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ORIGINAL RESEARCH

Abstract Lipid oxidation is among vital deteriorative reactions associated with quality loss of foods, and 
some oxidation products have toxicity when consumed. Maillard Reaction Products (MRPs) obtained from 
salmon frame protein hydrolysate (PH) were determined for antioxidant activities. MRPs exhibited superior 
antioxidant efficacy in both β-carotene linoleate and lecithin liposome systems to PH (p<0.05). MRPs 
also showed preventive effect toward oxidation in comminuted pork system (p<0.05). The antioxidant 
potential of MRPs was dose-dependent in all systems tested. Based on cytotoxicity toward Caco-2 cells, 
MRPs up to 10 mg/mL had no toxicity toward cells when the exposure time was up to 48 h (p>0.05). In 
addition, the less absorption of MRPs across the Caco-2 cell monolayer was observed as evidenced by 
the decreased absorbance at 420 nm in the basolateral side (p<0.05). However, small free peptides in 
MRPs could pass through monolayer effectively. Furthermore, following translocation across the Caco-2 
cell monolayer, MRPs exhibited marginally reduced DPPH and ABTS radical scavenging activities, ferric 
reducing antioxidant capacity and metal chelating activity. Overall, MRPs were therefore a promising safe 
antioxidant in various food systems, thus improving oxidative stability of treated foods.

Keywords Maillard reaction products . Antioxidant . Cytotoxicity . Bioavailability . Salmon frame

Introduction

Utilization of discards from fisheries industries has gained attention and interest over the past decade. These 
discards in the form of byproducts or offal, etc. are often employed in manufacturing of silage and fishmeal 
(Desai et al. 2022). These leftovers have high contents of amino acids, proteins, and other valuable nutrients 
(Khan et al. 2022). To enhance their market potential, various efforts have been paid till date, including 
generation of peptides with different bioactivities, recovery of proteins in the form of hydrolysates or iso-
lates, extraction of oil from the head, etc. Hydrolysis, specifically enzymatic hydrolysis, is one amongst the 
best approaches to produce high valuable products from the discards of fish processing. Recently, different 
byproducts from salmon (heads, mangled muscles, viscera, skins) were utilised as raw materials for produc-
tion of protein hydrolysate using enzymatic hydrolysis with the aid of Alcalase. This led to 79 % decrease 
in the amount of waste sent to landfills, responsible for land and air pollutions (Araujo et al. 2021). Fur-
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thermore, those seafood processing wastes are prone to decomposition due to the presence of endogenous 
enzymes, thus enhancing autolysis (Nikoo et al. 2023).

Fish and fish-derived products have garnered notable attention due to their numerous health benefits and 
palatability. Recently, Idowu et al. (2019) produced salmon fame protein hydrolysate (PH) using papain and 
Alcalase (1-3 % w/w of protein). Higher protein (up to 82%) was recovered and the hydrolysate samples 
possessed antioxidant activities. Nilsuwan et al. (2021) used a combination of the aforementioned enzymes at 
different doses to create fat-free hydrolyzed collagen from Sockeye salmon skin with barely detectable fishy 
odor. Furthermore, hydrolyzed proteins and peptides have been reported to control food oxidation through 
various mechanisms, including inactivating ROS, scavenging free radicals, chelating pro-oxidative metal 
ions, reducing lipid hydroperoxides, etc. (Nikoo et al. 2023). In addition, protein hydrolysates from seafood 
processing wastes showed a variety of bioactivities, biological properties, and functional properties; however, 
their use is limited in the food industry owing to their strong bitterness. In order to tackle this problem, several 
debittering techniques have been employed including the utilization of ß-cyclodextrin, chromatographic sepa-
ration techniques, resins, liposomal encapsulation, plastein reaction, etc. (Sharma et al. 2022, 2023). Recently, 
Sharma et al. (2024) reported the use of Maillard reaction (10% PH, 4 % glucosamine, 120°C, 60 min) for ef-
fective debittering of PH. The aforementioned process could lower the bitterness score from 9.37 to 1.44, and 
augmented antioxidant activities of resulting Maillard reaction products (MRPs). Maillard reaction takes place 
by a complex interaction between amino groups of peptides and carbonyl groups of reducing sugars, which 
lead to the formation of  new compounds, such as melanoidins, majorly responsible for flavor development. 
(Liu et al. 2022a). These complex flavor compounds reduce or mask the bitterness in hydrolysates. Quality 
of several commercial products is associated with MRPs due to their unique color, aroma and flavor (Liu et 
al. 2022b). The industrial MRPs include yeast extract, which provides umami flavor and is commonly used 
in soups, sauces and ready-to-eat meals. Hydrolyzed vegetable proteins provide meaty flavor and are used in 
seasonings; beef and chicken flavorings provide the cooked or roasted meat flavors and are commonly used 
in gravies (Singh et al. 2008). The role of MRPs in flavors of other commercial products including Givaudan, 
Kerry group, Symrise and Mane has been documented (Ziegler 2007). MRPs formed as a result of Maillard 
reaction have been reported to exhibit robust antioxidant properties due to their functional groups and diverse 
chemical structure (Vhangani and Wyk 2016). MRPs can enhance the overall shelf life of the product via low-
ering oxidative deterioration. The antioxidant activity of MRPs involves multiple mechanisms, such as break-
ing radical chains, scavenging reactive oxygen species, chelating metals and decomposing hydroperoxides. 
The aforementioned mechanisms collectively inhibit the development of primary and secondary oxidation 
products (Nooshkam et al. 2019). 

Although MRPs have desired properties, they also consist of advanced glycation end products (AGEs). 
These are often regarded as cytotoxic, carcinogenic, or mutagenic (Kuzan 2021). A high consumption of 
AGEs in the diet has been linked with a higher chance of health risk or diseases like diabetes, etc. (Ribeiro 
et al. 2019). However, specific conditions such as acidic pH, very high sugar concentrations, high tempera-
ture, etc. are related with high production of AGEs (Wei et al. 2018). Thus, by controlling these conditions 
AGE production can be limited. In addition, natural antioxidants could effectively inhibit AGEs (Jia et 
al. 2023). Since MRPs are also considered as natural antioxidants, the necessity to assess the equilibrium 
between reducing AGE formation without compromising antioxidant properties of MRPs is required. The 
use of synthetic antioxidants such as tertiary butyl hydroquinone, propyl gallate and BHA might affect the 
liver and induce cancer formation (Vhangani and Van Wyk 2016). The safety of these compounds in the 
human body is still being investigated. The study aimed to determine the effect of MRPs and protein hy-
drolysate from salmon frame as antioxidants in different model systems and to elucidate their cytotoxicity 
and bioavailability. 

Materials and methods

Chemicals

All the chemicals used were of analytical grade. Chloroform and ethanol were obtained from RCI Labscan, 
Bangkok, Thailand. The rest of chemicals were procured from Sigma Aldrich, Inc. (St. Louis, MO, USA). 
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Preparation of PH and MRPs

PH were prepared as tailored by Sharma et al. (2022). Briefly, frozen salmon frames from Salmo salar were 
thawed overnight in a walk-in cold room, ground using a grinding machine and subjected to hydrolysis 
using 0.5 % papain (based on dry mince weight) at 40 °C for 5 min. After being centrifuged at 8500 rpm for 
20 min, the supernatant was freeze-dried and the powder was packed in zip-lock bags, and stored at -20 °C.

For preparation of MRPs, PH powder was mixed with distilled water (1:8,w/v), as detailed by Sharma 
et al. (2024). Maillard reaction was carried out using 10% PH containing glucosamine (4 % of PH) at 120 
°C in an oil bath for 60 min. Thereafter, the mixture was cooled in iced water. MRPs were freeze-dried and 
stored as mentioned above. 

Both PH and MRPs were tested for their antioxidant efficacy in different model systems.

ß-carotene/linoleic acid system

ß-carotene bleaching assay was carried out as outlined by Vate and Benjakul (2013). ß-carotene (10 mg) 
was solubilised in chloroform (10 mL). Then, the prepared solution (0.2 mL) was mixed with another 
solution comprising linoleic acid (20 mg) and Tween 40 (200 mg). Residual chloroform was eliminated 
via nitrogen purging. Oxygenated deionised water (50 mL) were further added to this emulsion and mixed 
well.  MRPs and PH were added into the system at 100 and 200 mg/mL. During the incubation at 50 °C in 
dark for 6 h, absorbance at 470 nm (A470) was read every 15 min. As a negative control, 200 μL of deionised 
water was added instead of the samples. BHA (100 mg/L) was employed as the positive control. The slower 
decrease of A470 during the incubation suggested the ability of samples to prevent oxidation.

Lecithin liposome system

Lecithin liposome system was prepared as detailed by Vate and Benjakul (2013). Lecithin (8 mg/mL) was 
dispersed in deionised water with the aid of a glass rod, and subsequently sonicated for 30 min using a soni-
cating bath (Elmasonic S 30H, Elma, Germany). Three mL of sample were mixed thoroughly with 15 mL of 
lecithin liposome for 2 min, in which final concentrations of 100, 500, 1000 and 2000 mg/L were achieved. 
Subsequently, cupric acetate solution (0.15 M, 20 µL) was added to start the reaction. The mixture was 
shaken using a shaker (WNB 14 and SV 1422, Memmert, Germany) at 37 °C in dark at 120 rpm. Thiobar-
bituric acid reactive substances (TBARS) values of liposome were measured at specified time intervals of 0, 
6, 12, 24, 36 and 48 h. Standard curve of malonaldehyde (0 to 3 mg/L) was used for computation of TBARS 
value, which was reported as milligrams of MDA per mL of liposomes.

Pork mince model system

Antioxidant activity of both MRPs and PH in pork mince model system was tested (Kittiphattanabawon et 
al. 2012). Ground pork meat (80 g) with fat content of 10 %, was mixed with deionised water containing PH 
or MRPs powders (100, 200 and 500 mg/kg). BHT (100 mg/kg) was employed as the positive control. The 
mixture (50 g) was packed in polyethylene bags and stored at 4 °C. TBARS values were measured in all the 
samples at day 0, 2, 4, 6 and 8  (Mittal et al. 2021b). A standard curve of malonaldehyde was prepared as 
stated above and the value was reported as milligrams of MDA equivalents per kg of samples.

Simulated in vitro gastrointestinal digestion (GID) of MRPs

Procedure outlined by Patil et al. (2023) was employed for the simulated in vitro GID of MRPs. Sample (1 
g) was added to 10 mL of simulated gastric solution (0.1 M HCl, pH 2.5) containing pepsin (0.04 g/mL) 
for 1 h, followed by pH adjustment to pH 5.3. Pancreatin and bile salt were dissolved at a concentration 
of 0.08 g/mL each. The pH was then adjusted to 7.4 before incubation for 2 h. Digestion at all steps was 
performed at 37°C. The digest was eventually placed in boiling water in order to halt the hydrolysis, cooled, 
centrifuged and the supernatant was collected for analyses.
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Measurement of cytotoxicity

The cytotoxicity of MRPs digest obtained from GID was assessed using the MTT assay with Caco-2 cells 
(Patil et al. 2022). Caco-2 cells were cultured, exposed to MRPs digest at varying concentrations (1, 5, and 
10 mg/mL), followed by dilution and incubation at 37°C in 5% CO2 for 24 and 48 h. After washing the cell, 
the absorbance of purple formazan solution was recorded at 595 nm to represent the viable cells.

Transportation studies

Cell culture

Caco-2 cells, derived from human colon adenocarcinomas, were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) in the presence of 1% antibiotic-antimycotic and 10% fetal bovine serum (FBS) at 37°C 
under 5% CO2. Upon reaching 80-90% confluency after approximately 10-12 passages, the cells were de-
tached with 0.25% trypsin-EDTA and then sub-cultured. Caco-2 cells were seeded onto 12-well Transwell 
inserts (0.4 μm pore size, 12 mm diameter; Corning Costar, Corning, NY, USA) with a density of 1.2 × 105 
cells/cm2. It took 25-31 days for full differentiation. The culture medium was replaced with fresh medium 
every other day. The integrity of cell monolayers was assessed with the aid of a Millicell ERS device (Mil-
lipore, Billerica, MA, USA). 

Apical-to-basolateral transport studies

The protocol outlined by Patil et al. (2022) was used for the transport study. Prior to the study, Caco-2 
monolayer was rinsed with Hanks’ Balanced Salt Solution (HBSS) to eliminate any residual culture me-
dia. MRPs digest was transferred to apical (AP) chamber. The permeates in the basolateral (BL) side were 
collected for measurement of α-amino group content representing small peptides or free amino acids using 
TNBS (2,4,6-trinitrobenzenesulfonic acid) as reagent, and L-leucine (0.5 to 5.0 mM) as standard (Patil et 
al. 2022). A420 of the samples was read. Permeation was computed as follows:
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Results and discussion

Antioxidative effect of MRPs in varying model systems

ß-carotene/linoleic acid system

Capacity of MRPs in preventing the oxidation of linoleic acid as indicated by lowering the bleaching of 
ß-carotene is shown in Figure 1. Free radicals within the system induce bleaching of ß-carotene propor-
tionally (Benchikh et al. 2022). Generally, radicals caused by the elimination of hydrogen from diallyl-
ic methylene groups present in linoleic acid were generated in the system (Tagrida and Benjakul 2020). 
Subsequently, the resultant free radicals will ultimately accelerate oxidation of the double bonds present 
in highly unsaturated ß-carotene molecule, which results in color alteration from orange to colorless (Kit-
tiphattanabawon et al. 2012). Antioxidants could mitigate the oxidation of β-carotene triggered by radicals 
or hydroperoxides. The systemic oxidation of ß-carotene due to the oxidation process is indicated by the 
decrease in A470. The use of 100 mg/L of the synthetic antioxidant BHA substantially delayed the decline in 
A470. Overall, the different samples exhibited degradation of β-carotene at varying rates. However, after 75 
min, β-carotene underwent degradation to a lower degree. Amongst all the samples, the rate of degradation 
was highest in the control as evidenced by the highest decrease in A470. This phenomenon might be due to 
the absence of antioxidant compounds in the control sample, allowing free radicals to degrade β-carotene 
in the system.

The inclusion of PH in the system did not exhibit a significant inhibitory effect on retaining A470 com-
pared to MRPs. MRPs with augmenting concentrations demonstrated a notable reduction in β-carotene 
oxidation. However, PH had poor efficacy in maintaining A470. An enhanced antioxidant capacity was noted 
with higher concentrations of MRPs (200 mg/L). Thus, MRPs could act as natural antioxidants in food 
systems (Sharma et al. 2024). Antioxidants present in MRPs might potentially scavenge the hydroperoxides 
formed within the system (Laouicha et al. 2020)frequently used in traditional folk medicine to treat diabetes 
and arterial hypertension. This study aims to evaluate the phenolic composition and antioxidant activity of 
ethyl acetate (EA.E. MRPs derived from proteinaceous byproducts of smooth hound viscera using sucrose 
exhibited improved taste characteristics with reduced content of bitter amino acids and enhanced antiox-
idant properties. This was evidenced by their increased reducing power and effectiveness in preserving 
β-carotene  in comparison to unconjugated proteins (Abdelhedi et al. 2017). Huang et al. (2012) discovered  

 

 Fig. 1 Degradation rate in ß-carotene bleaching assay in the absence or presence of protein 
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the curve represent standard deviation (n=3) 
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that the glycation of low molecular weight (LMW) peptides using glucose and maltose could significantly 
enhance the reducing power and antiradical activity of ovalbumin hydrolysates than peptides alone. The 
formation of these cross-linked products might augment antioxidant properties. Additionally, according to 
Liu et al. (2014), the Maillard reaction could serve as an effective method for improving antioxidant activi-
ties of protein hydrolysates. Therefore, MRPs were able to mitigate the oxidation of β-carotene induced by 
radicals generated within the tested system.

Lecithin liposome system

The capacity of PH and MRPs at varying concentrations to impede oxidation in the lecithin liposome system 
is illustrated in Figure 2a. Both PH and MRPs inhibited oxidation in the system during a 48-h incubation pe-
riod. However, the protective effect was more pronounced with the use of MRPs, compared to PH at the same 
concentration (p<0.05). Additionally, BHA (100 mg/L) exhibited a higher preventative effect, as evidenced by 
lower TBARS values in the systems. Notably, the control sample (devoid of PH, MRPs, or BHA) displayed 
the greatest upsurge in TBARS after 24 h, indicating that more extensive oxidation process occurred. Without 
antioxidants, lecithin could undergo oxidation rapidly. Liposomes serve as suitable lipid models for assessing 
antioxidative activity in lipid-based foods or lipoprotein comprising phospholipids (Vate and Benjakul 2013). 
Notably, the sample supplemented with MRPs at 2000 mg/L demonstrated less TBARS values than that in-
corporated with BHA at 100mg/L. The result revealed the dose-dependent nature of antioxidant activity of PH 
or MRPs in the lecithin liposome system. Moreover, hydrophilic domains of peptides or proteins found in PH 
or MRPs plausibly migrated and got localized in the liposome’s head section of lecithin, where they inhibited 
oxidation by scavenging free radicals. Moreover, owing to their metal-chelating ability, MRPs could effective-
ly chelate Cu2+, a known prooxidant in the system. As a consequence, liposome oxidation was impeded more 
efficiently than PH. Vate and Benjakul (2013) also observed the dose dependent nature of antioxidant activity 
when melanin free ink from splendid squid was added at different concentrations (100-500 mg/L). The sample 
with the highest squid ink concentration (500 mg/L) showed the lowest TBARS value. Moreover, similar re-

Fig. 2 Changes in thiobarbituric acid reactive substances (TBARS) in (a) lecithin liposome system and (b) pork mince system in the 
absence or presence of protein hydrolysate (PH) or Maillard reaction products (MRP) at different concentrations. Vertical bars in the 
curve represent standard deviation (n=3)
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sults were obtained by Lertittikul (2005) where MRPs derived from porcine plasma protein with 20% degree 
of hydrolysis (DH) using 2% glucose at pH 12 upon heating at 100 °C for 2 h displayed the highest antioxidant 
activity in a lecithin liposome system. Therefore, these findings demonstrated the superior antioxidant activity 
of MRPs compared to PH in the lecithin liposome system, thereby underscoring their potential as natural an-
tioxidants for lipid-based foods or lipoprotein rich foods.

Pork mince model system

Lipid oxidation in comminuted pork added with PH and MRPs at 100, 200 and 1000 mg/kg, or BHA (100 mg/
kg) was monitored over a 12-day storage period at 4°C as illustrated in Figure 2b. Notably, TBARS levels in 
comminuted pork, both with and without antioxidants, displayed an upward trajectory with increasing storage 
duration up to 6 days (P<0.05). Subsequently, a slight decline in TBARS levels was found up to the end of 
storage (P<0.05). This phenomenon can be attributed to the depletion of oxidation products, via the evapo-
ration of low molecular weight volatile compounds. Notably, hydroperoxides produced from lipid oxidation 
are known for their inherent instability and subsequent decomposition into alcohols, aldehydes, ketone, acids 
and other compounds, detectable by the TBARS assay (Kittiphattanabawon et al. 2012). However, some com-
pounds, particularly aldehydes, could bind with proteins and were not react with TBA (Shakoor et al. 2022). 
Moreover, comminuted meat systems containing higher concentrations of PH or MRPs exhibited significantly 
lower TBARS values throughout the storage duration (P<0.05), whereas the control sample had the highest 
TBARS value during 12 days storage. An initial increase in TBARS values up to 7 days, followed by a subse-
quent decline in TBARS levels until the end of storage was also reported by Kittiphattanabawon et al. (2012). 
At the same concentrations of PH and MRPs, the latter showed superior efficacy in attenuating lipid oxidation 
to the former. This heightened efficiency of MRPs in mitigating lipid oxidation, mainly attributed to its in-
herent antioxidant properties, including radical scavenging activity and chelating ability towards prooxidants 
such as Fe2+. Sivaraman et al. (2016) also observed the development of secondary lipid oxidation products in 
minced sardine meat treated with squid protein hydrolysates (SPH) during iced storage. The results revealed 
an increase in TBARS levels up to day 8, followed by a subsequent decline. This increase in TBARS indicated 
the decomposition of primary products into secondary products, particularly aldehydes. The subsequent de-
crease in TBARS values after day 8 may be attributed to the breakdown of aldehydes into volatile compounds. 
Similar findings were also reported, where TBARS values increased at a slower rate in minced meat model 
systems containing SPH, compared to the control (Sivaraman et al. 2016). In addition, gelatin hydrolysates 
derived from blacktip shark skin, prepared with papain, effectively reduced lipid oxidation in a comminuted 
pork meat model system when used at concentrations of 500 and 1,000 ppm (Kittiphattanabawon et al. 2012). 
In the present study, MRPs exhibits a more pronounced capacity of inhibiting lipid oxidation, compared to 
PH, thereby contributing to its enhanced efficacy in preserving lipid quality of ground pork during storage. 
However, it is noteworthy that BHA (100 mg/kg) exhibited superior efficacy in mitigating lipid oxidation, 
compared to both MRPs and PH.

Cell cytotoxicity 

Cytotoxicity of MRPs digest after simulated in vitro gastrointestinal (GI) digestion toward Caco-2 cells af-
ter 24 and 48 h is depicted in Figure 3. Notably, no discernible cytotoxic effects of MRPs were observed on 
the Caco-2 cells, regardless of concentrations tested (p>0.05). In addition, the exposure durations (24 and 
48 h) had no impact on Caco2-cells (p>0.05). These findings revealed the biocompatibility and non-toxic 
attributes of MRPs towards epithelial cell lines. Consequently, the MRPs exhibited the promise for appli-
cations as antioxidant in food due to the lack of toxicity. 

Transportation studies

Permeability of free peptides or amino acids

The transportation of free peptides in MRPs digest at varying concentrations (1 and 5 mg/mL) from 
the AP through the corresponding Caco-2 cell monolayer, in which permeates were collected in the 
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BL side at various time intervals (1, 2, and 4 h) is illustrated in Figure 4. Permeability percentages of 
MRPs (majorly free small peptides with available amino acid at N-terminal) predominantly ranged 
from 10% to 100%. Several pathways have been documented for the movement of peptides across the 
human intestinal epithelium, which encompass the proton-coupled peptide transporter 1 (PepT1)-me-
diated transport pathway, the paracellular pathway facilitated by tight junctions (TJs), and the vesicle 
mediated transcytosis pathway (Patil et al. 2022). Varying permeability of free peptides was observed 
when MRPs at different concentrations were tested. Notably, permeability increased with higher MRPs 
digest concentrations and duration of transportation (p < 0.05) (Figure 4). This indicated the pres-
ence of more free small peptides or amino acids in the sample which could easily pass through the 
Caco2-cell monolayer. Similar trends were observed for Gln-Ile-Gly-Leu-Phe (QIGLF), an ACE-in-
hibitory peptide, in which permeability increased over time (Ding et al. 2014). At 4 h, MRPs digests 
at a concentration of 5 mg/mL exhibited the highest permeability (up to 100%), compared to digest 
having 1 mg/mL concentration (p<0.05). This variation in permeability might be determined by digest 
concentrations. High content of digest could facilitate the migration through the monolayer via diffu-
sion (Ding et al. 2021). MRPs still contained smaller peptides with free N-terminal. PepT1 primarily 
transports dipeptides and some tripeptides, while oligopeptides with more than three amino acids can 
traverse the Caco-2 cell monolayer via paracellular tight junctions (TJs) (Ding et al. 2014). Transcyto-
sis is the main transport mechanism for peptides exceeding ten amino acids in length (Xu et al. 2023). 
TJs consist of small pores, facilitating the passage of water-soluble molecules with low molecular 
weights (Xu et al. 2023). Therefore, sample permeation through Caco-2 cell monolayers was governed 
by transportation time and digest concentrations.

Apparent absorbance (A420) recovery 

A420 is one of the most commonly used parameters to monitor the progress of MR. It is measure of 
formation of colored compounds of MRPs formed at later stages (Sharma et al. 2024). MRPs, derived 
from PH, primarily comprise Amadori products and hydroxymethyl furfurals (HMF), which were 
efficiently hydrolyzed by α-glucosidase activity expressed by Caco-2 cells (Seidowski et al. 2009). 

 

 

 

 

 

 

 

 

Fig. 3 Effect of MRP digest at different concentrations on cell viability of Caco-2 cells after 24 h 
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Fig. 3 Effect of MRP digest at different concentrations on cell viability of Caco-2 cells after 24 h and 48 h of incubation. Different 
lowercase or uppercase letters on the bars within the same incubation time denote significant differences (p<0.05). Vertical bars 
represent standard deviation (n=3)
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A consistent decrease in A420 was observed in BL chamber in comparison to AP chamber over the 
course of transportation time (p<0.05) (Table 1). This indicated the partial transport of MRPs across 
the monolayer, in which a portion of MRPs reached the BL chamber. The slight decrease in A420 in AP 
chamber might be due to polymerization of the peptides induced by Maillard reaction. Additionally, 
the other plausible cause could be absorption of peptides by Caco-2 cells, contributing to the decreased 
A420. Furthermore, sequestration or cellular uptake of the MRPs by cells might lead to decreased A420 
in BL chamber. (Ruiz-Roca et al. 2008) also observed the reduced content of MRPs (Glucose-lysine 
heated mixture) in solutions collected from BL chambers. These results aligned with the findings of 
metabolic transit studies conducted in rats. Almost 30 % of low molecular weight compounds, includ-
ing MRPs were absorbed, whereas high molecular weight compounds were absorbed to lesser extent 
(Ruiz-Roca et al. 2008). 

Antioxidant activity

The antioxidant capacities of MRPs in both AP and BL sides as a function of permeation time are delin-
eated in Table 2. After 1 h, the digest in AP side exhibited the higher DPPH-RS (4.13 μmol TE/g), ABTS-
RS (4.13 μmol TE/g), FRAP (0.64 μmol TE/g) than those in BL side (p < 0.05), except for MCA which 
showed no difference between AP and BL (p>0.05). After 4 h, all activities tested by 4 assays had the de-
creased activities. Generally, peptides of varying molecular weights typically exhibit differential capacities 
for scavenging DPPH and ABTS radicals (Patil et al. 2022). Peptides present in MRPs typically serve as 
hydrogen donors, thereby interacting with radicals to convert them into more stable compounds. As a re-
sult, the radical chain reaction was arrested (Nalinanon et al. 2011). Decreases in the antioxidant activities 
of MRPs digest were noted after 4 h for all assays, except for MCA which had no marked changes. Upon 
passage through the Caco-2 cell monolayer, ABTS-RSA, DPPH-RSA and FRAP exhibited lower activities 
for MRPs digests. Zhang et al. (2018) and Patil et al. (2022) indicated alterations in the antioxidant activ-
ities of the permeates following absorption by Caco-2 cells. These results implied that some peptides or 
MRPs were modified or degraded during absorption and passage through the Caco-2 cell monolayer, which 

 

Figure 4. Percentage of permeation of free peptides/amino acids in MRP digest at different 

concentrations (1 and 5 mg/mL) across Caco-2 monolayer. Different lowercase on the bars within 

same transportation time denote significant differences (p<0.05). Different uppercase letters on the 

bars within the same concentration denoted significant differences (p<0.05). Vertical bars 

represent standard deviation (n=3) 

 

Fig. 4 Percentage of permeation of free peptides/amino acids in MRP digest at different concentrations (1 and 5 mg/mL) across 
Caco-2 monolayer. Different lowercase on the bars within same transportation time denote significant differences (p<0.05). Different 
uppercase letters on the bars within the same concentration denoted significant differences (p<0.05). Vertical bars represent standard 
deviation (n=3)
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led to a partial reduction in the antioxidant activity of all samples. It was noted that the decreases in both 
DPPH-RS and ABTS-RS were also observed in AP side. This might be due to instability of some antioxida-
tive compounds in MRPs after 4 h. Further polymerisation of some antioxidative compounds might lower 
antioxidant activity of MRPs digest. Notably, peptides or MRPs present in BL side retained antioxidant 
activities after translocation across the Caco-2 cell monolayer to some extent, implying the persistence of 
antioxidant activity in transported peptides or MRPs.

Conclusions

Superior antioxidant efficacy of MRPs was observed to PH when tested using various model systems. 
MRPs exhibited a greater ability to prevent the development of secondary oxidation products, as evidenced 
by TBARS analysis in both pork mince and lecithin liposome systems. Additionally, MRPs demonstrated 
a lesser degradation of β-carotene in the β-carotene linoleate system, further emphasizing their potent an-
tioxidant properties. Importantly, no cytotoxicity was observed in MRPs towards Caco-2 cells suggesting 
their safety for consumption. Decrease in A420 over time in BL chamber suggested the partial transportation 
of MRPs across the Caco-2 monolayer, while free peptides or amino acids could pass through effectively. 
Furthermore, antioxidative compounds in BL side retained antioxidant activities following translocation 
across the Caco-2 cell monolayer, highlighting the sustained antioxidant activities of MRPs to high degree. 
Thus, MRPs hold promise as effective antioxidants in food systems. 
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