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Introduction

Artemether-lumefantrine (ART-LMF) is a fixed-dose combination 
of ART (20 mg) and LMF (120 mg). It was originally developed in 
China and is now manufactured in Switzerland by Novartis.[1] The 
rationale behind this combination is that ART initially provides quick 
symptomatic relief by reducing the number of parasites present before 
LMF eliminates any residual parasites.[2] This is thought to minimize 
the development of resistance because the malaria parasites are not 
exposed to ART alone (due to its rapid elimination). ART is highly 
lipophilic, poor water soluble and absorbed within 2 h after oral 
administration. Peak plasma concentration occurs within 1 h of oral 
administration and holds on for 4 h. LMF is also highly lipophilic, 
practically water insoluble and possesses oral antimalarial activity.[3] 

Upon oral administration, LMF absorbs slowly with an uneven peak 
concentration of 6 h. The low and variable bioavailability is the major 
reason contributing to inter-individual inequality in pharmacokinetics. 
ART and LMF belong to BCS Class II (high permeability and low 
solubility).[4]

ART and LMF combination possesses poor bioavailability and low 
solubility; hence, their oral absorption is poor and erratic. The purpose 
of this present study was to investigate and generate the solubility data 
of ART and LMF in different lipid/surfactant mixtures where lipid/
surfactant ratios were permutated to generate the maximum solubility 
data. Ternary phase diagram was used to present the solubility profile 
of the drugs.

Materials and Methods

Materials

ART and LMF were received as gift samples from IPCA, Mumbai and 
Mylan Laboratories, Hyderabad, respectively. Oleic acid, labrasol, 
capmul PG 8, soyabean oil, Transcutol HP, Cremophor EL, Tween 
80, castor oil, and glyceryl monooleate (GMO) were purchased 
from Avarice Laboratory, India, Gattefosse SAS, France, Abitech 
Corporation, USA, Ruchi Soya, Industries, India, Gattefosse SAS, 
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France, Signet Chemicals, India, Sigma-Aldrich, France, Ruchi Soya 
Industries, India, Danisco Cultor, Denmark, respectively.

Methods

Solubility studies

Solubility in different solvents
Solubility of ART and LMF was determined in different solvents 
such as distilled water, ethanol, dimethyl sulfoxide (DMSO), and 
dimethylformamide (DMF). Initial solubility of ART and LMF was 
determined by weighing out 10 mg of each drug. To this, 10 µL of 
solvent was added in 10 mL of volumetric flask. If the compound does 
not dissolve, a further 40 µL of solvent was added. Successive amount 
of the solvent was then added until the compounds were completely 
dissolved. The stock solution was further diluted with distilled water 
to obtain various dilutions.[5] Absorbance was noted at 254 nm and 
234 nm for ART and LMF, respectively, against blank reagent to get 
the calibration curve.

Saturation solubility in oils, surfactants, and co-surfactants
Solubility of ART and LMF in different oils, surfactants, and co-
surfactants was determined by using shake flask method. An excess 
amount of ART and LMF was added individually to 1 g of each vehicle 
taken in a screw capped vials. Mixtures were then shaken for 24 h in 
a water bath shaker and maintained at 25°C ± 2°C. After 24 h, each 
sample was centrifuged at 5000 rpm for 10 min. The supernatant 
(0.5 mL) was diluted suitably and the amount of ART and LMF present 
in the supernatant was analyzed by UV spectroscopy.[6]

Saturation solubility of ART and LMF in milk containing 
media
ART and LMF are directed to be taken with milk. Therefore, to study 
the effect of milk on the solubility of ART and LMF is the major 
parameter to be studied using saturation solubility which further 
helps in calculating the release studies.

Construction of pseudoternary phase diagrams
Self-emulsifying drug delivery system (SEDDS) containing ART and 
LMF was formulated by pseudoternary phase diagram using water 
titration method. Isotropic mixture of oil, surfactant, co-surfactant, 
and drugs was formed. Surfactant was mixed with co-surfactant in the 
ratios of 3:1, 2:1, 1:1, and 1:2 (i.e., smix, w/w) as shown in Table 1. 
For each pseudoternary phase diagram, oil and surfactant/co-surfactant 
mixture (smix) was mixed thoroughly in different ratios from 1:9 to 
9:1 (1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, and 9:1) and weighed in the 
same screw cap vials and were vortexed.[7] ART and LMF (10-60 mg) 
were incorporated into the mixture (oil:smix) and vortexed for some 
time. Each mixture was then titrated with 250 mL of distilled water 
and stirred at room temperature to attain equilibrium. The mixture 
was visually examined for its transparency. Clear and isotropic samples 
were deemed to be within the microemulsion region. Pseudoternary 
phase diagram was constructed using Triplot v.4.1.2 software. Based on 
the results, appropriate percentage of oil, surfactant, and co-surfactant 
was selected, correlated in the phase diagram and were used for the 
preparation of SEDDS containing ART and LMF.

Selection of formulations from phase diagrams
From each phase diagram, different formulations were selected from 
self-emulsion region so that drug could be incorporated into the oil 
phase. For each percentage of oil with minimum concentration of 
smix was selected for the formulation.

Result and Discussion

Solubility studies

Solubility in different solvents
Solubility of ART and LMF was determined in different solvents 
including distilled water, ethanol, DMSO, and DMF. During the study, 

Table 1: Water titration of ART and LMF and excipients with and 
without drug

Smix Composition Transcutol P (%)

Oleic acid (%) Cremophor EL (%)

3:1 10 67.5 22.5

20 60 20

30 52.5 17.5

40 45 15

50 37.5 12.5

60 30 10

70 22.5 7.5

90 7.5 2.5

2:1 10 60 30

20 53.3 26.7

30 46.7 23.3

40 40 20

50 33.3 16.7

60 26.7 13.3

70 20 10

80 13.3 6.7

90 6.7 3.3

1:1 10 45 45

20 40 40

30 35 35

40 30 30

50 25 25

60 20 20

70 15 15

80 10 10

90 5 5

1:2 10 30 60

20 26.7 53.3

30 23.3 46.7

40 20 40

50 16.7 33.3

60 13.3 26.7

70 10 20

80 6.7 13.3

90 3.3 6.7

ART: Artemether, LMF: Lumefantrine
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it was found that these drug molecules possess higher solubility in 
organic solvents and poor solubility in distilled water as shown in 
Tables 2 and 3, such solubility was expected due to lipophilic nature 
of ART and LMF.[5]

Saturation solubility of ART and LMF in various oils, 
surfactants, and co-surfactants

Solubility of ART in oils, surfactants, and co-surfactants
To select the excipients for the lipid-based formulation, the solubility 
of ART was determined in various oils, surfactants, and co-surfactants. 
The solubility of ART reached approximately 40.4 mg/g in olive oil 
and approximately 42.05 mg/g in oleic acid, whereas ART exhibited 
less solubility in castor oil, GMO, and soybean oil as compared to 
olive oil and oleic acid. Therefore, oleic acid was selected as an oil 
phase for further studies because of its high solubilizing capacity as 
showed in Table 4.

Selection of suitable surfactants and co-surfactants is very crucial part 
for self-emulsifying system specially when a fine translucent emulsion 
is required. ART was less soluble in Tween 80 and labrasol, whereas 
higher solubility was observed in Cremophor EL as shown in Table 5. 

Therefore, Cremophor EL was selected because it forms a clear 
solution and exhibited good miscibility with oleic acid. In addition, 
ART depicted solubility in all three co-surfactants (capmul PG 8, 
ethanol, and Transcutol HP) as shown in Table 6. Among all three, 
Transcutol HP was selected because it imparts good suitability for hard 
gelatin and soft gelatin capsules. On the other hand, ethanol, propylene 
glycol might cause brittleness or softening of the gelatin shell.

Solubility of LMF in oils, surfactants, and co-surfactants
The solubility of LMF was determined in various oils, and oleic acid 
was found to possess maximum solubilizing capacity (157 mg/g). As 
the dose of LMF is 120 mg, oleic acid was selected as an oily phase 
for further studies on the basis of its maximum solubility as shown 
in Table 7.

Saturation solubility of LMF was determined in various surfactants 
and co-surfactants. From the solubility studies in surfactants as shown 
in Table 8, it was found that the drug shows the highest solubility in 
Tween 80 (101.63 mg/g) and cremophor EL (44.52 mg/g). However, 
as cremophor EL forms clear solution in water and is compatible with 
oleic acid, it was selected for further studies and from the solubility 
studies in co-surfactants as shown in Table 9, it was found that the drug 
shows the high solubility in Transcutol HP (19.17 mg/g). Among all 
three, Transcutol HP was selected because it imparts good suitability 

Table 2: Solubility of artemether in different solvents

Solvent Observed value (mg/mL) Standard value (mg/mL)

Ethanol 14.5 16

DMSO 8.7 10

DMF 16.2 20

Distilled water 1.8 2

Values represented as mean±SD (n=3). SD: Standard deviation

Table 3: Solubility of lumefantrine in different solvents

Solvent Observed value (mg/mL) Standard value (mg/mL)

Ethanol 2.5 2.8

DMSO 96 100

DMF 95 100

Distilled water 0.04 0.1

Values represented as mean±SD (n=3). SD: Standard deviation, DMSO: Dimethyl sulfoxide,  
DMF: Dimethylformamide

Table 4: Solubility of ART in oils

Oils Solubility (mg/g)*

Castor oil 36.3±0.24

Glyceryl monooleate 29.4±0.19

Olive oil 40.4±0.30

Soybean oil 38.7±0.11

Oleic acid 42.05±0.87

Values represented as mean±SD (n=3). SD: Standard deviation, ART: Artemether

Table 5: Solubility of ART in surfactants

Surfactants Solubility (mg/g)*

Cremophor EL 100±0.11

Labrasol 21±2.1

Tween 80 12±9.4

Values represented as mean±SD (n=3). SD: Standard deviation, ART: Artemether

Table 6: Solubility of ART in co-surfactants

Co‑surfactants (g) Solubility (mg/g)*

Capmul PG8 99.67±3.21

Transcutol HP 101.02±2.16

Ethanol 98.45±5.37

Values represented as mean±SD (n=3). SD: Standard deviation, ART: Artemether

Table 7: Solubility of LMF in oils

Oils (g) Solubility (mg/g)*

Castor oil 6.91±0.24

Glyceryl monooleate 8.02±0.22

Olive oil 10.97±0.28

Soybean oil 59.02±1.12

Oleic acid 157.26±1.48

Values represented as mean±SD (n=3). SD: Standard deviation, LMF: Lumefantrine

Table 8: Solubility of LMF in surfactants

Surfactant (g) Solubility (mg/g)*

Cremophor EL 82.60±0.25

Tween 80 102.02±0.32

Labrasol 11.63±0.45

Values represented as mean±SD (n=3). SD: Standard deviation, LMF: Lumefantrine

Table 9: Solubility of LMF in co-surfactants

Co‑surfactant (g) Solubility (mg/g)*

Capmul PG 8 17.49±0.42

Transcutol P 19.17±0.49

Ethanol 2.92±0.34

Values represented as mean±SD (n=3). SD: Standard deviation, LMF: Lumefantrine
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for hard gelatin and soft gelatin capsules. On the other hand, ethanol, 
propylene glycol might cause brittleness or softening of the gelatin shell.

Saturation solubility of ART and LMF in milk containing 
media
The saturation solubility of ART and LMF in milk containing media at 
gastric and intestinal pH was analyzed. Saturation solubility of ART and 
LMF was found to be significantly influenced by the presence of milk. 
However, in absence of milk ART and LMF showed almost negligible 
solubility in both pH 1.2 and pH 6.8 buffers. As expected ART and 
LMF have a higher solubility at lower pH due to its basic nature.

Construction of pseudoternary phase diagram

To prepare SEDDS, phase diagram was constructed to identify the 
self-emulsifying region and optimization of oil, surfactant, and co-
surfactant.

On the basis of solubility study of drug, oil, surfactants, co-surfactants 
and aqueous phase were used for construction of phase diagram. 
Surfactant and co-surfactant (smix) in each group were mixed in 
different weight ratios (3:1, 2:1, 1:1, and 1:2). The preparation of 
pseudoternary phase diagram of different smix ratios is shown in 
Table 10.

Table 10: Preparation of pseudoternary phase diagram of different smix ratios

Smix Composition Visual observation*

Oleic acid (%) Cremophor EL (%) Transcutol P (%) Without drug With drug

3:1 10 67.5 22.5 Transparent Transparent

20 60 20 Transparent Transparent

30 52.5 17.5 Transparent Transparent

40 45 15 Turbid Turbid

50 37.5 12.5 Turbid Turbid

60 30 10 Turbid Turbid

70 22.5 7.5 Turbid Turbid

90 7.5 2.5 Turbid Turbid

2:1 10 60 30 Transparent Transparent

20 53.3 26.7 Transparent Transparent

30 46.7 23.3 Transparent Transparent

40 40 20 Turbid Turbid

50 33.3 16.7 Turbid Turbid

60 26.7 13.3 Turbid Turbid

70 20 10 Turbid Turbid

80 13.3 6.7 Turbid Turbid

90 6.7 3.3 Turbid Turbid

10 45 45 Transparent Transparent

20 40 40 Transparent Transparent

1:1 30 35 35 Transparent Transparent

40 30 30 Transparent Transparent

50 25 25 Transparent Transparent

60 20 20 Transparent Transparent

70 15 15 Transparent Transparent

80 10 10 Transparent Transparent

90 5 5 Transparent Transparent

10 30 60 Transparent Transparent

1:2 20 26.7 53.3 Transparent Transparent

30 23.3 46.7 Turbid Turbid

40 20 40 Turbid Turbid

50 16.7 33.3 Turbid Turbid

60 13.3 26.7 Turbid Turbid

70 10 20 Turbid Turbid

80 6.7 13.3 Turbid Turbid

90 3.3 6.7 Turbid Turbid

*Water titration was done with and without drug and no drug precipitation was observed during titration
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These smix ratios were chosen in increasing concentration 
of surfactant with respect to co-surfactant and in increasing 
concentration of co-surfactant with respect to surfactant for detail 
study of the phase diagram for formulation of self-emulsion/
microemulsion.

For each phase diagram, oil and specific smix ratios were mixed 
thoroughly in different weight ratios from 1:9 to 9:1 (1:9, 2:8, 3:7, 
4:6, 5:5, 6:4, 7:3, 8:2, and 9:1) in different glass vials. ART and 
LMF (10-60 mg), respectively, were added to oil:smix mixture. 
Pseudoternary phase diagram was developed using aqueous titration 
method. Water titration was done in aqueous phase and visual 
observation is carried out for transparent and easily flowable o/w 
nano/microemulsion as shown in Figures 1-4.

Formulation of SEDDS loaded with ART and LMF

The selected formulations were loaded with ART and LMF and 
were vortexed for some time. The SEDDS formulations were 
prepared and stored for further evaluation as shown in Table 11.

The above formulations were selected for the formulation of SEDDS 
since the formulations that have an elevated oil concentration can only 
dissolve the required dosage of drug.

Conclusion

The solubility of both the drugs ART and LMF was enhanced using 
oleic acid (oil), Cremophor EL (surfactant), and Transcutol HP (co-
surfactant) as excipients. The existence of self-emulsification region 
was determined using pseudoternary phase diagram. From phase 
diagram study, oil (90%), surfactant/co-surfactant ratio, and mix 

Figure 1: Ternary phase diagram showing water titration of smix ratio 3:1

Figure 2: Ternary phase diagram showing water titration of smix ratio 2:1

Figure 3: Ternary phase diagram showing water titration of smix ratio 1:1

Figure 4: Ternary phase diagram showing water titration of smix ratio 1:2

Table 11: Formulation of SEDDS loaded with ART and LMF

Formulation Oil  
(% w/w)

Surfactant  
(% w/w)

Co‑surfactant  
(% w/w)

Drug  
(mg)

F1 80 15 5 140

F2 90 7.5 2.5 140

F3 80 13.7 6.7 140

F4 90 6.7 3.3 140

F5 80 10 10 140

F6 90 5 5 140

F7 80 6.7 13.3 140

F8 90 3.3 6.7 140

ART: Artemether, LMF: Lumefantrine, SEDDS: Self-emulsifying drug delivery system
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(10%) were considered as extreme value for the feasibility of SEDDS 
formulation.
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