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Artemisinin is a remarkable compound whose derivatives and combinations with multiple drugs have been

utilized at the forefront of malaria treatment. However, the inherent issues of the parent compound such as

poor bioavailability, short serumhalf-life, and high first-passmetabolism partially limit further applications of

this drug. In this study, we enhanced the aqueous phase solubility of artemisinin by encapsulating it in two

nanocarriers based on the polymer polycaprolactone (ART-PCL) and lipid-based Large Unilamellar Vesicles

(ART-LIPO) respectively. Both nanoformulations exhibit in vitro parasite killing activity against Plasmodium

falciparumwith the ART-LIPO performing at comparable efficacy to the control drug solubilized in ethanol.

These water-soluble formulations showed potent in vivo antimalarial activity as well in the mouse model of

malaria at equivalent doses of the parent drug. Additionally, the artemisinin-PCL nanoformulation used in

combination with either pyrimethamine or chloroquine increased the survival of the Plasmodium berghei

infected mice for more than 34 days and effectively cured the mice of the infection. We highlight the

potential for polymer and liposome-based nanocarriers in improving not only the aqueous phase

solubility of artemisinin but also concomitantly retaining its therapeutic efficacy in vivo as well.
1. Introduction

Malaria, a disease caused by a unicellular, apicoplast bearing
parasite of the genus Plasmodium, continues to be a major
threat to mankind. About 405 000 malaria-related deaths were
recorded in 2018 alone, of which 272 000 deaths pertained to
children aged under 5 years.1 Artemisinin, an endoperoxide
antimalarial, has proven to be extremely effective in managing
Plasmodium infections.2 This sesquiterpene lactone is
a secondary metabolite of the Sweet Wormwood plant, Artemisia
annua, and has been employed in Traditional Chinese Medicine
to treat intermittent fever.3 The puried compound, artemisi-
nin, was found to be an extremely potent antimalarial in vitro
and had fast-acting properties in vivo. However, the therapeutic
efficacy of the drug is limited due to poor solubility in water
leading to very low absorption aer oral administration. Addi-
tionally, artemisinin has been reported to have a short half-life
and high rst-pass metabolism.4 Consequently, the water-
soluble semisynthetic derivatives of artemisinin, such as arte-
mether and dihydroartemisinin, are preferred in the clinical
management of the diseases.5 Currently, artemisinin-based
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combination therapy (ACT) has been regarded as the rst line
of defense against chloroquine-resistant Plasmodium vivax and
uncomplicated Plasmodium falciparum infections.6 WHO
recommends the use of artemisinin in combination with
a partner drug particularly due to the high recrudescence rates
following artemisinin monotherapy. This recrudescence of the
parasites has been attributed to the quick elimination half-life
of the drug and the inherent ability of the parasites to induce
dormancy in the ring stage upon exposure to artemisinin.7 The
delayed parasite clearance following drug treatment has been
associated with the emergence of artemisinin resistance.

Over the years, polymer and lipid-based nanoparticles have
emerged as a promising drug delivery system and have shown
improved in vitro and in vivo therapeutic efficacy of the drugs
with a wide range of physicochemical properties and biological
activity. The eld of drug delivery research has witnessed
a substantial leap aer the discovery of polymer nanoparticles
and liposomes. Polymeric nanoparticles possess a tightly-
interlinked matrix architecture consisting of biocompatible
and biodegradable polymers of natural or synthetic origin.
Polycaprolactones, polyglycolide copolymers, and polylactides
are some synthetic polymers whereas albumin, chitosan and
alginate are some of the natural polymers.8,9 Liposomes are
spherical vesicular structures composed of lipid bilayers con-
taining phospholipids, cholesterol, and fatty acids, that
encapsulate an aqueous core.10 Since their advent, lipid and
polymer-based nanoparticles have been extensively studied in
the treatment of infectious diseases including malaria for the
RSC Adv., 2020, 10, 36201–36211 | 36201
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delivery of both hydrophobic and hydrophilic drugs.11,12 These
colloidal carriers have great potential not only for efficient drug
delivery but also for targeting Plasmodium-infected erythro-
cytes.13–16 Importantly, both polymer nanoparticles and lipo-
somes have been used extensively to enhance the solubility of
compounds with poor aqueous phase miscibility.17–20 This in
turn helps to improve the oral absorption and bioavailability of
the drug. Liposomal formulations of artemether and artemisi-
nin have promising active and passive targeting abilities in in
vivomodels of brain cancer.21 A well-reported review by Roberto
et al. that emphasizes on the importance of liposome compo-
sition due to the ability of various phospholipids to act as
intercellular messengers. The inclusion of bioactive phospho-
lipids into the lamellar scaffolds of liposomes can modulate the
immune system by various mechanisms that can be further
exploited for additive/synergistic biological activity.22 Artemisi-
nin bound albumin nanoparticles are shown to be effective in
Plasmodium berghei infected mice.23 Also, a study reported by
Want MY and team, have shown improved therapeutic efficacy
of artemisinin loaded liposomes and PLGA-based nanoparticles
against experimental and murine visceral leishmaniasis
respectively.24,25 Additionally, lipid and polymer-based nano
preparation of artemisinin and its derivatives have been used to
target cancers and various infectious agents.26–30

The past decade has seen a considerable upsurge in the
employment of polymer nanoparticles in clinical therapeutics.
The fundamental characteristics of polymer nanoparticles such
as biocompatibility, biodegradability, and prolonged plasma
circulation, along with the ease of preparation, use of low-cost
excipients, controlled drug release, and better stability of poly-
mer nanoparticles make them a great candidate for cost-
effective drug delivery systems.31 On the other hand, the
expensive constituents of liposomes and multi-step complex
preparation increases the cost of production substantially.
Moreover, the formation of lamellar structure is not thermo-
dynamically favored making them metastable and prone to
degradation during long-term storage.32 However, conjugation
of targeting ligands in liposomes have been reported to be more
efficient as compared to surface functionalization of polymer
nanoparticles.33 Additionally, liposomes are reported to be good
candidates for combination therapy due to its ability to
accommodate both hydrophilic and hydrophobic compounds
into the core and the lipid bilayers respectively. However,
polymeric nanoparticles require double emulsion technique or
other strategies such as pH modication, polyanion, for
entrapment of water-soluble compounds.34 Despite the chal-
lenges associated with liposome and polymer nanocarriers,
these drug delivery systems have made a remarkable impact in
the eld of clinical therapeutics.

The life cycle of malaria parasite is complex with both
mosquito and human hosts. Within the human host the para-
site completes its asexual cycle via the liver and the erythrocytes.
Since the disease manifests during the erythrocytic stage, the
drugs and formulations that target this stage are of paramount
importance.

In this study, we have synthesized polymer and liposome-
based nanoparticles loaded with artemisinin to compare and
36202 | RSC Adv., 2020, 10, 36201–36211
improve its oral bioavailability and subsequent anti-malarial
activity in the in vitro parasite culture and also in the in vivo
animal model.
2. Materials and methods
2.1. Materials

Artemisinin (98%), poly(3-caprolactone) (PCL) (MW 14,000), Plur-
onic F-127 and cholesterol were purchased from Sigma Aldrich
Pvt. Ltd, India. LIPOID S PC-3, LIPOID PE 18:0/18:0-PEG 200
sodium salt were gis from Lipoid Germany. The organic solvents
used were of analytical grade andHPLC grade purity. SYBRGreen I
dye was purchased from ThermoFisher Scientic (S7563).
2.2. Synthesis of artemisinin loaded nanoparticles

2.2.1. Preparation of artemisinin-loaded PCL nano-
particles. Nano-precipitation method was employed for the
preparation of polymer nanoparticles with modications.35

Artemisinin and PCL were dissolved in a water-miscible volatile
organic solvent, acetone, where the aqueous phase used was 1%
w/v Pluronic F127. The organic phase, containing the drug, was
added in a dropwise manner to the aqueous phase using
a disposable syringe. The aqueous phase was kept under
constant agitation by a magnetic stirrer. The resultant suspen-
sion was le overnight under mild stirring to completely remove
the volatile organic solvent.

2.2.2. Experimental design, optimization, and method
validation.MINITAB 9.0 soware was used for the development
and optimization of ART-loaded-PCL formulation. As shown in
Table 1, The quadratic response surfaces and contour plots for
understanding the effects of various independent variables on
the selected dependent variables were generated by using the
three-level, three-factor Box–Behnken design. Polymer drug
ratio (PCL:ART) (X1), the concentration of polymer (PCL) (% w/v,
X2), and stirring time (X3) were taken as independent variables,
represented by +1, 0 and �1, which are analogous to high,
medium and low levels, respectively (Table 1). The dependent
variables selected were hydrodynamic radii (Y1), zeta potential
(Y2), and entrapment efficiency (Y3). The polynomial equation
generated from the experimental design was:

Y ¼ b0 + b1X1 + b2X2 + b3X3 + b11X1
2 + b22X2

2 + b33X3
2

+ b12X1X2 + b13X1X3 + b23X2X3

where Y is the selected dependent variable, X1 X2, and X3 are the
independent variables, X1

2, X2
2 and X3

3 are the quadratic terms;
X1X2, X2X3, and X1X3 are the interaction terms; b0 is the intercept
whereas b1–b33 are the regression coefficient based on the
experimental values of Y. The observed responses were tted
into different models and the polynomial equation was vali-
dated for statistical signicance using ANOVA in the MINITAB
soware.
2.3. Preparation of liposome nanoparticles

The artemisinin-loaded liposomes (ART-LIPO) were prepared
using a conventional thin-lm hydration method. The drug-
This journal is © The Royal Society of Chemistry 2020
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Table 1 Independent and dependent variables with the coded levels in
the Box–Behnken design

Independent variables Symbols

Coded levels

�1 0 +1

Polymer: drug X1 1 2 3
Polymer concentration (w/v%) X2 0.1 0.2 0.3
Stirring time (h) X3 1 2 3

Dependent variables Symbols Constraints

Hydrodynamic radii Y1 Optimum (50–150 nm)
Zeta potential Y2 �25
% entrapment efficiency Y3 Maximum
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loaded liposomes were synthesized using LIPOID S PC-3 and
LIPOID PE-PEG, which are hydrogenated soy phospholipid and
the sodium salt of PEGylated phosphoethanolamine respec-
tively. Additionally, cholesterol was incorporated into the
preparation to impart membrane uidity and permeability of
the drug into the liposomes.36 In a round-bottom ask, the drug
and the lipophilic components, phospholipids and cholesterol,
were solubilized in chloroform. The organic solvent, chloro-
form, was completely evaporated at 45 �C using Rotavapor Film
Evaporator under low pressure. Aer complete evaporation of
the solvent, the resulting thin lm was rehydrated using PBS
containing 0.85% NaCl. To produce Large Unilamellar Vesicles
(LUVs), the resultant multilamellar liposomes were bath-
sonicated for 30 min followed by 10 cycles of manual extrusion.
2.4. Characterization of artemisinin-loaded nanoparticles

2.4.1. Particle size and size distribution. The Dynamic
Light Scattering (DLS) technique using the Zetasizer Nano ZS
(Malvern) was employed to determine the size distribution of
the ART-PCL and ART-LIPO nanoparticles. The samples were
diluted using Milli-Q water to a concentration of approximately
2.5 � 1021 particles per ml for PCL nanoparticles and 2.8 � 1020

particles per ml for liposomes. The number of particles was
calculated using the following equation reported by Shang J.
and Gao X.37

c ¼ N/NAV

where c is the molar concentration; N is the total number of
particles in the colloidal suspension; NA is the Avogadro
constant and V is the total volume of colloidal suspension.

The hydrodynamic radii of diluted suspensions of nano-
particles, which represents the particle size of the generated
nanocarriers, were measured at 90� detection angle at room
temperature (25 � 2 �C). The DLS measurements reported are
the mean of multiple runs (n ¼ 3). The Polydispersity Index
(PDI) of the particles was also measured.

2.4.2. Zeta potential. Zetasizer Nano ZS (Malvern) was used
for the measurement of zeta potential. Capillary electrophoresis
cells were used to measure the zeta potential of the
This journal is © The Royal Society of Chemistry 2020
nanoparticles, diluted using deionized water. The resultant
measurements were the average of triplicate runs.

2.5. Surface morphology and shape

The surface morphology of the optimized ART-PCL nano-
particles and ART-LIPO was analyzed using Scanning Electron
Microscope (Zeiss EVO40). The concentrated nanoparticle
population was drop cast on a conducting surface and vacuum
dried, followed by gold coating. Transmission Electron
Microscopy using (TEM-JEOL-2100F) images of ART-LIPO was
taken and analyzed to conrm the shape of the vesicles that
were generated. The concentrated suspension was placed onto
300-mesh copper-coated carbon grids. To enhance the electron
density of the samples, the samples were negatively stained
using phosphotungstic acid.

2.6. Entrapment efficiency

The entrapment efficiency of the ART-PCL and ART-LIPO was
calculated as reported earlier with some modications.38 The
nanoparticle suspensions were centrifuged at 13 000 rpm for 30
minutes. The supernatant was isolated and analyzed using
a UV-vis spectrophotometer to determine the concentration of
un-entrapped drug in the supernatant.

The percentage of entrapment efficiency was calculated
using the following formula:

% entrapment efficiency ¼

ðtotal ART added� free ART in the supernatantÞ
the total amount of ART added

� 100

2.7. Plasmodium falciparum culture and in vitro assay
growth inhibition assay

2.7.1. Plasmodium falciparum culture. The erythrocytic,
asexual stage of the Plasmodium falciparum 3D7 strain of para-
sites were cultured in (O+) human red blood cells. They were
maintained in RPMI 1640 medium supplemented with 0.5%
Albumax-II, 0.2% NaHCO3, 10 mg ml�1 of gentamycin sulfate,
and 27 mg per liter of hypoxanthine. The culture is kept in
airtight culture asks gassed with a mixture of 90% nitrogen,
5% CO2, and 5% O2 and maintained at 37 �C. Parasites were
double synchronized before any in vitro experiments. This was
done using the standard sorbitol synchronization method.39

Asynchronous parasites were incubated for 5 minutes at 37 �C
with 5% sorbitol. The culture was centrifuged to remove the
sorbitol. This was followed by two washes of incomplete RPMI
medium (containing no Albumax-II) and one nal wash with
the complete RPMI medium. Thin smears of culture on glass
slides were prepared each day and stained with Giemsa aer
xing with methanol. These slides were observed under
a simple brighteld microscope (Nikon) for monitoring para-
sitemia and the stage of the parasites.

2.7.2. In vitro Plasmodium growth inhibition. Double
synchronized ring-stage parasites were aliquoted to a 96-well
plate (NUNC, FluroLumi) at 2% hematocrit and 1%
RSC Adv., 2020, 10, 36201–36211 | 36203

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05597b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

8:
24

:4
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
parasitemia. The nanoformulations were solubilized in deion-
ized and demineralized water. Stock solutions of 1 mg ml�1

were prepared and the aliquots were made immediately before
use, aer 30 seconds of vigorous vertexing. Artemisinin positive
controls were prepared as 1 mg ml�1 stocks in ethanol. Aer
48 h of incubation with varying concentrations of the drug
formulation, the plates were ready for quantitation of para-
sitemia. Initially, the antimalarial activity of various formula-
tions was quantitated manually. Thin smears of the treated and
untreated parasite culture were made and stained by Giemsa
staining. By direct microscopy, the stained parasites were
counted against empty RBC in various elds of view to afford
the mean parasitemia of the culture. For precise quantitative
measurements, an adaptation of the SYBR Green I assay was
employed.40 The treated 96-well culture plates were freeze-
thawed to rupture the RBC. The SYBR Green I lysis buffer was
prepared; its composition includes Tris 200 mM (pH 7.5), EDTA
(5 mM), saponin (0.008% w/v), and Triton X-100 (0.08%, w/v)
with 0.1 ml ml�1 of SYBR Green I dye. 100 ml of the buffer was
added to each well and the plates were incubated for 2 h in
complete darkness. A 96-well uorescence plate reader (Thermo
VARIO SKAN), was used to read the plates. The excitation
wavelength was taken as 497 nm and emission wavelength was
520 nm. The readings were normalized and plotted against a log
scale of the drug concentration. The dose–response plots were
generated and IC50 values were calculated using GraphPad
Prism 6 (San Diego, CA) soware. The uorescence data were
tted in a nonlinear regression model (sigmoidal dose–
response/variable slope) to yield the IC50 value.
Table 2 Physicochemical properties of artemisinin loaded PCL
nanoparticles and liposomes

Drug-loaded nanoformulations ART-PCL ART-LIPO

Hydrodynamic radii (rpm) 123 � 6.6 147 � 4.7
Polydispersity index (PI) 0.181 � 0.032 0.2 � 0.021
Zeta potential (mV) �13.2 � 3.35 �16 � 1.28
Entrapment efficiency (%) 67.8 � 2.17 81.68 � 3.72
2.8. Animals and in vivo inhibition assay

2.8.1. Animals and parasite. Male/female (6–8 weeks)
C57BL/6 or BALB/C mice were used in the experiments. All
animal-related work was performed following the NII Institu-
tional Ethics Committee (IAEC) approved protocols. IAEC
approval for this work is detailed in approval number 448/17.
Animals were housed at room temperature (�25 �C) and 12:12
light/dark cycle. Mice were given food and water ad libitum.
Internationally accepted laboratory norms for animal use were
followed in all experiments. Mice were injected with xylazine/
ketamine intraperitoneally for short-term anesthesia. At the
end of each experiment, anesthetized mice were humanely
sacriced by cervical dislocation. Erythrocytic stage parasites
were maintained by weekly serial passage of parasite containing
blood into the non-infected mice.

2.8.2. Parasite inoculation. Donor mice (C57BL/6 or Balb/
C) with high parasitemia (5–20%) and infected with P. berghei
were used. Blood from donor mice was collected by opening the
thoracic region. Anticoagulants were mixed with blood at the
time of collection to avoid clotting. Sterile PBS was used to
dilute the blood where necessary.

2.8.3. In vivo suppressive test. Four-day parasite suppres-
sion test was performed to know the schizonticidal activity of
the formulations. This was done as per a method described by
Peters et al. with some modications.41 The mice were arbi-
trarily divided into groups of 5 each. The mice were injected
36204 | RSC Adv., 2020, 10, 36201–36211
with parasites on day 1 and the drug treatments commenced
aer 24 hours. The treatment continued for the next 4 days.
Mice survival was observed daily up to 28 days of post-treatment
initiation. The mean survival time was calculated for each
group. Giemsa-stained thin blood smears were prepared, and
the percentage of parasite growth suppression (PGS) was esti-
mated by the formula: [A � B/A] � 100, where A is the average
parasitemia of control (negative) group and B, represents the
parasitemia of the experimental group.

2.8.4. In vivo antimalarial activity of artemisinin nano-
formulations and drug combinations. Mice infected with P.
berghei-NK65 (5–20% parasitemia) were used as donors.
Experimental mice (C57BL/6) were randomly divided into 6
groups, each group having 4 mice. The mice were injected
intraperitoneally (I.P.) with 1.0 � 107 parasitized erythrocytes.
Treatment started 24 hours post parasite inoculation on day
one. Treatments continued (beginning day 1 to day 5) for 5 days.
Group 1 was a control group where the animal did not receive
any drug. Group 2 was artemisinin nano; where animals
received formulation at a dose of 50 mg per kg per day in 200 mL.
Group 3 was chloroquine only where animals received intra-
peritoneally dose of 20 mg per kg per day in 200 mL on 4th and
5th days. Group 4 was pyrimethamine alone, animals received
two doses on 4th and 5th days @10 mg per kg per day in 200 mL.
Group 5 was artemisinin nano along with chloroquine; animals
received artemisinin nanoformulation on the 1st 2nd and 3rd day
and chloroquine I.P@ 20mg per kg per day in 200 mL on the last
two days. Group 6 was artemisinin nano along with pyrimeth-
amine, animals received artemisinin nanoformulation on the
rst three days and pyrimethamine I.P @ 10 mg per kg per day
in 200 mL on the last two days. For establishing signicance
between groups, mice that died of natural causes with low
parasite loads were removed from analysis as was the case with
a mouse in the artemisinin PCL and pyrimethamine combina-
tion treated group. To calculate parasitemia, Giemsa-stained
blood smears were counted using a brighteld microscope.
Smears were prepared from the tail of each animal. Percentage
inhibition of the parasite was calculated using the formula
mentioned in method Section 2.8.3. Mean survival time (MST)
was determined for each group over 28 days.
2.9. Statistical analysis

Statistical analysis was conducted using Graphpad Prism
(version 8.0.1.). For in vivo studies, one-way ANOVA followed by
Sidak's multiple comparisons test was used to assess the
This journal is © The Royal Society of Chemistry 2020
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signicance of the results. Statistical signicance is represented
as *p < 0.05, **p < 0.01, ***p < 0.001.
3. Results
3.1. Formulation, development, and optimization of
artemisinin loaded PCL and liposome nanoparticles

The 3-factors 3-level Box-Behnken design generated 15 sets of
experiments. They were further assessed for resultant depen-
dent variables namely, hydrodynamic radii, zeta potential,
polydispersity index, and entrapment efficiency (ESI Table 1†).
Fig. 1 Characterization of artemisinin loaded nanoparticles. (A) Particle
particles. The DLS plots were drawn from the mean of results obtained fr
image of ART-LIPO. L1 and L2 are diameters of individual particle.

This journal is © The Royal Society of Chemistry 2020
Based on the polynomial equation for each dependent variable,
the inuence of independent variables was studied. The
hydrodynamic radii of the PCL nanoparticles were found to
increase with increasing polymer concentrations. This may be
a result of the rise in the viscosity of the organic phase which
may lead to the generation of bigger nano-droplets. The
increase in viscosity of the organic phase has been shown to
increase the resistance of drug diffusion into the aqueous
phase.38,42 This helps to improve the entrapment efficiency of
the formulation. The increase in stirring time from 1 hour to 3
hours did not exhibit a signicant effect on the particle size. The
size distribution of ART-PCL. (B) Particle size distribution of ART-LIPO
om three technical replicate runs. (C) SEM image of ART-PCL. (D) SEM
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hydrodynamic radii of ART-PCL varied from 94.86 to 126.5 nm
at different synthesis conditions (ESI Table 1†).

Different sets of experimental runs produced ART-PCL
nanoparticles with zeta potential ranging from �13 to
�23.7 mV. Based on the results obtained from ESI Table 1,†
the optimized formulation with a polymer–drug ratio of 3,
a polymer concentration of 0.3%, and a stirring time of 1 hour
was chosen for further studies. The resultant optimized
formulation was found to have the hydrodynamic radii of 123
� 6.6 nm, zeta potential �13.2 mV, and 67.8% drug entrap-
ment efficiency (Table 2).

As per the statistical data generated, the polymer concen-
tration was found to have the most signicant impact on zeta
potential; whereas stirring time and polymer–drug ratio showed
minor inuences. The percentage of entrapment efficiency (EE)
of the formulations was found to vary between 36–71%. The
ANOVA analysis of results showed that the independent vari-
ables like polymer concentration and polymer–drug ratio had
a signicant role in controlling the entrapment efficiency.
Higher polymer concentration led to an increase in entrapment
efficiency whereas the higher polymer–drug ratio showed
a decrease in drug entrapment. Based on the above results, the
optimized formulation having the hydrodynamic radii of 123 �
6.6 nm, zeta potential �13.2 mV, and entrapment efficiency of
67.8%, were used for the biological studies. The particle size
distribution and scanning electron microscopic images of the
optimized formulation indicates that the particles were mono-
disperse and spherical (Fig. 1 A and B).

ART-LIPO nanoparticles were synthesized using conven-
tional thin-lm hydration followed by bath sonication and
manual extrusion. To increase the in vivo plasma circulation
time of liposomes, stealth liposomes were formulated by
including PEGylated phospholipid into the formulation. The
drug-loaded liposomes were highly monodisperse having the
hydrodynamic radii of 143 � 4.7 nm with the polydispersity
index of 0.20 when measured using DLS (Fig. 1C). ART-LIPO
showed high drug entrapment efficiency of up to 81.68% and
high stability with the zeta potential of �16 mV. They were also
found to be spherical when viewed by scanning electron
microscopy (Fig. 1D).
Fig. 2 Artemisinin (ART) based nano formulations have potent anti-
malarial activity. Dose response curves of (A) artemisinin native, (B)
artemisinin PCL (C) artemisinin liposomes were generated by incu-
bating synchronized ring stage parasites with increasing concentra-
tions of the drug formulation for a period of 48 h and the parasitemia
was estimated by SYBR green I assay.
3.2. Artemisinin nano-formulations show in vitro
antimalarial activity

The physical entrapment efficiency of the formulations was
calculated before conducting any in vitro experiments. Based on
the entrapment efficiency, the equivalent concentration of each
nanoformulation was calculated concerning the free drug. Drug
dilutions were made accordingly such that equimolar amounts
of artemisinin were present in the nanoformulation and the
positive control. The nano preparation was diluted in water and
the in vitro antimalarial activity was examined (Fig. 2).

Both the nano preparation retained their antimalarial
activity with ART-PCL showing 5.6 times higher IC50 compared
to the ethanol solubilized compound. ART-LIPO performed as
good as the native compound. The IC90 values of ART-PCL and
ART-LIPO were 108.9 � 7.6 nM and 33.27 � 4.76 nM
36206 | RSC Adv., 2020, 10, 36201–36211
respectively. The IC90 of ART-LIPO is much closer than ART-PCL
to artemisinin Native (IC90 ¼ 21.27 � 1.28 nM), but it is 1.5
times higher. Given that their IC50 values are similar, the
slightly higher IC90 of ART-LIPO might suggest a slight decrease
in drug release with increasing concentration of the formula-
tion in vitro.
This journal is © The Royal Society of Chemistry 2020
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The vehicle controls containing the nanocarriers alone did
not show any signicant antimalarial activity (ESI Fig. 1 and 2†).
It is important to note that artemisinin alone is not soluble in
water and does not retain any antimalarial activity in aqueous
solvents (ESI Fig. 3†).
3.3. Potent in vivo anti-malarial activity of artemisinin nano-
formulations

The PCL and liposome encapsulated artemisinin nano formu-
lations showed potent antimalarial activity against the rodent-
infecting Plasmodium berghei; the mouse model of malaria
(Fig. 3). The drug treatment was given for ve days. As seen on
day 9 post-infection, both nanoformulations performed simi-
larly to the ethanol solubilized artemisinin treated groups. ART-
PCL and ART-LIPO treated groups showed an 85.5% and
85.14% reduction in parasitemia compared to the untreated
control group, respectively.

The PCL vehicle control-treated groups showed a growth rate
similar to the untreated control group. On day 9, the difference
between the PCL vehicle control-treated group and the
untreated control group was not statistically signicant.
However, the liposome vehicle-treated group showed a statisti-
cally signicant reduction in parasitemia compared to the
untreated control group at day 9 post-infection (p-value ¼
0.0242). We also used artesunate (water) as a positive control
that showed parasitemia beyond the detection limit, i.e. 9th-day
post-infection. These results suggest that the water-soluble
nanoformulation of artemisinin is as efficient as artemisinin
in ethanol.
Fig. 3 In vivo antimalarial activity of artemisinin nano-formulations. Drug
used as a positive control. (A) Shows mean parasitemia at various days
liposome nano-formulations. (B) Represents average parasitemia at day 9
plotted as means � the standard error of the mean, SEM (n ¼ 4 mice/gr
ANOVA followed by Sidak's multiple comparisons test where *p < 0.05,

This journal is © The Royal Society of Chemistry 2020
3.4. Artemisinin PCL nanoformulations can be used in
combination with partner drugs without any adverse
complications in vivo

As per the WHO directives, artemisinin is rarely given as
a single drug for malaria therapy. To avoid the emergence of
resistance, artemisinin is oen given in combination with
a known antimalarial with a unique mechanism of action and
long serum half-life.43 To evaluate the efficacy of ART nano-
formulations along with other malaria drugs, Plasmodium
berghei infected mice were treated with the PCL encapsulated
artemisinin nanoformulation in combination with chloro-
quine and pyrimethamine. At day 14 post-infection, there was
a statistically signicant reduction in parasitemia in the
artemisinin PCL and chloroquine treated groups compared to
the artemisinin PCL only treated group (Fig. 4A and B).
Additionally, the groups treated with artemisinin and
a partner drug survived signicantly longer than the drug
mono-treated groups (Fig. 4C). These results suggest that
combining artemisinin PCL with a partner drug did not have
any adverse effects on the animal and additionally improved
its survival.
4. Discussion

Here, we have shown that artemisinin, a powerful water-
insoluble antimalarial, can be made soluble using polymer
and liposome-based nanocarriers without compromising its
antimalarial activity.
treatment was given for a period of 5 days. Artesunate (50mg kg�1) was
post infection upon treatment with artemisinin PCL and artemisinin
post infection upon treatment with ART-PCL and ART-LIPO. Values are
oup). Statistical significance was established after performing one-way
**p < 0.01, ***p < 0.001.
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Fig. 4 In vivo antimalarial activity of artemisinin PCL nano-formulation given in combination with chloroquine or pyrimethamine. Artemisinin
(50 mg kg�1) was given for 3 days via oral route. Chloroquine (20 mg kg�1) and pyrimethamine (10 mg kg�1) were given for 2 days via intra-
peritoneal injections. (A) Shows mean parasitemia at various days post infection upon treatment with artemisinin PCL nano-formulation and the
partner drugs. (B) Represents average parasitemia at day 14 post infection. (C) KaplanMeier survival curve showing the survival of the combination
and monodrug treated mice against an untreated control for a period of 28 days. Values are plotted as means � the standard error of the mean,
SEM (n ¼ 4 mice/group). Statistical significance was established after performing one-way ANOVA followed by Sidak's multiple comparisons test
where *p < 0.05, **p < 0.01, ***p < 0.001.
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Both, the drug-loaded PCL and liposome based nano-
particles have the desired size in the range of 120–150 nm and
possess optimal encapsulation efficiencies of 67.8% and
81.68% respectively. Based on the in vitro tests, it was evident
that the ART-LIPO formulation was successful in completely
retaining the anti-malarial activity of the drug while encour-
aging the aqueous phase solubility. However, when it came to
the in vivo performance of the formulation, we found that the
LIPO nanocarrier alone showed a statistically signicant
reduction in parasite load in the absence of the drug. This
suggests that the unloaded liposome vehicle might possess
inherent anti-plasmodial activity. This may be attributed to the
tendency of the chemical constituents of the liposome to trigger
the innate immune response of the host, particularly the
36208 | RSC Adv., 2020, 10, 36201–36211
complement cascade44–46 and macrophage-mediated clearance
mechanisms.47 This host response might unwittingly aid in the
clearance of parasitized RBC within the animal.48 Some
liposome-based formulations like Doxil, Ambisome, Visudyne,
and DaunoXome have been shown to stimulate C activation-
related pseudoallergy (CARPA) in the blood by reacting with
complement proteins.49–52 Such liposome-mediated immune
responses have been leveraged in cancer therapy due to the
stimulation of anti-tumor immune effectors.53,54 While the
background antimalarial activity of the LIPO nanocarrier alone
may be benecial, it prevents us from accurately estimating the
efficacy of the drug within the formulation. Therefore, we
focused on themore denite ART-PCL for the drug combination
studies. The antiplasmodial property of the liposome carrier is
This journal is © The Royal Society of Chemistry 2020
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an intriguing phenomenon. We hope to further expand on this
observation by testing with similar liposome building lipids in
the future.

Though the in vitro IC50 of the ART-PCL formulation was 5.6
times that of the parent drug, the formulation behaved similarly
to artemisinin in ethanol and performed competently in vivo.
Though the formulation did not enhance the antimalarial
activity of the drug, the compound has become soluble in water.
We hypothesized that by improving the drug's aqueous phase
solubility, we can enhance the oral bioavailability and increase
the elimination half-life of the drug. However, this is not rep-
resented in the in vivo antimalarial effect. The interaction of the
nanocarrier shell with the various proteins and factors in the
blood plays a major role in determining the clearance and
uptake of the formulation and therefore greatly impacts its
delivery and distribution to the drug target.55 Consequently, the
physical makeup of the nanocarrier is the most decisive factor
in ensuring its in vivo efficacy. The absence of such intricate
interactions in vitro demonstrates the stark difference in the
efficacy of the ART-PCL formulation between the in vitro and in
vivo studies. Nonetheless, we nd that the improved solubility
allows for a higher dosing regimen to be implemented. This
works in our favor as it has been seen in both animal and
human studies that long-term persistence of the drug, rather
than a short-term spike in serum concentration of artemisinin
can cause toxicity to the host.56

In this context we have to consider the release kinetics of the
nanoformulations. There are several reports of sustained drug
release varying from 72 hours to 100 hours using similar poly-
mer nanoparticles that were used in our study. As reported by
Rutina Li et al., a burst release prole was seen in drugs
entrapped in the PEG-PCL nanoparticles. Up to 50% of burst
release was observed in under 10 hours followed by a sustained
release for another 4 days.57 Another study conducted by Yang
et al. compares the release prole of hydrophobic (Cisplatin)
and hydrophilic (Gemcitabine) drugs entrapped in PCL nano-
particles. The PCL nanoparticles with the mean diameter of 160
� 5 nm showed a more sustained release of the hydrophobic
molecule as compared to the hydrophilic drug.58 On the other
hand, the drug release patterns of the multilamellar vesicular
liposomes were found to be less sustained as compared to
polymer nanoparticles. Reports show that almost 80% of the
drug was released in less than 10 hours.59–61 Interestingly, initial
burst release is observed in both polymer and lipid nano-
particles but comparatively more in the case of polymer nano-
particles. This could be due to the desorption of some of the
adsorbed drug on the surface of polymer nanoparticles. The
release kinetics of polymer nanoparticles is mainly driven by
diffusion of the drug and bioerosion of the polymer in the
serum whereas drug release from the liposomes is mainly due
to diffusion and enzymatic degradation of the lipid
components.62

Another aspect of the ART-PCL formulation is its ability to be
used in combination with a partner drug without any negative
effects. Both partner drugs tested, chloroquine, and pyrimeth-
amine given individually in conjugation with ART-PCL
improved the survival of the animal drastically. This may be
This journal is © The Royal Society of Chemistry 2020
attributed to the usage of partner compounds with unique
mechanisms of action. Chloroquine for instance targets the
heme polymerization to hemozoin in the parasite.63 This is
a crucial detoxication process, that is essential in preventing
the buildup of toxic free heme that is generated during hemo-
globin breakdown. Pyrimethamine targets the dihydrofolate
reductase protein, an indispensable component of the DNA/
RNA precursor synthesis machinery.64 When these compounds
are used in conjunction with artemisinin, a drug that is shown
to have multiple molecular targets within the parasite, their
potency is further compounded by the inclusion of newer
molecular targets and therefore exhibit an additive effect.65,66
5. Conclusions

Though the nanoformulation did not enhance the antimalarial
activity of artemisinin, we nd that improving its solubility is
a step in the right direction. Next, we hope to utilize the
versatility of these nanocarriers by chemically conjugating
antibodies specic to protein epitopes expressed on the Plas-
modium-infected RBC surface. This may enhance the efficacy of
the drug while minimizing the undesirable off-target effects. In
addition to this, we hope to explore the potential in encapsu-
lating multiple drugs in a single nanocarrier species to allow for
a more efficient means of delivering immiscible drug combi-
nations in vivo.
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