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Abstract  

 This study investigated the gastric-phase digestion behavior and antioxidant responses of enzymatic protein hydrol-

ysates produced from desalted duck egg white (DS-DEW) and evaluated their potential for value-added food ingredient 

development. Duck egg white proteins were subjected to enzymatic hydrolysis, and a modified INFOGEST static in vitro 

digestion model focusing exclusively on the gastric phase was applied to native duck egg white (DEW), desalted duck 

egg white (DS-DEW), duck egg white hydrolysate (DEWH), desalted duck egg white hydrolysate (DS-DEWH), and 

commercial egg white powder (EWP). Proteolysis during digestion was assessed by acid consumption kinetics, while free 

amino acid (FAA) release and antioxidant responses were evaluated using HPLC, DPPH radical-scavenging, and ferric-

reducing antioxidant power (FRAP) assays. Native and non-hydrolyzed samples (DEW, DS-DEW, and EWP) exhibited 

high acid uptake during gastric digestion (90% - 95%), whereas pre-hydrolyzed samples (DEWH and DS-DEWH) showed 

markedly lower acid consumption (< 20%), reflecting extensive peptide bond cleavage prior to gastric digestion rather 

than reduced digestibility. DS-DEWH exhibited the highest absolute FAA content after digestion (303.25 ± 4.38 mg/g), 

approximately 22-fold higher than EWP, indicating greater availability of hydrolysis products under acidic, pepsin-driven 

conditions. Antioxidant evaluation using chemical assays showed that DS-DEWH displayed significantly higher DPPH 

radical-scavenging activity (42.67%) and FRAP values (3.71 ± 0.69 µmol TE/g) than DEW and DS-DEW (p < 0.05). 

Due to analytical constraints, EWP was excluded from antioxidant assays. Overall, enzymatic hydrolysis altered gastric-

phase digestion behavior and enhanced free amino acid availability and antioxidant responses of desalted duck egg white 

at the chemical-assay level, supporting its valorization as a sustainable food protein ingredient. 

 

Keywords: Desalted duck egg white, Enzymatic hydrolysis, in vitro gastric digestion, Protein valorization, Antioxidant 

activity, Food ingredient development 

 

Abbreviation  

 ANOVA  Analysis of variance; 

 DEW  Duck egg white; 
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 DEWH  Duck egg white hydrolysate; 

 DI   Distilled water; 

 DMRT  Duncan’s multiple range test; 

 DPPH  2,2-diphenyl-1-picrylhydrazyl; 

 DS-DEW  Desalted duck egg white; 

 DS-DEWH Desalted duck egg white hydrolysate; 

 EWP   Egg white powder; 

 FAA   Free amino acids; 

 FRAP  Ferric reducing antioxidant power; 

 GI   Gastrointestinal; 

 GL30  Thermoase GL30; 

 HCl   Hydrochloric acid; 

 HPLC  High-performance liquid chromatography; 

 INFOGEST International Network on Food Digestion; 

 NaCl   Sodium chloride; 

 R²   Coefficient of determination; 

 SD   Standard deviation; 

 SGF   Simulated gastric fluid; 

 SSF    Simulated salivary fluid; 

 TPTZ  2,4,6-tris(2-pyridyl)-s-triazine; 

 UV-Vis  Ultraviolet-visible spectrophotometry. 

 

Introduction 

 Bioactive components derived from food proteins 

have attracted increasing attention in food science and 

nutrition due to their potential antioxidant, antihyperten-

sive, and anti-inflammatory properties [1]. These com-

ponents are commonly generated through enzymatic hy-

drolysis, which converts native proteins into smaller hy-

drolysis products with altered functional and digestive 

properties [2,3]. Their effectiveness depends not only on 

amino acid composition but also on stability during pro-

cessing and gastrointestinal digestion. In particular, hy-

drolysis products enriched in hydrophobic, aromatic, or 

sulfur-containing amino acids - such as phenylalanine, 

tyrosine, tryptophan, and methionine - are frequently as-

sociated with enhanced antioxidant responses in chemi-

cal assays due to their radical-scavenging and metal-

chelating abilities [4-7]. 

 Among the various functional attributes of protein 

hydrolysates, antioxidant activity is especially important 

because it contributes to oxidative stability in food sys-

tems and may reduce oxidative stress. Antioxidant re-

sponses are influenced by factors such as the degree of 

hydrolysis, protease specificity, and the overall compo-

sition of hydrolysis products [8]. While extensive stud-

ies have been conducted on hydrolysates from plant and 

dairy proteins such as soy, rice, casein, and whey, inves-

tigations focusing on animal-derived hydrolysates par-

ticularly duck egg white remain limited. 

 Duck egg white (DEW) is a rich source of globular 

proteins, including ovalbumin, ovotransferrin, ovo-

globulin, and lysozyme, which provide desirable func-

tional properties such as foaming, emulsifying, and gel-

ling [9,10]. Compared with chicken egg white, DEW 

contains higher total protein levels, a greater proportion 

of ovalbumin and ovotransferrin, and higher contents of 

aromatic and sulfur-containing amino acids that are 

commonly linked to antioxidant activity [12-14]. DEW 

also exhibits higher ovomucin content and a distinct al-

bumin-to-globulin ratio, contributing to increased vis-

cosity and gel strength [12,15]. These compositional 

characteristics suggest that DEW is a promising sub-

strate for producing antioxidant-active protein hydroly-

sates. 

 Salted egg production, widely practiced in many 

Asian countries including Thailand, generates large 

quantities of salted egg white as a by-product. Tradi-

tional curing methods, such as brine immersion or clay-

coating, induce extensive salt penetration and protein 

denaturation, rendering the by-product unsuitable for di-
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rect food applications and leading to disposal-related en-

vironmental and economic concerns. Desalting of this 

by-product yields desalted duck egg white (DS-DEW), 

which retains valuable proteins and represents a sustain-

able raw material for further processing [16,17]. How-

ever, prolonged exposure to high salt concentrations 

during curing can induce conformational changes that 

may reduce enzyme accessibility and influence subse-

quent digestion behavior [4,18]. Understanding how 

these salt-induced modifications interact with enzymatic 

hydrolysis is therefore critical for effective valorization 

of DS-DEW. 

 Although antioxidant-active hydrolysates from 

fresh egg white and other animal proteins have been re-

ported [19,20] systematic investigations focusing on 

DS-DEW remain scarce. In particular, the combined ef-

fects of desalting and dual-enzyme hydrolysis on gas-

tric-phase digestion behavior, free amino acid release, 

and antioxidant responses under standardized digestion 

models have not been clearly elucidated. Addressing 

this gap is essential for understanding how salt-induced 

structural modifications interact with enzymatic pro-

cessing and pepsin-driven digestion, and for guiding the 

valorization of salted egg by-products. 

 Therefore, the aim of this study was to produce en-

zymatic protein hydrolysates from desalted duck egg 

white using a dual-enzyme system consisting of Prote-

ase M “Amano” SD and Thermoase GL30, and to eval-

uate their gastric-phase digestion behavior, free amino 

acid availability, and antioxidant responses under a 

modified INFOGEST model. Based on the composition 

of DEW and the anticipated synergistic effects of desalt-

ing and dual-enzyme hydrolysis, it was hypothesized 

that desalted duck egg white hydrolysate (DS-DEWH) 

would exhibit enhanced gastric-phase stability against 

further pepsin cleavage, greater free amino acid availa-

bility, and stronger antioxidant responses than non-hy-

drolyzed samples. This work provides a functional as-

sessment of DS-DEWH as a value-added hydrolysate 

derived from a salted egg by-product, supporting its po-

tential for sustainable food ingredient development. 

 

Materials and methods 

 Chemicals and materials 

 Salted duck egg white was purchased from a local 

salted egg industry (Nakhon Pathom, Thailand) and 

stored at −20 °C until use. Fresh duck eggs were ob-

tained from a convenience store (Phitsanulok, Thai-

land). Commercial egg white powder (EWP) was pur-

chased from Krungthepchemi Co., Ltd. (Bangkok, Thai-

land). Protease M “Amano” SD (≥ 40,000 U/g) and 

Thermoase Gacid L30 (≥ 300,000 U/mL) were obtained 

from Amano Enzyme Asia Pacific Co., Ltd. (Pathum 

Thani, Thailand). DPPH (2,2-diphenyl-1-picrylhydra-

zyl, ≥ 95%), Trolox (≥ 97%), acetic acid, porcine mucin, 

and pepsin (Product code SA-P7000, ≥ 250 U/mg pro-

tein) were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). All reagents and solvents were analytical 

grade (≥ 99.8%). 

 

 Sample preparation 

 Salted duck egg white was desalted by boiling in 

water at 80 - 100 °C for 3 - 5 cycles of 10 min each until 

the salt content was < 0.2% (w/w), as determined by the 

Mohr titration method [14]. The desalting procedure in-

volved repeated boiling cycles (80 - 100 °C, 10 min per 

cycle), which may induce thermal denaturation of egg 

white proteins. However, heat treatment alone does not 

cleave peptide bonds but primarily alters protein confor-

mation, facilitating salt diffusion and potentially in-

creasing enzyme accessibility during subsequent hy-

drolysis. Similar thermal effects on egg white protein 

structure have been reported previously [21]. The de-

salted sample (DS-DEW) was cooled to room tempera-

ture, centrifuged at 10,000 rpm for 10 min at 4 °C, and 

the clear supernatant was collected. Fresh duck egg 

white (DEW) was separated manually and heated in 

boiling water for 10 min (80 - 100 °C) to obtain a ther-

mally treated state comparable to DS-DEW. All pre-

pared samples were stored at −20 °C until enzymatic hy-

drolysis. 

 

 Enzymatic hydrolysis preparation 

 DEW or DS-DEW was mixed with distilled water 

at a 1:0.5 ratio (w/v) and adjusted to pH 7.0 using 5% 

(v/v) acetic acid. Hydrolysis was carried out at 50 °C. A 

1% (w/w, enzyme-to-substrate ratio) mixture of Prote-

ase M “Amano” SD and Thermoase GL30 (1:1, w/w) 

was added. The reaction proceeded for up to 6 h in a 

shaking water bath. Enzymatic activity was terminated 

by heating at 95 °C for 10 min, followed by centrifuga-

tion at 10,000 rpm for 10 min at 4 °C. The supernatant 

was collected and stored at −20 °C. Spray drying (Mini 
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Spray Dryer S-300, BUCHI, Thailand) was performed 

at 170 °C inlet and 100 °C outlet with 650 L/h spray gas 

to obtain the hydrolysates DEWH and DS-DEWH. All 

hydrolysis experiments were performed in triplicate (n 

= 3). 

 

 In vitro gastrointestinal digestion of proteins 

 Five samples (DEW, DEWH, DS-DEW, DS-

DEWH and EWP) were subjected to simulated oral and 

gastric digestion following the International Network on 

Food Digestion (INFOGEST) protocol with modifica-

tions [22,23]. The intestinal phase was intentionally 

omitted to isolate pepsin-driven gastric digestion. Sam-

ples were diluted to achieve a nitrogen concentration of 

0.1% (w/v). Aliquots (5 mL) were transferred into 50 

mL beakers. Distilled water served as the digestion 

blank. 

 

 Oral phase 

 Simulated salivary fluid (SSF) containing mucin 

(0.015 g/5 mL) was preheated to 37 °C. Each sample 

was mixed with SSF at a 1:1 (v/v) ratio, adjusted to pH 

6.8, and incubated at 37 °C and 100 rpm for 2 min. 

 

 Gastric phases 

 Simulated gastric fluid (SGF) was prepared fol-

lowing INFOGEST ionic composition and contained 

NaCl and HCl to reach pH 3.0. Oral digesta (10 mL) 

were mixed with 10 mL SGF containing 64 mg pepsin 

and incubated at 37 °C for 180 min. A pH-stat titrator 

(Metrohm USA Inc.) maintained the pH at 3.0 using 0.1 

M HCl. Digesta were cooled in ice, centrifuged at 5,500 

rpm for 10 min, and the supernatants collected for free 

amino acid (FAA) and antioxidant analyses. Only DS-

DEWH and EWP were subjected to FAA analysis due 

to sample volume limitations and to directly compare 

the unhydrolyzed powder with the optimized hydroly-

sate. 

 In this study, percentage of free amino acid analy-

sis (%FAA) refers to the percentage of free amino acids 

released relative to the maximum free amino acid con-

centration measured during the digestion experiment for 

each sample. It does not represent the percentage of total 

protein or total nitrogen converted into free amino acids, 

but rather the relative extent of amino-acid liberation 

during gastric digestion. For %FAA, only DS-DEWH 

and EWP were analyzed to provide a direct comparison 

between the original sample and the final optimized hy-

drolysate. The other samples (DEW, DS-DEW, and 

DEWH) were excluded due to limited sample volumes 

and because the main objective was to evaluate the ef-

fect of desalting and enzyme combination (synergistic 

hydrolysis) rather than to compare all individual enzyme 

treatments.  
 Although the present work followed the standard-

ized INFOGEST framework, the intestinal digestion 

phase was intentionally omitted to isolate and examine 

pepsin-driven hydrolysis of desalted duck egg white 

proteins. This decision reflects the study’s specific ob-

jectives of characterizing early gastric stability, cleav-

age behavior, and FAA release of DS-DEWH under 

acidic conditions (pH 3.0), prior to the more complex 

enzymatic environment of the small intestine. However, 

it must be acknowledged that this modification repre-

sents a methodological limitation. Pancreatic proteases 

(trypsin, chymotrypsin, elastase and carboxypeptidases) 

are responsible for the majority of peptide bond cleav-

age in the gastrointestinal tract, and many bioactive pep-

tides are generated predominantly during intestinal di-

gestion rather than the gastric phase. Excluding the in-

testinal phase may therefore underestimate total peptide 

liberation, alter FAA profiles, and limit interpretation of 

antioxidant activity, which often increases markedly fol-

lowing intestinal digestion. As such, the findings of this 

study should be interpreted as representative of gastric 

digestion only and not the complete gastrointestinal pro-

cess. 

 

 Protein content 

 Total nitrogen content (%) was traced using a 

high-temperature combustion protein analyzer (Vario 

MAX CN; Elementar Analysensystememe GmbH, 

Langenselbold, Germany). A 6.25 multiplication was 

calculated to produce crude protein content from the to-

tal nitrogen content. 

 

 Free amino acids analysis 

 FAA analysis was performed according to Siddiqi 

et al. [24] with modifications. Samples from 0- and 180-

minute gastric digestion were immediately cooled, fil-

tered through 0.22 µm membranes, and analyzed using 

an HPLC system (Waters Alliance 2695, Milford, MA, 

USA) equipped with a Jasco FP2020 fluorescence de-

tector. An AccQ-Tag Ultra C18 column (100×4.6 mm2, 
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2.5 µm; Osaka Soda, Japan) was used at 35 °C with a 

flow rate of 1.2 mL/min. The mobile phases were so-

dium acetate buffer (A) and acetonitrile (B). Injection 

volume was 5 µL. Each sample was analyzed in tripli-

cate (n = 3). 

 

 Antioxidant activity 

 DPPH radical-scavenging activity was measured 

following Cui et al. [25]. Sample extract (100 µL) was 

mixed with 100 µL of 0.2 mM DPPH solution in 95% 

ethanol and incubated for 30 min. Absorbance at 517 nm 

was recorded in a microplate reader. Inhibition (%) was 

calculated as: 

 

I% = (
Acontrol − Asample

Acontrol
) × 100  

 

where, I%: The percentage of inhibition; Acontrol: Ab-

sorbance of DPPH solution without extract; Asample: Ab-

sorbance in the presence of extract or standard. 

 

 FRAP reagent was prepared from acetate buffer 

(300 mM, pH 3.6), TPTZ solution (10 mM), and 

FeCl₃·6H₂O (20 mM) at a 10:1:1 ratio. Sample (30 µL) 

was mixed with 3 mL FRAP reagent, incubated for 4 - 6 

min at 37 °C (dark), and measured at 593 nm. Results 

were expressed as µmol Trolox equivalent (TE)/g dry 

sample. Due to high turbidity and insolubility in aque-

ous buffer systems, commercial egg white protein 

(EWP) could not be evaluated using DPPH or FRAP as-

says. Therefore, antioxidant activity was assessed only 

for DEW, DS-DEW, and DS-DEWH, and no direct 

comparisons with EWP were made. 

 Method validation  

 All assays were validated prior to data collection. 

Acceptance criteria included linearity (R² ≥ 0.995), re-

peatability (%RSD ≤ 5%), intermediate precision 

(%RSD ≤ 10%), spike-recovery 80% - 120%, and sys-

tem suitability checks. Pepsin activity was verified using 

a casein substrate. pH electrodes were calibrated daily. 

Titrant (0.1 M HCl) was standardized against primary-

standard Na₂CO₃. Digestion controls included a blank, 

an undigested matrix, and a commercial EWP positive 

control. FAA (HPLC) validation followed 7-point cali-

bration curves, LOD/LOQ estimation (3.3σ/S; 10σ/S), 

injection precision, retention-time stability, and carryo-

ver checks. Antioxidant assays included Trolox calibra-

tion, reagent blanks, plate-to-plate QC, and sample clar-

ification steps to minimize turbidity interference. 

 

 Statistical analysis 

 Data were analyzed using one-way ANOVA, and 

means were separated using Duncan’s multiple range 

test at p < 0.05. Paired t-tests were applied when com-

paring 2 related conditions. Statistical analysis was per-

formed using SPSS version 16. 

 

Results and discussion 

 Protein digestibility after in vitro gastrointesti-

nal digestion 

 Gastric-phase protein digestibility was evaluated 

to determine how prior desalting and enzymatic hydrol-

ysis influenced pepsin susceptibility under acidic condi-

tions. In this study, digestibility was interpreted based 

on acid consumption kinetics monitored by the pH-stat 

system, which reflects the generation of newly exposed 

ionizable groups during peptide bond cleavage. This ap-

proach allows comparison of structural accessibility and 

cleavage behavior among native and pre-hydrolyzed 

protein systems during simulated gastric digestion. Be-

cause the intestinal phase was intentionally excluded, 

the results presented here specifically describe pepsin-

driven hydrolysis and early-stage digestion behavior ra-

ther than complete gastrointestinal digestibility.
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Figure 1 Acid consumption kinetics during protein hydrolysis during 180 min of gastric phase digestion of protein sam-

ples. DI water (Control), Duck egg white (DEW), Duck egg white hydrolysate (DEWH), Desalted-Duck egg white (DS-

DEW), Desalted-Duck egg white hydrolysate (DS-DEWH), Egg white powder (EWP). 

 

 

 Protein hydrolysis behavior during gastric 

phase digestion 

 Figure 1 presents the acid consumption profiles 

obtained by pH-stat monitoring during 180 min of sim-

ulated gastric digestion. Acid consumption reflects the 

release of ionizable groups generated during pepsin-me-

diated peptide bond cleavage and is therefore used as an 

indirect indicator of gastric protein hydrolysis. 

 Native protein samples, including duck egg white 

(DEW), desalted duck egg white (DS-DEW), and com-

mercial egg white powder (EWP), exhibited pronounced 

acid consumption, reaching approximately 90% - 100% 

of their maximum values after 180 min. All 3 samples 

showed a rapid initial increase within the first 20 - 30 

min, followed by a gradual plateau phase, which is char-

acteristic of pepsin-catalyzed digestion as accessible 

cleavage sites become progressively depleted. The com-

parable acid uptake profiles among DEW, DS-DEW, 

and EWP indicate similar susceptibility to pepsin diges-

tion despite differences in processing history. 

 In contrast, enzymatically pre-hydrolyzed samples 

(DEWH and DS-DEWH) showed markedly lower acid 

consumption throughout the digestion period, remaining 

below 15% of the maximum HCl volume. This behavior 

indicates that a substantial proportion of peptide bonds 

had already been cleaved prior to gastric digestion, re-

sulting in limited availability of further pepsin-cleavable 

sites. Low acid uptake in hydrolysates reflects fewer re-

maining peptide bonds, not reduced digestibility. Dis-

tilled water (DI) exhibited negligible acid consumption, 

confirming that the titration response was specific to 

protein-containing substrates. 

 Overall, these results demonstrate that prior enzy-

matic hydrolysis strongly alters gastric hydrolysis kinet-

ics by reducing acid demand during pH stabilization. 

The observed differences reflect variations in protein 

structural state and peptide bond availability rather than 

overall nutritional digestibility. Because this model sim-

ulates only the gastric phase, the findings should be in-

terpreted as comparative pepsin susceptibility rather 

than complete gastrointestinal protein digestibility. 
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Figure 2 Initial at 0 - 5 min. digestion rate (Top) final at 175 - 180 min. digestion extent (Bottom) of protein samples. 

Different letters indicate significantly different (p < 0.05) by Duncan’s test (n = 3). DI water (Control), Duck egg white 

(DEW), Duck egg white hydrolysate (DEWH), Desalted-Duck egg white (DS-DEW), Desalted-Duck egg white hydrol-

ysate (DS-DEWH), Egg white powder (EWP). 

 

 Free amino acid release kinetics during gastric 

digestion 

 Figure 2 presents the initial digestion rate (0 - 5 

min) and final digestion extent (175 - 180 min) based on 

free amino acid (FAA) release during simulated gastric 

digestion. Significant differences among protein sam-

ples were observed for both parameters (p < 0.05). EWP 

exhibited the highest initial FAA release rate (4.78% 

FAA/min), followed by DEW (3.95% FAA/min) and 

DS-DEW (3.46% FAA/min), indicating rapid pepsin-

mediated cleavage during the early stage of gastric di-

gestion. In contrast, the enzymatically pre-hydrolyzed 

samples (DEWH and DS-DEWH) showed significantly 

lower initial digestion rates (approximately 0.54% - 

0.55% FAA/min), while distilled water (DI) exhibited 

negligible FAA release. 

 A similar trend was observed for final digestion 

extent. EWP and DS-DEW reached the highest final 

FAA values after 180 min (97.44% and 96.67%, respec-

tively), followed by DEW (88.61%). In contrast, DEWH 

and DS-DEWH exhibited significantly lower final FAA 

release (14.52% and 12.10%, respectively). 

 In this study, %FAA represents the relative in-

crease in free amino acids released during gastric diges-

tion, normalized to the maximum FAA concentration 

measured for each sample, and does not indicate the 

fraction of total protein hydrolyzed. Accordingly, the 

low %FAA values observed for the pre-hydrolyzed sam-

ples (DEWH and DS-DEWH) do not reflect poor pro-

tein digestibility, but rather indicate limited additional 

FAA generation during the 0 - 180 min gastric phase be-

cause these samples already contained substantial levels 
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of free amino acids and short peptides prior to digestion. 

This interpretation is consistent with the acid consump-

tion profiles shown in Figure 1, where low acid demand 

reflects a reduced availability of remaining pepsin-

cleavable peptide bonds following enzymatic pre-hy-

drolysis. Thus, acid consumption and %FAA describe 

complementary aspects of gastric proteolysis, and the 

combination of low acid uptake with low incremental 

%FAA increases reflects extensive prior hydrolysis ra-

ther than impaired nutritional digestibility, while still 

being associated with higher absolute FAA contents. 

 Differences between native and desalted egg white 

proteins may be partially attributed to salt-induced 

structural modifications occurring during curing. High 

salt exposure can promote partial protein unfolding and 

aggregation, which may influence enzyme accessibility 

during subsequent digestion. Although desalting re-

moves most salt ions, residual conformational changes 

may persist. However, these interpretations are based on 

indirect functional evidence, as direct structural anal-

yses were not performed in the present study. 

 Overall, Figure 2 demonstrates that enzymatic 

pre-hydrolysis markedly alters gastric digestion behav-

ior by limiting further conversion of peptides into free 

amino acids. These results highlight that FAA release 

during gastric digestion reflects gastric stability of pro-

tein hydrolysates during digestion and pepsin suscepti-

bility rather than overall nutritional digestibility. 

 

 Free amino acids profile (FAAs profile) 

 Analysis of individual free amino acid (FAA) pro-

files was conducted to provide a more detailed charac-

terization of digestion products beyond relative %FAA 

values. While %FAA reflects the incremental release of 

amino acids during gastric digestion, absolute FAA 

composition (mg/g dry sample) provides insight into the 

qualitative and quantitative distribution of amino acids 

present before and after digestion. This distinction is 

particularly important for pre-hydrolyzed systems, 

where substantial amounts of free amino acids may al-

ready exist prior to gastric exposure. Therefore, profil-

ing individual FAAs enables clearer interpretation of 

how desalting and enzymatic treatment influenced 

amino acid availability and functional properties.

 

Table 1 Individual free amino acid content before and after in vitro gastrointestinal digestion of EWP and DS-DEWH.  

Free amino acid 

Free amino acid content (mg/g dry sample) 

DS-DEWH EWP 

Before After Before After 

Alanine (Ala) 6.34 ± 0.14 6.58 ± 0.06 nd. nd. 

Arginine (Arg) 19.68 ± 1.25 20.34 ± 0.37 nd. nd. 

Aspartic acid (Asp) 2.95 ± 0.26 2.94±0.11 nd. nd. 

Cystine (Cys) 26.02 ± 0.95 24.70 ± 0.69 nd. nd. 

Glutamic acid (Glu) 11.23 ± 0.44 11.80 ± 0.11 nd. nd. 

Glycine (Gly) 2.00 ± 0.09 2.05 ± 0.05 nd. nd. 

Histidine (His) 4.54 ± 0.37 4.77 ± 0.12 nd. nd. 

Isoleucine (Ile) 18.65 ± 0.37 19.55 ± 0.54 nd. nd. 

Leucine (Leu) 37.76 ± 0.87 40.78 ± 1.09 nd. 2.20 ± 0.03 

Lysine (Lys) 24.69 ± 1.15 30.67 ± 0.34 nd. nd. 

Methionine (Met) 26.91 ± 0.84 29.99 ± 1.32 nd. 1.15 ± 0.07 

Phenylalanine (Phe) 41.60 ± 2.63 46.84 ± 0.22 nd. 6.54 ± 0.10 

Proline (Pro) 4.55 ± 0.15 4.66 ± 0.12 nd. nd. 

Serine (Ser) 13.92 ± 0.52 14.38±0.24 nd. nd. 

Threonine (Thr) 11.79 ± 0.45 11.64 ± 0.02 nd. nd. 

Tyrosine (Tyr) 9.84 ± 0.55 10.69 ± 0.29 nd. 3.67 ± 0.07 

Valine (Val) 19.92 ± 0.46 20.92 ± 0.36 nd. nd. 

Total 282.35 ± 8.64 303.25 ± 4.38 0.00 ± 0.00 13.55 ± 0.15 

      nd = not detected 
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Figure 3 Total free amino acid content before and after in vitro gastrointestinal digestion of EWP and DS-DEWH.  

Different letters indicate statistically significant differences (p < 0.05). Lowercase letters (a, b, c) compare samples within 

the “before digestion” group, and uppercase letters (A, B, C) compare samples within the “after digestion” group. Desalted 

duck egg white hydrolysate (DS-DEWH), Egg white powder (EWP). 

 

 Free amino acid profiles after gastric digestion 

 To further evaluate the effects of desalting and en-

zymatic hydrolysis on protein breakdown, individual 

and total free amino acids (FAAs) released from com-

mercial egg white powder (EWP) and desalted duck egg 

white hydrolysate, (DS-DEWH) were analyzed before 

and after in vitro gastric digestion. Individual FAA pro-

files are presented in Table 1, while total FAA contents 

are summarized in Figure 3. 

 As shown in Table 1, DS-DEWH exhibited a 

broad spectrum of free amino acids both before and after 

gastric digestion, with individual FAA contents ranging 

from approximately 2 to 47 mg/g dry sample. In con-

trast, most free amino acids were not detected in EWP 

before digestion and were present only at low levels af-

ter digestion. The most abundant amino acids released 

from DS-DEWH included phenylalanine, leucine, me-

thionine, cystine, and lysine, which are commonly asso-

ciated with egg white protein composition and pepsin 

cleavage preference. Similar dominant amino acids have 

been reported previously for duck egg white proteins 

[26], supporting the consistency of the observed pro-

files. 

 Figure 3 illustrates the total FAA contents before 

and after gastric digestion. DS-DEWH showed signifi-

cantly higher total FAA levels than EWP under both 

conditions (p < 0.05). Total FAA content in DS-DEWH 

increased from 282.35 ± 8.64 to 303.25 ± 4.38 mg/g af-

ter digestion, indicating further peptide breakdown dur-

ing the gastric phase. In contrast, EWP showed no de-

tectable FAAs before digestion and only a limited in-

crease after digestion (13.55 ± 0.15 mg/g). Although 

EWP exhibited a high %FAA due to a large relative in-

crease from an almost zero baseline, its absolute FAA 

concentration after digestion (mg/g) remained low. In 

contrast, DS-DEWH contained substantial baseline 

FAA prior to digestion, resulting in a lower relative 

%FAA increase but markedly higher absolute FAA lev-

els. 

 The higher FAA release from DS-DEWH reflects 

the combined effects of desalting and enzymatic pre-hy-

drolysis. In comparison, the compact globular structure 

of EWP limited the  

extent of FAA release during gastric digestion. These 

findings are consistent with the acid consumption and 

FAA kinetics observed in Figures 1 and 2, which 

demonstrated reduced pepsin-cleavable sites in pre-hy-

drolyzed samples but greater overall availability of short 

peptides and free amino acids. Consistent with the diges-

tion indicators discussed above, the low incremental 

%FAA observed for pre-hydrolyzed samples reflects 

limited remaining pepsin-cleavable peptide bonds rather 

than impaired digestibility. Despite this low relative in-

crease, DS-DEWH maintained substantially higher ab-

solute FAA contents, highlighting differences in diges-

tion product profiles rather than overall protein utiliza-

tion. 

 Because the present study evaluated digestion us-

ing the gastric phase only, the total free amino acid 
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(FAA) profiles reported here reflect early peptide break-

down driven by pepsin activity and do not account for 

additional peptide and amino acid release that would oc-

cur during intestinal digestion. As pancreatic enzymes 

play a major role in generating low-molecular-weight 

peptides and free amino acids, the absence of the intes-

tinal phase may lead to an underestimation of total FAA 

production and an incomplete assessment of digestibil-

ity-related functional outcomes. Therefore, incorpora-

tion of the full INFOGEST protocol in future studies is 

necessary to determine how DS-DEWH peptide profiles 

evolve under intestinal conditions and to better predict 

potential bioavailability and physiological relevance. 

 

 DPPH radical scavenging activity and FRAP 

 The antioxidant activities of DEW, DS-DEW, and 

DS-DEWH were evaluated using DPPH radical-scav-

enging and FRAP assays (Figure 4). Commercial EWP 

was excluded from antioxidant analysis due to severe 

turbidity that caused unstable absorbance measure-

ments, even after centrifugation and filtration [27]. 

Therefore, all interpretations in this section refer exclu-

sively to DEW, DS-DEW, and DS-DEWH. Before di-

gestion, DS-DEWH exhibited higher DPPH radical-

scavenging activity (33.64%) than DS-DEW (3.16%) 

and DEW (6.21%), indicating that enzymatic hydrolysis 

enhanced the antioxidant response measured by the 

DPPH assay. After gastric digestion, all samples showed 

significant increases in DPPH inhibition (p < 0.05), with 

DS-DEWH reaching the highest activity (42.67%), 

which was significantly greater than those of DS-DEW 

and DEW. Paired comparisons confirmed significant 

before-and-after increases within each sample, with the 

largest improvement observed for DS-DEWH. 

 FRAP results showed a similar overall trend. After 

digestion, DS-DEWH exhibited the highest ferric-re-

ducing capacity (3.71 ± 0.69 µmol TE/g), however, this 

change was not statistically significant compared to its 

pre-digestion value (4.24 ± 0.24 µmol TE/g). In contrast, 

both DS-DEW showed significant increases in FRAP 

values following digestion (p < 0.01). Post-digestion 

FRAP values of DS-DEWH were significantly higher 

than those of DS-DEW and DEW, indicating a greater 

reducing capacity measured by the FRAP assay. Similar 

enhancements in reducing power after enzymatic hy-

drolysis have been reported for various protein systems 

[28].  

 Across samples, higher antioxidant activities were 

associated with higher total free amino acid (FAA) con-

tents (Figure 3). DS-DEWH, which contained the high-

est FAA concentration, also exhibited the greatest 

DPPH and FRAP responses. This finding trend is con-

sistent with previous studies which reported association 

of higher aromatic and sulfur-containing amino acid 

contents with stronger antioxidant outcomes in chemical 

assays [29-31]. Notably, DEW showed relatively higher 

DPPH activity but lower FRAP values after digestion, 

indicating assay-dependent differences in antioxidant 

behavior. Such discrepancies between radical-scaveng-

ing and reducing-power assays have been widely re-

ported and reflect differences in the reactive groups in-

volved in each method [9,27]. 
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Figure 4 Antioxidant activity of protein samples before and after in vitro gastrointestinal digestion. (Top) DPPH radical 

scavenging activity and (Bottom) ferric reducing antioxidant power (FRAP). Values are presented as mean ± SD (n = 3). 

Different letters indicate statistically significant differences among samples (p < 0.05) by DMRT. Lowercase letters (a, 

b, c) compare values within the “before digestion” group, and uppercase letters (A, B, C) compare values within the “after 

digestion” group. Asterisks indicate significance levels from paired comparisons before and after digestion of same sam-

ple: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), “ns” = not significant. Duck egg white (DEW), Desalted duck egg white 

(DS-DEW), Desalted duck egg white hydrolysate (DS-DEWH). 

 

 The present findings are consistent with previous 

reports demonstrating that controlled thermal and enzy-

matic processing can enhance the antioxidant responses 

of egg-derived proteins. Wu et al.  [32] reported a 

marked increase in DPPH radical-scavenging activity in 

preserved egg digests, while Chen et al. [20] showed 

that sequential thermal and enzymatic treatments of egg 

white generated peptides with improved antioxidant 

properties. These studies, together with the present re-

sults, suggest that processing-induced structural modifi-

cation and enzyme specificity play important roles in 

promoting formation of peptide-rich hydrolysate frac-

tions associated with higher antioxidant responses in 

chemical assays. In particular, amino acid composition 

especially the presence of aromatic and sulfur-contain-

ing residues - has been widely recognized as a key factor 

governing antioxidant responses in protein hydrolysates 

[33].  

 In this study, enzymatic hydrolysis of desalted 

duck egg white resulted in increased free amino acid re-

lease and enhanced antioxidant responses measured by 

DPPH and FRAP assays. These observations support the 

potential of processing-assisted hydrolysis to improve 

functional properties at the chemical assay level. How-

ever, the biological relevance of these antioxidant re-

sponses has not been evaluated, and further validation 

using cell-based or in vivo models is required to confirm 

physiological significance. It is also recommended that 

further research on peptide molecular weight distribu-

tion (e.g., by size exclusion chromatography-HPLC or 

gel electrophoresis) or peptide sequencing (LC-MS/MS) 

should be performed as peptide MW distribution was 

not measured in this study, and therefore functional im-

plications are inferred based on chemical antioxidant ra-

ther than interpretations related to specific peptide struc-

tures or structure-function relationships. 

 This study employed a modified INFOGEST pro-

tocol focusing exclusively on the gastric phase to isolate 

pepsin-driven proteolysis and early-stage peptide stabil-

ity. Consequently, the digestion behavior and antioxi-

dant responses reported here reflect gastric-phase out-

comes only and do not represent complete gastrointesti-

nal digestion. Because peptide generation and functional 

transformations are substantially influenced by pancre-

atic enzymes during the intestinal phase, the present 

findings should be interpreted as early digestion behav-
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ior. Future studies incorporating the full gastric-intesti-

nal INFOGEST model are required to evaluate intestinal 

peptide generation and to better assess physiological rel-

evance. 

 

Conclusions 

 This study demonstrated that DS-DEW white can 

be effectively converted into an antioxidant-active pro-

tein hydrolysate, based on chemical assays, through 

dual-enzyme treatment using Protease M “Amano” SD 

and Thermoase GL30. Enzymatic hydrolysis substan-

tially altered the gastric digestion behavior of DS-DEW, 

as evidenced by reduced acid consumption during sim-

ulated gastric digestion and distinct functional responses 

at the chemical-assay level. Compared with non-hydro-

lyzed samples, DS-DEWH exhibited markedly higher 

free amino acid contents before and after gastric diges-

tion, indicating enhanced availability of low-molecular-

weight hydrolysis products and free amino acids under 

acidic, pepsin-driven conditions. Antioxidant evaluation 

using DPPH and FRAP assays further showed that DS-

DEWH consistently displayed stronger antioxidant re-

sponses than DEW and DS-DEW. These improvements 

were closely associated with increased FAA levels and 

the presence of amino acids known to contribute to an-

tioxidant activity. Antioxidant comparisons were lim-

ited to DEW, DS-DEW, and DS-DEWH due to analyti-

cal constraints. 

 Within the defined experimental scope, the present 

results demonstrate that the combined desalting and 

dual-enzyme hydrolysis strategy modified the gastric-

phase behavior of duck egg white proteins, resulting in 

altered pepsin susceptibility, higher free amino acid 

availability, and enhanced antioxidant responses meas-

ured by chemical assays. These findings support the 

study hypothesis and highlight the potential of DS-

DEWH as a value-added protein hydrolysate derived 

from salted egg by-products. The present work therefore 

provides an initial functional characterization at the gas-

tric level, while further studies involving full gastroin-

testinal digestion, detailed peptide characterization, and 

biological validation are necessary to establish intestinal 

stability and physiological relevance. 
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