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A B S T R A C T   

In this study, the impact of resveratrol (RES) on co-oxidation of lipid and protein in a fish oil-fortified whey 
protein isolate (WPI) emulsion was investigated. Oil-in-water (O/W) emulsions containing 1% fish oil, 6 mg/mL 
of WPI and RES (0.08 ~ 2 mM) were oxidatively stressed using a Fenton system at 25 ◦C for 24 h. The incor-
poration of RES significantly suppressed lipid oxidation (TBARS) and protein carbonylation. Oxidation-induced 
decrease on protein sulfhydryl content and surface hydrophobicity were partially attenuated by RES, but protein 
tryptophan fluorescence was further decreased with the increased concentration of RES. Visualization of protein 
patterns and MDA-bound protein suggested that RES is capable of inhibiting protein modification induced by 
secondary products of lipid oxidation. Significant decrease in protein digestibility under oxidizing condition was 
also mitigated by RES. Our study contributes to the exploration of complicated interactions between oxidized 
lipids and proteins when phenolic compounds are present.   

1. Introduction 

The potential health benefits of long chain ω-3 polyunsaturated acids 
(PUFAs) have been well-documented, e.g. for the prevention of heart 
diseases and cancer, and improvement brain functioning (Ghasemi Fard, 
Wang, Sinclair, Elliott, & Turchini, 2019). With dietary recommenda-
tions of increased consumption of ω-3 PUFAs, there is a trend of forti-
fication of foods with oils rich in ω-3 PUFAs to overcome the deficiency 
as well as maintaining the balances ratio of ω-6 to ω-3 PUFAs (Kola-
nowski & Weißbrodt, 2007). Dairy, meat, and poultry products are 
fortified with ω-3 PUFAs, especially the eicosapentaenoic acid (EPA, 
20:5n-3) and docosahexaenoic acid (DHA, 22:6n-3), via direct addition 
in foods or indirect animal feeding. In commercially available dairy 
products, such as liquid milk and yoghurt, the ω-3 PUFAs utilized are 
currently obtained from fish oil, marine microalgae, or flaxseed oil 
(Ganesan, Brothersen, & McMahon, 2014). 

Considerable challenges exist in incorporating these lipids into dairy 
products due to their susceptibility to lipid oxidation. Oxidative degra-
dation of ω-3 PUFAs leads to the generation of oxidized lipids and their 
secondary products, off-flavors, along with other alterations in food 
palatability (Ganesan, Brothersen, & McMahon, 2014). On the other 

hand, as a major component of dairy products, proteins are the target of 
various radicals, leading to evitable occurrence of protein oxidation. A 
lot of studies have dealt with the occurrence of protein oxidation or lipid 
oxidation separately during emulsion storage, although the interaction 
between oxidizing lipids (together with their oxidation products) and 
proteins has been scarcely investigated. In fact, it is observed that lipid 
and protein oxidation are timely coupled in complex food matrices 
(Hellwig, 2019). In dairy proteins (whey protein and casein), the irre-
versible modifications on nucleophilic groups in proteins give rise to a 
various adducts and crosslinks, contributing to biochemical and struc-
tural disruption in proteins, or even functional damages (Cucu, 
Devreese, Mestdagh, Kerkaert, & De Meulenaer, 2011; Obando, Papas-
tergiadis, Li, & De Meulenaer, 2015). Recently, the adverse impacts of 
lipid and protein co-oxidation on fish oil-fortified casein were described 
by modification markers (tryptophan, NFK and available lysine) in 
amino acids as well as protein digestibility (Obando, Soto, & De Meu-
lenaer, 2018). The physical stability of walnut oil-in-water (O/W) 
emulsions coated by whey proteins was also impaired by lipid and 
protein oxidation (Tian et al., 2021; Yi et al., 2020). It is suggested that 
emulsions constructed with oils of high PUFAs concentrations were 
more vulnerable to lipid oxidation and thus have greater impact on 
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protein digestibility (Obando et al., 2015). 
The recognition of lipid and protein oxidation justifies the applica-

tion of antioxidants in ameliorating oxidation reaction and preserving 
the nutritional characteristics of food products (Hellwig, 2019). In 
functional PUFAs fortified dairy products, the effects of phenolic anti-
oxidants have been documented in several studies. Rutin, ferulic acid, 
caffeic acid and their derivatives, as well as rosemary extract, were 
proved to be effective in retarding lipid oxidation in fish oil-enriched 
milk (Qiu, Jacobsen, & Sørensen, 2018; Qiu, Jacobsen, Villeneuve, 
Durand, & Sørensen, 2017). However, the influence of these phenolic 
compounds on protein oxidation has not been fully addressed. In fact, in 
a genuine food system, dietary proteins are often surrounded by mix-
tures of phenolic compounds, along with complicated interactions (co-
valent or noncovalent binding) between them (Jakobek, 2015; Tian 
et al., 2021). Hence, both antioxidative activities and potential protein- 
phenol interactions contribute to the overall impact of natural poly-
phenolic compounds on protein physiochemical and digestive properties 
during the lipid and protein co-oxidation. 

The present study was designed to evaluate the influence of poly-
phenolic compounds on the oxidation of fish-oil enriched whey protein 
isolate (WPI) emulsion. A naturally occurring polyphenol resveratrol 
(3,4′,5-trihydroxy-trans-stilbene, RES) was employed as a typical 
phenolic compound in this study for its well-claimed antioxidant ability 
and physiological benefits (Rauf, et al., 2017). Unlike other yellowish 
polyphenolic antioxidants, the addition of white RES has less impacts on 
the food sensory quality. In this study, the inhibitory effect of RES on 
lipid and protein co-oxidation was investigated. The oxidation pro-
gression of fish oil was monitored with the formation of thiobarbituric 
acid reactive substance (TBARS). Protein carbonylation was measured 
by DNPH derivatization method. The impacts of lipid and protein co- 
oxidation on the physicochemical properties of WPI was revealed by 
total sulfhydryl, intrinsic fluorescence, and surface hydrophobicity. The 
incorporation of typical lipid oxidation products manlondialdehyde 
(MDA) into WPI was revealed by western blot analysis. Changed 
occurring in protein surface microstructure and protein digestibility in 
vitro were also monitored. These results are expected to facilitate the 
development of naturally-occurring phenolic compounds as potential 
preventive methods to interrupt or mitigate the adverse impacts of lipid 
and protein co-oxidation in oil-enriched dairy products. 

2. Materials and methods 

2.1. Materials 

WPI (contains greater than 90% protein on a dry weight basis) was 
purchased from Milk Specialties Global Inc. (USA). Fish oil was a kind 
gift from Zhejiang Shenzhou Marine Bioengineering Co., Ltd. The fatty 
acid profile of fish oil as determined by GC–MS was as follows: C14:0, 
7.29%; C16:0, 15.4%; C16:1, 9.05%; C18:0, 2.81%; C18:1, 10.3%; 
C18:2, 1.46%; C18:3, 0.24%; C20:1, 0.9%; C20:4, 1.06%; C20:5 (EPA), 
17.9%; C22:6 (DHA), 10.5%. Resveratrol, 1, 1, 3, 3-tetramethoxypro-
pane, 1-anilino-8-naphthalene-sulfonate, L-ascorbic acid, 5, 5′-dithio-
bis (2-nitrobenzoic acid), porcine pepsin (≥250 units/mg solid) and 
pancreatin (8 × USP specifications) were purchased from Sigma-Aldrich 
Co. LLC (USA). Rabbit polyclonal malondialdehyde (ab27642) antibody 
and its corresponding secondary antibody were purchased from Abcam 
(Cambridge, UK). 2, 4-dinitrophenylhydrazine (DNPH), hydrogen 
peroxide, trichloroacetic acid (TCA), 2-thiobarbituric acid (TBA), so-
dium dodecyl sulfate (SDS), phosphate buffer saline (PBS), ferric chlo-
ride, brilliant blue R250/G250, guanidine hydrochloride, and all other 
reagents were obtained from Tokyo Chemical Industry Co., Ltd. (Japan) 
or Sinopharm Chemical Reagent Co., Ltd (China). 

2.2. Oxidation in fish oil-fortified WPI emulsions 

Oxidation reactions in fish oil-fortified WPI emulsions in the 

presence or absence of RES were carried out according to the method of 
Obando et al. (2015) Compared to other oils (e.g., soybean oil, sun-
flower oil), fish oil is more likely to be oxidized because of the higher 
amount of unsaturated fatty acids. Furthermore, an unacceptable fishy 
off flavor also limits its additive amount. Therefore, the lipid oxidation 
was initiated by a minimum content of fish oil (1%). Oil-in-water (O/W) 
emulsions (5 mL) were prepared in phosphate buffer saline (20 mM, pH 
7.4) by mixing of 1% fish oil, 6 mg/mL WPI and RES (0, 0.08, 0.4, 0.8, 
and 2 mmol/L, respectively), and sodium azide (0.05%) was utilized for 
prevention of microbial growth). The mixtures were then homogenized 
with a high-speed blender at 9200 rpm for 2 min. Oxidation reaction was 
catalyzed by a Fenton system using 10 μM FeCl3, 100 μM L-ascorbic acid, 
and 1 mM H2O2 (final concentration in emulsions) at 25 ◦C for 24 h with 
constant shaking. WPI control was prepared as the emulsion of WPI 
alone without the addition of fish oil. After oxidation reaction, all the 
emulsion samples with different treatments were frozen at − 20 ◦C 
immediately for further analysis (within 24 h). 

2.3. Emulsion characterization 

The average diameter and ζ-potential in all emulsions (fresh pre-
pared and 24 h incubation) were measured according to the previous 
method described by Tian et al. (2020) by a Zeta-sizer (Nano-ZS90, 
Malvern Instruments, UK). 50-fold dilution of emulsions was carried out 
to avoid multiple scattering effects. 

2.4. Lipid oxidation 

Fish oil oxidation progression in O/W emulsions was evaluated by 
measuring the development of TBARS according to the procedure of 
Salih, Smith, Price, and Dawson (1987) Briefly, the TBA reagent was 
prepared with 15% trichloroacetic acid and 0.375% thiobarbituric acid 
in 0.25 M HCl. Each sample of different treatments (0.5 mL) was mixed 
with equal volume of the TBA reagent, and then heated at 95 ◦C for 30 
min. The mixture was further centrifugated at 2000g for 10 min. UV 
absorbance of pinkish upper phase was measured at 532 nm for TBARS 
analysis in a Thermo Scientific Varioskan™ flash spectral scanning 
multimode reader (Thermo Scientific, Waltham, MA, USA). MDA stan-
dard curve was constructed by the hydrolysis of TMP (1, 1, 3, 3- 
tetramethoxypropane). 

2.5. Protein carbonylation 

The protein carbonylation in WPI protein was estimated by DNPH- 
derivatization according to the procedure of Levine, et al.(1990) 0.2 
mL DNPH solution (0.1% w/v, in 2 M HCl) was added to each sample of 
different treatment (0.1 mL) and derivatization was proceed in the dark 
at room temperature for 1 h. Then the proteins in each sample were 
precipitated by TCA solution (0.2 mL, 20% w/v) and centrifugated at 
5000g for 5 min. 0.2 mL ethanol/ethyl acetate (1:1, v/v) solution was 
utilized to extract the resultant precipitate for 3 times. Finally, all 
derivatized protein samples were re-dissolved in 0.6 mL guanidine hy-
drochloride (8 M in ddH2O). UV absorbance was monitored at 370 nm 
against a blank of HCl-treated protein sample. The carbonyl concen-
tration was examined spectrophotometrically by monitoring the UV 
absorbance at 370 nm. An absorption coefficient of 22000 mol− 1 cm− 1 

for protein hydrazones was applied for the calculation of protein 
carbonylation (nmol carbonyl per mg protein). 

2.6. Total sulfhydryls 

The total sulfhydryl content was estimated according to Ellman’s 
method (Ellman, 1959). Briefly, 100 μL sample of different treatment 
was mixed with 200 μL urea-SDS solution containing 8.0 M urea and 30 
mg/mL SDS in 100 mM phosphate buffer (pH 7.4). The mixture was 
reacted with 50 μL 10 mM DTNB (Ellman’s reagent) in the dark at room 
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temperature for 15 min. The absorbance of the reaction mixture was 
monitored at 412 nm with simultaneous recording of reagent blank and 
sample blanks. Total sulfhydryl content was calculated with a molar 
extinction coefficient of 13,600 L⋅mol− 1⋅cm− 1. 

2.7. Intrinsic (tryptophan) fluorescence 

The change of protein intrinsic fluorescence under oxidative stress in 
the presence or absence of RES was analyzed following the procedure of 
Wu et al.(2009) After the incubation, 2 mL of the reaction solution was 
precipitated by addition of an equal amount of 20% trichloroacetic acid 
and centrifugated at 5000g for 5 min. The residual RES in upper phase 
was diacard and the protein pellets were washed and re-dissolved in PBS 
before the fluorescence was taken. The emission profiles of tryptophan 
in WPI were recorded in the spectral range of 300 ~ 400 nm (slit width, 
5 nm) by a Hitachi F-4600 fluorescence spectrometer with an excitation 
wavelength fixed at 295 nm. Background spectra were subtracted from 
the samples under the same conditions. 

2.8. Surface hydrophobicity 

Protein surface hydrophobicity was assessed by a fluorescence probe 
1-anilino-8-naphthalene-sulfonate (ANS) as described by Li et al. (2015) 
Briefly, a range of protein concentrations (0.1 ~ 0.5 mg/mL) was ob-
tained by suspension of samples in different treatments in PBS (0.01 M, 
pH 7.0). Each diluted sample (0.2 mL) was then mixed with 8 mM ANS 
solution (3 µL) before fluorescence intensity was monitored at excitation 
wavelength of 365 nm and emission wavelength of 484 nm. The index of 
protein surface hydrophobicity (H0) was calculated as the initial slope of 
linear regression analysis of the plot of fluorescence intensity against 
protein concentration of WPI (mg/mL). 

2.9. SDS-PAGE analysis 

Molecular weight distribution of WPI in different treatments were 
examined by SDS-PAGE. Each protein sample (3 µL) of different treat-
ment was mixed with a reductive sample buffer (3 µL) containing 0.05% 
mercaptoethanol and loaded onto a polyacrylamide stacking gel (5%) 
and separated on a polyacrylamide resolving gel (15%). Electrophoresis 
was performed in a vertical electrophoresis apparatus (Bio-Rad Labo-
ratories, Hercules, CA, USA). The protein patterns were characterized 
with the staining of Coomassie Brilliant Blue R-250. 

2.10. Western blot analysis 

After separation via SDS-PAGE, the proteins were then transferred 
onto a PVDF membrane. Blocking of nonspecific binding was achieved 
by incubation with non-fat milk (0.05 g/mL) overnight at 4 ◦C in PBS- 
Tween (0.05% Tween, pH 7.4) with constant shaking. PVDF mem-
brane were then washed and incubated with primary anti-MDA antibody 
(1: 5000) for 2 h and subsequently with corresponding secondary HRP- 
conjugated antibody for 1 h. A Kodak X-ray film was utilized to develop 
all the bands by a Pierce visualizer spray & glow ECL Western Blotting 
detection system. 

2.11. Microstructure of protein surface 

The surface microstructure of WPI in different treatment was imaged 
using a high-resolution field emission scanning electron microscope 
(SEM, model S-4800, Hitachi Co., Tokyo, Japan). The protein samples 
were sputter-coated with gold after fixation on stubs by conductive 
plastic tapes. Surface microstructure was observed under 20000 ×
magnification at an acceleration voltage of 10 kV. 

2.12. In vitro digestion 

In vitro protein digestibility was measured in accordance with the 
procedure of Cao et al. (2016) 2 mL WPI samples in different treatments 
were homogenized in 6 mM HCl solution (10 µL). A simulation of gastric 
phase digestion was carried out by the addition of pepsin solution (1 
mg/mL in 10 mM HCl). The reaction mixture (pH 2.0) containing 4 mg/ 
mL protein and 4% pepsin (w/w protein basis) was kept at 37 ◦C for 60 
min. Subsequently, 1 M NaOH was used to adjust the pH to 7.4 in order 
to inactivate pepsin, and 4% pancreatin (w/w protein basis) was added 
immediately to initiate intestinal digestion at 37 ◦C for 120 min. During 
the pepsin-pancreatin digestion, aliquots were taken for analysis at 
different time points (0, 30, 60, 120, 150, and 180 min). The simulated 
digestion process was finally terminated by addition of equal volume of 
30% TCA solution and digests were obtained by centrifugation. The 
digests were finally re-dissolved in 1 M NaOH (1 mL) and Biuret method 
was utilized for the determination of protein concentration. The protein 
digestibility of WPI was calculated by the following formula, and the 
total and TCA-precipitated protein concentrations were represented as 
Ct and Cp, respectively. 

digestibility(%) =
Ct − Cp

Ct
× 100  

2.13. Statistical analysis 

All the experiments were performed in triplicates and data were 
presented as mean ± standard deviation (SD). Statistical analyses were 
performed using a SPSS statistical package (SPSS Inc., Chicago, IL, USA). 
Duncan test was applied for statistical comparison of mean values be-
tween groups and identification of significant differences (P < 0.05). 

3. Results and discussion 

3.1. Emulsion characterization 

The average diameter of oil droplets in freshly prepared emulsions 
were shown in Table 1. The droplet size in different treatments ranged 
from 0.71 ± 0.09 µm to 0.84 ± 0.13 µm. There was no significant dif-
ference among freshly prepared emulsions of different treatments, sug-
gesting RES had little impact on the size of oil droplets. After 24 h 
oxidation reaction, the average diameters of oil droplets ranged from 
0.69 ± 0.01 to 0.78 ± 0.07 µm, most of which were smaller than those in 
fresh emulsions. Still there was no significant difference in average di-
ameters of oil droplets after 24 h oxidation. 

The aggregation stability of lipid droplets in the emulsions is influ-
enced by their surface potential. The decreased ζ-potential is consistent 

Table 1 
Measurement of average diameter (µm) of oil droplet and ζ-potential (mV) in 
WPI co-oxidized with fish oil in the absence and presence of RES (0.08, 0.4, 0.8, 
and 2 mM).  

Samples Diameter (µm) ζ-potential (mV) 

0 h 24 h 0 h 24 h 

WPI + Fish oil 0.80 ±
0.06 aA 

0.75 ±
0.05 aA 

− 34.77 ±
1.16 aA 

− 30.80 ±
1.76 aB 

WPI + Fish oil +
RES0.08 

0.74 ±
0.04 aA 

0.69 ±
0.01 aA 

− 31.53 ±
2.70 aA 

− 30.00 ±
1.83 aA 

WPI + Fish oil +
RES0.4 

0.71 ±
0.09 aA 

0.74 ±
0.05 aA 

–32.30 ± 1.49 
aA 

− 31.37 ±
1.56 aA 

WPI + Fish oil +
RES0.8 

0.84 ±
0.13 aA 

0.78 ±
0.07 aA 

− 31.40 ±
0.53 aA 

–33.07 ± 2.46 
aA 

WPI + Fish oil +
RES2 

0.75 ±
0.09 aA 

0.71 ±
0.06 aA 

− 31.60 ±
0.62 aA 

− 31.60 ±
0.98 aA 

Means with different lowercase letters differ significant (P < 0.05) between 
different treatments. Means with different uppercase letters differ significant (P 
< 0.05) between different oxidation time. 
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with physical stability of the emulsions because of a weak electrostatic 
repulsive force between the droplets (Yi et al., 2020). Table 1 showed 
the ζ-potential of the emulsions with different treatments. The addition 
of RES did not cause significant changes in the magnitude of electrical 
charges on the droplets in fresh prepared emulsions. During oxidative 
progression, only the RES-devoid control group experienced significant 
decrease in negative surface charges on the droplets, suggesting the 
protective effects of RES in maintaining the emulsion stability. 

3.2. Lipid oxidation 

The progressing of lipid oxidation promotes the oxidation of other 
components in complex dairy products such as proteins, fat-soluble vi-
tamins. The strategies devoted to control the co-oxidation of lipids and 
proteins were most directly adopted from well described and effective 
approaches against lipid oxidation. These include the addition of natural 
phenolic compounds with antioxidant activity directly to the food. As 
shown in Fig. 1A, catalyzed by a Fe3+/H2O2 system, the fish oil with 
high PUFA content (52.9%) led to a significant increase of TBARS in 
emulsion from 0.11 µM to 7.05 µM (P < 0.05) after 24 h incubation, 
indicating rapid oxidation of fish oil without the presence of antioxidant. 
The addition of RES (0.08, 0.4, 0.8, and 2 mM) significantly inhibited 
the lipid oxidation, with dose-dependent decrease of TBARS to 3.96, 
3.09, 2.65, 1.93 µM, respectively. Comparable results were found in 
dairy products enriched with functional fatty acids with the incorpora-
tion of natural polyphenols or plant extracts. For example, the curtaining 
of lipid oxidation by rosemary extract and lipophilized caffeic acid was 
observed in fish oil-fortified milk (Qiu et al., 2018; Vital, Croge, Gomes- 
da-Costa, & Matumoto-Pintro, 2017). Okara residue was also proved to 
be effective in interrupting lipid oxidation in linseed oil-fortified milk 
(Vital et al., 2018). It is suggested that certain natural phenolic 

compounds were capable of mitigating lipid oxidation, with lowered 
level of TBARS as initiator of protein oxidation. 

3.3. Protein carbonylation 

Generally, protein carbonylation is derived from irreversible and 
non-enzymatic modification of proteins by carbonyl moieties under 
oxidative stress. Protein carbonylation is one of the primary conse-
quences of protein oxidation, and the protein carbonyl level is consid-
ered as an effective indicator for the degree of protein oxidation. The 
results in the present studies indicated that oxidation of WPI, as deter-
mined via protein carbonyl content, was enhanced in the presence of fish 
oil. As shown in Fig. 1B, in contrast to the carbonyl content of native WPI 
at 5.68 nmol/mg protein, the addition of fish oil promoted carbonyl 
formation to 9.86 nmol/mg protein (P < 0.05). Simultaneous treatment 
of RES (0.08, 0.4, 0.8, and 2 mM) significantly inhibited protein 
oxidation as the protein carbonyl level decreased to 7.73, 6.92, 6.79, 
6.63 nmol/mg protein, respectively. Different pathways can be 
responsible for the formation of protein carbonyls. In this case, direct 
oxidation of susceptible amino acids side chains, and covalent binding of 
lipid oxidation-derived carbonyl compounds such as MDA, were regar-
ded as the most potent sources of oxidative attack to proteins. In this 
study, there is an apparent positive correlation between TBARS content 
and protein carbonylation, suggesting significant contribution of lipid 
oxidation products to protein oxidation in this fish oil and WPI co- 
oxidation system. The antioxidant effect of RES in reducing protein 
carbonylation might be mediated by minimizing the generation of lipid 
oxidation products. However, the effect of phenolic compounds on 
protein oxidation is influenced by other factors such as specific in-
teractions between these compounds and proteins. In previous reports, 
certain kinds of phenolic compounds which are capable of inhibiting 

Fig. 1. TBARS formation (A), protein carbonyl contents (B), total sulfhydryl contents of WPI (C) and surface hydrophobicity contents of WPI (D) in the absence and 
presence of RES (0.08 ~ 2 mM) during the co-oxidation of fish oil-enriched WPI emulsions at 25 ◦C for 24 h. Means (n = 3) in the same parameter group with no 
common letter differ significantly (P < 0.05). 
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lipid oxidation could not be effective in preventing protein carbonyla-
tion (Estévez, Kylli, Puolanne, Kivikari, & Heinonen, 2008; Jakobek, 
2015). One plausible explanation is the conversion to equivalent 
quinone form in phenolics could trigger the oxidative degradation of 
amino acid side chains, with the promotion of protein carbonylation 
(Estévez, 2011). In our study, the oxidized form of RES might contribute 
to protein carbonylation, while RES could block other carbonylation 
pathway by metal ion chelating or free radical scavenging, hence, an 
overall inhibitory effect of RES on protein carbonylation was observed in 
this fish oil-enriched WPI emulsion. 

3.4. Intrinsic fluorescence changes 

The changes of intrinsic protein (tryptophan) fluorescence intro-
duced by oxidative stress in the presence or absence of RES were 
analyzed by fluorescence spectra measurements. Maximum fluorescence 
emission was observed around the wavelength of 330 nm for native WPI 
(Fig. 2). The addition of fish oil greatly impaired the intrinsic fluores-
cence of tryptophan in WPI. Similar decay of tryptophan fluorescence 
has been observed in the presence of PUFAs (Mestdagh, Kerkaert, Cucu, 
& De Meulenaer, 2011) or secondary oxidative product MDA (Li, et al., 
2015), which is indicative of modifications on amino acid and protein 
conformation. In the presence of 0.08 mM RES, the profile of tryptophan 
fluorescence was similar to that of oxidized WPI. However, tryptophan 
fluorescence was further decreased in the presence of higher levels of 
RES (0.4, 0.8, and 2 mM). Such fluorescence quenching might be 
attributed to the interactions between RES and tryptophan residues, 
which has been frequently observed in dairy proteins/polyphenols co- 
incubation systems (e.g. Jakobek, 2015; Jia, Gao, Hao, & Tang, 2017; 
Jiang, Zhang, Zhao, & Liu, 2018). For reference, the profile of fluores-
cence emission of RES alone (0.08 mM, without lipids or proteins) was 
provided in Fig. 2. An additional shoulder at 360 ~ 400 nm was 
observed at higher concentrations of RES (0.4, 0.8, and 2 mM), which 
corresponds to the fluorescence of RES (Liu, Fan, Gao, Zhang, & Yi, 
2018). Since residual RES in the emulsion was removed before fluo-
rescence measurement, appearance of the additional shoulder suggests 
the incorporation of RES into WPI. Generally, attenuated tryptophan 
fluorescence was attributed to protein modification and protein–protein 
cross-linkings derived from oxidation, covalent/non-covalent protein 
binding to phenolic compounds, and less exposure of tryptophan to the 
environment. 

3.5. Protein sulfhydryl (SH) groups 

The loss of thiol groups is widely acknowledged as an important 
parameter for the evaluation of protein oxidation since thiol group is 
highly susceptible to oxidation. In this experiment, the co-oxidation of 
fish oil with WPI caused a significant reduction of total SH groups in WPI 
from 151.84 nmol/mg protein to 97.62 nmol/mg protein (Fig. 1C). 
Oxygen free radicals (superoxide, hydroperoxyl, and hydroxyl radicals, 
etc.) catalyzed by iron in complex Fenton reaction system could be 
implicated in thiol oxidation. Other radicals derived from lipid oxidation 
(L⋅, LO⋅, and LOO⋅) might also contribute to the loss of SH groups via 
formation of disulfide bridges. Moreover, the reaction between sec-
ondary aldehydic products in lipid oxidation and SH groups could pre-
vent the detection of SH groups by DTNB probe (Oueslati, de La Pomélie, 
Santé-Lhoutellier, & Gatellier, 2016). Impact of RES on the SH groups of 
WPI was complicated. Low concentration of RES (0.08 and 0.4 mM) 
restored the SH groups to 114.8 and 105.37 nmol/mg protein while high 
concentration of RES (0.8 and 2 mM) led to further depletion of SH 
groups to 90.15 and 82.29 nmol/mg protein. The promotion of protein 
sulfhydryl losses has also been observed in the application of some 
natural phenolic antioxidants in porcine myofibrillar proteins (Cao 
et al., 2016). The quinones in oxidized RES could react with protein thiol 
groups accompanying the formation of thiol-quinone adducts, which 
potentially contribute to the decrease of SH groups in WPI (Jiang, He, 
Jiang, Sun, & Pan, 2010; Jongberg, Gislason, Lund, Skibsted, & Water-
house, 2011). 

3.6. Surface hydrophobicity 

Surface hydrophobicity represents an important characteristic of 
protein regarding the distribution of hydrophobic amino acid residues 
on the surface. As shown in Fig. 1D, compared to native WPI, the 
oxidized WPI exhibited significant decrease (29.72%) of surface hy-
drophobicity, indicating the introduction of hydrophilic components 
(such as protein carbonyl groups) during oxidation. Up to 23.28%, 
16.78%, 16.48%, and 12.46% reductions in surface hydrophobicity 
were observed after RES treatments (0.08, 0.4, 0.8, and 2 mmol/L, 
respectively). Although RES could reverse the reduction of surface hy-
drophobicity to some extent, the surface hydrophobicity cannot be 
restored to its original status. There are reports on the reduction of 
surface hydrophobicity by covalent or non-covalent binding of natural 
polyphenols to dietary protein (Jia, Gao, Hao, & Tang, 2017). Presum-
ably, the changes in protein surface hydrophobicity are consequence of 
oxidative stress as well as the phenol–protein interactions. 

3.7. SDS-PAGE analysis 

The protein modification induced by oxidation were revealed as 
changes in the emergence and intensity of protein bands separated by 
SDS-PAGE. Under reducing conditions, two major bands, representing 
α-lactoglobulin (α-La,14 kDa) and β-lactoglobulin (β-Lg, 18 kDa) were 
observed in native WPI (Fig. 3A). The co-incubation of WPI with fish oil 
resulted in obvious reduced band intensity of α-La and β-Lg, and α-La 
were more vulnerable to modification than β-Lg. Faded or disappeared 
native proteins under oxidative stress was also observed in the co- 
incubation of fish oil with whey protein (Obando et al., 2015) or BSA 
(Yuan et al., 2019; Zhu et al., 2013), as well as casein-based emulsions 
containing sunflower and soybean oil (Obando et al., 2015). In these 
reports, oxidation-induced protein cross-linking, polymerization, ag-
gregation, and degradation were accompanied with gradual disappear-
ance of the native proteins. 

3.8. Western blot analysis of MDA-modified protein 

One of the protein oxidation pathways in the presence of lipids is 
mediated via the lipid oxidation products. Among these lipid oxidation 

Fig. 2. Representative fluorescent emission spectra of tryptophan in WPI. The 
fluorescence profile was excited at 295 nm and recorded in the emission range 
from 315 to 400 nm. 
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products, MDA is the most abundant reactive carbonyl compound 
generated from oxidation of both ω-3 and ω-6 fatty acids in foodstuffs 
during processing, storage and even digestion, with high reactivity to-
wards susceptible amino acid side chains by forming Schiff base com-
plex. Investigation on MDA-mediated protein oxidation in this fish oil- 
enriched WPI emulsion was carried out by highly sensitive and spe-
cific immunological techniques. As shown in Fig. 3B, while native WPI 
was hardly recognized by the antibody targeted specifically to MDA- 
modified proteins, potent immunoreactivity was observed in WPI co- 
incubated with fish oil, suggesting the involvement of MDA in protein 
oxidation of WPI. The profiles of MDA-modified protein indicated the 
binding of MDA to WPI occurred in a wide range. The main component 
β-Lg in WPI was the target of MDA-modification, and the modification 
on the other main component α-La was not obvious. Presumably, MDA- 

caused protein cross-linking on β-Lg/α-La and other protein components 
resulted in higher molecular weights protein complex because of its two 
aldehyde groups at the opposing ends of MDA molecule. The addition of 
RES (0.08 ~ 2 mmol/L) remarkably alleviated the binding of MDA to 
WPI in a dose-dependent manner (lane 3 ~ 6). 

In this study, the Western blot analysis on MDA-modified WPI was 
fairly consistent with the result of TBARs and protein carbonylation, 
suggesting that RES was effective in interrupting lipid and protein co- 
oxidation. The TBARS value indicates the progression of lipid oxida-
tion, and MDA-modified WPI suggests the participation of lipid oxida-
tion products on protein oxidation (Vandemoortele & De Meulenaer, 
2015). Lowered formation of MDA-modified WPI mediated by RES 
might be the result of its antioxidative capability that inhibit the pro-
duction of MDA as precursor of protein oxidation. Evidence is emerging 

Fig. 3. SDS-PAGE analysis of protein pattern (A) and Western blot analysis of MDA-modified proteins in WPI (B) in the absence or presence of RES (0.08 ~ 2 mM) 
during the co-oxidation of fish oil fish oil-enriched WPI emulsions in the absence or presence of RES (0.08 ~ 2 mM) at 25 ◦C for 24 h. 
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that showed natural phenolic compounds can directly react with lipid 
oxidation derived reactive carbonyl compounds including α, β-unsatu-
rated aldehydes (ACR and HNE) (Zhu et al., 2009), and di-aldehyde 
(MDA and GO) (Cai et al., 2011; Zhang, Zhao, Ohland, Jobin, & Sang, 
2019). The reaction of reactive carbonyl compounds with natural 
phenolic compounds is faster than with proteins, which spared proteins 
from carbonyl-amine crosslinking reaction. Taken together, the anti-
oxidative and MDA-scavenging capabilities of RES might work in con-
cert to alleviate lipid and protein co-oxidation (Zamora & Hidalgo, 
2016; Zhu et al., 2013). 

3.9. Protein surface characterization 

SEM was utilized for surface characterization of WPI under oxidation 
in the absence or presence of RES. The microstructure of unmodified 
WPI revealed smaller and regular network structure (Fig. 4A). Disrup-
tion of protein microstructure was observed when WPI was incubated 
with fish oil under metal-catalyzed oxidation. WPI exhibited relatively 
smooth and continuous protein network with obvious agglomerate ar-
rangements, which may be derived from the modification on amino acid 
side chains that rendered intra- and intermolecular protein cross-linking 
and aggregation (Fig. 4B). The co-existence of WPI, fish oil, and RES 
results in more complicated interplay among them (Fig. 4C-F). Lowered 
agglomeration was observed in the presence of RES (0.08 to 2 mM). This 
remarkable tendency was possibly related to the complexation impli-
cated in both inhibition of protein oxidation by RES and WPI-RES in-
teractions via covalent bonds or non-covalent forces that resulted from 
oxidation/nucleophilic reaction processes (Niu et al., 2019; Peng et al., 
2015; Yuan et al., 2019). 

3.10. Protein digestibility 

Protein digestibility is closely associated with amino acid composi-
tion as well as secondary protein structural features. The changes in 
protein digestibility of WPI was illustrated in Table 2. Significantly 
decreased protein digestibility was observed at all time points during 
gastrointestinal digestion. The digestibility of oxidized WPI was 48.1% 
in the absence of RES at the end of pancreatin digestion, while the 

digestibility of native WPI was 89.0%. The in vitro susceptibility of dairy 
proteins during lipid and protein co-oxidation to digestive enzymes has 
been investigated (Cucu et al., 2011; Mestdagh et al., 2011; Obando 
et al., 2015; Obando et al., 2018). The modified digestive behavior of 
proteins was mainly attributed to severe protein aggregation, and the 
proteins become more difficult to digest. The trend was particularly 
obvious in the presence of highly unsaturated oils which are more prone 
to oxidation. In the presence of RES, the protein digestibility exhibited 
variations according to different timepoints and the concentration of 
RES. At the end of digestion, protein digestibility of oxidized WPI in the 
presence of RES (0.08, 0.4, 0.8 and 2 mM) was increased significantly to 
73.9, 77.6, 81.5 and 78.4%, respectively, compared with oxidized WPI 
without antioxidant treatment (48.1%). Hence, it is suggested that the 
incorporation of RES partially ameliorated sharp decrease in di-
gestibility. However, the protein digestibility in the presence of RES was 
significantly lower than native WPI (89.0%). Complicated interactions 
contribute to the change of protein digestibility under oxidative stress. 
Besides the oxidation induced protein structural modification, phenolic 

Fig. 4. Representative SEM micrographs of WPI co-oxidized with fish oil in the absence or presence of RES (0.08 ~ 2 mM) at 25 ◦C for 24 h (magnification 1: 20000). 
A: WPI control; B: WPI + fish oil; C: WPI + fish oil + RES 0.04 mM; D: WPI + fish oil + RES 0.08 mM; E: WPI + fish oil + RES 0.8 mM; F: WPI + fish oil + RES 2 mM. 

Table 2 
In vitro digestibility (%) of WPI co-oxidized with fish oil in the absence and 
presence of RES (0.08, 0.4, 0.8, and 2 mM).  

Samples Time (min) 

Gastric tract Intestinal tract 

30 60 90 120 180 

Control WPI 73.8 ±
0.7 a 

76.9 ±
2.4 a 

85.9 ±
1.7 a 

86.1 ±
0.6 a 

89.0 ±
0.6 a 

WPI + Fish oil 31.6 ±
3.3 d 

34.3 ±
4.2 d 

41.6 ±
11.8 d 

43.3 ±
2.7 d 

48.1 ±
6.9c 

WPI + Fish oil +
RES0.08 

38.6 ±
8.4c,d 

37.1 ±
6.7 d 

62.8 ±
2.1c 

74.4 ±
5.5c 

73.9 ±
2.2b 

WPI + Fish oil +
RES0.4 

44.1 ±
8.7b,c 

64.4 ±
4.2b 

67.8 ±
5.8b,c 

83.3 ±
2.0 a,b 

77.6 ±
6.8b 

WPI + Fish oil +
RES0.8 

49.7 ±
6.9b 

63.2 ±
1.1b 

70.4 ±
3.0b,c 

81.2 ±
2.1 a,b 

81.5 ±
2.5 a,b 

WPI + Fish oil +
RES2 

58.3 ±
3.4b 

48.2 ±
10.5c 

74.7 ±
3.8b 

79.2 ±
2.1b,c 

78.4 ±
5.8b 

Means within the same column with different letters differ significant (P < 0.05). 
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compounds also exert considerable influence on protein’s molecular 
configuration because of covalent or non-covalent bindings. Further-
more, phenolic compounds are known to decrease the catalytic activity 
of various enzymes including digestive enzymes (such as pepsin, trypsin, 
and lipases, etc.) (Donmez et al., 2020). Therefore, the impacts of RES on 
the digestibility of WPI during lipid and protein co-oxidation was the 
overall result of all these influential factors. 

4. Conclusion 

In this study, the protein physicochemical and digestibility changes 
in fish oil-enriched WPI emulsions in the presence of phenolic antioxi-
dants are investigated. The stability of fish oil under oxidative stress was 
significantly strengthened with RES incorporation. WPI, in co- 
incubation with oxidized fish oil, experienced more severe oxidation, 
as seen from the changes in protein carbonyl content, tryptophan fluo-
rescence, sulfhydryl content, surface hydrophobicity, protein surface 
microstructure, as well as protein digestibility. The impacts of RES on 
these changes were complicated due to oxidative deterioration on both 
lipids and proteins as well as phenol–protein interaction. Protein 
modification visualized by SDS-PAGE and Western blot further 
confirmed the consequence of lipid oxidation on protein damage and the 
protective effects of RES in interrupting the covalent binding of MDA to 
WPI. These findings provide new insights into the development of lipid 
and protein co-oxidation in PUFAs-fortified dairy products with prom-
ising inhibitory strategy to minimize the possible risk of adverse effects 
generated from lipid and protein co-oxidation. 
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