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The purpose of this study was to optimize the parameters involved in the production of water-soluble

phytosterol microemulsions for use in the food industry. In this study, response surface methodology

(RSM) was employed to model and optimize four of the processing parameters, namely, the number

of cycles of high-pressure homogenization (1-9 cycles), the pressure used for high-pressure

homogenization (100-500 bar), the evaporation temperature (30-70 �C), and the concentration

ratio of microemulsions (1-5). All responses;particle size (PS), polydispersity index (PDI), and

percent ethanol residual (%ER);were well fit by a reduced cubic model obtained by multiple

regression after manual elimination. The coefficient of determination (R2) and absolute average

deviation (AAD) value for PS, PDI, and %ER were 0.9628 and 0.5398%, 0.9953 and 0.7077%, and

0.9989 and 1.0457%, respectively. The optimized processing parameters were 4.88 (approximately

5) homogenization cycles, homogenization pressure of 400 bar, evaporation temperature of 44.5 �C,
and concentration ratio of microemulsions of 2.34 cycles (approximately 2 cycles) of high-pressure

homogenization. The corresponding responses for the optimized preparation condition were a

minimal particle size of 328 nm, minimal polydispersity index of 0.159, and <0.1% of ethanol

residual. The chi-square test verified the model, whereby the experimental values of PS, PDI, and

%ER agreed with the predicted values at a 0.05 level of significance.
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INTRODUCTION

Phytosterols, or plant sterols, are a group of naturally occur-
ring functional lipid and steroid alcohols found exclusively in
plants and are essential constituents of the cell membranes in
plants. The phytosterols have structures similar to but different
from that of cholesterol, as the phytosterols contain an additional
hydrophobic carbon chain at the carbon-24 position. In contrast
to cholesterol, phytosterols are hypocholesterolemic agents. They
are not synthesized by the human body, and supplementation is
therefore warranted. Phytosterols are widely applied as a food
additive, in cosmetics, and in pharmacology. They are known for
their efficacy in improving serum cholesterol profiles and redu-
cing the risk of cardiovascular disease. Studies revealed that
consumption of 2-3 g of plant sterols and stannols creates an
approximately 10% reduction in total serum cholesterol and a
15% reduction in low-density lipoprotein (LDL) (1-4). Phyto-
sterol-enriched food products are a promising dietary interven-

tion to reduce the risk of cardiovascular disease in individuals
with mild to moderate hypercholesterolemia (5).

In the past decade, industries have introduced phytosterols
into a number of fat-derived food products, turning these low-
nutritional-value products into more expensive, value-added,
premium functional food products. Incorporating phytosterols
into food products is not an easy job, as these sterols are water
insoluble and hardly soluble in fats and oil. The high melting
temperature of the pure phytosterols allows for only very small
amounts of phytosterol enrichment. Otherwise, significant crys-
tallization of these sterols will occur within the oil phase of the
food products, resulting in a gritty, waxy, and unacceptable
texture. Therefore, most, if not all, of the phytosterols currently
used in food enrichment are esterified. Esterification of phyto-
sterols permits maximal incorporation into minimal amounts of
fat; however, the taste of the food products is adversely affected
when phytosterol esters are distributed within a small amount of
fat. Incorporation of esterified phytosterols is limited to high-fat
food products only. In other words, consumers who expect to
benefit from the hypocholesterolemic effect of phytosterols have
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had to consume high-fat food, despite the high calories and health
risk of a high-fat diet.

Researchers have employed the emulsification technique to
increase the water solubility of phytosterols (6-10). A study shows
that consumption of lecithin-emulsified phytosterols at a dosage of
300 mg reduces cholesterol absorption 3 times more than unester-
ified phytosterols powder at a dose of 1 g (6). Takeshita reported
the potential use of a combination of phytosterols and diacylgly-
ceride (DAG) in lowering cholesterol. Significant reductions in
serum cholesterol among mild to moderate hypercholesterolemic
postmenopausal women were observed after the consumption of
0.3 g/day of phytosterols with DAG in rapeseed and soybean oil
for 4 weeks (11). By converting the phytosterols into oil-in-water
microemulsions, phytosterols become applicable to non-fat-based
food products while also demonstrating higher cholesterol-low-
ering effects than esterified phytosterols. Further development and
optimization of the production process used to create stable
phytosterols microemulsions with small particle sizes and low
polydispersity are critical, as the dose response for serum choles-
terol reduction may be affected; that is, a lower dosage of
phytosterols is needed to achieve a similar or even higher serum
cholesterol reduction effect. Increased efficacies of phytosterols
will lead to dosage reductions and lower costs; phytosterol-
enriched food products may become more affordable.

Application of the microemulsions preparative methods in the
fields of pharmaceuticals and cosmetics is rather common and
well established, as compared to its application in food and
functional ingredients. Several factors affect the particle size
and stability of a prepared microemulsion and/or nanodisper-
sions. These factors can be divided into processing factors, that is,
temperature, time and speed of mixing (120), homogenization
pressure and cycle (13, 14), and formulation factors such as the
type and concentration of organic solvent used as well as types
and combination of emulsifiers used, the organic/aqueous ra-
tio (12, 15), and type and concentration of water-insoluble
material loaded, such as drug, polymer, or bioactive ingredients.
The solvent displacement method, also described as the nanopre-
cipitation method (16), that is used to prepare nanodispersions
had been studied for 20 years. This method was first described
for the preparation of nanocapsules by deposition of poly-
(D,L-lactide) biodegradable polymer following acetone dis-
placement (17). It is also used in the preparation of polymer
nanoencapsulated drugs (18, 19)) and polycaprolactone nano-
particles (20) as well as in the preparation of nanoparticles of
cosmetic ingredients (21). Recently, this method has also been
used to prepare β-carotene nanodispersions (22-25). Although
solvent displacement is one of the simplest methods of nanodis-
persion preparation, notmany studies have been done comparing
this method to other methods. Perhaps it is due to the complexity
involved in selecting a compatible combination of solvent, active
compound, emulsifier, and/or polymer.

The purpose of this study was to use response surface meth-
odology (RSM) tomodel and optimize the processing parameters
for preparing a phytosterol microemulsions of minimum particle
size, minimum polydispersity index, and minimum acceptable
solvent residual.

MATERIALS AND METHODS

Materials. Vegapure FTE (contains a minimum of 99% phytosterols)
was a gift from Cognis (Duesseldorf-Holthausen, Germany). Polyox-
yethylene sorbitan monolaurate (Tween 20) was obtained from Fisher
Scientific (Pittsburgh, PA). HPLC-grade ethanol and acetonitrile were
purchased from Merck (Darmstadt, Germany). Headspace 20 mL vials
and PTFE/silicon septa aluminum caps was obtained from Agilent
Technologies (Wilmington, DE).

Experimental Design. Response surface methodology (RSM) was
applied to study the effect of four processing parameters in the preparation
of phytosterol microemulsions. A five-level four-factor central composite
rotatable design (CCRD) was used in this study. The independent
variables were cycles of high-pressure homogenization (Cy, 1-9), pressure
of high-pressure homogenization (Pr, 100-500 bar), temperature of
evaporation (Te, 30-70 �C), and concentration ratio of microemulsions
(Cr, 1-5). The responses were particle size (PS, nm), polydispersity index
(PDI), and ethanol residual (%ER). The coded and uncoded levels of
independent variables used are listed inTable 1. A total of 30 experiments,
consisting of 6 center points with combinations of different levels of each
independent variable, were generated using the software Design Expert
version 6.0.6 (Minneapolis, MN) (Table 2). The experimental runs were
divided into three blocks, completed on three consecutive days. Individual
experiments were carried out in randomized order tominimize the effect of
unexplained variability in the experimental responses due to extraneous
factors.

Preparation of Phytosterol Microemulsions. Microemulsions of
phytosterols were prepared by modifying the preparative method de-
scribed in previous studies (17,23). Phytosterols (1%w/w) in powder form
were first dissolved in ethanol to form an organic phase (dispersed phase).
Before mixing with the aqueous phase, the organic phase was kept in a
45 �C water bath for 5 min to facilitate dispersion of phytosterol. The
aqueous phase (continuous phase) was prepared by dissolving Tween 20
(0.2%w/w) in deionized water. The organic phase was slowly poured into
the aqueous phase under conventional homogenization (Silverson L4R,
Buckinghamshire, U.K.) at 5000 rpm for 5 min to produce coarse pre-
emulsions.The pre-emulsionswere immediately subjected tohigh-pressure
homogenization (APV, Crawley, U.K.). Phytosterol microemulsions were
produced after the removal of ethanol and concentrated to a particular
concentration ratio of microemulsions by rotary evaporation (NE 1001,
Eyela, Tokyo, Japan) attached to a circulating bath (Ca 1111, Eyela Cool
Ace, Tokyo, Japan), under reduced pressure at 0.17 bar and rotation of
100 rpm.The circulating bathwas set at 5 �C.Thirty samples with different
levels of processing conditions were prepared according to the designed
RSM experimental runs (Table 2). The volume ratio of organic-to-
aqueous phase was fixed at 2:8. To study the effects of the processing
parameters, the formulation of the phytosterol microemulsions sample
was kept constant.

Analysis of Particle Size and Its Polydispersity. Measurement of
mean particle size and particle size distribution of the particles in the
phytosterol microemulsions was conducted after removal of ethanol,
except for sample run 24. Measurements were done by using a dynamic
light-scattering particle size analyzer (Zetasizer Nano ZS,Malvern Instru-
ments Ltd., Worcestershire, U.K.). The measuring range of the Zetasizer
Nano ZS was 0.6-6000 nm. The measurement temperature was set at
25 �C.Measurements were done by placing the microemulsion-containing
cuvette directly into the module. Droplets in the microemulsions scattered
the light according to their particle size. The particle size of the micro-
emulsions was analyzed on the basis of the cumulants mean (Z-average)
diameter, which depends on the Brownian motion of the particles. PDI
was used to describe the particle size distribution. The PDI was calculated
according to the size distribution graph. The final particle diameter (PS)
and polydispersity index (PDI) were calculated from the average of three
measurements; each measurement was the average of five runs.

Determination of Ethanol Residual. Headspace Solid-Phase
Microextraction (HS-SPME) Analysis. HS-SPME coupled with
GC was the common method used in analyzing ethanol in alcoholic
beverages (26, 27) and human body fluid (28, 29). A Supelco 85 μm
polyacrylate (PA)-coated SPME fiber and a manual fiber holder were

Table 1. Independent Variables and Their Levels Used for the Central
Composite Rotatable Design (CCRD)

level

factor symbol -2 -1 0 1 2

cycles of high-pressure homogenization Cy 1 3 5 7 9

pressure of high-pressure homogenization Pr (bar) 100 200 300 400 500

temperature of evaporation Te (�C) 30 40 50 60 70

concentration ratio Cr 1 2 3 4 5
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employed for the SPME headspace analysis. The PA fiber was first
conditioned in the GC injection port at 250 �C for 2 h. To a 20 mL
headspace vial containing 4 mL of phytosterol microemulsions was added
1.5 g ofNaCl. Acetonitrile (100 μL)was used as internal standard. The vial
was immersed in a water bath for heating with stirring for 20min at 60 �C.
After 20min, the fiber was exposed for 20min at 60 �C for absorption and
then immediately injected into the injection port of the GC for 10 min.
Each analysis was carried out in duplicate. To determine the relative
response factor (RRF), 4 mL of phytosterol microemulsions was replaced
by deionized water containing Tween 20 (0.2%w/v) and ethanol (100 μL).

Gas Chromatography-Flame Ionization Detection (GC-
FID) Analysis. The analysis was performed with an Agilent Technol-
ogies network GC system, series 6890N (Wilmington, DE) with flame
ionization detection, controlled by the Agilent Chemstation and a DB-
Wax column (J&W Science, 30 m length � 250 μm i.d. � 0.25 μm film
thickness). A 0.75 mm i.d. linear was used to minimize the effect of peak
broadening. Splitless injectionwas used.Heliumwas usedas the carrier gas
at a flow rate of 1.1 mL/min. The injector temperature was set at 250 �C,
the maximum temperature recommended by the manufacturer to avoid
significant carry-over effect. The oven temperature program was initially
set at 40 �C for 3 min and then increased 4 �C/min to 60 �C for 2 min. The
detector temperature was set at 270 �C.

Statistical Analysis. Experimental data were analyzed byRSMusing
the software Design Expert version 6.0.6 (Minneapolis, MN). Multiple
regression was used to fit the responses to the independent variables.
Analysis of variance (ANOVA) was performed to determine the signifi-
cance of the model terms. The coefficients of determination (R2 and
adjustedR2), the absolute average deviation (AAD), theANOVA, and the
lack of fit test were calculated to evaluate the accuracy of themodel. A chi-
square goodness-of-fit test was carried out to verify the adequacies of the
chosen model. The AAD values were calculated with the following
equation (30): AAD = {[ (

P
|yi,exptl - yi,calcd|/yi,exptl)]/p} � 100, where

yi,exptl is the experimental value of the responses, yi,calcd is the predicted
value of the responses, and p is the total runs. All measurements were
duplicated.

Optimization and Verification. Optimized processing parameters
were generatedusing the optimizer functionof theDesignExpert software.
The PS, PDI, and %ER were optimized to the minimum value possible.
Formodel verification, experimental data were subjected to the chi-square
goodness-of-fit test. The chi-square values of the responseswere calculated
on the basis of the formula

chi-square; χ2 ¼Σ½ðO-PÞ2=P�

where O and P are the observed and predicted responses, respectively.

RESULTS AND DISCUSSION

In the present study, phytosterol microemulsions were pre-
pared by the solvent displacement method accompanied by high-
pressure homogenization. Phytosterols are slightly polar com-
pounds that are hardly soluble in either water or lipids but are
soluble in mildly polar solvent. Therefore, ethanol, a polar protic
solvent,was selected as the organic phase,whereas the continuous
phase was deionized water. The emulsifier used in this study was
Tween 20, also known as polysorbate 20 or polyethylene (20)
sorbitan monolaurate. It is a frequently used water-soluble
nonionic emulsifier for its capability to reduce the interfacial
tension of two immiscible liquid phases, thus reducing the energy
needed to break down the particle to a smaller size (31). A
preliminary study was previously done to identify the indepen-
dent parameters and their levels that would potentially affect the
PS, PDI, and %ER. The four independent variables selected for
the optimization of phytosterol microemulsions processing using
RSM were number of cycles of high-pressure homogenization,
pressure of high-pressure homogenization, temperature used to
remove ethanol during reduced pressure evaporation, and con-
centration ratio of microemulsions.

Fitting the Models. The PS, PDI, and %ER of the phytosterol
microemulsions for each generated experiment are shown in
Table 2. The experimental values of PS, PDI, and %ER were
best fit with a reduced cubic model through multiple regression
after manual elimination of nonsignificance terms. Manual
elimination is commonly used to exclude some nonsignificant
terms, but some of them are required to be preserved to retain the
hierarchy of the model (32). Run 24was excluded inmodeling for
all responses to improve the fit of the model (Table 1). The
regression coefficients, F values, andP values of the PS, PDI, and
%ER are shown in Table 3. The values ofR2, adjustedR2, AAD,
and lack of fit are given in Table 4. The values ofR2 and adjusted
R2 ranged from 0.9809 to 0.9989 and from 0.9503 to 0.9958,
respectively. In otherwords,>95%of the variation in themodels
was explained by the regression model. The correlation between
the experimental and predicted values for PS, PDI, and%ERwas
satisfactory. The AAD values describe the percent deviation of
the predicted and experimental data.AhighR2 value (>0.95) and
lowAADvalues (<1.05%) indicated that the selectedmodel was
accurate and the model equation characterized the true behavior
of the phytosterol microemulsion system. The regression model
for PS, PDI, and %ER was statistically well fit with a significant
P value of <0.001. The ANOVA showed no significant lack-of-
fit for the final reduced model for all three responses. Therefore,
the developed model can be used for interpolation in the experi-
mental domain.

Main Effects and Interaction Effects of the Independent Vari-

ables. PS ranged from 296 to 545 nm, whereas the PDI varied
from 0.12 to 0.25 (Table 2). Small particle size and low poly-
dispersity are major determinants for promoting stability in the
prepared microemulsions. Stability of emulsion refers to stable

Table 2. Central Composite Design and Responses for the Processing of
Phytosterol Microemulsionsa

independent variables responses

run Cy Pr Te Cr PS, nm (Y1) PDI (Y2) %ER (Y2)

1 3 200 40 4 322 0.227 0.0000( 0.0000

2 7 400 40 4 296 0.184 0.0520( 0.0016

3 5 300 50 3 322 0.186 0.0390( 0.0024

4 3 400 60 4 314 0.231 0.0300( 0.0007

5 3 200 60 2 359 0.180 0.4212( 0.0042

6 7 200 60 4 315 0.196 0.0180( 0.0011

7 3 400 40 2 341 0.164 0.1320( 0.0014

8 7 400 60 2 341 0.148 0.5419( 0.0010

9 5 300 50 3 323 0.182 0.0105( 0.0021

10 7 200 40 2 335 0.170 0.1429( 0.0044

11 7 400 40 2 326 0.177 0.1163( 0.0031

12 5 300 50 3 331 0.192 0.0850( 0.0032

13 7 200 40 4 314 0.213 0.0310( 0.0055

14 7 400 60 4 303 0.202 0.0350( 0.0021

15 7 200 60 2 354 0.158 0.7081( 0.0009

16 5 300 50 3 327 0.189 0.0850( 0.0000

17 3 400 60 2 355 0.138 0.8535( 0.0021

18 3 200 60 4 336 0.198 0.0660( 0.0044

19 3 400 40 4 328 0.193 0.0000( 0.0000

20 3 200 40 2 345 0.205 0.1206( 0.0042

21 5 300 50 3 325 0.164 0.0940( 0.0032

22 9 300 50 3 314 0.180 0.0264( 0.0000

23 5 300 50 5 308 0.251 0.0000( 0.0000

24 5 300 50 1 547 0.169 0.0277( 0.0052

25 5 300 70 3 323 0.177 0.0380( 0.0029

26 5 300 30 3 299 0.122 0.0800( 0.0014

27 5 500 50 3 373 0.204 0.0460( 0.0047

28 1 300 50 3 339 0.148 0.0154( 0.0015

29 5 100 50 3 337 0.168 0.0930( 0.0087

30 5 300 50 3 322 0.227 0.0000( 0.0000

aAbbreviations: PS, particle size; PDI, polydispersity; %ER, percentage of
ethanol residual. For other abbreviations refer to Table 1.
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particle size distribution over time with no particle flocculation,
sedimentation, coalescence, crystallization, or phase separation.
According to Stokes’ law, the velocity of creaming/sedimentation
(VStokes) is proportionate to the radius of the particles in an
emulsion,VStokes= [2gr2(F2- F1)/9η1], where g is gravity, r is the
radius of the particle, F1 is the density of the aqueous phase, F2 is
the density of the dispersed phase, and η is the shear viscosity. In
other words, smaller particle sizes are related to slower creaming
rates, and longer periods of stability of the emulsion are ex-
pected (31). Owing to the small particle size in themicroemulsions
produced, Brownian motion is able to reduce gravity-related

instabilities such as gravitational separation, sedimentation, and
creaming (33).

Table 3 shows that Cy, Te, and Cr are three of the first-order
coefficients contributing to PS, and Cr had the greatest negative
effects among the three coefficients (Figure 1). Application of
high energy and/or a large amount of emulsifier is required to
produce small particles (34). High-pressure homogenization is
one of the most commonly used methods to provide the energy
input required to reduce the particle size and polydispersity of the
emulsions and therefore increase the stability of the produced
emulsion (14,35). This study confirmed that the number of cycles
of high-pressure homogenization significantly (P<0.05) affected
the PS from three cycles to five cycles; higher than five cycles
showed minimal reduction on PS (Figure 1a). The effect of
second-order coefficients for Cy and Pr on PS were significant

Table 3. Regression Coefficients, P Values, and F Values for PS, PDI, and
%ER after Manual Eliminationa

parameter variable regression coefficient F value P value

PS intercept 327.50 32.06 <0.0001

Cy -4.75 10.15 0.0097

Pr -3.00 4.05 0.0719

Te 4.92 32.62 0.0002

Cr -14.31 187.29 <0.0001

Cy2 3.44 17.68 0.0018

Pr2 -2.68 10.73 0.0083

Te2 1.32 2.59 0.1387

Cr2 1.79 2.66 0.1337

Te-Cr -3.38 10.25 0.0095

Cy3 -2.50 16.87 0.0021

Pr3 -1.75 8.27 0.0165

PDI intercept 0.1800 77.15 <0.0001

Cy -0.0057 53.61 0.0002

Pr -0.0068 76.06 <0.0001

Te -0.0062 21.16 0.0025

Cr 0.0103 13.71 0.0076

Cy2 0.0065 47.02 0.0002

Pr2 -0.0078 66.85 <0.0001

Te2 0.0018 3.41 0.1074

Cr2 -0.0013 0.16 0.7028

Cy-Pr 0.0036 14.62 0.0065

Cy-Te 0.0001 0.02 0.8988

Cy-Cr -0.0013 1.74 0.2288

Pr-Te 0.0053 30.68 0.0009

Pr-Cr 0.0039 16.71 0.0046

Te-Cr 0.0064 45.23 0.0003

Te3 0.0010 3.62 0.0987

Cr3 0.0087 11.94 0.0106

Cy-Pr-Te -0.0030 10.02 0.0158

Cy-Pr-Cr -0.0064 45.23 0.0003

Pr-Te-Cr 0.0075 62.60 <0.0001

%ER intercept 0.0680 323.51 <0.0001

Cy -0.0007 0.07 0.8052

Pr 0.0159 32.02 0.0008

Te 0.1741 1276.27 <0.0001

Cr -0.0912 80.87 <0.0001

Cy2 -0.0143 17.28 0.0043

Pr2 -0.0115 11.04 0.0127

Te2 -0.0152 19.36 0.0032

Cr2 0.1903 277.37 <0.0001

Cy-Pr -0.0352 104.08 <0.0001

Cy-Te -0.0098 8.14 0.0246

Cy-Cr 0.0036 1.11 0.3270

Pr-Te 0.0151 19.15 0.0032

Pr-Cr -0.0156 20.38 0.0028

Te-Cr -0.1217 1246.87 <0.0001

Te3 -0.0442 492.86 <0.0001

Cr3 -0.0841 84.99 <0.0001

Cy-Pr-Te -0.0330 91.88 <0.0001

Cy-Pr-Cr 0.0444 166.06 <0.0001

Pr-Te-Cr -0.0201 33.96 0.0006

a For abbreviations, refer to Tables 1 and 2.

Table 4. Coefficient of Determination, R2, Adjusted R2, AAD, and Lack of Fit
for the PS, PDI, and %ER of the Phytosterol Microemulsionsa

PS PDI ER%

R2 0.9628 0.9952 0.9989

adjusted R2 0.9355 0.9823 0.9958

model (p value) <0.0001 <0.0001 <0.0001

AAD (%) 0.5398 0.7077 1.0457

lack of fit (F value) 0.83 2.93 1.70

lack of fit (P value) 0.6527 0.2018 0.3451

a For abbreviations, refer to Table 2.

Figure 1. (a) Main effect plot of Cy on PS and (b) response surface plot
of interaction between Cr and Te on PS. All interactions are significant at
p < 0.05.
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(P < 0.05). The second-order coefficient for Cr was greatest on
PS. The P values of all stated third-order coefficients were
significant atP<0.05. The only significant (P<0.01) interactive
effect on PSwas Te-Cr. A response surface plot was constructed
for a clearer evaluation of the interaction between Te and Cr on
PS (Figure 1b). PS reduced as the Cr increased because removal of
ethanol from the fine emulsion particles reduced the particle size.
In contrast, increasing Te contributed to an increase in PS. In
general, low evaporation temperature and high concentration
ratio of microemulsions were two important factors in the
production of small particle size.

Emulsion with monodispersed droplets or minimally polydis-
persed droplets is the most desirable condition for long-term
stability (36). Owing to the technology available now, the
phytosterol microemulsions produced in this study were poly-
dispersed. For this reason, it is important to ensure the lowest
possible PDI of the microemulsion system produced for max-
imum shelf life. Table 3 shows the regression coefficients, P
values, and F values for PDI after manual elimination. The Cy,
Pr, Te, and Cr had significant (P < 0.01) effects on PDI. The
interactions among the independent variables for PDI are shown
in Figure 2. Cr and Te had the highest (P < 0.05) interaction
effect on PDI compared to other interaction coefficients. As
shown in the response surface plot (Figure 2a,b), PDI rises with an
increase in Cr but decreases with increase in Te (Figure 2a). The
PDI increased slowly for concentration ratios of microemulsions
from 1 to 3, but not from three cycles onward (Figure 2c).
Removal of ethanol from microemulsions produced small parti-
cle size when the microemulsions were first subjected to evapora-

tion. Further evaporation led to concentration of the
microemulsions, wherewater was removed togetherwith ethanol.
Dependent on the Cr value (except for Cr of 1), the process of
concentrating the microemulsions causes an increase in the
number of particles per unit volume. Cr values of 2, 3, 4, and 5
indicate that the total particles per unit volume increase by 2-, 3-,
4-, and 5-fold, respectively, after the evaporation process. This
could increase the frequency of collision between particles and
eventually lead to flocculation and/or coalescence of the parti-
cles. As a result, particle distribution broadening took place
(Figure 2d). Although increases in Cr facilitate the formation of
small particles, it also increased the PDI, which favors instability.
Even thoughhigherTe reduces PDI, it is also related to higher PS.
At higher Te, the frequency of collision between particles in-
creases, which is certain to promote coalescence of particles
to form mostly large particles with less surface area and
better stability. Both Cr and Pr were also significant (P < 0.01)
interaction parameters for PDI. On the basis of the constructed
response surface plot, PDI decreased as the Cy and Pr increased
(Figure 2c). However, after approximately five cycles, the rate of
reduction of PDI began to decrease. The Pr showed higher
reduction of PDI from approximately 300 bar and above.
Although PDI is low at Pr lower than 300 bar, lower Pr is related
to higher PS values.

Complete removal of ethanol from aqueous-based food pro-
ducts is complicated because ethanol and water are highly
miscible in one another, as both contain hydroxyl groups.
Although ethanol and water have different boiling points, water
tends to evaporate at any temperature, even below its boiling

Figure 2. Response surface plot of significant interactions between (a) Cy and Pr, (b) Pr and Te, (c) Pr and Cr, and (d) Te and Cr on PDI (p < 0.05).
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point. For this reason, ethanol used in the preparation of
phytosterol microemulsions was removed together with large
amounts of water. The use of ethanol in food processing is
acceptable only if the final ethanol content of the food ingredient
is <0.5%, and more preferably 0.1%, in consumer products.
Most, if not all, of the halal-certifying bodies allow small amounts
of ethanol, generally <0.1% and sometimes up to 0.5% (37).
Ethanol is reported to reduce the steric stabilization capacity of
nonionic surfactants (38). Hence, removal of ethanol not only
permits the final product to be labeled as halal, it also reduces
the particle size and improves the stability of the final product.
HS-SPME is a more sensitive method than the conventional
headspace analysis for the determination of ethanol (28,29). The
limits of detection of ethanol analysis using HS-SPME were
reported to be as low as 0.1 mg/dL (29). A %ER ranging from

0 to 5.52% (Table 2) was observed in this study. The %ER value
lower than 0.0001% was reported as 0 in this study. Three of the
first-order coefficients, namely, Pr, Te, and Cr, showed signifi-
cant (P<0.01) effects on%ER (Table 3). The interaction effects
between the independent variables on %ER are elucidated in
Figure 3. The most significant (P< 0.001) interaction parameter
for%ERwas interaction between Te and Cr (Figure 3b). Accord-
ing to the constructed response surface plot, it was observed that
as Te increased the%ER increased, whereas the%ERwas lowest
at a Cr of about 3. Higher Te was not as effective as lower Te in
eliminating the ethanol residual. The %ER reduced as Cr
increased. Although the lowest possible ethanol residual is pre-
ferable, complete removal of ethanol is not practical from the
perspective of industries, as higher Cr is related to longer proces-
sing times and greater energy inputs, as well as higher production
cost. An optimum level of Cr and Te is necessary for the cost-
effective production of microemulsions.

Optimization of Processing Parameters for the Production of

Phytosterol Microemulsions. Optimized processing parameters
were generated using the optimizer function of the Design Expert
software. The PS and PDI were optimized at the lowest possible
minimum value, whereas the %ER was targeted at <0.1%. It is
not practical to optimize %ER to a minimum value, because
extra energy and time may be required to concentrate the
microemulsions, which may also sacrifice the stability of the
microemulsions by promoting larger particle sizes and higher
polydispersity. The optimizer generated nine sets of optimized
parameters, of which five sets with the highest desirability were
selected for model verification. The selected optimized processing
parameters with highest desirability (0.788) were 4.88 Cy, Pr of
400 bar, Te of 44.5 �C, and Cr of 2.34. The optimized responses
for the preparation of phytosterol microemulsions were minimal
particle size (328 nm), polydispersity index (0.159), and %ER
(<0.1%).

Model Verification. A list of five sets of optimized conditions
was selected for model verification by the chi-square goodness-
of-fit test (Table 5). Five sets of samples were prepared according
to the optimized conditions, and analyses of particle size, poly-
dispersity, and %ER were conducted. The chi-square values of
the responses were calculated on the basis of the formula

χ2 ¼Σ½ðO-PÞ2=P�
where O and P are the observed and predicted responses,
respectively. The calculated chi-square values for PS, PDI,
and %ER were less than the critical value of chi-square (9.49)
at R= 0.05 and df= 4. The chi-square test notably implied that
the experimental values of PS, PDI, and %ER agreed with the
predicted values at P < 0.05, where the residual error between
experimental value and predicted value wasminimal. The models
were sufficient to predict PS, PDI, and%ER in the processing of
phytosterol microemulsions.

Figure 3. Response surface plot of significant interaction between (a) Cy
and Pr and (b) Te and Cr on %ER (p < 0.05).

Table 5. Optimized Processing Parameters and Experimental Runs for Model Verificationa

response

independent variables PS (nm) PDI %ER

Cy Pr Te Cr desirability observed predicted observed predicted observed predicted

4.88 400 44.45 2.34 0.7876 312 328 0.1660 0.1589 0.0840 0.1000

4.84 400 46.32 2.47 0.7869 341 327 0.1512 0.1596 0.0891 0.1000

5.09 400 42.94 2.23 0.7861 334 329 0.1700 0.1591 0.0919 0.1000

7.00 200 41.68 2.23 0.7337 321 332 0.1532 0.1695 0.1005 0.1000

5.96 200 40.00 2.14 0.7219 345 333 0.1800 0.1718 0.0900 0.1000

χ2 = 2.2528 χ2 = 0.0035 χ2 = 0.0054

a For abbreviations, refer to Tables 1 and 2.
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In summary, the processing parameters for the production of
phytosterol microemulsions were successfully optimized using
RSM, while the formulation was held constant. Among the
independent variables, the temperature used to evaporate or
concentrate the microemulsions, as well as the concentration
ratio of microemulsions, shows significant (P < 0.05) positive
and negative effects, respectively, on all three responses (PS, PDI,
and %ER). Whereas the pressure used in high-pressure homo-
genization had a positive effect on PDI and%ER, the number of
cycles of high-pressure homogenization showed a negative effect
on PS. Optimized processing parameters for the production of
phytosterol microemulsions were 5 Cy, Pr of 400 bar, Te of
44.5 �C, andCr of 2.34. Verification of themodel using chi-square
analysis showed the experimental valuewas in agreement with the
predicted one (P < 0.05). The acceptable values of R2, adjusted
R2, and AAD implied that the model described the true behavior
of the phytosterolmicroemulsions system thatwas produced, and
interpolation in the experimental domain is achievable. However,
extrapolation beyond the experimental region is not recom-
mended, as RSM is an empirical modeling approach. Although
the model fits well in the region of the original data, it may not fit
well beyond that region.
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