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Abstract This work was initiated to prepare protein-

stabilized b-carotene nanodispersions using emulsification–

evaporation. A pre-mix of the aqueous phase composed of

a protein and hexane containing b-carotene was subjected

to high-pressure homogenization using a microfluidizer.

Hexane in the resulting emulsion was evaporated under

reduced pressures, causing crystallization and precipitation

of b-carotene inside the droplets and formation of b-caro-

tene nanoparticles. Sodium caseinate (SC) was the most

effective emulsifier among selected proteins in preparing

the nanodispersion, with a monomodal b-carotene particle-

size distribution and a 17-nm mean particle size. The

results were confirmed by transmission-electron micros-

copy analysis. SC-stabilized nanodispersion also had

considerably high f-potential (–27 mV at pH 7), suggesting

that the nanodispersion was stable against particle aggre-

gation. Increasing the SC concentration decreased the mean

particle size and improved the polydispersity of the nan-

odispersions. Nanodispersions prepared with higher

b-carotene concentrations and higher organic-phase ratios

resulted in larger b-carotene particles. Although increased

microfluidization pressure did not decrease particle size, it

did improve the polydispersity of the nanodispersions.

Repeating the microfluidization process at 140 MPa caused

the nanodispersions to become polydisperse, indicating

the loss of emulsifying capacity of SC due to protein

denaturation.

Keywords b-Carotene � Emulsification–evaporation �
Nanodispersion � Sodium caseinate

Introduction

Nutraceuticals are bioactive compounds, which provide

medicinal or health benefits, including the prevention and

treatment of diseases [1]. Numerous bioactive compounds

with special functionalities have been identified, and their

specific beneficial physiological effects are being studied

[2–4]. High purity nutraceutical products are available in

the marketplace in the forms of capsules and tablets, or

being fortified in various food products. However, it has

become increasingly evident that these developments alone

may not allow us to fully enjoy the nutritional benefits from

many of these bioactive compounds because of their low

bioavailability [5, 6]. This is particularly true for the water-

insoluble lipophilic bioactive compounds [6].

For absorption to be possible in the gastro-intestinal

tract, achieving a solution of the compound of interest in

the gastro-intestinal fluid is a critical requirement for a

poorly water-soluble compound. Many lipophilic bioactive

compounds have aqueous solubility \0.1 mg/ml and often

present dissolution limitations to absorption [7]. The

Noyes–Whitney dissolution model shows that, the surface

area, among others, plays an important role in determining

in vivo dissolution rate [7]. The dissolution rate is directly

proportional to the surface area of the compound, which

in turn increases with decreasing particle size. Moreover,

for a smaller particle, the diffusion distance is reduced,

resulting in a higher concentration gradient [8]. A high
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concentration gradient between the surface of the particle

and the bulk solution—according to Fick’s law—increases

mass flux away from the particle surface [8].

Micronization/milling to micron or submicron particle

size ranges is one approach for enhancing the dissolution

rates of lipophilic bioactive compounds [9]; however,

milling is unsuitable for producing monodispersed systems

with narrow particle size distributions [10]. Furthermore,

with decreasing particle size, it becomes more difficult to

apply mechanical energy in the form of shearing and

cavitation forces without simultaneously inducing particle

agglomeration [10]. Other problems include contamina-

tion of grinding materials [11], very time-consuming, and

formation of amorphous domains in crystalline of the

compounds due to prolonged milling [12]. Therefore, it is

of great interest for developing more effective alternatives

to prepare the lipophilic bioactive compound dispersions.

The progress in nanotechnology offers possible solu-

tions for improving the water solubility and bioavailability

of the lipophilic bioactive compounds. In the pharmaceu-

tical industry, various methods have been developed to

prepare lipophilic bioactive-compound nanodispersions

with fine particle diameters in the nano-size range such

as emulsification–evaporation, emulsification–diffusion,

solvent displacement, and precipitation methods [10].

Although most of the methods are in the development

stage, they enable preparing extremely fine particulate

nanodispersions, and allow continuous and controllable

production [10]. Emulsification–evaporation is one of the

most popular methods for preparing nanodispersions. With

this method, the active compound is dissolved in a lipo-

philic solvent, and an oil-in-water (O/W) emulsion is

formed by emulsifying the active-compound solution with

the aqueous phase containing an emulsifier. Converting the

emulsion into nanodispersion is then carried out by evap-

orating the solvent. Precipitation or crystallization of the

active compound takes place in the O/W emulsion droplets

during evaporation when the solubility limit is crossed.

Removal of the solvent from the emulsion droplets

decreases the particle size to the nano-size range. The

particle morphology is usually polycrystalline in the ther-

modynamically stable crystal structure, since the solid

formation takes place by evaporation crystallization at low

supersaturation [10, 13].

The bioactive-compound particles in nanodispersions are

stabilized by an emulsifier or a combination of emulsifiers.

The emulsifier molecules adsorb at the interface between

the two phases, lowering the interfacial tension and pre-

venting or slowing the aggregation of particles of the

dispersed phase by increasing repulsion forces between the

particles. In spite of successful elaboration of the emulsi-

fiers in stabilizing dispersions, many are restricted to

food applications [6]. Food proteins are widely used in

formulated foods because they have high nutritional value

and are generally recognized as safe [6]. Food proteins, such

as caseins, whey proteins, and soy proteins, are among the

most important emulsifiers used to prepare food emulsions.

Proteins are large complex amphipathic molecules con-

taining combinations of ionic, polar, and non-polar regions;

thus, they are surface-active and strongly interact with other

food compounds [14]. The interfacial membranes formed

by proteins are electrically charged; hence, the major

mechanism preventing particle aggregation in protein-

stabilized dispersions is electrostatic repulsion [15].

b-Carotene was used in the present work as a model of

lipophilic bioactive compounds because it is a common

food ingredient and plays important roles in protection

against free radical-mediated degenerative diseases such as

cancer, macular degeneration, and heart disease [16]. Our

previous works have demonstrated that b-carotene nanodis-

persion can be successfully produced by an emulsification–

evaporation technique using Tween 20 or polyglycerol

esters of fatty acids as the emulsifier [17, 18]. In the present

work, b-carotene nanodispersions were prepared with

selected food proteins using the same technique. The pri-

mary objectives were to investigate the performance of the

proteins in stabilizing the nanodispersion and to determine

the effects of operating parameters on the properties of the

b-carotene nanodispersion.

Materials and Methods

Materials

Sodium caseinate (SC), b-carotene, and sodium azide were

purchased from Wako Pure Chemical Industries, Ltd,

Osaka, Japan. Food-grade whey protein concentrate (WPC,

34% protein purity) and whey protein isolate (WPI,

92–95% protein purity) were contributed by Behn Meyer

Foodtech Pte. Ltd, Kuala Lumpur, Malaysia; whey protein

hydrolysate A (WPH-A, degree of hydrolysis 8.1%, 91%

protein purity) and hydrolysate B (WPH-B, degree of

hydrolysis 18.1%, 96% protein purity) by Fonterra (NZ)

Ltd, Auckland, New Zealand; and soy protein isolate (SPI,

[90% protein purity) by Gulf Chemicals Pte. Ltd, Selan-

gor, Malaysia. Deionized water purified by a Milli-Q

Organex system (Millipore, Bedford, CT, USA) was used

for preparing the aqueous phase. All other chemicals used

were analytical grade.

Preparation of the b-Carotene Nanodispersions

Unless otherwise specified, b-carotene nanodispersions

were prepared by the following method. Protein (1 wt%)
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was dissolved in 0.05 M phosphate buffer pH 7 (at 20 �C),

containing 0.02 wt% sodium azide. The aqueous solution

was magnetically stirred for 5 h before the organic phase

(0.1 wt% b-carotene in hexane) was added. The ratio of

organic phase to aqueous phase was 1:9 by weight. The

pre-mix was homogenized using a conventional homo-

genizer (Polytron1 PT300, Kinematica AG, Lucerne,

Switzerland) at 5,000 rpm for 5 min to produce a coarse

O/W emulsion, immediately followed by microfluidization

(Model M-110EH Microfluidizer Processor, Microflu-

idicTM Corporation, Newton, ME, USA) in a single pass at

140 MPa [17, 18]. Fifty microliter of emulsion was then

evaporated using a rotary evaporator (Eyela NE-1101,

Tokyo Rikakikai Co., Ltd, Tokyo, Japan) at 45 �C under

programmed pressures (reducing the pressure from 1,000

to 500 HPa at –20 HPa min–1, holding for 5 min, reducing

the pressure from 500 to 100 HPa at –10 HPamin–1,

holding for 5 min, reducing the pressure from 100 to

50 HPa at –5 HPamin–1 and hold for 15 min). Hexane and

some of the water were evaporated, and the nanodispersion

was concentrated five times.

SC-stabilized b-carotene nanodispersions were prepared

under various operating conditions to determine the effects

of the experimental parameters on the particle size of the

nanodispersions (Table 1). The SC concentration was var-

ied from 0.05 to 5 wt% to determine the effect of the protein

concentration. Nanodispersions of various b-carotene con-

centrations (0.05 to 0.3 wt% in hexane) were also produced,

while several other nanodispersions were prepared under

different microfluidization pressures (20 –160 MPa) and

microfluidization cycles (1–3 cycles at 140 MPa). The

effect of the ratio of organic phase to aqueous phase was

determined by varying the ratio of the two phases from 1:9

to 3:7 (by weight). Each nanodispersion was analyzed for

particle-size distribution.

Particle-size Analysis

A laser-diffraction particle-size analyzer with the lowest

measuring limit of 40 nm (LS 13320, Beckman Coulter,

Inc., FL, USA) was used to measure the droplet size

distribution of the initial emulsions (before hexane evap-

oration). After evaporating the hexane, the particle size

decreased to the nano-size range. Mean particle diameter

and particle-size distribution of the nanodispersions were

measured using a dynamic light-scattering particle-size

analyzer that had a measuring range of 0.6 nm–6 lm

(Zetasizer Nano ZS, Malvern Instruments Ltd, Worcester-

shire, UK). For both instruments, a refractive index of 1.47

for b-carotene in polar solution (water) [19] and that of

1.33 for water were used to calculate the droplet or particle

size. For the dynamic light-scattering particle-size

analyzer, the sample was diluted with phosphate buffer (pH

7) prior to analysis, so that the final particle concentration

was 0.005 wt%, to avoid multiple scattering effects during

the measurement [20]. The absorbance of the nanodisper-

sion particle was set at 0.3 (colored particle at 633 nm),

and the temperature was 25 �C. The final particle diameter

was calculated from the mean of at least three measure-

ments. The coefficient of variation (CV) for particle-size

distribution was calculated from the standard deviation and

mean particle size.

Zeta-potential Measurement

Electrophoretic-mobility measurements were conducted

using the Zetasizer Nano ZS (Malvern Instruments Ltd,

Worcestershire, UK). The instrument measured distribution

of electrophoretic mobility and f-potential of nanodisper-

sion particles with a size range of 3 nm–10 lm using the

Laser-Doppler Velocity technique. The f-potentials of the

samples were determined from the electrophoretic mobility

by applying the Henry equation. The temperature during

measurement was 25 �C. The pH values of the nano-

dispersions during the measurement of f-potential was

pH 7. All measurements were taken in duplicate.

Interfacial-tension Measurement

Protein solutions (1 wt%) were prepared by separately

dispersing the powdered proteins into 0.05 M phosphate

buffer solution at pH 7 and stirring for 5 h at room tem-

perature. Interfacial tension between the protein solution

and hexane was determined at room temperature by the

pendant-drop method using a tensiometer (FACE Full

Automatic Interfacial Tensiometer, model PD-W, Kyowa

Interface Science Co., Ltd, Tokyo, Japan). The protein

solution was injected with a needle dipped in hexane, so

that it formed a drop on the tip of the needle. The drop was

then optically observed, and computer software was used to

calculate the surface tension from the shape of the drop

[21].

Transmission-electron microscopy (TEM) Analysis

The nanodispersions were also observed by TEM for

microstructure and particle-size distribution of the b-caro-

tene particles in the nanodispersions. The sample was

prepared using the freeze-fracture replica method [22]. The

surface of the fractured sample was coated with a platinum

layer followed by a carbon layer in vacuum. The metal

atoms were applied at 45� to the fractured surface to
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produce a shadow effect. TEM images were then obtained

using a JEOL-JEM 200CX TEM (JEOL, Tokyo, Japan)

working at an accelerating voltage of 80 kV.

Statistical Analysis

Statistical analysis was performed on the data by a one-way

analysis of variance using SAS [23] software package

release 6.1. The significant differences (P \ 0.05) between

means were further determined by Duncan’s multiple-

range test. All of the reported values were the means of at

least four measurements from two experiment replications.

Results and Discussion

Changes in Particle Size During Emulsification

and Evaporation

The b-carotene nanodispersions were prepared by emulsi-

fication–evaporation. The b-carotene was first dissolved in

hexane before being added to the continuous phase, which

was the 0.05 M phosphate buffer containing a protein as

the emulsifier. Figure 1 presents an example of the typical

changes in the particle diameter after coarse homogeniza-

tion, microfluidization, and evaporation of SC-stabilized

nanodispersion. Coarse homogenization by using a con-

ventional rotor–stator homogenizer resulted in large

droplets with a wide droplet size distribution. There were

four droplet populations with mean diameters of 87.9, 41.4

3.5 and 0.2 lm, with percentage volumes of 7.1, 79.2, 8.6

and 5.1%, respectively. The primary homogenization

involved the breakup and intermingling of bulk b-carotene

solution and aqueous phase so that fairly large droplets

were formed and dispersed in the aqueous phase. Sub-

sequent microfluidization limited the mean particle

diameter in the range of 1.0–20.0 lm with a mean value of

5.7 lm (CV 52.2%), owing to the fact that microfluidiza-

tion applied higher disruptive energy than the conventional

rotor–stator homogenizer. The breakup of the large drop-

lets to smaller ones in the microfluidizer was initiated by a

combination of turbulence and laminar-shear stress, which

increased the droplet-specific surface area up to disruption.

The protein rapidly adsorbed at the surface of the newly

formed smaller droplets. The hexane in the droplets was

then removed under reduced pressures. Foaming occurred

during the evaporation process; a large surface area

was crucial for the hexane to evaporate efficiently from

the droplets, causing crystallization or precipitation of

Table 1 Experimental design

of the parameters

SC Sodium caseinate, OP:AP
organic phase:aqueous phase

Experiment Parameter

SC concentra-

tion

(%wt)

b-carotene

concentration

(%wt)

OP:AP

ratio

Microfluidization

pressure (MPa)

Microfluidization

cycle

Effect of SC

concentration

0.05 0.1 1:9 140 1

0.1 0.1 1:9 140 1

0.5 0.1 1:9 140 1

1.0 0.1 1:9 140 1

5.0 0.1 1:9 140 1

Effect of b-carotene

concentration

1.0 0.05 1:9 140 1

1.0 0.1 1:9 140 1

1.0 0.2 1:9 140 1

1.0 0.3 1:9 140 1

Effect of OP:AP ratio 1.0 0.1 1:9 140 1

1.0 0.1 2:8 140 1

1.0 0.1 3:7 140 1

Effect of

microfluidization

pressure

1.0 0.1 1:9 20 1

1.0 0.1 1:9 60 1

1.0 0.1 1:9 100 1

1.0 0.1 1:9 140 1

1.0 0.1 1:9 160 1

Effect of

microfluidization

cycle

1.0 0.1 1:9 140 1

1.0 0.1 1:9 140 2

1.0 0.1 1:9 140 3
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b-carotene inside the droplets. As a result, b-carotene

particles with a mean diameter of 17 nm were formed.

Effect of Protein Type

Two important functions of emulsifiers during the forma-

tion of emulsions/dispersions are: (1) to decrease the

interfacial tension between the immiscible phases, thereby

reducing the amount of free energy required to disrupt the

droplets during emulsification, and (2) to rapidly form a

protective coating around the droplets or particles that

prevents them from coalescing with each other [15].

Table 2 lists the comparison of the performances of the

selected proteins in stabilizing the b-carotene nanodisper-

sion. The proteins greatly lowered the interfacial tension

between the aqueous phase and hexane (*40 mNm–1 at

room temperature), demonstrating their potential for

emulsifying the b-carotene solution with water. SC was the

most effective emulsifier for preparing the nanodispersion,

as indicated by its good capacity in reducing interfacial

tension and forming the finest b-carotene particles, with a

monomodal particle-size distribution and a low CV of

36%. During emulsification, proteins underwent confor-

mational changes to maximize favorable interactions with

the newly formed droplet surfaces. Molecular flexibility

and structural packing of the protein determine the time

taken for these conformational changes [24, 25]. The

caseins, with a relatively lower molecular weight of

19–23 kDa [26], have been described as rheomorphic

proteins that adopt molecular structures in solution dictated

by the local environment [27]. Molecularly more flexible

than other globular proteins, they rapidly adsorbed onto the

surface of the droplets and stabilized the dispersion. The

larger and more rigid soy globulins, such as b-conglycinin

(7S fraction, *270 kDa) and glycinin (11S fraction,

*360 kDa) [28] in SPI resulted in nanodispersion with

larger b-carotene particles (mean diameter of 196 nm) and

wider particle-size distribution (CV 40%), although the

profile of particle-size distribution was monomodal. WPC,

partly due to its low protein purity (54%), was a relatively

poor emulsifier for preparing the nanodispersion, as indi-

cated by its large mean b-carotene particle diameter

(145 nm) and high particle-polydispersity nanodispersion

(CV 114%). The WPC solution also had significantly

(P \ 0.05) higher interfacial tension with hexane than that

of other whey protein counterparts. Higher protein purity

implies better emulsifying properties. The WPI (92 to 95%

protein purity) solution had a lower interfacial tension with

hexane, and WPI-stabilized nanodispersion had a smaller

mean-particle size than those of WPC.

Hydrolyzing the protein might further improve the

emulsifying performance of whey protein, as suggested by

WPH-A and WPH-B. The interfacial tension was signifi-

cantly decreased (P \ 0.05) with an increase in degree of

protein hydrolysis. The mean particle size decreased from

115 nm (CV 100%) in WPI-stabilized nanodispersion to

30 nm (CV 53%) in that of WPH-B. Limited hydrolysis

has been reported to improve emulsifying properties of

proteins, due to the increased exposure of hydrophobic

areas, protein flexibility, and sufficiently smaller molecular

weight to form stable films at the interface [29, 30].

However, it should be noted that extensive hydrolysis of

the protein decreased emulsifying ability and emulsion

stability [31].

A good emulsifier should prevent the particles in the

nanodispersion from aggregation during storage. Measur-

ing the f-potential enables predicting the storage stability

of the nanodispersions. Generally, the particles of a

nanodispersion are less likely to aggregate if the particles

of the nanodispersion possess high surface charge. For

a physically stable nanodispersion stabilized by an emul-

sifier solely through electrostatic repulsion, a minimum

f-potential of ±30 mV is required [32]. The f-potential of

SC-stabilized nanodispersion was close to –30 mV, sug-

gesting that the b-carotene particles were stable against

aggregation during storage. In contrast, WPC-stabilized

nanodispersions had lower f-potential values. This result

could be due to the fact that caseins carry a substantially

higher net-negative charge than whey proteins. For exam-

ple, the two major individual caseins, as1- and b-caseins,

have a net-surface charge of –22 and –15e at neutral pH

[33], while those of whey protein subunits (e.g. a-lactal-

bumin and b-lactoglobulin) were –3 and –10e [34]. WPC-

stabilized nanodispersion had the lowest f-potential.

However, when the purity of the protein increased, the

stability of the nanodispersion was expected to increase
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Fig. 1 Typical changes in particle size profile during the preparation

of b-carotene nanodispersion. A premix of organic phase and aqueous

phase (1:9 by weight) was homogenized using a rotor–stator homo-

genizer, before it was microfluidizied at 140 MPa for one cycle, and

finally the evaporation of hexane
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accordingly, as indicated by the increase in f-potential of

WPI-stabilized nanodispersion. Nanodispersions prepared

with whey protein hydrolysates (WPH-A and WPH-B)

further increased the f-potential of the particles, due to the

exposure of more electrostatically charged protein sites.

SC was the most suitable emulsifier among the selected

proteins for preparing b-carotene nanodispersion. The

caseins were distinguished from other food proteins by

their excellent emulsifying properties: the ability to sig-

nificantly lower the interfacial tension between the two

phases for ease of emulsification, low molecular weight

and structure flexibility for rapid adsorption onto the

surfaces of droplets or particles, and considerably large

f-potential values of the particles formed. The electrostatic

and steric stabilizing-casein layer protects fine particles

against coalescence and ensures long-term stability during

subsequent processing and storage. Therefore, SC was used

as the emulsifier when studying the effects of other

experiment parameters on the preparation of b-carotene

nanodispersion.

Effects of the Nanodispersion Ingredients

Figure 2 shows the effects of initial SC concentration in the

aqueous phase on the b-carotene particle size after evap-

oration of hexane. At low SC concentration (\0.5 wt%),

the nanodispersions had large mean particle diameters and

wide particle-size distributions. This result was partly due

to insufficient SC to completely cover the surfaces of

the newly formed droplets during microfluidization. The

droplets aggregated with neighboring droplets or particles

forming much larger droplets. Increasing the protein con-

centration in the aqueous phase provided better availability

of the emulsifier to stabilize the droplets or particles before

they re-aggregated and thereby narrowing the particle size

range. The mean particle diameter decreased significantly

(P \ 0.05) from 189 nm (CV 105%) at 0.05 wt% SC to

17 nm (CV 36%) at 1 wt%. However, further increasing

the SC concentration to 5 wt% did not significantly change

(P [ 0.05) the mean particle diameter. When the SC con-

centration was in excess, the particle size was independent

of the protein concentration and depended primarily on the

energy input of the homogenizer [15]. Nevertheless, excess

SC concentration did improve the particle-size distribution,

as indicated by a sharper particle-size profile (Fig. 2) and a

lower CV of 30% for nanodispersion prepared with 5 wt%

SC.

Figure 3 illustrates the effect of initial b-carotene

concentration in the organic phase on the particle-size

distribution. Microfluidization formed hexane droplets

containing dissolved b-carotene. Evaporating the hexane

caused the b-carotene to precipitate or crystallize, and the

particles formed were bound with the caseinate. The lower

the concentration of b-carotene in the hexane, the smaller

the b-carotene particle formed after evaporating hexane.

These results indicated that increasing the b-carotene

concentration significantly increased (P \ 0.05) the mean

particle diameter and its polydispersity. For instance, the

mean particle diameter was 15 nm (CV 31%) at 0.05 wt%

b-carotene but increased to 45 nm (CV 118%) at 0.3 wt%

b-carotene. The particle-size distribution also tended to

become bimodal at increased b-carotene concentration,

probably due to the failure of SC to bind effectively with

the b-carotene particles.

The b-carotene particles exhibited bimodal or poly-

modal size distributions when the organic or aqueous ratio

was increased (Fig. 4). The mean particle diameter also

Table 2 Comparison of selected proteins in stabilizing b-carotene nanodispersion1

Protein Interfacial tension2, mNm–1 Characteristics of b-carotene nanodispersion

Mean particle diameter, nm Particle size distribution profile % CV f-potential3, mV

SC 17.2 ± 0.9d 17.1 ± 0.9d Monomodal 35.6 –27.0

SPI 23.3 ± 1.7a 196.3 ± 24.3a Monomodal 40.0 –22.9

WPC 24.1 ± 1.3a 145.3 ± 1.5b Polymodal 113.6 –10.9

WPI 21.2 ± 0.9b 115.3 ± 3.4c Polymodal 100.1 –16.8

WPH-A 19.5 ± 1.3c 110.3 ± 8.5c Polymodal 99.0 –21.0

WPH-B 17.9 ± 1.1d 30.4 ± 2.1d Bimodal 53.1 –24.5

SC Sodium caseinate, SPI soy protein isolate; WPC whey protein concentrate, WPI whey protein isolate, WPH whey protein hydrolysate, CV
coefficient of variation. The degree of hydrolysis of WPH-A and WPH-B were 8.1 and 18.1%, respectively
1 Nanodispersions were prepared with 1.0 wt% protein and 0.1 wt% b-carotene
2 Water and hexane interfacial tension was measured at room temperature with the presence of 1.0 wt% protein in the aqueous phase
3 Zeta-potential was measured at pH 7

Mean values within a column with different superscript letters are significantly (P \ 0.05) different
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increased significantly (P \ 0.05). Higher organic-phase

ratio increased the viscosity of the system, making it less

favorable for mixing and reducing shear–stress efficiency

during homogenization [17]. At higher viscosity, the

droplets resisted breakup because they had insufficient time

to become deformed before the disruptive forces caused

them to rotate to new orientations [15]. Additionally, at

a constant SC concentration in the aqueous phase, the

availability of SC per unit organic phase decreased with

increasing organic-phase ratio. Newly formed droplets

aggregated easily at lower aqueous-phase ratios because

the systems lacked SC to stabilize the droplets.

Effect of Microfluidization Parameters

The effect of microfluidization pressure as a function of the

b-carotene particle diameter is illustrated in Fig. 5. The

particle-size profiles of the nanodispersions had major

peaks with mean particle sizes of 16.1 to 17.3 nm,

regardless of the microfluidization pressure applied. At

high microfluidization pressures (‡100 MPa), the particle-

size profiles were monomodal with low particle-size

polydispersity values (CV \ 40%). Although b-carotene

nanodispersions with a particle size of 20 nm could still be

prepared at lower pressures (20–100 MPa), the nano-

dispersions contained small amounts of particles in

submicron and micron sizes. The polydispersity of the

nanodispersions increased from CV 40% at 100 MPa

to 115% at 20 MPa. Higher microfluidization pressure

applied more shear stress and increased the velocity at

which the liquid was brought into contact. While increasing

the microfluidization pressure from 20 to 160 MPa did not
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further decrease the b-carotene particle size in this work, it

did improve the polydispersity of the nanodispersions.

Furthermore, the effectiveness of SC to stabilize the nano-

dispersion decreased when it was extensively subjected to

high pressure (Fig. 6). The nanodispersions exhibited a bi-

or polymodal particle-size distribution when the microflu-

idization process was repeated at 140 MPa. The mean

b-carotene particle size and CV increased from 17 nm and

36% for one microfluidization cycle to 42 nm and 111%

for three cycles. Excessive exposure of SC to high pressure

denatured the protein, resulting in the loss of its emulsi-

fying properties.

TEM Analysis

A representative TEM image of SC-stabilized nanodi-

spersion prepared with 0.1 wt% b-carotene and 1 wt% SC

is presented in Fig. 7. Careful examination of the TEM

image indicated that most of the b-carotene particles

exhibited spherical morphology with a mean diameter of

about 20 nm. These observations closely corresponded

with the results observed in the dynamic light-scattering

particle-size analysis. These results suggested the b-caro-

tene particles precipitated were stabilized by the casein

submicelles (ca. 10 nm in diameter [35, 36]). The particles

look like solid objects with a well-defined boundary, in

accordance with previous findings that SC submicelles

formed a uniform and smoother adsorption layer at the oil/

water interface [37].

SC demonstrated a better potential for preparing the

b-carotene nanodispersion than did other selected proteins
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using the emulsification–evaporation method. The mean

diameters and particle-size distributions of the b-carotene

nanodispersions depended on the experimental parameters,

especially the SC and b-carotene concentrations and the

ratio of organic phase to aqueous phase. Microfluidization

parameters also affected the particle-size distribution con-

siderably. Proteins offer a unique challenge for being used

as emulsifiers, not only because of the complexity of their

molecular structure, but also because of the stability of

dispersions during long-term storage and thermal process-

ing. Detailed understanding of the properties of the proteins

and their performance as functions of emulsification para-

meters is important in preparing a stable nanodispersion

that meets product requirements.
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