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Abstract

The aims of this research were to produce oil-in-water β-lactoglobulin/alginate (β-lg/Al) nanoemulsions loaded with

coenzyme Q
10

 and to investigate the combined effects of heating temperature and alginate concentration on the physico-

chemical properties and encapsulation efficiency of β-lg/Al nanoemulsions. In β-lg/Al nanoemulsions production, various

heating temperatures (60, 65, and 70oC) and alginate concentrations (0, 0.01, 0.03, and 0.05%) were used. A transmission

electron microscopy was used to observe morphologies of β-lg/Al nanoemulsions. Droplet size and zeta-potential values of

β-lg/Al nanoemulsions and encapsulation efficiency of coenzyme Q
10

 were determined by electrophoretic light scattering

spectrophotometer and HPLC, respectively. The spherically shaped β-lg/Al nanoemulsions with the size of 169 to 220 nm

were successfully formed. The heat treatments from 60 to 70oC resulted in a significant (p<0.05) increase in droplet size,

polydispersity, zeta-potential value of β-lg/Al nanoemulsions, and encapsulation efficiency of coenzyme Q
10

. As alginate

concentration was increased from 0 to 0.05%, there was an increase in the polydispersity index of β-lg/Al nanoemulsions

and encapsulation efficiency of coenzyme Q
10

. This study demonstrates that heating temperature and alginate concentration

had a major impact on the size, polydispersity, zeta-potential value and encapsulation efficiency of coenzyme Q
10

 in β-lg/

Al nanoemulsions.
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Introduction

There is a growing interest in the application of nano-

emulsions to dairy industry. Nanoemulsions are com-

posed of small droplets, typically in the size of 20-200

nm (Solans et al., 2005). Because of its small droplet size

contributing to increased surface area available to interact

with biological components, nanoemulsions can be used

as an effective delivery system for bioactive components

and has higher stability against coalescence and sedimen-

tation compared with conventional emulsions (Bouche-

mal et al., 2004; Solans et al., 2005). Nanoemulsions can

be manufactured with lower surfactant concentration

(e.g., 4-8%) while conventional emulsions need a higher

surfactant concentration (e.g., >20%) (Bouchemal et al.,

2004; Izquierdo et al., 2002).

Coenzyme Q
10

 (CoQ
10

), also known as ubiquinone, has

been found in virtually all cells of human body (Xia et

al., 2006). CoQ
10

 is a lipid-soluble nutrient and contains

many useful effects on human health since it functions as

an antioxidant and can be used for energy production

(Balakrishnan et al., 2009; Crane, 2001). However, it is

hard to use CoQ
10

 for dairy food application due to its

poor water solubility. The poor oral bioavailability and

stability of CoQ
10

 in food processing can be attributed to

its low aqueous solubility (Balakrishnan et al., 2009;

Crane, 2001). To overcome this problem, lipid-based

delivery systems, such as emulsions and liposomes, were

thought to be a useful way for enhancing the solubility

and bioavailability (Xia et al., 2012).

When nanoemulsions can be practically used for dairy

food applications, it should be developed with food-grade

biopolymers (McClements et al., 2007). In this study, β-

lactoglobulin (β-lg) and alginate (Al) were used as food-

grade biopolymers. β-lg, a small globular protein, consti-
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tutes about 50 to 60% of the amount of total whey protein

in cow milk. β-lg has been widely used as a functional

ingredient in food industry since it has GRAS (generally

recognized as safe) status, high nutritional value, biode-

gradability, biocompatibility and ability to form gels and

emulsions (Line et al., 2005; Livney, 2010). However, β-

lg, rigid globular protein, does not have considerable con-

formational changes at the oil and water interface in

emulsion indicating that β-lg can be less surface active

than flexible protein, such as casein (Damodaran, 1996;

Schmidt et al., 1984). When β-lg is heated above 60oC

prior to emulsification, this globular protein undergoes

partial denaturation, which can enhance the emulsifying

properties and surface hydrophobicity of protein (Damo-

daran, 1996; Dannenberg and Kessler, 1988). It is widely

believed that increasing entrapment efficiency of hydro-

phobic components in polymeric encapsulation systems

can be attributed to an increase in hydrophobic interac-

tions between biopolymers and hydrophobic components

(Ishihara and Mizushima, 2010). Al, a non-toxic linear

polysaccharide widely distributed in brown marine algae,

consists of 1-4 linked β-D-mannuronic and α-L-guluronic

acid unit (George and Abraham, 2006; Whistler and

BeMiller, 1997). Sodium alginate has been extensively

used as a stabilizer, thickener, and gelling agent in the

food industry (Whistler and BeMiller, 1997; Yoo et al.,

2006). Sodium alginate can form a gel that has been

called an “egg box” arrangement when sodium ions from

glucuronic acid residue (G block) is exchanged with a

divalent cation (George and Abraham, 2006; Whistler

and BeMiller, 1997). Recently, it was reported that the

formation of globular protein (β-lg) and polysaccharide

(pectin) complex may confer better protection and stabil-

ity for vitamin D
2
 than single complex of vitamin D

2
 and

unprotected vitamin D
2
 (Ron et al., 2010; Zimet and

Livney, 2009).

In this study, nanoemulsions (β-lg and Al food-grade

biopolymer complex) were formed by the use of internal

gelation method, which can be non-toxic and organic sol-

vent free (Beaulieu et al., 2002; Chen et al., 2006). To

prepare an effective food grade nanoemulsions to entrap

CoQ
10

, we hypothesized that heat treatment of β-lg, which

may enhance the hydrophobicity, and surface coating of

β-lg with Al, which can provide additional protection,

may play an important role in the formation and physico-

chemical properties of β-lg/Al nanoemulsions. As far as

we know, the combined effects of heat treatment and Al

concentration on the physico-chemical properties of β-lg/

Al nanoemulsions made by internal gelation method have

not been reported. Therefore, the purposes of this study

were to produce oil-in-water β-lg/Al complex nanoemul-

sions containing CoQ
10

 and to investigate how manufac-

turing variables, which are heating temperatures and Al

concentrations, affect the physico-chemical properties,

such as morphology, droplet size, and zeta-poteintial, and

encapsulation efficiency of CoQ
10

.

Materials and Methods

Chemicals and reagents

β-lactoglobulin (β-lg), alginate (Al), calcium chloride

(CaCl
2
), polyoxyethylene (20) sorbitan monooleate (Tween

80), CoQ
10

, fluorescent probe 1-anilino-naphthalene-8-

sulfonate (ANS) were purchased from Sigma-Aldirich

Inc. (St. Louis, USA).

Preparation of β-lg/Al nanoemulsions containing

CoQ10

β-lg/Al nanoemulsions containing CoQ
10

 was prepared

by a modified internal gelation method described in

Beaulieu et al. (2002). β-lg solutions (0.98%, w/v) at pH

7.0 were pre-heated at 60, 65, 70oC for 10 min and then

stored in a refrigerator about 5oC. Pre-heated β-lg solu-

tions were then mixed with Al solutions to form β-lg/Al

solutions. β-lg had a final concentration of 0.98% (w/v)

while a final concentration of Al was 0, 0.01, 0.03, or

0.05% (w/v). Oil-in-water emulsion was prepared by

mixing with 9 mL of β-lg/Al solutions containing tween

80 (5%, w/v) and 3 mL of grape seed oil containing

CoQ
10

 (0.5 mg/mL) at 600 rpm for 5 min using a homog-

enizer (Daihan scientific Co, Korea). This emulsion was

then sonicated at preset ultrasonic powers using a probe-

type ultrasonic sonicator (Bandelin Co, Germany): a first-

stage power of 70 W, a second-stage power of 50 W, and

a third-stage power of 30 W for 3 min, respectively. Forty

eight microliters of 1 M CaCl
2 

solution were added to 12

mL of sonicated emulsions (final concentration of CaCl
2
:

4 mM) and vortexed for 5 min.

Morphological characteristics of β-lg/Al nanoemul-

sions

Morphological properties of β-lg/Al nanoemulsions

were determined using a transmission electron micros-

copy (TEM) (FEI Tecnai 12, Philips, Netherlands). Twenty

microliters of 10-fold diluted β-lg/Al nanoemulsions (or

10-fold dilution of β-lg/Al nanoemulsions) were depos-

ited onto a 200 mesh copper grid coated with carbon.

Samples were negatively stained with 2% uranyl acetate
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solution for 15 s and then air-dried at room temperature.

β-lg/Al nanoemulsions were examined at 120 kV.

Measurement of surface hydrophobicity of β-lg

Surface hydrophobicity (S
0
) of β-lg was assessed by the

modified method of Monahan et al. (1995). Thirty milli-

grams of β-lg were dispersed in 100 mL of 0.1 M citrate-

phosphate buffer at pH 7.0. β-lg solutions were pre-

heated at 60, 65, and 70oC for 10 min and cooled to room

temperature. Pre-heated β-lg solutions were then diluted

to 0.005, 0.01, 0.015, 0.02, and 0.025% (w/v), respec-

tively. After dilution, 20 µL of 8 mM ANS fluorescent

probe was added to each diluted β-lg solutions (pH 7.0)

and vortexed. The fluorescent intensities of reaction solu-

tions were determined by the use of spectrofluorometer

(Luminescence Spectrometer LS50 B, Perkin-Elmer Co,

USA) with the excitation (390 nm) and emission (470

nm) wavelength. Both excitation and emission slit widths

were set to 5 nm. The initial slope of relative fluorescence

(R) values against β-lg concentration (%, w/v) calculated

by linear regression analysis was used as an index of β-lg

surface hydrophobicity. The R value was assessed by fol-

lowing equation (Monahan et al., 1995).

where F is the fluorescent intensity of β-lg solutions with

ANS and F
0
 is the fluorescent intensity of ANS solution

without β-lg.

Emulsion droplet size and zeta-potential analysis

The electrophoretic light scattering spectrophotometer

(ELS8000, Otsuka Electronics, Japan) was used to mea-

sure the droplet size and zeta-potential of β-lg/Al nano-

emulsions. β-lg/Al nanoemulsions were diluted 10-fold

with 1% (v/v) Tween 80 solution and transferred to an

electrophoretic light scattering spectrophotometer. The

droplet size and zeta-potential of nanoemulsions were

determined at 20o and 90o scattering angles, respectively.

Encapsulation efficiency of CoQ
10

The encapsulation efficiency of CoQ
10

 in β-lg/Al nano-

emulsions was assessed using the modified method

described by Kwon et al. (2002). β-lg/Al nanoemulsions

containing CoQ
10

 were ultra-centrifuged at 40,000 g for 1

h at 20oC using Optima XL-100K centrifuge (Beckman,

USA). Supernatant (unencapsulated CoQ
10

) was filtered

through a 0.45 µm syringe filter. CoQ
10

 content in super-

natant was measured using HPLC system consisting of a

gradient pump (model 515, Waters Co., USA) with pho-

todiode array detection (model 996, Waters Co., USA).

The chromatographic separation of CoQ
10

 was performed

with a revers phase C18 column (3.5 µm, 4.6×150 mm,

Xbridge C18, Waters Co., USA) at flow rate 1.2 mL/min.

Methanol and ethanol (40:60) were used as mobile phase

and detection wavelength was set at 275 nm. The amount

of CoQ
10

 in supernatant was calculated based on a stan-

dard calibration curve with a correlation coefficient (r) of

0.99 generated by plotting the peak area against CoQ
10

concentration (0.025 to 0.125 mg/mL, five levels). Encap-

sulation efficiency was calculated by following equation.

Encapsulation efficiency (%)

Statistical analysis

Effects of heating temperature and Al concentration on

the droplet size, polydispersity, zeta-potential, and CoQ
10

encapsulation efficiency of β-lg/Al emulsions were stud-

ied using a two-factor (3×4) analysis of variance (ANOVA).

Independent variables for this experiment were shown in

Table 1. All statistical analyses were evaluated using the

statistical analysis system (SAS Institute Inc., USA). Sig-

nificance was established at p<0.05. Each data was

expressed as mean ± standard deviations and each exper-

iment was performed in triplicate. 

Results and Discussion

Formation and structure of β-lg/Al nanoemulsions

β-lg/Al nanoemulsions were formed by a modified inter-

nal gelation method with CaCl
2
. Structures of nanoemul-

sions prepared with various heating temperatures and

alginate concentrations are shown in Figs. 1 and 2. In

micrographs obtained from TEM, spherically-shaped emul-

sions ranged in diameter from 169 to 220 nm were observed

indicating that nanoemulsions are successfully formed

R
F F

0
–( )

F
0

------------------= Total amount of CoQ
10

CoQ
10

 in supernatant–

Total amount of CoQ
10

--------------------------------------------------------------------------------------------------------------- 100×=

Table 1. Experimental approach of β-lg/Al nanoemulsions

Manufacturing variables Treatment

Heating temperature (oC)

60

65

70

Al concentration (%, w/v)

0

0.01

0.03

0.05
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(Figs. 1 and 2). When pre-heated β-lg solutions were

mixed with Al solutions at pH 7.0 to form β-lg/Al nano-

emulsions, there were strong electrostatic repulsions

between β-lg and Al since both β-lg and Al are nega-

tively charged at pH 7.0 (Harnsilawat et al., 2006). When

CaCl
2

 was added to β-lg and Al mixtures, electrostatic

screening and ion bridges between Ca2+ and carboxyl

groups of β-lg and Al may decrease electrostatic repul-

sions between β-lg and Al (Barbut and Foegeding, 1993;

Chen and Subirade, 2006; George and Abraham, 2006).

Ca2+-mediated interactions between pre-heated β-lg and

Al occurred resulting in the formation of polymeric net-

work, such as β-lg/Al complex nanoemulsions (Chen and

Subirade, 2006; George and Abraham, 2006; Hongsprab-

has and Barbut, 1997). 

Surface hydrophobicity of β-lg

Impact of heat treatment on the surface hydrophobicity

of β-lg was investigated by the use of ANS probe method.

The surface hydrophobicity of β-lg was significantly

(p<0.05) increased with an increase in heat treatment

from 60 to 70oC (Fig. 3). An increase in the surface

hydrophobicity of β-lg indicates that more hydrophobic

residues present in the inside of native structure of β-lg

are exposed to aqueous environment during heat treat-

ments since the hydrophobic residues on the protein sur-

face can be attached by a fluorescence probe, ANS (Moro

et al., 2001). Therefore, heat treatment from 60 to 70oC

resulted in a partial denaturation of β-lg, which could lead

to enhancing the surface hydrophobicity of β-lg.

Droplet size and polydispersity of β-lg/Al nano-

emulsions

Two-factor ANOVA results (Table 2) present that heat-

ing temperature significantly (p<0.001) affected the drop-

let size of β-lg/Al nanoemulsions while Al concentration

Fig. 1. Transmission electron micrographs of β-lg/Al nano-

emulsions treated at heating temperature 60 (A), 65

(B), or 70oC (C) for 10 min. Scale bar = 1 µm. Black

spot shown in micrographs presents the droplet of nano-

emulsion.

Fig. 3. Surface hydrophobicity of β-lg heated at 60, 65, and

70oC for 10 min. Different letters on a column indicate

significant differences (p<0.05).

Fig. 2. Transmission electron micrographs of β-lg/Al nano-

emulsions prepared with different Al concentration (0

(A), 0.01 (B), 0.03 (C), or 0.05 % (w/v) (D)) for 10 min.

Scale bar = 1 µm. Black spot shown in micrographs pre-

sents the droplet of nanoemulsion.
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had a no significant effect on the droplet size of nano-

emulsions. As heating temperature increased from 60 to

70oC, the droplet size of β-lg/Al nanoemulsions was sig-

nificantly (p<0.05) increased from 169.23 to 219.95 nm

(Table 3). Keowmaneechai and McClements (2006) also

reported that an increase in the droplet diameter of con-

ventional oil-in water emulsions stabilized with whey

protein isolate and CaCl
2 

was observed with increasing

heating temperature from 60 to 90oC. When β-lg was pre-

heated from 60 to 70oC, a significant increase in the sur-

face hydrophobicity of β-lg was observed (Fig. 3). Heat

treatment of β-lg at >55oC also resulted in increasing free

sulfhydryl groups exposed to aqueous environment (Lee

et al., 2008). An increase in surface hydrophobicity and

exposed sulfhydryl groups may enhance interdroplet

interactions between β-lg adsorbed at the fat globule

interface and nonadsorbed β-lg in the continuous phase

through hydrophobic attractions and intermolecular thiol-

disulfide interactions (Euston et al., 2000; Keow-

maneechai and McClements, 2006; Raikos, 2010). It can

increase the aggregation of nanoemulsion droplets result-

ing in an increase in the droplet size of β-lg/Al nanoemul-

sions with increasing heating temperature. No significant

(p<0.05) differences in droplet size were observed in β-

lg/Al nanoemulsions made with various alginate concen-

trations (Table 3). It indicates that Al concentration may

not be a manufacturing variable to affect the aggregation

of nanoemulsion droplets.

Both heating temperature (p<0.001) and Al concentra-

tion (p<0.05) had a significant effect on the polydisper-

sity index value of β-lg/Al nanoemulsions (Table 2). It

should be noted that heating temperature had a higher

mean square value than that of alginate concentration

indicating that heating temperature had a dominant effect

on the polydispersity index value of β-lg/Al nanoemul-

sions (Table 2). Mean polydispersity index values of β-lg/

Al nanoemulsions ranging from 0.11 to 0.26 were observed

for all samples indicating that β-lg/Al nanoemulsions

formed at pH 7.0 exhibited acceptable uniform (homoge-

nous) droplet distributions since the polydispersity index

value was <0.3 (Dragicevic-Curic et al., 2010; Yen et al.,

2010). Heat treatments from 60 to 70oC resulted in a sig-

nificant increase in the polydispersity index value of β-lg/

Al nanoemulsions (Table 3) indicating relatively broader

droplet distributions were observed. The polydispersity

index value of β-lg/Al nanoemulsions prepared with

0.05% Al concentration was higher than that of β-lg/Al

nanoemulsions made with no Al concentration (Table 3).

These results suggest that heat treatment and addition of

Al in the formation of nanoemulsions, which may con-

Table 2. Analysis of variance for physic-chemical properties of β-lg/Al nanoemulsions

Independent variables1)

Heating temperature Al concentration
Heating temperature

× Al concentration

df MS df MS df MS

Droplet size (nm) 2 7741.83 *** 3 331.60 NS 6 342.14 NS

Polydispersity index 2 0.0738 *** 3 0.0102 * 6 0.0030 NS

Zeta-potential (mV) 2 21.06 * 3 2.88 NS 6 6.54 NS

EE of CoQ10 (%)2) 2 34.75 * 3 67.85 ** 6 4.46 NS

1)Heating temperature × Al concentration = Interaction between heating temperature and Al concentration; df = degrees of freedom; MS

= mean square
2)EE of CoQ10 = Encapsulation efficiency of CoQ10

*, **, ***, significantly different at p<0.05, p<0.01, and p<0.001, respectively

Table 3. Effects of heating temperature and Al concentration on the physicochemical properties of β-lg/Al nanoemulsions1), 2) 

Heating temperature (oC) Al concentration (%, w/v)

60 65 70 SEM4) 0 0.01 0.03 0.05 SEM

Droplet size (nm) 169.23c 192.20b 219.95a 3.976 188.71a 200.70a 188.68a 197.08a 4.591

Polydispersity index 0.11b 0.14b 0.26a 0.016 0.13b 0.16ab 0.16ab 0.21a 0.019

Zeta-potential (mV) -6.82a -7.36ab -8.77b 0.485 -7.16a -8.42a -7.30a -7.73a 0.560

EE of CoQ10 (%)3) 75.38b 77.50ab 78.75a 0.907 73.49b 77.24a 78.07a 80.04a 1.048

1)Values with different letters in the same row denote significant differences (p<0.05).
2)All levels of one variable were used to asses means for levels of other variables.
3)EE of CoQ10 = Encapsulation efficiency of CoQ10
4)SEM: Standards error of means
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tribute to the aggregation of nanoemulsion droplets, can

be a manufacturing variable to affect homogenous droplet

distributions observed in β-lg/Al nanoemulsions.

Zeta-potential of β-lg/Al nanoemulsions

Two-factor ANOVA results (Table 2) show that heating

temperatures had a significant (p<0.05) effect on the zeta-

potential of β-lg/Al nanoemulsions. The zeta-potential

values of all β-lg/Al nanoemulsions were between -6.82

mV and -8.77 mV indicating that β-lg/Al nanoemulsions

had negative surface charges (Table 3). Since the isoelec-

tric point (PI) of β-lg is around pH 5 and pKa of Al is

around pH 3.5 (Harnsilawat et al., 2006; Line et al., 2005),

it can be expected that β-lg/Al nanoemulsions formed at

pH 7 had negative surface charges. The zeta-potential val-

ues of β-lg/Al nanoemulsions were significantly (p<0.05)

increased with an increase in heating temperature from 60

to 70oC (Table 3). Similar results were reported in β-lg

dispersions heated at 85oC for 15 min (Schmitt et al.,

2009). As seen in Fig. 3, the heat treatment of β-lg from

60 to 70oC induced the partial unfolding of β-lg. Some

negatively charged amino acid groups might be exposed

to the surface of β-lg, which may contribute to an increase

in the zeta-potential values of β-lg/Al nanoemulsions.

However, the zeta-potential values of β-lg/Al nanoemul-

sions were not significantly (p<0.05) affected by Al con-

centrations (Table 3).

Encapsulation efficiency of CoQ
10

Both heating temperature (p<0.05) and Al concentra-

tion (p<0.01) significantly affected the encapsulation effi-

ciency of CoQ
10

 in β-lg/Al nanoemulsions (Table 2). It

was observed that alginate concentration was the pro-

nounced factor influencing the encapsulation efficiency

of CoQ
10

 in β-lg/Al nanoemulsions as suggested by a

higher mean square value (Table 2). There was a signifi-

cant (p<0.05) increase in the encapsulation efficiency of

CoQ
10

 from 75.38 to 78.75% as heating temperature was

increased from 60 to 70oC (Table 3). An increase in the

surface hydrophobicity of β-lg treated with increasing

heating temperature from 60 to 70oC (Fig. 3) was due to

the exposure of more hydrophobic groups to the surface

of β-lg. Since β-lg had hydrophobic binding sites on its

surface (Liang et al., 2008), increasing heat treatment

may provide more hydrophobic binding sites for CoQ
10

,

which may result in an increase in the encapsulation effi-

ciency of CoQ
10

. Furthermore, increasing free sulfhydryl

groups exposed to aqueous environment during heat

treatment (Lee et al., 2008) may enhance the interfacial

polymerization of adsorbed β-lg through intermolecular

thiol-disulfide interactions (Euston et al., 2000; Keow-

maneechai and McClements, 2006; Raikos, 2010). This

may reduce the diffusion of CoQ
10

 trapped in β-lg/Al

nanoemulsions, which leads to increasing the encapsula-

tion efficiency of CoQ
10

.

The encapsulation efficiency of CoQ
10

 in β-lg/Al nano-

emulsions made with 0.01, 0.03, and 0.05% was signifi-

cantly (p<0.05) higher than that of β-lg/Al nanoemulsions

made with no Al (Table 3). Ron et al. (2010) reported that

the complex formation between β-lg and pectin provided

additional protection against the escape of vitamin D
2

through enhancing immobilization effects. When β-lg

solutions were mixed with Al solutions using CaCl
2
 at pH

7.0, more junction zones were formed between β-lg and

Al through Ca2+-mediated intermolecular interactions

(Chen and Subirade, 2006; George and Abraham, 2006).

Compared with nanoemulsions made without Al, the for-

mation of associative β-lg and Al complex nanoemul-

sions to trap CoQ
10

 could provide better immobilization

for CoQ
10

, which would decrease the diffusion of CoQ
10

resulting in increasing encapsulation efficiency of CoQ
10

.

Conclusions

Spherically-shaped β-lg/Al complex nanoemulsions

ranged in diameter from 150 to 200 nm were successfully

produced. This study demonstrated that heating tempera-

ture and Al concentration were key manufacturing vari-

ables to influence the physico-chemical properties of β-

lg/Al nanoemulsions. The use of heat treatment and Al

can provide a useful tool to control the droplet size, sur-

face charge, and encapsulation efficiency of CoQ
10 

through

enhancing surface hydrophobicity and immobilization

effect.
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