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Abstract We investigated the effects of amino acids and

peptide on lipid oxidation in emulsion systems. For com-

parative purposes, we also tested the antioxidant activity of

ferulic acid, a typical phenolic antioxidant. Histidine and

cysteine retarded lipid oxidation (the amount of thiobar-

bituric acid [TBA]-reactive substances reached approxi-

mately 13 and 18 lM after 7 days, respectively), whereas

arginine, methionine, and tryptophan did not inhibit the

progression of oxidation. Soy peptide also inhibited lipid

oxidation. Ferulic acid was found to be the most effective

suppressor of lipid oxidation (TBA-reactive substances

were suppressed to \3 lM over 7 days). The antioxidant

activities of soy peptide and ferulic acid were related to the

purity of the emulsifier used. The radical scavenging

activities of soy peptide and ferulic acid were closely

related to their inhibitory effects on lipid oxidation. How-

ever, this was not the case for amino acids. Decreases in the

turbidity of emulsions were closely related to increases in

TBA values.

Keywords Lipid oxidation in emulsions � Antioxidant

activity � Amino acids � Peptides � Ferulic acid �
Emulsifier � Emulsion turbidity

Introduction

The susceptibility of lipids to oxidation is one of the main

causes of deterioration in the quality of food emulsions.

This deterioration includes undesirable changes in flavors,

textures, shelf life, appearances, and nutritional profiles [1].

Antioxidants may be added to foods to delay the onset or

slow the propagation rate of oxidation. Interest in natural

plant antioxidants has grown as part of a worldwide trend

toward the use of ‘‘natural’’ food additives [2].

Several amino acids exhibit antioxidant activity in

emulsions and micellar systems, including histidine, phen-

ylalanine, tryptophan, cysteine, proline, and lysine [3]. The

primary mechanism explaining such antioxidant activity is

believed to be the inactivation of free radicals and metal

chelation [4]. Some amino acids act as pro-oxidants when

they are present at relatively high concentrations [3]. Pre-

vious studies showed that the effectiveness of amino acids

in retarding lipid oxidation depends on their chemical

structure and concentration. Several reports also demon-

strate the antioxidant activity of peptides, including single

peptides (e.g., carnosine and anserine) and mixtures (e.g.,

gelatin, soy, gluten and marine-based protein hydrolysates)

[5–8]. There is great demand for amino acids and peptides

that act as food antioxidants because of their low cost,

safety, and high nutritional or physiological value [9].

In our previous study [5], the oxidative stability of

eicosapentaenoic acid ethyl ester (EPE) encapsulated by

maltodextrin (MD) was investigated. The effects of the

addition of amino acids, soybean, and gelatin peptides to

the powder system were also studied. We found that amino

acids, amino acid mixtures, and soy peptide have the ability

to suppress lipid oxidation in the MD powder system.

In the present study, we investigated the antioxidant

activity of amino acids, amino acid mixtures, and peptide
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in an emulsion system consisting of methyl linoleate to

compare the results with those obtained in the powder

system of the previous studies [5, 6]. Five amino acids

(histidine, arginine, cysteine, tryptophane, and methionine)

and soy peptide were chosen because the antioxidant

activities of these amino acids and peptide were demon-

strated in previous papers [5, 6]. In addition to testing the

use of amino acids alone, mixtures of 2 amino acids were

also investigated to test potential synergistic effects. The

antioxidant activity of ferulic acid (FA), a natural phenolic

antioxidant, was also investigated for comparison.

The purity of the emulsifier influences the emulsion

state, thereby affecting several physicochemical properties

including the stability of lipids against oxidation [10].

Accordingly, we compared the emulsifier effects of 2 types

of stearic acid sucrose ester with different purities. We also

measured the changes in emulsion turbidity as lipid oxi-

dation progressed to determine whether turbidity can be

used as an index of the degree of lipid oxidation in emul-

sion systems.

Experimental Procedures

Materials

Methyl linoleate was purchased from Wako Pure Chemical

Industries (Osaka, Japan). Two types of stearic acid sucrose

ester (commercial and high purity) were kindly supplied by

Mitsubishi Kagaku. Co., Ltd. (Tokyo, Japan). Methionine

(Met), histidine (His), cysteine-hydrochloride monohydrate

(Cys), tryptophane (Trp) and arginine (Arg) were pur-

chased from Nacalai Tesque (Kyoto, Japan). Soy peptide

(S-Pep) was kindly provided by Fuji Oil Co., Ltd. (Osaka,

Japan). 1,1-Diphenyl-2-picrylhydrazyl (DPPH) and 2,20-
azobis-(2-aminopropane) hydrochloride (AAPH) were

purchased from Wako. FA was purchased from Sigma

Chemical Co. (St. Louis, MO, USA). All commercially

available reagents were used without further purification.

Emulsion Preparation

An oil-in-water emulsion was prepared from a 5 wt% oil

phase and a 95 wt% aqueous phase. The aqueous phase

was composed of an emulsifier solution of 2 wt% stearic

acid sucrose ester (commercial and high-purity grades) in

10 mM sodium phosphate buffer at pH 7.0. The oil phase

was methyl linoleate. The oil and aqueous phases were

mixed and homogenized at 22,000 rpm for 3 min in a high-

speed blender. The emulsions were kept in a cold-water

bath to minimize oxidation between passes through the

homogenizer. The average droplet diameter was further

reduced using an ultrasonic homogenizer operated at

maximum power for 2 min. A laser diffraction particle size

analyzer was used to measure the particle size distribution.

The mean diameter particle size of the emulsion was 0.07

and 0.08 lm for high-purity grade emulsifier and com-

mercial grade emulsifier, respectively.

Emulsion Dilution and Initiation of Lipid Oxidation

Oil-in-water emulsions prepared as described above were

diluted with phosphate buffer (10 mM sodium phosphate

buffer, pH 7.0). The dilution is very convenient for the

subsequent TBA tests. In addition to this practical reason,

the dilution was necessary to minimize the oil droplet

interactions and evaluate the action of AAPH and antiox-

idants on the oil droplets more clearly. The concentration

of the oil phase in the diluted emulsions for the TBA test

was 0.3% (w/w). The amino acids, peptide, and FA being

tested for lipid oxidation inhibition were solubilized in

phosphate buffer before emulsion dilution. The final con-

centration of amino acids, amino acid mixtures, and pep-

tide in the emulsions was 0.03% (w/w); the final

concentration of FA was 0.0016% (w/w). All amino acid

mixtures were prepared in a 1:1 (w/w) ratio. The mean

diameter particle size of the emulsion remained unchanged

throughout the course of the dilution. The oxidation of

methyl linoleate in the emulsions was initiated by adding

5 lM AAPH. Sample emulsions were subdivided into

small portions (2 mL per tube) and stored at 28 �C for

7 days. Samples were removed at predetermined intervals,

and the oxidation of methyl linoleate was measured by

thiobarbituric acid (TBA) tests.

Measurement of TBA Reactive Substances

The TBA value was measured using the method of Buege

et al. [11]. An aliquot (0.5 mL) of oxidized emulsion was

mixed with 2.0 mL TBA solution (0.375% TBA, 15%

trichloroacetic acid, 0.04% butylated hydroxytoluene in

0.25 N HCl) and 0.5 mL sodium phosphate buffer

(10 mM, pH 7.0). The mixture was heated at 95 �C for

15 min. After cooling, the mixture was centrifuged at

1.7 9 1039g for 15 min. The absorbance of the superna-

tant was determined at 532 nm by using a recording

spectrometer. The results were expressed as amounts of

TBA-reactive substances (TBARS). The value was calcu-

lated as malondialdehyde (MDA) equivalents based on the

molecular absorbance of MDA, i.e., 1.56 9 105.

DPPH Radical Scavenging Activity

The radical scavenging activities of amino acids, amino

acid mixtures, peptide, and FA in the aqueous solution

were determined as follows. Each amino acid, amino acid
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mixture (1:1 [w/w] ratio), peptide, or FA (50 mg) was

dissolved in 2 mL sodium phosphate buffer (10 mM, pH

7.0). Ethanol (2 mL) and DPPH solution (1 mL; 0.5 mM

DPPH in ethanol) were added. The absorbance of DPPH

30 min after the addition of the DPPH solution was

measured at 517 nm by using a recording spectrometer.

2,2-Diphenyl-1-picrylhydrazyl (DPPH) is one of a few stable

and commercially available organic nitrogen radicals and

has a maximum absorbance in the range of 515–520 nm.

Upon reduction, the solution color fades. The reaction

progress can be conveniently monitored by a spectropho-

tometer. Even though not physiologically relevant, DPPH

is still utilized in antioxidant research due to its simple

reaction system, which involves only the direct reaction

between the radical and the antioxidant, and there is no

other interference such as enzyme inhibition or the pres-

ence of multiple radicals [12].

Turbidity Measurement

The turbidities of diluted emulsions (diluted tenfold) were

measured at 750 nm by using a recording spectrometer.

Statistical Analysis

All analyses were performed on triplicate samples. Statis-

tical comparisons were made by Fisher’s PLSD method

after one-way analysis of variance (ANOVA) using Stat-

View 4.11 software (Abacus Concepts Inc., Berkeley, CA,

USA). The significance was set at p \ 0.05.

Results and Discussion

Lipid Oxidation in Emulsions

TBA tests were carried out to determine the extent of lipid

peroxidation. Figure 1a shows the results of emulsions

tested with amino acids and FA. The 5 amino acids tested

in this study were selected because they are known to have

antioxidant activity in powder systems [5, 6]. We used

commercial-grade (low-purity) stearic acid sucrose ester

for emulsification. When oxidation was started by the

addition of AAPH in the absence of amino acids, 8 and

15 lM TBARS were generated after 1 and 3 days,

respectively.

The addition of Cys, His, and FA to emulsions sup-

pressed the generation of TBARS. FA had the greatest

inhibitory effect; TBARS were suppressed to \3 lM over

7 days, although FA amounted to only one-twentieth of the

amino acid quantity. When His and Cys were added to the

emulsion, the amount of TBARS reached approximately 13

and 18 lM after 7 days, respectively. Arg, Trp, and Met

did not retard lipid oxidation and thus generated greater

amounts of TBARS than the control.

Figure 1b shows the emulsion oxidation processes with

the addition of amino acid mixtures and peptide (com-

mercial-grade emulsifier was used). We previously dem-

onstrated that the mixtures Met ? Arg, Met ? Trp, and

Met ? His have antioxidant activity in a powder system

[6]. In our emulsion system, reactive product generation

rapidly increased with Met ? Arg and Met ? Trp
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Fig. 1 Inhibitory effects of amino acid, ferulic acid, amino acid

mixtures and peptide on lipid oxidation in emulsion systems.

Emulsions were prepared using commercial-grade stearic acid

sucrose ester. Emulsions including amino acids and peptides

(0.03%) or ferulic acid (0.0016%) were stored at 28 �C for 7 days.

The extent of oxidation was evaluated by TBA tests. The TBA test

value is expressed as the equivalents of MDA. a (filled squares),

Control; (open squares), Arg; (filled triangles), Cys; (open trian-
gles), Trp; (filled circles),His; (open circles),Met; (filled diamonds),

FA b (filled squares), Control; (open squares), Met ? His; (filled
triangles), Met ? Trp; (open triangles), Met ? Arg; (open circles),

S-Pep
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treatments; maxima were reached at day 3. The addition

Met ? His, S-Pep suppressed the generation of TBARS.

Met ? His reduced TBARS generation to approximately

7.2 lM after 7 days; the final values 7 days after the

addition of S-Pep was 4.4 lM.

Effects of Emulsifier Purity

Since emulsifier purity may affect lipid oxidation in

emulsions, we tested high-purity (*99%) stearic acid

sucrose ester in our emulsions. FA and S-Pep were added

to the emulsions and lipid; lipid oxidation was then initi-

ated with AAPH. The generation of TBARS was compared

between the use of high-purity and commercial-grade

emulsifiers (Fig. 2).

With no additives, the use of high-purity emulsifier

increased TBARS value from 3 to 7 days. When FA or

S-Pep was added, TBARS generation decreased. The

emulsifier effect dramatically increased with the addition

of S-Pep. Oxidation was almost completely suppressed by

the addition of S-Pep in the emulsion stabilized with high-

purity stearic acid sucrose ester; this was the highest anti-

oxidant activity among all tested additives. In the case of

FA, FA exhibited a strong antioxidant activity even in the

emulsion prepared using the commercial grade emulsifier,

and the TBARS value was very low at 7 days. The use

of highly purified emulsifier somewhat improved the

antioxidant activity of FA, reaching very low level of

TBARS, but the emulsifier effect looks small because the

TBARS value in the emulsion prepared with commercial

grade emulsifier was initially low.

Radical Scavenging Activity of Amino Acids, Amino

Acid Mixtures, and FA

To test the radical scavenging activities of amino acids,

amino acid mixtures, peptide, and FA, we examined the

disappearance of DPPH (a stable free radical) for 30 min

after their addition (Fig. 3). Met and His slightly reduced

absorbance values after 30 min (Fig. 3). Arg and Trp

reduced radical activities by almost 20 and 40%, respec-

tively. Cys and FA exhibited strong radical scavenging

activities; relative absorbance was approximately 8 and 5%

for FA and Cys, respectively. Met ? Trp decreased radi-

cals to 18%, indicating that these 2 amino acids have

synergistic effects. Combinations of Met ? His and

Met ? Arg slightly decreased radical quantities compared

with the additions of single amino acids. S-Pep reduced the

radicals to 22%.

Turbidity

Figure 4a depicts the appearances of emulsions with and

without S-Pep. Emulsions were stabilized with commer-

cial-grade stearic acid sucrose ester. The emulsion was

turbid at day zero and became transparent after 3 days in

the absence of S-Pep. The emulsion remained turbid over
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Fig. 2 Effects of emulsifier quality on antioxidant activity of peptide

(S-Pep) and ferulic acid (FA). Emulsions were prepared using

commercial-grade or high-purity grade stearic acid sucrose ester.

Ferulic acid and peptides were added to the emulsions, which were

stored at 28 �C for 7 days. The extent of oxidation was evaluated by

TBA tests. TBA test value is expressed as the equivalents of MDA.

(filled circles), Control (HP*); (open circles), Control (Co*); (filled
squares), FA (HP*); (open squares), FA (Co*); (filled diamonds),

S-Pep (HP*); (open diamonds), S-Pep (Co*) at 28 �C. Co* Commer-

cial emulsifier, HP* Highly purified emulsifier

Fig. 3 Radical scavenging activity of amino acids, amino acids

mixtures, peptide, and ferulic acid. Amino acids (Cys, Trp, Met, Arg,

and His), ferulic acid (FA), amino acid mixtures (Met ? Trp,

Met ? Arg, and Met ? His), and peptide (S-Pep) were mixed with

DPPH solution and their absorbance at 517 nm was measured after

30 min
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3 days when S-Pep was added. Changes were quantified

by measuring turbidity (Fig. 4b). In Fig. 4b, high values

indicate high turbidity. In the absence of S-Pep, turbidity

decreased from 0.50 to 0.28 over 3 days. However, when

S-Pep was added to the emulsion, turbidity declined very

gradually and remained at 0.46 after 7 days. S-Pep

exhibited high antioxidant activity (Fig. 1b). The emul-

sion with FA (Fig. 5d) exhibited antioxidant activity and

a high level of turbidity resembling the emulsion with

S-Pep (Fig. 5b).

However, when His was added, there was a gradual

increase in TBARS in concert with a gradual decrease in

turbidity. The relationship between lipid oxidation and

turbidity in emulsions was demonstrated in both grades of

emulsifier (Fig. 6). Regardless of the presence or absence

of S-Pep, a significant increase in TBARS corresponded to

a small decrease in emulsion turbidity.

Relations Among the Results

The objective of the present study was to determine the

inhibitory effects of amino acids, amino acid mixtures, and

peptide on lipid oxidation in emulsion systems. For com-

parative purposes, we also tested the activity of FA, a

typical phenolic antioxidant. Of the amino acids, Cys and

His exhibited relatively high antioxidant activities, but

their effects were lower than that of FA. Presence of His in

the emulsion has been reported to act against lipid perox-

idation because His possess an imidazole ring in its

structure, which may be involved in hydrogen donation and

lipid radical trapping ability [13–15]. Cys is thought to act

as an antioxidant by donating a hydrogen from its thiol

group [16]. FA strongly suppressed lipid oxidation for

7 days even when it was present at a concentration that was

one-twentieth of the amino acid concentration (Fig. 1a).

Adding Arg, Trp, or Met did not suppress lipid oxidation

but resulted in greater TBA-reactive product production.

These increases may have resulted from the acceleration of

lipid oxidation or the stabilization of oxidative products

against further decomposition. Arg, Trp, Met, and their

mixtures, that is, Met ? Arg, Met ? Trp did not suppress

lipid oxidation in emulsions systems. However, we repor-

ted that these amino acids and their mixtures have anti-

oxidant activity in the powder system at low and medium

relative humidity. Met is easily oxidized to methionine

sulfoxide, and the tryptophan ring is also highly susceptible

to breakage by oxidative damage. The antioxidant mech-

anism of Arg is not well-known, but the guanizyl group

may act as a potential radical scavenger. Such effects may

work in the powder system at low and medium relative

humidity, where the amino acids are in contact with lipids

in the powder matrix. In the present study, however, these

amino acids and the mixtures were dissolved in the aque-

ous phase (not in close contact with the oil droplets) and

probably cannot protect oil droplets from the radical attack

effectively. That may be why Arg, Trp, Met and their

mixtures did not exhibit an antioxidant activity in the

emulsion systems.

S-Pep strongly retarded lipid oxidation (Fig. 1b), which

is consistent with previous results in different model sys-

tems [6]. To further examine the antioxidant mechanisms

of amino acids, peptide, and FA, we tested the radical

(DPPH) scavenging activities of these compounds in

aqueous solutions (Fig. 3). FA and S-Pep, which exhibited

excellent antioxidant activities in our emulsion systems

(Fig. 1), exhibited enhanced radical scavenging activity.

Hence, the radical scavenging and antioxidant activities of

these 2 compounds are closely related.

However, the relationship is less apparent in the case of

other additives. For instance, His had low radical scav-

enging activity whereas it suppressed lipid oxidation in the

TBA test. Although Met ? Trp enhanced radical scav-

enging activity, it did not suppress oxidation in the emul-

sion system. Hence, radical scavenging activity probably

Fig. 4 Changes in turbidity

during lipid oxidation in

emulsion systems. Emulsions

with and without S-Pep

additions were stored for 7 days

at 28 �C and turbidities were

measured periodically at

750 nm. Emulsions were

stabilized with commercial-

grade stearic acid sucrose ester.

a Appearance of emulsions,

b time-dependent change in

turbidity, (filled squares),

Control; (open squares), S-Pep

addition
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does not play an important role in the antioxidant activities

of these compounds in emulsion systems.

There are several possible explanations for the contra-

diction between radical scavenging and antioxidant activ-

ities. The superior antioxidant activities of His may be

attributable to the chelating effect of His [13–15]. His

residues are able to trap metals such as iron and copper

ions, thereby reducing the risk of metal-catalyzed free

radical production.

Another possible explanation is that DPPH radical

action does not reflect lipid oxidation processes in the

emulsion system. First, the azo-compound AAPH radical

that we used to initiate lipid oxidation in the emulsion

system may have characteristics different from those of

DPPH. Second, in addition to AAPH, other radical types,

such as alkoxyl radicals generated from the decomposition

of lipid peroxides and hydroxyl radicals generated by the

Fenton reaction may participate in lipid oxidation in the

emulsion system. Even when compounds react readily with

DPPH, they may not effectively scavenge other types of

radicals that contribute greatly to lipid oxidation. A new

approach involving various radicals is required to under-

stand the mechanism by which His is able to retard lipid

oxidation in the emulsion system while Met, Trp, and Arg

are not.

We examined the effects of emulsifier purity on the

inhibition of lipid oxidation in emulsion systems (Figs. 2,

5, 6). Using the high-purity emulsifier instead of the
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Fig. 5 Turbidity changes during lipid oxidation in 4 emulsions.

Emulsions were stabilized with high-purity grade stearic acid sucrose

ester. Emulsions including amino acids (0.03%) or ferulic acid

(0.0016%) were stored at 28 �C for 7 days. The extent of oxidation

was evaluated by TBA tests. A TBA test value is expressed as the

equivalents of MDA. Emulsions with and without amino acid were

measured periodically at 750 nm. a Control; b S-Pep; c His; d FA,

(filled circles), (filled triangles), (filled squares), (filled diamonds),

degree of lipid oxidation; (open circles), (open triangles), (open
squares), (open diamonds), time-dependent change in turbidity
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commercial-grade one completely suppressed lipid oxida-

tion in emulsions, including that of S-Pep. The effect of FA

increased when high-purity emulsifier was used, although

the exchange effect decreased. Hence, emulsifier purity is

of great importance for achieving the full potential of

antioxidants. The high-purity stearic acid sucrose ester

used in our study contained 99% stearic acid as fatty acyl

groups; mono-acyl ester comprised 99% of the esterifica-

tion forms. In contrast, the commercial-grade stearic acid

sucrose ester contained only 70% stearic acid, and the

proportions of mono- and di-esters were 75 and 25%,

respectively. Emulsion properties such as particle size may

be affected by such differences in emulsifier composition.

The packing state in the adsorbed layer of emulsifiers at the

oil droplet surface would also be changed, thus influencing

the access of free radicals and antioxidant compounds to

the oil inside [17, 18]. The free fatty acid content may be

high in commercial-grade emulsifier, which may enhance

lipid oxidation. In this context, the use of high purity

emulsifier should reduce TBARS value. However, in

Fig. 2, the values in the emulsion of high purity emulsifier

were higher than those of the emulsions of commercial

grade emulsifier from 3 to 7 days. The high values of

TBARS directly indicate the progress of lipid oxidation,

but also suggest the stabilization of TBARS by the high

purity emulsifier. Therefore, further study is needed for

understanding the effects of emulsifier’s purity on lipid

oxidation in emulsion systems.

We found that turbidity decreased with the progression

of lipid oxidation in emulsions (Figs. 4, 5, 6). This may be

due to the solubilization of lipid peroxides or secondary-

products such as aldehydes into the micelles of emulsifiers.

This is because peroxides and aldehydes are more hydro-

philic than the original lipids.

The correlation between turbidity and lipid oxidation in

the emulsion can be elucidated by comparing the results

presented in Fig. 4b with those in Fig. 1b. The increase in

TBA-reactive substances without additives over 3 days

depicted in Fig. 1b coincides with a rapid decrease in

turbidity in the same emulsion over the same period as

depicted in Fig. 4b. Moreover, the gradual increase in

TBA-reactive substances following S-Pep addition

(Fig. 1b) corresponds with the gradual decrease in turbidity

over 7 days (Figs. 4, 5, 6). Similar results were obtained

for His and FA (Fig. 5). Thus, turbidimetric values may be

a good index of the degree of lipid oxidation in emulsion

systems; furthermore, the measurement procedure is rapid

and straightforward. This approach avoids the production

of hazardous wastes generated by organic solvent extrac-

tions before gas-chromatography, peroxide value determi-

nation, TBA tests, etc. However, the change in turbidity is

most likely dependent on the type of emulsion, such as the

type of oil phase, the relative quantities of the phases, and

the emulsifier and homogenization technique used. There-

fore, further studies should be done to increasingly eluci-

date what is being measured and its relationship to lipid

oxidation and emulsion stability.

Conclusion

The effects of amino acid and peptide addition on lipid

oxidation were investigated using an emulsion system. His

and Cys retarded lipid oxidation, but Arg, Met, and Trp
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Fig. 6 Changes in turbidity during lipid oxidation in emulsion

systems. Emulsions with and without soy peptide additions were

stored for 7 days at 28 �C, and turbidity at 750 nm was measured

periodically. The emulsions were stabilized with commercial-grade

and high-purity grade stearic acid sucrose ester. (filled squares),

Control emulsifier lipid oxidation; (open squares), commercial

emulsifier turbidity; (filled circles), high purity emulsifier lipid

oxidation (open circles), high purity emulsifier turbidity; a without

antioxidant, b with S-Pep
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could not inhibit the progress of oxidation. S-Pep showed

an ability to inhibit the lipid oxidation. FA suppressed the

lipid oxidation most effectively. The purity of the emulsi-

fier used for the preparation of emulsions was related to the

antioxidant activity of peptides and FA. The measurement

of radical scavenging activity for amino acids, peptide, and

FA suggested the close relationship of this activity and the

inhibitory effects on lipid oxidation for FA and S-Pep,

whereas no relationship was found for the amino acids. It

was also found that the turbidimetry of emulsions could be

the alternative method for the rapid evaluation of lipid

oxidation instead of TBA test or peroxide value

measurements.
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