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Importancia da fracdo mineral na ciéncia e tecnolag de produtos lacteos

I mportance of the mineral fraction in dairy science and technology

GAUCHERON Frédéric

INRA, Agrocampus Ouest, UMR 1253 Science and Thdynof Milk and Egg

65 rue de Saint Brieuc, 35042 Rennes Cedex, France

Email : frederic.gaucheron@rennes.inra.fr

Milk and dairy products are composed of proteiqsgdé and sugar contributing
to their nutritive and biological values. They alsontain minerals in the form of
macroelements (Ca, Mg, Na, K, P and Cl) and trdements (Fe, Cu, Zn, Seto.
Today, the analytical methods of quantificationtieése minerals allow us to have a
precise idea of their contents in milk and dairgdurcts. This knowledge plays a key
role in dairy science and technology especiallyh@ understanding on the structural
organisation of milk, the transformation of milk dairy products (acidification, heat
treatmentsetd and the properties of dairy products (gel formatand texture, stability
or formula containing minerals as a function of pemature and timestg).

The objective of this presentation is to descrite actual knowledge on these
minerals in milk and dairy products with speciaference to their concentrations,
locations and chemical forms. Some data regardmegrole of minerals in human
nutrition will also be presented. Finally, the fitduperspectives and actual research
questions on the roles (technological and nutrdiprof these minerals will be

discussed.
1 Macroelements present in milk and dairy products

1.1 Phosphorus (P) and calcium (Ca)

Concentrations, chemical forms and locations of P and Ca in milk — P is an
important element in milk. Its concentration exgegsin total P is about 950 mg/L. P
exists as organic and inorganic phosphates (P&@andspectively). Po is the phosphate
bound to organic molecules like casein moleculehogphoseryl residues),

phospholipids, RNA, DNA, nucleosides, nucleotidead asugar phosphate. Pi
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corresponds to phosphate ion which can be moressribnised depending on the pH
valueof milk and milk products. There is an acidsib equilibrium between the forms
HPO,* and HPO; at normal pH of milk (about 6.7). At this pH 6, is distributed as
50% in the aqueous phase and 50 % in the micelHasg to form nanoclusters of
calcium phosphate (Figure 1).
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Figure 1. Calcium and phosphate distributions in milk at fH. In the aqueous phase, calcium is free
and associated to inorganic phosphate (Pi) andatér In the micellar phase, calcium is associated t
phosphoseryl residues of caseins (Po) and inorggstiosphate (Pi) to form nanoclusters. The

concentrations of the different associations adidated in mM.

Ca is one of the most important mineral in mills. dbncentration in cow milk is
about 1200 mg/L (30 mM). 99 % of the Ca is in tkemsmilk where it is distributed
between micellar (about 800 mg/L — 20 mM) and aqequhase (about 400 mg/L — 10
mM) (Figure 1). In the aqueous phase, Ca exits uditterent formsi.e. ionic (C&")
and associated to citrate and inorganic phosplijetd form the corresponding salts
(calcium citrate and calcium phosphate). The agsighase is saturated with calcium
phosphate (with a concentration < 1 mM). In thisiemus phasey-lactalbumin and
osteopontin contain Ca in their structure. In theeatar phase, Ca is bound to
phosphoseryl residues of casein molecules (Po) Rindn casein micelles, these
associations between Ca and phosphates form gsanafeed nanoclusters. Today, the
exact chemical composition of these granules isn@dt known. However, the micellar
calcium phosphate has been determined as amorghueGann, 1983; Holt, 1993,
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1997, 2004; Holt & Hukins, 1991) with a diameteraifout 2.5 nm (Marchiet al.,
2007). It is considered as a cross-linking and naéiming agent of phosphoseryl
residues. For these reasons, the micellar calcinosghate contributes to the structure
and stability of casein micelles (Tuinier & de Kru2002; Horne, 2006; Dalgleish &
Corredig, 2012).

Salt equilibrium - Concerning Ca and Pi, it exits in dynamic equilibr
relatively well described between the aqueous aimxkltar phases (Figure 1). This
dynamic equilibrium depends on the physico-chemmatditions (pH, addition of
mono or divalent cations, additions of chelatateésperatureegtd of milk and milk
products (De la Fuente, 1998; Gaucheron, 2004, l&zman et al, 2004). Figure 2
shows schematically the different changes in thieespiilibrium. Ca and Pi present in
one phase can be transferred in the other phasendiegg on the physico-chemical
conditions of milk. The intensity of these changkgpends on the intensity of the
applied treatments. On the other hand, these ckaoig®i and Ca distribution have

effects on the organisation, structure and stglolitcasein micelles.
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Figure 2 : Salt equilibrium as a function of physico-chemhiconditions or technological treatments of

milk



Simpésio Internacional de Ciéncia e Tecnologia €libel, Universidade Federal de Vigosa-UFV, Bra#ll-october- 2 november 2013

Today we are able to calculate theoretically thegritiution of minerals between
aqueous and micellar phase as a function of diftgoaysico-chemical conditions. The
calculations are made by software developed inabohation with the French dairy
association. The calculations are based on the ioatndn of anions and cations
according to their reciprocal affinities (asso@aticonstants) and considering pH, ionic
strength, and solubility of calcium phosphate. Goodelations between experimental
and calculated values were obtained (Mekmenhel, 2009 and 2010). With this
software, several hundred combinations of dairymida taking into account
concentrations in proteins, minerals and pH canchkulated. It facilitates the
understanding of salt equilibrium and could explaatationships between mineral
environment and functionalities of milk proteinsa @e other hand, it can help the the
development of dairy products (enriched milks, slese yoghurtsetc) by modifying
the ionic environment.

Ca and P Contentsin different dairy products - Acidification is an important step
in the manufacture of different dairy products likeeeses and fermented milks.
Micellar calcium phosphate is dissolved with tramsfof Ca and Pi (not Po which is
covalently bound to casein molecules) from the Hacéo the aqueous phase during the
decrease in pH (Le Graét and Brulé, 1993) (FigureTBe intensity of this phase

transfers depends on the pH value.
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Figure 3: Concentrations of calciumaf and phosphorus4) in the aqueous phase of milk between pH
6.7 and pH 3.5 (Le Graét and Brulé, 1993).
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In cheese manufacture, the aqueous phase is rentwedy the draining and
consequently Ca and P concentrations are differedtdepend on the parameters used
for cheese-making (Table 2). The main parametdhseimcing the contents of calcium
and P in cheese are the pH and removal water dtimmglraining and pressing. Thus
hard cheeses are more mineralised than soft oic labeeses. Butters are poor in
minerals except when it is salted.

Locations and forms of Ca and P in different dairy products - In fermented
products (pH close to 4.6), Ca and Pi are mairdg finder ionic form (Gaand HPOy
). The concentration of Ca and Pi varies in wheuitls and depend on its pH value.
Thus, mineral content is higher in acid whey tharsweet whey. In ripened cheeses
(Camembert, Cheddar and Emmental), Ca can exit ruddierent chemical and
physical forms (precipitates of calcium phosphatalcium lactate and calcium
carbonate) (Bottazzet al, 1982; Brookeret al., 1975; Brooker,1987; Karahadian &
Lindsay, 1987; Metche & Fanni 1978 ; Morr al, 1988). Ca can also exist in
interaction with phosphopeptides and free fattydscio form Ca-phosphopeptide
complexes and soap, respectively.

Manufacture of ingredients with different contents in Ca and P - It is also
possible to combine physico-chemical modifications milk (heat treatment,
modifications in pH, Ca-chelatants or mineral adds,...) and membrane separation
techniques (microfiltration 0.um, ultrafiltration or nanofiltration associated ot to
diafiltration with different solutions) to prepacasein with different mineral contents.
As it is admitted that Ca and P play important ialéhe structure and stability of dairy
products, these types of technological pathwayddcba a way to create new dairy

ingredients having interesting technological antcfional properties.
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Table 2. Concentrations of minerals in different dairy pumtis. Concentrations are expressed in mg /100

g of product except for Se expressed in pg / 1@ddp://www.composition-des-aliments) fr/

| Ca ‘ Mg ‘ Na | K ‘ P ‘ Zn | Fe | Cu ‘ Se |
POWDER
Whole milk powder 912 85 371 1330 776 3.34 0.47 0.08 163
Skim milk powder 1254 115 420 1468 990 3.96 0.433 0.2 10{5
LIQUID MILK
Skim milk 125 11 42 156 101 0.42 0.03 0.013 3.1
UHT whole milk 117 10 43.9 150 84.2 0.38 0.05 0.007 2.2
UHT skimmed milk 113 10.6 41.8 173 88.9 0.4 0.0% 0.003 0.B
UHT semi skimmed milk 115 11.6 49.6 165 85.1 0.5] 0.16 0.003 0.p
Concentrated whole milk 264 25 114 287 213 0.89 0.15 0.0p 1.9
BUTTER
Salted butter 24 2 576 24 24 0.09 0.02] 1
Unsalted butter 24 2 11 24 24 0.09 0.02 0.016 1
YOGHURTS
Yoghurt with skimmed milk 127 11 48 172 94 0.44 0.1 0.008 2.2
Yoghurt with whole milk 126 12.6 454 186 100, 0.42 0.0 0.0?9 1.4
CHEESES
Edam 731 30 965 188 536 3.75 0.44 0.036 1415
Feta 493 19 1116 62 337 2977 0.67 0.032 1%
Brie 184 20 629 152 188 2.38 0.5 0.019 1415
Cheddar 721 28 621 98 512 3.11 0.68 0.031 139
Gruyere 1011 36 336 81 605 3.9 0.17 0.032 1415
Camembert 388 20 842 187 347 2.38 0.33 0.021 1415
Provolone 756 28 876 138 496 3.23 0.52 0.026 1415
Port Salut 650 24 534 136 360 2.6 0.43 0.022 1415
Switzerland Emmental 791 38 192 77 567 4.36 0.2 0.004 182
Cottage cheese 1% 61 5 418.5 86 134 0.39 0.144 0.028 9
Parmesan 1184 44 1602 92 694 2.75 0.87 0.032 22{5
Mozarella 575 21 415 75 412 2.46 0.2 0.022 161
Hard cooked cheeses 1050 43.8 405 103 690 5.2 0.4 0.18 8.2
Bleu de Bresse 450 17 602 118 320 25 1 0.1 16.1
Bleu d’Auvergne 563 18.1 113.6 84.8 301 2.68 0.3 0.0f7 3.71
Fresh cheese 0 % 118 11.7 42.1 124 102 0.49 0.1¢ 0.01L 1.9
Processed Cheese (25 % fat) 346 24 282 152 990 8 0.3 0.5 7.4
Fresh cheese (type Petit suisse 20 %) 117 10 34 98 125 0.48 0.2 0.01 2
Pont L'Evéque 485 20 690 128 431 51 0.37 0.0% 4.8
Livarot 620 21.3 729 112 427 5.8 0.37 0.1 8.7
Beaufort 995 39.5 628 117 728 5.18 0.24 0.0p 7.42
Maroilles 350 40 937 130 320 9 0.4 0.07 7.36
Morbier 760 30 990 100 520 7 0.3 0.04 8
Reblochon 514 25.1 555 152 339 8.5 0.37 0.1fL 51
Saint Marcellin 138 20.2 1009 187 442, 0.85 2.74 0.0f7 0.51
Saint Nectaire 539 30.4 477 98 304 53 0.22 0.07 5.1
Saint Paulin 741 31.6 750 87.9 401 4.81 0.24 0.0P 8.9
Comté 909 48.9 412 118 664 51 0.44 0.1 7
Roquefort 662 30 1809 91 392 2.08 0.56 0.034 1415
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Nutritional aspect of P and Ca - Human needs for P are inferior to those of Ca.
There is no deficiency for this element which iarfd in different foods and especially
in milk and dairy products (Pointillart & Guégue2Q04). The recommended dietary
allowance for Ca is about 800 mg for adults anddobin aged 1-10 years and 1200 mg
for adolescents, young adults, and pregnant anthtiag women. From these
recommendations, milk and dairy products are ingmrsources of Ca. So, 600 ml of
milk correspond to 720 mg of Ca. 80 % of the recanded dietary allowance can be
meet by consuming milk and dairy products. Thus,dhiry products contribute to 70%

of the Ca nutrition for human.

1.2 Magnesium (Mg)

Mg is not abundant in milk and dairy products (Bald) and the research
concerning this element in milk and dairy produstfimited. Its concentration in milk
is about 120 mg/L (against 1200 mg/L for Ca). 9®#Pjhis ion is found in the skim
milk with as distribution 50/70 ratio between aque@nd micellar phases, respectively.
This ion is probably associated to Pi and citratethe aqueous phase and in the
nanoclusters of casein micelles. As Ca and Pi, Muidution between aqueous and
micellar phases is sensitive to the physico-chemioaditions (Le Graét & Brulé,
1993). Thus, during milk acidification, Mg is solliked from the micellar to the
aqueous phase. In dairy products, the concentrafidvig is variable and depends on
the type of the dairy products (Table 2).

In spite of the low concentration of Mg in milk amiiry products, the dairy
products are considered as interesting sourceggdbMhuman needs as 600 ml of milk

gives 65 mgi(e. 16 % of the human recommended daily allowance).

1.3 Sodium (Na), potassium (K) and chloride (Cl)

In milk, the concentrations of Na, K and Cl| are 43600 and 1100 mg/L,
respectively. These monovalent ions are mainlyhm aqueous phase where they are
free or weakly associated to ions of opposite dahaiithey contribute to the ionic
strength of milk. In dairy products especially cbe the concentration of NaCl is
increased by salting or brining and contributethio draining of the curd, organoleptic
properties of the cheeses and selection of miaggarosms and enzyme activities during
ripening. The concentrations of NaCl depend ontyipes of cheese (Table 2). Some

cheeses contain important amounts of NaCl like R&ayti blue-veined cheese (Table
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2). Other cheeses do not contain supplemented NaClactic cheeses. Today, in our
diet, the NaCl concentration is very important wiigative impacts on Human health
like increase of the blood pressure. For this neaddferent researches are in progress

to reduce the quantity of NaCl in the productsepiace partially NaCl by KCI.
2 Trace elements present in milk and dairy products

2.1 Iron (Fe)

Fe is not an abundant element in milk (Table &).clbncentration is about 0.5
mg/L. It is noteworthy that the concentrations @& Feported in the literature are
sometimes variable. This variability is related ttee different methods of sample
preparation and analytical methods used for theroehation. It can exist in two
different states of ionisation (Feor F€™). In skim milk, Fe is mainly associated to
casein molecules, whey proteins, Pi, citrate (B&lBauquant, 1982) and lactoferrin.
When Fe is bind to casein molecules, it is not textrostatic bond but a coordinate
bond.

Milk and dairy products are considered as very mmarces of Fe (Table 2) and
their contributions to the total Fe intake are view. Thus, 600 ml of milk gives 0.1
mg i.e. about 2.5 % of the recommended daily allowancethla context, different
researches are performed to enrich milk and daiogyrcts with different forms of Fe.
In these studies on Fe supplementation, the teogiwall, organoleptic and nutritional
aspects are evaluated (Demott, 1971; Demott & Djnt@76; Gaucheroet al. 1997,
Hekmat & Mahon 1998; Gaucheron, 2000).

2.2 Copper (Cu)

Like Fe, Cu is not an abundant element in milk dagty products (Table 2). Its
concentration in cow milk is about 0.1 mg/L distiibd as follows: 2% in the lipid
phase, 8% bound to whey proteins, 44 % to casalM&f@o in a low molecular weight
fraction (Pi and citrate ions). It is noteworthyatithe concentrations of this element
reported in the literature are sometimes variables variability is also related to the
different methods of sample preparation and araltimethods used for the
determination. Table 2 reports some Cu concenisitipresent in different dairy

products.
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Milk and dairy products are considered as poor cirof Cu and their
contributions to the intake of copper are very [@90 ml of milk gives 0.3 mge. 5 %

of the recommended daily allowance) (Lonnereéadl, 1981).

2.3 Zinc (Zn)

Zn is a divalent cation present in milk at a conaion ranged between 3 and 4
mg/L. Most of the Zn (99 %) is present in skim mal&sociated with the casein micelles
(95%). Zn is usually associated with Po and/or fRtasein micelles. Secondly, in the
aqueous phase, Zn is found in association wittateitmolecules (Brulé & Fauquant,
1982; Blakeboroughet al, 1983; Singhet al., 1989). Table 2 reports some Zn
concentrations in dairy products.

Zn present in milk and dairy products contributemigicantly to the health state
of human (L6nnerdast al, 1981 ; Cashman, 2011). 600 ml of milk givesiagtof Zn
corresponding to 20 % of the recommended dailyaiae.

2.4 Selenium (Se)

It is a metalloid showing great similarity with pblr. It is often described in
association to glutathione peroxydase with antiamidole. Its concentration in milk is
30 pug/L. It is mainly present in skim milk where itassociated to casein molecules and
whey proteins (Van Daglt al, 1991; Sanz Alaejos & Diaz Romero, 1995; Fostal.,
1998; Navarro-Alarcon & Cabrera-Vique, 2008). Valuelating the concentrations of
Se in different dairy products are not well desetiljTable 2).

Concerning its nutritional implication, milk is amportant source of Se (600 ml
of milk gives 20ug of Se). Depending on the country, the contribubbdairy products
to daily intake of Se is ranged between 8 to 39f%he human recommended daily

allowance.

3 Conclusion and perspectives

Milk and dairy products are unique sources of natgesubjected to extensive
investigations since over 60 years. It is conclufteth these researches that minerals
may vary in concentrations, types, forms, locatiand nature of their interactions with

the other compounds in milk and dairy products.
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The knowledge is relatively complete and precise thie key roles of minerals to
the Human health are evident from many researéiethese micronutrients influence
significantly our state of health. Despite of tkisowledge, several technological and
nutritional questions must be resolved in the fttw understand milk and dairy
products and to improve their general qualitieeeSEhquestions are as follows:

- What are the physico-chemical structures of calcpimosphate in different dairy
products?

- What are their contributions to the functional pdjes of dairy products (heat
stability, rheological properties, etc)?

- What are the concentrations of each minerals eslbpet¢race elements in different
dairy products?

- What are the effects of external compounds presetite food on the absorption of
these minerals?

- Is it nutritionally interesting to enrich milk arttiry products in minerals?

All these questions should be addressed in fuesearch projects to understand

the importance of minerals in dairy science antiietogy but also in nutrition.
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