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Abstract: Nanodispersion systems allow incorporation of lipophilic bioactives, such as 

astaxanthin (a fat soluble carotenoid) into aqueous systems, which can improve their solubil-

ity, bioavailability, and stability, and widen their uses in water-based pharmaceutical and food 

products. In this study, response surface methodology was used to investigate the influences 

of homogenization time (0.5–20 minutes) and speed (1,000–9,000 rpm) in the formation of 

astaxanthin nanodispersions via the solvent-diffusion process. The product was characterized 

for particle size and astaxanthin concentration using laser diffraction particle size analysis and 

high performance liquid chromatography, respectively. Relatively high determination coef-

ficients (ranging from 0.896 to 0.969) were obtained for all suggested polynomial regression 

models. The overall optimal homogenization conditions were determined by multiple response 

optimization analysis to be 6,000 rpm for 7 minutes. In vitro cellular uptake of astaxanthin from 

the suggested individual and multiple optimized astaxanthin nanodispersions was also evaluated. 

The cellular uptake of astaxanthin was found to be considerably increased (by more than five 

times) as it became incorporated into optimum nanodispersion systems. The lack of a significant 

difference between predicted and experimental values confirms the suitability of the regression 

equations connecting the response variables studied to the independent parameters.

Keywords: optimization, lipophilic bioactive nanodispersions, response surface 

methodology

Introduction
Carotenoids are natural pigments with essential biological effects, including anti-

oxidant activity.1 Astaxanthin is a carotenoid compound found in salmon, crabs, 

shrimps, and some other sea foods. Recently, astaxanthin has gained popularity as a 

nutraceutical and a therapeutic component for the treatment or prevention of several 

diseases, including cancer, age-related macular degeneration, inflammation, Helico-

bacter pylori infection, and cardiovascular oxidative stress, and for general enhance-

ment of the immune response.1,2 However, as with other carotenoids, its structure has 

various unsaturated double bonds that decompose easily during exposure to oxygen, 

light, and heat. Moreover, the imperfect water solubility/dispersibility of astaxanthin 

has hampered its usefulness.3–5 Even with the numerous recognized advantages of 

nanosized delivery systems, preparation of astaxanthin nanodispersions has not yet 

been demonstrated.

Nanodispersion systems have received much attention recently because of their 

considerable potential for food and pharmaceutical applications.6 The development 
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of these nanosized delivery systems has led to considerable 

improvement in the properties of various bioactive com-

pounds including their water solubility, bioavailability, and 

stability.3,4 Nanodispersions are non-equilibrium complicated 

systems; however, because they have relatively high kinetic 

stability, they approach thermodynamic stability. These sys-

tems are composed of fine dispersed nanoparticles ranging 

in size from 20–200 nm in a continuous phase.6

Different techniques are available for the preparation of 

nanodispersions. The solvent diffusion technique has been 

widely used for the preparation of functional bioactive lipid 

compounds.4,6 This technique involves the dissolution of a 

lipophilic compound in a partially water-miscible organic 

solvent, for example, tetrahydrofuran, acetone, ethanol, or a 

mixture of water-miscible and water-immiscible solvent.7 A 

large amount of water is then applied to the system to change 

the continuous phase nature (from organic solvent to water) 

and produce the nanodispersion system. This procedure is 

known as the solvent shifting process. A solvent shifting step 

can also be applied to a system by elimination of the organic 

solvent using an appropriate evaporation process after mixing 

the aqueous and organic phases.6 The spontaneous particle 

creation is described by boundary layer turbulence, which 

begins by the diffusion of solvent. According to this model, 

boundary layer turbulence breaks down the partitions in a 

nanodimensional solution.8 The active compound and the 

stabilizer are then concurrently precipitated by increasing 

the diffusive depletion of the solvent. This process is known 

as the nanoprecipitation technique.6 In such processes, the 

mixing parameters, such as mixing speed and time, play an 

important role in determining the characteristics of the nano-

dispersions produced.7 Since the effects of these parameters 

have not been evaluated as yet, the aim of the current research 

was to study the influence of homogenization parameters on 

the characteristics of astaxanthin nanodispersions and then to 

optimize these parameters to obtain the most desirable nano-

dispersions with minimum particle size and polydispersity 

index (PDI) and maximum astaxanthin content and minimum 

astaxanthin loss during the process. Subsequently, the in vitro 

bioavailability of astaxanthin nanodispersions prepared under 

the proposed individual and multiple homogenization condi-

tions was evaluated in a human colon carcinoma HT-29 cell 

line as a model for human colon epithelial cells.

Materials and methods
Materials
Tween 20 (polyoxyethylenesorbitanmonolaurate) along 

with high performance liquid chromatography (HPLC) and 

analytical grade dichloromethane, acetone, acetonitrile, and 

methanol were sourced from Fisher Scientific (Leicestershire, 

UK). Astaxanthin (85%) was obtained from Kailu Ever 

Brilliance Biotechnology Co Ltd (Beijing, People’s Republic 

of China). HT-29 (HTB 38, a human colon carcinoma cell 

line) and modified McCoy’s 5a medium (ATCC 30-2007) 

were sourced from the American Type Culture Collection 

(ATCC, Rockville, MD, USA). Penicillin, streptomycin, 

trypsin 0.25%, and fetal bovine serum were supplied by Gibco 

(Grand Island, NY, USA) and phosphate-buffered saline was 

provided by Sigma-Aldrich (St Louis, MO, USA).

Preparation of astaxanthin 
nanodispersions
Tween 20 (1% w/w) was dissolved in deionized water to 

produce the aqueous phase. The organic phase (composed of 

62% w/w acetone and 38% w/w dichloromethane) containing 

dissolved astaxanthin (1% w/w) was then gradually added to 

the water phase under magnetic stirring. Mixing the organic 

and water phases was completed using a high-shear homo

genizer (Silverson L4R, Silverson Machines Ltd, Waterside, 

UK) for various times (0.5–20 minutes) and at various speeds 

(1,000–9,000 rpm) derived from a two-factor central compos-

ite design (Table 1). The aqueous to organic phase ratio in all 

samples was set at 9:1 (w/w). The solvents were evaporated 

from the system afterwards by a vacuum rotational evapora-

tor (Eyela NE-1001, Tokyo Rikakikai Co Ltd, Tokyo, Japan) 

under reduced pressure (0.25 atm) at a temperature of 47°C. 

The sample was studied in terms of mean particle size, PDI, 

and astaxanthin loss (percentage weight for weight, % w/w).

Particle size and PDI measurements
A dynamic light scattering particle size analyzer (series ZEN 

1600, Malvern Instruments Ltd, Malvern, UK) was used to 

estimate the mean particle size and PDI of freshly produced 

astaxanthin nanodispersions. All samples were diluted (1:10) 

with deionized water to prevent the effects of multiple scat-

tering. The measurement temperature was set at 25°C.

The dynamic light scattering technique measures the 

time-dependent oscillation of scattered light in dispersed 

nanoparticles due to Brownian movement, which depends 

on their dimensions. PDI is a dimensionless approximation 

that describes the homogeneity of nanodispersions. Its value 

changes from 0 to 1, and smaller values correspond to a nar-

rower and finer particle size distribution.3

Determination of astaxanthin content
In a screw tab amber vial, 0.5 mL of sample was added 

to 2 mL of a 50:50 (v/v) mixture of methanol and dichlo-

romethane. The tightly closed vial was then agitated using 
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a vortex shaker (Vortex 3, IKA, Staufen, Germany) for  

15 minutes, then centrifuged at room temperature for 5 min-

utes in a Kubota 2010 centrifuge (Kubota, Tokyo, Japan) at 

800× g and decanted. This extraction process was repeated 

twice. The extract volume was increased to 10 mL by addition 

of methanol and filtered with a membrane filter. Next, 40 µL 

of filtrate was injected into a HPLC column. In order to deter-

mine the astaxanthin content in the nanodispersions, an HPLC 

analysis was carried out using a liquid chromatography system 

(1200 series, Agilent Technologies, Waldbronn, Germany) 

equipped with a Nova-Pak® C18 (5 µm, 3.9×300 mm)  

HPLC column (Waters, Milford, MA, USA) at ambient 

temperature and with a G13150 diode array detector. An 

isocratic mobile phase consisting of 5% v/v water, 5% v/v 

acetonitrile, 5% v/v dichloromethane, and 85% v/v methanol 

was used for this measurement and the detection wavelength 

was at 480 nm.9 The chromatogram peaks were recognized 

and quantified using an external astaxanthin standard. 

Astaxanthin with a defined concentration (1,000 mg/L) was 

dissolved in a mixture of HPLC grade dichloromethane 

and methanol (25:75). To obtain the calibration curve, 

various dilutions were prepared from this stock solution 

by addition of methanol. The chromatograms of standard 

solutions as well as the extracted astaxnthin from opti-

mized nanodispersion are shown in Figure 1. The standard 

astaxanthin solutions showed good linearity in the tested 

range (100–1,000 µg/L), within 95% confidence limits  

(Y =124.29X, Y being astaxanthin content (mg/L), X being 

peak area, R2=0.989). The precision was measured as repeat-

ability in which three injections were carried out for each 

sample (Table 1). The small standard deviations and mean 

percentage coefficient of variation (2.7%) confirm that the 

measurements of concentration in this study were of accept-

able precision. The accuracy of the method was also verified 

due to the average percent error (less than 3%) obtained and 

the recovery range found (92%–108%). The limit of quan-

tification and limit of detection on the basis of the standard 

deviation of the response and the slope obtained from the 

linearity plot of each astaxanthin standard solution were 

calculated to be 45 µg/L and 15 µg/L, respectively.

Transmission electron microscopy 
analysis
An electron microscope (7100, Hitachi Scientific Instru-

ments, Tokyo, Japan) working at 100 kV was used to obtain 

transmission electron microscopy images from the final 

optimized astaxanthin nanodispersions for investigation 

of their particle size distribution and microstructure. The 

conventional negative staining method was used to prepare 

samples for this analysis.

Bioavailability measurement  
(uptake of astaxanthin)
The HT-29 human colon carcinoma cell line was selected 

as a model for human colon epithelial cells and for in vitro 

testing of bioavailability. The cells were maintained in 

supplemented McCoy’s 5a medium with sodium bicarbon-

ate and L-glutamine containing 1% (v/v) penicillin, 1% (v/v) 

streptomycin, and 10% (v/v) fetal bovine serum at 37°C and 

in a humidified atmosphere of 5% CO
2
 and 95% air. Three 

days after seeding, the cells were incubated with cell cul-

ture medium containing 10 µM of the selected astaxanthin 

Table 1 Central composite design and response variables for processing of astaxanthin nanodispersions

Sample 
number

Time  
(minutes)

Speed ×1,000  
(rpm)

Particle size*  
(nm)

PDI* Astaxanthin loss*  
(% w/w)

1 10.0 5.0 92.0±2.10g 0.275±0.0018e 35.3±0.77d

2 10.0 1.0 133.4±0.18c 0.217±0.0080g 15.3±2.60g

3 10.0 9.0 112.3±1.68e 0.507±0.0026b 58.9±3.30c

4 10.0 5.0 91.2±0.92g 0.276±0.0065e 35.0±0.02d

5 20.0 5.0 135.1±0.98b 0.467±0.0019c 65.8±1.90b

6 0.5 5.0 106.2±1.87f 0.434±0.0021d 8.9±0.00h

7 10.0 5.0 91.3±1.55g 0.276±0.0557e 35.7±0.45d

8 17.1 7.8 82.7±2.00i 0.602±0.0077a 70.2±0.01a

9 10.0 5.0 91.4±0.86g 0.275±0.0025e 35.5±0.44d

10 2.9 7.8 96.2±1.02h 0.434±0.0010d 28.4±0.02f

11 17.1 2.2 146.5±0.54a 0.240±0.0094f 29.8±1.00e

12 10.0 5.0 91.4±0.42g 0.276±0.0101e 35.8±0.80d

13 10.0 5.0 91.2±1.05g 0.276±0.0051e 35.1±0.12d

14 2.9 2.2 116.9±1.51d 0.239±0.0062f 7.3±1.08i

Notes: *Experimental values of responses. Values are shown as the mean ± standard deviation (n=3). a–iDifferent letters show statistically significant differences (P0.05) 
between response values in which the comparison tests were performed between similar responses.
Abbreviation: PDI, polydispersity index.
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nanodispersions (Table 2) after washing with phosphate-buff-

ered saline. Subsequent to an additional 48 hours of incubation 

at maintenance conditions (37°C and 95% air, 5% CO
2
), the 

cell monolayers were soaked with phosphate-buffered saline, 

trypsinized, and resuspended in 10 mL of culture medium. 

An aliquot of the suspension was used to count cell numbers 

and the rest was rinsed with phosphate-buffered saline and 

then suspended in 2 mL of water/ethanol (1:1, v/v). The cel-

lular astaxanthin was extracted three times using methanol/

dichloromethane (1:1, v/v) and quantified by HPLC.4

Experimental design and data analysis
Response surface methodology was used to evaluate the 

effects of two homogenization factors on the prepared 

astaxanthin nanodispersions. Therefore, 14 experimental 

treatments were assigned based on a two-factor central 

composite design with five levels for each independent factor 

(Table 1). The responses measured were mean particle size 

(Y
1
, nm), PDI (Y

2
), and astaxanthin loss (Y

3
, w/w %) in 

the resulting nanodispersion, while the independent factors 

were mixing time (x
1
, 0.5–20 minutes) and mixing speed (x

2
, 

1,000–9,000 rpm) when using a high shear homogenizer. The 

center point (x
1
=10 min and x

2
=5,000 rpm) was repeated five 

times and experiments were randomized in order to minimize 

the influence of unexpected variability in the actual responses 

due to irrelevant factors. The polynomial regression models 

were obtained using a least-squares technique to predict 

their constant, linear, quadratic, and interaction coefficients 

for each of the response variables. The general model for 

calculating the variation of the response factors is given as:

	 Y a a X a X a X X
i o i i ii i

2
ij i j

= + ∑ + +∑ ∑ �

where Y
i
, a

o
, a

i
, a

ii
, and a

ij
 represent the response variable, 

constant, linear, quadratic, and interaction coefficients, 

respectively. The adequacy of the model was evaluated by the 

coefficient of determination (R2) and the t-test (P-value) of 

regression obtained by analysis of variance. The significance 

of the regression coefficients was evaluated by Student’s 

t-test or Fisher’s Exact test (F-ratio) at the probability of 

0.05. Terms with a lower P-value and a higher F-ratio were 

considered as more statistically significant. The final reduced 

models were obtained by removing the statistically nonsignif-

icant (P0.05) terms, however, the nonsignificant (P0.05) 

linear terms with significant interaction or quadratic terms 

were kept in the final reduced models.3,4 Numerical individual 

and multiple optimization procedures were performed using 

the response optimizer procedure in the software to predict 

the exact optimum levels of two independent homogenization 

factors leading to the overall preferred response goals. Verifi-

cation of the models was done by comparing the experimental 

data with the values predicted by the final reduced models,4 

and the astaxanthin nanodispersions recommended for single 

and multiple optimization procedures were prepared and 

evaluated in terms of the studied physicochemical charac-

teristics (Table 2). All experimental design, data analysis, 

and optimization was carried out using Minitab version 14 

statistical software (Minitab Inc., State College, PA, USA).

Results and discussion
Empirically significant (P0.05) regression equations were 

provided by response-surface analysis for assessing the varia-

tion of all the studied response variables as a function of the 

homogenization parameters during production of astaxanthin 

nanodispersions.

Optimum produced
Astaxanthin nanodispersions

250 mg/L
500 mg/L

750 mg/L
1,000 mg/L

14121086420
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Figure 1 Representative high-performance liquid chromatograms of dissolved astaxanthin in different concentrations (stock solutions) and extracted astaxanthin from 
suggested optimum astaxanthin nanodispersions (prepared using homogenizer for 7 minutes and 6,000 rpm). 
Abbreviation: mAU, milli-absorbance units.
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Table 3 shows the corresponding R2 values and 

coefficients of the fitted models. The significance of each 

parameter based on the P-values obtained is given in Table 

3. The results noted that the association of homogenization 

variables (x
1
, time; x

2
, speed) with studied response param-

eters could be explained by significant (P<0.05) polynomial 

second-order regression models. Table 4 shows the F-ratio 

and P-value of each homogenization factor affecting the 

physicochemical properties of the astaxanthin nanodisper-

sions. Final reduced models were obtained after refitting of 

the experimental data based on significant (P0.05) terms 

and removing the nonsignificant (P0.05) ones from the 

initial models, except linear terms.3 The final fitted reduced 

models were valid only in the selected ranges.10

The mean particle size changes could be significantly 

(P0.05) predicted by a second-order regression model 

with an acceptable coefficient of determination value 

(R2=0.896), as shown in Tables 3 and 4. Although variation 

of mean particle size was not influenced by the main effect 

of homogenization time, it was negatively associated with 

the homogenization speed and its interaction with homog-

enization time. It was also positively correlated with the 

quadratic effects of the studied homogenization parameters. 

The quadratic terms of these parameters showed the greatest 

significant (P0.05) effects on mean particle size variations 

(Table 4). As shown in Figure 2A, the minimum values for 

the mean particle size of the nanodispersions produced fell 

for low lengths of time and middle rates of homogenization 

speed. The homogenization speed was a good indicator of 

the energy applied to the system based on the velocity of 

the rapidly rotating mixing heads. The mixing force to break 

up the larger droplets into smaller ones was the mechanical 

impingement against the wall caused by high fluid accelera-

tion and the shear stress in the gap between the rotor and 
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Table 3 Regression coefficients, R2, adjusted R2, and probability 
values for the final reduced models

Regression  
coefficienta

Mean  
particle size

PDI Astaxanthin  
concentration

b0
144.796 0.406913 -5.6278

b1 -1.236 -0.039935 1.3685
b2 -15.736 -0.022332 3.0433
b1

2 0.0245 0.001646 –
b2

2 1.609 0.004425 –
b12 -0.542 0.002100 0.2427
R2 0.896 0.969 0.989
P-value (regression) 0.003 0.000 0.000

Notes: ab0 is a constant; bi, bii and bij are the linear, quadratic, and interaction 
coefficients of the quadratic polynomial equation, respectively. 1, homogenization 
time; 2, homogenization speed. 
Abbreviation: PDI, polydispersity index.
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the stator caused by the rapid rotation of the stator.11 At 

lower mixing speeds, the mixing energy was insufficient, 

so in this operational area, the final mean particle size of the 

produced nanodispersions was more than 100 nm. Figure 

2A also shows that the nanodispersions produced at high 

homogenization speeds had large mean particle sizes, which 

is not favorable. This may have occurred due to overpro-

cessing of the system. Excess energy input increased the 

knocking frequency between particles in the system, lead-

ing to coalescence and the formation of larger particles.12 

Homogenization time refers to the time that the emulsion 

spends in the homogenizer during the mixing process for the 

organic and aqueous phases. Increasing the residence time 

increased the applied total energy to the system. Therefore, 

nanodispersions with a large particle size were produced 

with extended homogenization times, most likely especially 

when associated with high levels of homogenization speed 

which are expected.11 The increases in particle size were 

greater when the mixing times were more than 15 minutes 

(P0.05).

Furthermore, an increased particle size in the produced 

nanodispersions at low levels of either homogenization speed 

or time may be related to possible insufficient residence time 

of the surface active molecules during the homogenization to 

allow their adsorption onto the entire droplet surface available 

before droplet-droplet collisions occurred.3

The individual optimization analysis indicated that the 

smallest mean particle size (Y
1
 =87.4 nm) would be gained 

by homogenizing the nanodispersions for 10 minutes at 

6,600 rpm, which was coded as sample A and its cellu-

lar uptake was subsequently determined (Table 2). The 

results also demonstrate that the independent parameters 

Table 4 Significance probability (P-value, F-ratio) of regression coefficients in final reduced second-order polynomial models

Main effects Main effects Quadratic effects Interacted effects

x1 x2 x11 x22 x1 x2

Mean particle size P-value 0.051a 0.014 0.009 0.006 0.046
(Y1, nm) F-ratio 10.952 10.719 13.075 15.359 5.876

PDI (Y2)
P-value 0.000 0.209a 0.000 0.015 0.027
F-ratio 42.224 1.915 52.345 10.304 7.823

Astaxanthin loss P-value 0.002 0.001 NS NS 0.003
(Y3, g/100 g) F-ratio 1.677 18.063 0.000 0.000 16.492

Note: aNS, not statistically significant at P0.05; X1, homogenization time; X2, homogenization speed.
Abbreviation: PDI, polydispersity index.
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affected the PDI (Y
2
) variations significantly (Tables 3 

and 4). Therefore, the PDI changes were explained as a 

function of the main, interaction, and quadratic effects of 

time and speed of the homogenizer. The results indicate 

that the PDI of the nanodispersion systems was increased 

by increasing the speed of the homogenization process, 

while the most uniform and homogeneous nanodispersion 

systems (with a lower PDI) were obtained for middle 

homogenization times (Figure 2B). Increasing the PDI 

by increasing the energy input of the system (by enhanc-

ing the speed or further increasing the homogenization 

time) occurred mainly as a result of creation of a wide 

tail in the size distribution due to various recoalescence 

of the freshly formed fine particles in the homogenization 

chamber or afterwards.3

The individual optimum conditions indicated that the 

smallest amount of PDI (Y
2
 =0.172) can be achieved using 

a homogenizer at 1,000 rpm for 11.5 minutes. This sample 

was prepared, coded as B, and used for measurement of 

bioavailability (Table 2).

The results showed that the loss of astaxanthin arose 

from either the emulsification or evaporation stages. Tables 3 

and 4 showed that the astaxanthin loss (Y
3
) deviation was 

significantly (P0.05) explained by a polynomial nonlinear 

function of emulsification parameters, particularly homog-

enization speed. While the interaction effect of the time 

and speed of homogenization was significant, the quadratic 

effects of both on the loss of astaxanthin in the nanodisper-

sions were not significant (P0.05).

As shown in Figure 2C and in Tables 3 and 4, an increase 

in either time or speed of homogenization considerably 

increased the loss of astaxanthin in the produced nanodis-

persions. It was shown that astaxanthin, is highly suscep-

tible to heat, oxygen, and light, as are other carotenoids.5 

Introducing high-energy input to the system by increasing 

the homogenization speed led to an increase in tempera-

ture in the system, and consequent loss of astaxanthin was 

expected. Moreover, increasing the homogenization time 

prolongs the exposure of the system to heat, oxygen, and 

light, accelerating the degradation of astaxanthin in the 

nanodispersion systems.3

It was shown that the least amount of time (0.5 minutes) 

and speed (1,000 rpm) of homogenization led to produc-

tion of nanodispersions with maximum concentrations of 

astaxanthin. The cellular uptake of this sample was also 

determined (Table 2).

The best astaxanthin nanodispersions would be gained if 

the process resulted in the least mean particle size, PDI, and 

degraded astaxanthin. Multiple-response optimizations were 

undertaken to predict the best values for time and speed of 

the homogenizer in terms of the desired response goals.3 It 

was shown by numerical overall optimization that using the 

homogenizer at 6,000 rpm for 7 minutes in the preparation 

of the astaxanthin nanodispersions was predicted to give the 

most desirable products, with a particle size of 88.9 nm, PDI 

of 0.322, and astaxanthin loss of 32.4% (w/w). The bioavail-

ability of this overall optimum sample was measured in this 

study as well.

The adequacy of the suggested regression models was 

also verified by comparison and by evaluating the expected 

values for the final reduced models and the experimental 

ones. The recommended astaxanthin nanodispersions 

provided by the individual and multiple optimization pro-

cedures were then prepared and evaluated in terms of their 

nanodispersion properties.4 The overall similarities between 

the experimental and predicted values for these character-

istics established the adequacy of the suggested regression 

equations (Figure 3). Three astaxanthin nanodispersions 

were prepared according to each recommended optimal 

level, and subjected to physicochemical characterization. As 

shown in Table 2, the closeness between the response values 

obtained from the experimental data and those predicted by 

the models further confirmed the adequacy of the models 

suggested in this study.

The morphology and particle size of the optimum 

astaxanthin nanodispersions were also studied by electron 

microscopy (Figure 4). As shown in the transmission electron 

microscopy image, these nanodispersions contain polydis-

persed spherical-shaped nanoparticles, in good agreement 

with the particle size analysis results obtained by the dynamic 

light scattering instrument.

Uptake of the individual and multiple optimized astax-

anthin nanodispersions by the HT-29 cell line was also 

determined in this study (Figure 5). Since the direct evalua-

tion of carotenoid absorption in human or animal models are 

both cost and time intensive, in vitro model, such as cellular 

uptake measurement, has been selected because of its ability 

to provide useful insights about the relative bioavailability 

of bioactive compounds, their effective parameters and 

mechanisms.4,13 As shown in Figure 5, the cellular concentra-

tion of astaxanthin in nanoparticle form could be considerably 

increased (by more than five-fold) as compared to astaxanthin 

in bulk system.4,13 As shown in Figure 5, the cellular concen-

tration of astaxanthin could be considerably increased (by 

more than five-fold), as it converted to nanoparticle form 

in prepared dispersion systems. The multiple optimized 
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astaxanthin nanodispersions showed higher cellular uptake 

when compared with individual optimized ones. The cel-

lular uptake of samples B and C did not differ significantly 

and were less than A. The negative effect of particle size 

on cellular uptake in bioactive-loaded emulsion/dispersion 

systems has been demonstrated by previous researchers.4,14–16 

Small droplets have a large surface area so can be digested 

more rapidly and absorbed more easily. Moreover, smaller 

particles can penetrate easily into the mucous layer coating 

epithelial cells in the small intestine and bring them closer 

to the site of absorption. Very small particles may also be 

directly transported across the epithelial cell layer by para-

cellular or transcellular mechanisms.16 Therefore, the greater 

cellular uptake of samples A and D can be related to their 

smaller particle size. The greater astaxanthin concentration 

in sample D caused its relatively high cellular uptake (com-

pared with sample A), as astaxanthin concentration was also 

a crucial parameter on cellular uptake in bioactive-loaded 

dispersion system.14 It seems that in the nanodispersions 

used in our study, systems with a smaller mean particle size 

and higher PDI values include larger proportions of nano-

particles with less than critical sizes and consequently more 

are available for cells.17 Thus, a positive effect was observed 

between the PDI and cellular uptake values of the studied 

astaxanthin nanodispersions.18 The results indicated that the 

cellular uptake of samples A, B, C, and D were respectively 

Figure 4 Transmission electron micrographs of astaxanthin nanodispersion 
prepared in optimum homogenization conditions (6,000 rpm and 7 minutes).
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7.2, 5.5, 6, and 8.3 times higher than astaxanthin in bulk 

form (Figure 5).

Conclusion
Response surface methodology was confirmed to be a help-

ful technique for optimizing process parameters, such as 

homogenization factors, to obtain the most attractive physi-

cochemical characteristics in astaxanthin nanodispersions. 

Because the analysis of variance (ANOVA) showed high 

overall coefficient-of-determination values (R2>0.89) for 

the regression models, it was possible to develop empirical 

equations to describe and predict the variation of the response 

variables based on the time and speed of homogenization 

used for astaxanthin nanodispersion preparations. The results 

indicate that, in most cases, excessive homogenization dura-

tion and speed increased the probability of overprocessing 

and consequently caused undesirable changes in the physi-

cochemical characteristics of the products. The statistical 

multiple optimization process indicates that in general the 

best processing region for yielding the most favorable nano-

dispersion can be gained by using the homogenizer for 7 

minutes at 6,000 rpm. Analysis of the in vitro cellular uptake 

of astaxanthin from the suggested individual and multiple 

optimized astaxanthin nanodispersions suggests that uptake 

of astaxanthin from the nanodispersions was considerably 

greater (by more than five-fold) as compared with its micro 

(bulk) form. The cellular uptake of the final suggested astax-

anthin nanodispersions (multiple optimized one) was greater 

than individual optimized nanodispersions based on particle 

sizes, and both were higher than those optimized based on 

either PDI or astaxanthin loss values. The good agreement 

between the predicted and experimental values establishes 

the adequacy of the suggested models.
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