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The World Health Organization recommends artemisinin-based combinations for uncomplicated malaria treatment. Artemether
and lumefantrine (LUM) are the first-line treatments, with artemether serving as a prodrug of dihydroartemisinin (DHA), while
primaquine (PQ) is primarily used as a prophylactic drug. However, these drugs face challenges such as toxicity, low bio-
availability, and poor aqueous solubility. The advent of nanomedicine offers solutions by improving drug pharmacokinetic and
pharmacodynamic profiles, thereby enhancing therapeutic efficacy. This study aimed to improve the efficacy of DHA, LUM, and
PQ through nanoformulation using solid lipid nanoparticles (SLNs). These nanoparticles were prepared using a modified solvent
extraction method based on a water-in-oil-in-water (W/O/W) double emulsion. The resulting nanoparticles had a mean particle
size of 357.1 £57.14nm, a polydispersity index of 0.657 +0.091, and a zeta potential of —35.7 + 1.25mV. The encapsulation
efficiencies of DHA, LUM, and PQ were 93.98 +0.41%, 42.03 +9.46%, and 87.60 + 0.64%, respectively, with drug loading ca-
pacities of 11.87 + 0.04%, 24.10 + 2.88%, and 8.01 + 0.09%. The drugs followed Kors—Peppas and Higuchi drug release models and
were released progressively over 68h. The nanoparticles were spherically shaped, and Fourier transform infrared (FTIR)
spectroscopy confirmed the successful nanoformulation process. The nanoformulated drugs demonstrated 30% greater efficacy
than conventional oral doses in clearing Plasmodium berghei infection in Swiss albino mice.
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1. Introduction

Malaria is a deadly disease of a significant public health
concern prevalent in developing countries, particularly
affecting children under five and expectant mothers in
Africa [1]. Approximately 90% of global malaria-related
infections and deaths are attributed to Plasmodium falci-
parum [2, 3]. The World Health Organization (WHO)

currently recommends artemisinin-based combination
therapies (ACTs) for treating both complicated and un-
complicated malaria [4, 5]. These recommended antima-
larials typically combine an artemisinin-based drug with
another antimalarial partner drug. Artemether-lumefan-
trine (LUM) and artesunate-based therapies are the
first-line treatments for uncomplicated and complicated
malaria, respectively [6].
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The WHO has registered several artemisinin-based com-
binations, including artemether-LUM, dihydroartemisinin
(DHA)-piperaquine, artesunate-sulfadoxine—pyrimethamine,
artesunate—amodiaquine, and artesunate-mefloquine [7]. Be-
yond binary drug combinations, triple antimalarial therapies
have been developed to enhance parasite clearance and have
demonstrated greater efficacy compared to monotherapies or
double therapies [8, 9]. Notable examples of triple antimalarial
drugs include mefloquine-sulfadoxine-pyrimethamine, which
has shown superior antimalarial activity compared to meflo-
quine alone or sulfadoxine-pyrimethamine alone [10]. Other
triple combinations reported in the literature include
chloroquine-sulfadoxine-pyrimethamine [11], amodiaquine—
sulfadoxine-pyrimethamine [12], artemether-sulfadoxine-
pyrimethamine [13], and DHA-piperaquine-primaquine
(PQ) [14].

The WHO recommends that PQ be administered
alongside ACTs in regions nearing malaria elimination to
mitigate artemisinin resistance [8, 15, 16]. Drug combina-
tions are crucial in combating malaria, especially with the
emergence of chloroquine-resistant P. vivax and
P. falciparum parasites. Effective combinations consider
drugs with different elimination half-lives and mechanisms
of action [17, 18]. The inclusion of existing ACTs in triple-
drug combinations is necessary to enhance efficacy and
target multiple metabolic pathways or stages of the malaria
parasite. Advantages of triple-drug combinations include
enhanced synergy between medications, simplified admin-
istration regimens, and increased efficacy against multidrug-
resistant strains [18, 19].

Single-drug regimens have been associated with the
development of resistance, such as antibiotic resistance to
nitroimidazoles and macrolides [20, 21] and microbial re-
sistance in human immunodeficiency virus (HIV) treatment
[22]. Therefore, combining multiple drugs in malaria
treatment is essential for overcoming resistance and im-
proving therapeutic outcomes. Triple-drug nano-
formulations have proven successful in managing HIV [23]
and cancer [24] and in eradicating Helicobacter pylori
(H. pylori) [21].

Antimalarial drugs, whether in binary or triple combi-
nations, face intrinsic challenges such as low bioavailability
due to poor solubility; for instance, DHA has an oral bio-
availability of just 45% [25]. PQ’s toxicity also leads to poor
patient compliance [26]. Additionally, current ACTs are
encountering partial resistance, posing a significant threat to
malaria control efforts [27]. Mismatched pharmacokinetics
further reduce the efficacy of combined antimalarial
therapies [28].

The advent of nanomedicine has enabled significant
improvements in drug pharmacokinetics [29], safety, and
oral bioavailability [30]. Nanoparticles (NPs) such as
nanosponges, nanospheres, liposomes, nanocapsules,
hydrogels, and ethosomes have been functionalized to en-
hance antimalarial drug activity [31]. These NPs improve
drug release profiles and enhance antimalarial efficacy [32].
Liposomes, widely used for pharmaceutical delivery, offer
several advantages, including protecting active pharma-
ceutical ingredients (APIs) from the harsh gastrointestinal
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environment, reducing toxicity, enabling controlled
drug release, and improving biocompatibility and
bioavailability [33].

Solid lipid nanoparticles (SLNs), a category of liposomes,
have been extensively applied in antimalarial drug delivery
[31]. Muga et al. [34] demonstrated that chloroquine
nanoformulated with heparin exhibited superior antima-
larial activity against the chloroquine-resistant W2 strain
compared to free chloroquine. Heparin, a glycosaminogly-
can, targets the circumsporozoite protein on sporozoites
during the early liver stage of malaria infection [35, 36].
Heparin binds to malaria-infected red blood cells (plas-
modium-infected red blood cells [pRBCs]), thereby miti-
gating malaria severity [37, 38]. Nanoformulation has been
successfully applied to various antimalarial drugs, such as
PQ [39], DHA [40], quinine [41], and chloroquine [34].
These nanoformulations enhance antimalarial activity and
reduce the toxicity of drugs like quinine and PQ [42].

2. Materials and Methods

2.1. Materials. Stearic acid (SA), acetic acid, chitosan low-
viscous (CLV), ethyl acetate (EtOAc), polyvinyl alcohol
(PVA) with a molecular weight of 13,000-23,000, D-lactose
monohydrate (DLM), and low molecular weight heparin
sodium salt (> 180 USP units/mg) were purchased from
Sigma-Aldrich in South Africa. The analytical grade
chemical products used in this research included EtOAc and
acetic acid. SA was used as the lipid matrix in this work. PVA
acted as the key emulsions’ stabilizer and surfactant. DLM
was used as a binder to initiate further NP size reduction and
as a probable agent to keep up the blood osmotic balance.
Chitosan was applied as a mucoadhesive to improve the
circulation and residence time of the NPs in the intestines.
Acetonitrile, methanol HPLC grades, dichloromethane,
formic acid, and ammonium formate were used as mobile
phases in liquid chromatography-mass spectrometer
(LC/MS) (Agilent Technologies 6410-Triple Quad LC/MS).
The LC/MS used in the research was accessed at a research
laboratory in the Center for Research in Therapeutic Sci-
ences, Strathmore University. Deionized water was obtained
from a Thermo Scientific water deionizer, while pure
standards including heparin sodium salt, PQ, LUM,
mefloquine, and DHA were obtained from Sigma-Aldrich.
The equipment used for drug nanoformulation was available
at the Chemistry Laboratory of the Centre for Traditional
Medicine and Drug Research (CTMDR). These included
a sonicator (KERRY), high-speed centrifuge (EBA 200),
high-speed homogenizer with maximum rotations per
minute (rpm) of 10,000 (Silverson L5-MA), hot plate
magnetic stirrer with maximum rpm of 6000, zetasizer
(Malvern Zetasizer Nano ZSP), and a bench-top Buchi mini
spray-dryer (model BUCHI Mini Spray Dryer B-290) ac-
companied with B-296 Dehumidifier. The scanning electron
microscopy (SEM, Quanta FEG 250, FEI) equipment that
was used to study the NP morphology was outsourced at the
National Research Centre, Egypt. The NP chemical struc-
tures were studied using a Fourier transform infrared (FTIR)
spectrometer (JASCO 4700 ATR-FT/IR), which was
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accessed from the School of Pharmacy and Health Sciences,
Technical University of Kenya (TUK). Sodium lauryl sulfate
(SLS), acetate buffer, pH meter, and dialysis membrane bags
(MWCO: 12-14kDa) were obtained locally from the
CTMDR’s chemistry laboratory. A shaker-incubator
equipment was accessed in the Production Unit Labora-
tory at KEMRI. All the nanoformulation excipients and
reagents were used as received.

2.2. Preparation of SLNs. The emulsion solvent evaporation
technique was applied for the preparation of the SLNs. The
NPs were prepared by adopting a method used by Omwoyo
et al. [40] with minor adjustments. The formulation’s or-
ganic phase consisted of 50 mg of SA dissolved in 10 mL
EtOAc. Additionally, 10, 15, and 60 mg of DHA, PQ, and
LUM were added to the above organic phase, respectively.
The aqueous phase on the other hand was prepared into
a mixture of 1 mL, 1% (w/v) heparin, 10 mL, 2% (w/v) PVA,
5mL, 0.3% (w/v) CLV, and 5mL, 5% (w/v) DLM. Emul-
sification of the resultant oil-in-water (O/W) emulsion was
performed using a high-speed homogenization with speeds
varied between 8000 and 10,000 rpm for 15min. The
preparation of the NPs is initiated by high-speed homog-
enization which provides the necessary energy [43]. Effective
particle dispersion occurs during homogenization by the
solvent extraction process resulting in the formation of NPs
with smaller sizes [44]. An increase in homogenization time
turther reduces the NP size as a result of the effective dis-
persion of the NPs [43]. The resultant W/O/W double
emulsion was directly fed into a bench-top Buchi mini spray
dryer and spray-dried under the following spray-drying
conditions; atomizing pressure ranged between 4 and
7 bars while spray-drying temperature ranged between 90°C
and 120°C. Characterization parameters included particle
size (PS), particle charges (zeta potential), polydispersity
index (PDI), drug loading (DL%), encapsulation efficiency
(EE %), morphology, structure, and antimalarial activity.
Nanoformulation conditions were optimized using a two-
factorial design. The conditions varied during optimization
were homogenization time (10 and 15 min), homogenization
speed (8000 and 10,000 rpm), matrix concentration, sur-
factant concentrations, and types.

3. Characterization of the NPs

3.1. PS Analysis. The zeta potential, PS, and particle PDI
were determined using the dynamic laser scattering (DLS) or
photon correlation spectrometer on a zetasizer nano-
computerized system. The measurements were made in

triplicate, and the data values were recorded as means and
standard deviations (mean + std dev). The colloidal physical
stability of the system and the NP surface charge were
represented by the NP zeta potential. The measurements
were conducted at an angle of 173°, at room temperature
(25°C). For measurement purposes, 2 mg of NPs was sus-
pended in distilled water, vortexed, and sonicated to give
a suitable scattering intensity. The sonicated samples were
placed in three different sets of zetasizer cells and cuvettes
ready for analysis.

3.2. Storage Stability of Studies of DHA-PQ-LUM SLNG.
The International Conference on Harmonisation (ICH)
guidelines Q1 (R2) were adopted to assess the stability of the
nanoformulated drug samples (ICH Q1A [45]). The samples’
stability study was conducted by varying the storage tem-
peratures of the NPs. The NPs were stored for a period of
4 months in cold and room temperatures of 4°C and 25°C,
respectively. The NP size, PDI, and zeta potential were
determined periodically at time intervals of 0, 1, 2,
3-16 weeks of storage. 1 mg of the NP samples was sus-
pended in distilled water, vortexed using a Cole-Parmer
vortex (VM3), and sonicated (KERRY) for about 4 min
ready for zetasizer analysis.

3.3. NP Morphology. The topography and morphology of the
triple nanoformulated samples were analyzed using an SEM
(Quanta FEG 250, FEI). The samples were coated with a thin
layer of gold by spattering the glazing unit to minimize the
heating effect resulting from high-power magnification. The
SEM micrographs of the triple nanoformulated drug par-
ticles were then captured and recorded.

3.4. EEand DL. The EE and DL of the triple nanoformulated
drugs were determined using an LC/MS (Agilent Technol-
ogies 6410-Triple Quad LC/MS). The NP samples were
prepared for LC/MS analysis by making adjustments to the
method used in [46]. Briefly, 10 mg of the nanoformulated
drug samples was dispersed in 5 mL of deionized water and
sonicated for 3 min till full dispersion of the NPs. The re-
sultant solution was then ultracentrifuged (SL 40R centri-
fuge) at a speed of 3000 rpm for 20 min at a temperature of
4°C. The supernatant resulting from the ultracentrifuged
process was then appropriately prepared for LC/MS analysis.
Equations (1) and (2) were applied to calculate the DL and
drug EE, respectively.

. . drug precipitate”
drugload ffi = 100, 1
rugloading eticiency drugin precipitate + added excipients™” X )
) ) drugin precipitate”
% encapsulation efficiency = total drugadded x 100. 2)
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*Drug in precipitate = total drug added-free drug after ul-
tracentrifugation. “*Added excipients = lipids + surfactants +
other ingredients (e.g., in drug nanoformulation).

The simultaneous separation and quantification of PQ,
DHA, and LUM in the triple nanoformulated samples were
performed using liquid chromatography triple quadrupole
mass spectrometer system LC-MS/MS (Agilent technologies
6410-Triple Quadrupole). The mobile phase consisted of (B)
0.5% formic acid in 20 mM aqueous ammonium formate and
(C) 0.5% formic acid in acetonitrile. The column used was C-
18A, (3 um PS, 100 x 3.00 mm); infusion concentrations were
100 ng/mL, and the flow rate was 0.3 mL/min. The gradient
elution mode used was 0-2.9 min 32% (v/v) (Solvent B) and
68% (v/v) (Solvent C), 3-9 min 28% (v/v) (Solvent B) and 72%
(v/v) (Solvent C), and 9-12min 32% (v/v) (Solvent B) and
68% (v/v) (Solvent C). The total run time was set to 8 min.
Detection was performed in multiple reaction monitoring
(MRM) mode. Ionization was performed in positive electron
spray ionization (+ESI) mode. Nitrogen gas was used as
a nebulizing, desolvation, and collision gas (at a pressure of
15.0 psi). The capillary voltage was set to 3500 V, and the gas
temperature was set at 300°C. The total scan time was set to
500 ms. The acquisition software was Mass Hunter. The
collision energies for PQ, DHA, mefloquine, and LUM were
15.0, 15.0, 30.0, and 35.0], respectively.

3.5. In Vitro Drug Release Studies. A dissolution experiment
was first carried out to determine the appropriate dissolution
solution. Briefly, dialysis membrane bags were soaked in the
dissolution solution overnight to open up their pores. The
in vitro release kinetic study was then conducted by adopting the
method used by Gao et al. [47] with slight modifications [47].
The in vitro drug release studies were performed in triplicate.

Twenty milligrams of nanoformulated drug samples was
dissolved in 2mL of 2% (w/v) SLS in 0.1 M acetate buffer
(pH 4.5) solution and transferred to the dialysis membrane
bags (MWCO: 12-14kDa). The dialysis membrane bags
containing the samples were then placed in a 100-mL beaker
filled with 0.1 M acetate buffer (pH 4.5). The beakers were
then placed in a shaker incubator operating at 100 rpm and
at a temperature of 37°C.

At the start of the experiment, the drug compounds were
highly concentrated within the dialysis membrane bags, with
zero concentration in the dissolution solution. As the ex-
periment progressed, the concentrated drug solutions dif-
fused from the dialysis membrane bags (regions of high
concentration) to the dissolution solution (regions of low
concentration) through the dialysis membranes.

Samples (1 mL) of the dissolution solution were peri-
odically collected and replaced with an equal amount of the
freshly prepared dissolution solution to maintain the sink
condition. The collected samples were further prepared for
LC/MS for simultaneous drug quantification using the
LC-tandem conditions in Section 3.

3.6. FTIR Spectroscopy. FTIR spectroscopy was utilized to
characterize and reveal the characteristic functional groups
present on the surface of both nanoformulated and free
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drugs [48]. This technique confirmed the success of the drug
encapsulation process. The FTIR spectral analysis was
conducted using a (JASCO 4700 ATR-FT/IR) spectrometer.
The preparation and analysis of the NPs were performed
following a method developed by Thiruvengadam and
Bansod [49], with slight modifications.

5.000 mg of the sample was mixed with 95.000 mg of KBr
and compressed into a pellet using a press pellet technique.
The sample pellet was fixed in the sample cell and placed in
the FTIR spectrometer. The FTIR spectrometer was scanned
over a spectrum of 4400 to 400 cm ™~ wavenumber region to
obtain spectral readings.

3.7. Evaluation of Antimalarial Efficacy. A 4-day Peter’s
suppressive test was conducted as part of the in vivo anti-
malarial experiment [50]. The test commenced following
approval from the Kenya Medical Research Institute Animal
Care and Use Committee (KEMRI ACUC). The research
adhered strictly to international guidelines on animal care
laboratory use and ethical principles.

Each test group consisted of five Swiss albino mice. These
mice were infected intraperitoneally with 1.0 x 10” parasit-
ized P. berghei ANKA RBCs in 0.2 mL inoculum on Day 0.
Treatments included six dose levels of DHA-LUM-PQ
formulations: free drug without heparin, SLNs without
heparin, SLNs functionalized with heparin, free drug with
heparin, heparin-functionalized empty NPs, and empty NPs
without heparin, administered orally once daily starting
2 hours postinfection. The vehicle used for suspending the
samples was administered to the negative control group.
Drug administration was repeated at 24, 48, and 72h
postinfection.

On the fourth day postinfection (96 h), peripheral blood
films were prepared from the tail snips of each mouse. The
blood films were fixed in absolute methanol, stained with
10% Giemsa for 20 min, and examined under a light mi-
croscope to estimate parasitemia levels. Chemosuppression
percentages (parasite reduction rates) were calculated using
the formula described in [51]. All mice used in the in vivo
experiments were monitored for a period of sixty days, and
survival rates were subsequently computed.

3.8. Toxicity Studies

3.8.1. Ethical Approval. Acute and subacute toxicity studies
were conducted using the Swiss albino mice species. The
animal studies were conducted according to the Organi-
zation for Economic Cooperation and Development
(OECD) guidelines after getting ethical approval from the
Institutional Animal Care and Use Committee of Kenya
Medical Research Institute. The animals were examined and
adapted to the new environmental conditions 7 days prior to
the commencement of the experiment.

3.8.2. Experimental Animals. Swiss albino mice weighing
18 +2¢g each of both sexes were provided by the Kenya
Medical Research Institute, Animal House. The mice were
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maintained under the standard animal house conditions of
temperature 25°C + 2°C, 12-h light-dark cycle, and relative
humidity of 75 + 5%. The mice were fed on mice pellets and
tap water ad libitum. The animals were processed according
to the standard ethical guidelines for care of laboratory
animals throughout the experiment.

3.8.3. Preparation of the Triple Nanoformulated Drugs for
Safety Studies. The triple nanoformulated drug was pre-
pared using an SLN by adopting the method used in [40, 52].
The drugs and the excipients used were DHA and LUM
drugs, surfactants, binders, mucoadhesives, heparin, and SA
as the lipid matrix. The resultant drug emulsions were spray-
dried using a desktop spray dryer to produce a powder
nanoformulated drug. The powdered nanoformulated drugs
were dissolved in distilled water and administered to the
animals for toxicological evaluations. Distilled water was
administered as the negative control to the mice.

3.8.4. Experimental Design. Acute and subacute toxicity
studies were conducted on the triple nanoformulated drug
samples. The studies involved the use of Swiss albino mice.

3.8.4.1. Acute Toxicity Studies. The acute toxicity study was
conducted as per the up-and-down procedure of OECD
guidelines 425 [53]. A limit dose of 2000 mg/kg of the
nanoformulated drug was administered to each mouse, and
a total of three mice were considered for each sample group.
Each mouse was treated with a single oral dose of 2000 mg/
kg of the nanoformulated drug in sequence at 48-h intervals.
The mice were closely monitored individually at least once
during the first 30 min after dosing, periodically during the
first 24 h, and daily thereafter, for a total of 14 days for any
clinical toxicity sign or mortality. The clinical signs that were
being observed on the mice included the skin appearance,
the fur texture, eyes, the appearance of the mucous mem-
brane, the effect on the body weight before and after drug
administration, and the general behavioral patterns of the
mice. The abnormal signs shown by the mice such as sali-
vation, tremors, lethargy, convulsions, diarrhea, sleep, and
coma were carefully noted and taken into consideration.

3.8.4.2. Subacute Toxicity Studies. The subacute toxicity
study on the nanoformulated drug was performed as per the
OECD guidelines 407 [54], with slight modifications. Three

organ weight

different drug dosages were selected based on the findings of
the drug therapeutic concentrations. The three selected
dosages representing the low, middle, and high drug con-
centrations were considered for the subacute toxicity study.
These low concentration =257.1 mg/kg, middle con-
centration = 514.2 mg/kg, and high concen-
tration =771.3 mg/kg were administered orally daily for
28 days to three different groups of mice (n=3). The last
group of mice (n=3) was included as study control and
treated the same way with phosphate buffer saline (PBS)
solution as the other study samples. After sample treatments,
all the experimental mice were daily observed for any ab-
normal clinical signs and mortality for 28 days of drug
administration with the body weights recorded periodically.
At the end of the 28-day observation period, the mice were
anaesthetized, and their blood samples were collected
through cardiac puncture with and without anticoagulant
ethylenediaminetetraacetic acid (EDTA), for hematological
and biochemical studies, respectively. In hematological
studies, white blood cells (WBCs), platelet counts (PLTs),
RBC, hemoglobin (HGB), mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), and mean
corpuscular hemoglobin concentrations (MCHCs) for both
control and study samples were determined using a hema-
tology analyzer. For biochemical analysis, blood without any
additive was centrifuged at 3000 x g at 4°C for 10 min, serum
was separated and alanine aminotransferase (ALT), alkaline
phosphatase, aspartate aminotransferase (AST), urea, cre-
atinine (Cr), total bilirubin, direct bilirubin, and indirect
bilirubin were estimated using a semiautomated biochemical
analyzer. The major body organs such as the liver and the
kidney were preserved in 10% buffered formalin for histo-
pathological examinations by standard techniques.

3.8.4.2.1. Histopathological Studies. The mice were eutha-
nized and necropsied after the 28" day of the drug ad-
ministration. Necropsies were keenly conducted on all the
mice that were used in the study. The major body tissues
such as the liver, kidney, and spleen were carefully removed,
weighed, and kept in formalin for further histopathological
examination. The relative weight of each organ was com-
puted based on the mice body weights by adopting the
formula described in [55]. This is represented in equation

3).

relative organ weight =

Histopathological examination was conducted using
a standard histopathological technique. Histopathological
examination was conducted following a standard histo-
pathological procedure by Macianskiené [56]. The kidney,
liver, and spleen obtained after subtoxicity tests were fixed
using 10% neutral buffered formalin solution for 3 h. The

body weight on the day the mice were sacrificed x

100. (3)

fixed tissues were then trimmed to a section thickness of
2mm and fitted in tissue cassettes and labeled. The cassettes
filled with tissues were then stored in formalin.

The fixed tissues were dehydrated by immersing in in-
creasing concentrations of analytical grade 70% ethanol,
90% ethanol, 100% ethanol, and 100% methanol sequentially
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for 1, 1.5, 1, and 1h, respectively, to remove formalin and
water. The tissues were then cleared using xylene solution to
remove alcohol solvents and embedded using paraffin wax to
form a tissue block. The tissue blocks were chilled on ice
trays for 10 min before sectioning and sliced into 3-pum
ribbons using a microtome. The tissue ribbons were
transferred to a warm water bath, allowed to float on the
surface, and mounted on microtomy slides. The slides were
labeled and placed in a laboratory oven at a temperature of
60°C to deparaffinize and then stained using hematoxylin
and eosin stains. The slides were covered by mounting cover
slips over the specimen on the slide using optical grade blue
to protect it during microscopic examination. The sections
were observed at a magnification of X400 (x40-objective
lens) under an optical microscope (Optika B-150 Micro-
scope), and the compound microscope (Zeiss Axio scope)
was used to capture the histopathological images.

3.8.4.2.2. Biochemistry Tests. The blood samples that were
collected were centrifuged without any additive at a speed of
4000 rpm for 10 min at a temperature of 4°C and stored at
—4°C for further analysis. The blood sample was centrifuged
to separate serum from the other blood cells. Blood bio-
chemical analysis was performed using a Erba XL-180 fully
automated chemical analyzer. The main indicators of the
biochemistry tests include Cr, urea, bilirubin direct (DBIL),
AST, and ALT.

3.8.4.2.3. Hematological Index. Blood samples for hemato-
logical analyses were drawn and placed into EDTA-K,-
containing tubes. The hematological test of the mice was
conducted at the end of the drug administration period. The
hematological parameters were determined using standard
biochemistry and hematological tests. Hematological index
analysis was performed using a hematology analyzer (Sys-
mex XS 500i serial number 18403). The following indicators
represented the mice hematological index: PLT, MCHC,
MCH, MCV, HGB, RBCs, and WBCs.

3.9. Quality Control and Data Analysis

3.9.1. Quality Control. The concentrations of antimalarial
drugs were determined in blank and double blank samples.
Double blank samples consisted of the diluent only 20 Mm
ammonium formate: 35% of 0.5% formic acid in acetonitrile
(65%:35% [v/v]) while the blank sample consisted of the
diluent together with the internal standard (mefloquine) for
LC-MS analysis. Internal standard (mefloquine) was used to
compensate for any interference/error that might have
arisen during sample preparation and analysis. Low-, me-
dium-, and high-quality control points were also considered
while constructing standard calibration curves. Each sample
was analyzed in triplicate to ascertain the level of accuracy
and precision of the analytical technique. For the in vivo
experiments, 5 Swiss albino mice were considered per each
sample test group and PBS solution was administered to the
mice as the negative control for the study. Three Swiss albino
mice were considered for each drug concentration for the
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toxicity study experiments, and PBS was used as a negative
control in the toxic study experiments too.

3.9.2. Data Analysis. Data were analyzed using statistical
methods and software such as Excel, ORIGIN 2018 64Bit,
SPSS, Minitab, and M-STAT C. One-way analysis of vari-
ance (ANOVA) was used to compare the means of the 11
independent groups considered for the in vivo experiment
and the analysis of toxicity data. ANOVA was used to
compare the means and determine whether they were sta-
tistically significantly different or not. The study data were
expressed as mean and standard error means (mean + SEM).
Statistical analyses of hematology, biochemistry, body, and
organ weight were performed using ANOVA. A p<0.05
values were considered statistically significant.

4. Results and Discussion

4.1. PSs, Zeta Potential, and PDI of the Triple Nanoformulated
Drug. Experiment 8 resulted in the best NP results in terms
of the PS, zeta potential, and PDI as illustrated in Tables 1
and 2. The PSs of the triple nanoformulated drugs were less
than 500 nm (< 360 nm). The formed PS was desirable as it
has been demonstrated that particles with a diameter of up to
500 nm can easily pass through pores of the gastrointestinal
tract (GIT) mucus layer [57]. The smaller size is beneficial to
the nanoformulated drugs in terms of swift moving toward
the site of infection.

Zeta potential values were greater than 36 mV for NPs
without heparin while for those surface modified with
heparin, the zeta potential was above —23 mV. Heparin being
highly anionic was responsible for transforming the cationic
NPs into anionic. Heparin is highly anionic. Our targeted
NPs of DHA-LUM-PQ SLNs drug functionalized with
heparin had a zeta potential of —35.7mV.

The modification of NPs with heparin stabilizes them by
preventing aggregation, enhancing their biocompatibility,
and reducing nonspecific interactions with proteins.

Thus, heparin-induced negative potential has been as-
sociated with reduced toxicity due to the negative charge it
introduces [58] and enhanced DL and release due to its
polyanionic nature particularly for cationic drugs, thus
providing a controlled release profile through electrostatic
interactions [59].

The negatively charged NPs major advantage includes
prolonged circulation time in the bloodstream. This is be-
cause they are less likely to interact with plasma proteins and
are less readily recognized and cleared by the re-
ticuloendothelial system (RES).

The NP surface properties, such as surface charge, play
a critical role in protein adsorption, affecting the drug’s
biodistribution and pharmacokinetic properties. In the
context of drug delivery, surface charge influences how NPs
interact with biological systems. Highly cationic NPs tend to
be rapidly cleared from the bloodstream due to opsonization
and subsequent uptake by the RES [60]. This rapid clearance
can limit the effective circulation time of the drug, reducing
its therapeutic efficacy.

85UB017 SUOWIWOD dAITID |qeot|dde au Aq peusenob ale Sajoile YO ‘8sh Jo Sa|nJ Joj AkeiqiauluO 3|1 UO (SUONIPUOD-PUE-SWLB)AL0D A8 I Afelq 1 U UO//:SANY) SUORIPUOD pUe SWie | 81 89S *[S20z/2T/20] uo Akeigiauliuo &M ‘(iuezuel) dSYNI A L#829TSAUN/SSTT OT/10p/woo A3 m Alelq i jpul|uoy/:sdiy wolj pepeojumod ‘T ‘SZ0Z ‘Y8E8



8384, 2025, 1, Downloaded from https://onlinelibrary.wiley.com/doi/10.1155/jnt/5162847 by INASP (Tanzania), Wiley Online Library on [02/12/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

160°0 F+ LS9°0 STTIFLSE— YILSFT°LSE ST €0 0008 8
SO0F¥L0 SYTFC0e- 1T°L8F9°9LS <1 €0 000¢ L
820°0 F 08¢0 8ETF0LL— 8¢ +69LC ! 0 0008 9
7600 + 5€8°0 6T'CF+0T'Ie— €O FT6¥S <1 0 000¢ S
0€T°'0 ¥ 0580 €OTFGLI- 6T ELFEISS S €0 0008 i4
2S00+ TIC0 LS TFLLv— 8T¥I + L 065 S €0 000¢ €
810°0 ¥ 68C°0 6T TF091~- LE]'E F¥'80¢ S 0 0008 4
8500 FSITO €L9°0F 01— GTS9F€€6C S 0 000¢ !
Iad (auu) penuatod w107 (wrw) 2ts (urur) swn SurzruaSowoy (%) ueso3ry jo (wdx) paads SurzrusSowroyy Tquinu judwrLadxyg
sa[qerrea juapuadag uoneIudaduo)
symsay sa[qerrea jyuspuadapuy

'synsa1 uoneziwndo uoneNWIOjoUEN] (] HT4V],

Journal of Nanotechnology



8 Journal of Nanotechnology
TaBLE 2: The particle sizes, polydispersity index values, and zeta potential of empty and triple nanoformulated drugs.

S. nos. Sample Particle size (nm) Zeta potential (mV) Polydispersity index

1 Empty nanoparticle without heparin 286.0 £ 14.03 36.5+1.04 0.477 £0.042

2 Empty nanoparticle with heparin 265.6+10.02 -23.8+3.3 0.410 £0.94

3 DHA-LUM-PQ SLNs drug functionalized without heparin 277.6 £30.41 48.1+1.35 0.366 +0.150

4 DHA-LUM-PQ SLNs drug functionalized with heparin 357.1+57.14 -35.7+1.25 0.657 +£0.091

4.2. Stability Study Results of the Triple Nanoformulated
Drugs. Figures 1 and 2 show the summarized stability study
results for triple nanoformulated drugs. The drugs were
stored at varied temperature conditions for ninety days. The
90-day storage of the triple nanoformulated drugs did not
show any significant changes in the particle charges, size,
and homogeneousness. A study conducted by Marante et al.
2020 on the effect of spray-drying on polymeric nano-
formulations indicated that spray-drying improves the long-
term stability of the NPs [61]. Therefore, the stability of the
NPs in terms of size, homogeneity, and charges could be
attributed to the fact that the drug emulsions were dried
through a spray-drying process. Results that are comparable
to these were reported in earlier studies that involved the
nanoformulation of DHA into lipid structure nanocarrier
and its suspensions [40, 62].

4.3. In Vitro Drug Release Kinetic Results. The drug release
kinetic studies were carried out for a period of seventy-two
hours, and the summary results are reported in Table 3 and
Figures 3, 4, 5, 6, 7, and 8. The drug release data obtained
were analyzed using different pharmaceutical models such as
zero-order kinetics, Higuchi, first-order kinetics, Kors-
meyer—Peppas, and Hixson Crowell as proposed by
Dash et al. (2010) [63]. The best-fitted model with the release
data is assessed by the coefficient of determination (R?) value
[64]. The higher R? values show the best line of fit, hence the
model describing the release profile of the drug. R* values
were computed from the plots of log cumulative % drug
release versus time for the Korsmeyer-Peppas model, cu-
mulative drug release versus time for zero order, and cu-
mulative drug release versus square root of time for the
Higuchi model. The plot for the first-order model was
performed by plotting log cumulative % of drug remaining
versus time while the R? value of the Hixson-Crowell model
was calculated by using a plot of (cubic root of the total
amount of drug (%)-cubic root of drug remaining (%)
versus time). The computed R? values are recorded in
Table 3.

PQ, DHA, and LUM drugs followed the Kors-
meyer—Peppas drug release model as shown in Figures 3, 4,
and 5. The three drugs also followed the Higuchi model as
shown in Figures 6, 7, and 8. Higuchi drug release model is
a diffusion-controlled release [65]. In this case, the free drugs
moved from the visking tubing containing highly concen-
trated drugs to the dissolution solutions with zero drug
concentrations at time, t=0s through the process of dif-
fusion. The Kosmeyer-Peppas model has been successfully
applied in the liposomal doxorubicin formulations for drug-
gene delivery [66]. Higuchi and Korsmeyer-Peppas drug

release models have also successfully explained the drug
release kinetics of extended-release levodopa and carbidopa
tablets [65]. The three drugs (DHA-LUM-PQ) in the triple
nanoformulated drugs considered in this experiment were
effectively described by Higuchi and Korsmeyer—Peppas
drug release models. A burst drug release was shown by
DHA, PQ, and LUM drugs in the first six hours followed by
drug-controlled release over the remaining hours. The drug
release curves flattened after the 24™ hour of the drug re-
lease, and this showed that the drug concentrations in the
dissolution solution levelized that within the visking tubing
bag, an indication that the concentration gradient was
attained.

4.4. DL and EE. The DL capacities of DHA, PQ, and LUM in
the triple nanoformulated drugs were 11.87+0.04%,
8.01 £0.09%, and 24.10 + 2.88%, respectively. The EE results
of DHA, PQ, and LUM in the triple nanoformulated drugs
were 93.98 +0.41%, 87.60+0.64%, and 42.03 +9.46%, re-
spectively. These results are similar to the previous studies
conducted on drug nanoformulation using SLNs as a drug
carrier. A previous study conducted in [67] on the use of
SLNs for the controlled delivery of poorly water-soluble
nonsteroidal anti-inflammatory steroid drugs reported en-
trapment efliciencies ranging between 52% and 68% and DL
percentages of 2.4%-6.9% [67]. A study conducted by
Farzaneh et al. in 2020 on the preparation, optimization, and
characterization of a-tocopherol-loaded SLNs reported en-
trapment efficiency values of 87.47 +2.41%, 90.85 +1.30%,
and 74.32 + 1.64% for the drug different concentrations. The
DL efficiencies of 42.46+1.17%, 59.38+0.84%, and
54.92 +1.21% were also reported [68]. The drug encapsu-
lation as a process of NP preparation involves a drug
coloading process. SLNs are an example of a drug coloading
strategy [69].

4.5. FTIR Spectra of Triple Nanoformulated DHA-LUM-PQ
Drug. FTIR overlay spectra of the empty NP, free, and
nanoformulated drugs are shown in Figure 9. The FTIR
bands of the empty NPs and triple nanoformulated drugs
exhibited almost the same absorption peaks. The wave-
numbers exhibited in both the empty and triple nano-
formulated drugs represent the functional groups of the
compounds that make up the nanoformulation excipients.
These included the mucoadhesive chitosan, SA which acted
as the matrix, and the PVA which was applied as a surfac-
tant. The wavenumbers that were displayed in both the
empty and the triple nanoformulated drug samples were the
absorption peaks that represented the presence of PVA
showed an absorption peak of 3308.29cm™"' showing the
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FIGURe 2: Nanoparticle size variations with changes in
temperature.

TaBLE 3: R? values of the lines produced by the DHA, PQ, and LUM
release profile data analyzed using varied pharmaceutical models.

Drug PQ DHA LUM
release kinetic model R? value R? value R? value

1 Korsmeyer—-Peppas 0.9650 0.9535 0.9728
2 Higuchi 0.9167 0.9102 0.9237
3 First order 0.7877 0.7685 0.8333
4 Hixson 0.7740 0.7504 0.8240
5 Zero order 0.7467 0.7138 0.8057

presence of -OH in the structure of PVA. An absorption
peak at 2914.88 cm™" signified a strong band that is related to
C-H in PVA [70]. The absorption peak at 2853.17 cm™'
represented an aliphatic C-H vibration in SA [71], the ab-
sorption peak at 1416.46cm™" represented C-O bending
peak in SA while the absorption peak found at around
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FIGURrE 3: Kors-Peppas mathematical model followed by prima-

quine drug in the triple nanoformulated samples.
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FIGURE 4: Kors—Peppas mathematical model followed by dihy-
droartemisinin drug in the triple nanoformulated samples.

1372.10cm™"  represented the CH; symmetrical de-
formations in chitosan [72]. The bending vibrations hy-
droxyls existing in chitosan molecules were represented by
the absorption peaks that were found at around
1248.68 cm™" as reported in [73]. The FTIR overlay spectra
showed that the triple nanoformulated drug had less pro-
nounced peaks than the three free drugs. The OH- ab-
sorption peak that was more pronounced in the DHA-free
drug samples at wavelength number 3732cm™" was not
present in the triple nanoformulated drug samples. On the
other hand, LUM-free drug displayed pronounced ab-
sorption peaks at C-O stretching at 1139.22cm™’, O-H
aromatic stretching at 3402.70 cm™', and C=C aromatic
stretching at 1575.43 cm™'; the pronounced peaks that were
exhibited in the LUM-free drugs were absent in the triple
nanoformulated drug. PQ-free drugs also displayed pro-
nounced absorption peaks at NH, bending at 1586.17 cm™"
and C=C stretching bonds at around 1532 and 1458.89 cm™’,
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FiGURre 9: FTIR overlay spectra for empty nanoparticles, free drugs
(DHA, PQ, and LUM) and triple nanoformulated drugs.

which were absent in the triple nanoformulated drug. This
was an indication of a successful drug encapsulation process,
where the drug-APIs were successfully enclosed within the
SLN core. DLM which acted as a structure binder in the
nanoformulation process could have contributed to this by
further reducing the number of pronounced peaks in the
triple nanoformulated drugs. [46].

4.6.  Morphological ~ Analysis. The images of the
DHA-PQ-LUM triple nanoformulated drugs from the SEM
are shown in Figure 10. The triple nanoformulated drugs
captured by SEM equipment display sphere-shaped images
whose surfaces are fibrous and smooth. The sphere-based
shapes and smooth images were associated with the SLN, the
main nanocarrier used in the nanoformulation process [74];
the chitosan used as a mucoadhesive in the nanoformulation
process has fibrous surfaces that are aimed at improving the
drugs’ biodegradability and biocompatibility [75]. This
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FiGURE 10: SEM images for the solid lipid triple nanoformulated drug.

could have potentially contributed to the fibrous surface of
the resultant triple nanoformulated drug. The SEM image
further exhibited moderately homogeneous granulated
particles that were interwoven to each other with pores
existing between them. A study in [76] showed that particles
that are granulated and homogeneous and have porous
structures are greatly important in biological applications.
Therefore, the resultant triple nanoformulated drug could
potentially show great antimalarial efficacy.

The SEM image (Figures 10 and 11) shows spherical
nanoformulated drug particles having embedded fibers on
their surfaces. The spherical particles are the SLNs used as
the nanocarriers in the nanoformulation process [74]. The
embedded fibers are attributed to chitosan used as
a mucoadhesive in the nanoformulation process which are
fibrous in nature. Chitosan is used to improve the drugs’
biodegradability and biocompatibility [75].

The SEM images (Figure 12) further exhibited nano-
formulated drug particles with porous surfaces. A study
conducted by Rahman et al. [76] showed that homogeneous
and porous structures are important in biological applica-
tions. The porous structures have unique properties such as
tunable shapes and pore size, large surface area-to-volume
ration, and tunable density that enable it to bind with a large
number of functional groups within its pores, hence
exhibiting great biological activity. Therefore, the resultant
triple nanoformulated drug could potentially show great
antimalarial efficacy.

4.7. Antiplasmodium Efficacy. In vivo experiments were
conducted using female Swiss albino mice to examine the
antiplasmodium efficacy. The results, shown in Table 4,
involved six test groups: DHA-LUM-PQ-free drugs with
heparin, DHA-LUM-PQ-free drugs without heparin, triple
nanoformulated drugs, empty NPs functionalized with

heparin, empty NPs without heparin, and distilled water as
the negative control. The use of empty NPs allowed for the
assessment of the effects of nanoformulation excipients on
plasmodium parasites.

The test groups treated with the negative control and
empty NPs without heparin displayed the least chemo-
suppression percentages, indicating minimal to no anti-
malarial activity. In contrast, the empty NPs functionalized
with heparin showed comparatively higher chemo-
suppression percentages. This increased efficacy can be at-
tributed to heparin’s role as a glycosaminoglycan, which has
a high affinity for pRBCs [49]. Heparin’s antimalarial
properties have been noted in other studies as well, where it
was shown to disrupt merozoite invasion and reduce par-
asitemia levels [77].

The triple nanoformulated drugs demonstrated signifi-
cantly higher parasite chemosuppression efficiency com-
pared to the free-drug counterparts. This enhanced efficacy
is consistent with findings from previous research on
nanoformulated antimalarial drugs. For instance, nano-
formulation of artemether-LUM using nanostructured lipid
carriers for oral malaria therapy resulted in improved an-
timalarial activity and better pharmacokinetic profiles
compared to nonformulated drugs [78]. Similarly, studies on
the nanoformulation of PQ and DHA using SLNS as carriers
have reported enhanced drug efficacy and reduced toxicity
[40, 46].

None of the mice treated with the triple nanoformulated
drugs died during the 60 days of monitoring, resulting in
a 100% survival rate. Conversely, the mice treated with free
drugs had significantly lower survival rates of 41.33 + 3.65%
and 37.33+5.81% for those without and with heparin, re-
spectively. The free-drug-treated mice also displayed toxicity
signs such as general body weakness, diarrhea, and rough
fur, highlighting the benefits of nanoformulation in reducing
drug toxicity.
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FiGure 11: SEM image (zoomed in) showing fibers embedded on the surface of the spherical nanoparticles.
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FIGURE 12: SEM image (zoomed in) showing pores on the surface of the spherical nanoparticles.

TaBLE 4: Percentage chemosuppression efficiency of test group samples in the suppressive test against Plasmodium berghei aNKa test and

mice survival rates.

Average% chemosuppression efficiency

S. nos. Drug sample mean + std Survival rates (%)
1 Triple nanoformulated drug with heparin 91.37 +4.25 100.00 + 00
2 Triple nanoformulated drug without heparin 71.44 +£10.05 100.00 + 00
3 DHA-LUM-PQ-free drugs with heparin 61.82+8.27 77.33+5.81
4 DHA-LUM-PQ-free drugs without heparin 59.15+8.92 71.13+3.65
5 Empty nanoparticle with heparin 2412+713 38.00+7.16
6 Empty nanoparticle without heparin 0.00+0.00 0.00+0.00
7 Negative control 0.00+0.00 0.00+0.00

The significant difference in chemosuppression effi-
ciency (p < 0.05) between the triple nanoformulated drugs
and free drugs aligns with findings from various studies
that have demonstrated the advantages of nano-
formulated drugs in enhancing antimalarial efficacy. For
example, NPs have been shown to improve drug solu-
bility, stability, and bioavailability, leading to better
therapeutic outcomes [79].

The in vivo experiments underscore the superior anti-
malarial efficacy of triple nanoformulated drugs over free-drug
counterparts, corroborating previous research on the benefits
of nanoformulation in malaria therapy. The inclusion of
heparin as a functionalizing agent further enhances the che-
mosuppression potential due to its specific affinity for pRBCs,
providing a promising approach to improving the effectiveness
and safety of antimalarial treatments.
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In summary, the nanoformulation of multiple antima-
larial drugs into a single unit, as demonstrated with the
DHA-LUM-PQ-heparin combination, represents a signifi-
cant advancement in malaria treatment. This approach
simplifies dosing regimens, enhances bioavailability, and
targets drug delivery.

4.8. Safety Study

4.8.1. Acute Toxicity Study. No toxic symptom was ob-
served in the mice in the acute toxicity study. The toxic
symptoms that were being monitored included rough
hair, depression, diarrhea, restlessness/dizziness, and the
major body tissues including the liver, spleen, and kidney
were observed for any abnormal sign in terms of color
change, change in size, and bleeding spots. The number of
mortalities was also recorded during the 14 days of drug
administration. The major body tissues did not show any
sign of abnormality, and no mortalities were recorded
throughout the 14 days of drug administration. The ex-
perimental mice showed a normal increase in body weight
as shown in Table 5. This shows that the drugs admin-
istered at a concentration of 2000 mg/kg did not have any
adverse effects on the mice weights.

A drug concentration of 2000 mg/kg was used in the
acute toxicity study representing the drug dosage that
Globally Harmonized System (GHS) of classification and
labeling of chemicals considers safe for the rodents [80]. The
lethal dose (LD)sq of the triple nanoformulated drug was
2,000 mg/kg because no mortalities or toxicity signs were
observed during the 14 days of the acute toxicity study. The
drug was therefore considered safe according to the GHS
standards [80].

4.8.2. Subacute Toxicity. In the subacute toxicity study, the
study mice did not show any visual sign of toxicity, and no
mortalities were recorded during the 28 days of drug
administration and mice monitoring as illustrated in
Table 6. Figure 13, on the other hand, shows normal
variations in the mice weights recorded for the entire
study period. Monitoring the body weight changes during
toxicity study is a key indicator of adverse effects of
chemical and pharmaceutical compounds [81, 82]. Table 7
shows the descriptive statistics and the p values of the
relative organ weights, and biochemical and hemato-
logical parameters. p values < 0.05 show that the values
are significantly different from the control, and therefore,
a possible indication of toxicity and p values > 0.05 show
otherwise. The detailed statistical analysis data are rep-
resented in Table 7. The p values for all the parameters
were greater than 0.05. This shows that the triple nano-
formulated drug was safe for the experimental Swiss
albino mice.

The blood hematological analysis greatly predicts drug
risk assessment since the hematopoietic system is among
the sensitive markers for toxic compounds [82]. The
hematological parameters for the medium concentration
of the triple nanoformulated drugs did not show any
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TABLE 5: Mice weight variations in acute toxicity study.

Day 0 Day 7 Day 14

Drug concentration

(2000 mg/kg) b.w 24.25+2.22 24.75+2.87 25.00+2.83

TABLE 6: Mice mortality rates during the acute toxicity study.

Dosage No. Survival

Group (mg/kg) dosed rates (%)

DHA and LUM&PQ

DLP1 257.1 3 100
DLP2 514.2 3 100
DLP3 771.3 3 100
Negative control (distilled 0 5 100
water)
40
35+
C}
EQ 30
[
=
8
E 25 4
20 +
15 T T T T T T T T T
0 1 2 3 4

Time (weeks)

—=— D-L-P low conc —4&— D-L-P high conc

—8— D-L-P medium conc —w%— D-L-P control conc

FIGURE 13: Line graph showing weight variations of mice during
subacute toxicity study.

significant difference as compared to the control sample.
This was an indication that the triple nanoformulated
drug used at different concentrations was safe for the
experimental mice. The kidney function markers such as
urea, albumin, and Cr did not show any significant dif-
ference in comparison to the control sample, hence
showing that the drug administered at three different
concentrations did not have any antagonistic effect on the
kidney. The biochemical parameters such as AST, ALT,
and DBIL, which are liver biomarkers did not show any
significant difference, hence an indication that the ad-
ministered drugs did not have any adverse effects to the
liver functions. Overall, the drug mainly targets the liver
where drug metabolism takes place and thereafter ex-
pelled through the hepatobiliary system.

The organ images of the liver and spleen of the treated
mice did not show any physical variation from the organs of
the negative control as shown in Figure 14.

This shows that the triple nanoformulated drug was safe
for the experimental Swiss albino mice.
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Group 3 (514.200 mg/kg) (771300 mg/kg)
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FiGURe 14: The images of Swiss albino mice
nanoformulated drugs.

FiGure 15: Histopathological image of Swiss albino mice spleen—arrow sequestration of splenocytes. (a) Normal control (distilled water),
(b) low drug concentration (257.1 mg kg), (c) medium drug concentration (514.2 mg kg), and (d) high blood concentration (771.3 mg kg).
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(d)

FiGure 16: Histopathological image of Swiss albino mice liver. (a) Normal control (distilled water), (b) low drug concentration
(257.1 mg/kg), (c) medium drug concentration (514.2 mg/kg), and (d) high blood concentration (771.3 mg/kg).

®)

(@] (d)

Figure 17: Histopathological image of Swiss albino mice kidney. (a) Normal control (distilled water), (b) low drug concentration
(257.1 mg/kg), (c) medium drug concentration (514.2 mg/kg), and (d) high blood concentration (771.3 mg/kg).

The histopathological images of the liver, spleen, and  the treated mice with the triple nanoformulated drug were
kidney of the treated mice did not show any variation from  normal. The spleen tissues showed sequestration of sple-
the organs of the negative control as shown in Figures 15,16, = nocytes (shown by the arrows) in drug samples of middle
and 17. The liver and kidney tissues (Figures 14 and 18) for = and high concentrations (Figure 15). This is an indication
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FIGURE 18: The images of Swiss albino mice kidney of representative mice treated with distilled water (a), triple nanoformulated drugs

(b) 257.100 mg kg, (c) 514.200 mg kg, and (d) 771.300 mg kg.

that the spleen tissues were reacting to the presence of
a foreign substance in the blood attributed to the triple
nanoformulated drug. This is a normal response of the
spleen to foreign substances in the blood [83].

5. Conclusion

The triple nanoformulated drug was successfully prepared
using a solid lipid nanocarrier and spray-dried using
a bench-top spray-dryer. The triple nanoformulated drugs
had PSs < 500.00nm. The zeta potentials of the triple
nanoformulated drugs were greater than —30.00mV rep-
resenting stable nanoformulated drugs while the PDI values
obtained were less than 0.70 indicating a homogeneous drug.
SEM images showed spherical nanoformulated drug parti-
cles having embedded fibers on their surfaces. The spherical
particles which consisted of SLNs were used as the nano-
carriers in nanoformulation process. The SEM images fur-
ther exhibited nanoformulated drug particles with porous
surfaces which improves the biological activity of the drug.
The FTIR bands of the empty NPs and triple nanoformulated
drugs exhibited similar absorption peaks. The absorption
peaks (C-H, -OH, and C-O) in both the empty and triple
nanoformulated drugs are due to functional groups of the
compounds that make up the nanoformulation excipients.
These included the mucoadhesive chitosan, SA matrix, and
the PVA surfactant. The FTIR overlay spectra showed that
the triple nanoformulated drug had less pronounced peaks
than the free drugs. These observations of absent peaks when
the drugs were used in the nanoformulation process in-
dicated a successful drug encapsulation process, where the
drug APIs were successfully enclosed within the SLN core.
The DL capacities for DHA, LUM, and PQ were 11.87%,
24.10%, and 8.01%, respectively, while the EEs for DHA,
LUM, and PQ were 93.98%, 42.03%, and 87.60%, re-
spectively. Drug EE and loading capacity were determined,
and this was an indication of a successful drug nano-
formulation process. Kors—Peppas and Higuchi models best
described the drug release kinetics for DHA, LUM, and PQ.
The storage temperature conditions of 4°C and 25°C did not
significantly affect the sizes and zeta potentials of the triple
nanoformulated drugs stored over a period of 90 days in-
dicating a stable drug formulation. The DHA-LUM-PQ

triple nanoformulated drug was 30% more efficacious
compared to conventional oral dose. DHA-LUM-PQ-free
drugs were tested in the Swiss albino mice infected with
Plasmodium berghei ANKA malaria parasites. This is at-
tributed to the controlled release of the drug between 7-68 h
of drug release. The acute and subacute studies of the triple
nanoformulated drugs conducted on the Swiss albino mice
showed that the triple nanoformulated drug was safe and did
not affect the mice body weights, liver, kidney, and spleen,
and no mice mortalities were recorded during the 14 and
28 days of acute and subacute toxicity studies, respectively.
This research demonstrated that a nanomedicine delivery
system of triple combined antimalarial drug was successfully
developed and tested.
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