATR crys-
tal (ZnSe) was coated with a 2 mg quantity of artemether
and an optimized lyophilized formulation (artemether-
loaded chitosan-modified SLNs). The screw unit of the
ATR was then tightened clockwise until it made contact
with the sample. The upper cabinet was closed in order
to measure the sample spectra via the computer moni-
tor. FT-IR spectra were obtained after an aggregation
of 16 scans, with the range of 4000 to 400 cm™! at room
temperature.

Scanning electron microscopy analysis

of the artemether-loaded chitosan-coated SLNs

The morphological features of the artemether-loaded
uncoated and chitosan-coated SLNs were assessed by
scanning electron microscopy (SEM) analysis at PSU
(Prince of Songkla University), Thailand. Prior to assess-
ment, the samples were sputter-coated with gold in a
sputter (SPI supplies, USA) and mounted on aluminum
stubs using adhesive carbon tape. Images were then taken
using a scanning electron microscope (model HITACHI
SU3900, JAPAN) operating at 15 kV.

Powder X-ray diffractometry

X-ray diffraction patterns of artemether and optimized
formulation  (artemether-loaded  chitosan-modified
SLNs) were recorded using a diffractometer (D8 Powder
Diffractometer, Brucker, USA) to investigate their crystal
properties. Measurements were performed at room tem-
perature while the samples were subjected to Cu Ka radi-
ation (40 kV, 35 mA) [58]. For each sample, scanning was
done at 26 diffraction angle in the range of 5-90°.

In vitro drug release study

The in vitro release of artemether from artemether-
loaded SLNs and chitosan-coated artemether-loaded
SLNs was investigated via a dialysis method [59]. A
volume of roughly 5 ml for every formulation was put
into a polycarbonate dialysis membrane bag that had
been pre-treated (molecular weight cut-off of about
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6000—8000 Da) and sealed hermetically at both ends.
The dialysis bag was then placed inside a beaker contain-
ing 200 ml of the release medium (phosphate buffered
saline, or PBS) with a pH of 6.8, 0.5% (v/v) Tween 80).
Next, the dialysis bag was placed inside a thermoregu-
lated water bath and agitated at 100 rpm at 37 °C. To
keep a sink condition, a succession of 1 mL quantities
of the release media was removed at different intervals
and then replaced with an equivalent volume of fresh
medium. To ascertain the quantities of artemether, the
extracted samples were derivatized with methanolic HC]
at 60 °C for 30 min, diluted, and examined at a preset
wavelength using the UV-vis spectrophotometer. After
that, the amount of artemether released cumulatively at
each determination was calculated. The release study was
carried out in duplicates throughout.

In vivo antimalarial studies

Ethical approval

The animal experimental protocols were in accordance
with the guidelines for conducting animal experiments
stipulated and approved by our Institution’s Animal
Ethics Committee (Faculty of Pharmaceutical Sciences
Research Ethics, approval n. FPSRE/UNN/20/00064) and
in compliance with the Federation of European Labo-
ratory Animal Science Association and the European
Union Directive 2010/63/EU for animal experiments.

Animals and parasite

In this study, locally raised albino (BALB/c) mice of both
sexes (male and female) that appear to be in good health,
8-10 weeks old, with weights ranging between 16 and
21 g were used. The animals were acquired from the Uni-
versity of Nigeria, Nsukka’s Faculty of Veterinary Medi-
cine, and were first kept in a room in the animal house.
Metallic and plastic cages were used to keep the animals,
and they were cleaned and had new bedding on a regular
basis. The experimental mice were maintained at ambient
temperature and humidity levels, with a 12-h light/dark
cycle as well as on a normal diet of commercial livestock
feed with unlimited access to water.

The rodent malaria parasite used was NK-65 strain
of Plasmodium berghei. This strain is highly infective in
mice with life cycle that is essentially similar to human
malaria parasite. It causes lethal infections in mice with
high mortality rates and is sensitive to all currently used
antimalarial drugs, providing a good model to estimate
the efficacy and survival [60]. The parasite was obtained
from the Institute of Medical Research and Training,
University College Hospital (UCH), Ibadan, and it served
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as a model for Plasmodium falciparum, which is respon-
sible for human malaria [61].

Preparation of inoculum

By repeated passaging, blood drawn from a donor mouse
was diluted with normal saline to provide a standard
inoculum of 1 x 107 parasitized erythrocytes [62, 63].
Briefly, a stock parasitized erythrocytes was obtained
from infected mice, with a minimum peripheral para-
sitemia of 20% through the retro-bulbar plexus of the
median canthus of its eye. The blood was collected into
an EDTA-coated tube. The percentage parasitemia in
each case was determined by counting the number of
parasitized red blood cells against the total number of
red blood cells. The cell concentration of the stock was
determined and diluted with normal saline such that
0.2 ml of the final inoculums contained 1 x 107 parasis-
tized red blood cells which are the standard inoculum for
the infection of a single mouse.

Experimental protocol

Eighteen mice were divided into 3 groups of six mice
each as shown in Table 2. The mice groups (A-C) were
infected with chloroquine-sensitive strain of Plasmodium
berghei (CPb) as described in the preceding section. Five
days after the inoculation of the mice with CPb, percent-
age parasitemia was determined and, after the establish-
ment of malaria, treatment was started on the same day
(day 1) on the malariogenic mice and was repeated till
day 3. Details of the experimental treatments are shown
in Table 2. Parasitemia was assessed from tail blood
smears (Giemsa-stained) post treatment. Blood sam-
ples were taken from the mice’s tails, and after fixing the
blood with methanol and staining it with 10% Giemsa,
thin blood films were produced. Slides for the parasite
from each groups were prepared, stained with blood
smear and placed under a binocular microscope with an
immersion oil droplet applied to it [64]. Red blood cells
(RBCs) with and without parasites were analyzed micro-
scopically (X 1000 magnification) in each slide field. The
total number of RBCs was calculated by counting the
number of parasitized RBCs in each field. Equations 3
and 4 were used to compute the mean parasitemia (%)
and the percentage reduction in parasitemia [9].

Table 2 Treatments administered to the mice perorally

Group Sample code Treatment Dosing

Art-loaded CS-SLNs
B Art pure sample
C Unloaded CS-SLNs

Optimized formulation 10 mg/kg % 3 days
Positive control 10 mg/kg x 3 days

Placebo (negative
control)

2 ml/kgx 3 days

Art is artemether; CS-SLNs is chitosan-coated solid lipid nanoparticles
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Mean parasitemia(%) =

Parasitemia of negative control(%) — Parasitemia of treated group(%)

Number of infected red blood cells(RBCs) 100 (3)
x
Total number of RBC count

Percentage reduction in parasitemia(%) =

x100
(4)

Parasitemia of negative control(%)

Determination of hematological parameters

Samples of blood were taken from the tails of every
mouse (before inoculation with the malaria parasite to
get the baseline, after the establishment of parasitemia,
and post-treatment for the treatment groups) and eval-
uated with respect to packed cell volume (PCV) and
hemoglobin (Hb) using an auto analyzer, consistent with
an established procedure [65].

Weight determination

The various weights of the mice were determined before
inoculation, after establishment of parasitemia, and after
treatment to assess the effect of the parasitemia and the
treatments on the weights of the animals. The mean body
weights for the groups were calculated.

Assessment of Plasmodium berghei-induced lethality

in mice

In order to determine the survival rate of mice treated
with the formulations, the number of infected mice that
died from Plasmodium berghei infection was used to
determine the lethality of the illness.

Histopathological studies

At the end of the experiment, all mice were euthanatized
by cervical dislocation and a mouse from each group
was used for histopathological studies. Samples from the
kidneys and liver of mice treated with optimized sam-
ple, control and placebo were collected and fixed with
10% neutral-buffered formalin, dehydrated in graded
concentrations of ethanol, cleared in xylene and embed-
ded in paraffin wax. Sections with a thickness of around
5 um were cut, put on a glass slide, and then stained with
hematoxylin and eosin (H & E). A Leica binocular light
microscope was coupled with a Moticam Images Plus 2.0
digital camera (Motic China Group Ltd.) to take the pho-
tomicrographs of the sections [55].

Cytotoxicity test

The cytotoxicity test was conducted on the optimized
artemether-loaded chitosan-coated SLNs by measur-
ing the viability of the cells using the 3-(4,5-dimethyl-
2-thiazolyl)—2,5-diphenyl-2H-tetrazolium bromide
(MTT) assay, with minor modifications [66]. Briefly,
200 pL of growth media was added to 96-well plates,
where 1x10° cells were planted per well. The plates
were then placed in a humidified incubator at 37 °C
with 5% CO,. After the cells were cultured for 48 h,
the culture medium was removed, and 100 pL of the
test solutions (optimized artemether-loaded chitosan-
coated SLNs and plain chitosan-coated SLNs acting
as placebo) and negative control (100 pL of culture
medium) were added to the wells. The culture medium
was mixed with the test solutions, and the mixture was
then further cultured for 24 h. Subsequently, each well
was filled with 15 pL of 2.5 mg/mL MTT solution, and
the cells were stained for 4 h at 37 °C. After the medium
was removed, 100 pL of dimethyl sulfoxide (DMSO)
was added to each well, and the absorbance was meas-
ured at 503 nm. Finally, the relative cell viability (%)
was computed using Eq. 5.

Cell viability % = (absorbance of sample cells

/absorbance of control cells) x 100%

(5)

Stability studies

The pH of the formulations was determined in a
time-dependent manner after 1 day, 1 week, 1 month
and 3 months of storage at ambient temperature
(28 £3.0 °C). Briefly, the pH of the formulations was
measured potentiometrically (Hanna Instruments,
Romania) at room temperature. The electrode of the
pH meter was inserted into each formulation thrice
and mean pH value recorded after calibrating with
standard buffer. The pH was re-evaluated after 1, 7, 30
and 90 days. To determine whether the particle quali-
ties of the formulations had changed, a storage stabil-
ity study was also conducted on them. For a duration of
6 months, the samples were kept at room temperature
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(28+3.0 °C) in an airtight container. Thereafter, the
samples were reassessed using the zeta potential, mean
particle size, and polydispersity index as mentioned in
the previous sections.

Statistical analysis

Results were shown as mean + SEM and data sets were
analyzed using SPSS (Version 17, SPSS Inc., New York,
USA). The data sets from animal experiments were ana-
lyzed on GraphPad prism 10.3, using ordinary one-way
or two-way analysis of variance (ANOVA) followed
by Tukey’s multiple comparisons test. Values were
expressed as mean + SEM (standard error of means) of
n=6. A P value less than 0.05, 0.01, 0.001 and 0.0001
was considered statistically significant and was flagged
with one star (*), two stars (**), three stars (***), and
four stars (****), respectively.

Results

Solubility of artemether in the solid lipids

The results of the solubility test carried out on the drug in
the solid lipids are presented in Table 3. Results indicate
that C888 showed the best solubility of artemether fol-
lowed closely by S154 and lastly by SA. The saturation solu-
bility of artemether in C888, S154 and SA were 21.6+0.32,

Table 3 Solubility of artemether in the solid lipids

Lipid Solubility
Visual inspection Saturation
solubility
(mg/g)
Compritol® ATO 888 4+t 216+032
Softisan® 154 +++ 159+081
Stearic acid ++ 1024054

+ Sparingly soluble, + + Slightly soluble, + + + Soluble, + + + +Freely
soluble, —not soluble
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15.9+0.81 and 10.2+0.54 mg/g, respectively. Therefore,
C888 was selected for further formulation studies.

Particle properties of artemether-loaded chitosan-coated
SLNs

Table 4 presents the particles properties of the formula-
tions whereas the particle size distribution profile and
zeta potential profile of the optimized formulation are
presented in Fig. 1a, b, respectively. Results show that the
hydrodynamic diameters of plain uncoated and chitosan-
coated SLNs were 286.20+3.09 and 326.65+4.18 nm,
respectively, with corresponding PDIs of 0.275+0.08
and 0.286 + 0.03, respectively, while those of artemether-
loaded uncoated and artemether-loaded chitosan-coated
SLNs were 246.75+2.97 and 292.90+5.01 nm, respec-
tively, with corresponding PDIs of 0.200+0.07 and
0.191+£0.09, respectively. Besides, Table 4 showed that
the superficial charges (zeta potentials) obtained for plain
SLNs and artemether-loaded SLNs were —15.55+0.99
and —30.70+1.06 mV, respectively, whereas those of
their chitosan-coated counterparts were+ 28.65+ 1.34
and +32.50 £ 1.58 mV, respectively. This indicates that the
developed formulations had both negative and positively
charged particles.

Encapsulation efficiency and loading capacity

Table 4 presents the encapsulation efficiency and load-
ing capacity of artemether-loaded uncoated and chi-
tosan-coated SRMS-based SLNs. According to the table,
artemether-loaded uncoated SLNs and artemether-
loaded chitosan-coated SLNs gave EE% of 81.96 and
82.03%, respectively, with corresponding loading capacity
of 10.67 and 11.23%, respectively.

Powder x-ray diffractometry of artemether-loaded
chitosan-coated SLNs

Figure 2a, b depicts the x-ray diffractograms of pure
artemether sample and artemether-loaded chitosan-
coated SLNs in superposition. Strong reflections at (20)

Table 4 Physicochemical properties of artemether-loaded chitosan-coated SRMS-based SLNs showing particle properties as well as

loading capacity and EE

Sample Z-Av (nm) PDI ZP (mV) EE (%) LC (%)
1 week 6 months 1 week 6 months 1 week 6 months

Xy 286.20+3.09 284.05+2.16 0.275+0.08 0.205+0.06 —15.55+0.99 -1608+103 - -

Yo 326.65+4.18 32742+5.07 0.286+0.03 0.198+0.02 +2865+1.34 +30.12+£189 - -

X 246.75+297 248.34+3.65 0.200+0.07 0.298+0.05 —30.70+1.06 -31.83+216 8196 10.67

Y, 29290+5.01 293.78+4.09 0.191+0.09 0.219+0.04 +3250+£1.58 +34.19+182 8203 11.23

X, unloaded unmodified SRMS-based SLNs, Y, unloaded chitosan-coated SRMS-based SLNs, X; artemether-loaded uncoated SRMS-based SLNs, and Y; artemether-
loaded chitosan-coated SRMS-based SLNs. Particle properties were determined within 1 week of formulations preparation and after 6 months of storage at ambient

temperature condition (n=3)
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Fig. 1 Particle size distribution profile (a) and zeta potential distribution curve (b) of the artemether-loaded chitosan-coated solidified reverse

micellar solution-based solid lipid nanoparticles (optimized formulation)

9.5°, 11.2°, 12.0°, 14.3°, 17.4°, 19.8°, 21.1°, 22.7°, 23.2°,
24.9° and 26.4°, and other reflections of medium and low
intensities were seen in the diffractogram of artemether
(Fig. 2a). For the artemether-loaded chitosan-coated SLN
formulation, strong diffraction peaks were observed at
five major peaks, viz (28) 6.7°, 9.5°, 12.3°, 40.8° and 46.1°,
alongside other reflections of medium and low intensities
(Fig. 2b).

Structure integrity of the drug in the artemether-loaded
chitosan-coated SLNs formulation

Figure 3a, b shows the FT-IR spectra of artemether and
artemether-loaded chitosan-coated SLNs in superpo-
sition. The principal characteristic absorption bands
of artemether were revealed by the FT-IR spectrum
(Fig. 3a), which included the following: O-H stretch-
ing at 3456 cm-1, O=C-H stretching (double bands,
weak) at 2940 and 2859 cm-1, C=0 functional group at
1750 ¢cm-1, CH3 bond bending at 1459 and 1425 cm-1,
C-O vibration at 1340 cm-1, C-H bending at 1150 and
1097 c¢m-1, O-O-C stretching at 905 c¢cm-1, and O-O
stretching at 751 cm-1. The FT-IR spectrum of the chi-
tosan-coated SLNs loaded with artemether (Fig. 3b)
revealed the main characteristic absorption bands of
artemether, which included the following: O—H stretch-
ing at 3470 cm-1, O=C-H stretching (weak double
bands) at 2950 and 2829 cm-1, C=0 functional group
at 1725 cm-1, CH3 bond bending at 1458 c¢cm-1, C-O

vibration at 1350 and 1298 cm-1, C-H bending at 1147
and 1080 cm-1, O-O-C stretching at 905 and 826 cm-1,
and O-O stretching at 754 and 689 cm-1.

Scanning electron microscopy

The SEM micrographs of uncoated and chitosan-coated
SRMS-based SLNs are presented in Fig. 4a, b. Evidently,
the uncoated SLNs produced a significant degree of
asperity in the form of predominantly irregular, multi-
particulate particles (Fig. 4a), whereas chitosan-coated
formulations showed well-identified spherical polymer-
coated structures (Fig. 4b).

In vitro drug release

Figure 5 presents the in vitro release profiles of unformu-
lated artemether (artemether suspension) and different
SLN formulations (artemether-loaded uncoated SLNs
and artemether-loaded chitosan-coated SLNSs). It could
be seen from the figure that artemether showed a signifi-
cantly higher burst release (33%) after 30 min compared
to artemether-loaded SLNs (15%) and artemether-loaded
chitosan-coated SLNs (9%). In fact, the percentage of
artemether released from artemether suspension reached
100% in 4 h. Following the 12-h release study, the release
percentage of artemether was 65.05% for artemether-
loaded SLNs and 61.27% for artemether-loaded chitosan-
coated SLN.
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Fig. 2 PXRD diffractogram of a pure artemether sample and b artemether-loaded chitosan-coated SRMS-based lipid nanoparticles in superposition

In vivo antimalarial activity

The results of the in vivo antimalarial study are pre-
sented in Figs. 6 and 7 as mean parasitemia levels in the
experimentally Plasmodium berghei-infected groups of
mice with or without peroral treatment and percentage
reduction in parasitemia of mice infected with the para-
site after 3 days of peroral treatment, respectively. As

could be seen from the results, artemether-loaded chi-
tosan-coated SLNs showed significantly (p <0.05) greater
reduction in mean parasitemia than artemether alone
(positive control) and unloaded formulation (placebo or
negative control).

The mean parasitemia count of the group treated
with the optimized formulation (artemether-loaded
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Fig. 3 FT-IR spectra of a artemether and b artemether-loaded chitosan-coated solid lipid nanoparticles in superposition

chitosan-coated SRMS-based SLNs) decreased from
27 post-inoculation to 19 post-treatment, whereas the
group treated with the reference sample (artemether
serving as positive control) decreased from 49 post-
inoculation to 41 post-treatment (Fig. 6). The placebo
group, on the other hand—the group that received

the unloaded formulation, which acted as the nega-
tive control—saw an increase in mean parasitemia
count from 25 post-inoculation to 41 following treat-
ment. In addition, Fig. 7 demonstrated that the per-
cent parasitemia decrease at study completion (i.e.,
post-treatment) for the reference sample was 16.41%,
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Fig. 5 Release profiles of artemether as pure drug and artemether-loaded uncoated and chitosan-coated SRMS-based SLNs in phosphate buffered
saline (pH 6.8) at 37 oC. Data expressed as mean + SEM, n=3. Key: Art suspension (control) is a dispersion of pure artemether sample, Art-loaded
SLNs is artemether-loaded uncoated SRMS-based SLNs, while Art-loaded CS-SLNs is artemether-loaded chitosan-coated SRMS-based SLNs

while  artemether-loaded chitosan-coated SLNs Hematological parameters

recorded a percent reduction of 29.7% post-treatment.  The hematological parameters [packed cell volume (PCV)

This suggests that the formulation has a considerable and hemoglobin (Hb)] obtained in infected mice treated

(p<0.0001) improvement in antimalarial activity. Fur-  with the samples are presented in Figs. 8 and 9. Obvi-

ther information can be found in the supplementary file  ously, there was a significant decrease in Hb and PCV

1. in the infected mice group that received the unloaded
formulation (negative control), but treatment with
artemether-loaded chitosan-modified SLNs (optimized
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Fig. 7 Reduction in parasitemia of mice treated

with the formulations. Data were expressed as mean + SEM (standard
error of mean) n=6, differences were considered significant

for ****p < 0,0001. Key: ART pure sample (control) is pure artemether

sample, Unloaded CS-SLN is unloaded chitosan-coated SRMS-based

SLNs, and ART-loaded CS-SLNs is artemether-loaded chitosan-coated
SRMS-based SLNs

formulation) significantly increased the Hb (from 7.4 g/
dL to 10.9 g/dL) and PCV (from 29.1 to 38.6%, while
treatment with pure artemether sample increased Hb
and PCV from 8.1 to 9.8 g/dL and 28.2-34.5%, respec-
tively. Further information can be found in the supple-
mentary file 2.

Weight variation

The weight variation results of the mice infected with
Plasmodium berghei before and after treatment with the
samples are depicted in Fig. 10. The figure could be used
to interpret that the weight of the animals varied slightly.

Lethality of infected mice after treatment

with artemether-loaded chitosan-coated SRMS-based SLNs
Table 5 presents the lethality results of mice infected
with Plasmodium berghei after treatment with the sam-
ples. In our investigation, there was no record of death
in the group that received the optimized formulation
(artemether-loaded chitosan-coated SRMS-based SLN)
as there was complete recovery of mice at the end of
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Fig. 8 PCV of mice treated with the formulations. Data were expressed as mean + SEM (standard error of mean) n =6, differences were considered
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the experiment. However, 16.67% (1/6) mortality was
recorded in the reference group (artemether) while
66.67% (4/6) mortality was obtained in the placebo group
(unloaded formulation).

Histopathological studies

The results of the histopathological analysis performed
on the liver and kidneys of the Plasmodium berghei-
infected mice treated with the samples are presented
as photomicrographic images in Fig. 11. Photomicro-
graphs of the kidney sections of the mice (left panel)
showed that normal renal corpuscles (black arrows)
comprising the Bowman’s capsule (white arrow) and
the glomerulus (G) were seen in all the groups—groups
treated with artemether suspension (sample 21),

artemether-loaded chitosan-coated SRMS-based SLNs
(optimized formulation) (sample 2) and unloaded chi-
tosan-modified SRMS-based SLNs (placebo) (sample
23). Furthermore, photomicrographs of the liver sec-
tions of the mice (right panel) showed normal plates of
hepatocytes (thin black arrows) and central venules (v)
in mice group that received the optimized formulation.
However, vacuolar degeneration of the hepatocytes and
congestion of hepatic central veins were visible in the
negative control group (placebo).

Cytotoxicity assay
The cytotoxicity test results for artemether-loaded
chitosan-coated SRMS-based SLNs at concentrations
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0, 25, 50, 100, 200, 300, and 400 pg/ml (presented as
in vitro percentage cell viability) are shown in Fig. 12.
The untreated control cells did not exhibit any inhibi-
tory effect on the viability of the cells and did not show
any detectable cytotoxicity. When compared to the
untreated control cells, it was evident that the cell vital-
ity of the plain and artemether-loaded chitosan-coated
SLNs was identical, with over 93% cell viability after
24 h at the highest dose utilized in this investigation
(400 pg/mL).

Stability of the formulations

The results of the stability studies performed on the
formulations are shown in Table 4 as well as in Fig. 13.
Based on the time-resolved pH-dependent stabil-
ity study, the pH values were maintained within the
acidic region throughout the standard study period,
with pH in the range of 5.7-6.0 for plain uncoated
SLNs, 5.2 —5.5 for plain chitosan-coated SLNs, 6.2-6.5
for artemether-loaded uncoated SLNs and 5.9-6.2 for
artemether-loaded chitosan-coated SLNs.

Discussion

The oral bioavailability and poor water solubility of
artemether are its defining characteristics. In order to
improve the solubility of artemether and promote its
intestinal absorption for better treatment of malaria,
uncoated SRMS-based SLN and chitosan-coated
SRMS-based SLNs were prepared and studied in this
work.

Due to the lipophilic nature and low oral bioavailabil-
ity of artemether, chitosan-decorated SRMS-based SLNs
were developed for improved malaria treatment. Screen-
ing of the various solid lipid was carried out in this study
as an important pre-formulation step in the selection of
the best ingredients that would achieve the maximum
solubility [47]. Interestingly, C888 and S154 have been
employed by our group for the preparation of lipid-based
delivery systems containing artemether, with encourag-
ing results [30, 67]. The varying solubility of artemether
in these solid lipids could be due to differences in their
compositions [55]. According to reports, the high solu-
bilizing capacity of C888 was caused by the existence of
mono, di, and triacylglycerols and glycerides of behenic
acid [54, 67], while the high solubilizing capacity of S154
was attributed to the amounts of triacylglycerides (94%)
and diacylglycerides (6%) [68, 69].



Kenechukwu et al. BMC Chemistry (2025) 19:64

X %

%% % X

__25
2 20+
< 15
s 10.
S 5

Page 16 of 25

0 ART-loaded
CS-SLNs

Control
B (ART pure
sample)

Placebo
¥ (Unloaded
CS-SLN)
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Table 5 Survivability of infected groups of mice (with and without treatment)

Group Sample code Treatment Number of surviving mice post Number of surviving Mortality (%)
inoculation (before treatment) mice post treatment

I Y, Art-loaded CS-SLNs 6/6 6/6 0.0

Il B Art pure sample (Control) 6/6 5/6 16.67

Il Yo Placebo (Unloaded CS-SLN) 6/6 2/6 66.67

Art Artemether, Y, unloaded chitosan-coated SRMS-based SLNs, and Y; Artemether-loaded chitosan-coated SRMS-based SLNs

In Table 4, it could be seen that the chitosan coat-
ing around the surface of the SLNs contributed to the
larger particle sizes compared to uncoated SLNs, which
is consistent with previous reports [47-49, 52, 53,
70]. Despite this larger particle size, chitosan-coated
SLNs are still within the proper size range for intesti-
nal absorption (<500 nm), which is relevant to increase
the contact with the intestinal mucosa and to facilitate
drug permeation [70, 71]. Furthermore, it is discernible

from the results presented in Table 4 that drug incor-
poration led to a decrease in hydrodynamic diameter,
which contradicts previous studies stating that drug
incorporation should lead to increase in particle size
only [55]. Although the reason for this is not known, it
could be associated with other formulation and physic-
ochemical variables. Interestingly, we adopted different
strategies in line with established procedures to ensure
satisfactory nanoparticle sizes with acceptable PDIs,
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Fig. 11 Histopathological results of a artemether suspension (sample 21), b artemether-loaded chitosan-coated SRMS-based SLNs (sample 2) and ¢
unloaded chitosan-coated SRMS-based SLNs (placebo) (sample 23). Kidney section of mice treated with the formulations containing artemether
(A-Q). Liver section of mice treated with the formulations containing artemether (D-F). (H&E 100 x). Left panel: Photomicrograph of the kidney

of rats showing the renal corpuscles (black arrows) comprising the Bowman's capsule (white arrow) and the glomerulus (G). Note the myriads

of normal renal tubules, surrounding the Bowman's capsules in all the groups. (H, E 100 x). Right panel: Photomicrograph of the liver of mice
showing normal plates of hepatocytes (thin black arrows) and central venules (v). Note the presence of congested central veins and vacuolar

degeneration of the hepatocytes in placebo group. (H, E 100x)

involving formulation at 10 °C higher than the phase
transition temperature of the solid lipids, use of sur-
factant (Tween® 80), incorporation of a stabilizing and
solubilizing agent (Soluplus®), use of homogenization,
utilization of a surface-modifier (P90G) for production
of nanosized particles, in line with a recent report by
our group [55]. The surface-active agent used in the
study reduced the interfacial energy by adsorbing at the

oil-water interface [72], which prevented coalescence
of small oil droplets during homogenization [55].

The sample particle size distribution often provides
the PDI, a measure of the sample heterogeneity. In this
context, a compact size distribution is indicated by a
PDI value less than 0.3, values less than 0.5 are within
acceptable bounds [43], and values greater than 0.5
imply a broad distribution [73]. On this basis, the PDI
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Fig. 12 Cell viability study at different concentrations of optimized artemether-loaded chitosan-coated SLN and unloaded chitosan-coated
SLN. Key: Yy—unloaded chitosan-coated SRMS-based SLNs, and Y,—artemether-loaded chitosan-coated SRMS-based SLNs. Data are presented
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values obtained in this study were within the acceptable
limits.

The encapsulation of artemether did not alter the sur-
face charge of the nanoparticles, according to the results,
but chitosan coating of SLNs significantly (p<0.05)
affected their surface charge. Thus, chitosan-coated for-
mulations (batches Y, and Y;) exhibited positive sur-
face charge, providing evidence of chitosan coating.
Obviously, plain uncoated SLNs had low zeta potential
(—15.55+0.99 mV). Although the exact cause of this is
unknown, it is likely due to the presence of non-ionic sur-
factant and stabilizer (Tween® 80 and Soluplus®), which
is consistent with earlier findings that indicated that non-
ionic steric stabilizer adsorption reduced zeta potential
by altering the shear plane of the particles in the electri-
cal double layer [74]. Even though such a low zeta poten-
tial would have caused agglomeration or aggregation and
phase separation in this particular formulation batch, this
was not observed in the stability study performed on the

formulations, a situation which could be linked to the
steric stabilization effect offered by Soluplus®. This goes
against previous results [75-77] which stipulated that
the zeta potential must be within + 20 mV for steric sta-
bilization to produce physical stability. Overall, the high
zeta-potential values obtained shows that the formula-
tions have good physical stability, due to the electrostatic
repulsions between nanoparticles which will prevent
SLNs aggregation. Moreover, the positive zeta potential
of chitosan-coated formulations resulting from the cati-
onic nature of chitosan will favour interaction between
the SLNs and the negatively charged gastrointestinal
mucosa and consequently increase the residence time of
the SLNs [78].

The solubility of artemether in the lipid matrix (SRMS)
of the SLNs and its lipophilic character may be the cause
of the elevated EE% and LC observed. The crystalline
configuration of solid lipids is disrupted in SLNs, which
encourages increased drug loading.
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Fig. 13 Time-resolved pH-dependent stability of artemether-loaded chitosan-coated SRMS-based SLNs. Key: X,—unloaded uncoated SRMS-based
SLNs, Yo—unloaded chitosan-coated SRMS-based SLNs, X;—artemether-loaded uncoated SRMS-based SLNs and Y,—artemether-loaded
chitosan-coated SRMS-based SLNs. Data are presented as the mean + standard deviation (n=3)

Lipids such as C888 which contains mono-, di- and
triacylglycerol combinations are capable of encapsulat-
ing more drug molecules in the gaps created by the car-
bon chains [43]. The high EE% observed in this study may
reduce the quantity of artemether that is absorbed and
reaches the intended site after oral administration. Fur-
thermore, because a high proportion of absorbed drug
may pass through the lymphatic transport, high EE% can
circumvent the first pass metabolism, a key restriction
in oral delivery of artemether [79]. Furthermore, Table 4
revealed that the loading capacity and drug encapsula-
tion efficiency of SLNs were not significantly impacted by
the chitosan coating. This result is consistent with earlier
research [47-49].

The documented x-ray diffractogram of artemether [23]
is compatible with the crystalline structure of artemether,
as indicated by the characteristic strong reflections and
other reflections of medium and low intensities observed
in the diffractogram of artemether. The diffraction pat-
tern of artemether-loaded chitosan-coated SLNs showed
that some of the significant peaks of artemether had

disappeared and that the drug’s characteristic intensity
peaks had decreased, indicating the amorphous state of
the drug in the formulation, similar to earlier observation
by our group on ciprofloxacin-loaded chitosan-coated
SLNs [43]. This suggests that the core of the lipid matrix
was effectively used to entrap artemether, enabling con-
trolled drug release. It equally showed that neither did
the drug undergo degradation in the developed formu-
lation nor did it crystallize out of the lipid matrix and
revealed, in line with earlier results [36, 55, 64], that there
was no significant chemical interaction between the drug
and the excipients that could predispose to degradation.
The FT-IR spectra of artemether supports the purity
of artemether employed in this investigation and is
consistent with previously published research on the
spectrum of artemether [80]. Identification of the char-
acteristic peaks of artemether in artemether-loaded
chitosan-coated SLNs is a strong indication of absence
of any incompatibility between the drug and excipients
used in the formulation [23, 81]. It could be deciphered
from the figures that the peaks in the FT-IR spectrum
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of artemether-loaded chitosan-coated SLNs became
broader, which may be related to strain, hydrogen bond
interactions, or more disorder brought on by a greater
temperature [55]. Furthermore, this might possibly be the
result of using various materials to prepare artemether-
loaded chitosan-coated SRMS-based SLNs [82].

According to the SEM micrographs, the grey struc-
tures surrounding the nanoparticles on the surface of the
chitosan-coated SLNs indicate the presence of chitosan,
which adsorbed on the surface [40-42]. Additionally, the
SEM micrograph revealed no drug crystals, indicating
effective drug entrapment in the produced SLNs formu-
lations. According to a study published elsewhere [43],
the fused nanoparticles seen in the micrographs may
have been caused by the sample preparation procedure
prior to the analysis.

The release of an unformulated pure sample of
artemether was shown to occur more quickly than with
SLN formulations, according to data obtained from the
release studies. While the burst effect observed with
artemether suspension could be attributed to the fact
that the drug was not encapsulated in any delivery sys-
tem, instead of being integrated into the lipid matrix,
the unentrapped drug may have adsorbed to the surface
of the SLNs, causing the burst release of artemether
from the formulations [67]. When it comes to delay-
ing the early burst effect and artemether breakdown in
the transit zone until it reaches the gut, where absorp-
tion occurs, the SLNs showed encouraging and promis-
ing potential. Additionally, the release profiles revealed
that the chitosan-coated formulation exhibited signifi-
cantly (p<0.05) lower drug release in comparison to
the uncoated one. This suggests that the chitosan coat-
ing slowed the release rate and would minimize drug
leakage during in vitro and in vivo delivery [46, 47].

According to earlier research on SLNSs, the carrier
system could release encapsulated hydrophobic com-
pounds under controlled conditions [74, 79]. In keeping
with a previous report on artemether, this was attrib-
uted to their solid state at room temperature or body
temperature and, in this instance, strong hydrophobic
interactions with lipophilic artemether [67]. It was sug-
gested in a different study that the slow diffusion of
the drug after being effectively dissolved and encapsu-
lated in the lipid matrix was responsible for the pro-
longed drug release from SLNs [51-54]. Furthermore,
it is possible that the extra barrier provided by the coat-
ing layer, which restricts the diffusion of the release
medium into the SLNs matrix, is the reason for the
lower percentage of artemether released for chitosan-
coated SLNs as compared to uncoated formulation
[46-54]. It is remarkable and interesting to note that,
despite the short half-life of artemether (approximately
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three hours following oral administration), the devel-
oped artemether-loaded chitosan-coated SLNs (opti-
mized formulation) released the drug over a period of
twelve hours, greatly extending the residence time of
the drug and permitting a reduction in the frequency
of administration [9, 30, 67]. Therefore, in vivo pharma-
codynamic (antimalarial) experiments were conducted
using the optimized formulation, artemether-loaded
CS-SLNs, which showed improved and encouraging
results in the release study.

In contrast to the negative control, which showed an
increase in parasitemia, it was clear from the antima-
larial data that the treatments were able to lower the
parasitemia levels. Optimized formulation showed better
reduction of percent parasitemia than pure artemether
which served as the reference (positive control). As a
result of its limited water solubility, artemether has a
low bioavailability of roughly 40%, which significantly
limits its therapeutic potential [9, 23, 29, 30, 58, 67, 80,
81, 83]. Nonetheless, studies have indicated that giving
fatty meals to patients enhances the bioavailability of
artemether [29, 30]. Our group has severally utilized this
idea to enhance oral delivery of artemether using various
lipid-based drug delivery systems [9, 30, 36, 61-63, 67,
83].

While it is true that the fatty nanoparticle formula-
tion of artemether may have increased its bioavailability,
which would inevitably increase its antimalarial activ-
ity, coating the SLNs with chitosan to prepare chitosan-
coated SLNs may have prevented degradation of the
encapsulated artemether and increased its trans-mucosal
permeation or lymphatic transport, in line with previous
reports [70, 83]. Inherently, the excipients used in the for-
mulation (Tween® 80 serving as surfactant and Soluplus®
serving as solubilizer or co-surfactant) improved the
solubilization of artemether in the matrix core (contain-
ing C888 and P90G) and facilitated targeted delivery
of the drug to the infected foci of parasitized red blood
cells (pRBCs), consistent with several reports by our
group [9, 30, 36, 61-64, 67, 83]. Besides, the mucoad-
hesive cationic biopolymer (chitosan) provided added
advantage by increasing the residence time of the nano-
particles in the mucous membrane for a long time suf-
ficient enough to ensure that the malarial parasites are
killed [41-49, 70]. This finding is in agreement with the
controlled release effect reported in the preceding sec-
tion regarding in vitro release of artemether-loaded
chitosan-coated SLNs, which makes the latter a suitable
formulation for future application on account of very low
parasitemia it recorded in mice. Thus, the outcome of the
in vivo pharmacodynamic study demonstrated that oral
administration of artemether-loaded chitosan-modified
SRMS-based SLNs can be employed to treat malaria.
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Further pharmacokinetic and biodistribution studies are
expected on this optimized formulation.

Regarding the lethality test, the mortality rate of the
negative control group must have been influenced by
changes in the hematological parameters of the negative
control group and the consequent adverse effects, as ear-
lier findings of our group [23, 36] have shown. Whenever
mice are infected with Plasmodium berghei, they become
anemic, which is attributed to erythrocyte destruc-
tion, as a result of parasite multiplication or by spleen
reticuloendothelial cell action causing the production of
phagocytes by the spleen due to abnormal erythrocytes
[84, 85]. The anemic condition was obvious in this study
because the P berghei-infected mice had decreased PCV
and Hb. However, P. berghei—induced anemia was vividly
reduced in mice that received artemether-loaded formu-
lation which were characterized by increased PCV and
Hb levels. Overall results showed that, post-inoculation,
the PCV and Hb values decreased in all the groups; how-
ever, treatment with optimized formulation and reference
(pure artemether sample) increased the PCV and Hb val-
ues, whereas there was consistent decrease in the values
in the negative control group. Careful assessment of the
results showed that the nanosized formulation gave bet-
ter results than the unformulated drug, that is, there was
remarkable alleviation of P berghei—induced anemia by
the optimized formulation containing the drug vis-a-vis
the pure artemether sample, which could be attributed
to the enhanced bioactivity conferred on the drug by
the novel delivery system (chitosan-coated SRMS-based
SLNs). This outcome is consistent with earlier reports
by our group on polymeric and lipid-based antimalarial
nanomedicines [9, 23, 36].

The varying weights of the animals show how well the
drug is working to address the increasing malaria in the
mice, which shows up as an increase in weight (from an
increase in the size of the liver, spleen, and probably other
blood-forming tissues) [23, 36]. It was obvious that the
weight variation was less in the treatment groups in com-
parison with the negative control group. This finding is
in good agreement with our recent reports on polymeric
and lipid-based antimalarial nanomedicines [23, 36].

Researchers had earlier suggested that lethality in Plas-
modium berghei-infected mice could be employed as an
indicator for antimalarial efficacy of a drug [9, 86]. In line
with earlier findings [9, 86], the fatality of Plasmodium
berghei infection in infected mice that received unloaded
formulation (placebo) was utilized in this investigation
as evidence of the virulence of the malarial parasite. It is
interesting to note that the strain of Plasmodium berghei
used in this study is a laboratory model that is frequently
used to simulate Plasmodium falciparum infection,
which causes human malaria [30, 86]. Gladly, the results
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obtained from the lethality study corroborated the results
obtained in the in vivo antimalarial activity of the sam-
ples. As a consequence, the use of the optimized formu-
lation (artemether-loaded chitosan-coated SRMS-based
SLNs) in uncomplicated malaria (UM) treatment is war-
ranted and should be initiated.

Kidneys and liver are the major organs implicated in
malaria and adverse hepatic and renal histopathologi-
cal changes are bound to occur in malariogenic mice [9,
23, 65]. The histological findings from the placebo group
indicate diseased cells, implying that the signs and symp-
toms of malaria in the mice group which received the
unloaded formulation are still prevalent in this group [2,
9, 65]. A holistic evaluation of the results showed that
mice group treated with artemether-loaded chitosan-
coated SRMS-based SLNs showed no sign of damage as
this optimized formulation exhibited no harmful effects
on the liver or kidneys. It is therefore deemed safe for
oral administration in these mouse groups. This impor-
tant observation is consistent with our recent reports on
oral polymeric and lipid-based antimalarial nanomedi-
cines [9, 23, 65].

The quantitative percentage response metrics for cell
growth inhibition are derived from the drug concentra-
tion required to either totally stop cell proliferation or
reduce the population by 50% or more [87]. According to
the cytotoxicity finding, which is in line with a previous
publication [66], the formulations (artemether-loaded
and unloaded chitosan-coated SRMS-based SLNs) had
no effect on the viability of the cells under the testing
conditions. This outcome validates the findings from the
histopathology test of the formulations. Interestingly, a
recent report on chitosan-coated SLNs did not indicate
any form of toxicity, including inhibition of cell viability
[42]. Overall, our results, which showed that artemether-
loaded chitosan-coated SRMS-based SLNs are not toxic
based on the cytotoxicity assessment [88], strongly sug-
gest that these formulations have tremendous poten-
tial for in vivo administration as well as for preclinical
application.

Obviously, there was insignificant change in pH values
of the formulations throughout the study period, an indi-
cation that the developed formulations were stable [9].
Regarding particle properties, however, 6 months of stor-
age had no discernible effects on any of the parameters
assessed for the formulations, with the exception of the
uncoated plain SLNs, which displayed a slight reduction
in size that was consistent with previous reports [89-91]
and could be attributed to the loss of entrapped solubi-
lized water from the core of the lipid nano- and micro-
particulate matrix. Retention of the stability performance
by other batches is consistent with our earlier report on
chitosan nanoparticles [76]. Given that, in many cases,
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chemical and physical instabilities were observed when
SLNs were stored as aqueous suspension due to lipid
crystallization, polymorphic transformations, aggrega-
tion phenomena, and hydrolysis processes [30, 42, 74,
79], this suggests that the developed chitosan-coated
SRMS-based SLNs would prevent artemether degrada-
tion. This is of great benefit.

Conclusions

This study has demonstrated the first-ever application of
SRMS-based chitosan-coated SLNs to boost artemether
delivery for better oral malaria therapy. When compared
to unformulated artemether (control), the chitosan-
coated SLNs protected the drug from GIT degradation,
increased its amorphosity, and improved its solubility
and dissolution in biorelevant medium. These factors
led to enhanced absorption and bioavailability, which in
turn accelerated the antimalarial activity of artemether in
Plasmodium berghei-infected mice. Moreover, the cyto-
toxicity assessment indicated the safety of the optimized
formulation in the GIT region. Having ascertained the
good physicochemical performance, safety and efficacy
of the developed nano-sized formulation in lower ani-
mals, further pharmacokinetic and biodistribution stud-
ies should be carried out on the optimized formulation
in addition to pilot clinical study in uncomplicated Plas-
modium falciparum malaria. Efforts should equally be
made to ascertain if combination therapy or co-formula-
tion with other antimalarial drugs including second-line
and third-line antimalarial drugs as well as with repur-
posed antimalarials with different mechanisms of action
would produce additive or synergistic effect. This will
ensure proper utilization of the findings from this study
in boosting the malaria armamentarium by develop-
ing potential nano-sized artemisinin-based combination
therapies, in line with the WHO current recommenda-
tions for effective and efficient malaria treatment using
ACTs, especially in resource-limited settings.
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