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Abstract

Erythorbyl laurate (EL) is a multi-functional emulsifier with
antioxidative and antibacterial activities for simultaneously controlling the
lipid oxidation and microbial contamination in emulsion-based food. In the
previous study, the antioxidative activity of EL in emulsion was enhanced
since EL was located in the interface where lipid oxidation occurred in the
emulsion. In addition, EL showed no inhibitory effect in aqueous system, but
showed the inhibitory effect in emulsion against gram-negative bacteria.
Hence, it was expected that emulsifying properties could affect the
antioxidative and antibacterial activities of EL.

Emulsions were prepared with different emulsifiers and droplet sizes.
Tween-series emulsifiers were used and sonication time was controlled to
prepare emulsions with different droplet sizes. Then the antioxidative and
antibacterial activities of EL in the emulsions were compared.

Concentrations of lipid peroxides in Tween 20-, Tween 40-, Tween 60-,
and Tween 80-stabilized emulsions with EL after 9 days were determined to
be 35.95+4.05, 49.17+4.55, 51.74£9.18, and 70.79+0.59 mmol/kg oil,
respectively. The result could be explained in terms of the quantity of EL
caused by different packing of EL in the interface according to type of



emulsifier. EL could be densely packed in the interface of Tween 20-stabilized
emulsion since Tween-20 has lauric acid as a fatty acid with the same as EL.
In contrast, EL could not be packed densely in Tween 80-stabilized emulsion
due to a double bond kink structure in fatty acid of Tween 80. Concentrations
of lipid peroxides in Tween 20-stabilized emulsions with EL containing
droplet sizes of 261.80, 430.67, and 688.55 nm after 12 days were found out
to be 65.9743.23, 51.9242.16, and 35.79+5.71 mmol/kg oil, respectively. It
was reported that interfacial area of emulsion increased by reduction of droplet
size and consequently oxidation occurs rapidly. Thus, there was no effect of
droplet size on antioxidative activity of EL in emulsion.

Minimum bactericidal concentrations of Tween 20-, Tween 40-, Tween
60-, and Tween 80-stabilized emulsions with EL after treatment for 12 h were
0.040+0.000, 0.057+0.006, 0.087+0.012, and 0.090+0.010%, respectively. EL
in Tween 20- and Tween 80-stabilized emulsions showed the highest and the
lowest antibacterial activity, respectively, due to the different amount of EL in
the interface. Effect of droplet size on antibacterial activity of EL in emulsion
was difficult to investigate due to micelle formation formed by the remaining
emulsifiers in the continuous phase.

Consequently, this study revealed that the antioxidative and antibacterial

activities of EL in emulsion were affected by hydrophobic tail length and
I



double bond of the emulsifier mixed with EL. Therefore, when applying EL
to emulsion-based food, hydrophobic tail length and double bond of the
emulsifier mixed with EL should be considered. When EL mixed with an
emulsifier structurally similar to EL, such as Tween 20, which composed of

the lauric acid (12:0), the functionality of EL can be improved.
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1. Introduction

An emulsion consists of two or more immiscible liquids such as oil and
water with one of the liquids finely dispersed into the other liquid in the form of
droplets (Mosca, Cuomo, Lopez, & Ceglie, 2013; Nakabayashi, Amemiya,
Fuchigami, Machida, Takeda, Tamamitsu, et al., 2011). Emulsions are widely
used in the food industry (e.g., milk, cream, beverage, dressing, and mayonnaise)
as well as in cosmetic and pharmaceutic industries (Bai & McClements, 2016;
McClements, Decker, & Weiss, 2007; Zhang, Zhang, Fang, & Liu, 2017). Lipid
oxidation and microbial contamination are critical problems of emulsion-based
food during processing, storage, and consumption (McClements D & Decker E,
2000). Lipid oxidation leads to formation of undesirable off-flavors and
potentially toxic products. Furthermore, foodborne pathogens in food can cause
spoilage and food poisoning (Chen, Li, Zhao, Selomulya, Zhu, & Xiong, 2016;
Erdmann, Zeeb, Salminen, Gibis, Lautenschlaeger, & Weiss, 2015; Luther, Parry,
Moore, Meng, Zhang, Cheng, et al., 2007). Lipid oxidation and microbial
contamination consequently decrease food quality, stability, and safety.

To prevent lipid oxidation and microbial contamination in emulsion
1



simultaneously, erythorbyl laurate was produced by lipase-catalyzed
esterification between hydrophilic erythorbic acid with antioxidative activity and
hydrophobic lauric acid with antibacterial activity (K. M. Park, Lee, Sung, Lee,
& Chang, 2011). By measuring the surface tension and foaming ability, it was
shown that EL had emulsifying property. It was also revealed that EL had a free
radical scavenging activity against DPPH and ABTS radicals. In the case of
antibacterial activity, EL selectively inhibited gram-positive bacteria in aqueous
phase. Disintegration of the cell wall and cell membrane might be a major
antibacterial mechanism of EL. Consequently, EL having antioxidative and
antibacterial activities was expected to be a multi-functional emulsifier (K. M.
Park, Lee, Jo, Choi, Lee, & Chang, 2017).

Antioxidative activity of EL in O/W emulsion was enhanced because EL
was located in the interface where lipid oxidation occurred. Moreover, EL
showed no inhibitory effect in aqueous system, but showed the inhibitory effect
in emulsion against gram-negative bacteria. Therefore, antioxidative and
antibacterial activities of EL were expected to be related with emulsifying
properties. It was reported that emulsifying properties such as type of emulsifier

and droplet size had effect on antioxidative and antibacterial activities of
2



functional substances (Erdmann, Zeeb, Salminen, Gibis, Lautenschlaeger, &
Weiss, 2015; Kargar, Spyropoulos, & Norton, 2011; Osborn & Akoh, 2004).
In this study, effect of emulsifying properties (type of emulsifier and droplet

size) on the antioxidative and antibacterial activities of EL was investigated.



2. Materials and methods

2.1. Materials

Hydrogen peroxide, casein sodium salt from bovine milk, barium chloride,
iron (II) sulfate, and isooctane were purchased from Sigma-Aldrich Co. (St.
Louis, MO, USA). Lauric acid (>99.0%), 2-propanol, hydrochloride, methanol,
and 1-butanol were purchased from Deajung Chemicals & Metals Co., LTD
(Siheung, Gyonggi-do, Korea). Immobilized lipase, from Candida antarctica
(triacylglycerol hydrolase, EC 3.1.1.3; Novozym® 435) was obtained from
Novozymes (Bagsvaerd, Denmark) with a catalytic activity of 7,000 PLU/g
(activity of PLU refers to the millimoles of propyl laurate synthesized per min at
60°C). Erythorbic acid (=98.0%) and ammonium thiocyanate were purchased
from Fisher Scientific (Seoul, Korea) and Junsei (Tokyo, Japan), respectively.
Soybean oil was purchased from Ottogi (Seoul, Korea) and used without further
purification. All emulsifiers were kindly provided by Ilshinwells Co. (Cheongju,

Korea). All other chemicals were of analytical grade.



2.2. Production of erythorbyl laurate

EL was produced by lipase-catalyzed solvent-free esterification employing
gaseous phase to avoid using acetonitrile, toxic organic solvent causing vomiting
and convulsion, and enhance production yield. Nitrogen gas was pumped into
the reactor by nitrogen gas generator to mix the substrates (erythorbic acid and
lauric acid) and the enzyme. The esterification between erythorbic acid and lauric
acid was carried out by the catalysis of immobilized lipase (Novozym® 435) for
72 h (Fig. 1). Total volume was 450 mL and the molar ratio of erythorbic acid
and lauric acid was 1:5. The amounts of erythorbic acid and lauric acid were 0.39
mol (68.69 g) and 1.93 mol (387.02 g), respectively. The amount of enzyme was
840 PLU/mL (0.12 g solid/mL). Concentration of EL was determined by using
standard curve of EL, provided from peak area at 265 nm according to previous

study (K. M. Park, Lee, Sung, Lee, & Chang, 2011).
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Fig. 1. Schematic representation for the lipase-catalyzed synthesis of erythorbyl

laurate.



2.3. Preparation of O/W emulsion
2.3.1. Composition and manufacturing process of O/W emulsion

O/W emulsion (5%, w/w) was composed of soybean oil, which had no
antioxidative and antibacterial activities, emulsifiers (Tween series and EL), and
distilled water. Polyoxyethylene sorbitan monolaurate (Tween 20),
polyoxyethylene sorbitan monopalmitate (Tween 40), polyoxyethylene sorbitan
monostearate (Tween 60), and polyoxyethylene sorbitan monooleate (Tween 80),
having the same head group, were used to study effects of hydrophobic tail-group
of the emulsifiers on the antioxidative and antibacterial activities.

O/W emulsions were prepared by ultrasonic emulsification, which was a
widely used method. The emulsion prepared by this method was less
polydispersed and more stable as compared with that prepared by other
mechanical devices (Ghosh, Mukherjee, & Chandrasekaran, 2013; Li & Chiang,
2012).

Soybean oil, emulsifiers, and distilled water were mixed thoroughly in a
screw-cap vial, and then vortex-mixed together using a vortex mixer (WiseMix
VM-10, Daihan, Korea) for 2 min to form a coarse emulsion. The coarse

emulsion was then sonicated with a 20 KHz ultrasonicator (ULH-700S, Jeiotech,
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Korea), in which each cycle consisted of 1 s pulse on and 4 s pulses off at 4°C.

2.3.2. Factors affecting droplet size and optimum conditions of
emulsification

Preliminary experiments were carried out to study the effect of emulsifier
concentration, sonication power, and sonication time on the droplet size
distribution. The overall compositions of the samples were 5% (W/w) soybean
oil, 1 to 10% (w/w) emulsifier, and 85 to 94% (w/w) distilled water. The mass
ratio of EL and Tween 20 was 1 to 39. Sonication process was carried out for
different power (70, 140, 210, 280, and 350 W) and sonication time (0.5 to 20.0

min).

2.3.3. O/W emulsion preparation with different emulsifying properties

To study the effect of type of emulsifier and droplet size on antioxidative
and antibacterial activities of EL in O/W emulsion (5%, w/w), the emulsions
were formulated by varying emulsifiers (Tween 20, 40, 60, and 80 with EL) and
sonication time (0.5 to 5.0 min). Concentration of 5% (w/w) soybean oil, 2%

(w/w) emulsifier, and 93% (w/w) distilled water and 210 W sonication power
8



were fixed for all emulsion formulations. In addition, when the emulsions with
different droplet sizes were prepared, Tween 20 and EL were used as two kinds

of emulsifiers.

2.4. Measurement of droplet size

The droplet size and size distribution of emulsion were determined by
dynamic light scattering using a Zetasizer Nano ZS90 (Malvern Instruments Ltd,
Worcestershire, UK). Samples were diluted with distilled water to a suitable
concentration to reduce multiple scattering effects. And the sample volume of
0.5-1.0 mL was applied into disposable plastic cuvette. All measurements were
carried out at 25°C and a fixed angle of 90°. The droplet size and size distribution
of the emulsions were described by Z-average size (mean diameter) and
polydispersity index (PdI).

Stability of the emulsion was analyzed by measuring the change of the

droplet size by storing at 37°C and 60°C.



2.5. Comparative evaluation of antioxidative activity of erythorbyl laurate

in O/W emulsion

To study the effect on thermal oxidation, the emulsions (5.0 mL) were
stored in screw-cap vial and allowed to be oxidized in a shaking incubator (IST-
3057R, Jeio Tech, Korea) with a shaking speed of 200 rpm at 60°C. The ferric
thiocyanate method was used for the determination of primary oxidation
products (Shantha & Decker, 1994). Lipid peroxide was measured by mixing 0.3
mL of emulsion with 1.5 mL of isooctane/2-propanol (3:2, v/v), vortexing three
times for 10 s, and centrifuging at 1,000xg for 2 min. Clear upper solvent layer
(0.2 mL) was collected and mixed with 2.8 mL of methanol/1-butanol (2:1, v/v)
and 30.0 pL of thiocyanate/Fe’" solution and then vortex-mixed. The
thiocyanate/Fe?* solution was prepared by mixing one part 3.940 M thiocyanate
solution with one part 0.072 M Fe** solution (obtained from the supernatant of a
mixture of one part 0.144 M FeSO4 and one part 0.132 M BaClz in 0.400 M HCI).
After 20 min, the absorbance of the solution was measured at 510 nm using a
UV-vis spectrophotometer (OPTIZEN POP BIO, Mecasys, Korea).
Concentration of lipid peroxide was calculated by using a standard curve

obtained from hydrogen peroxides.
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2.6. Comparative evaluation of antibacterial activity of erythorbyl laurate
in O/W emulsion
2.6.1. Bacterial strains and culture conditions
The gram-negative strain was Escherichia coli ATCC 35150 and gram-
positive strain was Staphylococcus aureus ATCC 12692. The stock culture was
stored in tryptic soy broth (TSB) supplemented with 50% glycerol at -80°C. One
loop of each bacterium was subsequently streaked on tryptic soy agar (TSA) and
incubated at 37°C for 24 h. After that, a single colony was transferred to 4 mL of

TSB and incubated at 37°C for 12 to 18 h.

2.6.2. Time-killing assay

Overnight culture of E. coli or S. aureus was centrifuged for 10 min at
4,000xg at 4°C. The supernatant was discarded and the cells were washed twice
with 0.1 M phosphate buffer (pH 7.4, PBS), and resuspended in the same buffer.
The suspension was adjusted to achieve a bacterial concentration of 1.0x10%
colony-forming units (CFU)/mL based on 0.5 McFarland standard for
bactericidal testing. After that, 200 puL inoculum was added to 1,800 pL of the

emulsion with or without EL. After inoculation, all the samples were incubated
11



at 37°C under shaking condition (220 rpm). After 0, 3, 6, and 9 h of incubation,
aliquot (100 pL) was taken out and serially diluted. The diluted samples were
inoculated on TSA plate and incubated at 37°C for 24 h. The number of survivors
(CFU/mL) was determined by counting colonies and time-killing curves were
constructed by plotting the log CFU/mL versus time. The detection limit in the

assay was 1.0 log CFU/mL.

2.6.3. Minimum bactericidal concentration in O/W emulsion

Minimum bactericidal concentration (MBC) in 5% (w/w) O/W emulsion is
defined as the concentration of EL where 6 log reduction of the initial inocula
occurs in this study. The emulsion with EL was serially diluted with emulsion
without EL in a 96-well plate, and each well, containing of 180 pL of diluted
emulsion, was inoculated with 20 pL inoculum with an absorbance of 0.13 at
600 nm. The cell density in the wells was 1.0x10” CFU/mL. After incubation at
37°C for 12 h, one loop of each sample was streaked onto TSA plates and
incubated at 37°C for 24 h. The highest dilution that resulted in 99.9% reduction
in the bacterial cell number was recorded as the minimum concentration of an

EL required to kill a bacteria.
12



2.7. Statistical analysis

All experiments were carried out in triplicate. The data obtained were
analyzed by analysis of variance (ANOVA) using SPSS version 22.0 (IBM Corp.,
Armonk, NY, USA). The differences between mean values were compared using

Duncan’s multiple range test with a level of significance of p<0.05.

13



3. Results and discussion
3.1. Effect of emulsification conditions on droplet size and size distribution
3.1.1. Emulsifier concentration

Effect of emulsifier concentration on droplet size and Pdl was evaluated
(Fig. 2a). The droplet size decreased as the increase of the emulsifier
concentration from 1 to 10% (w/w). The surface area of droplets increased as the
droplet size decreased and a larger amount of emulsifier was required to cover
the increased surface area. Therefore, increase of emulsifier concentration could
lead to the formation of smaller droplets. In the range of 2-7% (w/w) emulsifier
concentration, the PdI of these emulsions was not significantly different, whereas
the PdI increased when the emulsifier concentration was more than 8% (w/w).
The results could be attributed to the partially formation of smaller droplets in
the emulsion as the emulsifier concentration increased.

Since the PdI of the emulsions prepared with 2 to 6% (w/w) emulsifier was
not significantly different, 2% (w/w) of the emulsifier concentration which is
generally used to produce O/W emulsion in the food industry was determined as
the optimum emulsifier concentration and applied to the subsequent experiments.

The decrease of droplet size according to the increase of emulsifier
14



concentration was figured out (Fig. 2b). The emulsion prepared with 1% (w/w)
emulsifier (left) was turbid, but the emulsion prepared with 10% (w/w)
emulsifier (right) appeared relatively transparent. When droplet size becomes
smaller than the wavelength of light, light scattering is weak, therefore,
emulsions tend to be transparent (McClements & Rao, 2011; Rao & McClements,
2011; Salvia-Tryjillo, Soliva-Fortuny, Rojas-Grau, McClements, & Martin-

Belloso, 2017).
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Fig. 2. (a) Effect of emulsifier concentration on the droplet size and Pdl of
emulsions prepared by an ultrasonication. (b) Visual appearance of emulsions
prepared with 1% (w/w) (left) and 10% (w/w) (right) emulsifier. Ultrasonication

condition: power; 210 W, and treatment time; 10 min.
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3.1.2. Sonication power and time

Effect of sonication power on droplet size and PdI was evaluated (Fig. 3a).
The droplet size decreased as the increase of the sonication power from 70 to 210
W, and PdI was not significantly different. However, as the sonication power
increased from 210 W or more, the droplet size and PdI increased. This
phenomenon of the droplet size increase with increasing the energy power can
be referred to ‘over-processing’. This means that when excessive energy is
applied to the emulsion, the droplet size increases due to coalescence of the
droplet and the uniformity of the droplet is lowered (Anne & Julie, 2002; Jafari,
He, & Bhandari, 2006; Kentish, Wooster, Ashokkumar, Balachandran, Mawson,
& Simons, 2008). Consequently, optimum power for preparing emulsions was
determined to 210 W which formed the smallest droplet.

The effect of sonication time on droplet size and PdI was evaluated (Fig.
3b). The droplet size decreased steeply as the increase of the sonication time in
the range of 0.5-3.0 min and then was not significantly different thereafter. Pdl
decreased as the sonication time increased from 0.5 to 5.0 min, but there was no
significant difference in Pdl when the sonication time was more than 5.0 min.

Therefore, sonication time was fixed to 5 min to prepare emulsions with small
17



and uniform droplets.
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Fig. 3. Effect of (a) sonication power and (b) sonication time on the droplet size

of emulsions prepared with 2% (w/w) emulsifier.
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3.2. Measurement of droplet size and stability of emulsion

The initial droplet size and PdI of the prepared emulsions were presented in
Table 1. The fluctuation of the droplet size was observed to evaluate the stability
of the emulsions during incubation at 60°C for 12 days (Fig. 4) and at 37°C for
12 h (Fig. 5), which were the optimal conditions for analysis of antioxidative and
antibacterial activities, respectively. Since emulsions are thermodynamically
unstable, smaller droplets are adsorbed on bigger droplets over time resulting in
Oswald ripening and coalescence. The droplet size of the emulsions over time
was not significantly different, which indicated the emulsions were stable under

the optimal conditions for the analysis of antioxidative and antibacterial activities.

20



Table 1. The droplet size and PdI of the emulsions used in the antioxidative and antibacterial experiments

Independent variable Droplet size (nm) Polydispersity index (PdI)
Tween 20 248.30+13.16 0.24+0.03
Emulsifier Tween 40 283.03+5.00 0.28+0.04
L. Tween 60 255.13+£7.57 0.27+0.07
‘A‘e';g‘;’r‘:ﬂlaetl‘lze Tween 80 275.03+7.04 0.26::0.04
Tween 20 261.80+8.17 0.30+0.02
Droplet size Tween 20 430.67+28.42 0.43+0.05
Tween 20 688.55+15.91 0.74+0.14
Tween 20 221.13+£3.36 0.27+0.01
Emulsifier Tween 40 225.17+£6.26 0.30+0.07
Antibacterial Tween 60 231.70+6.99 0.29+0.03
experiment Tween 80 222.40+2.46 0.26=+.00
Tween 20 242.70+£3.99 0.27+0.03
Droplet size Tween 20 386.17+12.42 0.34+0.06
Tween 20 657.93+61.77 0.57+0.10
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Fig. 4. Droplet size changes of emulsions with (a) different emulsifiers and (b)

droplet sizes in the antioxidative experimental conditions (for 12 days at 60°C).
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3.3. Comparison of antioxidative activities of erythorbyl laurate
depending on type of emulsifier and droplet size in O/W emulsion

3.3.1. Lipid oxidation rate depending on erythorbyl laurate concentration

Lipid oxidation rates depending on the EL concentration in O/W
emulsions (5%, w/w) were evaluated for determining the effective
concentration of EL in the antioxidative experiment (Fig. 6). Tween 20 was
used for the emulsifier and the droplet size was fixed to 265.55£29.26 nm.
Concentrations of lipid peroxides in Tween 20-stabilized emulsions without
EL and with 0.01, 0.05, 0.10, 0.20, and 0.50% (w/w) EL after incubation for
8 days were 64.94+0.99, 47.06+4.10, 23.98+1.38, 14.46+3.73, 8.37+1.24, and
4.22+0.23 mmol/kg oil, respectively. These results indicated that EL retarded
the lipid oxidation and therefore, lipid oxidation rate decreased as the EL
concentration increased. When the EL was treated at a high concentration
(0.10-0.50%, w/w), the differences of lipid oxidation rate were too small to
distinguish. Therefore, the concentration of EL was fixed to 0.05% (w/w) in
order to compare lipid oxidation rate in the emulsions with different

emulsifiers and droplet sizes.
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Fig. 6. Formation of lipid peroxides in Tween 20-stabilized emulsions with
different concentrations of erythorbyl laurate during thermally accelerated

oxidation at 60°C in the dark.
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3.3.2. Types of emulsifiers

Lipid oxidation rates in Tween 20-, Tween 40-, Tween 60-, and Tween
80-stabilized emulsions without EL and with 0.05% (w/w) EL were evaluated
(Fig. 7). Concentrations of lipid peroxides in Tween 20-, Tween 40-, Tween
60-, and Tween 80-stabilized emulsions without EL were determined to be
39.44+5.68, 72.31+2.81, 59.71£7.33, and 42.65+2.73 mmol/kg oil,
respectively, after incubation for 4 days. It was reported that lipid oxidation
rate could be affected by the hydrophobic tail length of emulsifier, however,
the effect of emulsifying properties on the oxidation was still controversial due
to the properties such as pH, HLB, and surface charge (Berton, Genot, Guibert,
& Ropers, 2012; Decker, Elias, & McClements, 2010). Concentrations of lipid
peroxides in Tween 20-, Tween 40-, Tween 60-, and Tween 80-stabilized
emulsions with EL were found out to be 35.95+4.05, 49.17+4.55, 51.74+9.18,
and 70.79+0.59 mmol/kg oil, respectively, after incubation for 9 days.

Lipid oxidation rate in Tween 80-stabilized emulsion without EL was the
slowest among the emulsions in the absence of EL. In contrast, lipid oxidation
rate in the Tween 80-stabilized emulsion with EL was the fastest among the
emulsions stabilized with EL. These results could be explained by packing of
EL in the emulsions. In Tween 80-stabilized emulsion, the packing of EL in

the interface could be hard due to the a geometric difference and steric
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hindrance caused by the double bond kink structure in fatty acid (oleic acid,
18:1) of Tween 80 emulsifier.

Lipid oxidation rate in the Tween 20-stabilized emulsion with EL was the
slowest among the emulsions stabilized with EL. In Tween 20-stabilized
emulsion, the packing of EL might be dense in the interface since Tween 20
composed of the lauric acid (12:0) which was the same as EL. In contrast, the
packing of EL in Tween 40 and 60-stailibzed emulsions could be less dense
than that in Tween 20 since Tween 40 and 60 were composed of palmitic acid
(16:0) and stearic acid (18:0), respectively. The accessibility of packing in the
interface determined the quantity of EL, which affected lipid oxidation rate in
the emulsions with different emulsifiers.

Consequently, lipid oxidation rate in emulsion may be slower as EL
mixed with emulsion prepared with an emulsifier composed of a similar tail
fatty acid to that of EL. That is, the type of emulsifier affected antioxidative

activity of EL.
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Fig. 7. Effect of type of emulsifier on the production of lipid peroxides over
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(a) without and (b) with 0.05% (w/w) erythorbyl laurate during thermally
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3.3.3. Droplet sizes

Lipid oxidation rates in Tween 20-stabilized emulsions without EL and
with 0.05% (w/w) EL were evaluated in conditions of different droplet sizes
(Fig. 8). After incubation for7 days, concentrations of lipid peroxides in Tween
20-stabilized emulsions without EL containing droplet sizes 0f 267.33, 475.13,
and 710.43 nm were determined to be 65.52+3.71, 55.51+3.93, and
43.78+2.83 mmol/kg oil, respectively. In emulsions, lipid oxidation occurs in
the interface where the free radical and lipid can interact. For the reason, the
smaller the droplet size, the more susceptible to oxidation than the larger
droplet (Azuma, Kimura, Hosokawa, & Miyashita, 2009; Jacobsen, 2010;
Lethuaut, Métro, & Genot, 2002; Poyato, Navarro-Blasco, Calvo, Cavero,
Astiasaran, & Ansorena, 2013).

In case of Tween 20-stabilized emulsion with EL, after incubation for

12 days, concentrations of lipid peroxides in emulsions containing droplet
sizes of 261.80, 430.67, and 688.55 nm were found out to be 65.97+3.23,
51.9242.16, and 35.79+5.71 mmol/kg oil, respectively. The result of lipid
oxidation rate in Tween 20-stabilized emulsion with EL was the same as
without EL and it was found out that EL effectively retarded the formation of
lipid peroxides in emulsion regardless of the droplet size.

It was represented by inhibition rate of lipid oxidation using the
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concentrations of lipid peroxides in emulsions without and with EL, after
incubation for 7 days. Inhibition rates of lipid oxidation in emulsions
containing droplet sizes of 261.80, 430.67, and 688.55 nm were determined to
be 72.63+£3.81, 73.954+3.47, and 75.63£1.06 %, respectively. The inhibition
rates of lipid oxidation were not significantly different (p>0.05) among the

emulsions containing different size droplets.
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3.4. Comparison of antibacterial activities of erythorbyl laurate
depending on type of emulsifier and droplet size in O/W emulsion
3.4.1. Determination of antibacterial activity with erythorbyl laurate

In the previous studies, EL had an antibacterial activity against gram-
positive bacteria, but not against gram-negative bacteria in aqueous system.
The results could be interpreted in terms of differences in the cell membrane
of gram-positive and gram-negative bacteria.

In general, gram-negative bacteria are less susceptible to antibacterial
agents than gram-positive bacteria due to lipopolysaccharides (LPS) which
acts as a barrier against hydrophobic compounds in the outer membrane
(Hamouda & Baker, 2000).

In contrast, it was evaluated in O/W emulsion (5%, w/w), EL showed
antibacterial effect against both gram-positive bacteria and gram-negative
bacteria (Fig. 9). It was reported that permeability of the emulsion to outer
membrane increased since surface of droplet in the emulsion was hydrophilic
(Gaysinsky, Taylor, Davidson, Bruce, & Weiss, 2007). Thus, the results
showed that EL in the emulsion with increased permeability to outer
membrane could lead to have antibacterial activity against gram-negative

bacteria.
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Fig. 9. Time-killing curves of Tween 20-stabilized emulsion with 0.05% (w/w)

erythorbyl laurate against (®) Escherichia coli and (A) Staphylococcus aureus.
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Since the antibacterial activity of EL was derived from lauric acid, the
antibacterial activity of lauric acid and EL against E. coli was compared in
O/W (5.0%, w/w) emulsion system (Fig. 10). The EL concentration was 0.2%
(w/w) and lauric acid concentrations were 0.2 and 0.5% (w/w). The emulsion
with 0.2% (w/w) EL reached detection limit within 6 h, and 0.2% (w/w) lauric
acid had no reduction until 9 h. A higher concentration of 0.5% (w/w) lauric
acid resulted in 0.66+0.19 log reduction after 9 h. These results confirmed that

EL had a higher antibacterial activity than lauric acid in the emulsion system.
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Fig. 10. Time-killing curves of Tween 20-stabilized emulsions with (e) 0.2%

(w/w) erythorbyl laurate, (A) 0.2% (w/w) lauric acid, and (o) 0.5% (w/w)

lauric acid against Escherichia coli.
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The antibacterial activity of EL against E. coli depending on EL
concentration was evaluated in the range of 0.05-0.20% (w/w) (Fig. 11). After
treatment, bacteria were reduced to detection limit within 12 h. The
antibacterial activity of EL in emulsion became higher as the EL concentration
increased. When the EL was treated at a high concentration (0.20%, w/w), it
was difficult to finely compare the antibacterial activity of EL in emulsions
with different emulsifiers and droplet sizes. Therefore, antibacterial
experiments were conducted at a concentration of less than 0.20% (w/w) of

EL.
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Fig. 11. Time-killing curves of Tween 20-stabilized emulsions with different
concentrations of erythorbyl laurate against Escherichia coli (e, 0.00; <,0.05;

m, 0.10; A, 0.15; ¥, 0.20% (W/w)).
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3.4.2. Types of emulsifiers

The antibacterial activity of EL in emulsions with different emulsifiers
was evaluated over time, performing with 0.05, 0.10, and 0.15% (w/w) of EL
(Fig. 12). The results showed that the antibacterial activity of EL became
higher as EL concentration increased. In addition, the antibacterial activity was
high in inverse proportion to the hydrophobic tail length of the emulsifier
mixed with EL.

In order to determine the antibacterial activity quantitatively, minimum
bactericidal concentrations (MBCs) of emulsions were compared (Fig. 13).
The results were summarized in Table 2. MBCs in Tween 20-, Tween 40-,
Tween 60-, and Tween80-stabilized emulsions with EL were 0.040+0.000,
0.057+0.006, 0.087+0.012, and 0.090+0.010%, respectively. The antibacterial
activity of EL was the highest in Tween 20-stabilized emulsion with EL and
the lowest in Tween 80-stabilized emulsion with EL. Consequently, when the
emulsion was prepared with an emulsifier composed of lauric acid, the
antibacterial effect of the EL enhanced. As aforementioned, EL could be
packed more densely in the interface of emulsion with lauric acid-based
emulsifier and these differences in the packing of EL could affect the

antibacterial activity of EL in emulsion.
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Fig. 12. Time-killing curves of (®) Tween 20-, (A ) Tween 40-, (m) Tween 60-,

and (V) Tween 80-stabilized emulsions with (a) 0.05, (b) 0.10, and (¢) 0.15%

(w/w) erythorbyl laurate against Escherichia coli.
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Fig. 13. Bactericidal activities of (a) Tween 20-, (b) Tween 40-, (c) Tween 60-,
and (d) Tween 80-stabilized emulsions with different concentrations of

erythorbyl laurate against Escherichia coli.
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Table 2. Minimum bactericidal concentrations of O/W emulsions with

different emulsifiers after treatment for 12 h

Type of emulsifier MBC (%)
Tween 20 0.040+0.000?
Tween 40 0.057+0.006"
Tween 60 0.087+0.012°¢
Tween 80 0.090+0.010°¢

1) The values with different superscripts in each column are significantly
different (p<0.05) by Duncan’s multiple range test.
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3.4.3. Droplet sizes

The antibacterial activity of 0.05% (w/w) EL in emulsions with different
droplet sizes was evaluated over time (Fig. 14). After treatment for 6 h, Tween
20-stabilized emulsions with EL containing droplet sizes of 242.70, 386.17,
and 657.93 nm showed 2.81+0.67, 4.10+£0.34, and 5.76+0.11 log reduction of
bacteria, respectively. In these results, the larger the droplet size, the higher
the antibacterial activity of EL. Table 3 showed the MBCs of EL after 3, 6, 9,
and 12 h treatment. Consequently, the results of antibacterial activity were not
consistent depending on droplet size. Remained emulsifiers could be present
in the form of small micelles on the continuous phase. Since the surface of
droplets is hydrophilic like emulsion, micelles can penetrate the outer
membrane. Generally, the micelle is a small size of several tens of nanometers
in comparison with the emulsion so that the permeation rate is faster than the
emulsion (Buranasuksombat, Kwon, Turner, & Bhandari, 2011). Due to
formation of these micelles, the effects of droplet size to antibacterial activity

of EL were not identified properly in this study.
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Fig. 14. Time-killing curves of Tween 20-stabilized emulsions with 0.05%
erythorbyl laurate containing droplet sizes of (®) 242.70, (®) 386.17, and (V)

657.93 nm against Escherichia coli.
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Table 3. Minimum bactericidal concentrations of O/W emulsions with

different droplet sizes after treatment for 3, 6, 9, and 12 h

Droplet size MBC (%)
(nm) 3h 6h 9h 12h
242.70+3.99 >0.100* 0.058+0.008* 0.028+0.006* 0.025+0.000*

386.17+12.42  0.062+0.003° 0.035+0.000° 0.027+0.003* 0.028+0.003°

657.93£61.77  0.100+£0.000° 0.048+0.003° 0.037+0.003° 0.037+0.003°

1) The values with different superscripts in each column are significantly different
(p<0.05) by Duncan’s multiple range test.
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4. Conclusions

In this study, effect of emulsifying properties on the antioxidative and
antibacterial activities of EL was investigated. In the antioxidative experiment,
the difference of lipid oxidation rate in emulsion occurred due to the
hydrophobic tail length and double bond kink structure of the emulsifier mixed
with EL. In contrast, there was no significant difference in the inhibitory effect
of the lipid oxidation of EL in emulsions with different droplet sizes. In the
antibacterial experiment, the difference in antibacterial activity occurred due
to the hydrophobic tail length and double bond kink structure of the emulsifier
mixed with EL. The antibacterial activity of EL depending on droplet size was
difficult to investigate a specific tendency due to micelle formation.

Consequently, this study revealed that the antioxidative and antibacterial
activities of EL in emulsion were affected by hydrophobic tail length and
double bond of the emulsifiers mixed with EL. Therefore, in order to improve
the functionalities of EL, when applying EL to emulsion-based food, similarity
in terms of hydrophobic tail length and double bond of the emulsifier mixed

with EL should be considered.
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