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Abstract 

Milk and dairy products are significant sources of proteins and peptides impacting human 

health. In this way, the interest in CPPs, bioactive phosphorylated peptides resulting from the 

hydrolysis of caseins, has grown in the past years. CPPs were mainly studied for their 

capacity to chelate and increase the bioavailability of essential minerals involved in multiple 

physiological processes. Moreover, CPPs harbour interesting antioxidant and anti-

inflammatory properties. Recent in vivo and in vitro studies demonstrated that these different 

roles are strongly linked to the intrinsic properties of CPPs and CPP concentrate 

preparations. 

This review first comments on the different methods of CPP analytical characterization, 

focusing on recent techniques. Then, the CPP release occurring during the gastrointestinal 

digestion was reviewed, followed by the different CPP obtention processes and their impact 

on their physicochemical characteristics. Finally, the different bioactive roles attributed to 

CPPs, including mineral chelating properties, are discussed.  

We show that CPPs have a promising role in treating various pathologies, notably to 

compensate for deficiencies in certain nutrients and an anti-oxidant and anti-inflammatory 

role. Nevertheless, the mechanisms by which CPPs exert their role remain to be elucidated, 

and this requires precise characterization of CPPs. 

This work highlights the key parameters to be considered to study and produce CPPs and 

the different ways to be investigated in the future to elucidate their roles in vivo and 

characterize their potential for human health.  
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Introduction 
Dairy proteins have been widely characterized for their benefits on human health by 

impacting cardiovascular, digestive, immune, and nervous systems (Muro Urista et al., 

2011). Milk proteins are divided into two fractions: caseins and whey proteins. In ruminant 

milk, caseins represent 80% (w/v) of the total milk protein content and exist in four forms 

(αS1-, αS2-, β-, and ĸ-casein), encoded by four different genes and their different variants, 

which bind together to form micelles (Głąb & Boratyński, 2017). The amino acid sequence 

alignment and the comparison of phosphorylation sites of goat, sheep, and cow caseins 

show only a few differences, but casein micelles differ in composition and molecular mass 

between ruminant dairy species (Ginger & Grigor, 1999; Roy et al., 2020). However, the 

amounts of the different four forms vary between species; bovine milk caseins are composed 

of equal amounts of β-casein and αS1-casein, which is superior to αS2-casein, and κ-casein 

amounts, whereas buffalo and camel milk contain more β-casein than αS1/2-caseins and κ-

casein (Roy et al., 2020).  

Regarding the variation between the different casein forms, there is little homology in the 

amino acid sequences, phosphorus, and carbohydrate content, but they are all amphiphilic. 

Intramolecular bonds do not stabilize these proteins, and their flexibility facilitates their 

digestion and hydrolysis (Głąb & Boratyński, 2017). In other words, caseins are random coil 

proteins without spatially well-organized secondary and tertiary structures, which confer them 

a significant susceptibility to proteolytic cleavages. Casein phosphopeptides (CPPs) have 

been identified from caseins hydrolysates obtained in vitro with enzymatic hydrolysis, during 

in vitro and in vivo gastrointestinal (GI) digestions, and during milk and cheese fermentations 

(Pinto et al., 2012).  

No physiological role is assigned explicitly to caseins themselves, but the biological activities 

of peptides released during their GI digestion have been subjected to numerous studies. 

Indeed, peptides encrypted in the native proteins are inactive, but their release during 

hydrolysis leads to bioactive peptides (Muro Urista et al., 2011). Following the ingestion and 

GI digestion of caseins, CPPs could interact with the intestinal epithelium or cross the gut 

barrier to exert their bioactivities (Miquel, Ángel Gómez, et al., 2006). CPPs are a group of 

bioactive peptides involved in numerous biological activities and worldwide used as 

nutritional supplements. The presence of a phosphate group on serine (pSer) or threonine 

(pThr) residues characterizes CPPs, but no phosphotyrosine (pTyr) has been experimentally 

detected in the bovine caseins (Ginger & Grigor, 1999). The principal sources of CPPs are 

the αS1-, αS2- and β-casein, which contain in the cow 9, 12, 5 phosphoserine residues in their 

native form, respectively (Ginger & Grigor, 1999). The ĸ-casein, which contains three 

phosphoserine residues and one phosphothreonine residue (Huang et al., 2014), leads to 
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fewer released CPPs (Holt, 1992). Note that, instead of other dairy animal species (Matéos 

et al., 2010), the occupancy of the phosphorylation sites is total (100%) in bovine and, 

therefore, each CPP contains one or more phosphate groups, called mono-, di-, tri-, quadri- 

or quinti-phosphopeptides. 

CPPs are attractive bioactive peptides due to their physicochemical properties. Their stability 

at acid pH during digestion and their good solubility confer them growing interest. Moreover, 

since these phosphorylated peptides are anionic, they chelate interesting nutritional minerals 

such as calcium and iron (FitzGerald, 1998). However, other bioactivities of interest have 

been recently attributed to CPPs.  

CPP-enriched products are commercially available and widely studied for their beneficial 

effects. In addition, numerous studies are currently conducted to demonstrate their potential 

as functional food ingredients to prevent diseases such as osteoporosis and anaemia (Ahn & 

Je, 2019; Delshadian et al., 2018).  

The present review focuses first on the different analytical methods used to, qualitatively and 

quantitatively, characterize CPPs. Then, the heterogeneity of CPPs obtained from caseins 

with the different established methods, going from GI digestion to in vitro hydrolysis of 

caseins, is reviewed. Next, their mineral chelating capacities focusing on calcium and iron 

and their impacts on health, their antioxidant, and other biological effects are discussed.  
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2. Analytical characterization of CPPs: qualitative and quantitative 
aspects 

The lactating mammary gland synthesizes and secretes large amounts of phosphoproteins 

that are mainly associated with the casein fraction of milk. The biosynthesis of casein occurs 

in two steps: synthesis of the polypeptide chain, followed by phosphate addition to the 

nascent casein by an ATP-dependent protein kinase localized in the Golgi apparatus. The 

inorganic phosphate of blood serves as building materials for casein, and the final product 

appears in milk as a colloidal-sized particle, the casein micelle (Bingham et al., 1972; 

Bingham & Farell, 1977). The casein micelle has a spherical appearance with a hairy 

appearance on the surface (Dalgleish et al., 2004). Cellular phosphorylation of amino acids is 

a post-translational modification (PTM), an enzymatically-mediated etherification reaction, 

with H20 elimination, between a hydroxyl group of phosphate and a lateral hydroxyl group of 

only three amino acids: serine (to form pSer or pS), threonine (to form pThr or pT) and 

tyrosine (to form pTyr or pY). The bovine milk caseins do not contain phosphotyrosine. They 

contain mainly phosphoserine residues and a few phosphothreonine residues (Ginger & 

Grigor, 1999). 

Specific phosphorylation of caseins in the mammary gland is required to obtain the 

physicochemical properties of casein micelle. Indeed, the phosphate content of k-casein 

must be low to form a stable casein micelle (Yoshikawa et al., 1981). However, even if 

divalent ions such as Mg2+, Ca2+, or Mn2+ stimulate the protein-kinase activity involved in the 

addition of phosphate, the cellular mechanisms, the cellular rules, and the regulatory 

mechanisms that control the phosphate addition on the nascent protein remain largely 

unknown. Nevertheless, in vitro experiments of dephosphorylation-rephosphorylation of -

casein versus -lactalbumin have demonstrated the impact of the protein folding on the 

rephosphorylation yield of proteins (Bingham et al., 1988). Therefore, the neighbouring 

amino acids may be essential in determining which serine/threonine residues in casein are 

phosphorylated.  

Today, bioinformatic prediction of phosphorylation site occupancy is a helpful tool to many 

international research teams involved in understanding cellular communication mechanisms, 

and Netphos 3.1 Server is a reference bioinformatics tool in this field (Blom et al., 1999, 

2004). Submission of the amino acid sequences of casein precursors to Netphos 3.1 (access 

online, June 2021) returns a total number of 91 potential phosphorylation sites displaying a 

NetPhos 3.1 score superior to the theoretical threshold of 0.5 (Figure 1B) for both bovine 

caseins: 21 (14 pSer, 4 pThr and 3 pTyr) potential phosphorylation sites for αS1-casein 

(CASA1), 29 (16 pSer, 10 pThr and 3 pTyr) for αS2-casein (CASA2), 19 (12 pSer, 7 pThr and 
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0 pTyr) for β-casein (CASB) and 22 (12 pSer, 9 pThr and 1 pTyr) for ĸ-casein (CASK). 

Among all the potential phosphorylation sites, one phosphorylation site was predicted in the 

signal peptide of both αS1- and β-caseins. Three potential phosphotyrosines are predicted 

from the αS1- and αS2-casein amino acid precursors, while zero and only one for the β- and ĸ-

casein amino acid precursors, respectively. However, experimentally-reported 

phosphorylation sites or those suspected to be phosphorylated (by similarity with other 

species where experimentally-reported phosphorylation sites have been published (Huang et 

al., 2014; Imanishi et al., 2007; Kappeler et al., 1998; Larsen et al., 2005; Mercier et al., 

1976; Minikiewicz et al., 1996; Ribadeau Dumas et al., 1972; Wu et al., 2005) and listed in 

UniprotKB), are only 29 (Figure 1B, red, bold, underlined and dash-underlined case). 

Therefore, close to 70% of potential phosphorylation sites predicted may be not biologically 

phosphorylated in reality. Note that the phosphorylation, deduced by similarity and reported 

in UniprotKB, of 187pSer for ĸ-casein is not predicted by NetPhos 3.1. 

In any case, due to their biological functions, accurate and complete characterization of 

PTMs, overall, but especially phosphorylation sites are of prime importance to understand 

the structure(s) - function(s) relationships of biomolecules. Prior to analytical, sample 

preparation is primordial to enrich/purify in phosphopeptides embedded in a mixture of non-

phosphopeptides (Fíla & Honys, 2012; Qiu et al., 2020). The analytical methods of 

phosphorylation site characterization have not ceased to progress since their advent. 

However, two epochs, separated by the advent of mass spectrometry, stand out clearly. The 

analytical methods corresponding to these two epochs are reviewed below and referenced in 

table 1. 

2.1. Conventional methods (old methods) 

The structure of the micellar caseins, where phosphate and calcium form colloidal calcium 

phosphate bridges, has been historically used for assessing the CPP yields by calcic 

precipitation with additional divalent ions. In 1996, Adamson and Reynolds reported the 

characterization of CPPs by high-performance liquid chromatography (HPLC) following the 

addition of 10% calcium chloride (Adamson & Reynolds, 1996). A simple precipitation yield 

calculation can be used to estimate the rate of CPPs initially present in a sample. This 

precipitation technique is only an enrichment step, which gives it the advantage of being fast 

and inexpensive but the disadvantage of lacking precision as to the percentage of CPPs 

calculated. Today, the National Food Safety Standard of the People’s Republic of China 

related to the food nutrition enhancers CPPs (GB 31617-2014) uses this principle with 

barium chloride for evaluating the percentage of CPPs. In 2012, Mirza et al. reported a novel 

method for phosphopeptide enrichment using lanthanide phosphate co-precipitation. They 
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demonstrated, by MALDI-TOF-MS analysis, that erbium ions were found to be most efficient 

for precipitating phosphopeptides (Mirza et al., 2012). 

The chromatography principle is also a commonly used technique to pre-purify 

phosphopeptides. Different chromatographic stationary phases interact by non-covalent 

linkages with the phosphopeptides. For example, the hydroxyapatite stationary phase retains 

the phosphopeptides preferentially due to its strong interaction with phosphate (Fonslow et 

al., 2012; Mamone et al., 2010). The negative charge of the phosphate group can also be 

targeted by anion exchange chromatography (Ellegård et al., 1999; Hardman et al., 2019). 

Electrostatic repulsion-hydrophilic interaction chromatography (ERLIC) (Alpert et al., 2010), 

which is a subset of hydrophilic interaction chromatography (HILIC), has been used for 

characterizing the glycopeptides and phosphopeptides. Several comparative studies 

demonstrated that ERLIC is an unequivocally superior alternative since many more 

phosphopeptides identification is possible (Alpert et al., 2015; Tabang et al., 2021; Yeh et al., 

2019). Further analysis of the heterogeneity of the precipitated or pre-purified CPPs can then 

be carried out by liquid chromatography conventional analysis such as HPLC coupled with 

UV detection (Adamson & Reynolds, 1995; McDonagh & FitzGerald, 1998). However, a lack 

of a specific detection method for phosphopeptides due to the UV-based detection mode 

(detecting all the phosphorylated and non-phosphorylated peptides) is the main drawback to 

evaluating phosphopeptide yields. 

2.2.  Modern methods  

The identification, characterization, and quantification of phosphopeptides have gained 

significant advances from the advent of mass spectrometry (MS). However, due to close 

chemical structures, unmodified peptides and post-translationally modified peptides could 

harbour the same physicochemical features (molecular mass, net charge and 

hydrophobicity/hydrophily ranges). Fortunately, the atomic structure of phosphate confers a 

particular affinity for specific support, permitting phosphopeptides to bind. Overall, the 

phosphocaseins have served as phosphoprotein models to develop methodologic 

approaches already used today. 

2.2.1 CPP ionization  

The two main ionization sources in MS, used to characterize phosphopeptides have been, 

over the last decades, mainly the matrix-assisted laser desorption/ionization (MALDI) and the 

electrospray ionization (ESI). Today, ESI is the method of choice due to its fitting with 

molecular separation techniques, such as chromatography and capillary electrophoresis. 

However, the mass spectrometry analysis of purified mono– and multi-phosphorylated 
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peptides and negative than positive ionization modes have been reported through several 

analytical optimization studies both from MALDI (Annan & Carr, 1996; Asara & Allison, 1999; 

Hou et al., 2010; Jagannadham & Nagaraj, 2008; Kjellström & Jensen, 2004) and ESI 

(Boersema et al., 2009; Busman et al., 1996) sources. For example, MALDI analysis of 

phosphopeptides has been demonstrated to be better sensitive and efficient when the co-

crystallization between the MALDI matrix and the sample analytes is performed using 

phosphoric acid as an acidifying agent when the analysis is performed in negative ionization 

mode (Kjellström & Jensen, 2004). In the same way, Hou et al. recently published their works 

on optimizing a MALDI matrix to enhance the detection of phosphopeptides from MALDI 

source (Hou et al., 2010). Concomitantly, the ESI analysis by infusion of phosphorylated 

peptides is optimized when the analyses are performed with phosphoric acid (0.1–1.0%) to 

the sample solution (Kim et al., 2004). 

Although their physicochemical features, especially their net charge and molecular mass, are 

closed, the ionization efficiency of peptides and phosphopeptides in mixture favours peptides 

in positive ion detection mode (Zou et al., 2013). Their relatively low stoichiometry reinforces 

this suppression ionization phenomenon affecting the phosphopeptides, the whole 

peptidome analyzed, and their number of phosphorylation sites. In addition, the multi-

phosphorylated peptides generally have a lower positive ionization efficiency than 

monophosphorylated ones: in other terms, the more the phosphorylation, the lower the 

ionization in the positive mode (Zou et al., 2013). However, it would be wrong to think that 

the charge inversion of ionization mode leads to reverse the suppression ionization 

mechanisms (Kawasue et al., 2021; Knight et al., 2003; Poot et al., 2006), which remained 

misunderstood. 

Since the net charge of phosphate is a hurdle to phosphopeptide MS-based analysis, various 

authors suggested that phosphopeptide dephosphorylation could be a suitable strategy. 

Further, it will be possible to identify them through dephosphorylated/phosphorylated 

comparative analyses. Dephosphorylation can be performed chemically or enzymatically, 

and dephosphorylation is total or partial (Mann et al., 2002; Matéos et al., 2009; Steen & 

Mann, 2002). The chemical dephosphorylation of phosphopeptides is a beta-elimination 

mechanism (Steen & Mann, 2002) and is often combined with the addition of specific 

chemical groups by a Mickael substitution mechanism (Mann et al., 2002; Steen & Mann, 

2002). Evidently, the specific chemical groups that replace the phosphate at the original 

place of phosphorylation are chosen i) to enhance the MS-based detection/identification of 

these modified phosphopeptides and/or ii) to bring a binding specificity to enhance the 

phosphopeptide enrichment and numerous chemical groups have been reported (Furukawa 



9 
 

et al., 2011; McLachlin & Chait, 2003), including isobaric labelling and fluorous derivatives 

(Linke et al., 2015). 

In 2008, Tan et al. reported an original method based on the dephosphorylation activity of 

cerium oxide attributed to Lewis acid and nucleophile activation mechanisms (Tan et al., 

2008). The dephosphorylation activity of cerium oxide (Ce02), independent of the 

temperature, which occurs in 10 min, was evaluated by two standard phosphopeptides and 

enzymatic digests of phosphoprotein α-caseins and β-casein. This dephosphorylation 

property of CeO2 has been recently used through a multiplexed quantitative approach using a 

metal-organic framework (MOF)-templated porous CeO2 and a magnetite/Ceria codecorated 

titanoniobate nanosheets (Furukawa et al., 2011; Min et al., 2015). Concomitantly, enzymatic 

dephosphorylation enhances cleavage specificity compared to chemical methods and 

permits modulating the dephosphorylation degree to reach different yields. Enzymatic 

dephosphorylation is either performed in acid or basic conditions, and both of them can be 

performed consequently (Deracinois et al., 2021; Matéos et al., 2009; Wang et al., 2008). At 

the beginning of the 21st century, a chemical and combined enzymatic approach presented 

chemical modifications of pSer and pThr, transforming them into lysine analogues 

(aminoethylcysteine and β-methylaminoethylcysteine, respectively), which are then cleaved 

with a lysine-specific protease to map sites of phosphorylation (Knight et al., 2003). 

2.2.2 MS/MS-fragmentation of CPPs 

MS-based detection of phosphopeptides and the location of phosphate on the amino acid 

backbone of peptides gained for the advent of MS/MS fragmentation methods (Boersema et 

al., 2009; Mann et al., 2002; Potel et al., 2019). Whatever the ion source used (MALDI or 

ESI), the first MS experiments dedicated to phosphopeptide studies revealed a very 

abundant fragmentation process corresponding to the neutral loss of 98 or 80 Da (owing to 

H3PO4 or HPO3 loss, respectively) at moderate collision offset potential (Annan & Carr, 1996; 

Beck et al., 2001; Busman et al., 1996). In the same way, MS/MS fragmentation methods 

using higher collision energies, such as collision-induced dissociation (CID), infrared 

multiphoton dissociation (IRMPD) and higher-energy collisional dissociation (HCD, even if 

this latter MS/MS fragmentation method generates less neutral loss), leads mainly to this 

neutral loss of 98 and 80 Da (Flora & Muddiman, 2001; Palumbo et al., 2008; Potel et al., 

2019; Tholey et al., 1999; Y. Zhang et al., 2009) which can seriously hamper identification 

and phosphosite determination. Ultraviolet photodissociation (UPVD) has also been reported 

for characterizing phosphopeptides. The molecular fragmentation resulting from UPVD 

depends on the wavelength (157, 193, 220 and 266 nm) of photons used. The functionality of 

UVPD for sequencing both peptide-cations and -anions enabled monophosphorylated to 
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pentaphosphorylated peptide characterization. Recently, Robinson et al. concluded, through 

their comparative study using either HCD or UPVD, that UPVD could be combined with HCD 

to improve the overall depth of coverage compared to each method alone (Robinson, 2016). 

To obtain more sequence information from peptides showing an extensive neutral loss in 

their CID spectra, such as peptide backbone fragments revealing the amino acid sequence 

and locating the phosphate group, the use of a second step of activation (MS3 and multistage 

activation) to activate the ions produced by the neutral loss, is a convenient solution mainly 

reported for extensive cellular phosphorylation studies (Boersema et al., 2009) but never 

reported for milk phosphopeptides. On the contrary, the electron driven dissociation methods 

(electron-capture dissociation (ECD) and electron-transfer induced dissociation (ETD)) 

induce more extensive fragmentation of the peptide backbone than the collision mentioned 

above methods, providing better sequence coverage without loss of phosphoric acid, 

phosphate or water illustrating its applicability for identification of phosphorylated residues 

(Molina et al., 2007; Thingholm et al., 2010). This method allows direct assignment of 

phosphorylation sites. ETD and CID combination has also been reported (Molina et al., 

2007), and MS/MS fragmentation methods have been applied to study the phosphorylation of 

intact caseins (B. Chen et al., 2017; J. Chen et al., 2019). 

Mass analysers and detectors' instrumental performances (resolution power, accuracy, 

sensitivity…) play a crucial role in characterizing the phosphopeptides. Therefore, very high-

resolution mass spectrometers, based on the Fourier transform-ion cyclotron resonance (FT-

ICR), have been reported to allow a quasi-entire characterization of phosphopeptides without 

the need for prior liquid chromatography separation (Paris et al., 2020). 

2.2.3 CPP purification 

As reported mainly, chromatography separation techniques enhance the identification yield 

of phosphopeptides, although the hydrophobicity-based co-elution of peptides and 

phosphopeptides leads to the same suppression ionization phenomena even if it occurs to a 

less extent. Today the phosphorylation state of abundant animal proteins such as milk 

caseins is not fully elucidated. Indeed, among all bovine milk caseins, 31 phosphorylation 

sites are referenced, based on the literature or by similarity with other animal species, in 

UniprotKB/Swiss-Prot (September 1, 2021): (αS1-Casein : pS56, pS61, pS63, pS79, pS81, 

pS82, pS83, pS90 and pS130; αS2-Casein: pS23, pS24, pS25, pS28, pS46, pS71, pS72, 

pS73, pS76, pS144, pS146, pS150 and pS158; β-Casein: pS30, pS32, pS33, pS34 and 

pS50; κ-Casein: pS148, pT166, pS170 and pS187 (by similarity for this latter). Thus, the 

most extensive study dedicated to the phosphorylation of bovine caseins is undoubtedly the 

study reported by Fang et al.. They investigated the variation in phosphorylation degree of 
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αS-caseins among milk of individual cows and the relationships among different 

phosphorylation isoforms of αS-caseins through the analysis of morning milk samples from 

529 French Montbéliarde cows using liquid chromatography (LC) coupled with ESI-MS (Fang 

et al., 2016). Capillary electrophoresis was also evaluated for its capability to analyze 

phosphopeptides. Ultra-low flow capillary electrophoresis was reported to significantly 

improve the detection sensitivity of phosphopeptides in equal sample load and equal sample 

concentration conditions while providing complementary data to LC−MS (Heemskerk et al., 

2012). Furthermore, dong et al. reported the site-specific separation and detection of 

phosphopeptide isomers with pH-mediated stacking capillary electrophoresis coupled to ESI-

MS (Dong et al., 2013).  

The stochiometry of phosphopeptides is low compared to peptides when they are in a 

mixture obtained by the hydrolysis of one or several proteins. Various approaches were 

developed for the phosphopeptide enrichment step based on the molecular affinity permitting 

phosphopeptide concentration. Metal affinity capture (MAC) coupled to ESI-MS/MS allows 

for selective detection and identification of phosphopeptides in a complex mixture (Blacken et 

al., 2006, 2008). Briefly, phosphopeptides are captured in solution as ternary complexes with 

Fe3+ or Ga3+, electrosprayed as doubly or triply charged positive ions, and the gas-phase 

complexes uniformly dissociate to produce a common ion that is used as a specific marker in 

precursor ion scans. Concomitantly, several authors have reported the concentration of 

phosphopeptides using an immobilized version of the MAC method with different metal ions 

(TiO2, Ti4+, Fe3+, Ga3+ and Zr4+) named immobilized metal ion affinity chromatography (IMAC) 

(Arribas Diez et al., 2021; Bian et al., 2014; Capriotti et al., 2018; Salimi et al., 2017; Zhu & 

FitzGerald, 2012). Concomitantly, Thingholm et al. demonstrated the efficiency of titanium 

dioxide (TiO2) used with an optimized solution containing 2,5-dihydroxybenzoic acid (DHB) or 

phthalic acid solution, acetonitrile and trifluoroacetic acid (TFA) (Thingholm et al., 2008; 

Thingholm & Larsen, 2016) for the phosphopeptide enrichment. This advantageous property 

of metal ions (e.g. TiO2) to interact with the phosphopeptides was also used in combination 

with graphene for the analysis of phosphopeptides by surface-enhanced laser 

desorption/ionization (SELDI) (Tang et al., 2012). Several evolutions of the metal-based 

capture of phosphopeptides have been reported in the following years, such as the metal 

oxide affinity chromatography (MOAC) (Kyono et al., 2008; Sugiyama et al., 2007) and the 

polymer-based metal-ion affinity capture (PolyMAC) (Iliuk et al., 2010; Tao et al., 2005). 

Recently, Rui et al. reported a new set of different metal ions (Ti4+, Zr4+, Fe3+, Tb3+, Tm3+ and 

Ho3+)-immobilized magnetic nanoparticles using tetrakis(4-carboxylphenyl) porphyrin 

((TCPP)) and 1,4,7,10-tetraazacyclododecane N,N’,N’’,N’’’-tetraacetic acid (DOTA) to form 

Fe3O4@TCPP-DOTA-Tb or Ti nanoparticles to capture and enrich the phosphopeptides 
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(Zhai et al., 2015). A multitude of metal-functionalized materials, such as poly(glycidyl 

propargyl ether/divinyl benzene (poly(GPE/DVB); amphiphilic polyamidoamine (PAMAM); 

movable magnetic supraparticule (MSP); ATP-magnetic nanoparticule (MNPs); inorganic 

nanofiber; polydopamine (PDA) have been reported (He et al., 2022; Jiang et al., 2018; 

Krenkova et al., 2016; Ma et al., 2014; Saeed et al., 2013; L. Zhang et al., 2015). The last 

generation of functionalized materials with excellent phosphopeptide enrichment ability are 

bifunctional surfaces that trap both glycopeptides and phosphopeptides (L. Cao et al., 2020, 

p.; He et al., 2022; Lu et al., 2020). 

However, for several methods, the metal ions cause the non-elution of strongly fixed multi-

phosphopeptides and interferences, such as the metal contamination of chromatographic 

column and non-specific interactions with some peptides. To overcome these drawbacks, 

several authors have proposed solutions such as the sequential elution of phosphopeptides 

(Sun et al., 2014), the use of a phosphopeptide elution microgradient (Ondrej et al., 2020) 

and the use of additives, like ethylenediaminetetraacetic acid (EDTA), citrate or a 

tetraphosphorylated peptide: pSpSpSpS (Seidler et al., 2011), and lactic acid (Sugiyama et 

al., 2007). In the same way, methods that do not use metal ions are free of these 

interferences. In that respect, the two-dimensional LC-MS/MS using either strong cation 

exchange chromatography (Beausoleil et al., 2004) or mixed bed anion-cation exchange 

chromatography (Motoyama et al., 2007) in the first separation dimension and reverse 

phase-LC-MS/MS in the second one has also evidenced as an efficient approach for the 

detection and identification of phosphopeptides. 

Finally, modern high-throughput and high content biological research are performed with 

advanced high-resolution instrumentation and complex, time-consuming protocols, which, as 

a whole, pose a challenge for routine implementation in analytical labs.  

3. CPP formation 

CPPs are endogenously present at a low concentration in milk. Some authors attribute this to 

the activity of different enzymes present in milk, like plasmin and cathepsin (Baum et al., 

2013; Gaucher et al., 2008). However, as discussed in this part, CPPs are mainly produced 

during the different steps of GI digestion of caseins, during fermentation, or in vitro by 

enzymatic hydrolysis. 

3.1. CPP release during GI digestion 
3.1.1. In vivo 

Investigating the release of CPPs in vivo during GI digestion is tricky due to endogenous 

proteins and their derived peptides in the different compartments of the GI tract. However, 
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this has already been investigated in rats, pigs, and humans (Bouzerzour et al., 2012; 

Chabance et al., 1998; Hirayama et al., 1992). 

Thus, in piglets, peptide profiles obtained after infant formula at the different digestion steps 

revealed that caseins were massively hydrolyzed in the stomach, although peptides 

principally from β-casein were also found in the jejunum and only three peptides from β-

casein in the ileum (Bouzerzour et al., 2012). Another study conducted in mini-pig showed 

hydrolysis kinetics of various milk matrices and identified different poly-phosphopeptides 

issued from αS1, αS2, β, ĸ-casein in duodenal effluents (Barbé et al., 2014).  

CPP release during in vivo digestion has also been undertaken in humans. Indeed, in 1998, 

it was shown that CPPs were found in the stomach and the duodenum after milk and yoghurt 

ingestion (Chabance et al., 1998). A few years later, Meisel et al. showed that CPPs 

produced during bovine casein digestion can be found even down in the ileum (Meisel et al., 

2003). More recently, it has been shown that CPPs were present in the jejunum after casein 

ingestion (Boutrou et al., 2013). Interestingly, a clinical study revealed that CPPs could pass 

the GI barrier as they were found in the plasma of different subjects after cheese ingestion, 

supporting the potential bioactive roles of CPPs (Caira et al., 2016).  

3.1.2. In vitro simulated gastrointestinal digestion (SGID) 

Research on peptides released during GI digestion can also be undertaken in vitro with 

simulated gastrointestinal digestion (SGID), which is currently used in food and nutritional 

sciences. In this way, static and semi-dynamic SGID protocols have been recently 

standardized, leading to a better knowledge of in vivo mechanisms (Brodkorb et al., 2019; 

Guerra et al., 2012; Ménard et al., 2014; Minekus et al., 2014). This method facilitates 

identifying the panel of CPP sequences that can be released during digestion.  

In 2010, Picariello et al. investigated CPP release profile after SGID, using pepsin for the 

gastric phase and trypsin, chymotrypsin, elastase and carboxypeptidase for the intestinal 

phase. Results showed that caseins had been fully digested and led to the identification of 

CPPs, most from β-casein, which survived to the different steps of the digestive system 

(Picariello et al., 2010). Next, Miquel et al. investigated the CPP profiles after gastric and 

intestinal digestion phases using porcine pepsin and pancreatin, a mix of diverse enzymes 

including trypsin, amylase, lipase, ribonuclease, and other proteases. They found 19 CPPs 

principally from αS1-casein and only four from αS2, five from β-casein and none from ĸ-casein, 

which has only one phosphate group as illustrated in figure 1C (Miquel, Ángel Gómez, et al., 

2006). 
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These in vitro investigations also highlighted the importance of the different digestive 

enzymes. Indeed, the comparison of the intestinal CPP profiles of digested Grana Padano 

cheese obtained with two different static SGID protocols using either trypsin, chymotrypsin 

and lipase or pancreatin during the intestinal digestion phase (Cattaneo et al., 2017) showed 

that the number of CPPs released with pancreatin was higher, emphasizing the role of all 

pancreatic enzymes in casein hydrolysis. In contrast, Cruz-Herta et al. found 44 and 37 

CPPs after casein tryptic hydrolysis and SGID using a mix of pepsin and pancreatic 

enzymes, respectively. Furthermore, only a few differences were evidenced between the 

CPP profiles (Cruz-Huerta et al., 2015). The contradictory aspect of these outcomes could be 

attributed to the variable matrices and SGID parameters used in the different studies, making 

comparison difficult. 

In these different works, the action of gastric and intestinal enzymes on CPP release has 

mainly been highlighted, but the action of the intestinal brush border membrane enzymes 

was not often considered. Among these enzymes, there are endopeptidases, 

aminopeptidases, carboxypeptidases, phosphatases, and the dipeptidyl peptidase-IV 

(Maestracci, 1976). Currently, only a few studies investigate the role of these enzymes on 

casein hydrolysis (Boutrou et al., 2010; Yeung et al., 2001). However, it has been shown that 

intestinal alkaline phosphatase, an enzyme present on the apical microvilli of brush border 

membrane, can dephosphorylate clustered phosphoserine residues present in whole casein 

suspension or isolated caseins. Moreover, this dephosphorylation could occur under the 

action of other digestive enzymes like pepsin and pancreatic enzymes (Li-Chan & Nakai, 

1989). Another study confirms that phosphorylation sites and mineral binding seem to limit 

the hydrolysis of CPPs by intestinal brush border membrane enzymes (Boutrou et al., 2010). 

Picariello et al. showed that specific peptides released after SGID of caseins could resist an 

incubation step with intestinal brush border membrane enzymes (Picariello et al., 2010). 

In addition, regarding the bioactive potential of these phosphopeptides, CPP-enriched 

products are commercialized for healthcare application with oral administration. In this 

context, some studies compared the CPP profiles of those CPP-enriched products with that 

of caseins after digestion. Thus, Garcia-Nebot et al. compared either milk or CPP 

concentrate, both added to a fruit beverage, before and after SGID. Firstly, they noticed that 

SGID has very few impacts on CPPs already present in the initial sample and on the 

phosphorylated residues. Secondly, the quantity of CPPs after digestion was higher in the 

fruit beverage supplemented with CPP concentrate than the one supplemented with milk 

(García-Nebot, Alegría, Barberá, Contreras, et al., 2010). A recent study published in 2020 

also compared CPP profiles of CPP concentrate preparation and caseins and found they 

were pretty similar after SGID. The number of identified CPPs was thus approximatively the 
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same as for di- and tri-phosphorylated CPP amounts and for αS1-, αS2- and β-casein 

precursors. Only fewer monophosphorylated forms of CPPs were found in CPP concentrate 

preparation digestion samples(Bottani et al., 2020). 

3.1.3. Comparison between in vivo and in vitro gastrointestinal digestions 

Recently, many research teams investigated the discrepancy between CPPs released during 

SGID and in vivo GI digestion. In 2018, Sanchòn et al. compared peptide profiles of human 

jejunal and intestinal samples of SGID milk digestion using the consensual INFOGEST 

protocol (Sanchón et al., 2018). They evidenced similitudes between in vivo and in vitro 

digests for global peptide profiles, but certain sequence regions were more or less 

represented. Regarding phosphorylated peptides, most of β-CPPs found in the jejunum were 

also present after SGID, and for αS1-CPPs, principally αS1-casein (42-52) region was found in 

vivo and in vitro. 

In the same way, CPPs corresponding to β-casein (33-39) and β-casein (33-51) identified 

after milk-based fruit beverage SGID in the Garcia-Nebot et al. work were found or 

correspond partially to the sequence of those identified in vivo in the study of Chabance et al. 

(Chabance et al., 1998; García-Nebot, Alegría, Barberá, Contreras, et al., 2010). For 

peptides released after αS1-casein and αS2-casein digestion, some phosphopeptides 

identified in vitro were previously identified in clinical studies: αS1-casein (73-79), αS1-casein 

(110-119) and αS2-casein (138-146) (Boutrou et al., 2013; García-Nebot, Alegría, Barberá, 

Contreras, et al., 2010).  

Another study published in 2019 showed no significant difference between peptides released 

either by static INFOGEST SGID or dynamic in vitro protocol from Menard et al. 2014 and 

pig digestion and supported the fact that SGID can give a good approximation of peptide 

pattern obtained in vivo (Egger et al., 2019). Similar results were obtained with cheese 

digestion since Masotti et al. found that some phosphorylated peptides from β-, αs1-, and αs2-

caseins, obtained after the in vitro digestion of Trentingrana PDO cheese, were found in 

human and mini-pig digestive tracts after GI digestion (Barbé et al., 2014; Boutrou et al., 

2013; Masotti et al., 2018).  

The analysis of CPPs in vivo and in vitro during the different steps of SGID revealed that 

CPPs were able to survive the different digestion steps and were, therefore, good candidates 

for a bioactive role. However, these studies showed that the various protocols used impacted 

the quantity and properties of the CPPs formed or already present. 

3.2. Production of CPPs during ripening and fermentation
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Besides digestion, CPPs are also naturally released in various dairy products during milk 

fermentation. Indeed, during cheese ripening and milk fermentation, there is significant 

proteolysis due to the action of several microorganism proteinases and peptidases, leading 

to CPP release. Several studies showed that CPPs are present in diverse cheeses (Ebner et 

al., 2015; Raja & Arunachalam, 2011; Savastano et al., 2019). For instance, CPP formation 

has been evidenced during ripening of Herrgard or Grana Padano, Comté and Parmigiano 

Reggiano cheeses (Ardö et al., 2007; Sousa et al., 2001). Moreover, some studies reveal 

that various bioactive peptides can be formed during milk fermentation due to lactic bacteria, 

like Lactobacillus helveticus (Narva et al., 2004; Raveschot et al., 2018). In this way, the 

investigation of β, αs1, and αs2-caseins hydrolysis by different Streptococcus thermophilus 

strains revealed CPP release (Miclo et al., 2012).  

A study showed that cheese SGID produced phosphopeptides mainly released from αS1, αS2 

and β-casein(Masotti et al., 2018). Another team evidenced that 1, 13 and 58 phosphorylated 

peptides from αS1, αS2 and β-casein, respectively, are present in Beaufort cheese before 

SGID and 17, 23 and 39 after SGID. 19 CPPs, principally from β-casein, are present before 

and after Beaufort cheese digestion, and 60 new CPPs are formed (Adt et al., 2011).  

3.3.  CPP released by enzymatic hydrolysis 

Even if CPPs are produced during milk and cheese digestion, the casein in vitro enzymatic 

hydrolysis allows the production of commercial products enriched in CPPs in large quantities. 

In vitro CPP obtention with purified enzymes has been studied in several works. The results 

showed that CPPs could be released in vitro using various digestive enzymes, principally 

gastric and pancreatic. After 10 minutes to 2 hours of hydrolysis by pepsin or pancreatin, the 

intact caseins started to disappear (Atallah et al., 2020; Picariello et al., 2010; Su et al., 

2007). The authors principally investigated the hydrolytic action of these enzymes on α-, β-

casein, and sodium caseinate. It is important to note that the matrices are essential; the 

enzyme does not impact the whole casein complex and isolated casein in the same manner. 

Regarding gastric enzyme, Klaus Raith's group showed the effects of pepsin on CPP release 

(Schmelzer et al., 2004, 2007). Others evidenced the action of trypsin, a pancreatic 

peptidase, on different casein hydrolysis during the previous century and of the tandem 

trypsin/chymotrypsin (Adamson & Reynolds, 1995; Deutsch et al., 2000; Tauzin et al., 2003). 

According to the different caseins, these enzymes have privileged cleavage sites; for 

example, regarding the αS2-casein, the C-terminal region is more accessible by trypsin than 

the N-terminal region and the medium part of the protein(Tauzin et al., 2003). Some other 

studies also determined the peptide profiles obtained after double hydrolysis of caseins, first 

with pepsin and then with trypsin (Carreira et al., 2004; ONO et al., 1998). This double 
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digestion can lead to a higher peptide release (ONO et al., 1998). Other proteases from 

diverse origins can also be used for bioactive peptide delivery, like plasmin and Alcalase 

(Adamson & Reynolds, 1996; Ferranti et al., 2004).  

Diverse parameters can impact the CPP yield and profile. The choice of the enzyme for in 

vitro CPP production is crucial because the degree of hydrolysis is linked to the type of 

enzyme and impacts the CPP profile. For example, a purified enzyme can release fewer 

CPPs than the pancreatic enzyme cocktail. Indeed, the CPP yield (percentage (w/w) of 

original protein) after caseinate sodium hydrolysis is 8.3% with trypsin and 11.6% with 

pancreatin, while it is 16% with Bioprotease N100L (McDonagh & FitzGerald, 1998). 

Nevertheless, the choice of enzyme cocktail also influences CPP yield: 16% with 

Bioprotease N100L and only 3.4% with Protease DS. In the same study, it has been 

demonstrated that enzymes can influence CPP hydrophobicity; Alcalase hydrolysis increases 

CPP hydrophobicity compared to proteinase hydrolysis (McDonagh & FitzGerald, 1998). 

Moreover, enzyme choice is not the only parameter to consider; the reaction time can 

influence qualitative and quantitative CPP profiles. For instance, degrees of hydrolysis were 

obtained: 1.5%, 3%, 6%, 12%, 16%, 20%, 25%, 28% and 28.5% with different reaction time: 

2.5, 5, 10 and 30 min, 1, 2, 6, 12 and 24 h, respectively (Su et al., 2007). Furthermore, it has 

been shown that a short time of hydrolysis (5 minutes) privileged hydrophobic peptide 

release and a long time of hydrolysis ( > 6 hours) can negatively impact the presence of 

CPPs containing the interesting cluster sequence. Pancreatin hydrolysis time can also 

impact the phosphorylated level of CPPs released (Su et al., 2007). 

Many parameters must be taken into account to establish a protocol allowing the obtention of 

precise and required CPP profiles. Therefore, to get industrially reproducible products to be 

commercialized, it is essential to study each parameter during the industrial process and 

standardise the protocols    
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4. CPP bioactive actions 

Numerous studies evidenced the benefits of casein-derived peptides in preventing 

deficiencies and pathologies. Among them, CPPs and their physiological actions were 

extensively studied. The still-growing evidence of their impact on health is discussed in this 

part.  

4.1. Mineral chelation  

Caseins can bind different divalent cations, thus decreasing their bioavailability. This 

phenomenon is reduced by proteolysis occurring during GI digestion, which leads to CPP 

release. One of the famous roles of CPPs is their ability to sequester divalent metal ions, 

including iron, calcium and zinc. Indeed, CPPs can prevent cation precipitation through 

alkaline pH in the small intestine (FitzGerald, 1998; Zidane et al., 2012). Generally, mineral 

chelation by CPPs increases bioavailability and mineral solubility, making them the subject of 

numerous studies on their bioactive roles (Figure 2). 

This mineral chelation property comes from the negatively charged amino acid sequence 

characterized by three phophoseryl residues and two glutamic acid residues (Ferraretto et 

al., 2003; Miquel, Alegría, et al., 2006). Therefore, this acidic polar sequence, resistant to 

hydrolysis, was investigated in SGID CPP qualitative profiles (Cruz-Huerta et al., 2015; 

Masotti et al., 2018). In 2006, Miquel et al. found that 50 % of CPPs released after infant 

formula digestion contained this cluster, which seems essential for calcium binding. Other 

phosphoserine residues in CPPs could be involved for iron and zinc (Miquel, Ángel Gómez, 

et al., 2006). After cheese digestion, 40 % of tri-phosphorylated CPPs contained the cluster 

sequence (Masotti et al., 2018). In these different studies, the digestion protocol used seems 

to influence the number of CPPs harbouring this cluster (Masotti et al., 2018), just like the 

dairy matrices. Indeed, Garcia-Nebot et al. found a difference in the number of CPPs 

containing the cluster sequences between the pool of CPPs-enriched fruit beverage digest 

and the milk one (García-Nebot, Alegría, Barberá, Contreras, et al., 2010).  

4.1.1. Calcium 
Calcium is an essential mineral involved in diverse physiological processes, especially in 

bone tissue maintenance and integrity; 99% of the body's calcium is in the skeleton. Many 

diseases are due to a calcium deficiency. The GI tract is the only gate of calcium entry, and 

the mechanisms involved in calcium uptake through the intestinal barrier are therefore 

intensively investigated. 

The CPP's positive impact on calcium uptake has been mainly studied in rats and to a lesser 

extent in humans. Naito's group showed in rats that CPPs promoted calcium absorption in 
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intestinal ligated segments and increased femur calcium deposition. These results are 

primarily due to the effect of CPPs on calcium solubility (Sato et al., 1986, 1991). Kuwata and 

al. demonstrated that a mixture of β-casein (1-25) and β-casein (1-28) increased calcium 

absorption in young ovariectomized rats with calcium deficiency (Tsuchita et al., 1993), and a 

calcium-bound CPP mixture increased bone mineral density of excised femur in aged 

ovariectomized rats (Tsuchita et al., 1996). In 2001, the same group observed that the CPPs 

released after bovine casein enzymatic hydrolysis led to a significant increase in calcium 

absorption and calcium level in the femur and tibia of young rats fed with milk supplemented 

with calcium (Tsuchita et al., 2001).  

In humans, Heany et al. found that CPPs (87.5 mg) daily co-ingested with calcium (250 mg) 

significantly increased calcium absorption in postmenopausal women with a low basal 

calcium intake (Heaney et al., 1994). Furthermore, in healthy young people fed with single 

test meals, which consisted of rice-based cereal complemented with 1 or 2 g of CPPs and 

respectively 69 mg and 138 mg of labelled calcium, the total calcium absorption was 

significantly improved (Hansen et al., 1997). Nevertheless, in the same study, when young 

people received whole grain-cereal bread meals supplemented with different concentrations 

of CPPs and calcium, the absolute quantity of calcium absorbed was unaffected by CPPs. 

Nevertheless, some studies obtained opposite results showing that CPPs did not impact or 

could even decrease calcium uptake. For example, Bennet et al. showed that increasing the 

CPP concentration in protein-free meals did not affect or reduce calcium absorption and 

deposition in the femur of 9-week-old rats (Bennett et al., 2000). These different results 

highlight the importance of the protocol procedure and show that numerous parameters can 

influence CPP bioactivities like CPP concentration and meal preparation, CPPs 

physicochemical properties and CPPs/Calcium ratio used. The authors of this work tried to 

explain these conflicting results with several assumptions. Firstly, the CPP concentrations: in 

their work, high CPP concentrations (100 to 500 g.kg-1) were used (Bennett et al., 2000), 

while another study on rats showed that CPP supplementation increased calcium absorption 

even though lower doses (0.7 to 3.5 g.kg-1) (Saito et al., 1998). So, low and high amounts of 

CPPs may exert an opposite effect. Secondly, meal preparation can also impact: Hansen et 

al. showed in healthy young people that CPP addition to a rice-based infant cereal meal 

increased calcium absorption significantly while CPP addition to a whole-grain infant cereal 

did not (Hansen et al., 1997). Thirdly, CPP preparation can also influence their 

physicochemical properties, as discussed above, impacting the interaction with calcium in 

the GI tract. Recent work on Caco-2 cell monolayer supports the differences observed in 

calcium uptake between different CPP fractions, comprising CPPs from α- or β-casein, with 

the fact that they cannot induce calcium uptake with the same intensity (Y. Cao et al., 2017). 
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Interestingly, the effect of αs1-casein (59-79) 5P is less pronounced than the β-casein (1-25) 

4P (Ferraretto et al., 2003; Gravaghi et al., 2007). The CPPs/calcium is another essential 

concern pointed out in numerous studies. Indeed, in humans, Heaney et al. and Hansen et 

al. used CPPs/Calcium ratios of 0.35 and 14.5, respectively (Hansen et al., 1997; Heaney et 

al., 1994). In 2002, Erba et al. tested different CPPs/Calcium ratios in isolated rat ileum and 

found that calcium uptake increased when the ratio ranged from 5 to 15 and that the calcium 

concentration had no effect(Erba et al., 2002). The impact of CPPs/Calcium ratios has been 

shown in vitro, using the HT-29 cell model to determine optimal CPP and calcium 

concentrations for a higher calcium uptake (Gravaghi et al., 2007). Results showed that, for a 

mixture of CPPs and β-casein (1–25) 4P, the optimal conditions for bioactive effect were an 

initial calcium concentration of 4 mmol.L-1 and a CPP mixture concentration of 1280 µmol.L-1 

or a β-casein (1–25) 4P concentration of 200 µmol.L-1 (Gravaghi et al., 2007). 

Thus, it would be interesting to investigate further the link between the effect of CPPs on 

calcium transport and their origin and sequence. Unravelling this link will determine the 

mechanism of CPP’s action more precisely and concentrate nutraceutical preparations in 

specific CPPs. Thanks to previous investigations, it is admitted that CPPs induce intestinal 

calcium absorption in vivo. However, only a few studies investigated the CPP role in calcium 

uptake in humans, and more investigations are needed to understand the mechanisms 

involved. 

In this way, through in vitro studies, some important parameters and mechanisms involved in 

CPP's role in calcium bioavailability have been identified. The role of CPPs on extracellular 

calcium uptake has mainly been investigated in vitro using Caco-2 and HT-29 intestinal 

human cell lines (Cosentino et al., 2010). With these models, Anita Ferraretto's group 

determined some factors involved in the action of CPPs on intestinal calcium uptake. Indeed, 

when using synthetic β-casein (1-25) 4P and αs1-casein (59-79) 5P truncated forms, they 

demonstrated that some elements of CPP primary structure are essential for calcium-uptake 

like phosphorylation, the acidic motif and the N-terminal region. Interestingly, the C-terminal 

region did not impact calcium uptake (Ferraretto et al., 2003). The acidic motif seems 

essential but not sufficient to improve calcium uptake. These results also showed that the 

supramolecular structure is critical. Due to their negative charged phosphorylated serine and 

the positively charged divalent calcium, CPPs can form aggregates. In this way, a study 

using laser light scattering investigated the relative amounts of CPP aggregates (Gravaghi et 

al., 2007). First, results showed that CPPs could form themselves aggregates and secondly, 

the CPP aggregate level fitted with the dose-response CPP-induced calcium uptake, 

highlighting the importance of aggregation in the intestinal calcium uptake (Gravaghi et al., 

2007). In 2015, Perego et al. investigated the impact of the SGID on the aggregate structure 
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using pepsin and pancreatin and evidenced that gastric pH altered aggregates which were 

quickly reformed at intestinal pH (Perego et al., 2015). The cell differentiation state was an 

important parameter to be considered. Indeed, the differentiation protocol using vitamin D3 

led to increased calcium uptake in intestinal HT-29 and Caco-2 cell models (Cosentino et al., 

2010). Interestingly, according to the cell differentiation state, CPPs could protect intestinal 

cells from the toxic effect of calcium excess and favour their proliferation. Ferraretto's group 

proposed a CPP anticancer role with these different findings since they can also induce 

apoptosis in undifferentiated tumour cells (Cosentino et al., 2010; Perego et al., 2012). 

Some investigations elucidated essential factors regarding the mechanisms of CPP action on 

intestinal calcium uptake. Calcium seems to pass the intestinal barrier through two pathways: 

the intracellular one, which involves different transport proteins, like channels and receptors, 

and the paracellular one involving tight junctions. CPPs do not alter tight junctions regarding 

the paracellular pathway as membrane permeability was not changed. Furthermore, CPPs 

seem not to modify vitamin D receptor (VDR) expression, which is known to regulate the 

expression of many genes involved in calcium homeostasis (Colombini et al., 2013). On the 

other hand, it has been shown in HT-29 and osteoblast-like cells that CPPs could interact 

with the depolarizing voltage-operated L-type calcium channels (Donida et al., 2009; Perego 

et al., 2012). Several investigations in HT-29 or Caco-2 cells provided different results: firstly, 

differentiated HT-29 cells seemed to be more responsive to CPPs than differentiated Caco-2 

cells. Secondly, a pre-treatment with the active form of vitamin D gave a higher response in 

Caco-2 than in HT-29 cells (Cosentino et al., 2010). Regarding the intracellular calcium 

transport, in HT-29 cells, the L-type calcium channels seemed to be involved in the process, 

whereas in Caco-2 cells, its expression is controversial. In the same way, the TRPV-6 

channel appeared to be the main calcium channel involved in CPPs-mediated calcium 

uptake in the Caco-2 cell model, whereas siRNA against TRPV6 had no effect in HT-29 cells 

(Perego et al., 2012, 2013). 

These different results could also be explained by the different genotypes and morphologies 

of these models. HT-29 cells are assimilated to the ileum region, while Caco-2 cells to the 

duodenum one, despite being isolated from the colon. These findings suggest that CPP 

actions are time- and localization-dependent and that more than one transporter is involved 

in the CPP-mediated intestinal calcium uptake (Cosentino et al., 2010; Perego et al., 2012, 

2013).  

As discussed in the in vivo paragraph of this section, the increase of calcium uptake by CPPs 

can improve calcium bioavailability for bones and modulate cell bone activity. In different in 

vivo models, the impact of CPPs on bone weight and calcium content has been identified. 
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Indeed, in rats with ectopic bones, it has been shown that CPPs decreased osteoclastic bone 

resorption and seemed to be involved in cartilage calcification (Matsui et al., 1994). Other 

studies in rats evidenced that CPPs prevented bone loss in young and aged rats (Tsuchita et 

al., 1993, 1996). In chicken models, CPPs could reduce the incidence of tibial 

dyschondroplasia and increase bone calcification in rachitic chicks (Mykkänen & 

Wasserman, 1980; Parkinson & Cransberg, 2004). In vitro experiments confirmed these 

results, showing that CPPs from bovine casein hydrolysate stimulated calcium uptake in 

human primary osteoblast-likes cells. CPPs were also able to modulate these cells' 

proliferation and apoptotic levels (Donida et al., 2009). Other in vitro and in vivo studies 

obtained similar results by showing that CPPs modulated alkaline phosphatase expression 

and activity, an enzyme involved in bone and cartilage calcification, suggesting that CPPs 

can be involved in osteoblast differentiation(Donida et al., 2009; Matsui et al., 1994).  

4.1.2. Iron 

Iron is one of the essential minerals found in food. Therefore, iron deficiency is a source of 

anaemia and can affect the cognitive and socio-emotional development of the child's brain. 

Nowadays, it is the best-known nutritional deficiency (Gupta & Gupta, 2014). Consequently, 

iron-enriched food and beverages are developed. 

The particularity of the binding between iron and CPPs is its strength. Indeed this covalent 

binding is more robust than those with other mineral elements. It has been observed that 

CPPs could bind more ferrous ions than milk proteins and the iron CPP complex is more 

resistant to enzymatic digestion; this effect comes from a higher concentration of 

phosphoserine-rich residues issued from caseinate tryptic digestion (Boutrou et al., 2010; 

Smialowska et al., 2017). Indeed, some studies have shown that phosphoserine residues are 

essential because their dephosphorylation decreases the iron-binding capacity of CPPs 

(Bernos et al., 1997). 

The CPP iron chelation phenomenon has been well documented by Saïd Bouhallab and 

Dominique Bouglé's team, thanks to in vivo and in vitro studies. In 1997, a first investigation 

showed that CPPs obtained after β-casein digestion improved Fe bioavailability in rats(Aït-

oukhatar et al., 1997). Regarding the mechanisms involved, they hypothesized that CPPs 

could pass with linked Fe ions through the epithelial membrane by passive and active 

pathways and endocytose (Pérès et al., 1999). Thanks to CPP-Fe complex radiolabeling 

experiments, they then evidenced the bioactive role of CPPs regarding iron bioavailability. 

Indeed, iron is better absorbed by the different organs involved in Fe metabolism like bone 

marrow, liver, and spleen than inorganic salts when bound to CPPs (Ait-Oukhatar et al., 

2002).  



23 
 

Nevertheless, as for calcium, the effects of CPPs on iron transport, retention and uptake 

appear controversial in numerous works, which could be explained by the many parameters 

involved, for instance, the inorganic salt forms used and the different physicochemical 

properties of CPPs. 

For inorganic salt forms used, Kibangou et al. demonstrated, in a first study, that Fe link to β-

casein (1-25) increased total iron uptake in Caco-2 cells and a model of rat duodenal loop 

compared to Fe gluconate (Kibangou, Bouhallab, Henry, et al., 2005). Nevertheless, they 

showed no difference in a second study when Fe-β-casein (1-25) total uptake was compared 

with iron sulfate total uptake in Caco-2 cells (Kibangou, Bouhallab, Bureau, et al., 2005). In 

the same way, Yeung et al. found that CPPs decreased relative iron availability with iron 

citrate in Caco-2 cells (Yeung et al., 2002).  

Regarding the physicochemical properties of CPPs, in a first in vivo work, Bouhallab and 

Bouglé used β-casein (1-25), a N-terminal CPP characterized by four phosphoserines 

residues and good resistance to hydrolysis and FeSO4. They showed that CPPs increased 

iron bioavailability in young rat model (Aït-oukhatar et al., 1997). However, other 

investigations compared α-CPPs to β-casein CPPs and determined the importance of the 

nature and origin of CPPs on iron-binding capacity and bioavailability. Comparison between 

different casein digest fractions in a perfused rat duodenal loop system showed that iron 

bound to CPPs from β-casein displayed a better absorption than whole CPPs or α-casein 

CPPs and that the β-casein (1-25) CPPs was the best and this observation is consistent with 

those obtained for calcium (Bouhallab et al., 2002). In 2005, Kibangou et al. showed an 

opposite effect between CPPs from α or β-casein on Caco-2 cells; Fe-β-casein (1-25) 

increased while Fe-αs1 casein (59-79) decreased iron net absorption (Kibangou, Bouhallab, 

Bureau, et al., 2005). Moreover, in 2010, Garcia-Nebot et al. found a slight effect of a CPP-

added fruit beverage on iron uptake in the Caco-2 model, which could be explained by the 

higher proportion of CPPs from α-casein than from β-casein in their mix (García-Nebot, 

Alegría, Barberá, Clemente, et al., 2010). These different effects could be explained because 

CPPs derived from α-casein could bind iron ions stronger than those from β-casein. Besides 

iron uptake and bioavailability, some researchers investigated the CPP impact on ferritin 

expression, a protein implicated in iron storage. They evidenced differences between a pool 

of CPPs and an isolated CPP. Indeed, in Caco-2 cells, β- and α-casein-issued CPP pools did 

not affect ferritin synthesis, but specific isolated CPP induced its synthesis (1-25) (García-

Nebot et al., 2013). 

Regarding the mechanisms involved in the increased iron bioavailability, numerous studies 

showed that phosphatase alkaline action led to an increase in iron-free ion concentration, 
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which decreased its absorption by the intestinal barrier. Therefore, CPPs could protect iron, 

indicating that the CPP-Fe complex can be a good candidate for iron delivery (Ani-Kibangou 

et al., 2005). However, contradictory results showed that phosphatase alkaline hydrolyzed 

phosphoester bond in phosphoserine residues inhibiting iron chelation and allowing its 

absorption. Nevertheless, a mix of CPPs was used in this work, and α-CPPs could release 

iron ions inhibiting its absorption and decreasing iron bioavailability (Yeung et al., 2001). 

Taken together, these different in vivo and in vitro results suggest the importance of CPPs on 

iron bioavailability and that β- and α-CPPs could exert an opposite role.  

However, the mechanisms involved in the role of CPPs on iron transport remain to be 

studied. As with calcium, it is not clear whether CPPs promote intracellular or paracellular 

transport or both. For example, CPPs could facilitate the passage of minerals by crossing the 

intestinal barrier and releasing the ions into the blood compartment. On the other hand, 

CPPs could activate the cellular transport machinery of the different ions, as shown for 

calcium. However, the different minerals do not enter the cell by the same mechanisms. 

Several studies are therefore needed to identify the mechanisms involved. Once these 

mechanisms are identified and the precise role of the different released CPPs, it will be 

possible to adjust various preparations. 

4.1.3. Other minerals 

Although CPP effects on calcium and iron absorption have been extensively studied, CPPs 

can also chelate other divalent ions such as magnesium and zinc. Recently, it has been 

shown that CPPs increased magnesium transport through Caco-2 cell monolayer and that 

this effect was amplified when magnesium was co-injected with calcium (Y. Cao et al., 2017). 

Moreover, a diet supplemented with magnesium and CPPs positively impacted femur length, 

serum parathyroid hormone level, and urinary deoxypyridinoline in rats (Liu et al., 2017). 

Numerous studies also investigated the role of CPPs on zinc bioavailability, but the results 

obtained were contradictory, and further studies are needed (Miquel & Farré, 2007). 

4.1.4. Mineral chelation: antioxidant activity 

Due to their ability to bind divalent metals, some authors identified an antioxidant action of 

the CPPs. For instance, we indicated above that CPPs can form a stable complex with iron 

ions and that this phenomenon led to a decrease in ROS formation in connection with the 

Fenton reaction. In 2004, Chiu et al. found that CPPs issued from tryptic digestion decreased 

the formation of secondary oxidation products and stabilized free radicals in an aqueous 

solution (Chiu & Kitts, 2003). CPP antioxidant properties have also been identified in oil-in-

water solutions, in which they inhibited lipid oxidation (Díaz et al., 2003). Equivalent effects 
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were shown with phosphatidylcholine liposome model systems and beef homogenates (Díaz 

& Decker, 2004; Kansci et al., 2004). In 2008, in vitro investigation in Caco-2 cells showed 

that CPPs had no impact on mitochondrial activities involved in reactive oxygen species 

(ROS) metabolism. However, they regulated the activity of the enzymes involved in ROS 

metabolism. Interestingly, CPPs exerted more effects than non-digested milk (Laparra et al., 

2008). In recent work, authors investigated after SGID the CPP antioxidant capacity in 

intestinal cells and osteoblasts. Results showed that in the presence of an agent able to 

induce peroxyl radicals or FeCl2, CPPs exerted an antioxidant activity in intestinal and 

osteoblasts cells (Bottani et al., 2020). 

4.2. Other roles 

Even if CPPs are primarily known for their mineral chelation properties, other investigations 

indicated that CPPs might impact the regulation of the immune system. Hata et al. 

demonstrated that CPPs enhanced spleen cell proliferation and immunoglobulin production. 

They used the β-casein (1-28), which is rich in phosphoserine residues, and showed that 

phosphoserine residues are essential for the immunomodulatory effect (Otani et al., 2001). In 

addition, CPPs exert a mitogenic effect in vitro: β-casein (1-28) incubation with different 

culture cell lines of B and T cells and monocytes induced proliferation and IgA production 

(Kawahara et al., 2004). Furthermore, CPPs induced anti-inflammatory cytokine expression 

and production in spleen cells, including Interleukin 6 and 10 (Mullaiselvan et al., 2020; 

Tobita et al., 2006). The stimulation of Interleukin 6 production by CPPs in CD19+ cells 

involves toll-like receptor 4 (Tobita et al., 2006). Interestingly, the same group demonstrated 

that CPPs induced Interleukin 6 and TNF alpha mRNA expression in intestinal Caco-2 cells 

(Kawahara & Otani, 2004; Kitts & Nakamura, 2006). 

Other studies showed that CPPs exert antimicrobial effects. Indeed, in 2010, Arunachalam et 

al. tested CPP antimicrobial activity against different pathogens and found a positive effect 

against Escherichia coli and some Pseudomonas species (Raja & Arunachalam, 2011). More 

recently, Mullaiselvan et al. confirmed this activity on four pathogens: Escherichia coli, 

Bacillus cereus, Staphylococcus aureus and Salmonella enterica (Mullaiselvan et al., 2020). 

However, the mechanisms involved remain unravelled. 
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5. Conclusion 

Bioactive peptide preparations are of interest for their use as functional ingredients in 

nutraceutical, pharmaceutical and cosmetic domains for different applications in preventing 

and managing several chronic diseases. Among them, chelating peptides were the subject of 

many studies, and in these past years, CPPs have emerged as promising candidates for 

pharmaceutical and nutraceutical products due to their resistance to digestive enzymes and 

their good bioavailability.  

Since the recent advances in mass spectrometry, powerful methods lead possible to identify, 

characterize, and quantify phosphopeptides produced during hydrolysis in various more or 

less complex environments such as the gastrointestinal tract. 

CPPs, which are encrypted in caseins, are naturally produced during gastrointestinal 

digestion. The study of their release, using in vitro simulated digestion protocols, enforces 

our knowledge of what could happen in vivo and better understands the specific role of the 

various enzymes implicated in caseins digestion.  

The characterization of the CPPs released in vitro shows that the method used impacts the 

peptide sequence, physicochemical properties and yield. However, these factors are 

involved in the bioactive role of CPPs. The hydrolysis protocol affects the proportion of CPPs 

derived from αs1, αs2 and β-caseins, as well as the presence or absence of peptides 

containing the cluster sequence pSpSpSGG. These different parameters are strongly linked 

to CPP bioactivities, and their control makes it possible to obtain a particular and more or 

less pronounced effect. Therefore, it is crucial to master and expand knowledge on in vitro 

hydrolysis in the presence of exogenous enzymes and separation techniques to obtain 

preparations richer in CPPs and with controlled and directed profiles to target specific 

applications and pathologies. In addition, the conclusions of the studies carried out with a 

pool of CPPs are not the same as those carried out with an isolated CPP, so it would be 

critical to study more precisely the role of the different CPPs, identified after digestion, and 

their possible synergetic or antagonist effects. The development of techniques allowing the 

isolation and concentration of these CPPs could be an asset in the pharmaceutical field. 
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Figure 1 

 

 

 

 

 

Figure 1. Macromolecular organization, primary peptide sequences and phosphosites of bovine milk 
caseins. A and B) schematic representation of micellar caseins showing the intrinsic molecular 
association and organization of micellar caseins: A) Figure for Horne et al. (2006): The submicellar 
model. This latter illustrates the two kinds of submicelles: the submicelles in the heart of the micellar 
caseins are hydrophobes, while those at the periphery of the micellar caseins are hydrophiles. The 
submicelles are linked together through colloidal calcium phosphate bridges. B) Amino acid sequences 
of casein precursors extracted from UniprotKB (access on line, june 2021) highlighting the 
experimentally-reported phosphorylation sites (red, bold and underlined case: 1] for CASA1; 2,3] for 
CASA2); 4-6] for CASB and 7-10] for CASK) or referenced by similarity (red, bold and dash-underlined 
case) and the potential phosphorylation sites predicted using NetPhos 3.1 (access on line, June 2021) 
where normal case reports the potential phosphorylation sites which were not experimentally confirmed 

A 

B 



until today. * β -casein phosphoserine in variant A1, A2, A3, B, E, F, G and H; # alternance between 
phosphorylation and O-glycosylation. Note that the phosphorylation, deduced by similarity, of 187pSer 
from CASK is not predicted by NetPhos 3.1. 

 

  



Figure 2 

 

Figure 2. Schematic model of CPP bioactive roles. During digestion, different CPPs are released 
through the action of digestive enzymes. In the gastrointestinal tract, these different phosphorylated 
peptides chelate minerals, including calcium and iron ions. This chelation leads to an increased mineral 
passage through the intestinal barrier by transepithelial and/or paracellular pathways. On the one hand, 
increasing calcium blood concentration is involved in bone density, mineral bone density and 
calcification increase, and hypertension reduction. On the other hand, increased iron absorption by 
CPPS leads to better iron absorption by different organs like the liver, spleen and bone marrow.  

 



   Methods Benefits Drawbacks References 

Conventional 

methods                   

(old methods) 

Sample 

preparation 

Selective calcic precipitation 

with divalent ions 
Quick and inexpensive method 

Lack of specificity 

Adamson & Reynolds, 1995 

Prefractionation by 

chromatography 

(hydroxyapatite, anion or cation 

exchange)  

Phosphopeptide enrichment 
 Ellegård et al, 1999 ; Mamone et al, 2010 ; Meisel 

et al., 2003 

Sample 

analysis 

 Measure of a precipitation yield Quantitative evaluation 
Lack of precision (under or over 

estimation) 
Adamson & Reynolds, 1995 

Liquid chromatography with UV 

detection  
Coarse evaluation of the CPP heterogeneity 

Uncertainty on the detection of 

unphosphorylated or phosphorylated 

peptides  

Adamson & Reynolds, 1995 , McDonagh & 

FitzGerald, 1998 

Modern 

methods 

Sample 

preparation 

Capture (IMAC / Phos-Tag / 

MOAC) 

Sensibility / Phosphopeptide enrichment / 

Commonly worldwide used/ Well 

documented  

Background interferences /  non elution 

of strongly fixed multiphosphopeptides 

Blacken et al, 2006, 2008 ;  Leitner, 2010 ; Matéos 

et al., 2010 ;  Zhu & FitzGerald, 2012 

Dephosphorylation strategy 
Identification of multi- and long-

phosphorylated peptides 
Multi-step protocol 

Deracinois et al., 2021; Kawasue et al, 2021;  Linke 

et al., 2015; Matéos et al., 2009; McLachlin & Chait, 

2003; Steen & Mann, 2002; Tan et al., 2008 ; Wang 

et al., 2008 

Sample 

analysis 

(HPLC-MS) 

MALDI source 
Rapid visualization of the sample 

heterogeneity  

For analysis of low molecular 

heterogeneity samples 

Cosentino et al., 2010; Ferraretto et al., 2003; 

Annan & Carr, 1996; Asara & Allison, 1999; Hou et 

al., 2010; Jagannadham & Nagaraj, 2008; Kjellström 

& Jensen, 2004 

ESI source 
One-line association with LC or CE / soft 

ionisation 

Soft ionisation / Ionisation suppresion 

phenomena 

Boersema et al., 2009;  Busman et al., 1996; 

Deracinois et al., 2021;  Kawasue et al., 2021; 

Matéos et al., 2010; Zhu & FitzGerald, 2010; Zhu & 

FitzGerald, 2012 

ESI positive ion mode 
Ease of processing using proteomics 

software 

Low positive ionisation efficiency due to 

the negative charge of phosphate group 

/ ionisation suppression  

Zhu & FitzGerald, 2010; Zhu & FitzGerald, 2012; 

Deracinois et al., 2021; Cosentino et al., 2010 

Cosentino et al 2010; Matéos et al., 2010;  

ESI negative ion mode 
Better phosphopeptide ionisation 

efficiency 

Non conventionnal in peptidomics 

studies 
Kjellström & Jensen, 2004 

Fragmentation CID 

More available in the laboratories than ETD 

/ Phosphopeptide identification by neutral 

loss 

Difficulties to map with accuracy the 

phosphosite if more than 2 sites are 

present in the peptide 

Deracinois et al., 2021; Zhu & FitzGerald, 2010; Zhu 

& FitzGerald, 2012 

Fragmentation ECD / ETD 

Phosphosite accurate localization  / 

phosphopeptide mapping / Identification 

of  CID-labile  post-translational  

modifications  

Less available in the laboratories than 

CID 
Molina et al., 2007; Thingholm et al., 2010 

Table 1 : Analytical methods for CPP characterization 
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