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A B S T R A C T   

This study investigated the emulsifying and antioxidant activity of 10 peptides derived from seaweed, meth-
anotrophic bacteria, and potatoes, which were identified as emulsifiers using quantitative proteomics and pre-
dictive bioinformatics. The factors (e.g., interfacial properties, secondary structure, net charge) behind the dual- 
functionality of peptides were characterized and related to peptides’ ability to provide physical and oxidative 
stability in 5 % fish oil-in-water emulsions during 10 days of storage. The secondary structure of some of the 
peptides changed from highly disordered to more α-helical (GIIPATILEFLEGQLQEVDNNKDAR and GIIPGTILE-
FLEGQLQK) or β-strand (VGFACSGSAQTYLSFEGDNTGRGEEEVAI, ELQVSARVTLEIEL, KVKINETVEIKGKFHV, 
RSPQKKESDMMKATKFAVVLMAAGLTVGCA) structures when adsorbed at the oil-water interface in comparison 
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to aqueous solution. The physical stability analyses confirmed that three seaweed peptides 
(IDSSFDSLPTDVVRVANSSCDAVE, VGFACSGSAQTYLSFEGDNTGRGEEEVAI, and ELQVSARVTLEIEL), one of the 
methanotrophic bacteria peptides (KVKINETVEIKGKFHV) and two of the potato peptides (GIIPATILE-
FLEGQLQEVDNNKDAR and GIKGIIPAIILEFLEGQLQEVDNNKDAR) can indeed produce physically stable emul-
sions. The predicted emulsifier peptide embedded in methanotrophic bacteria protein (KVKINETVEIKGKFHV) 
outperformed all the samples in its ability to retard lipid oxidation in emulsions. This was evident as this sample 
had the lowest hydroperoxides formation (peroxide value < 10 meq O2/ kg oil), tocopherols consumption, and 
volatile compound concentration, especially for t,t-2,4-heptadienal (14 ng/g sample) and 2-ethyl-furan (no 
formation). Non-enzymatic browning, which may indicate advanced stages of oxidation, occurred in all emul-
sions except for those stabilized with KVKINETVEIKGKFHV and sodium caseinate. Even though the positively 
charged peptides yielded better oxidative stability compared to negatively charged ones, there are several other 
factors (i.e., length, structure, charge, ability to decrease oil-water interfacial tension) affecting the physical and 
oxidative stability of emulsions. Therefore, it must be kept in mind that it is the collective action of these factors 
that ultimately define the functionality of peptides. In its entirety, KVKINETVEIKGKFHV proved to be highly 
effective in its technological functions as an emulsifier and antioxidant.   

1. Introduction 

Processed foodstuffs typically exist in the form of complex, multi-
phase, and multicomponent colloidal systems. Emulsifiers are the key 
molecules that facilitate the formation and stabilization of these struc-
tures during processing [16]. Although many of the most effective 
emulsifiers currently used in food products are synthetic, such as sor-
bitan esters, fatty alcohol ethoxylates, and sucrose esters [31,37,60], 
there is a growing demand for the use of natural and sustainable in-
gredients in food products due to increasing awareness about healthy 
eating and environmental sustainability [39,9]. In this pursuit, there has 
been a recent interest to identify and characterize emulsifier peptides 
derived from alternative protein sources such as plants, marine, and 
microbial origin as well as side streams from the food industry [11,25, 
24,29,6,64]. Emulsifier peptides may also contribute to enhancing the 
oxidative stability of emulsions (e.g., fish oil-in-water emulsions), where 
lipid oxidation is decreased during processing and storage [35,65]. 
Moreover, the study of antioxidant peptides from foods, plants, and 
animals has garnered much attention in several industries (e.g. phar-
maceutical, alimentary health, processing/preservation) [54,62]. In 
food systems, these food-derived antioxidants are deemed safer and free 
from side effects associated with synthetic antioxidants [62]. 

In a recent study we showed that peptides embedded in proteins from 
red seaweed, single cell and potato showed emulsifying properties [64]. 
The seaweed and potato proteins can be obtained as side-streams from 
carrageenan and potato starch production and could thus serve as an 
untapped resource of natural emulsifier [24,29]. In our previous studies, 
quantitative proteomics and predictive bioinformatics were used as time 
and cost effective tools to identify emulsifier peptides embedded within 
highly abundant proteins from seaweed, methanotrophic bacteria, and 
potato sources using EmulsiPred (https://github.com/MarcatiliLab/E 
mulsiPred) [25,29,64]. In order to form stable emulsions, the pro-
tein/peptide must adsorb at the oil-water interface and thereby reduce 
the interfacial tension. As a result, the emulsifying capacity of peptides 
depend on a balance of hydrophilic and lipophilic properties [28]. 
Through different structural conformations upon adsorbing at the 
interface, peptides can exhibit emulsifying properties [15]. Moreover, 
based on their secondary structure, peptides can be categorized as the 
following: i) alpha, which are predicted to have α-helix structure, hence, 
have facial amphiphilicity, ii) beta, which are predicted to have 
beta-strands as the constituents of β-sheets, hence, facial amphiphilicity 
[21,53] iii) gamma, which are predicted to have perpendicular amphi-
philicity [25]. 

In the present work, a set of the best performing peptides embedded 
in seaweed, methanotrophic bacteria and potato proteins was selected 
and evaluated for their potential dual-function role in emulsions as an 
emulsifier and antioxidant. Specifically, this study aimed at: i) investi-
gating conformational changes in the secondary structure of the selected 
emulsifier peptides when adsorbed at the oil/water interface, and ii) 

evaluating the physical and oxidative stability of 5 % fish oil-in-water 
emulsions stabilized the emulsifier peptides during 10 days of storage. 
High pressure homogenization, as a way to mimic industrial emulsion 
production, as well as advanced analytical methods to determine lipid 
oxidation (e.g. GC-MS to measure secondary volatile oxidation prod-
ucts) were used in this work, which aids the use of the results for new 
food applications. Overall, functional peptides embedded within parent 
proteins from seaweed, methanotrophic bacteria, and potato have been 
particularly investigated, serving as economical and readily available 
sources of protein. 

2. Materials and methods 

2.1. Materials 

Synthetic peptide samples having a purity of > 70 % were obtained 
from ChinaPeptides Co., Ltd. (Shanghai, China). The information about 
the peptides: amino acid (AA) sequence, length, and net charge at pH 7 
can be seen in Table 1. Peptides were kept at − 20 ◦C until use. S, U and P 
denote that its origin is from seaweed, methanotrophic bacteria and 
potato, respectively. The sample codes were kept similar to the previous 
screening tests performed by Garcia-Moreno, Gregersen, et al. (2020) 
and Yesiltas, Gregersen et al. [64], with a, b and g denoting that the 
peptides were predicted to adopt α -helical or β-strand secondary 
structure, or adsorb perpendicularly at the interface (γ), respectively. 
The net charge at pH 4 and 7, and isoelectric point (pI) were calculated 
using peptide property calculator from Innovagen (Innovagen AB, Lund, 
Sweden). The molecular weight of the peptides was provided by Chi-
naPeptides on their Certificate of Analysis. Commercial cod liver oil was 
provided by Vesteraalens A/S (Sortland, Norway) and kept at − 40 ◦C 
until use. The fatty acid (%, w/w) composition of the fish oil was as 
follows: C14:0 (0.2 %), C16:0 (9.4 %), C16:1 n-7 (8.6 %), C18:0 (2.0 %), 
C18:1 n-9 (16.2 %), C18:1 n-7 (4.6 %), C18:2 n-6 (1.8 %), C18:3 n-3 (0.1 
%), C20:1 n-9 (12.6 %), C20:5 n-3 (9.1 %), C22:1 n-11 (5.9;%) and 
C22:6 n-3 (11.1 %). It had a peroxide value (PV) of 0.14 ± 0.01 meq 
O2/kg oil. The tocopherols content of the fish oil was 168.26 ± 3.19 µg 
toc/g oil, 6.88 ± 0.40 µg toc/g oil, 100.29 ± 2.93 µg toc/g oil, 8.90 ±
0.65 µg toc/g oil, for alpha, beta, gamma, and delta, respectively. So-
dium caseinate (cas) (Miprodan 30), which was used as a control with 
excellent emulsifying activity, was provided by Arla Foods amba (Viby 
J, Denmark). 

2.2. Peptide secondary structure determination using Synchrotron 
Radiation Circular Dichroism (SRCD) spectroscopy 

The secondary structure of peptides was determined using SRCD 
spectroscopy by the analysis of peptides both in solution and 5 % tri-
caprylin oil-in-water emulsions. 0.2 wt% peptide solutions were pre-
pared by dissolving peptides in 10 mM phosphate buffer at pH7 first 
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shaking at 100 rpm for 2 h in a water bath at 50 ◦C, followed by shaking 
overnight at room temperature for complete rehydration. Production of 
the 5 % oil-in-water emulsions were described in detail by García- 
Moreno et al. [26]. Briefly, two step homogenization was used, first with 
primary homogenization mixing at 18,000 rpm for 30 s by using a 
POLYTRON® PT1200E (Kinematic Inc., New York, USA) followed by the 
secondary homogenization using a sonicator equipped with a P1 probe 
at an amplitude of 75 % (maximum amplitude of 180 µm), running 2 
passes of 30 s with a break of 1 min between passes (Microson XL2000, 
Misonix, Inc., New York, USA). Sodium dodecyl sulfate (SDS) was used 
in the same conditions as peptides for the baseline correction. SRCD 
measurements were performed at the AU-CD beamline at the ASTRID2 
synchrotron radiation source (ISA, Department of Physics & Astronomy, 
Aarhus University, Denmark). The operation of the SRCD spectrometer 
was confirmed using camphorsulfonic acid for optical rotation magni-
tude and wavelength on a daily basis [46]. A 0.01 cm path length quartz 
Suprasil cell (Hellma GmbH & Co., Germany) was used for far-UV SRCD 
measurements at 25 ◦C. The baseline was corrected using measurement 
of 10 mM phosphate buffer (pH 7) for peptide solutions and SDS stabi-
lized tricaprylin-in-water emulsion for peptides-stabilized emulsions, as 
previously described [26]. The far-UV SRCD spectra were recorded in 
triplicate from 280 to 170 nm in 1 nm steps, with a dwell time of 2 s per 
point. 

2.2.1. SRCD data analysis and calculation of peptides’ secondary structure 
The spectra were converted to delta epsilon units using the peptide 

concentration obtained from absorbance at 205 nm and corrected for 
scattering where necessary [47]. When light is elastically scattered from 
particles with a size similar to or smaller than the wavelength, it may not 
be detected. Where scattering occurs is evident in the absorbance 
spectrum which is measured simultaneously with the CD spectrum. A 
long and non-zero sloping tail of the absorbance curve can be fitted 
using an equation based on Rayleigh scattering for simulating the effect 
of scattering over the full spectrum [47], allowing for a corrected 
absorbance at 205 nm to be obtained. The sequence of peptides was used 
to determine the molar extinction coefficient and mean residual weight 
[4]. Light scattering in emulsions leads to a change in the underlying CD 
baseline due to the very different paths of light through emulsion 
compared to solutions. To correct the baseline for this, the SDS stabilized 
emulsion was produced in the same way as for the peptides to enable 
reproduced light scattering [26]. The proportions of each secondary 
structure components were determined using a web-based calculation 
server DICHROWEB that incorporates various methods and a wide range 
of protein spectral databases [63]. The calculation method used in this 
study was CDSSTR with the reference set SMP180 [1,59]. Due to the 
differences in nature of the emulsions and solutions, due to the scat-
tering at the oil droplets, the accuracy of peptide concentration deter-
mination is lower in emulsions than for those in solution [26]. However, 
the relative changes determined in the structure are still valid even 
though the higher uncertainties for emulsions, which may affect the 
absolute values obtained through the secondary structure fitting. 

2.3. Storage experiment with 5 % fish oil-in-water emulsions 

2.3.1. Emulsion production 
First, the aqueous phases were prepared by dissolving (0.2 wt%) 

0.44 g peptide or cas in 208.56 g buffer containing 10 mM sodium ac-
etate and 10 mM imidazole [24,26]. All the samples were subjected to a 
water bath of 50 ◦C for 2 h and afterwards left for overnight stirring at 
room temperature. Due to the occurrence of cloudy aqueous phases for 
some peptides (80-s-a, 83-s-a, 104-p-g), all samples were treated with an 
ultrasonic bath (Cole-Parmer 8893, Illinois, USA) until they were solu-
bilized (around 15 min) to facilitate solubilization. The pH of the sam-
ples was measured and adjusted to pH 7. Pre-homogenization was done 
using Ultra-turrax (Ystral GmbH, Dottingen, Germany) at 16,000 rpm 
for 3 min, with oil being added at the first minute. Homogenization was 
carried out using Microfluidizer (Gea Niro Soavi SpA, Parma, Italy) at 9 
kpsi for 3 passes. The emulsion yield was too low for 80-s-a and 83-s-b 
due to instrument blockage and hence, the small amount of obtained 
emulsions were discarded. A 10 % sodium azide preservative solution 
was added to the emulsions to achieve a 0.05 wt% final concentration of 
the sodium azide. Iron (II) sulfate pro-oxidant solution, which was 
prepared at the same day of emulsion production, was added at 113 μL 
per 100 g emulsion to achieve 50 µM concentration in the final emulsion. 
The final emulsions were put into Pyrex media bottles and the pH was 
measured for a second time. Before storage at room temperature under 
darkness, the emulsions were divided as follows: 20 g aliquots for 
peroxide value determination and 15 g aliquots for volatile compounds 
determination, both of which were placed in separate amber bottles. At 
each time point, the emulsions were subsampled, and aliquots were 
stored at − 40 ◦C until analysis. The remaining emulsion volumes were 
kept for physical stability determinations and left to stand at room 
temperature in darkness. 

2.3.2. Physical stability of emulsions 
The emulsions were analyzed for droplet size distribution and 

changes in physical stability over 10 days of storage. 

2.3.2.1. Droplet size distribution. The droplet size distribution of the 
emulsions was measured on days 1, 3, 10 by laser diffraction using a 
Mastersizer 2000 (Malvern Instruments, Ltd., Worcestershire, UK) in 
recirculating water at 3000 rpm until it reached an obscuration of 
12–15 %. Refractive indices of sunflower oil as the particle (1.469) and 
water (1.330) as dispersant were used and results were expressed as 
D4,3. Triplicate measurements were performed. 

2.3.2.2. Observation of physical instabilities. Emulsion instability can be 
observed as oil droplets gather at the top of the emulsion. Although there 
is no clear water phase at the bottom of these emulsions, oil droplets can 
move upwards due to density difference between two liquids, e.g., water 
and oil. This indicates that destabilization is in progress. The oil rich 
phase index (OI) was calculated as follows: OI = ho

ht * 100, where ht is the 
total height (cm) of the emulsion and ho is the height (cm) of the 

Table 1 
Peptide codes, amino acid (AA) sequence, length, net charge (z) at pH 7, isoelectric point (pI), molecular weight (MW) and amphiphilic score.  

Peptide AA sequence Length z (pH 7) pI MW (Da) Score* 

80-s-a IGYTVRNSLRVTVRDLSNLGLILDALVR  28  2.0 10.84  3127.68  3.30 
82-s-a IDSSFDSLPTDVVRVANSSCDAVE  24  -4.1 3.18  2526.72  3.28 
83-s-b RAGSNSLSRISFGISNEADLRDQAR  25  1.0 10.24  2720.95  3.18 
84-s-b VGFACSGSAQTYLSFEGDNTGRGEEEVAI  29  -4.1 3.44  2995.19  2.75 
86-s-b ELQVSARVTLEIEL  14  -2.0 3.85  1599.85  5.43 
97-u-b KVKINETVEIKGKFHV  16  2.1 10.24  1869.24  5.07 
103-u-g RSPQKKESDMMKATKFAVVLMAAGLTVGCA  30  2.9 10.22  3169.85  4.96 
104-p-g GIIPATILEFLEGQLQEVDNNKDAR  25  -3.0 3.79  2784.12  3.69 
105-p-g GIIPGTILEFLEGQLQK  17  -1.0 4.15  1856.20  2.45 
g1 GIKGIIPAIILEFLEGQLQEVDNNKDAR  28  -2.0 4.16  3094.56  4.15  

* Predicted amphiphilic scores are referred to previously published articles from our lab [25,64]. 
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separated oil phase at the top of the emulsion. 

2.3.3. Oxidative stability of emulsions 
For peroxide value (PV), tocopherols content, and volatile compound 

determination, emulsions were stored at room temperature in darkness 
for a period of 10 days. The respective analyses were performed on days 
0, 1, 3, 7, 10. The color changes of the samples were also investigated on 
day 10. 

2.3.3.1. Determination of peroxide value. Lipids were extracted using 
Bligh and Dyer method with some modifications [8]. Two lipid extracts 
were made for each emulsion. The PV of the lipid extracts was deter-
mined using the colorimetric ferric-thiocyanate method at 500 nm as 
described by Shanta and Decker [56]. Two 1 g aliquots of each extract 
were used for this analysis. Measurements were carried in duplicate, and 
data were expressed as milliequivalents of peroxides per kg of oil. 

2.3.3.2. Tocopherols. Tocopherols content was measured using high- 
performance liquid chromatography (HPLC) (Agilent 1100 Series, Palo 
Alto, CA, USA). Two 2 g aliquots of each abovementioned lipid extract 
were prepared and evaporated under nitrogen. The remaining oil was 
dissolved in 1 mL n-heptane and sealed in amber injection bottles. Af-
terwards, 40 μL of the sample was injected onto a Waters Spherisorb 
column (5 µm Silica; 250 × 4.6 mm) (Phase Separation Ltd., Deeside, 
UK). Elution was performed with an isocratic mixture of n-heptane/2- 
propanol (100:0.4, v/v) at a 1 mL/min flow and 20 μL injection volume 
into a column (Waters Spherisorb 3 µm Silica, 4.6 mm I.D. × 150 mm), 
preceded by a guard column (Waters Spherisorb, 5 µm Silica, 4.6 mm I. 
D. ×10 mm). Detection was carried out using a fluorescence detector 
with excitation at 290 nm and emission at 330 nm, as described in AOCS 
Official Method Ce 8-89. Measurements were carried in duplicate, and 
data were expressed in µg toc/g oil. 

2.3.3.3. Volatile secondary oxidation products. The secondary oxidation 
products from the emulsions were determined using dynamic headspace 
desorption followed by gas chromatography-mass spectrometry (GC- 
MS). Four g of emulsions were poured into a purge bottle. Approxi-
mately 5 mL distilled water and 30 mg of an internal standard (4- 
methyl-1-pentanol) was added. The purge bottles were subjected to a 
water bath 45 ◦C for 30 min under purging with nitrogen (150 mL/min) 
and the volatile compounds were trapped in Tenax GR tubes. After-
wards, the tubes were put into Automatic Thermal Desorber (ATD-400, 
Perkin Elmer, Norwalk, CN), which led to a gas chromatograph (GC) (HP 
589 + IIA, Hewlett Packard, Palo Alto, CA, USA; Column: DB-1701, 
30 m × 0.25 mm × 1.0 µm). The oven program had an initial temper-
ature of 45 ◦C for 5 min, increasing with 1.5 ◦C/min until 55 ◦C, with 
2.5 ◦C/min until 90 ◦C, and with 12.0 ◦C/min until 220 ◦C, where the 
temperature was kept for 4 min. The individual compounds were 
detected by mass spectrometry (MS) (HP 5972 mass-selective detector, 
Agilent Technologies, USA; electron ionization mode, 70 eV; scan range 
from 30 to 250 m/z) identified by MS-library searches (Wiley 138K, 
John Wiley and Sons, Hewlett-Packard). The identified volatiles were 
quantified by doing a 9-point standard curve (0.1–250 µg/mL standard) 
with external standards (in rapeseed oil) and each dilution of standards 
was added into the sodium caseinate emulsion and were analyzed the 
same way as the emulsion samples. sodium caseinate emulsion. The 
selected standards were 2-ethyl furan, 1-penten-3-one, pentanal, 1- 
penten-3-ol, 2,3-pentanedione, 1-pentanol, hexanal, heptanal, c-4-hep-
tenal, benzaldehyde, octanal, t,t-2,4-heptadienal, and t,t-2,4- 
decadienal. Measurements were carried out in triplicate and were 
expressed in ng/g sample. 

2.3.3.4. Colorimetry. The color (CIE * L * a * b color space) of the 
emulsions was measured based on their absorbance at day 10 using 
Minolta Chroma Meter 200 (Konica Minolta Sensing Americas, Inc., New 

Jersey, USA) to determine the extent of browning of the emulsions 
during storage. Measurements were carried out in triplicate and results 
are expressed as *L, *a, *b values. 

2.4. Statistical analysis 

Multiple sample comparison was conducted using STATGRAPHICS 
Centurion (Statistical Graphics Corp., Rockville, MD, USA) with a 95 % 
significance level. Tukey’s range test was used for post-hoc analysis to 
determine which variable(s) differed significantly. Data were expressed 
as means ± standard deviations (SD). 

3. Results and discussion 

3.1. Secondary structure of the peptides 

Synchrotron radiation circular dichroism (SRCD) spectroscopy pro-
vides a great opportunity to work with complex emulsion systems. While 
the presence of highly absorbing non-chiral components, such as lipids 
and buffers, makes it difficult to perform measurements using bench-top 
CD instrumentation, the higher flux of the light from a synchrotron al-
lows higher penetration leading to higher signal-to-noise ratio, which 
leads to obtaining more accurate results [45]. 

Peptides adsorbed at an oil/water interface commonly change their 
conformation and adopt a different secondary structure to expose their 
hydrophobic parts to the oil phase [21]. According to Dexter and Mid-
delberg [15], facial amphiphilicity allows the peptides to orientate 
parallel to the interface rather than perpendicularly, which is typical for 
conventional surfactants. This allows the maximum number of inter-
peptide contacts to form, thereby strengthening the interfacial layer and 
yielding optimal functionality. This configuration can be achieved using 
both α-helix and β-strand secondary structures. In an α-helix, there is a 
periodicity of 3.6 residues per turn. Consequently, if hydrophobic resi-
dues are positioned in a way where they are three or four residues apart, 
the peptide will form a single hydrophobic site in the helical confor-
mation which can interact directly with a hydrophobic phase (i.e., oil) at 
the oil-water interface. The hydrophilic residues on the opposite face of 
the helix will orientate towards the bulk aqueous phase. In β-strands, 
alternating hydrophobic and hydrophilic residues are adequate to form 
distinct molecular faces. In contrast to helical emulsifier peptides, where 
little or no interpeptide interactions are observed at the interface, in-
teractions between adjacent strands through hydrogen bonds contribute 
to stabilizing the interfacial layer of β peptides [26]. Another potential 
type of peptides predicted by bioinformatics, gamma peptides, are those 
with hydrophobic and hydrophilic halves, which could orientate 
perpendicularly to the interface. 

The far-UV SRCD spectra obtained for the peptides in solution and at 
the oil/water interface in oil-in-water emulsions illustrate potential 
changes in the secondary structure between the two states (Fig. 1a–i). 
Peptide 80-s-a was not fully soluble and hence, SRCD spectra obtained 
for this peptide in solution are not fully reliable. Secondary structure 
changes for 80-s-a and 83-s-b at the oil-water interface could not be 
determined, as emulsions prepared with these peptides physically un-
stable before measuring. Thus, the resulting spectra were not repro-
ducible and protein concentration in these emulsions could not be 
properly determined, therefore delta epsilon spectra could not be 
obtained. 

Through spectral deconvolution, the secondary structure composi-
tion (% α-helix, β-strand, turns, and unordered) of peptides can be 
calculated in both systems (Fig. 2). The secondary structure of the 
peptides in solution was predominantly disordered, where turns and 
unordered accounts for between 44 % and 62 % of the structure for 
different peptides (Fig. 2a). Peptides 80-s-a and 86-s-b showed around 
15 % α-helical structure in solution (Fig. 2a,e), with 80-s-a showing the 
expected negative peak at 222 nm, and 86-s-b showing the positive peak 
a 192 nm, which are indicative of α-helical structure [32]. Nevertheless, 
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all peptides in solution, including these 2 peptides, obtained a higher 
percentage (around 30–40 %) of β-strand structure (Fig. 2a). These re-
sults are in line with previously studied emulsifier peptides [26]. 

Adsorption at the tricaprylin oil-water interface resulted in signifi-
cant changes in their secondary structure for most peptides (Fig. 1). Far- 
UV spectra of the peptides in solution and in emulsion indicated that the 
secondary structure of the peptides 84-s-b, 86-s-b, 97-u-b, and 103-u-g 
gained in β-strand conformation by between 11 % and 35 %, when 
adsorbed at the o/w interface (Fig. 1d–g and Fig. 2). Indeed, these 
peptides, except 103-u-g, were predicted to adopt β-strand conformation 
at the oil/water interface, thus exhibiting the anticipated facial amphi-
philicity. These findings agree with those found previously for β-strand 
predicted peptides [26] and align with the structure of the peptides 
when contained in the native protein [64]. On the contrary, peptides 
104-p-g and 105-p-g significantly increased their α-helix conformation 
(to 45 % and 55 % respectively), when adsorbed at the oil-water inter-
face compared to their conformation in solution (Fig. 1h,i and Fig. 2). 
Although these peptides were predicted to be emulsifiers through 
perpendicular amphiphilicity, this finding was not surprising, as these 2 
peptides are variants of the γ-1 peptide, which was previously reported 
to adopt a highly helical conformation when adsorbed at the oil/water 

[26]. Similarly, homology modeling of these peptides indicated that 
they constitute surface-exposed regions with a high α-helix conforma-
tion within their native proteins, confirming that native conformation is 
in many cases a good model for interfacial structure of the isolated 
peptides [26,64]. Nevertheless, peptide 82-s-a, predicted to be a po-
tential helical emulsifier, slightly increased in β-strand conformation 
from solution to o/w interface (Fig. 1b and Fig. 2), thereby illustrating 
that the models are not always correct. In this case, it is also worth to 
note that homology model previously presented [64], was not of high 
quality due to the lack of a good protein template. As such, the modeled 
structure of the native protein may not accurately reflect the in vivo 
tertiary structure, why such should be used with caution. 

3.2. Physical stability of emulsions 

Peptides 80-s-a and 83-s-b did not form emulsions due to solubility 
issues observed, such as aggregation and clogging of the microfluidizer 
during secondary homogenization. However, the rest of the peptides 
provided emulsions after production. 80-s-a decreased oil-water inter-
facial tension (IFT) down to around 9 mN/m [64]; however, failed to 
produce a stable emulsion. It should be borne in mind that the IFT 

Fig. 1. Far-UV SRCD spectra of peptides in solution at pH ~ 7 (blue line) and adsorbed at tricaprylin oil-water interface (red line): a) 80-s-a, b) 82-s-a, c) 83-s-b, d) 
84-s-b, e) 86-s-b, f) 97-u-b, g) 103-u-g, h) 104-p-g, and i) 105-p-g. Light scattering of oil droplets in the casein- or peptides-stabilized emulsions was corrected using 
SDS-stabilized emulsions. 
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Fig. 2. The secondary structure composition (% α-helix, β-strand, turns and unordered) of peptides a) in solution, and b) adsorbed at tricaprylin-water interface. The 
results derived from deconvolution of the respective SRCD spectra. The numbers 1 and 2 in α-helix and β-strand denote regular and distorted structures, respectively. 

Table 2 
Values of droplet size and zeta potential of the emulsions stabilized with different peptides and sodium caseinate at specific days during storage at room temperature.  

Sample Zeta potential* (mV) Volume moment mean diameter, D4,3 (µm) Surface moment mean diameter, D3,2 (µm) 

Day 1 Day 3 Day 10 Day 1 Day 3 Day 10 

82-s-a -53.7 ± 2.9 4.58 ± 0.22d,x 4.38 ± 1.41bc,x 4.45 ± 1.19a,x 0.204 ± 0.007b,x 0.245 ± 0.000xy 0.265 ± 0.033bc,y 

84-s-b -71.8 ± 3.5 0.29 ± 0.00a,z 0.28 ± 0.00a,y 0.27 ± 0.00a,x 0.147 ± 0.000a,x 0.147 ± 0.001y 0.144 ± 0.001a,y 

86-s-b -74.4 ± 2.8 0.54 ± 0.26ab,x 1.55 ± 0.28ab,xy 2.86 ± 1.38a,y 0.149 ± 0.002a,x 0.153 ± 0.005xy 0.155 ± 0.005ab,x 

97-u-b 25.2 ± 1.9 0.33 ± 0.00a,x 1.56 ± 2.11ab,x 1.51 ± 0.70a,x 0.153 ± 0.000a,x 0.165 ± 0.009xy 0.178 ± 0.008ab,y 

103-u-g 38.7 ± 2.7 0.79 ± 0.03b,x 0.81 ± 0.02ab,x 14.24 ± 6.51b,y 0.361 ± 0.022c,x 0.392 ± 0.026xy 0.836 ± 0.108d,y 

104-p-g -60.9 ± 3.0 2.05 ± 0.02c,x 1.86 ± 0.40ab,x 3.41 ± 0.57a,y 0.142 ± 0.000a,x 0.145 ± 0.001y 0.150 ± 0.001a,z 

105-p-g -59.3 ± 2.5 26.03 ± 0.01e,x 21.15 ± 3.10d,x 31.26 ± 1.60c,y 0.644 ± 0.025d,x 0.672 ± 0.004xy 0.752 ± 0.027d,y 

g1 -62.4 ± 3.5 0.25 ± 0.00a,x 0.26 ± 0.01a,x 0.27 ± 5.30a,x 0.151 ± 0.000a,x 0.153 ± 0.002x 0.154 ± 0.001ab,x 

Cas -40.7 ± 1.7 0.42 ± 0.00a,x 6.00 ± 0.37c,y 17.12 ± 0.00b,z 0.199 ± 0.000b,x 0.244 ± 0.001y 0.317 ± 0.015c,z 

Values are presented as mean ± sd (n = 9). Values followed by the same letter/s ‘a–e’ per column and ‘x–z’ per row are not significantly different (p ≤ 0.05). 
*Zeta potential results are from a previous study published by our lab [24,64]. It should be noted that these results were measured on emulsions produced on a smaller 
scale using an ultraturrax and sonicator with the same emulsion formulation. 
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measurement is a static set up, whereas emulsion production is a dy-
namic system with high shear forces. Thus, total correlation between IFT 
and droplet size might not be observed. Low solubility of peptides 
(particles) may also lead to false IFT values [13]. This can be supported 
by the previous study stating that the 80-s-a provided a cloudy peptide 
solution at pH 7 [64]. 

The final pH of the emulsions ranged from 6.99 to 7.16 and were far 
from the isoelectric points of the respective peptides (Table 1), which is 
important as proteins and peptides have poor emulsion properties when 
near their isoelectric points [58]. Table 2 shows the zeta potential and 
the surface and volume weighted mean droplet sizes of 5 % fish 
oil-in-water emulsions containing the peptides of interest. Zeta potential 
measurements that denote an absolute electrical differential greater 
than 30 mV typically suggest higher colloidal stability and reduced 
tendency towards particle aggregation due to electrical repulsion [43]. 
According to Garcia-Moreno et al. [25], variations in zeta potential of 
the emulsions essentially stem from the net charge of the adsorbed 
peptides. In this case, due to the presence of some of the negatively 
charged amino acids (aspartic acid, D, and glutamic acid, E) at pH 7, 
emulsions stabilized with 82-s-a, 84-s-b, 86-s-b, 104-p-g and g1 had high 
negative zeta potential. These samples were among those that had the 
smallest droplet sizes, D4,3, ranging between 0.27 and 4.45 µm after a 
10-days storage (Table 2). Zeta potential is only one of the factors that 
contribute to the physical stability during storage. For example, emul-
sion stabilized with 86-s-b, 104-p-g, and 105-p-g also had high zeta 
potential values (< − 59.3 mV); however, droplets were still aggre-
gating during storage, which led to significant increase in droplet size 
(Table 2). 

The small D4,3 values, obtained and sustained during 10 days of 
storage by 84-s-b and g1, are in line with their high zeta potential values, 
− 71.8 ± 3.5 and − 62.4 ± 3.5 mV, respectively [24,64]. Indeed, 84-s-b 
and g1 were reported to have around 13.0 mN/m oil-water IFT when 
reached equilibrium as reported by García-Moreno et al. [24] and Yes-
iltas et al. [64], which is comparable to cas (11.8 mN/m when reached 
the equilibrium). The larger hydrophobic regions of g1 may have 
favored the interaction of the peptide with the oil at the interface, hence 
better physical stability and lower IFT. Moreover, it was noticeable that 
the D4,3 of the emulsion stabilized with sodium caseinate (cas) kept 
rising significantly from day 0 to 10. Even though the zeta potential for 
cas was also sufficiently negative (− 40.7 mV), which provided elec-
trostatic repulsion and prevented creaming, oil droplets have aggregated 
over time. Although caseinate is an excellent emulsifier, it is not suffi-
cient to totally stabilize the emulsions at the low concentration used 
here (0.2 wt%). This could possibly explain the increase in D4,3 
throughout storage. 

Although 105-p-g was previously reported to have a highly negative 
surface charge (− 59.3 mV) [64], it should be noted that this emulsion 
was unstable. It was clear that this was the only sample that manifested 
physical instability, specifically with an oil rich phase index, OI, of 
already 8.2 % after emulsion production (day 0) followed by 9.8 % on 
days 3 and 10. This physical instability can be confirmed with its large 
D4,3 droplet size of 26.03 µm (already one day after production). 105-p-g 
only had 17 AA residues, and this may have lowered its potential to 
obtain an α-helical configuration at the interface and thereby resulted in 
insufficient emulsifying activity and emulsion stability. Although lower 
oil-water interfacial tension (IFT) values (11.1 mN/m) agree with better 
emulsifier action, 105-p-g emulsion demonstrated that the peptide was 
not able to reduce the interfacial tension to an extent where smaller 
droplets can be obtained as it was clearly observed that the emulsion was 
not stable throughout the storage [64] (Table S1, Supplementary 
material). 

The emulsifying performance of peptides can be correlated to their 
structural characteristics (i.e., secondary structure conformation, amino 
acid sequence, and molecular weight). Overall, good physical stability 
(based on droplet size, surface charge and creaming stability) was ob-
tained in emulsions stabilized with peptides adopting a predominant 

β-strand (84-s-b, 86-s-b, 97-u-b), or α-helical (104-p-g and g1) confor-
mations at the oil/water interface. The emulsifying activity of these 
peptides was comparable with each other and resulted from an increased 
interaction between the oil and the hydrophobic parts of the peptides. 
Amphipathic α-helix is a structural feature which has been previously 
proposed to have enhanced emulsifying activity and high solubility [14, 
57], as well as contributing to surface activity of protein by increased 
interaction between the oil and the hydrophobic parts [38,40]. This 
could explain the good emulsifying activity of the 104-p-g and g1 pep-
tides as they were shown to obtain α-helical structure at the oil-water 
interface [26]. García-Moreno et al. [24] emphasized that α-peptides 
should have at least 18 AA residues and β-peptides around 13 AA resi-
dues to increase the potential of the peptides to adsorb at the interface. 
This finding clearly concurred with the results as the length of 86-s-b, 
97-u-b, 104-p-g and g1 was in the range previously reported. On the 
other hand, 84-S-B, with 29 AA, resulted in emulsions with high physical 
stability when adopting a predominantly β-strand structure at the oil/-
water interface. The latter suggests that 84-S-B has less tendency to form 
aggregates (i.e., when compared to other large β-peptides [25]) and thus 
properly diffuses and adsorbs at the interface. 

Emulsions 97-u-b and 103-u-g had positive zeta potential values as 
expected [64], due to their positive net charge at pH 7 (Table 1). 
Although the zeta potential and creaming stability of the emulsion sta-
bilized with 103-u-g seemed adequate indicating good physical stability, 
it had a significantly large increase in its D4,3 and D3,2 during storage 
(Table 2). This is in line with the high IFT value (18.2 mN/m) reported 
for this peptide (Table S1) [64] indicating that this peptide did not have 
greater ability to reduce the oil-water IFT during emulsification and 
thereby enabling the formation of smaller droplets, which lowers the 
tendency of droplet aggregation or coalescence [58]. Although 103-u-g 
adopted β-strand structure at the oil-water interface and had 30 AA 
residues, which was above the threshold for obtaining the secondary 
structure [25], this sample had significant increase in its D4,3 at day 10 
compared to day 3 indicating droplet aggregation. 

Emulsion containing 97-u-b had a lower absolute zeta potential value 
(25.2 mV) compared to other emulsions and was clearly not among 
those that had the smallest IFT values (16.5 mN/m when reached the 
equilibrium) as reported by Yesiltas, Gregersen et al. [64] (Table S1), 
which correlated well with the increases observed in both D4,3 and D3,2 
values of the emulsion from day 1 to 3, even though the initial droplet 
sizes were very small. However, it reduced the oil-water IFT and pro-
moted droplet disruption sufficiently during homogenization, as the 
emulsion had low droplet sizes. Moreover, there was no significant in-
crease in either of the droplet sizes from day 3 to 10, and physical 
instability was not observed. According to Ait-Akbour [2], it should be 
considered that the adsorption of the layers which increase emulsion 
stability sterically will lead to a lower zeta potential, which is, however, 
not an indication of a reduced physical stability. Stabilizer adsorption 
shifts the plain of shear (where the zeta potential is measured) to a larger 
distance from the particle surface and thereby lowers the measured zeta 
potential. In cases of combined electrostatic and steric stabilizers, a zeta 
potential of about − 20 mV is enough to fully stabilize the system [5]. 
Moreover, 97-u-b has only 16 AAs. The smaller the molecular weight of 
an emulsifier, the faster the diffusion towards the interface [39,44,61]. 
Rapid adsorption of the emulsifier on the droplet surface is always ad-
vantageous because this enables rapid reduction of the interfacial ten-
sion, therefore preventing aggregation or coalescence [48]. However, 
the adsorption kinetics of the peptides cannot be singled out as the 
principal determinant of emulsion stability. It can also be advantageous 
to have larger peptides, such as g1, for obtaining a well-defined sec-
ondary structure at the interface. However, as the best performing 
peptides were both from shorter and larger ones, this shows the 
complexity of predicting the functionality based on a single character-
istic such as size. Overall, based on several factors such as length, 
structure, charge, ability to decrease oil-water interfacial tension, pep-
tides that showed the best emulsifying activities were 84-s-b, 86-s-b, 
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97-u-b, 104-p-g, and g1. 

3.3. Oxidative stability of emulsions 

Lipid autoxidation, a free radical-induced chain reaction, leads to the 
formation of fatty acid hydroperoxides, which then decompose to a wide 
range of secondary oxidation products. Some of these are volatile 
compounds with strong and negative flavor attributes, imparting the 
disagreeable characteristics and sensation of rancid fish oil [23]. Since 
polyunsaturated fatty acids (PUFAs) are highly susceptible to oxidation 
due to their degree of unsaturation (i.e. presence of double bonds), lipid 
oxidation is the most critical parameter affecting shelf life of fish oils and 
food products where marine lipids have been incorporated [18]. It is 
noteworthy that the use of peptides as emulsifiers, which could also 
exhibit antioxidant properties, is of high relevance. This is due to the fact 
that lipid oxidation is initiated at the o/w interface in emulsions, and 
thus having antioxidant activity localized at the interface, might be the 
most efficient approach to retard it [7]. 

3.3.1. Peroxide value 
Fig. 3A shows the peroxide values (PV) of the emulsions prepared 

with different peptides and sodium caseinate as control. Table S2 in the 
Supplementary materials shows significant (p ≤ 0.05) differences be-
tween the samples and time points. At day 0, 104-p-g and g1 had already 
significantly higher PV at 25.23 meq O2/ kg oil and 25.16 meq O2/ kg 

oil, respectively, than all the other emulsions, which were not signifi-
cantly different from each other with PV ranging between 3.7 and 
11.7 meq O2/kg. This is in agreement with the results in a previous 
study on potato peptides, which also observed poor oxidative stability of 
emulsions prepared with these two peptides [26]. It was reported that 
the homogenization process can potentially be prooxidative due to high 
shear stress and incorporation of oxygen during emulsification [33] and 
the emulsions stabilized with the peptides 104-p-g and g1 were the least 
oxidatively stable during homogenization. Lag phase was noticed for 
97-u-b and cas from day 0 to day 1, which implies slow initial increase in 
PV. In contrast, the rest of the samples did not exhibit a lag phase, 
indicating rapid accumulation of hydroperoxides. A decrease in PV was 
observed for g1, 82-s-a and 86-s-b from day 3 indicating that peroxides 
were decomposed to secondary oxidation products faster than new 
peroxides were formed. Similarly, hydroperoxide accumulation was 
significantly curtailed for 84-s-b, 104-p-g, and 105-p-g from day 7 to day 
10. Overall, 97-u-b outperformed the rest of the peptides, as it consis-
tently garnered the lowest PV throughout storage and was also compa-
rable to cas from day 0 to day 7. The highest PV measured was for 84-s-b 
(101.67 meq O2/kg oil) on day 7, and peak values were observed at this 
point for most samples. Furthermore, all samples exceeded the cut-off 
value for the peroxide value of oils (< 5 meq O2/ kg oil). 

3.3.2. Tocopherol consumption 
Tocopherols (vitamin E) is the only antioxidant naturally present in 

Fig. 3. A) Peroxide value (meq O2/kg oil) and B-D) tocopherol content (α-, γ-, δ-tocopherol, respectively) of emulsions containing peptides or sodium caseinate 
during 10 days of storage room temperature. Blue is used for 82-s-a, orange is used for 84-s-b, gray is used for 86-s-b, yellow is used for 97-u-b, light blue is used for 
103-u-g, green is used for 104-p-g, dark blue is used for 105-p-g, brown is used for g1, and dotted dark gray is used for cas. 
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oils from marine fish and its concentrations in refined fish oils are 
substantially lower than in most vegetable oils [18]. Tocopherols, 
especially α-tocopherol, exert their protective actions by interrupting 
autocatalytic reaction cycles by donating their phenolic hydrogen to 
peroxyl radicals, and by stabilization of preformed hydroperoxides [55]. 
Fig. 3B-D shows the evolution of tocopherols during a 10-day storage at 
room temperature. Tables S3–S5 in the Supplementary materials shows 
significant (p ≤ 0.05) differences between the samples and time points. 
For most of the samples (except 97-u-b, 103-p-g and cas), the 
α-tocopherol depleted rapidly already at day 0. This corresponds to 
those emulsions that were highly susceptible to oxidation and tocoph-
erols were consumed as antioxidants. 

The depletion of α-tocopherol in the 97-u-b emulsion was compa-
rable to that in cas at day 10. It was also evident that emulsions with 97- 
u-b, 103-p-g and cas were the only samples that did not entirely consume 
α-tocopherol, which correlates well with the low formation of hydro-
peroxides (Fig. 3A). For γ- and δ-tocopherols, not much was consumed as 
compared to α-tocopherol. Calculations of % consumed tocopherol are 
shown in Table S6 and confirm the abovementioned interpretation of 
Fig. 3A. A common trend is that at least 25 % of the tocopherols were 
consumed for the rest of the samples. In line with this, α-tocopherol is 
superior amongst the others as it has two ortho methyl substituents, 
making it a stronger hydrogen donor than either β- or γ- (with only one 
ortho methyl substituent), as well as δ- which has no ortho methyl 

substituent. This is in accordance with general accepted knowledge 
about activity of the different tocopherol homologs [36]. This order, 
however, is not always consistent and is affected by concentration of 
tocopherols [12,36]. 

3.3.3. Volatile secondary oxidation products 
In the presence of transition metal ions (i.e., Fe+2), unstable lipid 

hydroperoxides may decompose through the formation of peroxyl and 
alkoxyl radicals. It is generally accepted that volatile products are 
generated via fatty acid alkoxyl radicals. These alkoxyl radicals are 
cleaved by homolytic β-scission of the carbon-carbon bond on either side 
of the carbon carrying oxygen to form a broad spectrum of shorter-chain 
secondary oxidation volatiles [22,30]. Many of the volatiles identified in 
studies can be formed either by fragmentation of monohydroperoxides 
or by further oxidation of secondary oxidation products [18]. Based on 
the fatty acid composition of cod liver oil (Section 2.1), the n-9, n-6, n-3 
series of fatty acids accounted for up to 28.80 %, 1.8 % and 20.30 % of 
the dominant fatty acids (FA), respectively. It is worth mentioning that t, 
t-2,4-heptadienal, 2-ethyl furan, and 1-penten-3-ol are products derived 
from n-3 PUFAs while t,t-2,4-decadienal is derived from n-6 PUFAs [27, 
41,49]. Moreover, fish-like flavors present in rancid oils are mostly 
associated with the autoxidation of n-3 PUFAs [42]. 

In this study, the evolution of 5 out of 13 detected secondary 
oxidation volatiles (Fig. 4) will be discussed as these volatiles had a 

Fig. 4. Volatile secondary oxidation products (ng/g sample) A) t,t-2,4-heptadienal, B) t,t-2,4-decadienal, C) 2-ethylfuran, and D) 1-penten-3-ol formed in emulsions 
containing peptides or sodium caseinate during 10 days of storage at room temperature. Blue is used for 82-s-a, orange is used for 84-s-b, gray is used for 86-s-b, 
yellow is used for 97-u-b, light blue is used for 103-u-g, green is used for 104-p-g, dark blue is used for 105-p-g, brown is used for g1, and dotted dark gray is 
used for cas. 
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trend of gradual increase as time progressed. The evolution of the 
remaining compounds can be seen in Fig. S1 and Tables S7–11 in the 
Supplementary material. A general trend was observed for 84-s-b 
regarding the formation of volatile compounds. It was clear that for t, 
t-2,4-heptadienal, t,t-2,4-decadienal, 2-ethyl furan and 1-penten-3-ol, 
the 84-s-b emulsion had the highest concentration of these volatiles. 
This is aligned with the PV of this emulsion; 84-s-b peptide was inferior 
in terms of protecting the fish oil against oxidation. Overall, the emul-
sion stabilized with 97-u-b exhibited the highest oxidative stability and 
was comparable to cas at some instances (Fig. 4 and Fig. S1). Com-
pounds t,t-2,4-heptadienal and 2-ethyl furan were not detected in the 
97-u-b emulsion, while for 1-penten-3-ol, 97-u-b were detected in levels 
comparable to those in the cas emulsion. The 103-p-g emulsion showed 
comparable levels to 97-u-b and cas in terms of the formation of t,t-2,4- 
decadienal and t,t-2,4-heptadienal. These results can be confirmed by 
the slow depletion of alpha tocopherols by 103-p-g and relatively low PV 
at day 7 (36.88 meq O2/kg oil), which implies that this emulsion was 
oxidatively stable and did not require the use of the tocopherols. 

3.3.4. Emulsion color as an indication of lipid oxidation and non-enzymatic 
browning 

The reaction of lipid oxidation products with amines, amino acids 
and proteins, (i.e., production of carbonyl compounds that leads to the 
formation of brown colored oxypolymers) has long been related to the 
browning observed in many fatty foods during processing and storage 
[20]. Non-enzymatic browning reactions can also be related to advanced 
stages of oxidation [41]. As shown in Table 3, 84-s-b, 97-u-b and cas 
were the lightest emulsions (higher *L values) while 105-p-g had a lower 
*L value indicating the darkest among others. 97-u-b and cas had lower 
red (*a); and blue (*b) values, which indicates that these samples had 
less yellow color compared to the rest of the samples. The *L, *a, *b 
values of 97-u-b and cas correlates with their high oxidative stability, 
hence lower tendency for lipid oxidation and non-enzymatic browning 
reactions to take place. The high *L of 84-s-b can possibly be explained 
by its small droplet size, meaning more light was transmitted. Among 
other factors, droplet size also affects color quantification [34]. One 
common thing amongst samples having lower *L, more negative *a, and 
higher *b is that these were the emulsions that had inferior oxidative 
stability. Most oxidized emulsions are darker brown due to advanced 
oxidation, which was also observed in a previous study on potato pep-
tides [26]. 

The antioxidative properties of peptides are mainly related to their 
size, net charge, composition, structure and hydrophobicity [10,54]. 
The remarkable potency of 97-u-b for inhibiting lipid oxidation can at 
least be partly attributed to its positive charge that aids repulsion of 
positively charged metal ions from the interface, where the lipid 
oxidation is initiated [7]. Moreover, the positive net charge is a result of 
a high proportion of Lys (K) residues (4 of 16, i.e. 25 %), as observed in 
its AA sequence KVKINETVEIKGKFHV. The free amino group in K pos-
sesses a pair of free electrons and hence, has been suggested to chelate 

pro-oxidative Fe (II) ions via electrostatic coordination [11]. It is also 
reported that the antioxidant properties of peptides can stem from the 
presence of Lys, Met, His, Trp and Tyr residues [50]. The presence of 
hydrophobic AAs (e.g., Ala, Leu, Val, Pro, Phe) has also been suggested 
to be important to promote peptide interaction with lipids resulting in 
an augmented radical scavenging ability [19,3]. [17] reported that the 
amino acid residue H in combination with hydrophobic (e.g., Leu, Pro, 
Val) or aromatic (Phe) amino acids may also contribute to high lipid 
peroxidation inhibition property. However, antioxidant activity of 
peptides cannot only be explained by the presence of certain AAs; their 
positioning and the sequential composition matters as well [65]. 

Peptide size also affects the potency of the peptides to retard lipid 
oxidation, where shorter peptides are generally attributed higher scav-
enging and lipid peroxidation inhibition activities compared to long- 
chain peptides [55]. In this study, 97-u-b had the second shortest 
sequence among the peptides (16 residues, MW= 1869.24 Da). Ren 
et al. [52] outlined that peptide chains containing < 3 kDa peptides 
were more of an effective scavenger of hydroxyl radical and inhibitor of 
lipid peroxidation when compared to chains containing > 3 kDa pep-
tides. Moreover, good antioxidant properties were expected from 86-s-b 
as this was the shortest peptide (14 AAs). Its sequence ELQVSARVT-
LEIEL contains multiple L residues, which is a hydrophobic AA that 
enhances the interaction of peptides with the lipophilic environment 
[19,3]. 86-s-b also contained multiple E residues, which is an electron 
donor, has chelating properties, and its presence increases the antioxi-
dant capacity of peptides [3]. Among other negatively charged peptides, 
86-s-b provided the highest oxidative stability, which could be due to 
the factors such as its size and presence of E and L AAs that contributed 
to its ability to inhibit lipid oxidation. On the other hand, overall 
negative net charge hindered the oxidative stability. This signifies the 
complexity of peptide antioxidant activity. 

The low oxidative stability of 84-s-b is highly likely related to the 
highly negative net charge of this peptide at pH 7 (Table 1) that favored 
attraction of metal ions to the interface catalyzing lipid oxidation. 
Although 84-s-b has multiple hydrophobic residues (i.e. A, L, V, G, F) in 
its AA sequence (VGFACSGSAQTYLSFEGDNTGRGEEEVAI) that pro-
motes peptide interaction with lipids, the positioning of the AAs in the 
sequence may also have affected its antioxidant power [51]. Moreover, 
it is also noteworthy that g1 has a low oxidative stability, reaching as 
high as 66.38 meq O2/kg oil on day 3. Even though the g1 emulsion 
exhibited excellent physical stability, this sample had a dramatic in-
crease in PV from day 0 to day 3. This is in line with previous studies, 
where g1 samples showed low oxidative stability (i.e., highest genera-
tion of PBN-lipid spin adducts) [24] and reaching peak PV level at day 3 
when used as an emulsifier in a low-fat emulsion [26]. Furthermore, it 
must be kept in mind that the overall antioxidative activity must be 
ascribed to the integrative effects of these actions rather than to indi-
vidual actions of peptides [10]. For example, when a smaller droplet 
size, which yields to larger oil-water interfacial area, is combined with 
high negative net charge, which attracts positively charged metal ions 
towards the interface, this combination may lead to higher levels of lipid 
oxidation if the peptides do not have good antioxidant properties. 

Overall, oxidative stability of the positively charged peptides (97-u-b 
and 103-p-g) were the most comparable to cas, which is negatively 
charged at pH 7 and shows excellent metal chelating and good radical 
scavenging activity. The remarkable oxidative stability of 97-u-b, and to 
some extent 103-p-g, could be presumably attributed to repulsion of the 
metal ions at the oil-water interface. This agrees with previous results 
indicating that positively charged peptides considerably reduce lipid 
oxidation in emulsions when accelerated by the addition of ferrous ions 
[26]. 

4. Conclusions 

Functional peptides derived from seaweed, bacterial and potato 
protein with emulsifying properties can be identified using 

Table 3 
Color *L, *a, *b of the emulsions stabilized with different peptides and sodium 
caseinate at day 10 under storage at room temperature.  

Sample *L *a *b 

82-s-a  84.7c  -6.0a 11.6cd 

84-s-b  86.8de  -5.7ab 12.9de 

86-s-b  86.4d  -5.6bc 14.1e 

97-u-b  87.6e  -4.9ef 7.1ab 

103-u-g  85.0c  -5.3cde 11.3cd 

104-p-g  83.1b  -5.4bcd 11.3cd 

105-p-g  76.7a  -5.1de 9.3bc 

g1  84.3c  -5.2de 12.8de 

Cas  87.2de  -4.7f 5.4a 

Values are presented as means (n = 9). Means followed by the same letter/s per 
sample are not significantly different (p ≤ 0.05). 
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bioinformatics tools. The dual functional role of a peptide to be an 
emulsifier and antioxidant in an emulsion system can be positively 
exploited. Among the 11 peptides evaluated, the favorable peptides in 
terms of conferring good emulsion stability were 82-s-a, 84-s-b, 86-s-b, 
97-u-b,104-p-g and g1 based on their highly negative zeta potential, 
creaming stability and small oil droplets throughout storage. It was 
shown that the secondary structure of the peptides changed to more 
α-helical (up to 55 %) or β-strand (up to 70 %) structures when adsorbed 
at the oil-water interface compared to their disordered structure in so-
lution (e.g., from 4 % α-helical or 42 % β-strand). Several factors, such as 
peptides’ charge, length, secondary structure, ability to reduce oil-water 
interfacial tension, amino acid composition, were investigated in this 
study and shown to affect emulsion formation and stability. However, 
factors such as other structural characteristics, adsorption kinetics, 
surface coverage and emulsifier concentration, homogenizers used, and 
processing conditions can also have an effect which needs to be further 
investigated. Another aspect that was investigated was the oxidative 
stability of the peptide-based emulsions. In this context, 97-u-b exhibi-
ted superior antioxidant properties, as it had the lowest peroxide value, 
tocopherol consumption, concentration of volatile products and inci-
dence of non-enzymatic browning. The peptide’s mode of action in 
retarding lipid oxidation is attributed to several parameters such as its 
charge, composition, structure, and hydrophobicity; 97-u-b is a posi-
tively charged short chain peptide that not only has hydrophobic AAs 
that enhances radical scavenging activity but also multiple K residues 
that chelates Fe (II) ions. Moreover, the total antioxidant capacity is a 
collective consequence of the aforementioned factors rather than the 
individual effects of the amino acids. Altogether, 97-u-b was the best 
performing peptide in both the physical and oxidative stability analyses 
followed by 103-u-g. 

Although synthetic peptides were used in this study, the predicted 
peptides embedded within each abovementioned protein source would 
prove to be a clean and natural alternative to synthetic surfactants. Our 
study provides novel insight into the relation between physical and 
oxidative stability of emulsions, peptide dual functionality, interfacial 
peptide conformation and structural dynamics during emulsion pro-
duction. This new molecular insight allows designing targeted enzy-
matic hydrolysis, which leads to release of peptides and downstream 
purification or direct application as a functional food ingredient. It is 
also worth noting that identification of emulsifier peptides by using 
proteomics and bioinformatics followed by the validation of their 
functionality in food model systems (e.g., oil-in-water emulsions) allow 
to design a targeted-hydrolysis process of the parent protein for the in-
dustrial production of these peptides by enzymatic processes. 
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