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Poor aqueous solubility may decrease the absorption and oral bioavailability of lipophilic drugs. In the current 
study, artemether (ART) and lumefantrine (LMF) o/w self-nano emulsifying drug delivery system (SNEDDS) 
formulations were prepared. Equilibrium solubility studies were conducted and pseudo-ternary phase diagrams 
were constructed to identify excipients with the best solubilizing capacity for ART and LMF. They were subse-
quently used to manufacture and optimize SNEDDS using experimental designs, which were then character-
ized. Solubility and emulsification studies revealed that ART and LMF are highly soluble in oleic acid (OA). 
Cremophor® EL (CEL) and Transcutol® HP (THP) were selected as surfactant and co-surfactant. The addition of 
Capryol™ 90 (C90) increased the region of nano-emulsion formation without evidence of precipitation of ART 
and LMF. Compatibility studies revealed no prominent or significant incompatibilities between the drugs and 
selected excipients. The optimized formulation was stable as dispersions with nano-sized droplets and a loading 
capacity >99 % for both ART and LMF and a release >95% within 15 min for both drugs, reflecting a significant 
increase in the rate and extent of dissolution compared to that of the pure drug.

1. Introduction
Artemether (ART) and lumefantrine (LMF) are recommended 
and used as first-line combination therapy for the prophylaxis, 
treatment, and prevention of uncomplicated P. falciparum malaria 
in South Africa (STG and EML 2020) and by the World Health 
Organization (WHO, 2019a). Malaria continues to have a signif-
icant health impact, with 94% of the 405,000 deaths recorded in 
2018 occurring in Africa (WHO 2019b). ART and LMF exhibit 
poor aqueous solubility of 0.0183 μg/mL (Fule et al. 2013a) and 
9.2 μg/mL (Fule et al. 2013b). The octanol water partition coeffi-
cient of ART is 3.8 (Kasim et al. 2004) and for LMF is 3.52 (Saini 
et al. 2015). ART (Fig. 1a) is a derivative of dihydroartemisinin 
with a β-methyl ether group and a characteristic endoperoxide 
bridge that contributes to the oil-soluble nature and antimalarial 
activity of the compound (Heinrich et al. 2017; Rudrapal and 
Chetia 2016). The structure of LMF (Fig. 1b) contains a fluorene 
comprised of chlorobenzene groups responsible for the lipo-
philicity of the compound (Suleman et al. 2015). The lipophilic 
nature of these active pharmaceutical ingredients (API) means 
they are able to cross cellular membranes readily. However, the 
dissolution and absorption kinetics are the rate-limiting steps, 
necessitating biopharmaceutical modification of the molecules to 
enhance bioavailability (Kotila et al. 2013). In recent years, much 
attention has been focused on using lipid-based formulations to 
improve the oral bioavailability of poorly water-soluble API 
(Bhupinder et al. 2013). Lipid-based formulations include solu-
tions, emulsions, micro-emulsions, nano-emulsions, nanoparticles, 
and self-emulsifying drug delivery systems (SEDDS). Self-nano 
emulsifying drug delivery system (SNEDDS) formulations have 
been shown to improve the aqueous solubility and, consequently, 
the bioavailability of Biopharmaceutics Classification System 
(BCS) Class II (ART) and IV (LMF) compounds when delivered 
using conventional dosage forms, thereby eliminating the need for 
pre-absorptive API solubilization in the gastrointestinal tract (GIT) 

(Kang et al. 2004; Balaji and Kumari 2013). The characteristics 
of this technology render it ideal for the delivery of ART (BCS 
Class  II) and LMF (BCS Class IV) API that exhibit dissolution 
rate-limited absorption (Mishra and Srivastava 2009). Consistent 
temporal profiles with reduced doses and dosing frequency are 
vital when using a combination ART-LMF formulation, particu-
larly when treating patients (Mishra and Srivastava 2009).

Fig. 1: Structures of (a) artemether and (b) lumefantrine

SNEDDS are isotropic mixtures of lipids, surfactants, and/or 
co-surfactants or co-solvents and, uniquely, can form nanoemul-
sions with gentle agitation in an aqueous environment (Salimi et 
al. 2014). The oil component of formulations solubilizes specific 
amounts of lipophilic API and facilitates self-emulsification, 
thereby increasing the solubility and dissolution rate of the API 
in intestinal fluids (Gershanik and Benita 2000; Nielsen et al. 
2007). Sequestering an API in lipid droplets protects the API from 
chemical and enzymatic degradation and influences the formation 
of lipoproteins that promote lymphatic transportation of lipophilic 
compounds (Hauss et al.1998). Furthermore, the lipid content 
influences API absorption through activation of lipid digestion in 
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the gastrointestinal tract (GIT), resulting in increased secretion of 
pancreatic juices and bile (Khoo et al. 2003). The potential advan-
tage(s) of self-emulsifying systems include 100% API entrapment 
capacity and the manufacture of physically stable formulations 
that can be filled into soft or hard capsules as they are anhydrous, 
and that dissolution before absorption is not required (Mishra and 
Srivastava, 2009; Gupta et al. 2013). Sub-micron droplets may be 
formed, leading to an increased surface area for absorption, with 
the potential to increase the rate and extent of absorption. Due to 
the availability of API in the core of the oil, absorption into the 
lymphatic system reduces the hepatic first-pass metabolism of the 
API. Of the lipids used in SEDDS, the long-chain fatty acids are 
converted to triglycerides by re-esterification in the small intestine, 
followed by the incorporation into chylomicrons, which are large 
lipoproteins (Chatterjee et al. 2016). Digestible lipids are more 
efficient absorption enhancers of poorly soluble API than non-di-
gestible lipids or mineral oils such as liquid paraffin. However, 
their use is limited as their ability to dissolve large amounts of 
API is marginal (Nanjwade et al. 2011). Modified or hydrolyzed 
vegetable oils have been widely used since they form good emul-
sifying systems with a diverse range of oral surfactants approved 
for oral use and exhibit better API solubility-enhancing properties 
(Hauss et al. 1998). The length of the fatty acid chain of the lipids 
influences API absorption. However, long and medium-chain 
triglycerides have been successfully used to produce SNEDDS 
(Do Thi et al. 2009; Deckelbaum et al. 1990). Surfactants are 
included in formulations to improve the interaction and affinity 
of lipids with the intestinal membrane and/or the permeability of 
the membrane to the API as they partition into the cell membrane 
and disrupt the organization of the lipid bilayers, leading to perme-
ation enhancement (Swenson et al. 1994). Surfactant behavior 
is rationalized in terms of hydrophilic-lipophilic balance (HLB) 
value, and those with a relatively high HLB value facilitate rapid 
dispersion of lipids resulting in excellent self-emulsifying perfor-
mance that form oil in water (o/w) emulsions in GIT fluids and 
are recommended for this approach to drug delivery (Swenson et 
al. 1994; Wakerly et al. 1986). Non-ionic surfactants are preferred 
due to their safety profile, better emulsion stability across a wide 
pH range, ionic strength and ability to reversibly alter permeation 
across the intestinal mucosa (Swenson et al. 1994). The addition 
of co-surfactants may aid the self-emulsification process by 
decreasing blending stress at the interface of two immiscible fluids 
and permitting sufficient flexibility of the interfacial film to take 
up different curvature orientations required to form nano-emul-
sions (Solans et al. 2005). Moreover, organic solvents added to a 
formulation may act as co-surfactants in nano-emulsion systems, 
facilitating the dissolution of hydrophilic surfactants and/or API in 
the lipids (Patel et al. 2010). Volatile solvents used in conventional 
SNEDDS migrate into the shells of capsules resulting in precipita-
tion of lipophilic API. Consequently, their use is not recommended 
(Constantinides 1995).
Preformulation studies form an essential part of the formulation 
development process by providing insight into the physical and 
chemical characteristics of an API alone and in combination with 
excipients, resulting in a decrease in time and cost during formu-
lation development, as well as increasing the chance of market 
success and adequate therapeutic efficacy over the shelf-life of the 
product (Constantinides 1995; Fathima et al. 2011). These studies 
promote a quality-by-design (QbD) approach where quality is 
built into a product by design, as advocated by the Food and Drug 
Administration (FDA) and the International Council on Harmoni-
zation (ICH) (Wen and Park, 2010; Kumar and Gupta 2015). QbD 
is an essential aspect of risk management, and understanding and 
identifying critical raw material attributes is vital for successfully 
developing optimized dosage forms (Kumar and Gupta 2015; 
Gawade et al. 2013). Specific criteria that should be met during 
excipient selection are outlined in an ICH guideline (ICH 1995), 
which states that all materials must be non-toxic or physiologically 
inert and must be generally regarded as safe (GRAS) materials 
(GI 2005).

These preformulation studies aimed to characterize ART and 
LMF, identify and select the most suitable excipients for solubi-
lization and nano-emulsion formation and to investigate potential 
incompatibilities between LMF, ART and excipients that may 
have significant implications on the stability, in-vivo dissolution, 
bioavailability and organoleptic properties of the SNEDDS. The 
aim was to design a high-quality o/w emulsion that will perform 
consistently in vitro. The information generated will provide a 
scientific basis and understanding to support the establishment of 
a design space and manufacturing controls for producing a high-
quality SNEDDS product.

2. Investigations, results and discussion

2.1. Equilibrium solubility studies
The excipients for this lipid-based formulation were selected using 
solubility data for each API in the different oils, surfactants, co-sur-
factants and co-solvents tested. The solubility results for ART and 
LMF are depicted in Fig. 2. ART and LMF were dissolved in 5 g of 
each solvent system in stoppered vials. Oleic acid and Capryol™ 
90 were selected as the oil components for further studies due to 
their high solubilizing capacity for both LMF and ART and oleic 
acid has been reported to increase membrane permeability (Stella 
et al. 1978). For both ART and LMF, the solubility in Lauro-
glycol™ 90 and Lauroglycol™ FCC was relatively good, although 
clear solutions in water were not formed, and therefore, these 
were rejected for use as potential surfactants. Cremophor® EL was 
selected as the surfactant since it formed a clear solution in water 
and exhibited good miscibility with oleic acid. THP exhibited 
good solubilizing capacity for ART and LMF compared to benzyl 
alcohol, Tween® 80, and PEG 400 however, it formed a transparent 
emulsion and exhibited good miscibility with oleic acid in a 
precise mixture. Tween® 80 exhibited good solubilization capacity 
for the ART and LMF but did not exhibit adequate emulsification, 
as the final composition remained turbid when mixed with water. 
Tween® 80 and Cremophor® EL are fatty acid esters of PEG but 
are vastly different in chemical composition and structure. Cremo-
phor® EL and RH40 surfactants have a higher molecular weight 
than Tween-based surfactants (Patel et al. 2013). Tween® 80 has a 
single fatty acid chain, whereas Cremophor® surfactants have three 
fatty acid chains attached to a PEG-glycerol moiety. The bulkier 
lipophilic component of Cremophor® contributes significantly to 
the better emulsification properties of Cremophor® EL (Patel et al. 
2013). PEG 400 is an excellent co-solvent candidate, however, it is 
hygroscopic and unsuitable for formulations to be encapsulated in 
hard and/or soft gelatin capsules (Kobayashi et al. 2000). Benzyl 
alcohol exhibited a high solubilizing capacity for ART. However, 
it was not selected as a co-solvent due to its volatility as volatile 
co-solvents have been known to migrate into the shell of soft or 
hard gelatin capsules when used in conventional self-emulsifying 
formulations, resulting in the precipitation of lipophilic API 
(Kobayashi et al. 2000).

Fig. 2: Solubility of ART and LMF in 5.0 g of different liquid lipids and surfactants 
at 25 °C, mean ± S.D. (n=3)
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2.2. Pseudo-ternary phase diagrams
An emulsification system is deemed efficient when the resulting 
emulsions are stable over a wide concentration range of each 
emulsion component. Pseudo-ternary phase diagrams for micro and 
nano-emulsions prepared with different concentrations of oil and 
surfactant mixture (S

mix
) are depicted in Fig. 3(a-e). The colored/dark 

area in the pseudo–ternary phase diagrams represent the regions of 
nano-emulsion formation, where the formulations changed from a 
turbid to a clear to bluish appearance based on visual inspection. 
The phase diagrams revealed poor emulsion formation when lipid 
concentrations were high, suggesting that lipid content was the 
limiting factor for emulsion formation. In addition, the time taken 
to form the microemulsion decreased as the S

mix
 concentration was 

increased. It was, therefore, decided to keep the oil content at < 10%. 
The addition of a second oil, viz., Capryol™ 90, to the oleic acid and 
S

mix
 system resulted in a system with a high lipid content without 

compromising the clarity of the emulsion that formed. Furthermore, 
the concentration and ratio of S

mix
 used affected nano-emulsion 

formation. A monophasic zone was evident in each phase diagram 
where a clear, isotropic, micro/nano-emulsion pre-concentrate could 
be achieved for all combinations of variables used, in that region.

Fig. 3: Pseudo-ternary phase diagrams for nano-emulsion formation. The shaded 
areas represent regions where nano-emulsions formed: (a) Oleic acid and 
S

mix
 in a 1:1 ratio, (b) Oleic acid and S

mix
 in a 2:1 ratio, (c) Oleic acid and 

S
mix

 in a 3:1 ratio, (d) Oleic acid and S
mix

 in a 1:2 ratio, and (e) Oleic acid, 
Capryol™ 90, and S

mix
 in a 1:1 ratio

2.3. Solubility in dissolution media
Studies in different dissolution media show that ART and LMF 
are insoluble in solutions of pH 1.2 and exhibit limited solubility 
in a 1 mM phosphate buffer of pH 6.8, where, on close inspection, 
the API floated on the surface of the liquid, confirming the limited 
solubility. ART was more soluble in a solution of pH 1.2 when 
sodium lauryl sulfate was used, but no difference was observed for 
LMF. When Tween® 80 was used, a slight increase in solubility at 
pH 1.2 was observed for ART and LMF, but only ART was more 
soluble at pH 6.8. The highest solubility for LMF was observed 
when 1 % w/w BAC was used for solutions of pH 1.2, and ART 
when 1 % w/w SLS was used at pH 6.8, and these were selected 
as the relevant dissolution media for dissolution studies. The pres-
ence of surfactants facilitates micellar solubilization of the API. 
Since dissolution is a combined effect of solubility and diffusivity, 
the micelle size impacts the dissolution rate of molecules when 
different surfactants are used. The micelles mimic the impact of 
bile acid in vivo, which forms aggregates in the small intestine and 
facilitates diffusion and transport of the free solute into the bulk 
dissolution medium (Fotaki et al. 2013).

2.4. Formulation development using statistical design
ART-LMF-loaded SNEDDS formulations were developed using 
response surface methodology (RSM), specifically with a D-op-

timal design. A D-optimal design was used to determine the 
effect of the amount of oil, surfactant, and co-surfactant used on 
the critical quality attributes (CQA) of the SNEDDS. The droplet 
size (PS), polydispersity index (PDI), Zeta potential (ZP), ART 
and LMF released at 15 minutes, loading capacity (LC), poly-
morphism, shape, and surface morphology were the CQA of the 
SNEDDS, monitored. The complete D-optimal design matrix for 
the responses monitored is summarized in Table 1.

Table 1: Output responses for D-optimal design for SNEDDS formu-
lations

Formulation PS
nm
Y1

PDI

Y2

ZP
mV 
Y3

LC
%

% API 
released at 
15 minutes

ART
Y4

LMF 
Y5

ART
Y6

LMF
Y7

ART-LMF-
SNEDDS 001

59.50 0.148 -39.8 100.8 90.84 85.62 89.01

ART-LMF-
SNEDDS 002

53.35 0.151 -33.6 100.5 95.64 85.63 76.78

ART-LMF-
SNEDDS 003

26.65 0.528 -35.7 104.9 92.10 78.13 81.39

ART-LMF-
SNEDDS 004

8.737 0.157 -17.7 95.75 86.02 84.58 74.29

ART-LMF-
SNEDDS 005

19.48 0.253 -21.8 99.58 99.51 85.05 78.25

ART-LMF-
SNEDDS 006

58.81 0.152 -27.6 100.8 98.78 87.06 60.72

ART-LMF-
SNEDDS 007

13.20 0.205 -25.3 100.5 95.15 75.57 72.22

ART-LMF-
SNEDDS 008

45.41 0.251 -22.5 104.9 90.05 79.55 81.08

ART-LMF-
SNEDDS 009

74.28 0.501 -34.4 96.56 96.07 78.11 78.44

ART-LMF-
SNEDDS 010

48.27 0.419 -28.1 99.65 69.86 73.85 76.64

ART-LMF-
SNEDDS 011

43.64 0.624 -13.5 100.5 98.44 76.60 76.14

ART-LMF-
SNEDDS 012

20.57 0.163 -11.5 100.5 101.9 88.92 78.15

ART-LMF-
SNEDDS 013

59.60 0.212 -20.8 106.8 99.71 81.40 80.35

ART-LMF-
SNEDDS 014

57.43 0.146 -34.9 100.2 96.07 87.10 70.79

ART-LMF-
SNEDDS 015

75.41 0.189 -28.6 99.91 79.04 84.60 75.43

ART-LMF-
SNEDDS 016

31.70 0.474 -34.2 100.5 96.72 87.96 77.93

ART-LMF-
SNEDDS 017

13.34 0.201 -14.8 99.30 83.51 87.60 79.26

ART-LMF-
SNEDDS 018

44.26 0.496 -30.9 98.61 96.72 100.7 79.31

ART-LMF-
SNEDDS 019

12.82 0.138 -13.4 97.92 83.50 88.01 80.24

ART-LMF-
SNEDDS 020

43.97 0.154 -33.6 94.70 100.3 96.51 73.57

ART-LMF-
SNEDDS OPT 

55.57 0.225 26.7 100.8 99.56 95.39 96.79

2.4.1. Model fi tting and statistical analysis
Statistical data analysis was performed by fitting to models using 
Design Expert® Version 8.0.7.1 (Stat-Ease Inc., Minneapolis, 
USA). ANOVA, modeling statistics such as the correlation coef-
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ficient and plots of residuals, summarized in Table 2, were used 
to evaluate the adequacy of the model to fit the data. Polynomial 
equations and response surface contour plots were used to visualize 
the interactive effects of the input variables, used. The D-optimal 
design was selected to minimize the variance associated with esti-
mates of model coefficients (Costa and Lobo 2003). The R2 values 
for PS and PDI (> 0.95) indicated a good correlation between 
the predicted and experimental responses observed, while that of 
ART released at 15 min (0.27) was considered inappropriate and 
could not be used to validate the model fit for ART release. The R2 
values observed for ZP, LC for ART and LMF, and LMF released 
at 15 min were not in reasonable agreement with the respective 
adjusted R2 values, indicating a possible problem with the model 
due to a significant block effect or a problem with the model data 
(Varshosaz et al. 2010) due to many predictors relative to the 
amount of data available. All adequate precision values generated 
for the observed responses were > 4, indicating the applicability 
of the models for navigation of the design space. Model adequacy 
was further justified and confirmed by ANOVA analysis, and the 
sequential model sum of squares was used to select the best-fit 
model based on the highest-order polynomial for which the addi-
tional terms were significant, and the model was not aliased.

Table 2: Correlation coefficients and standard deviations for response 
models

Response factor Response surface model

SD R2 Ad-
justed 

R2

Pre-
dicted 

R2

Ade-
quate 

precision

C.V
%

PS = Y
1

6.37 0.9708 0.9077 -79.76 12.235 15.73

PDI = Y
2

0.19 0.9562 0.8611 0.8383 8.450 8.93

ZP = Y
3

5.86 0.6156 0.5435 0.4307 8.680 22.44

Loading capacity 
ART = Y

4

5.48 0.7013 0.5634 0.3714 8.176 5.93

Loading capacity 
LMF = Y

5

2.42 0.7823 0.3106 -18.55 5.921 2.42

Release of ART 
at 15 minutes = Y

6

6.23 0.2662 0.1287 -0.0761 5.077 7.36

Release of LMF 
at 15 minutes = Y

7

5.17 0.7174 0.1050 -410.5 3.939 6.71

2.4.2. Analysis of variance (ANOVA)
The significance of response surface models was investigated 
using ANOVA. The model F-value and a Prob > F value was used 
to determine the importance of the model at a 0.05 level of confi-
dence. The analysis revealed that the models and the first-order 
main effects had a significant impact on PS, PDI, ZP and LC of 
LMF (p-value <0.05). Furthermore, the ANOVA data, in conjunc-
tion with the polynomial equations, revealed that the combined 
effect of OA content and all the other input variables had a signif-
icant impact on these responses. The models for LC of ART and 
release of ART and LMF from the SNEDDS were insignificant, 
and none of the input variables had a significant effect on these 
responses.

2.4.2.1. Droplet size (PS)
The rate and extent of API release and absorption rely primarily on 
the globule size of the emulsion for a SNEDDS formulation (Nasr 
et al. 2016). The release and absorption of API from oily dispersions 
in vivo is thought to occur after lipid digestion and micellization or 
via the direct transfer of oil droplets into the intestinal epithelium. 
The efficiency of both processes is thought to be proportional to 
the total surface area of the oil droplets consequently, globule size 
is a critical parameter for monitoring the delivery performance of 
SNEDDS for an API (Hauss 2007). PS is a vital characteristic to 
monitor and establish whether a lipid nano-dispersion that meets 

predetermined CQA would permeate through the intestinal mucosa 
readily, is produced. The SNEDDS formulation developed in these 
studies exhibited a PS ranging between 8.74 nm and 74.28 nm. It 
has been reported that the smaller the droplet size, the larger the 
interfacial surface area, suggesting rapid absorption and improved 
bioavailability (Nasr et al. 2016). The two-component mixture 
illustrating the interactive effect of OA and  Cremophor® EL content 
used with fixed amounts of Capryol™ 90 and Transcutol® HP 
(Figure 4) revealed an increase in PS with an increase in OA content 
and a decrease in Cremophor® EL content. ANOVA data indicated 
that the interactive effect of OA, Capryol™ 90 and Cremophor® EL 
content (Fig. 5a) and that of OA, Capryol™ 90, and THP (Fig. 5b) 
had a significant impact on the droplet size of the dispersions.

Fig. 4: Two-component mixture plot depicting the impact of different OA and Cre-
mophor® EL content on dispersed droplet size in the emulsion.

Fig. 5: Contour plot depicting the impact of a) Oleic acid, Capryol™ 90, and Cre-
mophor® EL content and b) Oleic acid, Capryol™ 90, and Transcutol® HP on 
dispersed droplet size in the emulsion.

The PS increased with increased oleic acid content when the 
Capryol™ 90 content was kept constant. The PS of the droplets 
was increased with a decrease in Cremophor® EL and Transcutol® 
HP content. The smallest droplet sizes would be obtained from 
formulations containing the minimum amount of oleic acid and the 
maximum amount of the surfactants, Capryol™ 90 and Transcutol® 
HP. The impact of oil content on the PS can be attributed to the fact 
that when the amount of oil in the formulation is decreased, the 
S

mix
 content is higher and the inverse relationship between PS and 

surfactant content can be attributed to more surfactant molecules 
being available for adsorption and forming a more closely packed 
surfactant film at the oil-water interface, resulting in better emul-
sion stabilization (Nasr et al. 2016). Furthermore, increased water 
penetration of the oil droplets can disrupt the oil-water interface 
and decrease droplet size (Yeom et al. 2015). Therefore, the target 
mean particle size can be produced by manipulating the combined 
effect of surfactants used in the formulation to manufacture the 
particles. The contour plots revealed that different amounts of 
Capryol™ 90 did not significantly impact PS.
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2.4.2.2. Polydispersity Index (PDI)
A monolayer of surfactant stabilizes oil droplets in water, or 
co-surfactant molecules coalesce around these droplets (Esmaeili 
et al. 2014), which provides a strong mechanical barrier that 
protects dispersed oil globules from aggregation and imparts 
stability on dispersions (Nepal et al. 2010). The stability of an 
emulsion can be evaluated by measuring the size distribution (PDI) 
of the droplets dispersed in a continuous phase. A stable, well-for-
mulated SNEDDS product will exist as a nano-dispersion with a 
narrow particle size distribution characterized by a low value for 
the PDI (Krstić et al. 2015). The PDI values for the formulations 
fell between 0.138 and 0.624 and were found to be influenced by 
the combined effects of oleic acid, Capryol™ 90, and Cremophor® 

EL according to ANOVA data. It is evident from the contour plot 
depicted in Figure 6 that oleic acid content did not appear to have 
a significant effect on the PDI. However, the Capryol™ 90 oil and 
surfactant content had the greatest effect on PDI, as depicted by the 
shift in PDI from > 0.8 to < 0.2 with an increase in the Capryol™ 
90 content from 0 % v/v to 15 % v/v.

Fig. 6: Contour plot depicting the impact of Capryol™ 90, Cremophor® EL and ole-
ic acid content on the PDI.

The impact of Cremophor® EL content on PDI reveals that when 
the Cremophor® EL content was < 25 % v/v or > 45 % v/v, the 
PDI was < 0.2, suggesting a stable formulation had been formed. 
However, a Cremophor® EL content between 25 % v/v and < 45 % 
v/v did not significantly impact the PDI. This observation confirms 
the need to optimize the Cremophor® EL content of the formula-
tion to ensure that oil globules do not aggregate.

2.4.2.3. Zeta Potential (ZP)
The Zetapotential (ZP) is a measure of the magnitude of the electro-
static charges of repulsion or attraction between dispersed droplets 
and can be correlated to the stability of the lipid nano-dispersions. 
ZP measurements were undertaken to elucidate the stability of the 
lipid nano-emulsion and identify the surface charge of dispersed 
particles (Pande and Sagar 2014), which ranged between -39.8 mV 
and -11.5 mV. Contour plots depicting the impact of oleic acid, 
Capryol™ 90, Cremophor® EL, and Transcutol® HP content on 
the ZP (Fig. 7) revealed that the most stable formulations, with 
a more negative ZP, were produced with high levels of oleic 
acid. Conversely, increasing the Cremophor® EL and Transcutol® 
HP content increased the ZP slightly, suggesting that less stable 
formulations would be produced.
Cremophor® EL is a non-ionic surfactant and consequently does 
not ionize or generate a surface charge but stabilizes dispersions 
by steric repulsion (Schubert and Müller-Goymann 2005; Smith 
et al. 2010). A more pronounced increase in ZP was observed with 
decreased Capryol™ 90 content. The negative surface charge in 

the formulation was due to the presence of esters and fatty acids in 
oleic acid and Capryol™ 90 (Pande and Sagar 2014). The negative 
surface charge reduces the potential for droplet aggregation and 
coalescence and minimizes the formation of large droplets, which 
would otherwise promote emulsion instability (Pertkiewicz et al. 
2009).
The impact of LMF content on ZP was also investigated. SNEDDS 
formulations without LMF exhibited a more negative ZP of up to 
-42.6 mV compared to LMF-loaded SNEDDS that had a ZP of 
-20.8 mV, suggesting that LMF, a weakly basic API, forms an ionic 
complex between the tertiary amine functional group of LMF and 
oleic acid that imparts a positive charge on the dispersed droplets 
reflected by a change in the ZP. The formation of an ionic complex 
is also a contributing factor for the greater solubility of LMF in 
oleic acid or any lipid materials containing oleic acid, such as rice 
germ oil, for example (Patel et al. 2013).

2.4.2.4. Loading Capacity (LC) for ART and LMF
Following model reduction, two-component mixture plots were used 
to depict the binary effect of oleic acid and Capryol™ 90 content and 
Cremophor® EL and Capryol™ 90 content on LMF loading (Fig. 8). 
The model reduction did not affect the model relating to the LC of 
ART. A contour plot depicting this interactive effect (Fig. 9) revealed 
maximum ART loading when intermediate quantities of oleic acid, 
Capryol™ 90, and Transcutol® HP were used.

Fig. 8: Two-component mixture plots depicting the impact of different, a) oleic acid 
and Capryol™ 90 content and b) Capryol™ 90 and Cremophor® EL content 
on the loading capacity of LMF.

It was evident from the plots that the greatest LMF loading was 
observed in formulations with high oleic acid and Cremophor® EL 
content and a minimum amount of Capryol™ 90. The solubility 
of LMF primarily limits the LC for LMF in the excipients used in 
the formulation and the formation of an ionic complex enhances 
LMF solubility in oleic acid (Patel et al. 2013). The oil forms a 
distinct core in the interior of the surfactant aggregate, resulting 
in an enhanced solubilizing capacity of the oil for LMF and an 
improved loading capability of the emulsion for the API (Kommuru 
et al. 2001; Tripathi et al. 2016). Furthermore, surfactants such as 
Cremophor® EL are amphiphilic and can solubilize more hydro-
phobic API (Sapra et al. 2012). The non-ionic surfactant, Cremo-
phor® EL, solubilizes the hydrophobic LMF and the LC increases 
when increasing amounts of Cremophor® EL are used (Gelderblom 
et al. 2001). Increasing amounts of Capryol™ 90 increased the LC 
of ART, which correlates with the results observed from solubility 
studies, that showed the best solubility for ART in C90.

Fig. 7: Contour plot depicting the impact of a) oleic acid, Capryol™ 90, and Cremo-
phor® EL content and b) oleic acid, Cremophor® EL, and Transcutol® HP on 
Zeta potential.
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2.4.2.5. In-vitro release of ART and LMF
The impact of formulation composition on the in-vitro release of 
ART and LMF is depicted in Fig. 10.

Fig. 10: Contour plot depicting the impact of, a) oleic acid, Cremophor® EL and 
Transcutol® HP content on ART release and b) oleic acid, Cremophor® EL 
and Transcutol® HP content on the release of LMF.

The pattern of enhanced API release from the SNEDDS by carrying 
entrapped API in fine emulsion droplets to the absorption site is 
advantageous and may increase the bioavailability of LMF and ART 
(Nielsen et al. 2008). API release from SNEDDS formulation occurs 
by a simple diffusion process where only the interfacial barrier 
is the rate-limiting step for dissolution, albeit to a minor extent 
(Bernkop-Schnürch and Jalil 2018). The emulsification process for 
the SNEDDS is rapid, and the size of the droplets formed permits 
incorporated API to reach the surface of the droplets rapidly with 
subsequent release. The equilibrium between SNEDDS content 
and the dissolution medium occurs rapidly and is explained by the 
initial rapid release of API in 5 minutes (Bernkop-Schnürch and Jalil 
2018). The emulsification process of the SNEDDS is influenced by 
the presence of a surfactant in the formulation, and the co-surfactant 
used exhibited the most significant impact on ART and LMF release. 
The impact of an increase in Transcutol® HP content increased the 
release of ART, as depicted in Fig. 10. The release of ART increased 
from < 82 % to > 88% with an increase in Transcutol® HP content 
from 30 % to 62.5 %, while the release of LMF increased slightly 
from < 70 % to > 80 % with an increase in Cremophor® EL content 
(Figure 10). The surfactant ensures rapid emulsification, thereby 
increasing the availability of API in nano-sized oil droplets, resulting 
in increased API release from the SNEDDS.

2.5. Formulation optimization
The optimized SNEDDS formulation, with the most significant 
desirability, was comprised of 20.38 % v/v oleic acid, 12.78 % v/v 
Capryol™ 90, 16.84 % v/v Cremophor® EL and 50.00 % v/v Trans-

cutol® HP, was predicted using the numerical optimization function 
of Design Expert® software and subsequently manufactured. The 
formulation was characterized by experimental results compared 
to those predicted by the software, and the prediction error was 
calculated (Table 3). The low prediction error suggests the model is 
suitable for accurately predicting experimental responses. The good 
predictive capability can be used to accurately describe the system 
without knowing the physical or chemical background of that 
system, in addition to generating a vast amount of data from a small 
number of experiments (Bezerra et al. 2008; Baş and Boyaci 2007).

Table 3: Predicted and experimental responses (mean ± S.D.) for the 
optimized formulation

Response Predicted Experimental 
(n=3)

Prediction 
error

%

 Particle size (nm) = Y1 49.56 55.72 ± 0.936 - 11.1

Polydispersity index = Y2 0.2144 0.225 ± 0.002 4.71

Zeta potential (mV) = Y3 -27.16 -26.7 ± 5.5 1.69

Loading capacity ART (%) 
= Y4

106.9 100.8 5.70

Loading capacity LMF (%) 
= Y5 

101.5 99.56 1.91

ART released (%) at 
15 minutes = Y6 

85.96 95.39 ± 0.65 - 9.88

LMF released (%) at 
15 minutes = Y7 

83.79 96.79 ± 0.45 - 13.43

The ZP determined in HPLC grade water on the day of manufac-
ture of the optimized SNEDDS was -26.7 mV. An unimodal distri-
bution for ZP was observed following analysis (Fig. 11). The mean 
PDI of 0.225 ± 0.024 indicated droplet size uniformity, suggesting 
a near mono-dispersion with a uniform droplet size distribution of 
< 0.3 had been formed (Subramanian and Siddalingam 2017). The 
PS distribution of the droplets with a small micellar population of 
10 nm is depicted in Fig. 12.

Fig. 11: ZP distribution plot for optimized ART-LMF SNEDDS.

Fig. 12: PS distribution plot for optimized ART-LMF-SNEDDS.

The negative ZP of the optimized SNEDDS of -26.7 mV suggests 
that a stable emulsion had formed and may be attributed to the pres-
ence of a non-ionic surfactant, which does not generate a surface 
charge but stabilizes the dispersions through steric repulsion, with 
the magnitude of repulsion being a consequence of the thickness of 

Fig. 9: Contour plot depicting the impact of oleic acid, Capryol™ 90, and Transcutol® 
HP content on the loading capacity of ART.
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the amorphous form of molecular dispersion of the binary mixture 
for which pXRD and Raman spectroscopy were used to confirm the 
extent of crystallinity. Characteristic API frequency bands (circled 
in green) were present in the FT-IR spectrum of the optimized 
SNEDDS, indicating that the API existed in an amorphous form or 
as a molecular dispersion with no potential detrimental chemical 
interactions between the API and the excipients tested.

2.6.2. DSC
The DSC thermogram of LMF (Fig. 15) revealed a single endo-
thermic peak at a temperature of 133.36 °C with an enthalpy 
= 64.66  J/g, associated with the melting point of the compound 
(Agbo et al. 2016; Garg et al. 2017). The DSC thermogram (Fig. 15) 
of β-ART revealed a sharp melting endotherm at 90.81 °C with 
an enthalpy = 50.30 J/g is associated with melting and crystalline 
transformation (Fule et al. 2013b), and an exothermic peak at a 
temperature 176.31 °C with an enthalpy = 528.42 J/g, associated 
with the polymorphic forms A and B of ART, respectively (Gao et al. 
2013). The characteristic API endotherms were present in the binary 
API-excipient mixtures tested albeit with a reduced enthalpy and 
slight shift, suggesting compatibility of the API and excipients. The 
reduced enthalpy may have been due to significant solubilization 
of ART by the lipids and surfactants. However, the thermogram of 
the SNEDDS did not reveal any of the melting endotherms for ART 
and LMF, suggesting that both compounds were in an amorphous, a 
higher energy state that results in a greater rate of dissolution (Nasr 
et al. 2016) or molecular dispersion in the lipids. The lack of crystal-
linity of ART and LMF in the SNEDDS was confirmed by pXRD.

Fig. 15: DSC thermograms for ART, LMF, and the optimized ART-LMF loaded 
SNEDDS.

2.6.3. pXRD
The pXRD diffraction patterns (Fig. 16) of ART depicted revealed 
sharp peaks at 2θ = 11.583°, 11.813°, 18.001°, 19.584°, 26.914°, 
31.768° and 36.277° that correspond to the diffraction pattern 
of the stable, higher melting point β-polymorphic form of ART 
(Stella et al. 1978; Prabhu et al. 2016), while significant peaks were 
observed at 2θ = 11.381°, 15.248°, 18.346°, 20.428°, 23.383°, 
25.753° and 31.816° for LMF (Prabhu et al. 2016).

the adsorbed layer of surfactant (Makoni et al. 2019). The optimized 
SNEDDS exhibited a lower ZP of -35.2 mV than the API-loaded 
formulation, as observed before, due to the formation of the complex 
between LMF and OA (Patel et al. 2013). The optimized SNEDDS 
formulation had a mean PS of 55.72 ± 0.936 nm. The impact of a 
high surfactant content resulted in emulsion droplets < 100 nm in 
size due to the stabilization of the oil droplets because of the local-
ization of surfactant molecules at the o/w interface (Kommuru et 
al. 2001). A high LC of 100.8 % and 99.56 % for ART and LMF, 
respectively, was expected for the hydrophobic API. This high LC 
indicates that the excipients used were suitable for solubilizing the 
required dose of ART and LMF during manufacture.
The in-vitro release profiles for ART and LMF from the optimized 
SNEDDS formulation, depicted in Fig. 13, revealed that > 90 % of 
ART and LMF was released within the first 5 minutes and > 98 % 
within 3 hours. This may be due to the release of the free form 
of each API initially followed by a slow continuous release of 
entrapped API that culminates with > 80 % released after 3 hours 
(Nielsen et al. 2008). It is evident from the in-vitro release data 
depicted in Fig. 13 that the formation of SNEDDS enhanced the 
dissolution rate and extent of pure ART and LMF. This may be 
attributed to spontaneous emulsification during dissolution testing, 
allowing the formulation to exist in a dissolved state, resulting in 
rapid dissolution and possibly greater absorption and bioavail-
ability (Nasr et al. 2016). Furthermore, the extent of ART and 
LMF release from the optimized batch of SNEDDS was greater 
than that observed during formulation development, indicating the 
usefulness of using experimental design in formulation optimiza-
tion studies when targeting predefined product CQA.

Fig. 13: In-vitro release profiles (n=3) for ART and LMF from optimized SNEDDS, 
mean ± S.D.

2.6. Characterization of ART, LMF interactions with 
potential excipients used in SNEDDS

2.6.1. FT-IR
The FT-IR spectra, depicted in Fig. 14, revealed characteristic 
peaks for ART and LMF. The FT-IR spectra for ART (circled in red) 
reflecting frequency bands that include CH stretching vibrations at 
wavenumbers of 2937, 2914, and 2874cm-1 and CH stretching of 
the methyl group at 2845 cm-1, carbon-oxygen bending vibrations 
of the endo-peroxide functional group (Figure 14) at wavenumbers 
of 1121, 1023, 1277 and 1137 cm-1. These data are in agreement 
with previously reported data (Fule et al. 2013a; Ansari et al. 2014). 
Characteristic LMF peaks (circled in red) indicating OH stretching 
at 3391 cm-1, aliphatic and aromatic stretching at 2291 cm-1, CH 
bending at 1442 cm-1, 1083 cm-1, amine bond vibration and chlo-
rine at 695.87 cm-1 were also observed and these data agree with 
previously reported data (Nnamani et al. 2016).
The FTIR spectra of the API in a 1:1 mixture with selected excipi-
ents viz. oleic acid, Cremophor® EL, Capryol™ 90 and Transcutol® 
HP (provided as supplementary data) revealed the presence of 
the characteristic peaks for LMF and ART in the binary mixtures, 
albeit with lower intensities than those in the spectrum of ART. The 
reduction in intensity may result from decreased crystallinity due to 

Fig. 14: FT-IR spectra of ART, LMF, and the optimized ART-LMF loaded SNEDDS.
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Fig. 16: pXRD diffraction patterns for ART, LMF and the optimized ART-LMF load-
ed SNEDDS.

The characteristic ART and LMF peaks were less intense in the 
diffraction patterns of the binary API-excipient mixtures due to 
the dilution of the API following solubilization in the excipients. 
The diffractogram of the optimized SNEDDS showed a significant 
decrease in the crystallinity of ART and LMF. The results corrob-
orate those obtained for FT-IR and DSC, which suggest the API 
exists in an amorphous form and was solubilized in the lipid used.

2.6.4. Kinetic modelling and mechanism of ART and LMF 
release
The kinetics and mechanism of ART and LMF release from SNEDDS 
were investigated using in vitro release data for all experimental 
formulations (n=20) and the optimized formulation, viz., batch 
ART-LMF-OPT. The dissolution data were fitted to five mathemat-
ical models, and the R2 value was used as a goodness of fit criterion, 
which established that ART and LMF release from the experimental 
formulations was best described by the Higuchi, Hixson-Crowell, 
and Korsmeyer-Peppas models. This indicated that the release of the 
API was primarily a diffusion-controlled process after solubilization 
in the oil droplets. Modelling of the release from the optimized 
batch of SNEDDS showed that ART and LMF release followed the 
Hixson-Crowell and Korsemeyer-Peppas models, respectively.

2.6.5. Transmission electron microscopy (TEM)
The particle size and shape of the optimized SNEDDS formulation 
were visualized using TEM following dilution with water and 
storage for 24 hours, and the micrographs are depicted in Fig. 17. 
The diluted nano-emulsion oil droplets are spherical in shape and 
exhibit no sign of coalescence. The micrographs also reveal that 
a stable nano-emulsion had been formed, as no API precipitation 
was observed 24 hours after dilution. Furthermore, the globule size 
observed using the TEM was between 80 - 100 nm and is similar to 
that determined using the Zetasizer.

Fig. 17: TEM micrographs of diluted ART-LMF loaded SNEDDS.

2.7. Accelerated stability, robust to dilution and 
self-emulsifi cation assessment studies
Accelerated physical stability studies on nano-emulsion pre-con-
centrates are important and differentiate nano-emulsions from 
emulsions that exhibit kinetic stability but will eventually phase 
separate (Lawrence and Rees 2000; Patel et al. 2013). SNEDDS 
form nano-emulsions following in-situ solubilization and should 
exhibit stability with no sign of precipitation, creaming and/
or cracking. It has been observed that the API payload precipi-
tates from nano-emulsions following prolonged storage due to 
crystal seeding that facilitates growth to form large crystalline 
structures that precipitate  (Kobayashi, 2000). The formulations 
were subjected to centrifugation, heating-cooling and freeze-thaw 
cycling stress testing to evaluate the thermodynamic stability of 
the nano-emulsions and these results are summarized in Table 4.

Table 4: Accelerated physical stability and self-emulsification assessment results of SNEDDS formulations

Run ET(s) Grade PS/AP Dilution

100% H2O pH 1.2 pH 6.8 HTC FTC Result

1-10 1-100 1-10 1-100 1-10 1-100

1 63 C √ PS √ PS √ PS √ √ √

2 65 C √ PS √ PS √ PS √ √ √

3 10 A √ √ √ √ √ √ √ √ √ passed

4 25 A AP √ √ √ √ √ √ AP AP

5 10 A √ √ √ √ √ √ √ √ √ passed

6 59 C √ PS √ PS √ PS √ √ √

7 18 A AP √ √ √ √ √ √ AP AP

8 13 B √ foam √ foam √ foam √ √ √

9 49 B √ PS PS PS PS PS PS √ √

10 5 A √ foam √ foam √ foam √ √ √

11 6 A AP √ √ √ √ √ √ AP AP

12 3 A √ √ √ √ √ √ √ √ √ passed

13 11 B √ √ √ √ √ √ √ √ √ passed

14 9 B √ foam √ foam √ foam √ √ √

15 16 B √ PS √ PS √ PS √ √ √

16 23 A √ √ √ √ √ √ √ √ √ passed

17 12 A AP √ √ √ √ √ √ AP AP

18 14 A √ √ √ √ √ √ √ √ √ passed

19 9 A AP √ √ √ √ √ √ AP AP

20 7 B √ PS √ PS √ PS √ √ √

ET= emulsification time, RTD= robust to dilution, FTC=freeze-thaw cycle, HTC=heat-cooling cycle, √ = no AP = API precipitation or PS = phase separation observed.
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The pathway for an orally delivered SNEDDS involves extreme 
dilution in the GIT fluids to form o/w nano-emulsions (Senapati 
et al. 2016). The ability of a SNEDDS formulation to be diluted 
without phase separation and/or API precipitation is essential 
for successfully applying this technology to enhance therapeutic 
outcomes. Following dilution of all SNEDDS formulations, the 
resulting nano-emulsions were evaluated for their robustness to 
dilution. Only batch ART-LMF-SNEDDS 009 failed the robustness 
to dilution test at the 1:100 dilution ratio. This is possibly due to 
the high amount of OA of 45% w/w in the formulation and the low 
surfactant concentration to emulsify and retain stability (Subrama-
nian and Siddalingam 2017). Batches ART-LMF-SNEDDS 001, 
002, 006, 008, 009, 010, 014, 015 and 020 failed the 1:10 dilution 
test. These formulations had a relatively large volume of OA of 
> 30% v/v and a low amount of surfactant to stabilize the emul-
sion (Rowe et al. 2009). The ability of a formulation to form a 
clear dispersion following emulsification and the time taken for 
this to occur is summarized in Table 4. The rate of emulsification 
is an important parameter for the assessment of the efficiency of 
spontaneous emulsification without the aid of any external thermal 
or mechanical energy source. The formulation should disperse 
rapidly and completely when diluted with aqueous media under 
the peristaltic activity of the GIT (Kobayashi et al. 2000). It has 
been reported that self-emulsification involves the erosion of a 
fine cloud of small droplets from the monolayer formed around 
emulsion droplets, rather than a progressive reduction in droplet 
size (Parmar et al. 2011). The ease of emulsification is related 
to the ease of water penetration into the colloidal or gel phases 
formed at the surface of dispersed droplets (Parmar et al. 2011). 
When the Transcutol® HP content was increased, emulsification 
time decreased, and erratic emulsification times were observed 
with changes in Capryol™ 90 content. This may be due to the 
high viscosity imparted by Cremophor® EL to the formulation, 
which overshadows the impact of low-viscosity Capryol™ 90 and 
increases the surface free energy in the system thereby increasing 
emulsification time with increased surfactant content.

3. Experimental

3.1. Materials
ART and LMF were purchased from SkyRun® (Taizhou, China). Lauroglycol™ 
90 (propylene glycol monolaurate type II), Lauroglycol™ FCC (propylene glycol 
monolaurate type I), Labrafac™ PG (propylene glycol dicaprylocaprate), Labrafil® 
M1944CS (oleoyl macrogol-6 glycerides), Transcutol® HP (diethylene glycol mono-
ethyl ether) and Capryol™ 90 (propylene glycol monocaprylate type II) were donated 
by Gattefossé SAS (Saint-Priest Cedex, France). Cremophor® EL (polyoxyl 35 castor 
oil) was purchased from Sigma Aldrich (Johannesburg, Gauteng, South Africa). 
Grapeseed oil, propylene glycol, Tween® 80 (polysorbate 80), benzyl alcohol, sesame 
oil, PEG 400, and oleic acid were purchased from Unilab (Manda-luyong, Philip-
pines). Olive oil was purchased from Escentia Products (Gauteng, South Africa).

3.2. Screening and selection of excipients
Adequate aqueous solubility is important for bioavailability, particularly for API 
developed for oral administration. The selection of excipients for SNEDDS formula-
tions depends on the ability of excipients to solubilize an API and the self-emulsifying 
capability of lipids and surfactant, used. The solubility of an API is experimentally 
determined by thermodynamic and kinetic solubility methods (Miao et al. 2016). 
Several excipients, including lipids, surfactants, co-surfactants and co-solvents, were 
screened to determine the solubility of ART and LMF for SNEDDS development. 
Labrafac™ PG, Labrafil® M1944CS, Capryol™ 90 (C90), grapeseed oil, sesame oil, 
oleic acid (OA) and olive oil were the lipids tested. Lauroglycol™ 90, Lauroglycol™ 
FCC, Tween® 80, Transcutol® HP (THP), Cremophor® EL (CEL) were the surfac-
tants evaluated and benzyl alcohol, PEG 400 and propylene glycol were screened as 
co-solvents.

3.2.1. Equilibrium solubility studies
The most reliable and widely used method for solubility measurement is the shake-
flask method proposed by Higuchi and Connors (Ansari et al. 2014). It is a thermo-
dynamic approach that involves sample preparation, equilibration, phase separation 
and analysis (Higuchi and Connors 1965). Approximately 1.0 g of Lauroglycol™ 90, 
Lauroglycol™ FCC, Labrafac™ PG, Labrafil® M1944CS, Transcutol®  HP, 
Capryol™ 90, Cremophor® EL, grapeseed oil, propylene glycol, Tween® 80, benzyl 
alcohol, sesame oil, PEG 400, olive oil and oleic acid was added to a different 
screw cap vial containing an excess amount of either ART or LMF. Each vial was 
vortexed for 2 min to produce homogenous mixtures. All mixtures were incubated in 
a rotating water bath using a digital magnetic hotplate stirrer (Lasec®, South Africa) at 

1000 rpm, maintained at 25 ± 0.5 °C, to mimic almost natural physicochemical condi-
tions of surface systems for 24 h. The suspensions formed were allowed to equilibrate 
for 24 h and then centrifuged at 5000 rpm for 5 min using an IEC Model HN-SII 
centrifuge (Damon, Need-ham HTS, MA, USA). The supernatant was filtered through 
a 0.45 μm Millipore® Millex-HV Hydrophilic PVDF filter membrane (Bedford, MA, 
USA) and diluted with acetonitrile prior to analysis using a validated HPLC method 
(Mudyahoto 2018).

3.2.2. Pseudo-ternary phase diagrams
The relationship between the phase behaviour of a mixture and composition can be 
visualized with phase diagrams. Pseudo-ternary phase diagrams or complex plots, 
depicted as equilateral triangles, are used to study the phase behaviour of micro-emul-
sions consisting of oil, water, and surfactants or binary mixtures of surfactant and 
co-surfactant (S

mix
) (Pouton 1997). The composition variables can be further studied 

as a function of temperature and/or pressure. The majority of micro-emulsions are 
studied at an ambient temperature of 25 °C with the exception of those manufactured 
using supercritical solvents or liquefied chlorofluorocarbon or hydrofluoroalkane 
propellants (Gale et al. 1987; Ji et al. 1999; Patel 2003). The construction of phase 
diagrams is time-consuming, particularly as the composition approaches the phase 
boundary and the system attempts to reach equilibrium (Patel et al. 2010). Heat and 
sonication are often used to speed up the process, particularly with systems containing 
non-ionic surfactants. Care must be taken to control the temperature precisely and 
accurately and ensure that observations are not taken for metastable systems (Patel 
et al. 2010). Micro-emulsions stabilized with non-ionic surfactants are susceptible 
to temperature changes as the solubility of the surfactant decreases with an increase 
in temperature, thereby creating instability in the system (Patel et al. 2010; Rangel-
Yagui et al. 2005).
The oils, surfactants, and co-surfactants selected following solubility studies were 
used to construct pseudo-ternary phase diagrams using the water titration method. 
The pseudo-ternary phase diagrams were prepared to identify surfactant/co-surfactant 
mixture (S

mix
) ratios, where the maximum nano-emulsion regions formed. Different 

S
mix

 ratios were prepared using different proportions of surfactant and co-surfactant 
to fulfill the HLB value requirement of 12–16, at which nano-emulsion formation is 
favoured.
SNEDDS were prepared based on the pseudo-ternary phase diagrams developed 
using the water titration method. Isotropic mixtures of oil(s) and S

mix
 were selected for 

evaluation in the 1:9 to 9:1 range to delineate the boundaries between the micro and 
nano-emulsion regions. Homogenous mixtures of oil and S

mix
 were titrated by adding 

0.1 mL of water and the result of each step observed visually. The amount of water 
at which the transparency-to-turbidity transition occurred was derived using weight 
measurement. A clear or slightly bluish appearance in the sample was considered the 
end-point of nano-emulsion formation. Different compositions of the S

mix
 viz., Cremo-

phor® EL:Transcutol® HP in 1:1, 2:1, 1:2 and 3:1 w/w ratios were used to construct 
phase diagrams with oleic acid and/or Capryol™ 90 in a 10 to 90% v/v composition 
range for the emulsion. The pseudo-ternary phase diagrams were constructed using 
v.4.1.2 Triplot software (Todd Thompson, Indiana, USA).

3.2.3. Solubility in dissolution media
Solubility studies for ART and LMF were performed in solutions of pH 1.2 and 6.8 
solutions and/or using 1 % w/w sodium lauryl sulfate (SLS), benzalkonium chloride 
(BAC) and Tween® 80 solutions. USP Apparatus II was used to maintain the tempera-
ture at 37°C, and samples were agitated at 100 rpm. Approximately 1 g of ART and 
LMF was accurately weighed and transferred to 500 mL dissolution medium. After 
1 hour and 3 hours, a 5 mL aliquot was removed, filtered through a 0.45 μm Millipore® 
Millex-HV Hydrophilic PVDF filter membrane (Millipore® Co., Bedford, MA, USA) 
and analyzed using a validated RP-HPLC method (Mudyahoto 2018) to determine the 
solubility of the API in a particular dissolution media.

3.3. Manufacture of SNEDDS 
A design of experiments (DoE) approach can be used to evaluate the interactive 
effects of several input variables on a process and the critical quality attributes (CQA) 
of a product, ultimately decreasing the time and cost required to identify an optimized 
formulation composition and/or process parameters. A D-optimal mixture design was 
selected for SNEDDS development and optimization as it minimizes the variance 
associated with the evaluation of coefficients in a model, produces the best possible 
subset, and considers the total system of an SNEDDS at 100%, unlike the more 
common Central Composite, Box–Behnken or factorial designs (Mura et al. 2005; 
Holm et al. 2006; Parmar et al. 2011). Twenty (20) experimental runs were generated 
using version 8.0.7.1 Design Expert® statistical software (Stat-Ease Inc., Minneapolis, 
MN, USA).
Using the data generated during the solubility studies and pseudo-ternary phase 
diagrams, a series of SNEDDS formulations were manufactured with different ratios 
of oil viz., oleic acid and Capryol™ 90, surfactant, Cremophor® EL, and co-surfac-
tant, Transcutol® HP, which were the input variables for the D-optimal design. The 
range used for each excipient is listed in Table 5. The ART and LMF content were 
maintained at 100 mg and 600 mg, respectively, for all test runs. Oleic acid was accu-
rately weighed into screw cap vials and heated to 40°C to which LMF and ART were 
added, mixed with a vortex mixer and stirred using a digital hotplate stirrer (Lasec®, 
South Africa) at a speed of 1000 rpm and temperature of 40 °C. Cremophor® EL and 
Transcutol® HP were added while stirring continuously until a precise homogenous 
mixture was produced. The mixture was stored at 22 °C until analysis. The critical 
quality attributes (CQA) of the 10.7 g batches were assessed on the day of manufac-
ture included droplet size (PS) (Y1), polydispersity index (PDI) (Y2), Zeta potential 
(ZP) (Y3), ART loading capacity (LC ART) (Y4), LMF loading capacity (LC LMF) 
(Y5) and, cumulative percent ART (Y6) and LMF (Y7) released at 15 min.
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Table 5: Experimental factors and levels used for the D-optimal design

Level

Input Factor [-1] [0] [+1]

Oleic acid (% w/w) = X1 60 70 80

Capryol™ 90 (% w/w) = X2 0.005 0.03 0.05

Cremophor® EL (% w/w) = X3 2.50 3.00 5.00

Transcutol® HP (% w/w) = X4 0.9 1.0 1.1

3.4. Evaluation of CQA 

3.4.1. Droplet size (PS) and Polydispersity index (PDI) analysis
A Nano-ZS Zetasizer (Malvern Instruments Ltd, Worcestershire, UK) set to Photon 
Correlation Spectroscopy (PCS) mode with Dynamic Light Scattering (DLS) was used 
to measure the mean PS and PDI of all nano-emulsions. Approximately 0.1 mL of each 
formulation was diluted with 10 mL HPLC grade water before analysis to ensure suit-
able scattering intensity was generated. The sample was placed in a 10 x 10 x 45 mm 
polystyrene cell and measured (n = 10) at a scattering angle of 90° at 25 °C.

3.4.2. Zeta potential (ZP)
The ZP was determined for all products using a Nano-ZS Zetasizer (Malvern Instru-
ments Ltd, Worcestershire, UK). The samples were diluted and filled into folded 
capillary cells, and a field strength of 20 V/cm was applied during analysis. All 
measurements were performed in triplicate (n = 3).

3.4.3. ART and LMF loading capacity (LC)
The LC of SNEDDS was established for each test formulation. Approximately 
100 mg of each SNEDDS formulation was mixed with 10 mL acetonitrile (ACN) in 
an A-grade volumetric flask. The amount of ART and LMF in each formulation was 
determined using an in-house developed and validated RP-HPLC method (Mudya-
hoto 2018). The HPLC system was a Waters® Alliance Model 2695 separation module 
equipped with a solvent delivery module, auto-sampler, online degasser, and a Model 
2489 UV/Vis detector (Waters®, Milford, MA, USA). Empower 3 software (Waters®, 
Milford, MA, USA) was used for data acquisition, processing and reporting. Separa-
tion was achieved using a mobile phase of ACN and 10 mM phosphate buffer (pH 3.0) 
in a 70:30 ratio, delivered at a flow rate of 1 mL/min under isocratic conditions with 
a Phenomenex Luna® C18 150 mm x 4.6 mm i.d. 5 μm particle size stationary phase 
(Separations®, Randburg, South Africa).

3.4.4. In-vitro ART and LMF release
In-vitro release of ART and LMF from SNEDDS was undertaken using a Hanson 
Research SR8 Plus Dissolution Apparatus fitted with an AutoPlus™ Maximizer 
Syringe Fraction Collector, an AutoPlus™ Multifill™ (Chatsworth, USA) sampler 
and a modified USP Apparatus II method. Gelatin size 0 capsules were filled with 
1 g aliquots of each formulation and placed into a 7-spiral stain-less-steel capsule 
sinker, 23.0 x 8.0 mm, which were then dropped into the dissolution medium. The 
dissolution medium for ART was a 1 mM phosphate buffer pH 6.8 with 1% w/v 
sodium lauryl sulphate (SLS) and for LMF was 0.1N HCl with 2% w/v benzalkonium 
chloride (BAC) maintained at 37 ± 0.5 °C and agitated at 100 rpm were used for 
dissolution testing. Sink conditions were maintained throughout all experiments, and 
5 mL sample aliquots were withdrawn at 0, 5, 15, 30, 45, 90, 120, and 180 minutes. 
All samples were automatically filtered using a 0.45 μm Durapore® HVLP inline filter 
membrane (Merck Millipore Ltd, Cork, Ireland) before quantitation using RP-HPLC 
(Mudyahoto 2018). The volume of dissolution removed was replaced with fresh 
dissolution medium maintained at 37 ± 0.5 °C.
The data generated for the release of the ART and LMF from the SNEDDS was fitted 
to zero order, first order, Higuchi, Korsmeyer-Peppas, and Hixson-Crowell models to 
identify the mechanism of release. The best-fit model was established as the model 
with the highest R2 value. The adjusted R2 has been found to be a better indicator of 
the best-fit model than R2 as it considers additional model parameters (Saltelli et al. 
1995; Costa and Lobo 2003). When a new parameter is added to the model, the R2 
value increases or remains constant, whereas the adjusted R2 may decrease to indicate 
whether the new parameter improves the model (Saltelli et al. 1995).

3.5. API- excipient and formulation characterization
Before formulation development, LMF and ART were characterized and evaluated 
using several techniques for potential interactions with the potential excipients for 
SNEDDS. The optimized SNEDDS formulation was characterized using the same 
techniques.

3.5.1. Fourier transform infrared spectroscopy (FT-IR)
The characterization of ART, LMF, and evaluation of potential interactions between 
excipients was investigated using FT-IR before formulation development. The absorp-
tion spectra of ART, LMF, 1:1 mixtures of each API with oleic acid, Capryol™ 90, 
Cremophor® EL, Transcutol® HP, and the optimized formulation were generated using 
a Spectrum 100 FT-IR attenuated total reflectance spectrometer (Perkin Elmer® Ltd, 
Beaconsfield, England) over the wavenumber range 650-4000 cm-1.

3.5.2. Differential scanning calorimetry (DSC)
A Model 6000 Perkin Elmer® DSC Beaconsfield, England) fitted with an RCS 90 
refrigerated cooling system (New Castle, DE, USA) was used for DCS analysis. 
Approximately 2.5-5 mg of ART, LMF, 1:1 mixtures of each API and oleic acid, 
Capryol™ 90, Cremophor® EL, Transcutol® HP, and the optimized formulation was 
weighed using a Mettler AG 135 top-loading balance (Mettler Instruments, Zurich, 
Switzerland). An aliquot of each sample was placed into an aluminium pan that was 
sealed and placed onto a sensor disc inside the DSC cell for analysis. The studies were 
performed by heating the samples from 30 to 200 °C at 10 °C/ min while purging with 
nitrogen at 20 °C/min. The resultant data was analyzed using PyrisTM 6000 Manager 
Software for Windows (Perkin-Elmer® Ltd, Connecticut, USA).

3.5.3. Powder X-ray diffraction (pXRD)
The formulation, LMF, ART, and potential interactions between excipients and the 
API were investigated using pXRD. Powder XRD patterns were generated using a 
Bruker D8 Discover diffractometer (Bellirica, Massachusetts, USA) with a propor-
tional counter and Cu-Ka radiation with a nickel filter of 1.5405 Å. The voltage and 
current used for the experiments were 30 kV and 40 mA, respectively. The data was 
collected in the 2θ = 10 ° to 100 ° angle range at a scanning rate of 1.5 °/min with a 
filter time constant of 0.38 s and a slit width of 6 mm. Samples were placed onto a 
silicon wafer slide and were analyzed and treated using Version 14.0 EVA (evaluation 
curve fitting) XRD Commander Version 2.61 software (Bruker-AXS GmbH, Karl-
sruhe, Germany) with baseline correction performed by subtracting a spline function 
fitted to the curved background.

3.5.4. Transmission electron microscopy (TEM)
SNEDDS formulations were examined using TEM to determine the shape and surface 
morphology of the dispersed oil droplets since TEM offers higher resolution than 
SEM. A 0.1 ml aliquot of each formulation was diluted with 100 mL of distilled 
water and mixed by gentle shaking. A drop of the diluted formulation was placed 
onto a copper grid with a carbon film, after which excess liquid was removed using 
hydrophilic Whatman® 110 filter paper (Maidstone, England). The copper grids were 
left to dry overnight at 22 °C before analysis using a Zeiss Libra® 120 TEM (Zeiss, 
GmbH, Germany).

3.6. Accelerated physical stability studies
The SNEDDS were subjected to six cycles of cooling and heating between a refriger-
ator (4 °C) (Fuchsware, Midrand, Gauteng, South Africa) and a Gallenkamp® Hotbox 
size one oven (45 °C) (Weiss Gallenkamp Limited, Leicestershire, UK) and samples 
were stored at each temperature for 48 hours (Smith et al. 2010). In addition, the 
formulations were centrifuged at 3500 rpm at room temperature (22 °C) for 30 minutes 
using an IEC Model HN-SII centrifuge (Damon, Needham HTS, MA, USA).
The formulations were also subjected to three freeze-thaw cycles to evaluate their 
stability. They were frozen at -21 °C using a Model CF 355 KIC freezer (Bedford-
view, Gauteng, SA) and then thawed at 22 °C for two (2) cycles, with storage at each 
temperature for 48 h. The formulations that passed freeze-thaw testing exhibited good 
stability with no phase separation, creaming, or cracking. They were stored at 22 °C 
for 48 h and visually evaluated for phase separation and API precipitation.
The self-emulsification efficiency was determined by adding 1 mL of each formu-
lation to 250 mL of water maintained at 37 ± 1 °C and agitating at 100 rpm using a 
Hanson Research SR8 plus Dissolution Test Station (Chatsworth, CAUSA) fitted with 
an Autoplus™ Maximizer Syringe Fraction Collector (Chatsworth, CA, USA) and a 
modified USP Apparatus II method. The SNEDDS were diluted to 10 and 100 mL 
with different dissolution media, viz., water, 0.1 M pH 1.2 HCl, and 1 mM pH 6.8 
phosphate buffer. The diluted emulsions were stored for 24 h at 22 °C and monitored 
for any signs of phase separation or API precipitation.

3.7. Statistical analysis
All data are expressed as mean ± standard deviation (S.D.). The data were analyzed 
with a one-way analysis of variance (ANOVA) at a level of significance set to P < 0.05
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