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ABSTRACT: A simplex centroid mixture design was used to study the interactions between two chosen solvents, dichloromethane
(DCM) and acetone (ACT), as organic-phase components in the formation and physicochemical characterization and cellular
uptake of astaxanthin nanodispersions produced using precipitation and condensation processes. Full cubic or quadratic regression
models with acceptable determination coefficients were obtained for all of the studied responses. Multiple-response optimization
predicted that the organic phase with 38% (w/w) DCM and 62% (w/w) ACT yielded astaxanthin nanodispersions with the
minimum particle size (106 nm), polydispersity index (0.191), and total astaxanthin loss (12.7%, w/w) and the maximum cellular
uptake (2981 fmol/cell). Astaxanthin cellular uptake from the produced nanodispersions also showed a good correlation with their
particle size distributions and astaxanthin trans/cis isomerization ratios. The absence of significant (p> 0.05) differences between the
experimental and predicted values of the response variables confirmed the adequacy of the fitted models.
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’ INTRODUCTION

Astaxanthin is one of the xanthophyll carotenoid pigments
found in various aquatic animals, such as shrimp, salmon, and
lobster, and in some microalgae. Because of its enormous positive
impacts on human health and its biological actions, such as
anticancer, anti-aging, and anti-inflammatory effects, protecting
cells against oxidative cellular and DNA damage and ultraviolet
light effects, reducing low-density lipoprotein (LDL)�cholesterol
and ulcer symptoms, and boosting the immune system, T-cell
production, and cytokine release, it can be incorporated into
different food, pharmaceutical, and cosmetic product formu-
lations.1�3 However, as with many carotenoids, the bioavailability
of astaxanthin is often low because of its insolubility in water.
While it was believed that the formulation of carotenoids into an
oily matrix may provide high bioavailability,4 it has been shown
that the bioavailability of carotenoids from fatty food formulations
is not as high as expected. For example, lycopene and capsaicin
bioavailabilities in tomato oleoresin and red pepper oleoresin,
respectively, are less than other carotenoid-based food formula-
tions, such as tomato and paprika juices.3

Water-based carotenoid nanoparticles (nanodispersions)
have received considerable interest in recent years because of
their high solubility, stability, and bioavailability and their easy
applicability to different products compared to their macroscopic
crystalline states.5,6 Nanodispersion systems can be obtained in
two ways, by mechanical milling or a precipitation and condensa-
tion process; however, milling processes are generally not

suitable for the production of nanodispersion systems because,
at decreasing particle size, it becomes progressively more difficult
to apply mechanical energy without simultaneously inducing
particle agglomeration.6,7 In contrast, precipitation and conden-
sation processes begin with a molecular solution of the active
compound in a suitable solvent, followed by homogenization or
precipitation in water-containing emulsifiers or biopolymers as
surface-active agents and stabilizers, and end with the removal of
the unwanted solvents. This process not only allows for the
preparation of fine particulate dispersions but also is a relatively
easy, cheap, continuous, and controllable method of production
that makes it attractive from economical and industrial
viewpoints.6 On the basis of the type of solvent used, the
methods can be differentiated into three main process types,
namely, emulsification�evaporation, solvent�displacement,
and emulsification�diffusion, all of which cause a restriction of
particle growth to the nanometer range.6,8

In the emulsification�evaporation technique, an appropriate
lipophilic solvent is used as the dispersed organic phase and
particle size reduction takes place during an emulsification
in an intermediate stage. The particle size distribution of the
resulting emulsion is adjusted mechanically by homogenization.
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The conversion of an emulsion into a dispersion is performed by
removing the solvent using evaporation or diffusion procedures.
Particle formation takes place in the emulsion droplet during
evaporation when a solubility limitation occurs.6,7,9 In the
solvent�displacement process, a hydrophilic solvent is used to
dissolve the active compound and particle formation occurs by
precipitation according to nucleation and growth or spinodal-
phase separation at extremely high supersaturation conditions.
The solvent is removed by evaporation or diffusion as in the
former method.6,8,10 With the use of amphiphilic solvents or
solvent mixtures, known as the emulsification�diffusion method,
nanoparticle formation takes place through a transient emulsion
phase, which forms spontaneously and is then transformed into
nanodispersion. In the last two methods, size distribution is
controlled by the level of the supersaturation as well as by
emulsifier additives, which possibly act as mediators in nuclea-
tion, growth, and agglomeration.6

Dependent upon the nature of the active compounds in
nanodispersions, they can be produced by only one of the
mentioned techniques or through all of them, as with most of
the carotenoids. Selecting the appropriate solvent and other
preparation variables, such as the concentration of bioactive
compound, type and concentration of emulsifier(s), and homo-
genization and evaporation parameters, is the main issue to
consider in the preparation of nanodispersions of bioactive com-
pounds with desirable physicochemical characteristics. The latter
parameters have been studied in several previous works,7,9,11�16

but there is currently little knowledge about the effect of solvent
type on the characteristics of the resulting nanodispersions.

In present study, the effects of using the three techniques
described above for the preparation of aqueous-based asta-
xanthin nanoparticles were studied by choosing dichloromethane
(DCM) as a water-immiscible solvent, acetone (ACT) as a
totally water-miscible solvent, and different combinations of
these two solvents as a partially water-soluble solvent for the
organic phase because of the excellent solubility of astaxanthin in
these systems. The proportions of these solvents in the organic
phase were then optimized to obtain astaxanthin nanodisper-
sions with the smallest mean particle size, polydispersity index
(PDI), and total astaxanthin loss and the highest cellular uptake
by HT-29 human colonic epithelial cells.

Sodium caseinate was used as an emulsifier and a stabilizer in
the preparation of astaxanthin nanoparticles. During emulsifica-
tion�diffusion and particle formation, it can be diffused, ad-
sorbed at the interface, and can lower the interfacial tension.
Furthermore, it forms a protective interfacial membrane and
generates repulsive forces between droplets, because of a combi-
nation of electrostatic interactions and hydrophobic interactions;
these effects protect the droplets from coalescence. Among
surface-active proteins, sodium caseinate is more preferred in
the preparation of nanodispersions because of its higher water
solubility and thermal stability.9

’MATERIALS AND METHODS

Materials. trans-Astaxanthin (>85%) was donated by Kailu Ever
Brilliance Biotechnology Co., Ltd. (Beijing, China). Sodium caseinate,
sodium azide, phosphate buffer, analytical- and high-performance liquid
chromatography (HPLC)-gradeDCM, ACT,methanol, and acetonitrile
were provided by Fisher Scientific (Leicestershire, U.K.). HT-29 (HTB
38, human colon carcinoma cell lines) and modified McCoy’s 5a
medium (ATCC 30-2007) were purchased from the American Type

Culture Collection (ATCC, Manassas, VA). Penicillin, streptomycin,
fetal bovine serum (FBS), and trypsin 0.25% were obtained from Grand
Island Biological Company (GIBCO, Grand Island, NY). Phosphate-
buffered saline (PBS) was acquired from Sigma (St. Louis, MO).
Preparation of Aqueous-Based Astaxanthin Nanoparti-

cles. trans-Astaxanthin (1%, w/w) was first dissolved in the various
selected solvent systems to form an organic dispersed phase. The
aqueous (continuous) phase consisted of sodium caseinate (1%, w/w)
and sodium azide (0.02%, w/w) dissolved in 0.05 M phosphate buffer
(pH 7), was slowly added to the organic phase at an organic/aqueous
phase ratio of 1:9 by weight, and homogenized using a conventional
homogenizer (Silverson L4R, Buckinghamshire, U.K.) at 5000 rpm for
5 min. The resulting coarse emulsion was then subjected to high-
pressure homogenization (APV, Crawley, U.K.) for two passes at 50
MPa. Astaxanthin nanoparticles were produced after the removal of the
organic solvent(s) and concentrated 2-fold by rotary evaporation (NE
1001, Eyela, Tokyo, Japan) under reduced pressure at 150 kPa, 47 �C,
and 100 rpm. All processing and formulation parameters, except the type
of solvent, were held constant during sample preparation.6,10,11

Analysis of Mean Particle Size and PDI. The mean particle size
and PDI of the astaxanthin nanodispersions were measured with a
dynamic light-scattering particle size analyzer (Malvern series ZEN
1600, Malvern Instruments, Ltd., Worcester, U.K.). The experiments
were performed on samples diluted (1:10) with deionized water to
eliminate multiple scattering effects in the measurements. A laser beam
was passed through the samples and scattered in a characteristic pattern
based on the particle size. The mean particle size was determined from
measurements of scattered light by a photodiode array located behind the
cuvette. The PDI was calculated as the best fit between the measured
scattered pattern and the one predicted by light-scattering theory.17 The
reported particle size and PDI were calculated from the average of three
measurements.
Determination of Astaxanthin Content. Bond Elut C18 car-

tridges (Varian, Harbor City, CA) were conditioned by washing with
1 mL of methanol and then with 2 mL of deionized water prior to use. A
total of 1 mL of sample was applied to the conditioned Bond Elut C18
cartridge. The cartridge was then washed twice with 4 mL of deionized
water followed by elution with ACT, and then 2 mL of eluate was further
filtered with a membrane filter. An aliquot (20 μL) of filtrate was injected
into HPLC.11

HPLC analysis was performed using anAgilent liquid chromatography
system (Agilent Technologies 1200 Series, Waldbronn, Germany),
equipped with a G13150 diode array detector and a Nova-Pak C18
(3.9� 300 mm)Waters HPLC column, using an isocratic mobile phase
consisting of 85% methanol, 5% dichloromethane, 5% acetonitrile, and
5% water. The flow rate was set at 1.0 mL/min, and the injection volume
was 20 μL. The chromatogram was recorded from 250 to 700 nm. Peaks
were measured at the wavelength of 480 nm.18 The isomers of astax-
anthin were identified according to their retention times and spectra by
photodiode array detection.19 The calibration of the peak area versus
astaxanthin concentration was linear in the measured concentration
range (R2 = 0.9943; n = 5).
In Vitro Tests of Carotenoid Uptake. For the in vitro tests, the

human colon carcinoma HT-29 cell line was used as a model for human
colon epithelial cells. Cells were maintained in McCoy’s 5a medium
(supplemented with L-glutamine and sodium bicarbonate), with 1%
(v/v) each of penicillin and streptomycin and 10% (v/v) FBS, at 37 �C
in a humidified atmosphere of 95% air and 5% CO2. At 3 days after
seeding, the cells were washed with PBS and incubated with cell culture
medium supplemented with 10 μMof the different prepared astaxanthin
nanodispersions.20 After an additional 48 h of incubation with the
supplemented culture medium at maintenance conditions (37 �C and
95% air and 5% CO2), cell monolayers were washed 3 times with PBS
and detached by trypsinization; after resuspension in 10 mL of culture
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media, an aliquot of the suspension was used for the determination of the
cell number. The remaining cell suspension was washed twice with PBS
and then resuspended in 2 mL of water/ethanol (1:1, v/v). The cellular
astaxanthin was extracted 3 times with DCM/methanol (1:1, v/v) from
cell suspensions,21 applied to Bond Elut C18 cartridges, and quantified
by reverse-phase HPLC.
Transmission Electron Microscopy (TEM) Analysis. The

nanodispersions were also observed by TEM for microstructure and
particle-size distribution. The sample was prepared using the conven-
tional negative-staining method. TEM images were then taken using an
electron microscope (Hitachi H-7100, Nissei Sangyo, Tokyo, Japan)
operating at 100 kV.
Experimental Design and Statistical Analysis. A mixture

design of the experiment was used to obtain the optimum organic-phase
composition, yielding the most desirable nanodispersion characteristics
(minimum particle size, PDI, total astaxanthin loss, and maximum
cellular uptake), and to investigate the presence of either the synergistic
or antagonistic effect in the blends of components. Themixture design is

a special case of response-surface design, in which the factors are the
components of a blend and the responses are assumed to depend upon
only the relative proportions of the blend components but not the
amount of the blend itself.22 An augmented simplex-centroid design was
used for the mixture experiments in the present study. In this design,
each component was studied at five levels, namely, 0 (0%), 1/4 (25%),
1/2 (50%),

3/4 (75%), and 1 (100%), depending upon the number of
components (Table 1). To allow for error estimation, all blends were
prepared in three independent replications. Mixture regression analysis
was performed to determine the coefficients and significance of the
model terms and the coefficients of determination (R2).

The significance of the estimated regression coefficient for each
response variable was assessed by its F value at a probability (p) of
0.05. The adequacy of the response models was determined usingmodel
analysis, i.e., coefficient-of-determination (R2) and lack-of-fit analyses.23

The experimental design matrix, data analysis, and optimization proce-
dure were performed using the Minitab version 14 statistical package
(Minitab, Inc., State College, PA). Numerical optimization was

Table 1. Matrix of the Simple Centroid Mixture Design and Experimental Response Valuesa

sample

number

DCM

(x1, %)

ACT

(x2, %)

particle size

(nm) PDI

trans/9-cis

isomerization

of astaxanthin (%)

trans/13-cis

isomerization

of astaxanthin (%)

total astaxanthin

loss (%)

cellular level

of astaxanthin

(fmol/cell)

1 100 0 116.37( 4.01 0.242( 0.036 11.93( 1.55 12.15( 0.66 13.09( 1.78 2092( 168

2 75 25 127.48( 3.84 0.178( 0.020 3.05( 2.71 10.89( 1.30 10.47( 0.96 1579( 75

3 50 50 115.58( 4.68 0.177( 0.019 2.80( 1.88 9.53( 0.71 12.24( 0.82 2231( 147

4 25 75 105.97( 3.81 0.203( 0.021 2.28( 2.20 8.28( 1.05 13.83( 1.19 3272( 69

5 0 100 158.79( 0.68 0.186( 0.007 2.15( 2.29 11.10( 1.10 24.02( 0.68 923( 286
aValues are the mean ( standard deviation.

Table 2. Regression Coefficients, R2, Adjusted R2, and Probability Values for the Final Reduced Models (Component
Proportions)

regression coefficienta
average particle

size (nm) PDI

trans/9-cis isomerization of

astaxanthin (%) (g/100 g)

trans/13-cis isomerization

of astaxanthin (%)

total astaxanthin

loss (%)

cellular uptake of

astaxanthin

(fmol/cell)

b1 115.873 0.2425 11.78 12.096 13.32 2135

b2 158.293 0.1865 2.84 11.046 23.41 966

b12 �97.939 �0.1383 �21.62 �9.451 �29.03 3752

(b12)
� 227.911 �0.2827 �19.72 11.120 �12147

R2 0.9637 0.7743 0.9029 0.7167 0.9089 0.9281

R2 (adj) 0.9538 0.7127 0.8765 0.6394 0.8937 0.9085

regression

p value 0.000b 0.001b 0.000b 0.002b 0.000b 0.000b

F value 97.42 12.58 34.11 9.27 59.84 47.35

linear (x1,x2)

p value 0.000b 0.001b 0.000b 0.215 0.000b 0.000b

F value 158.8 20.22 62.10 1.73 69.40 33.63

quadratic (x1x2)

p value 0.000b 0.004b 0.000b 0.002b 0.000b 0.000b

F value 92.59 13.48 39.75 15.37 50.29 37.89

full cubic (x1x2)
�

p value 0.000b 0.003b 0.014b 0.039b 0.000b

F value 128.93 14.49 8.51 5.47 102.11

lack of fit

p value 0.079 0.666 0.125 0.453 0.081 0.4

F value 3.84 0.20 2.8 0.61 3.27 0.14
a bi, bij, and (bij) are the linear, quadratic, and cubic interactions of organic-phase components, respectively. 1, DCM; 2, ACT. b Significant (p < 0.05).
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performed with the response optimizer in the Minitab software to
determine the exact optimum values of individual and multiple re-
sponses resulting in the desired goals.11 A measure of how the solution
has satisfied the combined goals for all responses is known as total
desirability. The values for total desirability range from 0 to 1, in which 1
represents the ideal case and 0 indicates that some responses are outside
of their acceptable ranges. The adequacy of the models was verified by
comparing the experimental data to that predicted by the final models
for the optimum astaxanthin nanodispersion using the proportions of
solvents recommended by the optimization procedure.

’RESULTS AND DISCUSSION

Fitting the Initial Response-Surface Models. Mixture anal-
ysis provided empirically significant (p < 0.05) models for
estimating the variation of the mean particle size, PDI, total
astaxanthin loss, and cellular uptake as functions of solvent
proportions in the organic phase. The non-significant (p >
0.05) terms were dropped from the initial model, and the data
were refitted to obtain the final reduced models.
Table 2 contains the coefficients, correspondingR2 and adjusted

R2 values of the regression equations for the responses, and the
corresponding F ratio and p value of each term in the equations.
Themixture analysis indicated that the relationships of the organic-
phase components, namely, DCM (x1) and ACT (x2), with mean
particle size, PDI, and astaxanthin cellular uptake could be
explained by significant (p < 0.05) full cubic polynomial regression
models, whereas total astaxanthin loss was predicted by a quadratic
regression equation. Relatively high coefficients of determination
(R2), from 0.7743 to 0.9637, were obtained for the regression
models, confirming their suitability for the prediction of the studied
responses based on organic-phase components (Table 2).
Mean Particle Size and PDI. Generally, in the preparation of

astaxanthin nanoparticles during precipitation reactions, nuclea-
tion must take place at the highest level of supersaturation during
the evaporation or precipitation of the organic phase. To increase
the nucleation rate and, consequently, decrease the particle
growth, a rapid reduction in supersaturation is required, along
with the prevention or control of the agglomeration of the
primary particles by the use of specific growth inhibitors,
stabilizers, and emulsifiers.6 The type of organic phase is one
of the parameters that can influence all of the mentioned stages
by affecting the solubility and diffusion of system components.
As shown in Figure 1a, using a water-immiscible solvent (DCM)
or a totally water-miscible solvent (ACT) individually or in
combination led to the production of nanodispersions with
different particle size distributions. The variations of the mean
particle size and PDI were significantly (p < 0.05) explained by a
full cubic regression equation, yielding regression coefficients
(R2) of 0.9637 and 0.7743, respectively (Table 2 and Figure 1a).
The negative quadratic effects of organic-phase components

(x1� x2) (Table 2) in the fitted model for the mean particle size
and PDI indicated that the components were antagonistic. In
other words, using a mixture of these solvent components could
decrease the particle size and PDI compared to using them
individually. As shown in Table 2 and panels a and b of Figure 1,
the full cubic interaction effects of the components were also
positively significant on the mean particle size and negatively
significant (p < 0.05) on PDI variation, meaning that a third-
order regression model is suitable for these responses. Thus,
there would be bothmaximum andminimum values for themean
particle size and PDI using combinations of these solvents as the

organic phase in different proportions ranging from 0 to 100. The
opposite signs of the cubic interactions for the particle size and
PDI showed the opposing effect of each component proportion
on the variations in these responses; for example, high propor-
tions of DCM in the organic-phase mixture led to the production
of astaxanthin nanodispersions with higher particle size and
smaller PDI, the opposite of using higher proportions of ACT
in the mixture.
The nanoparticle formation takes place when the stabilizer,

with a sufficient protective effect, remains at the liquid�liquid
interface through the diffusion process. Because the particle
formation takes place after solvent diffusion, the size of nanopar-
ticles depends upon the stability of the emulsion droplets, which
collide and coalesce.24 Thus, when using DCM individually as the
organic-phase solvent, nearly every formulation resulted in sig-
nificant aggregation because of its immiscible nature with water
and the stabilizer was not able to completely prevent the
aggregation of emulsion droplets, leading to a large mean particle
size (195.5 nm). In contrast, when only ACT was used as the
water-miscible organic phase, after mixing the phases, rapid
diffusion of the emulsifier component first led to a reduction in
the particle size in the intermediate emulsion that was formed
according to the Marangoni effect. ACT diffusion then caused a
collapse of the emulsifier in the boundary layer, accompanied by
astaxanthin condensation in ACT. Thus, the particles were
formed by boundary layer turbulence during solvent diffusion,6

and in this case, fine emulsions could not be formed as a result of
the rapid precipitation of astaxanthin and incomplete absorption
of emulsifier onto the freshly produced particles because of their
insufficient contact time.6,24 The fraction of solvent remaining in
the precipitation medium could also increase the risk of particle
growth by Ostwald ripening, especially because the apparent
solubility of mesoscopic systems increases with a decreasing
particle size. This consideration applies particularly to particles
with an amorphous solid structure.6

The results indicated that astaxanthin nanodispersions pro-
duced with DCM had smaller mean particle sizes and higher PDI
compared to those produced with ACT. Tuning their propor-
tions and using them together may improve the particle size
characteristics of the prepared nanodispersions and produce
nanodispersions with more desirable properties. Therefore, the
solvent proportions in the organic-phase mixture may control
the solvent diffusion in the aqueous phase, the solubility of active
compound and stabilizer, and the interfacial characteristics of
the system.6 Thus, the minimum particle size and PDI can be
obtained by enhancing the ability for rapid and maximum
nucleation, the controlled particle growth, the prevention of
coalescence, and the low interfacial tension between aqueous and
organic phases with optimized solvent proportions, resulting
from their partially water-soluble natures.24

The single response optimization obtained with Minitab
indicated that the organic-phase compositions of 33% DCM
(67% ACT) and 65% DCM (35% ACT) would yield astaxanthin
nanodispersions with the minimum particle size (105 nm) and
PDI (0.173), respectively.
Astaxanthin Loss (%). Astaxanthin initially added to the

organic phase was found to be a mixture of approximately 88.4
( 3.45% trans-astaxanthin, 10.1( 1.06% 13-cis-astaxanthin, and
2.5 ( 0.15% 9-cis-astaxanthin according to the HPLC results.
During the preparation of nanodispersions, trans-astaxanthin is
readily interconverted to 9-cis- and 13-cis-astaxanthin because of
steric and thermodynamic driving forces.19
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The results indicated that the relative contents of trans-, 9-cis-,
and 13-cis-astaxanthin in the prepared nanodispersions were differ-
entwhenusing different solvents. The 13-cis isomerization prevailed
over the 9-cis isomerization in most of the nanodispersions.
The isomerization of trans-astaxanthin into cis forms in

nanodispersions prepared using pure DCM was higher than in

those using pure ACT. Similar results have also been reported in
previous studies.19,25 In the system with pure DCM as the
organic phase, themaximum trans to cis isomerization percentage
was found to be 24% and the contents of the 9-cis and 13-cis
isomers were almost equal. As shown in Table 2 and Figure 1c,
the regression models for the trans to 9-cis and the trans to 13-cis

Figure 1. Effect of different DCM compositions of the organic phase on characteristics of astaxanthin nanodispersions: (a) mean particle size, (b) PDI,
(c) cis-astaxanthin production, (d) total astaxanthin loss, and (e) cellular level of astaxanthin.
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isomerizations of astaxanthin in the nanodispersions were found
to be full cubic (third-order) equations. Using the response
optimizer, the minimum 9-cis and also 13-cis isomer productions
were predicted to occur in 30% DCM (70% ACT) and 50%
DCM (50% ACT), respectively, and the maximum conversions
were predicted to occur in 100% DCM, as mentioned above.
Thus, the minimum trans to cis isomerizations were predicted to
occur when a solvent mixture (i.e., the solvent-diffusion tech-
nique) was used.
The total astaxanthin concentration showed a decrease during

the processing steps in all samples. It is well-known that asta-
xanthin, similar to other carotenoids, is very sensitive to light,
oxygen, heat, and different active agents, such as free radicals.26

The possible cavitation during homogenization may cause the
production of free radicals that would trigger a loss of astaxanthin
in all of the nanodispersions.27 trans-Astaxanthin loss thus likely
occurred because of both isomerization and degradation. The
variation of total astaxanthin loss was significantly (p < 0.05)
explained by a quadratic regression equation (R2 = 0.9089)
(Table 2 and Figure 1d). The negative quadratic effects of the
solvent components (x1� x2) in the fitted model for astaxanthin
loss pointed to their antagonistic binary combinations. Therefore,
the use ofmixed solvents could produce nanodispersions with low
total astaxanthin loss (%) compared to the use of a pure solvent as
the organic phase. The predicted second-order regression model
for total astaxanthin loss meant that there was an optimum
component percentage in the solvent mixture leading to mini-
mum astaxanthin loss, which was 68% DCM and 32% ACT as
predicted by the single response optimizer. The corresponding
astaxanthin loss (%) for this mixture was calculated to be 10%.
The minimum astaxanthin loss with the use of mixed solvents

was obtained in nanodispersions with approximately the max-
imum mean particle size. This result concurs with those of
previous researchers.11,16,28 The larger surface area of astaxanthin
in nanodispersions with a smaller mean particle size can sig-
nificantly reduce the chemical stability of astaxanthin nanodis-
persions by providing more contact surface area between
astaxanthin particles and the aqueous environment.7

The nanodispersions produced using ACT alone as the
organic phase showed higher astaxanthin loss compared to those
produced with pure DCM. This result may be related to the
hydrophobic nature of DCM and the hydrophilic nature of ACT.
When DCM is used as the organic phase, the active radicals
occurring in the system (that are mostly ionic in nature) were
repelled and could not easily reach astaxanthin, whereas when
using ACT, oxygen and other reagents could easily diffuse into
this organic phase and cause high astaxanthin loss because of
their easier contact with carotenoid molecules. Furthermore, the
higher boiling point of ACT compared to DCM could cause
more astaxanthin loss in ACT dispersion systems because of its
higher latent heat of vaporization and, consequently, longer
exposure to high temperatures during evaporation and the
solvent removal process.
Cellular Uptake. Food emulsion and dispersion designs aimed

at delivering lipophilic bioactive compounds should include an
estimate of their bioavailability to support the claimed effect.3 For
absorption of a carotenoid, it needs to be released from the food
matrix, transferred into lipid conveyers, integrated with mixed bile
salt micelles during digestion, undergone possible metabolism by
enterocytes, and incorporated into chylomicrons (CMs) to secrete
into the lymph.29 The dissolution rate, hydrophilicity, particle size,
surface area, cis or trans isomerization, and polymorphism are

some of the important factors affecting the cellular uptake of
carotenoids.30Whereas the direct evaluation of carotenoid absorp-
tion in human or animal models suffers from considerable limita-
tions in the design and high cost of labor and equipment, thus
prohibiting the systematic screening of various food sources,
processing methods, and other dietary factors,29,30 in vitromodels,
such as cellular uptake measurements, have been of great interest
because of their potential to provide useful insights about the
relative bioavailability of carotenoids and the effects of different
parameters on the potential bioavailability and the bioaccessibility
of ingested carotenoids. In vitro models are relatively inexpensive
and technically simple; standard laboratory equipment is sufficient.
The high-throughput potential facilitates the screening of numer-
ous samples, and the experiments are readily controlled for the
investigation of mechanisms.30,31

In this work, the cellular uptake of astaxanthin from nanodis-
persions was investigated using colon carcinoma cells (HT-29)
as a model for human colon epithelial cells. These cells are able to
form and secrete CMs, large lipoproteins rich in triglycerides that
are required for in vivo intestinal absorption of fat-soluble
nutrients, such as carotenoids. The differentiation process in
HT-29 cells is apparently similar to that observed during the
embryonic development of the intestine.32

Table 2 and Figure 1e show the results for the cellular uptake
by the HT-29 cell line of astaxanthin nanodispersions prepared
with different organic-phase compositions. The variation of the
cellular uptake of astaxanthin with organic-phase composition
proportions was significantly (p < 0.05) predicted by a full cubic
regression model (R2 = 0.9281). The positive quadratic and
negative full cubic effects of solvent components in the fitted
model indicated their synergistic binary and antagonistic ternary
interaction effects, meaning that both the highest and lowest
cellular uptake of astaxanthin would be obtained using combina-
tions of DCM and ACT. Low concentrations of DCM in the
mixed solvents would produce nanodispersions with higher
cellular uptake, but the nanodispersions produced with only
DCM showed higher cellular uptake than those with only ACT.
According to the individual response optimization, the highest
cellular uptake of astaxanthin was predicted to be produced using
31% DCM and 61% ACT.
Table 3 shows the regression equation and probability values

of the fitted model for the variation in cellular uptake of
astaxanthin with the mean particle size, PDI, and trans to 9-cis
and 13-cis isomerizations in the various nanodispersions. The

Table 3. Regression Coefficients, R2, Adjusted R2, and
Probability Values for the Regression Equation Predicting
Astaxanthin Cellular Uptake (fmol/Cell) Variation with the
Mean Particle Size (nm), PDI, and trans to 9-cis and 13-cis
Isomerizations (%, w/w) of Astaxanthin in Astaxanthin
Nanodispersions

predictors regression coefficients F value p value

constant 4725.30 83.72 0.000a

mean particle size (nm) �24.38 79.39 0.000a

PDI 16311.00 52.71 0.000a

trans to 9-cis isomerization �55.42 5.24 0.045a

trans to 13-cis isomerization �252.49 28.62 0.000a

R2 0.987

R2 (adj) 0.981
a Significant (p < 0.05).
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high coefficient of determination (R2 = 0.987) obtained for this
regression model confirmed the close correlation between the
cellular uptake and other studied responses. The cellular uptake
of astaxanthin increased with a decreasing particle size and trans
to cis isomerization and with an increasing PDI. The mean
particle size of the nanodispersions showed the highest signifi-
cant effect (i.e., the lowest p value and highest F value) compared
to the other predictors. Between the cis isomerizations of
astaxanthin, the degree of 13-cis isomerization affected the
variation of cellular uptake of astaxanthin from nanodispersions
more than the 9-cis isomerization. The inverse dependence of
cellular uptake upon the particle size and trans to cis isomeriza-
tions of astaxanthin was expected according to several theoret-
ical in vivo dissolution models33,6 and previously reported
results.19,32,34 However, the exact cause of the changes in cellular
uptake with PDI remains unexplained.
Optimization andValidation Procedures for theOptimum

Processing Condition. In the present study, an astaxanthin
nanodispersion would be considered an optimum product if it
possessed the smallest mean particle size, the narrowest PDI, the
least total astaxanthin loss, and the highest cellular uptake. The
numerical multiple optimizations showed that the most desirable
astaxanthin nanodispersion was predicted to be obtained with

the use of an organic phase with 38%DCMand 62%ACT. At this
optimum organic-phase ratio, the corresponding predicted re-
sponse values for the mean particle size, PDI, total astaxanthin
loss, and cellular uptake were predicted to be 106 nm, 0.191,
12.7%, and 2981 fmol/cell, respectively, for a total desirability of
0.8213.
As shown in Figure 2, the overall closeness between the

predicted and experimental values of the responses confirmed
the adequacy of the models. The optimum astaxanthin nanodis-
persion containing the predicted optimum organic-phase for-
mulation was also prepared in triplicate and evaluated in terms of
the studied characteristics. The corresponding experimental
values for the mean particle size, PDI, total astaxanthin loss,
and cellular uptake of the nanodispersion prepared using the
predicted optimum proportions were 110( 6.04, 0.201( 0.016,
9.9 ( 3.5%, and 3057 ( 96 fmol/cell, respectively. Thus, the
absence of significant (p > 0.05) differences between the experi-
mental and predicted values reconfirmed the adequacy of the
final models employed.
DCM and ACT residues were recorded to be approximately

0.025 ppm in prepared astaxanthin nanodispersions. The residual
solvent level was shown to be at an acceptable level according the
International Conference on Hormonization (ICH) and

Figure 2. Fitted line plots between the experimental and predicted values of studied responses.
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indicated that the produced nanodispersions can be applied in
different food and pharmaceutical formulations.
There was no significant (p< 0.05) change in themean particle

size of the resulting optimum astaxanthin nanodispersion over
the 8 week storage at 5 �C. Therefore, no occurrence of
coalescence was observed in the nanodispersion, and this ob-
servation verified the high physical stability of the produced
nanodispersions. However, the significant (p < 0.05) decrease in
the astaxanthin content (35%) of the nanodispersions during
storage showed their limited chemical stability.
TEM Analysis. A representative TEM image of the optimum

astaxanthin nanodispersion is presented in Figure 3. The opti-
mum formulated astaxanthin nanodispersion contained rela-
tively well-defined but rather polydisperse quasi-spherical-
shaped particles, as evidenced from the TEM observation. The
observations closely corresponded with the results observed in
the dynamic light-scattering particle-size analysis.

’CONCLUSION

In this study, the experimental design of mixtures was applied
to find empirically significant (p < 0.05) models for predicting the
variations of the mean particle size, PDI, cellular uptake, trans to
cis isomerizations, and total astaxanthin loss of astaxanthin
nanodispersions as a function of organic-phase (solvent) propor-
tions. The results clearly showed that the studied physicochemical
and biological properties of the nanodispersions were significantly
(p < 0.05) influenced by organic-phase compositions depending
upon the solubility of the organic phase in water. Concerning the
stated goals, the astaxanthin nanodispersion prepared using a
mixture of 38% DCM and 62% ACT as the organic phase was
shown to possess the optimum characteristics. Thus, an organic
phase with a partially water-soluble nature, corresponding to the
solvent-diffusion technique, yielded an astaxanthin nanodisper-
sion with a lower mean particle size, PDI, and total astaxanthin
loss and a higher cellular uptake than either fully water-insoluble
(the emulsification�evaporation technique) or water-soluble
(the solvent�displacement technique) solvents.
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