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5.1 INTRODUCTION 

The Self-Micro Emulsifying Drug Delivery System (SMEDDS) is one of the most 

widely used systems to overcome solubility and low oral absorption of water-

insoluble drugs. SMEDDS contains isotropic mixture of oil, surfactant, and 

cosurfactant, which form fine oil-in-water (o/w) emulsions upon dilution in aqueous 

medium and gentle agitation provided in the gastrointestinal tract (1). Spontaneous 

formation of a microemulsion delivers the drug in a solubilized form; further, small 

droplet size allows rapid dissolution of the drug and provides a large surface area for 

its absorption, enhancing its permeation across the intestinal membrane. In addition, 

the drug solubilized in oil droplets is carried by lymphatic transport through the 

intestine to avoid first-pass metabolism in the liver (2). Hence, AM loaded SMEDDS 

(AM-SMEDDS) were formulated to overcome first pass metabolism and improve oral 

bioavailability of Asenapine maleate. 

The D-optimal mixture design, a subtype of mixture design, is one of the most 

popular response surface methodologies for optimizing formulation of a SMEDDS. 

The D-optimal mixture design minimizes the variance associated with evaluation of 

coefficients in a model and produces the best possible subset by considering the 

criteria for maximizing information matrix determinants. The Central Composite, 

Box–Behnken, and factorial designs do not consider the total system of SMEDDS 

formulation, while the D-optimal mixture design considers the total system of 

SMEDDS as 100% (3).  

This design is restricted to X1+X2+…+Xn= 1. The regression equation of this design 

is somewhat different from traditional polynomial equation and is termed as 

CANONICAL polynomial. Here, AM loaded SMEDDS were prepared and optimized 

using D-optimal mixture design. 

5.2 MATERIALS 

Asenapine maleate (AM) was received as a gift sample from Alembic 

Pharmaceuticals Ltd., Vadodara, India. Peceol, Capryol 90, Lauroglycol 90, Labrasol, 

Capmul MCM, Labrafil M 1944 CS, Labrafil M 2125 CS, Transcutol HP, 

Lauroglycol FCC were obtained as gift samples from Gattefosse India Private 

Limited, Mumbai, India.  Capmul MCM C8, Captex 500, Capmul PG8 were obtained 

from Abitec, USA, Cremophor EL, Cremophor RH40 were obtained as gift samples 
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from BASF India Ltd., Mumbai, India. All other chemicals and reagents used were of 

analytical grade.  

5.3 PREFORMULATION STUDIES 

5.3.1 Solubility of AM in oils, surfactants and co-surfactants 

The solubility of AM was determined in various oils (Oleic acid, Capryol 90, Capmul 

MCM, Capmul MCM C8), surfactants (labrasol, Tween 80, Tween 20 etc.) and co-

surfactants (Transcutol HP, propylene glycol etc.). The solubility was determined by 

dissolving an excess amount of AM in 2 mL each of the component in 5-mL 

stoppered vials and mixed using a vortex mixer. The vials were then kept at 37 ± 1.0 

°C in an isothermal shaker for 72 hours to get equilibrium. The equilibrated samples 

were removed from the shaker and centrifuged at 3000 rpm for 15 min. The 

supernatant was taken and filtered through a 0.45-μm membrane filter and solubility 

of AM was subsequently quantified by UV-visible spectrophotometer at 270 nm (4). 

5.3.2 Screening of surfactants 

Screening of surfactants was carried out using emulsification test. 500µl of oil and 

500µl of surfactant was mixed to form homogenous solution. 100 µl of oil surfactant 

mixture was diluted to 50 ml with water and percentage transmittance was measured 

using UV spectrophotometer at 630 nm (5,6) using distilled water as blank.  

5.3.3 Screening of co-surfactants 

Screening of co-surfactants was carried out using emulsification test. 500 µl of 

surfactant was mixed with 250 µl of co-surfactant. 500 µl of oil was mixed with 500 

µl of surfactant-cosurfactant mixture. Then 100 µl of this mixture was diluted to 50 

ml with water and percentage transmittance was measured using UV 

spectrophotometer at 630 nm using distilled water as blank (5,6).  

5.3.4 Construction of pseudoternary phase diagram 

Pseudo ternary phase diagram can be represented as a triangle having three 

coordinates represents one component of microemulsion system viz. oil phase, 

surfactant/co-surfactant (Smix) phase and aqueous phase. Pseudo ternary phase 

diagram was constructed to choose appropriate components and their concentration 

ranges that can result into large microemulsion (7). 

In this method, surfactant was blended with co-surfactant in fixed weight ratios (1:0, 

1:1, 2:1, 3:1, 1:2 and 1:3 w/w). For each phase diagram, the ratio of oil to the Smix 

was varied as 1:9, to 9:1 (w/w) to delineate the boundaries of microemulsion region. 
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The homogenous mixture of oil and Smix was subjected to aqueous titration with the 

addition of water in each step, and was visually observed. The amount of water at 

which transparency-to-turbidity transition occurs was derived from the weight 

measurements. The phase diagram was plotted using CHEMIX ternary plot software 

(8). 

5.4 FORMULATION DEVELOPMENT 

AM was added in the oil in small increment with continuous stirring. The surfactant 

system was prepared by mixing separately the chosen surfactant and cosurfactant in 

their determined ratios. Oil phase containing AM was added in the surfactant system 

solution with continuous stirring until a homogenous mixture formed. The resultant 

AM-SMEDDS formulation was subjected to further characterization (9). 

5.5 OPTIMIZATION USING D-OPTIMAL DESIGN 

The D-optimal mixture design, a subtype of mixture design, is one of the most 

popular response surface methodologies for optimizing formulation of a SMEDDS. 

The factors selected for D-optimal design were Oil concentration, Surfactant 

concentration and Co-surfactant Concentration (3,10). Coded and actual values are 

shown in table 5.1. Globule size (Y1), % transmittance (Y2) and self-emulsification 

time (Y3) were taken as dependent variables. 

Table 5.1: The coded and actual values of independent variables for AM-

SMEDDS 

Factors Levels 

-1 0 +1 

X1: Oil Concentration (%) 10 20 30 

X2: Surfactant Concentration (%) 30 45 60 

X3: Co surfactant Concentration (%) 20 30 40 

Contour plots and response surface plots aids in understanding of main and interaction 

effects of independent variables on responses. Contour and response surface plots 

were generated using design expert software. 

5.5.1 Establishment of Design Space 

Design space was generated by selecting constraints (minimum particle size, 

maximum transmittance and minimum self-emulsification time) for the desired 
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response. The batch suggested by software was prepared using same procedure as 

described above and predicted value was compared with observed value. 

5.5.2 Analysis of design space robustness 

Overlay plot was generated using design expert to evaluate robustness of established 

design space with selecting response to higher and lower value of established design 

space. The software suggested values for independent variables in and around 

established design space along with value of the desired responses. 

5.5.3 Statistical analysis 

The results were presented as mean± standard error of the mean. The experimental 

data were validated by ANOVA, regression coefficient, lack of fit test and p <0.05 

was considered as significant. 

5.6 CHARACTERIZATION  

5.6.1 Globule size and Zeta potential determination 

1 ml of the formulation was diluted to 100 times with purified water and was 

employed to determine the globule size and zeta potential using zetasizer (Malvern 

Instruments, Malvern, UK). 

5.5.2 Robustness to dilution 

Robustness of SMEDDS to dilution was studied by diluting it 50,100 and 1000 times 

with various dissolution media i.e. water, gastric fluid pH 1.2 and phosphate buffer 

pH 6.8. The diluted samples were stored for 24 h and observed for any signs of phase 

separation or precipitation (11). 

5.6.3 Determination of self-emulsification time 

The emulsification time of SMEDDS formulations was determined using USP type II 

(paddle type) dissolution apparatus. 1 ml of formulation was added to 500 ml purified 

water at 37 °C. Gentle agitation was provided by a standard stainless-steel dissolution 

paddle rotating at 50 rpm. The time required to obtain clear dispersion was recorded 

as emulsification time. The self-emulsification capability of formulation was 

evaluated on the basis of following grades shown in table 5.2 (8). 
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Table 5.2: Classification of the SMEDDS Formulation in Accordance to 

Comparative Grades 

Grade Dispersibility and appearance Time of self-

emulsification 

(min) 

I Rapid forming microemulsion, which is clear or 

slightly bluish in appearance 

<1 

 

II Rapid forming, slight less clear emulsion, which has a 

bluish white appearance 

<2 

III Bright white emulsion (similar to mill in appearance) <2 

IV Dull, grayish white emulsion with a slight oily 

appearance that is slow to emulsify 

>3 

V Exhibit poor or minimal emulsification with large oils 

droplets present on the surface 

>3 

5.6.4 Cloud point measurement 

The cloud point is a crucial factor for SMEDDS containing non-ionic surfactants. 1 

ml formulation was diluted 250 times with distilled water, placed in a water bath and 

temperature was gradually increased. The point at which cloudiness appeared was 

noted as cloud point (12). 

5.6.5 Drug content estimation 

1 ml of SMEDDS was dissolved in 10 ml of methanol. The solution was filtered 

through 0.45 μ membrane filter (Millipore, Mumbai, India), suitably diluted and 

analyzed using UV-VIS spectrophotometer (UV 1800, Shimadzu AS, Japan) at 270 

nm. 

5.6.6 Viscosity determination 

The viscosity of the prepared SMEDDS formulations was determined as such without 

dilution by Rheometer (Cone and Plate DV III, Brookfield Engineering Laboratories, 

Inc., MA, USA) (13,14).  

5.6.7 Percentage Transmittance 

A total of 1 mL of SMEDDS formulation was diluted 100 times with deionized water. 

Percentage transmittance was measured spectrophotometrically at 630 nm using 

deionized water as a blank. 
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5.6.8 Thermodynamic stability 

The optimized batch of SMEDDS (diluted 100 times with distilled water) was 

subjected to different thermodynamic stability tests in order to assess their physical 

stability. All samples were evaluated in terms of phase separation at the end of 

analysis (15).  

Heating–cooling cycle. Six cycles between refrigerator temperature (2–8 °C) and 

45°C with storage at each temperature not less than 48 h were conducted. 

Centrifugation test. Each of formulation was centrifuged at 12,000 rpm for a period 

of 10 min. 

5.6.9 Fourier transform infrared spectroscopy (FTIR) 

The IR spectra of AM, Capryol 90, physical mixture of AM and excipients and AM-

SMEDDS were recorded on Fourier Transform Infra-red spectrophotometer 

(Shimadzu, Japan). 

5.6.10 Transmission Electron Microscopy (TEM) 

20 μl of sample was taken on carbon film coated on copper grid and allowed to air 

dry. Then it was treated with phosphotungstic acid for negative staining. After 5min, 

the grid was placed in the sample probe inserted in Transmission Electron Microscope 

(Philips, Tecnai 20, Holland) and observed at 200 kV accelerating voltage. 

5.7 IN VITRO DRUG RELEASE STUDY 

The in vitro release studies of SMEDDS were carried out in gastric fluid pH 1.2 and 

phosphate buffer pH 6.8 using dialysis bags with a molecular cut off 12000-14000 

Da. AM-SMEDDS and AM suspension equivalent to 10 mg was placed in the dialysis 

bag, clamped at both ends and introduced into a 250 mL of release medium. The 

entire system was kept under magnetic stirring at 100 rpm/min at 37±1°C and covered 

to prevent water evaporation. At predetermined time intervals, the aliquots were 

withdrawn and replaced with fresh diffusion medium. The samples were filtered and 

drug concentration was determined using UV spectroscopy at 270 nm (11). 

5.8 EX VIVO PERMEABILITY STUDY 

Ex vivo permeability studies of SMEDDS drug suspension were performed to 

determine transport of AM through biological membrane. The studies were carried 

out using Sprague–Dawley rat’s stomach and intestine. The protocol was approved by 

the Institutional Animal Ethics Committee of M.S. University of Baroda, Vadodara, 

India (MSU/IAEC/2017-18/1643). Rats (250-300g) were sacrificed by euthanasia and 
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part of stomach and intestine was immediately removed, thoroughly washed and 

placed in phosphate buffer pH 7.4. A volume equivalent to 10 mg AM each of Am-

SMEDDS and AM-suspension were added in lumen of stomach and tied at each end 

with a thread. Then the tissue was placed in an organ tube containing 30 ml of 

phosphate buffer pH 7.4 with continuous aeration, the temperature was maintained 

37±1 °C. At predetermined time intervals (0.5, 1 and 2 h), samples were withdrawn 

and replenished by the same volume of fresh buffer solution. After 2 h, the contents of 

stomach were transferred into the lumen of intestine and tied at each end with a thread 

(1,2). At predetermined intervals of time (4, 6, 8 and 10 h), aliquots were withdrawn 

from the receptor compartment, filtered through 0.22μ membrane filter and analyzed 

by UV spectrophotometer (UV 1800, Shimadzu AS, Japan) at 269 nm (16,17). 

5.9 STABILITY STUDY  

The optimized batch was subjected to stability studies, carried out at 30± 2 °C/60% ± 

5% RH. The formulation was kept in air-tight glass vials and assayed periodically, at 

the time points of 0, 1, 2 and 3 months, for drug content, globule size, zeta potential 

and self-emulsification time (4). 
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5.10 RESULTS AND DISCUSSION 

5.10.1 PREFORMULATION STUDIES 

5.10.1.1 Solubility of AM in oils, surfactants and co-surfactants 

The AM-SMEDDS were prepared to increase solubility and bioavailability of drug 

via oral route. Thus, the oil was selected in such a way that it had maximum 

solubilizing capacity for AM (18).  

The solubility of drug in excipients plays an important role in determining stability of 

formulation, as many formulations undergo precipitation before undergoing in situ 

solubilization (18). Oil can solubilize marked amounts of lipophilic drug and can 

increase the fraction of lipophilic drug transported via the intestinal lymphatic system, 

thereby increasing absorption from the GIT depending on the molecular nature of the 

triglycerides (19). Solubility of drug in oil phase is crucial for the development of 

SMEDDS as it determines drug loading efficiency and soluble portion of drug during 

storage and in vivo dilution. There could be a risk of drug precipitation from 

SMEDDS during dilution in GIT due to lowering of solvent capacity if surfactant or 

co-surfactant contributes to drug solubilization (20,21). Hence, to formulate robust 

SMEDDS, oil with best solubilizing capacity should be selected.  

Amongst the various oils screened (Figure 5.1), the maximum saturated solubility of 

AM was obtained in Capryol 90 having HLB 5. This was advantageous as it has 

unsaturated fatty acids in its structure which more effectively supports lymphatic drug 

transport than saturated orally administered fatty acids (22). 

The maxiumum solubilizing capacity of AM in Caproyl 90 may have arisen from the 

higher ester bond content per gram of the medium chain glycerides. Therefore, in 

order to achieve ideal drug loading and to avoid precipitation of the drug on dilution 

in the gut lumen in vivo, Capryol 90 was selected for further study as oil phase for 

formulation development (23,24). 
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Figure 5.1: Solubility of Asenapine maleate in various oils 

When the solubility of AM was studied in different surfactants and co-surfactants 

(Figure 5.2 & 5.3), maximum solubility of drug was observed in Labrasol and 

Transcutol HP respectively. 

 

Figure 5.2: Solubility of Asenapine maleate in various surfactants 

0

20

40

60

80

100

120

S
o

lu
b

il
it

y
 (

m
g

/g
m

)

Oils

0.00

20.00

40.00

60.00

80.00

100.00

120.00

S
o

lu
b

il
it

y
 (

m
g

/g
m

)

Surfactants



Chapter 5                                                 SMEDDS of Asenapine maleate 

Mitali H. Patel, Faculty of Pharmacy, The M.S. University of Baroda               191 
 

 

Figure 5.3: Solubility of Asenapine maleate in various co-surfactants 
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highest ability to emulsify oil (Capryol 90) as compared to other surfactants. It was 

also reported that Cremophor EL has bioactive property such as inhibitory effect on 

P-gp and CYP 450 enzymes (22). So, inspite of highest solubility of drug in Labrasol, 

Cremophor EL was selected as surfactant owing to its emulsifiying ability and 

bioactive property. 

 

Figure 5.4: Emulsification study of Asenapine maleate in surfactants 
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mixtures. Capryol 90 in this context is a C8 medium chain fatty acid of mono- and 

diester of caprylic acid that can be emulsified with ease (18,29). 

The incorporation of suitable co-surfactant lowers the interfacial tension, fluidizes the 

hydrocarbon region of the interfacial film, and decreases the bending stress of the 

interface, resulting in the improvement in spontaneity of emulsification, reduction in 

emulsion droplet size and polydispersity (20). 

 

Figure 5.5: Emulsification study of Asenapine maleate in co-surfactants 
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surfactant and co-surfactant phase respectively (Figure 5.6). It was observed that at 

1:0 ratio of S/Cos, smaller microemulsion region was observed as only surfactant was 

not be able to reduce o/w interfacial tension sufficiently. The maximum region was 

observed at 1:1 ratio of S/Cos. Further increase in surfactant from 1:1 to 1:3 showed 

decrease in formation of nanoemulsion region indicating optimum emulsification was 

achieved at 1:1 ratio of S/Cos. Increase in co surfactant concentration also decreased 

microemulsion region as excessive amount of co-surfactant will cause the system to 

become less stable due to its intrinsic high aqueous solubility and lead to increase in 

the droplet size as a result of the expanding interfacial film. Hence, 1:1 ratio was 

considered as optimum surfactant:co-surfactant ratio. 
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Figure 5.6: Ternary diagrams of Capryol 90 with different ratio of Cremophor 

EL and Transcutol HP (a)1:0, (b)1:1, (c)2:1, (d)3:1, (e)1:2 and (f)1:3 
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5.10.2 OPTIMIZATION USING D-OPTIMAL DESIGN 

Mixture design accounts for the dependence of response on proportionality of the 

variables. D-optimal design is particularly appropriate in formulation optimization 

where the total quantity of the different excipients under consideration must be 

constant. In this design, the response is assumed to be only dependent on the 

proportions of excipients (3). The results of D-optimal design are shown in table 5.3.   

Table 5.3: D-optimal design runs of AM-SMEDDS 

X1  

(%) 

X2  

(%) 

X3 

 (%) 

Y1  

(nm) 

Y2  

(%) 

Y3  

(sec) 

18.96 41.04 40.00 191.2±5.7 68.3±1.2 43.0±3.0 

22.18 45.89 31.93 178.9±4.2 54.3±0.3 75.0±4.0 

29.99 30.01 40.00 201.3±8.3 90.2±0.9 32.0±3.2 

10.18 60.00 29.82 56.6±5.1 94.5±0.5 14.0±1.5 

19.54 60.00 20.46 147.8±3.9 82.3±1.1 38.0±3.5 

29.94 43.31 26.75 197.3±6.7 63.4±0.5 65.0±5.0 

19.54 60.00 20.46 141.2±6.2 64.1±0.9 60.0±7.0 

30.00 49.83 20.17 207.3±5.3 36.8±0.5 112.0±8.0 

29.99 30.01 40.00 218.3±2.9 93.5±1.1 38.0±4.0 

15.75 52.69 31.56 91.3±3.6 95.2±1.4 27.0±5.5 

28.04 37.95 34.01 202.4±4.9 51.0±2.4 91.0±6.5 

10.34 49.66 40.00 21.1±3.8 99.2±0.3 28.0±4.2 

10.18 60.00 29.82 55.3±3.2 99.1±0.2 17.0±3.9 

22.49 52.32 25.19 183.4±4.8 65.4±0.8 51.0±5.4 

  

5.10.2.1 Influence of Independent variables on Globule size  

The result of ANOVA is shown in table 5.4. A cubic polynomial equation (Equation 

5.1) was generated to determine effect of independent variables on globule size. 

𝑌1 = 30.45𝑋1 + 209.54𝑋2 + 70.68𝑋3 − 34.14𝑋1𝑋2 + 225.04𝑋1𝑋3 + 251.25𝑋2𝑋3

− 27.01𝑋1𝑋2𝑋3 − 901.58𝑋1𝑋2(𝑋1 − 𝑋2) − 535.50𝑋1𝑋3(𝑋1 − 𝑋3)

− 459.98𝑋2𝑋3(𝑋2 − 𝑋3) … … … … … … … … … 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5.1 
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Table 5.4: ANOVA analysis for globule size of AM-SMEDDS 

Source Sum of 

Squares 

df Mean 

square 

F Value p-value 

prob>F 

Model 56874.18 9 6319.35 149.87 0.0001 

Linear Mixture 49335.53 2 24667.76 585.02 < 0.0001 

X1X2 1.28 1 1.28 0.030 0.8700 

X1X3 26.75 1 26.75 0.63 0.4704 

X2X3 88.07 1 88.07 2.09 0.2219 

X1X2X3 0.10 1 0.10 2.399E-003 0.9633 

X1X2(X1-X2) 922.81 1 922.81 21.89 0.0095 

X1X3(X1-X3) 216.56 1 216.56 5.14 0.0861 

X2X3(X2-X3) 361.64 1 361.64 8.58 0.0429 

Residual 168.66 4 42.17   

Lack of Fit 1.54 1 1.54 0.028 0.8786 

Pure Error 167.13 3 55.71   

Cor Total 57042.85 13    

  

From the results of ANOVA, it was observed that X1X2(X1-X2) and X2X3(X2-X3) had 

significant effect on globule size (p<0.05). Two component mixture plot was 

generated while keeping the third variable constant to evaluate effect of  varying ratio 

of two variables on the response. Globule size was found to be increased from 40 to 

200 nm as X1 increased and simulatneoulsly X2 decreased (Figure 5.7a). From the 

ANOVA results, it was confirmed that X2 significantly interacted with X1 (p<0.0095). 

Increase in Capryol 90, a hydrophobic MCT increases surface tension at the oil water 

interface that proceeds through a liquid crystalline phase leading to coarser and 

aggregated droplets (26). Increase in X2 and decrease in X1 led to decreased globule 

size. This might be because the surfactant concentration was  enough to reduce 

interfacial free energy at oil-water inerface which prevented coalescence of droplets 

and reduced globule size. Moreover, decrease in globule size indicated closely packed 

arrangement of surfactant at oil-water interface and improved stabilization of oil 

droplets (14,20). Globule size was increased as X1 increased and X3 decreased as in 

case of X1 and X2 (Figure 5.7b). X2 and X3 ratio also had significant effect on globule 

size (p<0.0429). It was observed that globule size was increased as X2 decreased and 
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X3 increased ((Figure 5.7c). This might be because co-surfactant increased the 

interfacial fluidity by penetrating the surfactant film and consequently creating a 

disordered film due to the void space among surfactant molecules. This led to 

enhanced water penetration into oil droplets leading to ejection of oil droplets into 

aqueous phase which in turn formed coarse emulsion having larger globule size 

(9,14,26). The combined effect of the independent factors on the globule size was 

eluciated using contour plot and response surface plot (Figure 5.8).  

 

 

(a) 

 

(b) 
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(C) 

Figure 5.7: Two-component mixture plot for the effect of varying ratio of two 

components with a fixed amount of the other component for globule size of AM-

SMEDDS 

 

 

Figure 5.8 : (a) Contour and (b) Response surface plot showing effect of 

independent variables on globule size of AM-SMEDDS 
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5.10.2.2 Influence of independent variables on % transmittance  

A value of percentage transmittance closer to 100% indicates that the dispersion of 

SMEDDS was clear and transparent with a droplet size that indicates the nanometer 

range of globule size. This in turn will provide a large surface area for the drug 

release and absorption in the GI tract (30,31). The results of ANOVA for % 

transmittance is shown in table 5.5. A cubic polynomial equation 5.2 was generated to 

determine effect of independent variables on % transmittance. From the ANOVA 

results (Table 5.5), it was observed that X1X3, X1X2X3 and X1X2(X1-X2) had 

significant effect on %transmittance (p<0.05). 

𝑌2 = −113.52𝑋1 + 92.14𝑋2 − 145.90𝑋3 + 408.87𝑋1𝑋2 + 950.20𝑋1𝑋3

+ 350.59𝑋2𝑋3 − 1664.08𝑋1𝑋2𝑋3 + 705.71𝑋1𝑋2(𝑋1 − 𝑋2)

+ 115.27𝑋1𝑋3(𝑋1 − 𝑋3)

− 323.99𝑋2𝑋3(𝑋2 − 𝑋3) … … … … … … … … 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5.2 

Table 5.5: ANOVA analysis for % transmittance of AM-SMEDDS 

Source Sum of 

Squares 

df Mean square F Value p-value 

prob>F 

Model 5249.23 9 583.25 12.79 0.0129 

Linear Mixture 2817.60 2 1408.80 30.89 0.0037 

X1X2 183.97 1 183.97 4.03 0.1150 

X1X3 476.88 1 476.88 10.46 0.0319 

X2X3 171.47 1 171.47 2.09 0.1245 

X1X2X3 374.76 1 374.76 8.22 0.0456 

X1X2(X1-X2) 565.41 1 565.41 12.40 0.0244 

X1X3(X1-X3) 10.03 1 10.03 0.22 0.6634 

X2X3(X2-X3) 179.42 1 179.42 3.93 0.1183 

Residual 182.43 4 45.61   

Lack of Fit 0.78 1 0.78 0.013 0.9166 

Pure Error 181.65 3 60.55   

Cor Total 5431.66 13    

Two component mixture plot indicates that ratio of X1 and X2 had major influence on 

%transmittance. %Transmittance was decreased as the X1 increased and X2 decreased 

(Figure 5.9a).  Same results were obtained with cosurfactant and oil ratio. As X1 

increased and X3 decreased, % transmittance was decreased (Figure 5.9b). As X2 
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increased and X3 decreased, the %transmittance was increased (Figure 5.9c). From 

these results, it can be clearly observed that the effects of factors upon percentage 

transmittance were very similar to the effects as observed upon the droplet size but in 

an opposite direction. Therefore, with increase of oil proportion there was a decrease 

in clarity of emulsion. This may be attributed to increased interfacial tension between 

oil and aqueous phase due to insufficient concentration of surfactant system (32). This 

effect of the independent factors on the %transmittance was further confirmed using 

contour plot and response surface plot (Figure 5.10).  

 

(a) 
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(b) 

 

(c) 

Figure 5.9 : Two-component mixture plot for the effect of varying ratio of two 

components with a fixed amount of the other component for % transmittance of 

AM-SMEDDS 
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Figure 5.10: (a) Contour and (b) Response surface plot showing effect of 

independent variables on %transmittance of AM-SMEDDS 

5.10.2.3 Influence of independent variables on Self-emulsification time  

A cubic polynomial equation (Equation 5.3) was generated to determine effect of 

independent variables on self-emulsification time. From the ANOVA results (table 

5.6), it was observed that X1X3, X1X2X3, X1X2(X1-X2) and X2X3(X2-X3) had 

significant effect on self-emulsification time (p<0.05). 

𝑌3 = 313.59𝑋1 + 34.78𝑋2 + 550.26𝑋3 − 604.87𝑋1𝑋2 − 1768.30𝑋1𝑋3

+ 902.03𝑋2𝑋3 + 3036.36𝑋1𝑋2𝑋3 − 754.02𝑋1𝑋2(𝑋1 − 𝑋2)

+ 249.99𝑋1𝑋3(𝑋1 − 𝑋3)

+ 849.68𝑋2𝑋3(𝑋2 − 𝑋3) … … … … … … … … … . . 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5.3 
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Table 5.6: ANOVA analysis for self-emulsification time of AM-SMEDDS 

Source Sum of 

Squares 

df Mean 

square 

F Value p-value 

prob>F 

Model 10264.68 9 1140.52 17.25 0.0074 

Linear Mixture 5921.58 2 2960.79 44.77 0.0018 

X1X2 402.60 1 402.60 6.09 0.0691 

X1X3 1651.54 1 1651.54 24.97 0.0075 

X2X3 1135.09 1 1135.09 17.16 0.0143 

X1X2X3 1278.23 1 1278.23 19.33 0.0117 

X1X2(X1-X2) 645.47 1 645.47 9.76 0.0354 

X1X3(X1-X3) 47.20 1 47.20 0.71 0.4458 

X2X3(X2-X3) 1233.97 1 1233.97 18.66 0.0125 

Residual 264.53 4 66.13   

Lack of Fit 0.0034 1 0.034 3.818E-004 0.9856 

Pure Error 264.50 3 88.17   

Cor Total 10529.21 13    

Two component mixture plot for X1 and X2 showed that as X1 increased and X2 

decreased, the self-emulsification time was found to be increased from 17 to 80 sec 

(Figure 5.11a). This indicates that X2 had significantly interacted with X1.  With 

increase of oil proportion there was an increase in droplet size and that may hinder 

rate of emulsification which was confirmed by higher emulsification time of the 

formulations with higher oil concentrations. As X2 increased and X1 decreased, self-

emulsification time decreased. This could be attributed to reduction in interfacial 

tension as surfactant arrange themselves at oil-water interface thus leading to 

increased emulsifying spontenity (33). In case of X1 and X3, as X1 increased and X3 

decreased, self-emulsification time increased ((Figure 5.11b). Two component 

mixture plot for X2 and X3 indicated that increase in X2 and decrease in X3 reduced 

self-emulsification time upto 53% and 25% surfactant and co-surfactant concentration 

respectively ((Figure 5.11c). Further increase in X2 to 58% and decrease in X3 to 20% 

increased self-emulsificaton time. The reason may be that higher surfactant/oil ratio 

results in more rapid maturation of the droplets (34). 

This effect of the independent factors on the self-emulsification time was further 

confirmed using contour plot and response surface plot (Figure 5.12).  
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(a) 

 

(b) 
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(C) 

Figure 5.11 : Two-component mixture plot for the effect of varying ratio of two 

components with a fixed amount of the other component for self-emulsification 

time of AM-SMEDDS 

 

 

Figure 5.12: (a) Contour and (b) Response surface plot showing effect of 

independent variables on self-emulsification time of AM-SMEDDS 
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5.10.2.4 Statistical analysis of designed experiment  

The adequacy of the cubic model was verified by ANOVA, lack of fit and multiple 

correlation coefficient (R2) tests provided by Design- Expert software. The results of 

ANOVA showed that p value for response globule size, % transmittance and self-

emulsification time was found to be 0.0001, 0.0129 and 0.0074 respectively, for cubic 

model. Thus it can be concluded that all the responses fitted the model well (p<0.05) 

Moreover, the lack of fit test is another good statistical parameter for checking the 

fitness of the model. It compares the residual error with the pure error from the 

replicated design points. A  model with a significant lack-of-fit (Prob>F value 0.10) 

lacks prediction efficiency, so a non-significant lack of- fit value in the model is 

highly desirable. The lack of fit value for globule size, % transmittance and self-

emulsification time was found to be 0.8786, 0.9166 and 0.9856 respectively. All of 

these responses fitted in the cubic model showed a non-significant lack-of-fit (p>0.1), 

proving the adequacy of the model fit (35). Furthermore, the multiple regression 

analysis for the cubic model is shown as R2 value, which signifies the measure of the 

amount of variation around the mean explained by the model. In our study, the R2 

values for the responses globule size, %transmittance and  self-emulsification time 

were 0.9970, 0.9664 and 0.9749 respectively (table 5.7). 

Adjusted R2 on the other hand, provides an estimate of amount of variation about the 

mean explained by the model, adjusted for specific number of parameters.  Predicted 

R2 represents the amount of variation in new data explained or predicted by the 

mathematical model. The closeness of predicted R2 with R2 and adjusted R2 indicates 

goodness of fit to the data.  

The term “Adequate precision” represents signal to noise ratio, and a value of more 

than 4 is desirable. The high value of adequate precision depicts adequate model 

discrimination, in other words, adequacy of the signal. The results indicated that all 

the responses were affected with variations in the studied mixture components. 

Table 5.7: Regression analysis for all responses of AM-SMEDDS 

 Y1 Y2 Y3 

R2 0.9970 0.9664 0.9749 

Adjusted R2 0.9904 0.8908 0.9183 

Predicted R2 0.9410 0.6138 0.8952 

Adeq precision 34.390 10.944 14.042 
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5.10.2.5 Validation of design 

The validation of selected model was carried out using desirability function. The 

desirability function is a technique used to multi response optimization for the 

analysis of experiments, in which, several responses have to be optimized 

simultaneously (36). Check point batch was prepared as suggested by software by 

selecting constraints for globule size, % transmittance and self-emulsification time to 

be minimized, maximized and minimized respectively. The predicted and 

experimental value for the responses are shown in table 5.8. The experimental value 

for all three responses were found to be in close agreement with predicted value.  

Table 5.8: Predicted and observed responses for check point batch of AM-

SMEDDS 

Response Predicted value Experimental value Percentage prediction 

error 

Y1 (nm) 21.10 21.12±1.09 0.09469 

Y2 (%) 99.22 99.20±0.21 -0.02016 

Y3 (sec) 28.01 28.0±1.1 0.03571 

The desirability of 0.950 for the selected model was obtained (Figure 5.13) indicating 

the reliability of model for optimization of minimum globule size, maximum % 

transmittance and minimum self-emulsification time for asenapine maleate loaded 

SMEDDS. 

 

Figure 5.13: Desirability plot of optimized batch of AM-SMEDDS 
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5.10.2.6 Analysis of Design Space robustness 

The design space was earmarked using the aforementioned criteria by a graphical-

optimization technique. Figure 5.14 portrays the optimal design space region within 

the requisite knowledge space and location of the optimum formulation within the 

desired limits (37). It was observed that value of independent variables outside the 

design space showed variation in response (Table 5.9). So, it proved that the design 

space was sensitive to variation in independent variables. The yellow area showed 

desired response proving the robustness of design space. 

Table 5.9: Evaluation of sensitivity of obtained design space of AM-SMEDDS 

X1 X2 X3 Y1 (nm) Y2 (%) Y3 (sec) 

Predicted Observed Predi

cted 

Observed Predicted Observed 

10.33 49.66 40.00 18.06 20.1±3.2 98.53 97.6±3.54 29.73 32.0±1.0 

17.46 49.74 32.80 115.56 118.7±5.8 82.19 82.0±4.21 44.71 52.0±1.9 

 

Figure 5.14 Overlay plot depicting the design space of AM-SMEDDS 
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5.11 CHARACTERIZATION  

5.11.1 Globule size determination 

The globule size of SMEDDS is a pivotal factor in its self-emulsification performance 

as it has effect on the rate and extent of drug absorption and release (38). The globule 

size of the optimized batch was found to be 21.12±1.2 nm with PDI value of 

0.144±0.015 indicating unimodal globule distribution (Figure 5.15). The small droplet 

size indicated adequate surfactant concentration for formation of closed packed film 

of surfactant at the interface, thereby stabilizing the dispersed droplets (33). This 

small globule size will provide very high surface area which will aid in absorption of 

drug and enhance its bioavailability. 

Figure 5.15: Globule size of optimized batch of AM-SMEDDS 

5.11.2 Zeta potential determination 

The zeta potential measurement is a crucial parameter which is highly useful for the 

assessment of the physical stability of colloidal dispersions. The zeta potential 

indicates the degree of repulsion between adjacent, similarly charged particles in 

dispersion. A high zeta potential value avoids the attraction forces and resists particle 

aggregation (14). Here, the zeta potential of the optimized batch was found to be -

19.3±1.8 mV (Figure 5.16). This indicates that the formulation is negatively charged 

owing to presence of free fatty acids of oil and repulsive forces predominates which 

makes the system stable by resisting aggregation of emulsion droplets (39). 
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Figure 5.16: Zeta potential of optimized batch of AM-SMEDDS 

5.11.3 Robustness to dilution  

It is important to evaluate robustness to dilution of SMEDDS with different biological 

media because drug may precipitate at higher dilution in vivo and affect its absorption 

and permeation significantly. The formulation gets diluted at different extent with 

different media when administered orally. So, to mimic in vivo conditions, SMEDDS 

were diluted 50, 100, 250, 500 and 1000 times with different media. The globule size 

at all dilution was found to be less than 40 nm (Table 5.10). Results revealed that 

diluted SMEDDS did not show any precipitation or phase separation on storage in 

various dilution media. This confirms that the prepared SMEDDS were robust to 

dilution in all types of media. Furthermore, it also points out to the probability of 

uniform in vivo drug release profile when the formulation encounters gradual dilution 

(39). 
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Table 5.10: Robustness to dilution of AM-SMEDDS with different media 

Media 50 times 

(nm)* 

100 times 

(nm)* 

250 times 

(nm)* 

500 times 

(nm)* 

1000 

(nm)* 

Distilled 

water 

21.1±2.4 20.4±1.5 20.2±1.1 19.3±1.6 18.9±3.4 

pH1.2 22.3±1.8 21.5±2.3 21.3±2.1 20.9±1.7 17.1±1.5 

pH 6.8 24.8±2.1 22.3±2.8 23.3±2.5 21.9±3.1 21.3±1.9 

*Data are presented as mean±SD, n=3. 

5.11.4 Determination of self-emulsification time 

The rate of emulsification was a major index for assessment of the efficiency of self-

emulsification. The SMEDDS should disperse completely and quickly when subjected 

to dilution under mild agitation provided by GIT. Self-emulsification property of 

SMEDDS was identified visually by formulation of clear and stable monophasic 

liquid when diluting with aqueous media (40). The self-emulsification time of 

optimized batch was found to be 28±4 sec which indicated spontaneous formation of 

emulsion upon dilution with media which is a prerequisite of SMEDDS formulation. 

5.11.5 Cloud Point determination 

The cloud point is a crucial factor in SMEDDS particularly consisting of non-ionic 

surfactants as at temperature above cloud point, the formulation turns cloudy. Even at 

temperatures higher than the cloud point, dehydration of polyethylene oxide moiety of 

the non-ionic surfactant may occur resulting in phase separation, thereby affecting 

drug absorption (27,40). Hence, to circumvent these issues, the cloud point of the 

formulation should be over 37 °C. The developed AM-SMEDDS showed cloud point 

at 87 °C, indicating stability at physiological temperature encountered in GIT and also 

during storage (25). 

5.11.6 Drug content determination 

The drug content of optimized batch was found to be 99.8±1.69% suggesting uniform 

dispersion of drug in the formulation. 

5.11.7 Viscosity determination 

The viscosity of optimized batch was found to be 48.6±1.1 cP. The low value of 

viscosity is attributed to presence of less viscous Capryol 90 and Transcutol HP. 
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5.11.8 % Transmittance 

% Transmittance of the optimized batch was found to be 99.2±0.4% indicating 

formation of clear microemulsion upon dilution with aqueous media. The value closer 

to 100% indicated that the formulation was isotropic in nature. Here, the higher 

transmittance was attributed to low amount of oil and higher amount of surfactant 

(14). 

5.11.9 Thermodynamic stability  

The objective of thermodynamic stability study was to evaluate the phase separation 

and effect of temperature variation on developed SMEDDS in order to exclude the 

possibility of metastable formulations. If the SMEDDS formulations are stable in 

these conditions (heating cooling cycle and centrifugation), metastable formulation 

thus can be avoided and frequent tests need not be performed during storage. No signs 

of phase separation or precipitation was observed during heating/cooling cycle and 

centrifugation tests, indicating excellent stability of optimized batch of AM-loaded 

SMEDDS (23). 

5.11.10 Fourier transform infrared spectroscopy (FTIR) 

The IR spectra of AM, Capryol 90, physical mixture of drug and excipients and AM-

SMEDDS are shown in figure 5.17. The FTIR spectra of AM showed characteristic 

peaks at 1612.49 cm-1, 1442.75 cm-1, 1091.71 cm-1, 866.04 cm-1 indicative of C=C 

stretching, O-H bending, C-N stretching and C-Cl stretching respectively. The 

physical mixture of excipients showed characteristic peaks of all functional groups of 

drug and excipients. No additional peak was observed indicating compatibility 

between drug and excipients. FTIR spectra of AM-SMEDDS showed absence of 

characteristic peaks of AM indicating that drug was completely solubilized in oil 

phase of SMEDDS. 
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Figure 5.17 : FTIR spectrum of (a) AM (b) Capryol 90 (c) Cremophor EL (d) 

Transcutol HP (e) Physical mixture of AM and excipients (f) AM-SMEDDS 

5.11.11 Transmission Electron Microscopy (TEM) 

The TEM image of optimized batch showed spherical globules with globule size in 

the range of 20-40 nm which is in accordance with result obtained with zetasizer 

(Figure 5.18). Each globule was surrounded by thick layer indicating presence of 

surfactant layer. No sign of drug precipitation was observed inferring the stability of 

formulation. 

 

Figure 5.18: TEM image of optimized batch of AM-SMEDDS 
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5.12 IN VITRO DRUG RELEASE STUDY 

The drug release profile of AM-SMEDDS and AM suspension is shown figure 5.19. 

In case of AM suspension, a fast release (89.44±3.03%) of drug was observed in 2 h 

in acidic condition. Subsequent release of the drug in pH 6.8 was relatively slower 

and total 93.7±2.40% of drug was released at the end of 8 hr.  

In contrast for AM-SMEDDS, only 20.23±4.02% of AM was released in acidic 

medium whereas more than 99.2±3.36% of AM was released at the end of 8 hrs in 

phosphate buffer pH 6.8. Such slow release of AM from SMEDDS formulation owing 

to good affinity of AM for the oil phase (Capryol 90) indicates that a significant 

amount of drug will be carried to intestine inside the small microemulsion globules 

(41-43) which in turn will help in enhancing oral bioavailability via lymphatic uptake. 

The small globule size will provide high surface area, which will permit fast drug 

release. 

 

Figure 5.19 : In-vitro drug release profile of AM-SMEDDS and AM suspension 

5.13 EX VIVO PERMEATION STUDY 

Permeability in gastro intestinal tract of any formulation is a crucial factor which 

decides absorption and bioavailability of drug from that formulation. Hence ex vivo 

permeability studies were carried out to determine permeability of AM in stomach 

and intestine from SMEDDS and plain drug suspension. The release profile of AM 

suspension indicated most of the drug was permeated through stomach (~90%) and 

drug available for lymphatic uptake is very low.  
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In contrast, AM-SMEDDS showed only 15% diffusion through stomach and ~85% 

drug was diffused through intestinal membrane (Figure 5.20). Hence, it can be said 

that significant amount of drug will be carried to the intestine. Moreover, it can be 

assumed that the characteristics of microemulsion, such as nano-sized droplet size and 

the interaction between the surfactants (Cremophor EL, Transcutol HP) and intestinal 

membrane, may result in enhanced permeation of AM. Hence, it can be noted that 

permeation of the drug from the intestine was enhanced with SMEDDS, which 

fulfilled our objective of increasing intestinal permeability for enhancing the 

bioavailability of AM (23).  

 

Figure 5.20: Ex vivo permeation study of AM-SMEDDS and AM suspension 

5.14 STABILITY STUDY 

The stability of AM loaded SMEDDS was monitored for 3 months at RT in terms of 

globule size, zeta potential, drug content and self-emulsification time. No significant 

change in the physicochemical parameters was observed during 3 months of storage at 

room temperature (Table 5.11). 
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Table 5.11: Characteristics of AM-SMEDDS after 3-months stability studies at 

different conditions 

Time 

(months) 

Room temperature (30 ± 2°C/60% ± 5% RH) 

Globule 

size* (nm) 

Zeta potential 

(mV) 

Drug content 

(%) 

Self-

emulsification 

time (min) 

Initial 21.1±2.9 -19.3±1.8 99.8±1.7 28.0± 2.0 

1 month 21.5±3.3 -19.1±2.8 99.1±2.2 28.0± 3.5 

2 months 22.7±4.1 -18.7±4.7 98.4±3.3 30.5± 1.5 

3 months 23.2±2.6 -17.5±3.9 98.1±1.8 32.0± 3.0 
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