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Aim: The low aqueous solubility of artemether and lumefantrine makes them less 
bioavailable. It is expected that by formulating self-microemulsifying drug-delivery 
systems (SMEDDS), their aqueous solubility and absorption will thus be enhanced. 
Results & methodology: Optimized liquid SMEDDS containing artemether and 
lumefantrine was adsorbed on Neusilin US2® employing spray drying technique to 
convert it into solid SMEDDS. Almost 90% of both drugs were released within 15 
min in their respective official dissolution media. Drug assay and dissolution rate of 
solid SMEDDS remained unaltered after 3-month storage at 40°C and 75% relative 
humidity. Conclusion: Reconstitution of solid SMEDDS in water yielded microemulsion 
with a globule size of 67.74 nm. Complete and faster in vitro release of both drugs 
from solid SMEDDS was observed as compared with that from marketed tablets.
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Malaria is a big threat worldwide and is the 
major cause of death and illness in children 
and adults, especially in tropical and subtrop-
ical countries [1]. Fresh outbreaks are irrevo-
cable due to rapid development activities not 
keeping pace with cleanliness and hygiene. 
Moreover, indiscriminate use of existing 
antimalarials is fostering the spread of resis-
tance by the parasite to monotherapies, which 
warrants the use of combination therapy for 
radical cure or force the research scientist to 
find alternative approaches [2,3]. WHO rec-
ommends combination therapy where two 
or more blood schizontocidal drugs with 
independent and different mechanism of 
action are employed against discrete bio-
chemical targets in the parasite. Effectiveness 
of therapy coupled with rare chance of the 
mutant parasite to develop resistance to one 
of the drugs de novo during infection is the 
main reason for combination therapy. WHO 
recommended various nonartemisinin and 

artemisinin-based combination therapies, 
and artemether–lumefantrine combination is 
one of them [4].

In vitro, artemether and lumefantrine com-
bination has shown to produce better effect 
against Plasmodium falciparum than when 
used individually [5,6]. In vivo data depict 
that artemether and its major active metabo-
lite dihydroartemisinin rapidly achieve peak 
plasma concentration in less than 2 h [5–7] 
and are simultaneously eliminated with an 
elimination half-life of 1–3 h [5,7,8]. This 
pharmacokinetic behavior of artemether and 
dihydroartemisinin decreases parasite load 
and encourages symptomatic improvement 
immediately post administration. Lumefan-
trine, being absorbed and eliminated much 
slower than artemether, with an elimina-
tion half-life of 4–5 days [5,8], eradicates the 
remaining parasites to prevent recrudes-
cence [7]. These differences in pharmaco-
kinetics of artemether and lumefantrine 
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when used in combination reduce the chances of devel-
oping drug resistance in malaria therapy [9].

Artemether is a biopharmaceutics classification sys-
tem (BCS), Class II drug with low aqueous solubility 
and high permeability, while lumefantrine exhibits low 
solubility and permeability (BCS Class IV) [10]. The 
US FDA label requirement states that artemether–
lumefantrine tablets should be taken with meals 
because the bioavailability of both the drugs is known 
to be enhanced in the presence of fats. This is well 
documented in the literature too. Artemether bioavail-
ability is reported to increase twofold and that of lume-
fantrine to increase 16-fold following administration 
with high-fat food [7,11]. No dosage form except tab-
lets containing a combination of these drugs is com-
mercially available for human use. It is important to 
note that the therapeutic potential of artemether and 
lumefantrine has not been fully exploited due to their 
low oral bioavailability [11,12] which stems from their 
poor aqueous solubility and extensive presystemic deg-
radation. Few attempts have been made for enhancing 
the bioavailability of artemether or lumefantrine by 
formulating them in various dosage forms like nano-
emulsions [13,14], self-microemulsifying drug-delivery 
systems (SMEDDS) [15–17], self-nanoemulsifying 
drug-delivery systems [18], solid lipid nanoparticles [19], 
cyclodextrin complexes [20], liposomes [21] and dry sus-
pension [22]. However, prior art does not reveal any 
investigation pertaining to formulation containing 
both the drugs in the form of solid microemulsion pre-
concentrates. It is logical to expect higher solubility of 
artemether and lumefantrine in microemulsion formu-
lation. This, in turn, can be hypothesized to enhance 
their bioavailability and the resultant antimalarial 
efficacy. In the view of these physiochemical and bio-
pharmaceutical considerations, solid microemulsion 
preconcentrates containing the combination of arte-
mether and lumefantrine were formulated and opti-
mized with respect to relevant parameter and s tability 
indices.

Materials & methods
Materials
Artemether and lumefantrine were received ex gratis 
from Ipca Laboratories Ltd, Mumbai, India. Labrafil® 
M 1944 CS (oleoyl macrogol-6 glycerides EP/oleoyl 
polyoxyl-6 glycerides NF), Peceol™ (glycerol mono-
oleates EP/glycerol monooleates NF) and Labrasol® 
(caprylocaproyl macrogol-8 glycerides) were obtained as 
gift samples from Gattefosse, France, supplied by Gat-
tefosse, India. Capmul® MCM (glyceryl mono- and 
di-caprylo/caprate) was obtained as gift sample from 
Abitec, USA through Indchem International, Mum-
bai, India. Solutol HS15 (macrogol 15 hydroxystearate 

Ph. Eur./polyoxyl 15 hydroxy stearate USP) and Cre-
mophor RH 40 (PEG-35-hydrogenated castor oil) were 
supplied by BASF India, Ltd through Signet Chemi-
cal Corporation Pvt. Ltd, Mumbai, India. Natural oils 
such as sunflower oil, cottonseed oil, peanut oil and 
soyabean oil were procured from Kamini oil indus-
tries, Mumbai, India, as gift samples. Neusilin UFL2® 
(magnesium–aluminum metasilicate) manufactured by 
Fuji Chemical Industry Co., Ltd, Japan was gifted by 
Gangwal Chemicals Pvt. Ltd, Mumbai, India. Aerosil 
was received from Smilax Healthcare Pvt. Ltd, Baddi, 
India. Neusilin US2 was obtained from Sun Pharma-
ceutical Industries Ltd, Gurgaon, India as a gift sample. 
Pharmaceutical grade oleic acid, Tween 80, Span 20 and 
all other chemicals and solvents of analytical grade are 
manufactured by Loba Chemie, India; canola oil and 
olive oil were p urchased from the local market.

Methods
Analysis of artemether & lumefantrine
Artemether was analyzed using the HPLC method 
(Supplementary Data 1). Lumefantrine was ana-
lyzed by the UV spectrophotometric method 
( Supplementary Data 2).

Selection of oil, surfactants & cosurfactant
Primarily, different oils were screened for their ability 
to solubilize maximum quantity of lumefantrine and 
artemether separately. Oil selected from these studies 
was mixed with different surfactants (1:1, 1:3 and 3:1) 
in order to ascertain the capacity of each oil–surfac-
tant mixture (Smix) to solubilize maximum quantity 
of each drug separately.

The solubility studies for artemether and lumefan-
trine were carried out by adopting the standard shake 
flask method of solubility determination. Briefly, an 
excess amount of artemether or lumefantrine was added 
to 1 g of oil, oil–Smix and oil–cosurfactant mixture 
separately in Eppendorf tubes of 1.5 ml capacity. Each 
Eppendorf tube was vortexed using a cyclomixer for 
approximately 10 min and then placed in an orbital 
shaker (Remi, Mumbai, India) at 37 ± 1°C and 150 × 
g r.p.m. for 48 h. Thereafter, the samples were centri-
fuged at 6000 × g r.p.m. for 20 min (SPINWIN–micro-
centrifuge, Tarson, India), and aliquots were analyzed 
spectrophotometrically at a λ

max
 of 264 nm for lumefan-

trine and by the HPLC method, as d iscussed earlier for 
 artemether, after suitable dilutions.

Preparation of pseudoternary phase diagrams
The pseudoternary phase diagrams for water, oil, 
surfactant/Smix were constructed using the water 
titration method. The ratio of Smix was fixed at 1:1, 
1:3 and 3:1 on the basis of weight. For each phase 
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d iagram, nine transparent and homogeneous mixtures 
of oil:surfactant or oil:Smix at ratios (in w/w) 1:9, 2:8, 
3:7, 4:6, 5:5, 6:4, 7:3, 8:2 and 9:1 were prepared by 
gentle mixing by a magnetic stirrer. These mixtures of 
oil and surfactant or Smix were carefully titrated with 
water using a micropipette at a temperature of 30 ± 
2°C and visually observed for phase clarity and flow-
ability, and the area under the microemulsion region 
was calculated using the trapezoidal method.

Preparation of SMEDDS
Based on the solubility study and area of the pseudoter-
nary phase diagrams, the mixture containing selected 
oil and surfactant/Smix with or without solubilizer 
and cosurfactant were mixed to form a homogeneous 
isotropic mixture on a magnetic stirrer at temperature 
of 30 ± 2°C to form SMEDDS.

Particle size analysis
About 0.1 g of prepared SMEDDS was diluted with 
10 ml of double-distilled water prefiltered through 
0.45-μm-membrane filters. The average globule size 
and polydispersity index of the microemulsions were 
determined by using Malvern Zetasizer Nano S90 
(Malvern Instruments, UK). Measurements were car-
ried out at an angle of 90° at 25°C using disposable 
polystyrene cuvettes. The particle size was measured 
after 100-times dilution. If required, microemulsions 
were further diluted with double-distilled filtered 
water to ensure that the light-scattering intensity was 
within the instrument’s sensitivity range [23].

Design of experiment
On initial screening it was found that concentrations 
of oil, surfactant/Smix, solubilizer and cosurfactant 
were important parameters in determining the particle 
size of SMEDDS. The concentration of oil was fixed at 
40% w/w based on the solubilization capacity of the oil 
for both drugs when added together in SMEDDS. Sim-
plex centroid mixture design was used to statistically 
optimize the independent variables: concentration of 
Smix (55–60%), solubilizer (15–25%) and cosurfac-
tant (20–30%) as well as for studying the interaction 
and quadratic effects of these formulation ingredients 
on globule size (dependent variable). Different formu-
lations were prepared according to the design points 
obtained by the design of experiments using Design 
Expert® software (version 7.0, M/s Stat-Ease, MN, 
USA). A total of 13 experiments were designed by the 
software with 12 points on the vertex and 1 center 
point (in order to allow the estimation of pure error), 
and experiments were run in random order in tripli-
cates. The average value of the triplicate determination 
was added to the software.

Preparation of drug-loaded liquid SMEDDS
The optimized formulation suggested by Design of 
Experiment (DOE) was prepared by dissolving the 
required amount of artemether and lumefantrine in 
the optimized mixture of oil, surfactant and cosurfac-
tant at 30°C using a magnetic stirrer (Table 1). This 
mixture was mixed to obtain a transparent yellowish 
preparation.

Characterization of drug-loaded liquid SMEDDS
Drug content
Artemether
Drug-loaded liquid SMEDDS containing artemether 
(2 mg) was weighed in triplicate and mobile phase 
(2 ml) was added to each test tube to make a solution 
(1 mg/ml). These solutions were vortexed for 1 min. 
Analysis was performed by HPLC as detailed earlier.

Lumefantrine
Liquid SMEDDS containing lumefantrine (12 mg) was 
weighed in triplicate. 0.1 N methanolic HCl (2 ml) was 
added to each test tube to obtain 6 mg/ml concentra-
tion. The microemulsion obtained was further diluted 
with 0.1 N methanolic HCl to get a final concentration 
of 10 μg/ml and was analyzed by using the spectropho-
tometric method for lumefantrine as described earlier.

Self-emulsification studies
The efficiency of self-emulsification of liquid SMEDDS 
was assessed using USP Dissolution Apparatus II [24]. 
The optimized liquid SMEDDS (1 ml) was added to 
water (500 ml) at 37 ± 0.5°C and stirred at 100 × g 
r.p.m. The in vitro performance was visually examined 
using the grading system (S upplementary Data 3).

Percent transmittance studies
Emulsification studies were performed on the opti-
mized liquid SMEDD formulation. Formulation 

Table 1. Composition of drug-loaded liquid self-
microemulsifying drug-delivery system.

 SMEDDS Ingredient  Quantity (% w/w)†

Drug Artemether 1.49

 Lumefantrine 8.95

Oil Oleic acid 35.82

Surfactant Cremophor RH 40 25.34

 Tween 80 8.42

 Labrasol 8.06

Cosurfactant Labrafil 1944 CS 11.91
†The quantity of all ingredients in the optimized formulation is less than compared with 
blank formulation due to the presence of drug in the former formulation.
SMEDDS: Self-microemulsifying drug-delivery system.
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(1 ml) was dispersed in water (100 ml) with constant 
stirring on a magnetic stirrer at 50 × g r.p.m. The 
resulting microemulsion was visually observed for rela-
tive turbidity. The microemulsion formed was allowed 
to stand for 2 h, and its transmittance (%) was mea-
sured at 650 nm by a UV spectrophotometer against 
distilled water as blank [25].

Robustness of dilution/precipitation analysis
The optimized liquid SMEDD formulation was 
diluted to 250-fold using distilled water or 0.1 N 
HCl. The diluted microemulsions were observed at 
1, 6 and 24 h for any sign of phase separation or drug 
precipitation and clarity [24].

Thermodynamic stability studies: 
centrifugation & freeze–thaw test
The optimized liquid formulation was tested for sta-
bility by carrying out centrifugation and freeze–thaw 
tests. The microemulsion formed by dilution of liq-
uid SMEDDS was centrifuged at 3500 × g r.p.m. for 
30 min. In addition, these microemulsions were sub-
jected to freeze–thaw cycles which included freezing 
at 4°C and thawing at 45°C for 24 h consecutively 
for 7 days. The samples were observed visually after 
ce ntrifugation tests and freeze–thaw cycles.

Cloud point measurement
The cloud point is the temperature above which the 
formulation clarity turns cloudy in appearance. At 
higher temperatures, phase separation can occur. The 
optimized liquid SMEDD formulation was assessed for 
its stability with respect to phase separation at higher 
temperature. The formulation was diluted with water 
in a ratio of 1:100 and placed in a water bath whose 
temperature was gradually increased. The cloud point 
was characterized by drop in transmittance measured 
spectrophotometrically at 650 nm [26].

Preparation of drug-loaded solid SMEDDS
Selection of adsorbent
Oil adsorbing capacity
The optimized liquid SMEDD formulation was diluted 
with ethanol. Ethanolic solution of liquid SMEDDS (1 
g) was mixed with different adsorbents (1 g) dropwise 
with gentle mixing and heated up to 40°C for evapo-
rating ethanol. Weight of the pure adsorbent (W

a
) and 

that of the adsorbent obtained after ethanol evapora-
tion from the mixture of a dsorbent–ethanol solution 
(W

b
) were used for c alculating oil adsorbing capac-

ity (OAC). The blend with no significant changes in 
physical appearance as that of pure adsorbent alone 
(nongreasy, free flowing and similar texture as that of 
pure adsorbent) was accepted for W

b
. The OAC was 

estimated using the following formula [27]:

Oil desorbing capacity
Oil desorbing capacity (ODC) was estimated by sus-
pending liquid SMEDDS (1 g) loaded adsorbent (W

b
) 

in water (10 ml) with mild stirring by a magnetic stir-
rer for 1 h. Then, the suspension was centrifuged at 
3000 × g r.p.m. for 10 min to recover suspended par-
ticles. These were dried and weighed (W

c
). The ODC 

was estimated using the following formula [27]:

Flow properties of Neusilin UFL2 & Neusilin US2
Both Neusilin UFL2 and Neusilin US2 were evaluated 
for their flow properties before and after the adsorp-
tion of liquid SMEDDS by determining the angle of 
repose, bulk density and tapped density.

Preparation of solid SMEDDS
Neusilin US2 (2.4 g) was suspended in ethanol 
(250 ml) using a magnetic stirrer, and liquid drug-
loaded SMEDDS (5.36 g) was then added. The sus-
pension was spray dried using a lab spray dryer (Model 
– LU 222, Labultima, Mumbai, India) employing the 
following conditions: inlet temperature, 35°C; outlet 
temperature, 35°C; aspiration, 45–50%; and feeding 
rate, 1 ml/min.

Reconstituted drug-loaded SMEDDS
The prepared blank liquid SMEDDS (1 g), drug-
loaded liquid SMEDDS and drug-loaded solid 
SMEDDS containing liquid SMEDDS (1 g) were 
dispersed in double-distilled water (10 ml) prefil-
tered through 0.45-μm-membrane filters by constant 
s tirring with a magnetic stirrer for 60 s.

Characterization of drug-loaded solid SMEDDS
Percentage yield
The percentage yield of spray drying was determined 
from the weight of adsorbed powder recovered after 
spray drying (W1) and the total initial weight of start-
ing materials (W2). The formula for calculation of 
p ercent yield is as follows:

Drug assay
Assay of artemether
Drug-loaded solid SMEDDS containing artemether 
(2 mg) was weighed in triplicate. Mobile phase (2 ml) was 
added to each test tube to make a 1 mg/ml c oncentration. 

Wb – Wa

Wa

x 100OAC = 
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The suspension was sonicated for 5 min and centrifuged 
at 6000 × g r.p.m. for 10 min. The supernatant was fur-
ther diluted with the mobile phase to get a final con-
centration of 50 µg/ml and analyzed according to the 
HPLC method for artemether.

Assay of lumefantrine
Drug-loaded solid SMEDDS containing lumefantrine 
(12 mg) was weighed in triplicate. About 2 ml of 0.1 N 
methanolic HCl was added to each test tube to make 
6 mg/ml concentration of suspension. The suspen-
sion was sonicated for 5 min and centrifuged at 6000 
× g r.p.m. for 10 min. The supernatant was further 
diluted with 0.1 N methanolic HCl to get a final con-
centration of 10 μg/ml and analyzed according to the 
s pectroscopic method for lumefantrine.

Flow properties of spray dried drug-loaded 
SMEDDS
Bulk density
Bulk density was determined according to the USP 
method. The spray dried powder was weighed accu-
rately (W) and was placed into a graduated glass cylin-
der and leveled carefully without tapping. The appar-
ent volume before tapping was read as Vo, to the nearest 
graduated unit. The bulk density (untapped density) 
was calculated in g/ml by the following formula:

Tapped density
The cylinder filled with powder was subjected to 500 
tappings and volume was recorded (Va). The tapping 
was continued till volume difference in two consecu-
tive tapping sets was less than 0.2%. The final volume 
was recorded as Va and tapped density was determined 
in g/ml using the following formula:

Angle of repose
A glass funnel was placed on a tripod stand, and the 
powder was placed in the funnel and allowed to flow 
through the stem of the funnel. The powder was 
collected as a heap below the funnel with the tip of 
the stem of funnel just touching the tip of the heap 
of p owder. The radius (r) and height (h) of the heap 
formed were measured, and the angle of repose was 
calculated by the following formula:

Hausner’s ratio
Hausner’s ratio was calculated by the following for-
mula:

Carr’s index
Carr’s index or % compressibility was calculated by the 
following formula:

x-ray powder diffraction
To verify the physical state of artemether and lume-
fantrine in solid SMEDDS, x-ray powder scattering 
measurements were carried out with an XPert PRO 
diffractometer (PANalytical, The Netherlands). A 
voltage of 45 kV and a current of 40 mA for the gen-
erator were applied with Cu as the tube anode mate-
rial. The solids were exposed to Cu Kα radiations, 
over a range of 10° to 40° of 2θ angles, at an angular 
speed of 2° (2θ per minute) and a sampling interval 
of 0.02° [28].

Differential scanning calorimetry
The physical state of artemether and lumefantrine in 
solid SMEDDS was characterized by differential scan-
ning calorimetric analysis (DSC 131 Evo, Setaram, 
France). A sample (3–5 mg) was sealed in an alumi-
num crucible (capacity of 30 μl) with a pin hole in the 
lid and scanned over the temperature range from 40 
to 250°C in an atmosphere of N

2
 at a constant heating 

rate of 10°C per minute.

Scanning electron microscopy
Optimized solid SMEDDS formulation was mounted 
on the stub and coated with gold particles, and photo-
micrographs were taken at an accelerating voltage of 
10 kV, using SEM 6510 LV (JOEL, Japan).

In vitro drug-release studies
The prepared solid SMEDDS of the optimized for-
mulation was filled in size 000 hard gelatin capsules 
and subjected to in vitro dissolution studies. Release 
of artemether and lumefantrine from the optimized 
solid SMEDDS, as well as marketed tablets containing 
120 mg lumefantrine and 20 mg artemether, was eval-
uated using USP XIII Dissolution Testing Apparatus 
II at 100 rpm in partially degassed water as the dissolu-
tion medium for artemether and 0.1 N HCl containing 
benzalkonium chloride (1% w/v) as well as 0.1 N HCl 
alone for lumefantrine.



206 Ther. Deliv. (2017) 8(4) future science group

Research Article    Bhandari, Rana & Tiwary

Stability studies
The solid SMEDDS formulation was filled in empty 
hard gelatin capsules and sealed in HDPE bottles flushed 
with nitrogen. The samples were subjected to stability 
studies at 40°C and 75% relative humidity. Samples 
were kept in a stability chamber (Allyone, Mumbai, 
India), and analyzed for drug content of artemether and 
lumefantrine on day 15 and at 1, 2 and 3 months.

Results & discussion
HPLC method: artemether
A retention time of 6.613 ± 0.037 min was observed 
from the HPLC chromatogram of artemether (Supple-
mentary Data 4). The peaks of different concentra-
tions of artemether revealed an asymmetric factor of 
1.47 ± 0.15.

UV method: lumefantrine
UV spectra of lumefantrine exhibited absorbance 
peaks at 335, 302, 264 and 237 nm. Lumefantrine was 
quantitated at 264 and 335 nm in accordance with the 
USP monograph.

Selection of oil, surfactant & cosurfactant
The solubilities of artemether and lumefantrine were 
determined in various oils. The results revealed that 
oleic acid solubilizes maximum amount of artemether 
(428.73 ± 9.3 mg/ml) and lumefantrine (342.73 ± 3.86 
mg/ml). Interaction between the carboxyl group of oleic 
acid and tertiary amine of lumefantrine possibly resulted 
in higher solubility of lumefantrine in oleic acid [18].

Attempts were made to further augment the solubil-
ity of artemether and lumefantine by mixing oleic acid 
with various hydrophilic surfactants such as Labrasol 
(HLB-14), Tween 80 (HLB-15), Solutol HS15 (HLB-
15), Cremophor RH 40 (HLB-14 to 16) and lipophilic 
surfactants like Span 20 (HLB-8) and Labrafil M 1944 
CS (HLB-4) in three different ratios of 1:3, 1:1 and 
3:1 (Table 2).

The results obtained from these experiments were 
rather discouraging because addition of neither hydro-
philic nor lipophillic surfactant was capable of enhanc-
ing the solubility of either drug above that observed in 
oleic acid per se. In fact, addition of these surfactants to 
oleic acid was observed to decrease the solubility of both 
the drugs with more pronounced effect on lumefantrine’s 
solubility. The very high lipophilicity of lumefantrine 
could be a major factor for this observation. Further-
more, the solubility of both drugs in oleic acid–hydro-
philic surfactant mixtures (Labrasol, Tween 80, Cremo-
phor RH 40 and Solutol HS15) was less as compared 
with that in the oleic acid–lipophilic surfactant mixtures 
(Span 20 and Labrafil M 1944 CS). Among lipophilic 
surfactants, greater solubility of both the drugs in oleic 

acid in the presence of Labrafil M 1944 CS could be 
attributed to the property of Labrafil M 1944 CS to 
attract oils having unsaturated bonds. On the contrary, 
saturated lipophilic tail of Span 20 cannot be expected 
to attract oil containing unsaturated bonds [29].

Preparation of pseudoternary phase diagrams
In spite of lipophilic surfactants–oleic acid mixture 
exhibiting better solubility for both the drugs, it was 
imperative to evaluate hydrophilic surfactants for their 
ability to form a o/w microemulsion upon its oral 
administration. The data obtained from pseudoternary 
phase diagrams showed that the highest area under the 
microemulsion region was obtained by using Smix 
comprising 3:1 ratio of Cremophore RH 40:Tween 80 
(Supplementary Data 5).

Influence of oleic acid–Smix ratio on particle 
size
It was observed that using a mixture of Cremophor 
RH 40 and Tween 80 in the ratio of 3:1 with oleic acid 
(6:4) yielded the lowest particle size among the other 
systems. Further increasing the Smix ratio to 7:3 was 
not found to aid in decreasing the particle size signifi-
cantly (Supplementary Data 6).

Influence of adding Labrasol on particle size
It is important to note that the particle size of micro-
emulsion globule was still little above 200 nm. Hence, 
taking into consideration the area under the micro-
emulsion region exhibited by Labrasol and its easy 
miscibility with oleic acid, different formulations were 
prepared by including different proportions of Labra-
sol in the Smix solution. It is evident from the data 
that inclusion of 20% Labrasol (OCTL3) yielded the 
lowest particle size of 168.8 nm (Supplementary Data 
7). Further increase in Labrasol concentration did not 
result in any significant change of particle size. This 
can be attributed to the fact that gradual increase in 
concentration of Labrasol led to subsequent decrease in 
the concentration of Smix.

Influence of adding Labrafil M 1944 CS in Smix 
on drug precipitation
It is noteworthy that SMEDDS are eventually diluted 
in gastric fluid on oral administration where they 
should form microemulsion for exhibiting higher 
absorption and bioavailability. Hence, the OCTL3 
system was prepared by incorporating artemether 
and lumefantrine and diluted 100-fold with 0.1 N 
HCl for the evaluation of resultant globule size under 
simulated gastric conditions. Unfortunately, the pro-
cess was observed to result in precipitation of lume-
fantrine. High lipophilicity of lumefantrine (K

o/w
 



www.future-science.com 207future science group

Antimalarial solid SMEDDS    Research Article

= 8.34) could be responsible for this phenomenon. 
Therefore, Labrafil M 1944 CS, which possesses HLB 
of 4 and had exhibited maximum solubility for lume-
fantrine (Table 2), was added in different proportions 
to Smix. Visual observations revealed that inclusion 
of 20–30% w/w Labrafil M 1944 CS prevented the 
precipitation of lumefantrine from the microemul-
sion system.

Design of experiment
From preliminary studies (Supplementary Data 8), 
concentrations of Smix, Labrasol and Labrafil M 1944 
CS were deemed significant in influencing the particle 
size of liquid SMEDDS. Therefore, concentrations 
of Smix, Labrasol and Labrafil M 1944 CS were set 
in the range of, respectively, 55–65%, 15–25% and 
20–30% w/w. A simplex centroid mixture design was 
employed for further investigations. Experiments were 
carried out in triplicate, and the average value of each 
experiment was fed in the software. Response data 
for all experiments are given in Table 3, and the qua-
dratic model showed a superior fit for all the responses 
(S upplementary Data 9).

3D surface of standard error of design is depicted in 
Supplementary Data 10. The root mean square error is 
small and ranges from 0.6 to 0.8 which implies that the 
error inside the region is nearly uniform.

The design was analyzed for its significance and 
goodness of fit by analysis of variance (ANOVA) using 
Design Expert® software version 7.0, M/s Stat-Ease). 
ANOVA is also helpful in analyzing the effect of dif-
ferent interaction terms on particle size. Since all terms 
of ANOVA (Supplementary Data 11) were significant, 
design reduction was not required. F-value compares 
variation in differences in average responses at desig-
nated points using the linear model with the expected 
experimental variation as estimated from the replicated 
design point. The model F-value of 46.3347 implied 
that the model was significant. The p-value represents 
the probability of achieving the F-value. p-values of 
model and linear terms less than 0.05 proved signifi-
cance of the model. The model was also evaluated for 
lack of fit. The p-value of 0.0732 for lack of fit implied 
that lack of fit was insignificant and the model fitted 
well. The final obtained model to predict particle size 
is given in Equation (1) in pseudo terms:

Particle size = + 89.6535A + 92.4468B + 177.1501C 
+ 75.0372AB - 151.903AC - 139.743BC

where A, B and C represent fraction of Smix, 
L abrasol and Labrafil M 1944 CS, respectively.

The particle size predicted by the model was simi-
lar to the actual particle size obtained experimentally 
(Supplementary Data 12). A close confirmation is 
obtained in all cases as all the points fall close to the 

Table 2. Solubility of artemether and lumefantrine in different oil–surfactant mixtures.

Oleic acid:surfactant Surfactant Solubility (mg/ml)

  Artemether Lumefantrine

1:3 Labrasol 184.01 ± 1.3 97.00 ± 0.90

 Tween 80 193.79 ± 0.5 99.45 ± 1.54

 Solutol HS 15 194.23 ± 0.8 101.82 ± 0.51

 Cremophor RH 40 188.45 ± 0.7 98.91 ± 0.74

 Span 20 207.64 ± 1.4 91.64 ± 1.03

 Labrafil M 1944 CS 223.58 ± 2.3 109.36 ± 1.16

1:1 Labrasol 246.05 ± 2.5 212.05 ± 6.11

 Tween 80 256.30 ± 2.7 213.18 ± 1.93

 Solutol HS 15 257.99 ± 1.2 223.41 ± 3.54

 Cremophor RH 40 250.08 ± 2.3 210.04 ± 3.03

 Span 20 258.18 ± 1.9 206.59 ± 2.89

 Labrafil M 1944 CS 266.09 ± 1.5 238.86 ± 3.54

3:1 Labrasol 267.63 ± 0.3 286.36 ± 1.93

 Tween 80 275.94 ± 0.3 295.00 ± 5.14

 Solutol HS 15 275.73 ± 3.2 302.27 ± 2.57

 Cremophor RH 40 270.14 ± 1.4 292.08 ± 3.2

 Span 20 282.60 ± 1.0 274.32 ± 4.18

 Labrafil M 1944 CS 303.31 ± 1.1 326. 82 ± 5.14
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trend line where an R2 value of 0.9707 was obtained. 
The model had an adjusted R2 value of 0.9497 and a 
predicted R2 value of 0.8504. A close conformance of 
adjusted and predicted R2 values made it evident that 
the model was able to predict the response adequately. 
Signal-to-noise ratio measured by adequate precision 
was 18.205 which is pretty high to imply the adequacy 
of model used to navigate design space. 3D surface 
plots of model graph representing the effect of Smix, 
Labrasol and Labrafil M 1944 CS on the particle size 
are depicted in Supplementary Data 13.

Effect of components
In a mixture type of design, the constants for variables 
A, B and C give the value for response at the vertex, in 
other words, when that component is at the maximum 
level. When the value of A is 1, B and C would be 
0, and the value of rest of the components would be 
equivalent to 0.

The interaction term describes the effect of response 
in the design space in a better way. As observed from 
ANOVA (Supplementary Data 11), the F-values for 
AC and BC are distinctly greater than AB. Moreover, 
the smaller magnitude of ‘p’ for F-values of AC and 
BC than AB confirmed stronger effect of AC and BC 
on particle size. Since the value of the constants for 
AC and BC is negative, it can be inferred that these 
interactions provided a positive effect on decreasing 
particle size.

Diagnostics
All points of normal plot of residuals (Supplementary 
Data 14) follow a straight line indicating that residuals 

followed a normal distribution. Furthermore, the Box-
Cox plot (Supplementary Data 15) also affirmed that 
the model had predicted the response well and further 
transformation was unnecessary.

Optimization
The main objective of the study was to determine the 
composition of surfactant system which would promote 
formation of small particles. As observed in Figure 1, 
particle size reaches a minimum at a certain fraction of 
components. By setting factor goals within range and 
response goals to minimum numerical, optimization 
was carried out to obtain a set of values for all factors. 
3D surface plot of desirability is depicted in Figure 1.

Summary of design of experiment
The 3D surface plot for particle size depicts the existence 
of least particle size in the design space. The optimized 
system having a composition of 62.88% Smix, 15% 
Labrasol and 22.12% Labrafil M 1944 CS was capable 
of yielding a particle size of 82.83 nm. The experimental 
value for the particle size for the given set of conditions 
was 88.53 nm which was in close confirmation of the 
predicted value (Supplementary Data 16).

Characterization of drug-loaded liquid 
SMEDDS
Drug content
The drug content of artemether and lumefantrine in 
optimized liquid SMEDDS was found to be in the 
range of 98.43–100.65% and 99.24–100.32%, respec-
tively, indicating uniform dispersion of drug in the 
formulation.

Table 3. Response data for mixture study.

Run Factor A percentage 
Smix (%)

Factor B percentage 
Labrasol

Factor C percentage 
Labrafil M 1944 CS (%)

Response particle 
size (nm)

1 55.000 20.000 25.000 103.200

2 55.000 15.000 30.000 176.500

3 65.000 15.000 20.000 86.710

4 65.000 15.000 20.000 94.980

5 55.000 25.000 20.000 92.030

6 56.667 21.667 21.667 88.530

7 55.000 25.000 20.000 93.010

8 56.667 16.667 26.667 116.310

9 60.000 20.000 20.000 116.830

10 61.667 16.667 21.667 79.410

11 55.000 15.000 30.000 176.500

12 60.000 15.000 25.000 101.000

13 58.333 18.333 23.333 99.370

Smix: Surfactant mixture.
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Figure 1. 3D graph of desirability of particle size. 
Smix: Surfactant mixture.
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Particle size
It is interesting to note that the average particle size 
of optimized liquid SMEDD formulation was reduced 
from 88.53 nm (blank formulation) to 61.01 nm (after 
drug loading) (Supplementary Data 17). This unex-
pected observation is in consonance with the reports 
of decrease in particle size from 120 to 37.96 nm of 
lumefantrine-loaded oleic acid self-nanoemulsifying 
drug-delivery system formulation [18]. This fourfold 
reduction in particle size was proposed to be due to 
the possibility of lumefantrine–oleic acid complex pro-
moting its own ‘self-emulsification.’ The interaction 
between the carboxylic acid group of oleic acid and the 
amine group of lumefantrine to form an ion pair was 
confirmed with the help of ζ potential measurements 
of plain oleic acid nanoemulsion (-6.73 mV) and lume-
fantrine-loaded oleic acid nanoemulsion (+4.4 mV), 
which resulted in higher solubility of lumefantrine in 
oleic acid [18].

Similar ionic interactions between lumefantrine 
and oleic acid can be expected to have occurred in the 
presently optimized SMEDD formulation. In addi-
tion, this highly lipophilic molecule (lumefantrine) 
might have occupied the core of oleic acid, which 
would have attracted the lipophilic chain of the sur-
factant toward itself, which would restrict the mobil-
ity of surfacant molecules, thus reducing the size of 
the oil globule [30].  Also, the role of undissolved drug 
deposited at the surface of emulsion globules, thereby 
restricting the mobility of the surfactant molecules 
resulting in the decrease in the particle size, cannot 
be ruled out.

Self-emulsification & stability studies
The results of self-emulsification and precipitation 
studies revealed a short time of 10 s for emulsification 
providing a clear yellowish microemulsion with a trans-
mittance of 86.39 ± 3.18%, which showed no sign of 
phase separation or drug precipitation in an optimized 
liquid SMEDDS formulation indicating stability of 
the prepared liquid SMEDDS after dilution. Further-
more, the thermodynamic stability was established by 
repeated centrifugation or freeze–thaw cycles. More-
over, the observed high cloud point of 79°C indicated 
its stability and resistance toward phase separation and 
reduction of drug solubility.

Preparation of solid SMEDDS
OAC & ODC
The results of OAC and ODC of Neusilin UFL2, 
Neusilin US2 and Aerosil 200 Pharma clearly estab-
lished the superiority of Neusilin grades over Aero-
sil 200 Pharma in adsorption as well as desorption 
(S upplementary Data 18).

Flow properties of Neusilin UFL2 & Neusilin US2
Since the oil adsorption and oil desorption capacities 
of Neusilin UFL2 and Neusilin US2 were similar and 
superior to Aerosil 200 Pharma, both Neusilin UFL2 
and Neusilin US2 were further evaluated for their flow 
properties. Based on the morphology and flow proper-
ties, Neusilin US2 was selected for spray drying as it 
depicted better flow as compared with Neusilin UFL2 
(Supplementary Data 19).

Characterization of solid SMEDDS
The spray dried product recovered from the cyclones 
of a spray dryer provided a yield of 66.39 ± 1.73%. A 
comparison of data (Supplementary Data 19) revealed 
good flow and compressibility of solid SMEDDS pre-
pared from Neusilin US2. The assay in optimized solid 
SMEDDS was found to be 95.87 ± 1.37% and 97.69 
± 2.13% for artemether and lumefantrine, respectively, 
indicating uniform dispersion of drug in the formula-
tion. Upon reconstitution, the adsorbed drug-loaded 
liquid SMEDDS desorbed from the surface of Neusilin 
US2, leading to the formation of microemulsion with 
a globule size and polydispersity index of, respectively, 
67.74 nm and 0.408, indicating the presence of segre-
gated globules in a narrow size range (Supplementary 
Data 20).

x-ray powder diffraction
x-ray diffraction patterns of artemether (Figure 2A) 
and lumefantrine (Figure 2B) were sharp, thus indi-
cating their crystalline character. Neusilin US2 
appeared to be amorphous in nature (Figure 2C). The 
diffractogram of physical mixture containing Neusi-
lin US2 and both drugs (Figure 2D) exhibited char-
acteristics of both drugs. However, peak representa-
tives of such a crystalline character of both drugs were 
not observed in the diffractogram of solid SMEDDS 
(Figure 2E). This could be due to the presence of both 
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Figure 2. x-ray powder diffractogram. (A) Artemether; (B) lumefantrine; 
(C) Neusilin US2; (D) physical mixture containing Neusilin US2, artemether 
and lumefantrine; and (E) drug-loaded solid SMEDDS. 
SMEDDS: Self-microemulsifying drug-delivery system.

Figure 3. Differential scanning calorimetric profiles. (A) Artemether,  
(B) lumefantrine and (C) drug-loaded solid SMEDDS. 
SMEDDS: Self-microemulsifying drug-delivery system.
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drugs in oil solubilized form that was subsequently 
adsorbed on Neusilin US2 [28].

Differential scanning calorimetry
Artemether (Figure 3A) and lumefantrine (Figure 3B) 
exhibited sharp endotherms at peak temperature 
of, respectively, 86.57 and 133.09°C, which are 
their melting points. These characteristic endother-
mic transitions were absent in thermograph of solid 
SMEDDS (Figure 3C). This could be ascribed to the 
presence of both drugs in oil solubilized form in solid 
SMEDDS and corroborates with the results of x-ray 
diffraction studies. In addition, the role of surfactants 
in preventing crystallization of drugs cannot be ruled 
out [28].

Scanning electron microscopy
The scanning electron micrographs of plain Neusilin 
US2 at 2200× magnification is shown in Figure 4A. It 
is clearly evident from Figure 4A that Neusilin US2 is 
a highly porous and granular material with relatively 
large pores, whereas liquid SMEDDS after spray dry-
ing (Figure 4B) can be seen to have covered most of the 
pores and also appeared to have been partially spread 
on the surface of Neusilin US2 particles.

In vitro dissolution studies
From in vitro dissolution studies, it was revealed that 
artemether was slowly released from marketed tab-
lets in water (USP official media), whereas, approxi-
mately all artemethers were released in water within 
15 min from the optimized solid SMEDD formulation 
(Figure 5A).

The release of lumefantrine from marketed formula-
tion in 0.1N HCl was negligible. Addition of benzal-
konium chloride (1% w/v) to 0.1 N HCl (USP official 
media) was able to promote the release of lumefantrine 
to the extent of approximately 80% in 1 h. The fastest 
release of lumefantrine in 0.1 N HCl was observed in 
solid SMEDDS where approximately 90% release was 
obtained in 15 min (Figure 5B).

Stability studies
The optimized solid SMEDDS formulation was 
packed in hard gelatin capsule shells (000 size) and 
sealed in HDPE bottles flushed with nitrogen. No 
significant change was observed in the drug content 
and drug release of artemether and lumefantrine from 
solid SMEDDS after 3 months of storage at 40°C 
and 75% relative humidity in the stability chamber. 
The formulation was compatible with hard gelatin 
capsule shells as no sign of deformation of capsule 
shells was observed. Also, no significant changes were 
observed in the appearance and microemulsifying 
property. Thus, stability studies established the sta-
bility of the developed optimized formulation and its 
c ompatibility with hard gelatin capsules.
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Figure 4. Scanning electron photomicrographs. (A) Neusilin US2 at 2200× 
and (B) spray dried liquid SMEDDS on Neusilin US2 at 2500×. 
SMEDDS: Self-microemulsifying drug-delivery system.
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Figure 5. In vitro release profiles. (A) Artemether in partially degassed water and (B) lumefantrine in 0.1 N HCl as well as 0.1 N 
HCl containing benzalkonium chloride (1% w/v).
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Conclusion
Artemether and lumefantrine possess low aqueous sol-
ubility due to their high lipophilicity and hence exhibit 
low oral bioavailability. Central composite design 
of experiment was successfully employed to prepare 
microemulsion preconcentrates using 62.88, 15 and 
22.12% of Smix, Labrasol and Labrafil M 1944 CS, 
respectively, as surfactant phase. The oil:surfactant 
ratio was 4:6. The optimized liquid SMEDD formula-
tion possessed a particle size of 88.53 nm which was 
in close agreement with the particle size predicted by 
design of experiments. Microemulsion preconcentrate 
(2 g) was adsorbed on Neusilin US2 (1 g) to yield a 
free-flowing powder. This formulation was observed 
to yield a particle size of 67.74 nm on dilution with 
water. High solubility of artemether (428.73 mg) and 
lumefantrine (342.73 mg) coupled with small particle 
size and rapid release from SMEDDS in water as well 
as 0.1 N HCl with respect to marketed tablet suggests 
high potential of solid SMEDDS for further evalua-
tion in enhancing their bioavailability and efficacy of 
antimalarial activity.

Future perspective
The highly lipophilic nature of lumefantrine (BCS 
Class IV) and artemether (BCS Class II) makes them 
less soluble and bioavailable. Their combination is 
recommended by WHO as a combination therapy for 
early treatment and preventing drug resistance and 
recrudescence of malaria. Formulating this drug com-
bination in a microemulsion form is a facile method 
for enhancing their solubility and bioavailability. 
However, due to the high content of oil (∼40% v/v), 
liquid SMEDDS are required to be converted to solid 
SMEDDS. These systems are easy to formulate and 

scale up as well as exhibit significant improvement in 
handling, transportation and patient compliance.

The spray drying method was successfully 
employed to produce a free-flowing powder formu-
lation containing liquid SMEDDS adsorbed on 
N eusilin US2. The rate of spray and temperature of 
drying influenced the properties of the resultant dry 
powder. Furthermore, adsorption as well as desorp-
tion of oil containing solubilized drugs and globule 
size of desorbed oil needed special attention. The 
former dictates the requirement of powder quantity 
per dose whereas the later reflects efficiency of drug 
release.

Despite satisfactory in vitro results of optimized 
solid SMEDDS, it seems to be essential to investi-
gate other novel adsorbents for increasing the drug 
l oading, which would, in turn, decrease the quantity 
of solid SMEDDS per dose. It would be interesting to 
evaluate the compaction behavior of solid SMEDDS 
powder, which may necessitate use of special excipi-
ents due to the high oil content in solid SMEDDS. 
Eventually, the in vivo performance of the optimized 
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formulation is needed to be evaluated for pharmaco-
kinetics and treatment of malaria in the experimental 
model before advocating its use in human beings.
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Executive summary

•	 Simplex centroid design was successfully employed to optimize self-microemulsifying drug-delivery system 
(SMEDD) formulation containing artemether and lumefantrine followed by its conversion to solid SMEDD by 
adsorption on Neuslin US2 using the spray drying method.

•	 Each 5 g of the free flowing optimized formulation contained 1 g of lumefantrine and 0.17 g of artemether, 
and yielded a globule size of 67.74 nm on dispersing in water.

•	 The release of lumefantrine in 0.1 N HCl and artemether in water, respectively, was 92.86 and 96.94% in 
15 min from the optimized solid SMEDD formulation. On the other hand, marketed formulation exhibited 
negligible release of both drugs in respective media in 15 min. Even in the presence of benzalkonium chloride 
(1% w/v), the marketed formulation released only 23.36% of lumefantrine in 15 min.

•	 The optimized solid SMEDD formulation holds great promise for evaluation of its pharmacokinetic and 
antimalarial efficacy.
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Malaria is caused by the Plasmodium parasite and is a major health problem leading 
to many deaths worldwide. Lack of a vaccine and increasing drug resistance highlights 
the need for new antimalarial drugs with novel targets. Antiplasmodial activity of 
spiroindolones was discovered through whole-cell, phenotypic screening methods. 
Optimization of the lead spiroindolone improved both potency and pharmacokinetic 
properties leading to drug candidate NITD609 which has produced encouraging results 
in clinical trials. Spiroindolones inhibit PfATP4, a P-type Na+-ATPase in the plasma 
membrane of the parasite, causing a fatal disruption of its sodium homeostasis. Other 
diverse compounds from the Malaria Box appear to target PfATP4 warranting further 
research into its structure and binding with NITD609 and other potential antimalarial 
drugs.
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Introduction/background
Malaria is an infectious disease caused by the 
malaria parasite Plasmodium and transmit-
ted by female Anopheles mosquitoes. The four 
main species that infect humans are Plasmo-
dium falciparum, Plasmodium vivax, Plasmo-
dium ovale and Plasmodium malariae. P. fal-
ciparum and P. vivax are the most common 
with P. falciparum causing the most deaths 
globally [1]. WHO estimates there were 198 
million cases of malaria and 584,000 malaria 
deaths in 2013 [2], which is a great improve-
ment since 20 years previous when it caused 
over 1 million deaths per year [3].

The life cycle of the malaria parasite is com-
plex with several life stages involving both 
mosquito and human hosts (Figure 1).

Currently, there is no vaccine licensed for 
use against malaria, however, it is hoped a vac-
cination that offers some protection will soon 
be introduced. Most existing antimalarial 
drugs act against the asexual blood stages of the 

parasite. Primaquine is the only drug approved 
that acts against the dormant liver stages of P. 
vivax whose reactivation lead to relapse [4]. For 
many years chloroquine and sulphadoxine–
pyrimethamine were the principal antima-
larial treatments; however, resistance to both 
drugs led to increased morbidity and mortality 
from malaria. Artemisinin-based combination 
therapies (ACTs), which contain a combina-
tion of an artemisinin derivative and another 
antimalarial drug with a different mechanism 
of action, are recommended to reduce the risk 
of drug resistance [1]. ACTs are a major fac-
tor in the increased malaria control, conse-
quently it is of great concern that P. falciparum 
has developed some resistance to artemisinin 
d erivatives in south-east Asia [5].

Increasing resistance of Plasmodium to the 
existing malaria treatments including artemis-
inin and its derivatives [5], highlight the need 
for new antimalarial drug therapies. Key factors 
in considering the target product profile (TPP) 
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Figure 1. Malaria parasite life cycle. The life cycle is complex involving both human and mosquito hosts. 
Reproduced from Public Health Image Library, Centers for Disease Control and Prevention [10].
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include the vulnerability of many of the patients (many 
of whom are young children and pregnant women), 
the lack of medical supervision under which drugs are 
a dministered and the need for patient compliance.

Ideally new antimalarial drugs should [1,6]:

•	 Be effective against the blood stages of the key 
species of parasite that cause malaria in humans, 
including those with drug resistance;

•	 Kill the hypnozoites of P. vivax and P. ovale there-
fore preventing relapse;

•	 Kill the gametocytes to prevent transmission;

•	 Kill sporozoites and exo-erythrocytic schizonts 
therefore preventing the initial infection when used 
prophylactically;

•	 Have a novel mechanism of action;

•	 Have good oral availability;

•	 Be safe;

•	 Cure by a single dose;

•	 Be cheap to produce.

Discovery of spiroindolones as antimalarial 
agents
At a time when there was optimism that the rational 
drug design approach, based on the molecular under-
standing of the biology of the malaria parasite, would 
produce new antimalarial drugs, the spiroindolones 
(spirotetrahydro β-carbolines: synthetic compounds 
with two stereocenters consisting of a β-carboline 
structure connected through a centralspiroatom to an 
indole structure) were identified using older, whole-
cell, phenotypic screening methods based on the 
growth inhibition of P. falciparum [7]. A library of 



Figure 2. Molecular structure of the lead compound. 
The racemic 1, active enantiomer 1a (1R,3S) and inactive 
enantiomer 1b (1S,3R). 
Data taken with permission from [9].
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12,000 pure natural and structurally similar synthetic 
molecules was screened using whole-cell prolifera-
tion assays with cultured cells from intra-erythrocytic 
Plasmodium parasites [8,9]. The screening found 275 
compounds with submicromolar activity against P. 
falciparum. This was reduced to 17 compounds by 
excluding those that lacked activity against multi-
drug-resistant forms of the parasite and any showing 
cytotoxicity to mammalian cells. Since it is important 
that a new antimalarial drug can be administered in 
tablet form the oral bioavailability of the remaining 
compounds was assessed. Based on its activity against 
Plasmodium and favorable pharmacokinetic profile a 
synthetic compound (1) related to the spiroazepinein-
dole class was selected for medicinal chemistry lead 
optimization. Compound 1 was found to possess good 
oral bioavailability in mice with F = 59% and an oral 
half-life of nearly 4 h [4].

The initial compound identified (1) was a race-
mic mixture consisting of 1R,3S & 1S,3R and 1S,3S 
& 1R,3R pairs of enantiomers, which were found to 
have moderate potency against wild-type (NF54) 
and chloroquine-resistant (K1) strains of Plasmo-
dium (Figure 2). A single 100 mg/kg dose of racemic 
compound 1 was found to lead to a 96% decrease in 
parasitemia in the P. berghei-infected mouse model.

The reaction to create compound 1 yielded an 
unequal mixture such that there was a 9:1 excess of 
the 1R,3S & 1S,3R pair of enantiomers [9]. Struc-
ture–activity relationship (SAR) analysis showed that 
the 1R,3S stereoisomer (1a) was over 250-times more 
potent against P. falciparum than the 1S,3R stereoiso-
mer (1b) (Figure 2). Structure–activity relationship 
analysis of further spiroindolone compounds con-
sistently indicated that the 1R,3S stereoisomer was 
essential to be active against P. falciparum [9]. Only 
one enantiomer being active s uggested the existence of 
a discreet target.

Optimization of spiroindolone lead led to 
drug candidate NITD609
Most antimalarial drugs act on the parasite in the 
blood stages therefore it is desirable for the drug to 
stay in the plasma compartment and not to enter the 
body fat. With this in mind, Yeung et al. made substi-
tutions to the bromine atom on compound 1 to make 
the molecule less lipophilic, since lipophilic molecules 
are more likely to enter the adipose tissue from the 
plasma. Replacing the 5′-bromide with a 5′-chloro was 
found to produce a compound with improved balance 
of potency, pharmacokinetics and synthetic accessi-
bility [9] (Figure 3 – Compound 2). However, mono- 
and disubstitutions with other halogens p roduced 
u nfavorable results.

In a subsequent study, Yeung and coworkers made 
alterations to the central seven-membered azepine 
ring [4] (Figure 3). Adding another carbon atom to the 
azepine ring of compound 2 (NF54 IC

50
 = 84nM) was 

found to produce an inactive compound (structure 
not shown: NF54 IC

50
 > 5000 nM); however, potency 

was discovered to increase threefold after removing a 
carbon atom to make a 6-membered ring tetrahydro-
β-carboline derivative (4) (Figure 3). Removal of the 
C3 methyl from the tetra-hydro-β-carboline struc-
ture resulted in nearly a fivefold loss of potency (5); 
however, the authors reported that its removal did 
not affect the potency for the azepineindole structure 
(3). The C3 methyl could only be substituted with 
t rifluoromethyl.

The spiroindolones were identified as good drug 
candidates as they generally had good in vitro solubil-
ity and permeability, were not cytotoxic to human cell 
lines, had low cardiotoxicity potential, low genotox-
icity and did not significantly bind to human recep-
tors, kinases or ion channels [9]. Studies demonstrated 
a significant difference in the metabolic stability and 
CYP450 inhibition between the pairs of enantiomers, 
with the inactive 1S,3R having more favorable proper-
ties [9]. In light of this, Yeung and coworkers used a 
microsomal clearance assay to predict the metabolic 
stability and found that the active 1R,3S enantiomers 
had a high clearance, poor metabolic stability with 
liver microsomes and inhibited CYP2C9 preferentially 
(Table 1).



Figure 3.  Compounds 2, 3, 4, 4a & 5′-bromo replaced 
with 5′-chloro (2). Size reduction of the azepine ring 
to give compound 4. Removal of the methyl from the 
7-membered ring does not affect potency (2 & 3); 
however decreases potency fivefold when removed 
from the 6-membered ring (4 & 5). 
Data taken with permission from [9].
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The benzene ring of the indole moiety was identi-
fied as being susceptible to metabolism by oxidation 
and therefore leading to high clearance. A systematic 
approach was taken to modifying the indole ring of 
compound 4a to improve its half-life in the presence of 
liver microsomes (Figure 4). Aryl halides are usually too 
stable to be metabolized so the team added halides to the 
benzene ring to protect it from oxidation. Substituting a 
fluorine atom at C7 position of the indoline was discov-
ered to be the most effective in increasing the half-life 
(7a) [4]. It was reported that substitutions on C5, C6 and 
C8 did not improve the metabolic stability; however, 
they did increase the potency with substitutions at C6 
and C7 being the most effective (9a and 10a).

Although the spiroindolones had been identified 
as potential new antimalarial drugs, their mecha-

nism of action was as yet unknown. As compound 9a 
(NITD609, Figure 5) showed the best combination of 
potency and oral exposure, this was taken forward for 
further preclinical evaluation.

NITD609 displays antimalarial activity 
against the asexual blood stage, gametocyte 
& oocyte stages of Plasmodium
The optimizations from in vitro studies using micro-
somal clearance assays proved to correspond well to 
antimalarial activity in the P. berghei-infected mouse 
model with 4a, 9a and 10a, demonstrating better effi-
cacy in reducing parasitemia than chloroquine and 
artesunate [4]. Each of the spiroindolones was found 
to prolongsurvival of the mice more than chloroquine 
and artesunate, when a single oral dose of 30 mg/kg 
was administered (Table 2). Even better results were 
achieved when dosed orally once daily for 3 days with 
60–90% of mice being cured.

Rottmann et al. reported that NITD609 achieved 
in vitro inhibitory concentration (IC

50
) values of 0.5 to 

1.4 nM against a panel of wild-type and drug-resistant 
P. falciparum, with no significant decrease in activity 
against the drug-resistant strains [8]. Resistant strains 
included those with resistance against chloroquine, 
pyrimethamine and mefloquine. Artemisinin-resistant 
strains were not included in the panel, possibly as no 
validated in vitro assay to correlate susceptibility to 
artemisinin was available at that time [5].

The team performed ex vivo assays using fresh iso-
lates of P. falciparum and P. vivax from malaria patients 
on the Thai-Burmese border where chloroquine resis-
tance is known to occur [8]. NITD609 and artesunate 
were found to be equally effective with IC

50
 <10 nM 

against both P. falciparum and P. vivax. The asexual 
blood stages are associated with the morbidity and 
mortality of malaria. In vitro sensitivity assays using 
P. falciparum at ring, trophozoite and schizont phases 
of the human blood stages determined that NITD609 
was most e ffective against schizonts [8].

As well as being effective against the asexual blood 
stages, a study led by Sauerwein found that NITD609 
acted in a dose-dependent manner against the sexual 
gametocytes which are responsible for transmission of 
the parasite [11]. Most existing antimalarial drugs do 
not effect gametocytes therefore patients treated with 
these drugs can still transmit malaria. NITD609 was 
discovered to be more effective in clearing gametocytes 
than lumefantrine, primaquine and artemether. In this 
in vitro study the efficacy of NITD609 in clearing 
gametocytes could not be compared with that of pri-
maquine, which is used in human patients to prevent 
transmission in vivo as it does not have antimalarial 
activity in vitro. The lack of in vitro activity of prima-
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quine was expected as it is a prodrug and it is necessary 
for it to be metabolized to induce its gametocytoci-
dal properties. NITD609 also was found to decrease 
the oocyte count when added to the blood meal of 
m osquitos in a standard membrane feeding assay [11].

These results showed that NITD609 not only acted 
on the asexual blood stages of the parasite but also on 
the sexual stages that are involved in transmission of 
malaria, however higher concentrations were required. 
NITD609 was found not to prevent infection of 
P. berghei mice when given prophylactically before 
administration of a sporozoite injection [12], indicating 
that NITD609 was ineffective against the liver stages 
of Plasmodium.

Spiroindolones target PfATP4
Using an incorporation assay with radiolabeled methi-
onine and cysteine Rottmann et al. demonstrated that 
NITD609 blocked protein synthesis in P. falciparum 
within 1 h [6,8]. This effect was observed to be simi-
lar to that of the known protein translator inhibitors 
anisomycin and cycloheximide, but contrasted with 
artemisinin and mefloquine, suggesting a different 
mechanism of action.

Rottmann et al. and Flannery et al. used in vitro 
genetic methods to determine the likely target of 
NITD609 [8,13]. Malaria parasites were grown in the 
presence of a test compound until resistant strains 
developed. For NITD609 it took 3–4 months of 
in vitro selection to increase the IC

50
 seven- to ten-

fold [8,13] indicating that NITD609 does not read-
ily select for high-level resistance in vitro. Genomic 
analysis was used to compare the parent and resis-
tant lines which enabled identification of the genes 
involved with the resistance. Most of the differences 
in the NITD609-resistant line were found in the gene 

for the P-type cation-transporter ATPase4 (PfATP4). 
This was supported by the reverse genetic approach 
of creating transgenic parasites with mutations on 
pfatp4, which the authors showed were resistant to 
the spiroindolones NITD609 and NITD678, but not 
artemisinin and mefloquine.

The role of membrane transport proteins in 
the malaria parasite
A malaria parasite that has infected a human erythro-
cyte needs to acquire key nutrients from the extracel-
lular environment and export metabolites to support 
its high level of metabolic and biosynthetic activity, 
while maintaining its own cytosolic composition. The 
normal rate of uptake across the erythrocyte plasma 
membrane of some of these nutrients does not meet 
the requirements of the parasite and it may also be in 
competition with the host cell for these nutrients [14].

Human blood plasma is a high-[Na+]/low-[K+] 
environment and uninfected human erythrocytes 
are a low-[Na+]/high-[K+] environment [15]. Around 
12–14 h after entering a human erythrocyte P. fal-
ciparum creates new permeability pathways in the 
plasma membrane of the host erythrocyte increasing 
its permeability. This enables the uptake of nutrients 
into the infected cell and, consequently, also allows the 
flow of Na+ and K+ across their respective concentra-
tion gradients so they reach levels close to those in the 
extra-erythrocytic plasma [15]. Even though this causes 
increased [Na+] in its extracellular environment the 
parasite is able to maintain a low cytosolic [Na+] [15,16].

Some protozoa and lower plants expel Na+ via an 
exitus natrus (ENA) P-type Na+-ATPase, which is 
closely related to the sarcoplasmic/endoplasmic reticu-
lum Ca2+-ATPases (SERCA) and plasma membrane 
Ca2+-ATPases (PMCA) [15]. It was known that the 

Compound 4 (racemate) 4a (1R,3S) 4b (1S,3R)

NF54 IC50 (nM) 27 9.2 >5000

In vitro (liver microsomes), clearance CLint

 – Mouse Medium High Low

 – Human Medium High Low

In vitro (liver microsomes), microsomal half-life t1/2(min)

 – Mouse 26.5 1.8 103

 – Human 9.9 1.2 95

CYP2C9 inhibition (μM) n/a 1.51 >10.00

In vivo (mice) clearance 
CL (ml/min/kg)

n/a 49.66 n/a

In vitro metabolic stability measured using liver microsomes. In vivo clearance measured in mice at a single 5 mg/kg iv. dose.
CL: Clearance; CLint: Intrinsic clearance; n/a: Not available.
Data taken from [4,9].

Table 1. Pharmacokinetic profile of spiroindolone 4.
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Figure 4. Substitutions on the indole ring system improved the metabolic stability and potency of the 
spiroindolones. 
Data taken with permission from [4,9].
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P. falciparum genome codes for 13 P-type ATPases, 
two of which are known to be Ca2+-ATPases but none 
had been identified as Na+-ATPase.

PfATP4 is a P-type Na+-ATPase
PfATP4 belongs to a subclass (Type 4) of P-type ATPases 
that are unique to apicomplexan organisms [17]. P-type 
ATPase is a family of evolutionary related membrane-
bound pumps that self-phosphorylate at a conserved 
aspartate residue. Most P-type ATPases pump cations 
enabling the maintenance of electrochemical gradi-

ents across cell membranes. The absence of PfATP4 in 
mammals makes it a good drug target. Until recently 
PfATP4 was believed to be a P-type Ca2+-ATPase due 
to its similarity with the Ca2+-ATPases of the endoplas-
mic reticulum [17,18], however, recent studies indicated 
it is in fact a P-type Na+-ATPase [15,19] (discussed in 
more detail later in this section).

PfTP4 is a 190 kDa protein found in the para-
site plasma membrane [20]. Using genetic sequenc-
ing Krishna and coworkers showed that it contained 
the features common to P-type ATPases, including 



Figure 5.  Top: general chemical structure of spiroindolones; middle: molecular structure of NITD609 showing 
key features; bottom: 3D structure of NITD609 drawn using Discovery Studio 4.5.R1 = CH3 or CF3; R2 = Cl or Fl; 
R3 = H, F or CL; R4 = H, F or Cl.
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sequence motifs of a highly conserved phosphoryla-
tion site and nucleotide-binding site [17]. Modeling 
techniques revealed ten transmembrane helices and 
that mutations associated with spiroindolone resis-
tance were localized in these transmembrane helices 
(Figure 6). The team reported that PfATP4 has an 
extended hydrophilic N-terminal region and lacks 
the long hydrophilic C-terminal seen in plasma-mem-
brane-type ATPases. It was posited that the extended 
M7/M8 extracellular loop, which is has a high propor-
tion of acidic residues, is involved in ion transport [17].

Spillman et al. investigated the effect of a variety of 
ionophores and ion transport inhibitors on Na+ regula-
tion in P. falciparum [15]. The known P-type ATPase 
inhibitor sodium orthovanadate was found to impair 
Na+ regulation as did the known ENA Na+-ATPase 
inhibitor furosemide, suggesting the involvement 
of ENA P-type Na+-ATPase in maintaining the low 
cytosolic (Na+), despite the high extracellular levels. 
Ouabain, which inhibited all known Na+/K+-ATPases 
at the concentrations used, was discovered to have no 
significant effect on (Na+)

I
 indicating that Na+/K+-

ATPases were not involved. When the parasites were 

suspended in a glucose-free extracellular environment, 
which causes depletion of ATP, an increase in (Na+)

i
 

was observed, which also supports the involvement of 
an ATPase in maintaining the low (Na+)

i
. Analysis of 

the amino acid sequence showed that PfATP4 share 
an amino acid sequence which is known to be highly 
conserved in ENA Na+-ATPases and important for 
Na+ transport. This sequence is not present in SERCA, 
PMCA or Na+/K+-ATPases.

Spillman et al. proposed that PfATP4 acts as an 
ENA Na+-ATPase and actively pumps Na+ out of 
the intra-erythrocytic parasite and that the efflux of 
Na+ is associated with an influx of H+ into the para-
site (Figure 7) [15]. A further study demonstrated that 
the acid load caused by the influx of H+ is likely to 
be countered by the extrusion of H+ by a V-type H+-
ATPase [19].

Spiroindolones inhibit PfATP4
Spillman et al. demonstrated that four different spiro-
indolones caused an increase in [Na+] in a dose-depen-
dent manner and the order of potency in increasing 
(Na+) corresponded their ranking inhibiting parasite 
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proliferation [15]. Spiroindolone NITD246 was shown 
to reduce membrane-associated ATPase activity in 
membrane preparations from infected erythrocytes 
suspended in a high concentration of Na+. It was also 
shown that PfATP4 mutations corresponding with 
spiroindolone resistance reduced sensitivity to Na+ dis-
ruption and ATPase activity by spiroindolones. These 
results supported the hypothesis that spiroindolones 
inhibit PfATP4 preventing sodium ions being pumped 
out of the parasite and leading to a fatal disruption of 
parasite sodium homeostasis (Figure 7).

Determination of 3D structure required
The 3D structure of PfATP4 has been predicted using 
Modeling techniques; however, it has not yet been 
determined by x-ray crystallography. It is important 
that the structure of PfATP4 and its binding with 
ligands, including the spiroindolones and other drugs 
that target is ascertained. Understanding the active 
sites of PfATP4 and the binding interactions that occur 
will allow more effective drugs to be created.

Pharmacokinetics
An important factor in a successful antimalarial treat-
ment is ensuring patient compliance which can be 
improved by reducing the pill burden and treatment 
duration. Existing antimalarial drugs have to be taken 
from one- to four-times daily for up to seven days [22] 
which is often difficult to achieve in areas where there 
is a lack of medical supervision.

The pharmacokinetic properties observed by Rott-
mann et al. when NITD609 was administered to 
mice and rats indicated that a once-daily dosing regi-
men might be appropriate [8]. It had excellent oral 
bioavailability, a good half-life, moderate volume of 
distribution and low systemic clearance. A further 
pharmacokinetic–pharmacodynamic (PK–PD) study 
to determine whether the antimalarial effect was con-
centration dependent or time dependent suggested it 
was time dependent, however further investigation is 
required [23]. PK–PD data from this study have been 
used to define appropriate dosing regimens.

Safety & selectivity of NITD609 in vitro
The safety of new antimalarial drugs is essential, par-
ticularly due to the vulnerability of the patient popula-
tion, which includes many young children, pregnant 
women and those with comorbidities, living in areas that 
often have limited medical resources. The malaria para-
site within the human body is the intended target for 
NITD609 therefore it is important that it is not cytotoxic 
to human cells at the concentrations required for parasite 
cytotoxicity. In the study by Rottmann et al. NITD609 
showed no significant cytotoxicity against a panel of in 
vitro mammalian cell lines [8]. For each of the cell lines 
tested the concentration of NITD609 that led to 50% 
cell death (CC

50
) was at least 10 μM. Since the IC

50
 was 

<1 nM the selectivity index (CC
50

/IC
50

) >10,000. Some 
antimalarial drugs can be cardiotoxic as they inhibit 
hERG channels; however, NITD609 showed low bind-
ing affinity to hERG as well as other human ion chan-
nels, G-protein-coupled receptors and enzymes. When 
administered to rats for 14 days at 10- to 20-times the 
calculated effective dose required to reduce parasitemia 
by 99% (ED

99
) no adverse events were observed.

Clinical trials
NITD609 (which is now known as KAE609 or cipar-
gamin) has undergone a Phase II clinical trial in three 
locations in Thailand to assess its antimalarial efficacy, 
safety and adverse events (ClinicalTrials.gov number 
NCT01524341) [24]. KAE609 was administered to 
adults with uncomplicated P. vivax or P. falciparum 
malaria at 30 mg per day for 3 days. The study was 
small with only 21 patients; however, the results were 
very encouraging. KAE609 cleared the parasites rapidly 
from the blood of the patients with median complete 
parasite clearance time of 12 hours. The median parasite 
half-life clearance was 0.95 h for P. vivax and 0.90 h for 
P. falciparum, which is excellent when compared with 
artensunate for which less than 1% of patients infected 
with P. falciparum have half-life c learance of under 1 h.

The safety, tolerability and pharmacokinetics of 
KAE609 in healthy male adult patients after single 
and multiple oral dosing was assessed in a randomized, 

Table 2. In vivo antimalarial activity in Plasmodium berghei-infected mouse model.

Compound 1 × 30 mg/kg 3 × 30 mg/kg

 Activity (%) Survival (days) Cure rate (%) Activity (%) Survival (days) Cure rate (%)

Chloroquine 99.7 8.7 0 99.9 14.0 0

Artesunate 92.2 7.3 0 99.0 11.8 0

4a 99.9 10.7 0 99.9 18.8 60

9a (NITD609) 99.6 13.3 0 99.8 29.1 90

10a 99.6 12.0 0 99.8 23.8 80

Data taken with permission from [4].



Figure 6. Homology model of PfATP4 showing residues associated with resistance. (A) Spiroindolones NIDT609 
and NIDT678; (B) MMV007272 & MMV0011567, carboxamides from the Malaria Box; (C) aminopyrazole GNF-
Pf4492. Amino acids associated with resistance are shown in red. 
Adapted with permission from [21] © Elsevier (2015).
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Figure 7. Proposed mechanism of action of spiroindolones targeting PfATP4 in the plasma membrane 
of Plasmodium falciparum [15,21]. Inhibition of PfATP4 by spiroindolones (indicated by red cross in the erythrocyte 
on right) leads to a rise in intracellular Na+ and increase in intracellular pH.  
Adapted with permission from [21] © Elsevier (2015) and from [15].
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double-blind, placebo-controlled Phase I study [25]. 
KAE609 was generally well tolerated; however, some 
mild to moderate adverse events were recorded which 
were mostly gastrointestinal and genitourinary and 
increased with rising doses. Data from this trial [25] and 
the PK–PD study of Lakshminarayana et al. [23] led to 
the suggested dose of 30 mg/kg/day [21].

A Phase I clinical evaluation of the co-administra-
tion of KAE609 and piperaquine (a long-acting anti-

malarial used in combination with artemisinins) did 
not indicate adverse interactions. Piperaquine is known 
to increase the QT interval, however, this was not the 
case for KAE609 [26].

Two further Phase II clinical trials have been com-
pleted but the results not yet published [27]. One to 
find the minimum inhibitory concentration for a 
single dose of KAE609 to reduce parasitemia to zero 
in adult male patients with P. falciparum monoinfec-
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tion (ClinicalTrials.gov Identifier: NCT01836458), 
this will help to identify the optimal dose of KAE609. 
Another to assess the efficacy and safety of KAE609 
in adults with acute malaria mono-infection (Clinical-
Trials.gov Identifier: NCT01860989). A Phase I clini-
cal trial to determine the effectiveness of KAE609 in 
reducing asexual and sexual blood-stage P. falciparum 
infection and preventing transmission to mosquitos is 
expected to complete in February 2016 (ClinicalTrials.
gov Identifier: NCT02543086).

PfATP4 pathway targeted by diverse 
structures
In a recent in vitro study by Lehane et al., 28 out of 
400 (7%) compounds in the ‘Malaria Box’ were found 
to affect Na+ and pH regulation in a manner consis-
tent with PfATP4 inhibition [28]. Six of these, which 
had chemically diverse structures, were analyzed fur-
ther and were all discovered to have reduced efficacy 
against spiroindolone-resistant parasites with pfatp4 
mutations, indicating that they all interact with 
PfATP4. Flannery et al. showed that aminopyrazoles 
also target PfATP4 and showed cross resistance with 
spiroindolones [29]. Aminopyrazoles have a different 
structure to spiroindolones; however, resistance to 
both classes of compound is conferred by mutations 
in the transmembrane region of PfATP4 [29]. Charac-
teristics of the resistance led Flannery et al. to suggest 
that the binding sites of spiroindolones and aminopyr-
azoles overlap [29]. These results suggest that PfATP4 
is important for parasite survival, can be inhibited 
by a variety of compounds and is readily accessed by 
compounds in the extracellular medium. Researchers 

at GlaxoSmithKline have identified at least four fur-
ther scaffolds unrelated to NITD609 that may act via 
the same PfATP4 pathway [30]. These results indicate 
that PfATP4 may be an important target in the fight 
against malaria and certainly warrants further research 
to understand its action, molecular structure and 
binding sites.

Repurposing of NITD609 for use against 
other apicomplexan parasites
As well as its activity against Plasmodium, NITD609 
is also active against the related apicomplexan parasite 
Toxoplasma gondii which causes toxoplasmosis [31]. Toxo-
plasma gondii ATPase4 (TgATP4), which corresponds 
to PfATP4, was identified as the likely target. Model-
ing techniques showed that PfATP4 and TgATP4 share 
a large degree of sequence identity particularly around 
the transmembrane region of the ATPase4 structure 
where the spiroindolone binding site is proposed to be 
and the residues involved in drug resistance.

Future perspective
NITD609 is currently in Phase II clinical trials and is 
the first antimalarial drug with a novel action to reach 
this stage since atovaquone/proguanil in 1996 [6]. To 
reduce the risk of resistance developing antimalarial 
drugs should always be administered in combination 
therefore if it is successful in clinical trials a suitable 
partner drug will need to be identified which could 
delay its introduction into clinical use. Novartis antici-
pates submitting KAE609 for approval in 2017 pend-
ing the favorable results of ongoing clinical trials [32]. 
The chiral centers of the spiroindolones may cause 

Executive summary

•	 Resistance of Plasmodium to artemisinin emphasizes the need for new antimalarial drugs with a novel mode 
of action.

•	 Spiroindolones were discovered to have antimalarial activity using whole-cell screening methods, however, 
their target and mode of action were unknown.

•	 It was determined that the 1R,3S configuration was required for activity against Plasmodium.
•	 Optimization of the spiroindolone using structure–activity relationship analysis lead improved both potency 

and pharmacokinetics and led to drug candidate NIT609.
•	 Spiroindolones inhibit PfATP4 of the Plasmodium parasite resulting in a fatal increase in sodium ions in the 

parasite.
•	 PfATP4 is a P-type Na+-ATPase located in the parasite plasma membrane that pumps sodium ions out of the 

parasite.
•	 The spiroindolones have a distinct mechanism of action from the existing antimalarial drugs.
•	 In vitro spiroindolones do not readily select for resistance and do not show cross-resistance to existing 

antimalarial drugs.
•	 Pharmacokinetic studies indicate NITD609 may be compatible with once-daily oral dosing.
•	 NITD609 is currently in Phase II clinical trials where so far it has shown encouraging results.
•	 The crystal structure of PfATP4 and its binding interactions with the spiroindolones or other drugs has not 

been determined.
•	 Other compounds in the Malaria Box, with diverse molecular structures, also appear to target PfATP4. This 

suggests that PfATP4 is an important target that should be investigated further.
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them to have a high production cost [9,29], therefore 
exploration of a lternative PfATP4 inhibitors may lead 
to cheaper options.

PfATP4 is emerging as an important target in the 
fight against malaria and further research is needed to 
understand its structure, function and how drugs may 
target it in the fight against malaria. The 3D, crystal 
structure of the PfATP4 protein should be determined 
as well as its binding interactions with the spiroindo-
lones and some of the diverse compounds from the 
Malaria Box. With this knowledge a rational approach 
can be utilized to create further drugs for the treatment 
of malaria and possibly other apicomplexan p arasites 
such as Toxoplasma gondii.
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The malaria parasite, Plasmodium spp., is 
a delicate unicellular organism unable to 
survive in free form for more than a cou-
ple of minutes in the bloodstream. Upon 
injection in a human by its Anopheles mos-
quito vector, Plasmodium sporozoites pass 
through the liver with the aim of invading 
hepatocytes. Those which succeed spend 
inside their host cell a recovery time before 
replicating and entering the blood circula-
tion as fragile merozoites, although their 
exposure to host defenses is extraordinarily 
short. Quick invasion of red blood cells 
(RBCs) in a process lasting just a few min-
utes allows the parasite to escape immune 
system surveillance. For most of its eryth-
rocytic cycle the pathogen feeds mainly 
on hemoglobin as it progresses from the 
early blood stages, termed rings, to the late 
forms trophozoites and schizonts. Early 
stages are ideal targets for antimalarial 
therapies because drugs delivered to them 
would have a longer time to kill the para-
site before it completes its development. 
However, only 6 h after invasion does the 
permeability of the infected erythrocyte to 
anions and small nonelectrolytes, including 
some drugs, start to increase as the parasite 
matures [1]. During this maturation pro-
cess the parasite hydrolyzes hemoglobin in 
a digestive vacuole, which is the target of 
many amphiphilic drugs that freely cross 
the RBC membrane and accumulate intra-
cellularly. As a result, most antimalarials 
start affecting the infected cell relatively 
late in the intraerythrocytic parasite life 
cycle, when their effect is probably often 
too short to be lethal to Plasmodium.

Malaria-infected erythrocytes: an 
elusive target
Several strategies to improve the activity of 
antimalarial drugs concern their encapsula-
tion in nanocarriers targeted to parasitized 
RBCs (pRBCs), an approach that requires the 
existence of specific pRBC markers. 200-nm 
liposomes studded with heparin or antibod-
ies raised against pRBCs have been shown 
to bind late forms with high selectivity [2,3], 
improving the activity of encapsulated anti-
malarial drugs up to tenfold [2,4]. In addition 
to the inconvenient late-stage targeting, such 
liposomal delivery models will also have to 
overcome the obstacle of timing nanocarrier 
administration to the precise moment of the 
parasite’s life cycle when trophozoites and 
schizonts are present. The relatively short 
blood half-life of liposomes (in the best cases, 
<10 h for polyethylene glycol-coated stealth 
liposomes) guarantees that if injected at the 
wrong moment (too soon or too late), they 
will not last the 48 h needed to ensure that 
they are present for the pathogen’s next cycle. 
In another display of cunningness, Plasmo-
dium leaves virtually no external signal on 
the parasitized cell, and only after spend-
ing half its life inside the erythrocyte does 
the parasite export a significant number of 
receptors and transporters to the host cell 
plasma membrane. Most of these externally 
recognizable clues are present in the parasite 
genome as multiple variants that can be clon-
ally expressed [5], which further complicates 
delivery approaches designed to specifically 
target pRBCs. A receptor-independent alter-
native for the nanovector-mediated delivery 
of antimalarial drugs to Plasmodium blood 
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stages can be provided by the tubulovesicular network 
induced in the host cell by the pathogen during its 
intraerythrocytic growth, which confers pRBC acces-
sibility to a wide range of particles up to diameters of 70 
nm [6]. Indeed, polymeric nanovectors were observed 
to penetrate trophozoites and schizonts [7,8], possibly in 
a significant fraction through the tubulovesicular net-
work, although entry of nanoparticles into early ring 
stages has not been unambiguously observed so far.

Is there an ideal carrier for blood-
circulating drugs?
Antimalarial drug carriers should provide optimal 
compound half-lives in circulation, adequate clear-
ance mechanisms, restriction of unintended drug 
effects in non-target cells, specific delivery to the cor-
rect tissue, and a timely initiation and termination of 
the therapeutic action. Considering the need to target 
intraerythrocytic Plasmodium as early in its life cycle as 
possible and the lack of strategies currently out there for 
shuttling drugs into pRBCs, it is imperative that these 
issues are addressed and that alternative approaches are 
explored. A solution to the aforementioned problems 
in the design of pRBC-targeted nanocarriers can per-
haps be provided by one of the most adequate vascular 
carriers, RBCs themselves [9]. Human erythrocytes 
have a life span in the blood of up to 120 days, which 
makes them attractive carriers for intravascular deliv-
ery because they prolong drug circulation. In addi-
tion, their large size (approximately 7 μm across and 
around 2 μm thick) significantly restricts unintended 
extravasation and in principle allows for a much larger 
encapsulation capacity than liposomes. Other interest-
ing features of RBCs as drug carriers are their biocom-
patibility and the existence of natural mechanisms for 
their safe elimination from the body. Actually, delivery 
of antimalarials to noninfected RBCs has been previ-
ously carried out in chemotherapeutic investigations, 
in order to examine the effects on later invading para-
sites. In one such study, RBCs were pretreated with 
the drugs halofantrine, lumefantrine, piperaquine, 
amodiaquine and mefloquine, which were observed to 
diffuse into and remain within the erythrocyte, inhib-
iting downstream growth of Plasmodium [10]. However, 
it should be noted that the loading of drugs into non-
infected RBCs has not yet been explored in detail as a 
clinically feasible therapeutic strategy against malaria, 
in part because of a number of restrictions that must be 
taken into consideration.

Which are the limitations of erythrocytes as 
drug carriers?
A significant limiting factor for the use of RBCs as anti-
malarial carriers is that when present at therapeutically 

active concentration, the drug has to be innocuous 
for the cell physiology, which might not be an unsur-
mountable obstacle given the reduced metabolic activ-
ity of eryrthrocytes. However, loading of some anti-
malarial drugs like clotrimazole had been observed to 
predispose RBCs to oxidative damage [11], an undesir-
able scenario because oxidized RBCs are rapidly taken 
up by hepatic reticuloendothelial system macrophages. 
Another obstacle for the incorporation of antimalarial 
drugs into RBCs is drug loading itself, since most cur-
rently available protocols use a harsh ex vivo isolation 
of erythrocytes followed by drug loading through dif-
fusion [9]. In a clinical setting, perhaps RBC-targeted 
immunoliposomes can come to rescue, although the 
incapacity of mature erythrocytes to endocyte [12] calls 
for the development of specific targeted drug delivery 
strategies independent from the receptor-mediated 
endocytic pathway. Moreover, the physicochemical 
properties of each particular antimalarial drug will 
constrain the nanovector composition and the corre-
sponding drug delivery mechanism. As an example, 
the optimal approach for delivery of membrane-imper-
meable hydrophilic drugs such as fosmidomycin would 
be immunoliposomal fusion with the RBC membrane, 
which requires the incorporation of special fusogenic 
agents into highly fluid vesicles. Including negatively 
charged phospholipids in the liposome formulation 
has been found to be crucial for the delivery of tre-
halose into RBCs in vitro [13], but nanovector fusion 
can be inhibited by components found in plasma [14], 
and charged vesicles are quickly complexed by serum 
proteins that target them for clearance from circula-
tion [15]. A possible solution consists of incorporating 
stealth agents onto the nanovector surface like poly-
ethylene glycol chains or gangliosides, which neutral-
ize vesicle charge and significantly reduce unspecific 
interaction events, although they can also interfere 
with fusion if excessive amounts are used.

The capacity of amphiphilic antimalarial drugs 
(which comprise the extensive aminoquinoline and 
artemisinin drug derivative families) to easily cross 
lipid bilayers demands a careful design of their target-
ing liposomes. Active loading techniques based on pH 
gradients across liposome membranes [16] are required 
to efficiently encapsulate the fully ionized species of 
amphiphilic drugs, in combination with a saturated 
lipid-enriched bilayer capable of maintaining a proton 
gradient. As a consequence of the reduced fluidity of 
the resulting membrane, fusion events with targeted 
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cells are significantly inhibited; sustained drug deliv-
ery while the liposome is docked onto the RBC is the 
most likely mechanism through which such nanovec-
tors operate. This process would be mediated by a 
depletion of the liposomal proton gradient by means 
of temperature, liposome–cell interaction events [17] 
and lipid transference to plasma components [18], and 
might be highly effective for the delivery of weak 
basic drugs such as those from the aminoquinoline 
family. These compounds, positively charged at neu-
tral pH, will theoretically accumulate inside the cell 
and become entrapped by virtue of the electrochemi-
cal gradient created by the phospholipid asymmetry 
in RBC membranes [19], which maintains a negatively 
charged intracellular membrane lining. Liposomal 
nanovectors are also efficient carriers for hydrophobic 
drugs like lumefantrine and halofantrine, which can 
be delivered to RBCs following a sustained release 
process by an exchange mechanism of hydrophobic 
material between the apposed membranes of liposome 
and erythrocyte [20]. Since the liposomes adsorbed on 
RBC surfaces would probably sufficiently modify cell 
shape to target it for removal through spleen filtra-
tion, a compromise between stable drug contain-
ment and lipid bilayer fusion will have to be reached 
through the adequate liposome formulation, with the 
objective of achieving liposome–RBC merging before 

spleen removal while avoiding rapid drug leaking 
from liposomes.

It is reasonable to predict that the nanovector design 
limitations exposed above can be satisfactorily dealt 
with, and that some of the future antimalarials yet to 
be discovered will be harmless for erythrocytes, thus 
allowing for the loading in these cells of drug amounts 
that are lethal for Plasmodium. If so, the pathogen 
might encounter its enemy at home, right at the very 
moment of entering the host cell, which would have 
devastating effects for the parasite and significantly 
compromise its survival capacity. Such a strategy 
could be likely developed into a prophylactic treatment 
against erythrocyte infection.
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