Epigallocatechin-3-gallate enhances sterilization of irradiated whole bovine casein and protects alpha and beta caseins from gamma radiation: depending on polyphenol/protein ratio
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	αs1-casein: alpha s1-casein
αs2-casein: alpha s2-casein
β-casein: beta-casein
β-Lactoglobulin: beta-lactoglobulin
137Cs: Cesium 137
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EGC: (−)-epigallocatechin  
EGCG: (−)-epigallocatechin gallate
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MAE: microwave-assisted irradiation 
MALDI-MS: matrix assisted laser desorption ionization time-of-flight mass spectrometry 
.OH: hydroxyl radical
ROS: reactive oxygen species 
SDS-PAGE: sodium dodecylsulfate gel electrophoresis



Abstract
The increasing use of milk proteins in medicine requires the development of effective processes for sterilization of milk formulations. We found that epigallocatechin-3-gallate (EGCG) was able to reduce bacterial flora in total casein, depending on the concentration of EGCG. Furthermore, the combination of EGCG and gamma radiation reduced the dose D10 to 0.88 kGy and 0.63 kGy with 250 and 500 µM EGCG, respectively, instead 2.01 kGy without EGCG. We also examined the effect of gamma radiation on alpha- and beta-casein in the absence and presence of epigallocatechin-3-gallate (EGCG). Milk proteins in solution were exposed to different doses of gamma radiation with and without EGCG. Unirradiated and irradiated samples were analyzed by SDS-PAGE and matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-MS). Our results suggest that EGCG (10 µM) protects α- and β-casein from degradation and subsequent polymerization, possibly by scavenging oxygen and protein free radicals generated during irradiation. Although we used a ratio of polyphenols to protein that was higher for alpha-casein (1/5) than beta-casein (1/10), beta-casein was better protected with EGCG. According to previous studies, this result could be explained by differences in protein primary structure and its interaction with EGCG. The interaction of EGCG with casein is hydrophobic rather than hydrophilic, so the interaction with β-casein is stronger than with α-casein. In conclusion, we found that low EGCG concentrations enhances the sterilization of total casein by gamma radiation and it provided an excellent radioprotection of α- and β-casein, especially β-casein, against degradation and aggregation.
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1. Introduction
Compared with other proteins, milk protein has higher nutritional value because of its relatively high content of essential amino acids and better digestibility [1]. Milk proteins are used in many different foods, from dairy products to beverages, meals, and medicinal products[2] [3]. Casein constitutes approximately 80% of the protein content of milk and can be isolated by acid or rennet precipitation. Casein is a proline-rich protein that has attracted great interest due to its unique unfolded structure under natural conditions[4] [5]. In addition, αs1-, αs2- and β-casein have phosphoserine residue centers for calcium chelation. Some casein subunits exhibit regulatory properties on lymphocytes. For example, β-casein can induce B and T lymphocyte proliferation[6]. Taking advantage of the natural digestibility of casein, novel milk protein nanoparticles have been introduced to solubilize and protect hydrophobic nutraceuticals or combat gastric tumors[7]. Tea is one of the most popular beverages in the world. In recent years, there has been much discussion about the health benefits of tea[8] [9]. Green tea consumption, especially the use of green tea extract in dietary supplements, has steadily increased[10]. The antioxidant properties of tea ingredients have attracted great attention from scientists and consumers. This has led to the evaluation of the beneficial effects of green tea extract in many diseases related to reactive oxygen species (ROS), such as cancer, cardiovascular and neurodegenerative diseases[10] [11] [12]. The beneficial effects of green tea are attributed to polyphenolic compounds and their antioxidant effects, especially catechins, which account for 30% of the dry weight of tea leaves[13] [14]. The main green tea catechins are (-)-epigallocatechin gallate (EGCG), (-)-epigallocatechin gallate (ECG), (-)-epigallocatechin (EGC), (-)-epicatechin (EC) is. EGCG is the most abundant and active catechin and is commonly used as a quality indicator[15] [16] [17]. Numerous reports support the anticancer activity of EGCG: growth inhibition of human cancer cell lines in culture, induction of apoptosis, tumor promotion and inhibition of carcinogenesis in animal studies, antimutagenic and antioxidant activity, Tumor necrosis factor-alpha (TNF-α) inhibits cells. It is induced by tumor promoters and regulates gene expression[18] [19] [20]. Furthermore, EGCG was found to inhibit tyrosine phosphorylation of her EGF receptor in His EGF-treated cells of the human lung cancer cell line A43[20]. Green tea may show promise in preventing prostate cancer[21]. Polyphenols in tea have been shown to safely inhibit pro-inflammatory pathways in chronic diseases, but Fang and Bhandari (2010) suggested that the effectiveness of polyphenols depends on maintaining the stability, bioactivity and bioavailability of the active ingredients[22]. The use of encapsulated polyphenols instead of free compounds can effectively alleviate these deficiencies[22]. Milk proteins can increase the bioavailability of polyphenols and have been used to encapsulate polyphenols[23]. Beta-lactoglobulin is the main whey protein in milk, accounting for about 10% of total milk protein. Nanoencapsulation of EGCG by thermally modified β-lactoglobulin was found to significantly protect it from oxidative degradation in vivo[24]. Irradiation technology has a positive effect on preventing spoilage of food products due to sterilization, as well as improving safety and storage stability without compromising nutritional or organoleptic quality[25]. Phenolic compounds can interact with proteins, especially with proline-rich residues such as casein[26]. The use of polyphenols in the food, dietary supplement and pharmaceutical industries has recently attracted considerable interest for their potential human health benefits. EGCG was found to be the most effective tea polyphenol in inhibiting most reactive oxygen species[27]. In a previous study, Camellia sinensis extract was shown to protect whole bovine casein from oxidation by gamma radiation[28]. The ability to sterilize milk proteins without heating is very important. Gamma irradiation is a very effective method for casein decontamination[28]. Gamma-irradiated casein preparations have been shown to remain sterile at doses greater than 2 kGy, in the absence of C. sinensis green tea extract and at doses less than 2 kGy in the presence of C. sinensis green tea extract[28]. Studies have also shown that the combination of gamma radiation and ascorbic acid has an additional effect in providing acceptable hygienic quality of bovine casein and protecting casein from reactive oxygen species (ROS) generated during irradiation[29].
The authors believe that this antioxidant effect of green tea extract is due to the richness of green tea polyphenols and flavonoids and their ability to scavenge free radicals, especially hydroxyl radicals[28]. Therefore, the aim of this study was to determine the role of ECGC concentration in total casein decontamination and the radiosensitivity of casein to irradiation alone. Furthermore, with our current study, we wanted to demonstrate whether EGCG, the most common catechin in tea, can protect both alpha- and beta-casein from gamma radiation with equal efficiency. 
2. Materiel and methods
2.1. ECGC
ECGC (99%) obtained from Sigma. ECGC (1, 10 and 20 μM aqueous solution) was prepared using ultra-pure water (MilliQ system, Millipore resistivity 18.2 MΩ).
2.2. Casein preparation
	Casein was extracted three times from raw cow’s milk, using the technique of Shahani and Sommer (isoelectric precipitation at pH = 4,6)[30]. The degree of purification and the molecular mass of the extracted casein were evaluated by SDS-PAGE, according to Laemmli, 1970 and RP-HPLC[31], according to Dziuba et al., 2001. Standard casein (sigma) was used as control [32]. 	
2.3. Microbian contamination evaluation
The plate Count Agar standard method based on counting of bacterial colonies on Agar (15 g/l of water, autoclaved at 121°C during 20 min) was used to evaluate the microbial contamination of extracted casein[28]. A volume of 100 µL of sample was plated into agar Petri dishes in triplicate and incubated aerobically for 48h at 37 °C. The colonies formed were quantified as CFU (Colony Forming Units) and expressed as log10(CFU) of protein sample solution[28].
2.4. Gamma-irradiation of total casein with and without ECGC
Samples consisting of 3 ml of bovine casein solution (0.22 mM) in 200 mM phosphate buffer (pH 7.2) were irradiated with and without the addition of ECGC (62, 125, 250 and 500 μM in water) ( At the National Center for Nuclear Science and Technology, Sidi Thabet Tunisia using 60Co gamma cells (98000 Ci) at a dose rate of 136.73 Gy/min Doses equal to 100 Gy, 200 Gy, 400 Gy, 600 Gy, 1000 Gy, 2000 Gy and 4000 Gy. Samples were run at room temperature. Irradiation dose was measured using a PMMA dosimeter (PMMA Instruments, Harwell, UK). D10 (lethal dose to eliminate 90% of the total number of microorganisms) was used to assess decontamination of microbially irradiated casein samples.
2.5. Gamma-irradiation of α- and β-casein with and without ECGC
	 Samples containing 1 ml of 50 and 100 µM α- and β-casein solutions (pure water) in 10 mM phosphate buffer (pH 7.2) irradiated with and without EGCG (10 µM). Alpha and beta casein samples were irradiated at room temperature with increasing doses of 100; 200; 300; 400; 1000 Gy. 
2.6. Sodium dodecylsulfate gel electrophoresis (SDS-PAGE)
 	The degree of homogeneity and molecular integrity of α- and β-casein irradiated in the absence and presence of EGCG was assessed by SDS-PAGE[31]. The conditions used were: fixation and separation gels with 4% and 12% acrylamide, respectively. Molecular weight estimation was performed using an SDS-PAGE broadband protein ladder (V8491, Sigma). Image J software was used to analyze the relative intensities of α- and β-casein bands.
2.7. Matrix assisted laser desorption ionization time-of-flight mass spectrometry 
	Irradiated and unirradiated α- and β-casein samples were diluted 50-fold with a 50% saturated solution of α-cyano-4-hydroxycinnamic acid prior to MALDI-MS analysis.
(v/v) trifluoroacetic acid in 0.1% acetonitrile in water. Apply 2 microliters to the MALDI-MS target. MALDI spectra were recorded on a TofSpec 2E (Waters-Micromass, Manchester, UK) in positive linear ionization mode. The working voltage and pulse voltage were set to 25 kV and 2300 V, respectively, and the voltage of the high quality detector was set to 5000 V.
2.8. Statistical analysis
 	Results presented in this study are the average of three independent measurements. Statistical analysis of data (mean ± standard deviation) was performed using the nonparametric Mann-Whitney test (U-test). Comparisons between control and treated samples are represented by values ​​of P < 0.05. Statistical analysis was performed using STATISTICA software version 5.1 (Statsoft, France).
3. Results 
3.1. Role of ECGC in the bacterial decontamination of casein solution by radiotreatement
Bacterial colonies formed after irradiation were quantified as log10 (CFU/ml) of the casein sample solution (shown in Figure 1).
The total number of microorganisms in the untreated sample was 3.39333 105/ml. Treatment of casein with ionizing radiation in the presence of oxygen had a significant effect on the total bioburden. Decontamination of casein samples was quantified with D10, a dose that resulted in 90% elimination of microbial colonies. Without additives, D10 is equal to 2.01 kGy. After irradiation in the presence of ECGC, D10 dropped below 1 kGy (ECGC 250 μM = 0.88 kGy and ECGC 500 μM = 0.63 kGy) (Figure 1).
3.2. Degradation of β- and α-casein
To study the effect of gamma irradiation on α- and β-casein, irradiated protein samples were separated by electrophoresis gel. Figures 2 and 3 show SDS-PAGE profiles of unirradiated α-(50 μM) (Fig. 1) and β-casein (100 μM) (Fig. 3) or in the presence of EGCG (Fig. 2B and 2B). The amount of each structural form of the protein was analyzed using image J software (Figure 4). (4A) and (4B) represent the amounts of structural forms of α- and β-casein, respectively.
3.2.1. SDS-PAGE
Figures 2A and 3A show that the intensity of the α- and β-casein monomer bands decreased with increasing irradiation dose. However, α- and β-casein dimers and polymers and/or aggregates increased with increasing irradiation dose. In contrast, in the presence of EGCG, the intensities of the α- and β-casein monomer bands remained similar to the unirradiated bands (Figures 2B and 3B).
3.2.2. Gel analysis
Analysis of gel electrophoresis using Image J software showed that α- and β-casein monomers decreased with increasing γ-irradiation dose, while the formation of dimers and higher-order and/or polymeric polymers increased with increased with increasing radiation dose. β-casein was irradiated in the absence of EGCG (Figure 4A and 4B). However, even after high-dose irradiation in the presence of EGCG, the amount of α- and β-casein monomers remained high. For example, an increase of 20 and 30 % respectively of the amount of α- and β-casein monomer was observed when they were irradiated in the presence of EGCG with 1000 Gy. Additional, a decrease by 7 and 20 % respectively of the amount of α- and β-casein dimers was observed when they were irradiated in the presence of EGCG with 1000 Gy. Moreover, the amount of α- and β-casein polymers and or/ aggregate was decrease respectively by 20 and 12 % when they were irradiated in the presence of EGCG with 1000 Gy.
3.3. MALDI-MS analysis of irradiated and non-irradiated β- and α-casein samples
Following casein irradiation at doses ranging from 200-1000 Gy, in the absence of EGCG (10 µM), the rotonated molecular ions of the protein decreased with increasing gamma irradiation (Figures 5A and 6A). In contrast, when irradiation was performed in the presence of EGCG, a spectrum of α-casein similar to that of non-irradiation was obtained (Fig. 5B). Even without irradiation, the addition of EGCG increased the intensity of α- and β-casein. Similar results were obtained for β-casein in the presence of EGCG (Figure 6B). In the case of α-casein, there is a slight loss of protonated ions under illumination above 200 Gy, although acceptable high-quality spectra are still readily obtained (Figure 5B).
4. Discussion
4.1. Microbial decontamination of total cow’s milk caseins by gamma irradiation in the presence of different concentration of EGCG
The reduction of casein flora is dependent on the concentration of green tea extract. In fact, a concentration of EGCG (500 μM) was more effective in reducing casein viable counts without irradiation [Fig. 1]. Some polyphenols, such as those found in green and black tea, are harmful bacteria such as Helicobacter pylori, Staphylococcus aureus, Escherichia coli, Salmonella, Listeria, Pseudomonas aeruginosa, Hepatitis C virus, Influenza, HIV, and Candida[33]. Epigallocatechin-3-gallate (EGCG) is the most studied flavanol molecule. It is a gallate-binding catechin abundant in green tea[34] and cocoa products[35]. In any case, EGCG has the most important biological activity for inhibiting angiogenesis and cancer progression compared to other catechins found in tea, probably because of its galloyl moiety[36] [37]. Concentrations greater than 250 μM have been found to be most effective in inhibiting bacterial growth. Irradiation of casein in the presence of ECGC (250 and 500 μM) was found to reduce D10 to values ​​of 1 kGy (0.88 kGy and 0.63 kGy, respectively) [Fig. 1]. This dose is lower than the D10 dose of casein when irradiated in the presence of 10% green tea extract, and much lower than the dose determined by the F.A.O. A fixed dose of 6 kGy.
We conclude that the reduction in dose D10 after irradiating proteins in the presence of ECGC is due to the additive effect of ECGC on the effects of gamma radiation. This effect is comparable to the synergistic combination of compounds in green tea and antibiotics[38] [39] [40] [41].
4.2.  ECGC protect β-casein from irradiation-induced degradation more efficiently than α-casein  
Ionizing radiation affects the physicochemical properties of biomaterials, particularly proteins[42]. Ionizing events cause a shower of secondary electrons that activate numerous chemical reactions[43], of which many induce oxidative degradations. It was previously suggested that solid state molecules are more stable to radiation than in their liquid state[44].  They suggested that, an irradiation of protein in a solution may change the secondary and tertiary structure the effect was explained by a breakdown of covalent bonds and subsequent disruption of the ordered protein structure by the generated oxygen radicals [45].  Water radiolysis results in the formation of free radicals .OH, .H, e-aq that either interact with biomolecules or recombine to produce H2O2 and H2[46]. The decrease of α- and β-casein monomer by gamma irradiation can be explained by dimerization and polymerisation and or/aggregation of milk proteins (Figs. 2, 3, 4, 5 and 6). Gamma irradiation of protein in aqueous solvents induces fragmentation and aggregation by an attack of the radio-sensitive residue or bond[47]. Irradiation can induce oxidation of amino acids, formation of protein free radical[48]. Terryn and al. (2007) suggested that, the oxidation of tyrosine residues by attack of hydroxyl radicals very strong oxidants can lead to dimerization[49]. Davies and Delsignore, (1987) reported that the generation of inter-protein cross-linking reactions, hydrophobic and electrostatic interactions by attack  of oxygen free radicals can induced an aggregation of a protein[50]. Our results show that, α- and β-casein are sensitive to gamma irradiation (Figs 2, 3, 4, 5 and 6). The α-casein monomer decreased dramatically with the increase of gamma irradiation dose. After exposure to 1000 Gy, 48 % of α-casein monomer and 34 % of β-casein are lost. We found also, that EGCG is a good radioprotector of casein against aggregation predominantly β-casein. EGCG, it is the most abundant catechin and possesses the highest scavenging capacity against free radicals[15] [16] [17]. It prevent the aggregation of protein milk probably by scavenging of oxygen free radicals generated by gamma irradiation especially hydroxyl radicals the very strong oxidants. In fact, it retained higher levels of casein monomers compared to irradiated samples without EGCG. In the presence of EGCG and after β-casein exposure to 1000 Gy, we found that only 7% of β-casein was lost. However, in the presence of EGCG, we lost 30% of the α-casein monomer after 1000 Gy irradiation. EGCG concentrations 5-fold higher than alpha-casein did not prevent its dimerization or aggregation, especially at 1000 Gy. These results suggest that EGCG may interact differently with α- and β-casein. The difference in the primary structure of these two proteins could explain this difference. It has been previously shown that EGCG does not interact with all amino acids[51]. According to Hasni and al. (2011) EGCG binds to Asp-43, Gln-30a, Glu-63a, Glu-77a, His-80a, Ile-65a, Ile-71, Ile-81, Lys-42a, Phe-32, Ser-41 α-casein amino acid and to Ala-177, Gly-203, Ile-208, Leu-191, Leu-192a, Leu-198, Phe-190, Pro-179, Pro-204, Tyr-180a, Tyr-193a, Val-178a, Val-197a  β-casein amino acid (a = Hydrogen bonding reported with this residue). EGCG interact with less α-casein amino acid than β-casein amino acid. The damage caused by gamma irradiation to α-casein at a dose 1000 Gy cannot be prevented by EGCG. β-Casein forms stronger complexes with tea polyphenols than α-casein, due to more hydrophobic nature of β-casein[39]. EGCG masking probably the potential radio-sensitive’s sites in the protein and prevent the formation of protein radicals. It has found that the aromatic amino acid tyrosine and tryptophan are in particular more sensitive to gamma irradiation than other amino acid residues[52]. EGCG can bond to different amino acid and by bonding to this amino acid EGCG can protect it against gamma irradiation[39]. 
5. Conclusion 
	The aim of our previous work was to develop a protocol for radioactive sterilization of milk-derived casein in aqueous solution. We found that camellia sinensis green tea extract protected casein from gamma radiation, but this protection was percentage-dependent, with D10 dose for casein decontamination decreasing as protein increased from 2 kGy to <2 kGy[28]. The purpose of this study was to demonstrate that ECGC, the most abundant catechin in green tea extract, plays an important role in the decontamination and protection of γ-irradiated casein. Irradiation of casein in the presence of ECGC (250 and 500 μM) was found to reduce D10 to levels of 1 kGy (0.88 kGy and 0.63 kGy, respectively). This dose was lower than his D10 dose of casein when irradiated in the presence of 10% green tea extract, and F.A.O. fixed dose. The fixed dose is 6 kGy[28]. We conclude that the reduction in dose D10 after irradiating proteins in the presence of ECGC is due to the additive effect of ECGC on the effects of gamma radiation.
	Furthermore, we observed that low concentrations of EGCG (10 µM) protected β- and α-casein from gamma radiation. EGCG was found in a previous study to be the most potent tea polyphenol for quenching most reactive oxygen species produced by radiation[27]. EGCG prevents β- and α-casein aggregation, probably by scavenging oxygen radicals, but it protects β-casein more effectively than α-casein. The ratio of polyphenols to alpha-casein (1/5) is higher than the ratio to beta-casein (1/10). Despite differences in polyphenol/protein ratios, β-casein monomers remained high, even though 30% of α-casein monomers were lost after the same dose of 1000 Gy irradiation. 
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Figure legends
Fig.1: Combined effect of EGCG (62 μM; 125 μM; 250 μM and 500 μM) and gamma radiation at 100 Gy; 200 Gy; 400 Gy; 600 Gy; 1000 Gy; 2000 Gy; 4000 Gy on total aerobic plate counts of casein cow milk (n=3; P<0.05) the results were expressed as log(CFU/CFU0).
Fig. 2: SDS-PAGE electrophoresis patterns of β-caseins (100 µM) non-irradiated and irradiated in the absence (A) and in the presence (B) of EGCG (10 µM) at increasing doses, in the presence of 10 mM phosphate buffer (pH = 7.2). Molecular Weights Standard (STD) in kDa, (lane 1 and 7) non-irradiated β-casein, (lane 2 and 8) β-casein irradiated at 100 Gy, 200 Gy (lane 3 and 9), 300 Gy (lane 4 and 10), 400 Gy (lane 5 and 11), 1000 Gy (lane 6 and 12).
Fig. 3: SDS-PAGE electrophoresis patterns of the α-caseins (50 µM) non-irradiated and irradiated in the absence (A) and in the presence (B) of the EGCG (10 µM) at increasing doses, in the presence of 10 mM phosphate buffer (pH = 7.2). Molecular Weights Standard (STD) in kDa, non-irradiated of the α-casein (lane 1 and 7), α-casein irradiated at 100 Gy (lane 2 and 8), 200 Gy (lane 3 and 9), 300 Gy (lane 4 and 10), 400 Gy (lane 5 and 11), 1000 Gy (lane 6 and 12).
Fig. 4: Image J quantification of SDS-PAGE electrophoresis gel of the β- (100 µM) (A) (A1: β-casein monomer; A2: β-casein dimer; A3: β-casein trimer and A4: β-casein polymer or aggregates) and the α-casein (50 µM) (B) (B1: α-casein monomer; B2: α-casein diemer; B3: α-casein polymer or aggregates) irradiated at increasing doses (100-1000 Gy) in the absence and in the presence of the EGCG (10 µM).
Fig. 5: MALDI-TOF mass spectra of non-irradiated and irradiated at increasing doses of the β-casein (100 µM) in the absence (A) (A1: β-casein non irradiated; A2: β-casein irradiated at 200 Gy; A3: β-casein irradiated at 400 Gy; A4: β-casein irradiated at 1000 Gy) and in the presence of the EGCG (10 µM) (B) (B1: β-casein non irradiated; B2: β-casein irradiated at 200 Gy; B3: β-casein irradiated at 400 Gy; B4: β-casein irradiated at 1000 Gy) . A total of 100 spectra were combined.
Fig. 6: MALDI-TOF mass spectra of non-irradiated and irradiated at increasing doses of the α-casein (50 µM) in the absence (A) (A1: α-casein non irradiated; A2: α-casein irradiated at 200 Gy; A3: α-casein irradiated at 400 Gy; A4: α-casein irradiated at 1000 Gy) and in the presence of the EGCG (10 µM) (B) (B1: α-casein non irradiated; B2: α-casein irradiated at 200 Gy; B3: α-casein irradiated at 400 Gy; B4: α-casein irradiated at 1000 Gy) . A total of 100 spectra were combined.
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