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ABSTRACT
The effect of gelatinized kudzu starch on the formulation and stability of oil-
in-water (O/W) emulsions was investigated. The effects of gelatinization
conditions (75–95°C, 5–30 min) on the interfacial tension of O/W emulsions
were observed. The selected conditions included gelatinization time of 20
min and temperature of 90°C. The second part of this study investigated the
effect of homogenization methods on the stability of O/W emulsions. The
effects of oil types (soybean oil, medium-chain triglycerides (MCTs), and
limonene), oil weight fractions (5–30% (w/w)), and kudzu starch concentra-
tions (0–5% (w/w)) were also investigated. The results indicated that rotor-
stator homogenization in combination with high-pressure homogenization
was suitable for the formulation of O/W emulsions. O/W emulsions contain-
ing 10% (w/w) soybean oil could be stabilized by 3% (w/w) gelatinized
kudzu starch and may be used in future emulsified products.
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Introduction

Kudzu root is a radix of the Pueraria plant, which originates from China and has long been used in
the food and pharmaceutical industries. Kudzu root was recorded as a medicinal herb in the Shen
Nong Ben Cao Jing 2000 years ago[1]. Many food products and medicines in China and Japan
contain kudzu root. It could be used as a natural starch source, since its starch content is about
51.6% ((w/w), dry mass)[2], and the granule size of kudzu starch varies between 2 and 20 μm[3]. The
viscosity of gelatinized starch solution is higher than that of corn and lotus starches[4], and it
demonstrates good stability during heating and cooling [5].

Starch, the main energy storage component of a plant, has two main fractions, amylose and
amylopectin[6]. The numerous applications of starch in food emulsions include thickening agent,
viscosity modifier, and texture enhancer. Starch particles increase the viscosity of the continuous
phase of an emulsion system and prevent gravitational separation of the suspended matter[7].
Modification of starch particles by jet steam cooking produces a very thin layer around the oil–
water interface and stabilizes the soybean oil-loaded emulsion with 40% volume fraction[8]. The
complete solubilization and elimination of the secondary starch structure during jet cooking help
stabilize the mixture of starch and oil both in dry state and in aqueous suspension[9].

Starch granules cannot be dissolved in cold water; however, when starch suspended in water is
heated, the granules absorb water and swell. If the temperature keeps increasing, birefringence may
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be lost, leading to increased viscosity of the aqueous solution and eventual gelatinization[10–12].
Stable emulsion including gelatinized starch dispersion and sunflower oil was prepared by adding
glycerol and lecithin, and its particle size decreased with increasing concentration of glycerol[13].
Thus, gelatinized starch could be used as a wall material for the encapsulation of oil.

Emulsion is a mixture of two immiscible liquids in which one liquid is dispersed as spherical
droplets into the other phase. In general, emulsion-based foods must be kept stable for a certain
amount of time during processing, storage, transportation, and utilization. Nevertheless, emulsions
become unstable with time, temperature, and other conditions such as creaming, sedimentation,
flocculation, coalescence (extensive droplet can lead to oiling-off), and phase inversion[7]. Surfactants
(e.g., proteins, polysaccharides, and different hydrocolloids) are generally used as stabilizers or
emulsifiers in an emulsion system. These emulsifiers or stabilizers decrease the interfacial tension
between the dispersed phase and the continuous phase, while increasing the steric hindrances and/or
electrostatic repulsion between the droplets and in turn stabilizing the emulsion system[7, 14–15].

Kudzu starches from Vietnam, Japan, and Korea have different thermal properties. The gelatini-
zation temperature of starch from Vietnam ranges from 78.9 to 83.4°C; that of starch from Japan
ranges from 65.3 to 83.4°C; and that of starch from Korea ranges from 57.5 to 73.0°C[3]. Based on
these values, we selected 75–90°C as the optimum gelatinization temperature range for this study.
Villamonte et al.[16] found that high-pressure treated and gelatinized corn starch could formulate
and stabilize emulsions due to starch fragmentation. Therefore, gelatinized kudzu starch may have
the potential for emulsion stabilization without the addition of other surfactants. The purpose of the
present study was to investigate the effects of gelatinized kudzu starch on the formation and
stabilization of oil-in-water (O/W) emulsions for developing a new application of kudzu starch in
food emulsion.

Materials and methods

Materials

Commercial kudzu root starch used in this study was procured from Ohsawa-Japan Co., Ltd.
(Tokyo, Japan). Limonene, soybean oil, sodium azide (NaN3, analytical grade), Sudan IV dye, and
fluorescein-4-isothiocyanate (FITC) were purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). Medium-chain triglyceride (MCT) was purchased from the Nisshin OilliO Group,
Ltd. (Tokyo, Japan). All other chemicals used were of analytical grade and were used without further
purification.

Interfacial tension measurement

Interfacial tension between gelatinized kudzu starch dispersion and soybean oil was measured by the
pendant drop method (DM-501, Kyowa Interface Science Co., Ltd. Saitama, Japan) at 25°C using a
water bath. Prior to interfacial tension measurements, the densities of gelatinized kudzu starch
dispersions (0–3%, (w/w)) and different oils were determined using a density/specific gravity meter
(DA-130N, Kyoto Electronics Co., Ltd., Kyoto, Japan). For interfacial tension measurements,
samples were loaded in a syringe and pushed out to form a pendant drop at the tip of a stainless-
steel needle surrounded by the oil phase. Every sample was measured at least 10 times and the
average values were used for analysis.

Preparation of O/W emulsions

The kudzu starch dispersion was prepared by adding different volumes of Milli-Q water. The
mixture was gelatinized by constant stirring at 90°C for 20 min, following the findings of Van
Hung and Morita[3], and the effects of different gelatinization conditions on interfacial tension were
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observed. The fresh gelatinized kudzu dispersion, which was used as the continuous phase, contained
0.02% (w/w) NaN3 as an antimicrobial agent. Soybean oil, MCT, or limonene was used as the
dispersed phase.

The O/W emulsions were prepared using gelatinized kudzu starch dispersions as the continuous
phase, while different oils served as the dispersed phase. The coarse emulsions were made using a
rotor-stator homogenizer (Polytron PT-3000, Kinematica AG, Lucerne, Switzerland) at 10,000 rpm
for 5 min. The mixtures were homogenized immediately using a high-pressure homogenizer (Nano
Vator NV200, Yoshida Kikai, Co., Ltd. Japan) at 100 MPa in two cycles. The effects of starch
concentrations (0, 0.1, 1, 3, and 5 (w/w)) and oil weight fractions (5, 10, 20, and 30% (w/w)) on the
stability of O/W emulsions were investigated. Emulsions formulated using kudzu starch, rice starch,
corn starch, and wheat starch were observed in this study.

Determination of O/W emulsion particle-size and particle-size distribution

The average particle sizes of emulsions were expressed as Sauter mean diameter (d3,2) and were
detected using a laser diffraction particle size analyzer (LS 13320, Beckman Coulter Ltd., Brea, USA).
The d3,2 was calculated as follows:

d3;2 ¼ Volume
Surface area

¼
Pnid3iPnid2i

(1)

where di is the droplet diameter and ni is the number of droplets having diameter di. Particle-size
distribution was represented by the relative span factor (RSF) and was estimated as follows:

RSF ¼ d90 � d10ð Þ
d50

(2)

where d90, d50, and d10 are emulsion particle-size diameters corresponding to the cumulative
distributions at 90%, 50%, and 10%, respectively.

Determination of creaming stability

Due to gravity and the low density of oil, the droplets in emulsions started to move upward during
storage, and a creaming layer could be easily observed. The O/W emulsions were poured into test
tubes, sealed with screw caps, and stored at ambient temperature for 9 days. The creaming index was
calculated using the following equation:

Creaming index %ð Þ ¼ HE

HL
� 100 (3)

Here, HE (mm) is the height of the creaming layer and HL (mm) is the height of the emulsions.

Morphological analysis

The morphology of emulsions stabilized by gelatinized kudzu starch dispersion was observed using
an optical microscope (DFC300FX, Leica Microsystems, Wetzler, Germany). The microstructure,
distribution of droplets, starch retro-gradation, and coalescence of emulsions were the major
parameters observed during this study.

Confocal laser scanning microscopy

The microstructures of emulsion droplets formulated under optimized conditions were observed
using a Leica TCS SP8 confocal laser scanning microscopy (CLSM, Leica Microsystems Inc.,
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Heidelberg, Germany), which was equipped with argon ion laser and a multiphoton confocal
microscope. Excitation wavelength of 488 nm was used during this study. Before homogenization,
gelatinized kudzu starch dispersion was stained using a small amount of 0.002% FITC overnight at
ambient temperature. All confocal fluorescence pictures were taken at 40× objective (40× objective:
oil immersion, numeric aperture 1.30).

Viscosity measurement

The viscosity of gelatinized kudzu starch dispersion and different oils was measured using a Vibro
Viscometer (SV-10, A&D Company Ltd., Tokyo, Japan) at room temperature. Thin sensors including
sensor plates (vibrators) and a temperature sensor were immersed into a sample that was collected in a
35 mL measuring vessel. Viscosity was then determined by resonating current and amplitude[17].

Statistical analysis

All experiments were carried out in at least duplicate, and the results are reported as the average and
standard deviation of measurements. One-way analysis of variance (ANOVA) was performed using
Statistix 8.1 software (Tallahassee, USA), and the least significant difference (LSD) was calculated at
95% probability level. The significant difference (p < 0.05) was presented using different letters.

Results and discussion

Effects of gelatinization time and temperature based on interfacial tension

Interfacial tension reduction between oil and water was regarded as the main driving force to form O/W
emulsions[7]. Figure 1 indicates the interfacial tension (γ) between 3% (w/w) gelatinized kudzu starch
dispersion and soybean oil. The γ between Milli-Q water and soybean oil was 25.5 mN/m at 25°C, while
kudzu starch dispersion after gelatinization was more capable of reducing γ than the Milli-Q water
system. γ decreased with increasing gelatinization temperature and decreased to 18.4 mN/m at 90°C
(Fig. 1a). Moreover, gelatinization time was an important parameter that affected γ (Fig. 1b). Reduction
of γ correlated directly with gelatinization time and maintained a constant value after 20 min of heating
at 90°C. Suitable conditions for kudzu starch gelatinization include a heating time of 20 min at 90°C.

To clarify the physical properties of gelatinized kudzu starch, the particle diameter of kudzu
starch dispersion was determined and compared with native kudzu starch granules (Fig. 2). The d3,2
of gelatinized kudzu starch dispersion exceeded that of native starch granules (7.42 μm). The
increase in d3,2 was due to granule swelling. Storage time had almost no influence on the d3,2 of
the gelatinized kudzu starch dispersion.

Thirty percent of a starch granule mass is regarded as the crystalline region and contains helices
of amylopectin, double helix of amylose and amylopectin, V helix of amylose and enclosed lipid, and
free amylose and free lipid. The remaining 70% mass is regarded as the amorphous region. The
amorphous regions contain amylose and amylopectin. High temperature increases the solubility of
starch in water and the crystalline regions melt and form a polymer network. Reduction in γ might
be due to the formation of helical inclusion complexes with the lipid during high shear and high-
pressure homogenization, where these complexes might reside at the newly created oil–water phase
interface. These results correlated well with the previous study of Villamonte et al.[16]. Moreover,
kudzu starch contains traces of protein (0.14–0.18%) [3], which might play a significant role in
reducing γ during gelatinization.
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Effect of different homogenization techniques on the stability of O/W emulsions

Two different homogenization techniques were used to check the stability of O/W emulsions
stabilized by gelatinized kudzu starch dispersion. These techniques include the use of a rotor-stator
homogenizer and a high-pressure homogenizer. The microstructure and stability of O/W emulsions
were observed for 9 days. Figure 3a depicts the microstructure of emulsions using optical micro-
scopy. These micrographs showed that homogenization has a pronounced effect on the particle size
of emulsions. Particle size decreased to the sub-micron level with high-pressure homogenization.
The stabilization process with smaller oil droplets (Fig. 3b) after high-pressure homogenization can
also be observed under CLSM, which clearly shows oil droplets surrounded by gelatinized kudzu
starch dispersion.

Figure 4a indicates the storage stability of O/W emulsions stored at ambient temperature for 9
days. The d3,2 of O/W emulsions significantly decreased with the use of the high-pressure

Figure 1. Effects of gelatinization conditions of kudzu starch on the interfacial tension. (a) Effect of gelatinization time on
interfacial tension between soybean oil and gelatinized kudzu starch dispersion. (b) Effect of gelatinization temperature on
interfacial tension between soybean oil and gelatinized kudzu starch dispersion. The different letter shows significant difference at
the 95% probability level.
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Figure 2. The particle size distribution of native kudzu starch and gelatinized kudzu starch. ( ) denotes the distribution of
particle size of native kudzu starch, ( ) denotes the distribution of particle size of gelatinized kudzu starch, and ( ) denotes
the distribution of particle size of gelatinized kudzu starch stored for 1 month.

Figure 3. Microstructure of O/W emulsions. (a) Microstructure of freshly prepared O/W emulsions stabilized with gelatinized starch.
(i) Formulated with rotor-stator homogenizer and (ii) formulated with high-pressure homogenizer. (b) Confocal laser scanning
microscopy image of O/W emulsions stabilized by gelatinized kudzu starch dispersion.
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homogenizer compared with the use of only the rotor-stator homogenizer. The d3,2 of O/W
emulsions decreased from 4.01 to 0.74 μm using a combination of rotor-stator and high-pressure
homogenizer. The RSF of the emulsions also decreased from 2.61 to 1.88. Oiling-off and creaming
were observed in emulsions formulated using the rotor-stator homogenizer (Fig. 4b), whereas slight
phase separation was observed in emulsions formulated using the high-pressure homogenizer,
especially after 9 days of storage. The particle size of emulsions below 1 μm cannot be achieved
with rotor-stator systems; in contrast, mean droplet diameters below 0.2 μm can be obtained with
high-pressure systems[18]. Polydisperse O/W emulsions have better stability with smaller droplet
sizes[19]. These results confirmed that rotor-stator homogenization followed by high-pressure homo-
genization reduces d3,2 and may improve the storage stability of O/W emulsions stabilized with
gelatinized kudzu starch.

Figure 4. Storage stability of O/W emulsions stabilized using gelatinized starch. (a) d3,2 of O/W emulsions formulated with rotor-
stator homogenizer and/or high-pressure homogenizer. ( ) denotes emulsions performed with rotor-stator homogenizer and
( ) denotes emulsions performed with high-pressure homogenizer. (b) O/W emulsion picture (left) formulated by rotor-stator
homogenizer at days 0 and 9 and O/W emulsion picture formulated by high-pressure homogenizer (right) at days 0 and 9. The
different letter shows significant difference at the 95% probability level.
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Effect of kudzu starch concentration on the formulation and stability of O/W emulsions

Figure 5a indicates the effect of different kudzu starch concentrations (0–5% (w/w)) on the stability
of O/W emulsions. The d3,2 of emulsions decreased with increasing concentration of kudzu starch,
whereas d3,2 increased with storage time. Gelatinized kudzu starch dispersion has the capacity to
decrease d3,2 at a specific concentration, correlating with a decrease in γ. However, d3,2 increased
during storage when the concentration of kudzu starch was 5% (w/w), mainly due to the higher
aggregation of starch particles.
During storage (Table 1), oiling-off and creaming were observed in emulsions containing no starch
dispersion. A similar destabilization phenomenon was observed in emulsions containing 0.1–1% (w/w)
kudzu starch. Emulsions containing 3–5% (w/w) starch dispersion remained stable at day 1, but increase
in d3,2 was observed in emulsions containing 5% (w/w) kudzu starch. The viscosity of gelatinized kudzu
starch rapidly increased with increasing kudzu starch concentration (Fig. 5b). The viscosity of 5% (w/w)
gelatinized kudzu starch solution increased to 155.3 mPa.s after cooling at room temperature. A suitable
viscosity range may be needed to increase the stability of O/W emulsions[20–21].

Figure 5. (a) The d3,2 of O/W emulsions containing different kudzu starch concentrations. ( ) denotes 0% (w/w), ( ) denotes
0.1% (w/w), ( ) denotes 1% (w/w), ( ) denotes 3% (w/w), and ( ) denotes 5% (w/w). (b) Viscosities of gelatinized kudzu
starch dispersion with different concentrations. The different letter shows significant difference at the 95% probability level.
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Effects of oil type on the formulation and stability of O/W emulsions

Oil type affects O/W emulsion formulation and stability[22]. In this study, the effect of oil type
(soybean oil, MCT, and limonene) on the stability of O/W emulsions was investigated. The density,
viscosities, and γ between oil and Milli-Q water or gelatinized starch dispersions are listed in Table 2.
Soybean oil was depicted to have high viscosity and gelatinized kudzu starch reduced γ, compared
with Milli-Q water. Previous studies showed that the ratio of dispersed to continuous phase affected
emulsification, and the ratio of 0.1:5 indicated good emulsion stability[23].

Figure 6 shows the d3,2 of O/W emulsions containing 5% (w/w) oil in the dispersed phase
stabilized by 3% (w/w) gelatinized kudzu starch for 9 days. The d3,2 of fresh O/W emulsions
containing soybean oil was 0.44 μm, that containing MCT was 0.47 μm, and that containing
limonene was 1.56 μm. RSF varied between 1.42 and 2.07 with different dispersed phases. During
the evaluated storage period, soybean oil or MCT oil-loaded O/W emulsions remained more stable
than limonene-loaded emulsions. Oiling-off occurred in emulsions containing limonene after just 2
days, while creaming was observed in emulsions containing MCT after 4 days, and the creaming
index increased from 2.0% to 5.1% during storage. These results agreed with the findings of Wooster
et al.[24], in which emulsions containing viscous oils, such as long-chain triglycerides (LCTs),
remained stable against Ostwald ripening and were more stable than emulsions containing less
viscous oils.

Limonene is a derivative flavour component of citrus oils. Nevertheless, soybean oil having an
LCT structure and MCT are more insoluble in water than limonene. Thus, the stability of emulsions
containing limonene was easily affected by Ostwald ripening and oiling-off occurred after 2 days.

Table 1. The pictures of O/W emulsions containing different kudzu starch concentrations stored in test tubes at 25°C at days 0 and 9.

Storage Time (day)

Concentration of kudzu starch (% (w/w))

0 0.1 1 3 5

0

9

Table 2. Physicochemical properties of dispersed phases used in the present study.

Soybean oil MCT Limonene

Density (g/cm3) 0.9 0.9 0.8
Viscosity (mPa.s) 48.8 22.2 0.8
I. T* (mN/m) 25.5 ± 0.4 23.4±0.7 28.0±0.1
I. T** (mN/m) 18.5 ± 0.6 18.0±0.5 21.5±0.7

*Interfacial tension between the respective oil and Milli-Q water. **Interfacial tension between oil and 3% (w/w) gelatinized kudzu
starch solution.
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Effect of oil weight fraction on the formulation and stability of O/W emulsions

To explore the emulsifying ability of gelatinized kudzu starch dispersion, emulsions containing
5–30% (w/w) soybean oil were formulated. The results are presented in Fig. 7. Oiling-off was
observed in emulsions containing 30% soybean oil. Emulsions containing 5–10% (w/w) soy-
bean oil remained stable during storage and had d3,2 of 1 μm, while creaming and oiling-off
were observed in emulsions containing higher oil fractions (Table 3). These results were
similar to the findings of Floury et al.[25], in which the stability of O/W emulsions decreased
linearly with the function of d3,2 and by increasing the oil phase volume. The slight increase in
d3,2 might be due to the retrogradation of kudzu starch. Retrogradation of starch was observed
due to the presence of water phase at the bottom of the test tube. Amylose and amylopectin

Figure 7. The d3,2 of O/W emulsions containing different soybean oil weight fractions. ( ) denotes 5% (w/w), ( ) denotes
10% (w/w), ( ) denotes 20% (w/w), and ( ) denotes 30% (w/w). The different letter shows significant difference at the 95%
probability level.

Figure 6. The d3,2 of O/W emulsions containing different oil types. The emulsions contained 5% (w/w) oil in the dispersed phase.
( ) denotes soybean oil, ( ) denotes MCT, and ( ) denotes limonene.
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may be retrograded and rearranged to reform a new crystalline shape; and water would be
released during retrogradation, which might destabilize the emulsion system.[26]

Effect of different starches on the formulation and stability of O/W emulsions

For comparative study, O/W emulsions were formulated using different gelatinized starches.
The d3,2 of fresh emulsions was 0.57 μm for those containing gelatinized kudzu starch, 0.47 μm
for those containing gelatinized rice starch, 0.44 μm for those containing gelatinized wheat
starch, and 0.50 μm for those containing gelatinized corn starch. However, oiling-off occurred
in emulsions stabilized by gelatinized rice starch, wheat starch, and corn starch stored at 25°C
in just 24 h (Fig. 8). Figure 8 indicates that only emulsions containing gelatinized kudzu starch

Tabel 3. The micrographs of O/W emulsions together with pictures.

Weight fraction of oil phase (% (w/w))

Storage time (day) 5 10 20 30

0

9

Figure 8. The microstructures of O/W emulsions kept at 25°C for 24 h stabilized by different gelatinized starches together with
pictures. The oil phase was stained with Sudan IV dye, and the continuous phase was dyed with methylene blue for the
observation of emulsions. (1) Emulsions stabilized with kudzu starch, (2) rice starch, (3) wheat starch, and (4) corn starch.
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were stable. A few oil droplets on the surface of emulsions containing rice starch and their
stability were better than that of those formulated by wheat starch and corn starch.

The emulsifying capacity of starch is improved through enzymatic treatment or acid hydrolysis,
due to the reduced molecular weight of starch[27–28]. However, Fanta et al. found that dextran could
not form an observable film at the oil–water interface, since the molecular weight was < 2 × 106,
while the film was observed with a high molecular weight (5–40 × 106)[8]. The weight-average
molecular weights were 2.05 × 108 g/mol for kudzu starch, 8.53 × 108 g/mol for rice starch, 10.1 ×
108 g/mol for wheat starch, and 11.3 × 108 g/mol for corn starch. These values fall in the range to
form a stable emulsion system[29–30]. Moreover, the viscosity of kudzu starch was the highest after
gelatinization. Hence, gelatinized kudzu starch was more suitable for stabilizing O/W emulsions than
native rice starch, wheat starch, or corn starch.

Conclusion

According to the findings of this study, O/W emulsions could be stabilized using gelatinized kudzu
root starch without a commercial or natural emulsifier. A combination of rotor-stator homogeniza-
tion and high-pressure homogenization was suitable for formulating O/W emulsions based on
gelatinized starch dispersion. Emulsions containing soybean oil were more stable than those contain-
ing low viscous MCT or limonene. The optimized gelatinized conditions were a gelatinization time
of 20 min and a gelatinization temperature of 90°C. The limitation of emulsion stabilization includes
a low volume fraction of oil phase. Moreover, 3% (w/w) gelatinized starch solution demonstrated
better stability than the other tested concentrations. This stabilization method could be applied in
food, medicine, and cosmetic industries because of the high-quality and high-value products in a
cost-effective manner.
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