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1. Introduction

Artesunate-loaded bilosomes with enhanced oral
bioavailability: in silico and in vitro study against
Leishmania donovani promastigotes and in vivo
pharmacokinetic assessment in rats

Hitesh Wankhede,? Sudha Madhavi Penumaka,® Debabrata Mandal, 2 ©
Supada Rojatkar,® Vinod Gaikwad® and Sharvil Patil 2 *?

The deadly parasite disease known as visceral leishmaniasis (VL) is caused by the protozoa of Leishmania
donovani. Artesunate (ART) has been reported to act against VL. However, its medical use is limited owing
to the fact that it belongs to BCS class Il. Thus, the aim of the present work was to prepare ART-loaded
bilosomes (ART-BIL) to mitigate the drawbacks associated with ART. Box—Behnken design was used to
optimize ART-BIL prepared by the ethanol injection method. ART-BIL were characterized for vesicle size,
entrapment efficiency, FTIR, DSC, TEM, in vitro drug release, in silico molecular docking, in vitro antileish-
manial activity against Leishmania donovani, and in vivo pharmacokinetic assessment. The optimized
spherical ART-BIL was found to have a vesicle size of 186.7 + 15.0 nm and an entrapment efficiency of
95.36 + 2.5%. Spherical, non-aggregated vesicles demonstrated a biphasic drug release profile with a
remarkable increase in the dissolution rate of artesunate compared to an artesunate dispersion. In silico
molecular docking studies revealed the antileishmanial potential of artesunate and chenodeoxycholic
acid by binding them to glyceraldehyde 3-phosphate dehydrogenase (G3PDH). Further, in vitro antileish-
manial studies showed a significant enhancement in the antileishmanial potential of artesunate while
in vivo pharmacokinetic studies demonstrated 1.39 and 1.47 fold increases in the Cpax and AUC of ART
when formulated into bilosomes. ART-loaded bilosomes could be a promising drug delivery system for
the treatment of visceral leishmaniasis.

perate through subtropical to tropical climates. Leishmania
donovani complex protozoa (L. donovani and L. infantum) are

Leishmaniasis is becoming a more serious public health issue.
A group of parasitic diseases referred to as leishmaniasis are
caused by an intracellular parasite transmitted by the bite of a
Lutzomyia parasite or an infected female Phlebotomus sand fly.
Clinical manifestations of leishmaniasis range from minor
skin lesions to severe mucosal/cutaneous symptoms and a
fatal visceral form in some cases. Leishmaniasis is reported to
occur in more than 100 countries, spanning from warm tem-
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the culprits behind visceral leishmaniasis (VL), frequently
referred to as kala-azar, a crippling disease which impacts
more than 200 million individuals in 62 countries and is esti-
mated to cause 500 000 new cases and 60 000 deaths annually.”
There are two types of the parasite: amastigote and promasti-
gote. Amastigotes (both axenic and intracellular) continue to
proliferate slowly, have a diminished ability for biosynthesis, a
lower amount of bioenergy, and a markedly altered metab-
olism. A female sand fly takes the parasites and a blood meal
from an affected individual, wherein the parasites develop into
virulent (metacyclic) promastigote forms after changing from
amastigotes to procyclic promastigotes.® The parasite’s pro-
mastigote form infects mammals as hosts. VL causes serious
health issues as well as fatalities. Over 90% of instances are
found in Brazil, Bangladesh, India, Nepal, and Sudan.
Leishmaniasis can be in cutaneous, mucocutaneous, or visc-
eral form. A chronic protozoan infection, i.e. VL, is brought on
by a parasite of the genus Leishmania.* The parasite survives
and reproduces within the reticuloendothelial system of
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macrophages. If treatment is not received, VL is linked to sig-
nificant immunological dysfunction and high mortality.> The
parasite causes hepatosplenomegaly, anaemia, hypergamma-
globulinemia, and persistent immunosuppression by infecting
reticuloendothelial system cells. The successful treatment of
VL shows restoration of Thi-biased response and suppression
of the Th2 cytokines that facilitate parasite elimination.® One
of the critical routes for the survival of the Leishmania parasite
in a human host is the glycolytic pathway. The parasite obtains
energy in the form of adenosine triphosphate (ATP) through
the glycolytic pathway.””® Therefore, it may be considered a
great idea to use different compounds to block the glycolytic
pathways which act as a source of energy for the parasite in
the host body. Numerous enzymes that are part of the leishma-
nia glycolytic pathway are crucial to the cascade of the glycoly-
sis system, like glyceraldehyde-3-phosphate isomerase,'*'" gly-
ceraldehyde-3-phosphate dehydrogenase,'” pyruvate kinase,"
and triosephosphate isomerase.'* As vaccinations are currently
unavailable, chemotherapy is the sole available treatment for
VL.

Amphotericin B and pentavalent antimonials are part of the
current regimen treating VL, such as liposomal amphotericin
B, miltefosine, and paromomycin, all of which are inadequate
due to their high cost, toxicity, and occasional resistance.®
Considering the aforementioned limitations, drugs such as
artemisinin and artesunate (ART) derived from Artemisia
annua have been used to treat a variety of parasitic and proto-
zoan illnesses. In addition to anti-malarial activity, ART has
demonstrated potential in a wide range of forms of cancer,
including hepatocarcinoma, colorectal cancer, breast cancer,
and lung cancer."®" There are reports that indicate that a
higher safety index and antileishmanial activity can be
achieved both in vitro and in vivo with very few negative effects
for ART in the host body.>®*" However, despite its therapeutic
benefits, ART has significant drawbacks, such as low aqueous
solubility and instability in the intestines that result in poor
oral bioavailability, limiting its clinical utility.**

A nano-medication delivery method is a sensible option to
improve the water solubility and therapeutic impact of ART.
Most drug delivery systems rely heavily on lipid-based vesicular
systems owing to their advantages, such as the ability to encap-
sulate both hydrophilic and lipophilic medication, high drug
loading and resolving the insolubility issue of drug molecules
by using nanosize molecules.”® Bilosomes (BIL) are superior
drug delivery systems compared to other lipid-based vesicular
systems, as they are more elastic, flexible, and ultra-deform-
able, with an ability to shield drugs from enzymatic degra-
dation in the gastrointestinal tract.>* In the case of convention-
al vesicles such as liposomes and niosomes, the presence of
intestinal bile salt in the GIT restricts their effectiveness, as it
causes vesicle membrane deformation and lysis, ultimately
releasing the encapsulated molecule prematurely before it
reaches the target site of action.>®> However, BIL are bile-salt-
stabilized nanovesicular systems consisting of bile salts incor-
porated into lipid bilayers. BIL are more stable as they are well
organized, which causes them repulsion to the intestinal bile
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salts in the GIT.*® Additionally, the bile salts are known to be
natural intestinal permeation enhancers in the body that
increase the oral bioavailability of medications with limited
water solubility and intestinal permeability.”” Moreover, BIL
demonstrate the capacity to migrate through Peyer’s patches
(M cells) in the GIT, hence augmenting the oral bioavailability
of most of the molecules. The gastrointestinal stability of these
nano-vesicular carrier systems is enhanced by a variety of bile
salts, such as sodium taurocholate (STC), sodium deoxycholate
(SDC), and sodium glycocholate (SGC). Considering its safety
and ability to enhance the permeation of molecules signifi-
cantly, SDC is the most widely utilized of amongst them?®
Furthermore, chenodeoxycholic acid (CDCA), a novel com-
ponent of bile salts, has demonstrated significant antileishma-
nial activity because of its immunomodulatory activity, limit-
ing the parasite burden and infectivity in vivo in mouse
models. This illustrates the ability of CDCA to both enhance
the host’s advantageous immune cytokine responses (Thi1)
and inhibit its undesirable immune activity (Th2 cytokine
responses).>®

Thus considering the benefits associated with BIL, it was
thought that ART could be formulated into BIL, mitigating
drawbacks associated with it. The ethanol injection method
was used to prepare ART-loaded bilosomes (ART-BIL) and Box-
Behnken design (BBD) was used for batch optimization.
ART-BIL were characterized for vesicle size, entrapment
efficiency, Fourier transform infrared spectroscopy (FTIR),
differential scanning calorimetry (DSC), transmission electron
microscopy (TEM), in vitro drug release, in silico molecular
docking, in vitro antileishmanial activity against Leishmania
donovani, and in vivo pharmacokinetic assessment.

2. Material and methods
2.1 Materials

ART, sodium deoxycholate (98% pure) was purchased from
Alpha Chemika, Mumbai, Maharashtra. Chenodeoxycholic
acid, Poloxamer 407, cholesterol, ethanol, acetonitrile, and
methanol were procured from Loba Chemicals, Mumbali,
India. A dialysis bag with a molecular weight cut-off of
12000 kDa with 22.54 mm width was purchased from
HIMEDIA Laboratory (Mumbai, India). Analytical-grade chemi-
cals and reagents were used for the study.

2.2 Method

2.2.1 Preparation of ART-loaded bilosomes. A slightly
modified version of the ethanol injection method was used to
formulate ART-loaded bilosomes (ART-BIL). ART (25 mg),
cholesterol, and chenodeoxycholic acid (3 mg) were dissolved
in ethanol (2 mL, the organic phase). A surfactant (Poloxamer
407)/BS (SDC) solution (10 mL) was used as an aqueous phase.
Both solutions (organic and aqueous) were heated to 40-50 °C.
The organic phase was gradually added to the surfactant solu-
tion with constant stirring. The dispersion was continuously

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Formulation of batches of ART-BIL using Box—Behnken design

Factor 1 Factor 2 Factor 3 Response 1 Response 2
Run A: Cholesterol (mg) B: SDC (mg) C: Poloxamer 407 (mg) Vesicle size, nm %EE
1 -1 (10) 0 (60) -1(30) 211 +7.83 89.1 + 2.42
2 0 (12.5) 0 (60) 0 (60) 266 + 4.46 91 + 2.00
3 +1 (15) 0 (60) +1 (90) 277 +5.53 94.51 + 1.12
4 0 (12.5) +1 (90) -1(30) 253 +4.3 91.3+1.14
5 -1 (10) -1(30) 0 (60) 180 + 3.16 92 +2.11
6 +1 (15) +1(90) 0 (60) 290.5 + 1.60 94.58 +3.22
7 +1 (15) 0 (60) -1(30) 280 + 5.56 96.9 + 2.04
8 0 (12.5) 0 (60) 0 (60) 258.3 +2.44 92 +2.15
9 +1 (15) -1(30) 0 (60) 268 + 3.25 96.89 + 3.56
10 0 (12.5) 0 (60) 0 (60) 260.1 + 4.59 92 +1.12
11 0(12.5) 0 (60) 0 (60) 250.8 + 3.59 92 +2.11
12 0 (12.5) 0 (60) 0 (60) 248.4 +2.79 92 + 3.02
13 -1 (10) 0 (60) +1 (90) 169 + 3.84 92.41 + 2.15
14 -1 (10) +1(90) 0 (60) 190 + 4.20 89 +1.14
15 0(12.5) +1 (90) +1 (90) 255.1 + 3.08 92 +3.22
16 0 (12.5) -1(30) +1 (90) 190 + 1.92 95.45 + 3.09
17 0 (12.5) -1(30) -1(30) 235 + 4.06 93.3 + 2.00

stirred for 6 hours at 50-55 °C until all of the ethanol had
evaporated to obtain the bilosomes (Table 1).

Various independent and dependent variables (vesicle size
and entrapment efficiency) were taken into account when
developing ART-BIL formulations utilizing BBD (Table 1).

2.2.2 Optimization. BBD, which is one of the preferred
designs as it gives more data in fewer runs (17 runs), was uti-
lized for the formulation of ART-BIL. Design-Expert software
(Design-Expert®©; version 13; Stat-Ease Inc., Minneapolis, USA)
was used to implement BBD as yield results by avoiding
extreme star points and factorial points for the same number
of factors, which eliminates the need to test extreme values of
factors. The independent variables were cholesterol (A, CHO),
BS (B, SDC), and surfactant (C, P407) at three different levels:
low (—1), medium (0), and high (+1). The amount of ART
(25 mg) and CDCA (3 mg) was kept constant for all batches.
The responses were recorded in terms of vesicle size (Y1, VS)
and percentage entrapment efficiency (Y2, %EE) (Table 1). The
criteria for selecting the optimal formulation were kept as the
minimum vesicle size and maximal %EE.

2.2.3 Preparation of aqueous dispersion of ART (ART-dis-
persion). ART alone (25 mg) was dispersed in 10 mL of dis-
tilled water using a Vibra-Cell™ VCX500 ultrasound probe
sonicator (Sonics & Materials, Inc., USA).

2.3. Characterization

2.3.1 Vesicle size (VS). A Nano ZS zetasizer (HORIBA
ZS-100) was used to estimate the vesicle size of the prepared
batches. The instrument works on the principle of dynamic
light scattering. Prior to measurement, 0.1 mL of ART-BIL was
diluted 100 times using Millipore water. The samples were
scanned with a 90° incidence angle, keeping a refractive index
value of 1.33.

2.3.2 Percentage entrapment efficiency (%EE). The amount
of ART entrapped in BIL was measured by the ultracentrifuga-
tion technique. An ART-BIL dispersion (2 mL) was put into an
Allegra 64R centrifuge tube, and the tube was centrifuged for

© 2025 The Author(s). Published by the Royal Society of Chemistry

30 min at 4 °C at 15 000 rpm. Before free ART was quantified,
the obtained supernatant was decanted and suitably diluted
with Millipore water.?® A UV-visible spectrophotometer (Jasco,
model V-730A PC, Kyoto, Japan) was used to measure the
amounts of entrapped and unentrapped of ART. %EE was
determined mathematically using eqn (1):

_ Total drug — Free drug in supernatent "

EE (%) Total drug

100 (1)

2.3.2.1 Optimization of formulation. A point prediction
algorithm was used to optimize the formulation. The criteria
of minimum VS and maximum %EE were used to select the
best formulation. The composite desirability value was also
estimated to assess the robustness of the optimized formu-
lation. The prediction error was also estimated using eqn (2) to
confirm the validity of the obtained responses:

predicted value — observed value

Prediction error = x 100
observed value
(2)
2.3.3 Evaluation of artesunate-excipient compatibility

using FTIR. An FTIR spectrophotometer FTIR-8400 (JASCO,
Tokyo, Japan) was used to record the FTIR spectra of ART
alone, CHO, P407, SDC, CDCA, and a lyophilized optimized
ART-BIL dispersion (ART-BILopt) in the 400-4000 cm ™" range.
A sample (approx. 10 mg) was triturated in a mortar with KBr
(50 mg). To record the spectra, the powder was placed inside
the IR slots. The distinctive bands in every sample were
recorded using the FTIR 8000 SCS program (Prague, Czech
Republic).

2.3.4 Thermal analysis of ART and excipient using DSC. A
DSC 821e differential scanning calorimeter (Mettler-Toledo,
Greifensee, Switzerland) was used to perform thermal analysis
of ART alone, SDC, CHO, P407, CDCA, and lyophilized
ART-BILopt. Samples (3-5 mg each) were placed into a conven-
tional aluminium pan, which was then hermetically sealed.

RSC Pharm., 2025, 2, 541-552 | 543
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The pan was heated under an inert nitrogen flow at a rate of
10 mL min™".

2.3.5 Examination of bilosome morphology using TEM.
Transmission electron microscopy (TEM, Tecnai 12, operating
potential 120 kv, ICON Labs, Navi Mumbai,) was used to
reveal the surface morphology and vesicle size of ART-BILopt.
The dispersion drops were poured onto the copper grid and
allowed to air dry before measurement.

2.3.6 Estimation of in vitro ART release from ART-BIL. The
drug release pattern of the ART dispersion and ART-BILopt
was assessed using the dialysis bag technique. Before the
study began, the dialysis bag (diameter 16 mm, molecular
weight cut off: 12 000 g mol™") was pre-treated and activated by
immersing it in the dissolution medium (aqueous phase) for a
full day.®" A pre-treated dialysis sac containing ART-BILopt
corresponding to 5 mg of ART was sealed on both sides and
submerged for 2 h in a freshly made acidic medium (pH 1.2)
(50 mL). Then it was transferred to pH 6.8 for the final 24 h.
The release medium (37 + 0.5 °C) was rotated at 100 rpm,
using a magnetic stirrer (REMI 1MLH). A predefined volume
(1 mL) of sample was taken out and replaced with fresh release
medium (same volume) at predefined time intervals of 0.5, 1,
2, 4, 6, 8, 10, 12, 24 h. An identical experimental setup was
used for the ART dispersion release. Lastly, using a UV spectro-
photometer set to 242 nm, the collected samples were analysed
with appropriate dilutions.

2.3.7 Estimation of binding potential of ART and CDCA
using an in silico docking study. PyMOL version 2.5.4 (The
PyMOL Molecular Graphics System, Version 2.0 Schrodinger,
LLC) and AutoDockTools-1.5.7 were used for optimization of
ligand and protein. For ligand optimization, the geometry of
the ligands was cleaned, whereas for protein, the water
was removed. The docking was performed using
AutoDockTools 1.5.7. The docking analyses were performed
using both PyMOL and BIOVIA Discovery Studio 4.5 (BIOVIA,
D.S 2019).

2.3.7.1 Selection of ligand. It has been reported that CDCA
shows protective and immunomodulatory activity which is also
beneficial in VL, and ART has strong antileishmanial activity
against Leishmania donovani, which is a causative agent in
VL.*>* We performed in silico molecular docking studies
using ART and CDCA as ligands in order to determine the val-
idity of the hypothesis regarding antileishmanial activity and
to investigate any potential synergistic (immunomodulatory)
or targeting ability of CDCA when used with ART.

2.3.7.2  Selection of protein. The literature reports that ART
inhibits glycerol 3-phosphate dehydrogenase to demonstrate
antileishmanial activity.”® In addition to demonstrating thera-
peutic antileishmanial activity, we conducted molecular
docking experiments with both ligands (ART and CDCA) and
enzyme/protein (glycerol 3-phosphate dehydrogenase) to inves-
tigate potential interactions or positive effects of CDCA.

2.3.7.3 Preparation of ligands. The SDF file containing the
2D structures of ART and CDCA was obtained from PubChem.
PyMOL software was used to transform the SDF file of ART
and CDCA was transformed into a PDB file.
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2.3.7.4 Preparation of receptors. The Protein Data Bank
(PDB) provided the three-dimensional (3D) structures of the
enzyme. All heteroatoms, such as water, except amino acids,
were eliminated from the enzyme design in order to improve it.

2.3.7.5 Docking study. Molecular docking was performed
using AutoDock Vina 1.1.2 and AutoDockTools 1.5.7. Ligands
and proteins were converted to pdbqt format. AutoDock Vina
split was used to divide the results. The literature was explored
for active places for the grid box preparation. The architectural
requirements dictated the dimensions of the grid box, and all
other parameters were left at their default settings. The dimen-
sions of the grid box were x = 40, y = 40, and z = 40. Following
the docking process, the most stable conformation was
selected for additional assessment. H-bond interactions were
seen in Discovery Studio 2021.

2.4 Invitro evaluation of ART-BIL against leishmanial
promastigotes

Leishmania donovani (MHOM/1983/AG83) cells (promastigotes)
were routinely cultured in M199 media supplemented with
10% FBS and allowed to grow in an incubator at 24 °C. Log
phase cells (1 x 10° mL™") were treated with ART, ART-BIL
(A-B), blank BIL and CDCA with concentrations of 10 and
50 pg mL™" for 3 days. The cell viability was measured by
Trypan blue exclusion and the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT)-based reduction method
every 24 h using known procedures. Amphoterin B (AmB)-
treated (50 nM) and untreated parasites were used as positive
and negative controls, respectively. Compared to untreated
cells, the number of viable parasites, under each treatment
condition, was calculated on a percentage scale and presented
in bar graphs. After 48 h, the concentration of the drug/formu-
lation showing 50% killing of the L. donovani promastigotes
was considered ICs, for that drug or formulation.**>*

2.5 In vivo pharmacokinetic evaluation of ART-BIL

A study of the in vivo pharmacokinetics of ART-BILopt and
ART dispersion was conducted on male Wistar rats weighing
between 180 and 250 g. Before the trial began, the animals
had unlimited access to food and water at a temperature of
25 °C and 50% relative humidity. Two sets of animals, each
consisting of six rats, were used in the investigation. In India,
the Institutional Animal Ethics Committee is managed and
controlled by the Control and Supervision of Experiments on
Animals (CPSEA) committee, which was established in accord-
ance with The Prevention of Cruelty to Animal Act 1960. The
Bharati Vidyapeeth Poona College of Pharmacy’s institutional
animal ethics committee authorized the study protocol, which
was approved by CPSEA (Approval No. PCP/IAEC/2024/1-16).
The National Institutes of Health’s Handbook for the care and
use of laboratory animals (NIH Publications No. 8023,
amended 1978) and the ARRIVE criteria were followed in all
animal experiments. Group 1 received ART dispersion admin-
istration, while Group 2 received ART-BILopt (equivalent to
150 mg kg™' of ART) via an 18-gauge oral feeding needle.?
The rats were anaesthetized using diethyl ether in order to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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remove a blood sample (2 mL) from the retro-orbital plexus at
time intervals of 0.5, 1, 2, 4, 6, 8, 10, 12, and 24 h in microcentri-
fuge tubes coated with EDTA. The plasma was then separated
from the obtained samples by centrifuging them for 15 min at
4 °C at 10000 rpm. ART contained in plasma was extracted
using an acetone:methanol (1:1 v/v) mixture. Before being
injected into an HPLC column, the supernatant was dried to
dissolve it in acetonitrile. The quantity of ART in the extracted
samples was estimated using RP-HPLC fitted with a binary
pump and a UV detector. A mixture of water and acetonitrile
(pH 3) in 90: 10 (v/v) ratio was used as the mobile phase with a
C-18 column as the stationary phase (Thermo Fisher Scientific
250 mm, 4.5 mm). The runtime was 10 minutes and the wave-
length was set at 242 nm. For the 20 pL injected sample, the
pump flow rate was 1 mL min~".>® Using the one-compartment
open model and the PKSolver Pk2 program, the area under the
curve (AUC), maximum plasma concentration (Cpay), time to
achieve maximum plasma concentration (Tyay), plasma half-life
(t1/2), and elimination rate constant (K;) were estimated.

2.6 Statistical analysis

All the studies were conducted in triplicate. The results are pre-
sented as a mean with standard deviation. GraphPad Prism
software was used to perform the statistical calculations. P <
0.05 was regarded as statistically significant.

3. Results

Trial batches were produced in the early research using ART,
CHO, BS, and CDCA. Nevertheless, BIL aggregation was noted.

View Article Online
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Several steps were taken to stabilize the BIL dispersion.
Research was conducted using TPGS, Span, Tween series,
Poloxamer 188, and Poloxamer 407, in a range of ratios, con-
centrations, and cholesterol concentrations. Finally, based on
vesicle size and stability, Poloxamer 407 was used as a stabil-
izer. Batch optimization was carried out using CHO, P407,
SDC, and CDCA.

3.1 Experimental design optimization

Factorial designs, such as Box-Behnken design, are employed
to concurrently look at how different variables affect a
response. In the experimental runs, the effects of cholesterol
(A), surfactant (B), and bile salt (C) were examined on vesicle
size (Y1) and %EE (Y2) responses.

3.1.1 Impact of independent variables on vesicle size.
ART-BIL was optimized using 3-factor, 3-level BBD (Table 1).
The lowest and maximum vesicle diameters of ART-BIL were
determined to be between 169 and 290.5 nm. A polynomial
equation (eqn (3)) and Fig. 1A demonstrate the effect of the
independent variables on vesicle size. The positive sign of a
coefficient in a polynomial equation suggests a direct relation-
ship, while a negative sign denotes an inverse relationship
between the response and the independent variable.

Vesicle size = +256.72 + 45.69 x A
+14.45 X B—10.99 x C + 3.12 x AB+9.75 x AC (3)
+11.78 x BC — 11.81 x A> — 12.79 x B> — 10.66 x C>

The adjusted (0.9457) and expected (0.7495) R values
showed good agreement. In order for an agreement to be

Vesicle size (nm)
Vesicle size (nm)
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Fig. 1 Effects of simultaneous changes in independent variables on (A) vesicle size and (B) % entrapment efficiency.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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deemed acceptable, the R* values that have been changed and
projected must be within 0.2 of each other.*”

3.1.2 Impact of independent variables on entrapment
efficiency. The lowest and maximum percentage EE for all runs
were found to be in the range 89%-96.9% w/w (Table 1). The
impact of each independent variable on %EE can be seen in
the 3D response surface plots in Fig. 1B. The polynomial
equation (eqn (4)) obtained upon mathematical treatment of
the data is:

%EE = +91.80 +2.55 x A —1.34 x B+ 0.4713 x C
+0.1725 X AB — 1.43 x AC — 0.3625 x BC (4)
+0.7675 x A2 4 0.5500 X B® + 0.6625 x C*

The adjusted R*> of 0.9646 suggested excellent correlation
between %EE and the components used to prepare ART-BIL,
in agreement with the projected R*> of 0.8888. The direct
relationship between CHO and %EE was demonstrated by the
polynomial equation and Fig. 1B, whereby %EE increased with
an increase in CHO concentration.

The optimal ART-loaded bilosomes were selected using
Design-Expert software’s mathematical optimization technique
to diminish vesicle size and obtain the maximum value of %
EE. Accordingly, the software’s point prediction algorithm
yielded the optimal formulation. The predicted (as per soft-
ware) batch with CHO (11.06 mg), P407 (89.99 mg) and SDC
(30 mg) levels had a vesicle size of 174.13 + 3.15 nm and %EE
of 94.86 + 1.12%. The experimental homogeneously dispersed
optimized batch (ART-BlLopt) with ART (25 mg), CHO
(11.06 mg), surfactant (Poloxamer 407, 89.99 mg), and BS
(SDC, 30 mg) showed a vesicle size of 186.7 nm + 1.92 nm with
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a PDI of 0.2 and %EE of 95.36 + 2.11%, with 0.864 composite
desirability and an adequate precision value of 4.37. The
values of composite desirability and adequate precision
suggest the suitability of the model to provide a strong and
reliable prediction of the response. Furthermore, the predic-
tion errors for VS and %EE were determined to be —6.73% and
—0.52%, respectively, confirming the validity of the obtained
responses.

3.2 Evaluation of artesunate-excipient compatibility using
FTIR

The compatibility of ART with various bilosomes excipients
was investigated using FTIR spectroscopy. The recorded
spectra for ART, SDC, CDCA, CHO, P407, and ART-BILopt are
shown in Fig. 2.

Prominent %transmittance bands at 3507 cm™*, 1340 cm ™,
and 1750 cm™" were seen in the FTIR spectra of ART. These
bands were linked to the stretching of a tertiary amine group
by the -OH group and -NH,. The FTIR spectra of P407 and
SDC revealed distinct bands at 1144 cm™ and 1588 cm™,
respectively, corresponding to C=O0 (carbonyl) stretch and C-
O (ester). The distinctive stretching vibration bands for the
-OH group at 3360 cm™' and C-H stretching at 2935 cm™"
were observed in the FTIR spectra of CHO. The distinctive
stretching vibration bands for the ~COO group at 1706 cm™"
and CH; stretching at 2844 cm™" were observed in the FTIR
spectra of CDCA. ART-BILopt showed a shift in the %transmit-
tance band of ART to 3560 cm™ ', corresponding to the ~-OH
group, while the band for the C=O group present in CDCA

showed a shift to 1715 cm™™.
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Fig. 2 FTIR spectra of (A) artesunate, (B) chenodeoxycholic acid, (C) sodium deoxycholate, (D) Poloxamer 407, (E) cholesterol and (F) ART-BlLopt.
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407, (D) sodium deoxycholate, (E) ART and (F) ART-BIL.

3.3 Thermal analysis of ART and excipient using DSC

The formulation and excipients were thermally analyzed using
DSC (Fig. 3). The DSC thermograms of CHO and SDC dis-
played characteristic melting endothermic peak at 152.39 °C,
and 69.8 °C respectively. Furthermore, at 184.7 °C, SDC
showed an exothermic peak, which is believed to be associated
with the recrystallization of its lipophilic chains. The DSC ther-
mogram of P407 displayed a characteristic endothermic peak
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Fig. 4 (A) Vesicle size distribution of ART-BlLopt. (B) TEM of ART-BlLopt.
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at a temperature of around 55 °C, representing its melting
point. The melting point of CDCA was found roughly at 140 to
166 °C. This peak shows that when the material absorbs heat,
it changes from a solid to a liquid state. ART is a crystalline
material, which showed a characteristic endothermic peak at
130 °C corresponding to its melting point, and an exothermic
peak between 165-172 °C.*® ART-BIL showed an endothermic
peak corresponding to the melting of P407 and an exothermic
peak at 135 °C. Surprisingly, ART-BIL did not exhibit a peak of
ART.

3.4 Examination of bilosome morphology using TEM

The shape, morphology, and average vesicle size of ART-BILopt
were examined using TEM and particle size analyzer respect-
ively (Fig. 4). Further vesicle size distribution histogram for the
bilosomes under analysis is presented in Fig. 4A. The photo-
micrograph show vesicles with a spherical shape and no
clumps (Fig. 4B).

3.5 Invitro drug release study of ART-BIL

A dynamic dialysis method was used to measure the in vitro
release of ART. To estimate the possibility of vesicular disrup-
tion under physiological settings, release studies for ART-BIL
and the ART dispersion were carried first at pH 1.2 and then at
pH 6.8. The ART-BIL release profile was found to be biphasic
in nature with an initial burst release of ART (about 20%) fol-
lowed by around 89% of ART release in a 24 h period (Fig. 5).
Furthermore, the in vitro release of ART from the aqueous dis-
persion showed a cumulative drug release of 31% over a 24 h
period.

3.6 Estimation of binding potential of ART and CDCA using
an in silico docking study

In silico molecular docking studies were performed to investi-
gate the binding potential of ART and CDCA (ligands) to gly-
ceraldehyde 3-phosphate dehydrogenase (G3PDH) identified
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Fig. 5 In vitro release profile of the ART from the ART dispersion and

ART-BlLopt.

as the target receptor. It is commonly established that the
binding energies and affinities of both ligands with the
protein under study are directly correlated. ART exhibited the
highest affinity for G3PDH (Fig. 6), suggesting its potential as
an antileishmanial agent. Similar studies were conducted with
CDCA as the ligand (Table 2), which also showed a strong
affinity for the selected receptor, suggesting that it also pos-
sesses antileishmanial potential. CDCA demonstrated the
highest binding energy for the G3PDH enzyme. Furthermore,
we performed a study of in vitro antileishmanial activity to
confirm the observations of the in silico docking studies.

3.7 Invitro evaluation of ART-BIL against leishmanial
promastigotes

It was observed that ART-BILopt (A-Bs) are ~5-fold more
effective at killing the parasite after 48 h of treatment than

View Article Online
RSC Pharmaceutics
Table 2 Binding energy of ART and CDCA against enzyme glyceralde-

hyde 3-phosphate dehydrogenase involved in glycolytic pathway of
leishmanial parasite

Binding
energy Amino acid
Ligand Protein (kcal mol™)  residues
Artesunate  Glyceraldehyde 3-phosphate  —8.2 ASN-275
dehydrogenase GLU-300
ARG-274
CDCA Glyceraldehyde 3-phosphate  -8.7 SER-155
dehydrogenase LYS-125
GLY-24

ART alone (Fig. 7). This is because the ICs, of A-Bs is 10 pg
mL™", whereas for ART it is 50 pg mL ™" after 48 h (P < 0.001,
Fig. 7A). AmB, used as a positive control, kills the parasite in a
time-dependent manner, as expected. We observed ~50% and
28% survival of promastigotes after AmB (50 nM) treatment for
48 and 72 h, respectively. The parasite survival was ~83% and
~80% after 48 h when the cells were treated with 50 pg mL™"
of blank bilosomes (B) and bile salt (Bs), respectively (Fig. 7A).
The parasite survival after 72 h was ~82% and 84% for blank
bilosomes and bile salt treatment, respectively (Fig. 7B).
However, after 72 h, the parasite survival was only 29% and
3% for 50 pg mL™" of ART and A-Bs treated parasites, respect-
ively (P < 0.001, Fig. 7B).

3.8 Invivo pharmacokinetic evaluation of ART-BIL

The pharmacokinetic characteristics of ART-BILopt and ART
dispersion after oral administration are displayed in Fig. 8.
The results of various pharmacokinetic parameters are shown
in Table 3. Animals treated with customized bilosomes exhibi-
ted significantly higher plasma concentrations of ART during

GLU-300

Fig. 6 Docking results of (A) the interaction of artesunate with amino acid chemical residues (GLU-300), (ASN-275), (ARG-274), and (B) the inter-
action of chenodeoxycholic acid with amino acid chemical residues (GLY-24), (SER-155), (LYS-125) by forming H-bonds with glyceraldehyde 3-phos-

phate dehydrogenase (PDB ID 1M67).
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Table 3 Pharmacokinetic parameters of artesunate after oral adminis-
tration of ART-BIL and ART dispersion

Parameter ART dispersion ART-BIL

165034.1 £ 150
1272179 + 212

229878.4 £ 336*
1875934 + 510*
2770366 + 735*
6.97205 + 0.30
1.12

Cmax (ng mL™")
AUC,_, (ng mL™* h™)
AUCy_o (ng mL™* h™") 1652383 + 415
tyyz (h) 5.216407 + 0.28
Timax (h) 2

Mean + SD, *Statistically significant compared with ART dispersion (P
<0.05).

all time periods compared to animals given the ART dis-
persion. ART-BILopt had a Cy,,y value of 229 878.4047 + 336 ng
mL~", which was 1.39 times higher (P < 0.05) than that of the
ART dispersion (165034.129 + 150 ng mL™'). Likewise,
AUCy,4 and AUCy_, of ART-BlLopt were found to be

© 2025 The Author(s). Published by the Royal Society of Chemistry

(1875934.095 + 510 ng h mL™") and (2770366 + 735 ng h
mL "), which differ significantly (P < 0.05) from the AUCq ,4
and AUC,_,, of the ART dispersion (1272179.324 + 212 ng h
mL™") and (1652383 + 435 ng h mL™"), suggesting 1.47 and
0.59 fold increases, respectively, compared to the ART dis-
persion. The half-lives of ART-BIL and the ART dispersion are
6.97205 + 0.30 h and 5.216407 + 0.28 h, respectively. The Ty,ax
of ART-BIL is roughly 0.85 times greater than that of the ART
dispersion, indicating that ART achieves its maximum concen-
tration marginally sooner when formulated into BIL.

4. Discussion

The optimization ART-BIL was undertaken using BBD, which
is well known for investigating the impacts of independent
variables on a dependent one. Further, as stated earlier, the
positive CHO coefficient showed a direct relationship between
the quantity of CHO and the vesicle size, signifying that when
the CHO concentration increases, so does the vesicle size of
ART-BIL. This behaviour could be attributed to the system’s
elevated mass. CHO has lipid chains that are flexible and
might have aided the capture of more aqueous solution inside
BIL, displaying an increase in the size of the vesicles.
Furthermore, an increase in CHO greatly increased the
amount of ART entrapment in the vesicles, leading to their
enlargement. Surfactants had the opposite influence on vesicle
size. They might have reduced the interfacial tension between
the water and cholesterol, which in turn reduced their distance
from one another and resulted in a subsequent reduction in
vesicle size. Moreover, the histogram of particle size distri-
bution and vesicle size demonstrated by TEM data agreed
quite well.

Similarly, the impact of independent variables on %EE was
investigated. The hydrophobicity and stiffness of the lipid
bilayer increased with CHO, which could have resulted in
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increased ART encapsulation and stability in the bilosome
vesicles.*® Additionally, SDC (B) and P407 (C) concentration
also showed a positive effect on the %EE of ART in BIL.
Increases in the amounts of SDC and P407 resulted in
decreased interfacial tension with a subsequent rise in vis-
cosity, which stopped ART from escaping from BIL. However,
at higher amounts of SDC, a reduction in %EE was observed.
The fluidizing effect produced by bile salts on the lipid
bilayers, which ends up in ART leakage, could be responsible
for a decrease in %EE. The shifts in the %transmittance bands
of ART and CDCA, as depicted by FTIR studies, suggested the
likelihood of hydrogen bonding between them. This could
have been the reason for entrapment of ART within the bilo-
somes. DSC studies confirmed the molecular distribution of
ART within the bilosomes, as the prepared ART-BIL did not
display the characteristic endotherm for ART. Yet another
reason for such behaviour could be associated with the solubil-
isation of ART in molten CHO and P407.°

The in vitro drug release study demonstrated the initial
burst release of ART from ART-BIL, which could be attributed
to the release of ART molecules adsorbed on the surface of
BIL. The extended release of ART from the bilosomes was
caused by the significant affinity of ART for the hydrophobic
counterpart of the vesicles. The results of the in vitro drug
release study suggested a significant enhancement (2.8 fold) in
the dissolution rate of ART when formulated into bilosomes.
This could be attributed to the nanosize of BIL, which might
have provided an enormous surface area for the dissolution of
ART.

It was hypothesized that the inclusion of CDCA into bilo-
somes would enhance the antileishmanial effect of ART as a
synergistic activity. In silico molecular docking studies con-
firmed our hypothesis about using CDCA as one of the formu-
lation components, as it suggested the likelihood of synergistic
antileishmanial activity when combined with ART. Further
in vitro antileishmanial activity studies indicated that the bilo-
somes themselves are not antileishmanial compared to ART
alone, but ART-BIL, as a formulation, is a more effective antil-
eishmanial agent than ART alone. Bile-salt-based drug delivery
against leishmania was earlier proven to be effective for drugs,
where poor solubility and chemical instability were improved
due to the bile-salt-based formulation. Further, the prepared
ART-BIL when tested in vivo in rats showed significant
enhancement in C,,,x and AUC,_,, of ART when formulated
into BIL. This could be attributed to reduced vesicle size
(nanosize), increased ART entrapment in the bilosome vesi-
cles, and avoidance of first-pass metabolism as the BIL gets
absorbed through Peyer’s patches.

5. Conclusion

In the current investigation, artesunate-loaded bilosomes were
prepared and optimized using Box-Behnken design. The opti-
mized formulation had a vesicle size of 186.7 + 2.7 nm and an
entrapment efficiency of 95.36 + 2.11%. Spherical, non-aggre-
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gated vesicles demonstrated a biphasic drug release profile
with a remarkable increase in dissolution rate of artesunate
compared to an artesunate dispersion. In silico molecular
docking studies revealed the antileishmanial potential of arte-
sunate and chenodeoxycholic acid by binding to glyceralde-
hyde 3-phosphate dehydrogenase (G3PDH) and thus in turn
the suppression of glycolysis. Further, in vitro antileishmanial
studies showed significant enhancement in the antileishma-
nial potential of artesunate.

Abbreviations

ART Artesunate

BIL Bilosomes

ART-BIL ART-loaded bilosomes

CDCA Chenodeoxycholic acid

BBD Box-Behnken design

VL Visceral leishmaniasis

FTIR Fourier transform-infrared spectroscopy
PXRD Powder X-ray diffraction

SEM Scanning electronic microscopy

DSC Differential scanning calorimetry
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