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Graphical Abstract
    The determination of the bioaccessible fractions of Co, Cu, Mo, 
Mn, Fe, Zn, Mg and Ca in milk-based drinks (dairy beverages) 
was carried out using in vitro digestion and quantification by ICP 
OES. Microwave assisted mineralization was used for sample 
preparation and the method allowed recoveries between 90 - 110% 
for all the elements, considering three different levels of analytes 
addition, with relative standard deviations (RSD) below 10%. The 
total concentration of Ca determined by the present method was 
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INTRODUCTION

     In Brazil, dairy beverages are defined as a “milky product resulting from the mixture of milk (in natura, 
pasteurized, sterilized, reconstituted, UHT, concentrated, powder, integral, semi-skimmed or skimmed) and 
whey (liquid, powder and concentrated), with addition or not of vegetal fat, fermented milk and other dairy 
products”. The amount of milk on the composition of these beverages should not be less than 51% and, 
often, fruits or chocolate are added, among other components. About 50% of this drink is consumed over 

thbreakfast. Dairy beverages are in the 4  position of most consumed liquid foods, accounting for 12% of the 
total daily volume of non-alcoholic liquids. In the last years, this type of beverages has been chosen as a 
nutritional food to be consumed for children, seniors and also for people who choose a healthy life style [1].
     Whey is a by-product from cheese manufacture, representing about 85 to 95% of the total volume of 
milk, depending on the type of cheese produced, hard, semi-hard or soft [2]. It retains about 55% of the 
nutrients present in milk [3,4] and was considered for a long time as a residue by dairy industries being 
often discarded. However, whey has been used as a raw material in the manufacture of various products 
due to its nutritional characteristics [2,5].
     The use of whey to produce dairy beverages contributes to minimize environmental pollution problems, 
as well as facilitating their consumption. Some authors have reported that 50% of world whey production is 
treated and processed into different food products, with half of this total being used in the liquid form [6,7]. 
This usage is mainly in fermented milk beverage that represents 25% of the total market of yogurts in 
Brazil, which became a very promising market [8].
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    Considering the large consumption of this type of food and the population growth, better food control is 
needed, especially those destined for children. Monitoring of the amount of proteins, calories, vitamins and 
also of inorganic nutrients is necessary since deficiencies of nutrients can alter the activities of the enzymatic 
and metabolic functions increasing public health expenditures [9]. The food composition is a reasonable
indication of its nutritional value; however, it is not enough for a complete characterization considering the 
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in good agreement with the value declared by the manufacturer while Co was the only element that was 
below the limit of quantification (LOQ). The bioaccessible fractions for Ca and Mg were approximately 
100% while for Cu, Zn, Mn and Fe the bioaccessibility values were 56, 48, 46, and 29%, respectively, and 
for Co and Mo the values were below the LOQ. Additionally, it was noticed that the bioaccessibility of these 
elements may vary according to the sample composition.
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nutritional aspect, because there are few nutrients that are totally available after ingestion. Hence, 
determining the bioaccessibility and the bioavailability of minerals in diets is important since these terms 
are associated with the establishment of the intake recommendations of these elements in accordance 
with the needs of individuals. Thus, this type of studies is used to obtain information on the behavior of the 
nutrients during the digestion/absorption process [10]. 
     Considering nutritional aspects, bioavailability is the fraction of the nutrient that is available for using in 
physiological functions or to be stored. This means that bioavailability refers to the fraction that passes 
through the cell barrier and reaches the bloodstream. It is important to emphasize that bioavailability 
includes bioaccessibility, which is the fraction of nutrient that is soluble during the digestion and can be 
absorbed by the body [11-14]. 
     The interest in bioaccessibility of nutrients has been growing in recent years, and many of them have 
been evaluated in different kinds of food like baby food [15,16], lettuce [17,18], beef [19], coffee [20], 
berries [21] and cheese [22], using different experimental models of in vitro digestion for obtaining data. 
Some important issues have been studied such as the influence of the food structures and the synergism 
or antagonism between food components, as well as the standardization of the methods to evaluate the 
soluble fractions of a food during the gastrointestinal digestion. 
     Regarding the influence of the food structures of dairy foods, several authors described that the amount 
of nutrient released during the digestion depends on the food structure. Lamothe et al. studied different 
dairy matrices such as milk, yogurt, and cheese and observed that for cheeses, greater fatty acid release 
could not be related to faster matrix disintegration, suggesting that the lipid droplet size dispersion was 
more important than matrix breakdown for the modulation of lipid digestion kinetics [23]. Rinaldi et al. 
evaluated two liquid dairy matrices (pasteurized and sterilized milks) and one semi-liquid dairy matrix 
(stirred-yogurt), concluding that the severity of milk's heat treatment influences the kinetics of protein 
digestion, mainly during the gastric phase [24]. Mulet-Cabero et al. investigated a semi-solid meal 
comprised a mixture of cheese and yogurt and a liquid meal, an oil in water emulsion stabilized by milk 
proteins, and noted that the semi-solid sample generated higher nutrient released into the small intestine 
at an early stage of digestion whereas nutrient accessibility from liquid sample was delayed due to the 
formation of a cream layer in the gastric phase [25].
    Considering the standardization aspect, a standard model was proposed by Minekus et al. based on 
three sequential extraction steps, i.e., salivary, gastric and intestinal digestion [26]. The main characteristics 
of the general in vitro methods are: digestion temperature, incubation time, agitation, concentration and 
composition of enzymes (enzymes from saliva, gastric juice, duodenal juice and bile salts). These 
characteristics depend on the person involved, the age, the mental health, the time of day that the food is 
consumed, the type and amount of food consumed and other components from the food consumed [11,27,
28]. In vitro methods have been proposed as an alternative to in vivo methods to estimate the bioavailability 
of elements in food [29].
   Considering all these aspects, the  objective  of  this  work was to determine the soluble fraction 
(bioaccessible content) of micro (Co, Cu, Mo, Mn, Fe and Zn) and macro-constituents (Mg and Ca) present 
in milk-based drinks using in vitro digestion with detection by ICP OES. 

MATERIALS AND METHODS

Instruments, Reagents and Solutions

     For sample treatment the following equipment were used: closed vessel microwave oven, model ETHOS, 
from Milestone (Sorisole, Italy); water bath, Quimis, model Q226M1 (Diadema, Brazil); centrifuge, Quimis, 
model Q222T204 (Diadema, Brazil). The pH measurements were carried out with a pH-meter (Hanna 
Instruments, model pH200, São Paulo, Brazil) equipped with a combined glass electrode (silver/silver 
chloride).
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     For the determination of the analytes an inductively coupled plasma optical emission spectrometer (ICP
OES, Perkin Elmer, Optima 3000DV, Norwalk, CT, USA) equipped with a peristaltic pump, a cross flow 
nebulizer coupled to a Ryton double pass spray chamber (Scott type) and a ceramic central torch tube 
injector with an internal diameter of 2.0 mm was used. This instrument operates sequentially in either radial 
or axial torch configurations and has a solid state segmented array charge coupled device (SCD) detector. 
The argon gas (White Martins, São Paulo, Brazil) used for the analyses was 99.996% pure. The ICP OES 
parameters optimized for analysis included the following: a radio frequency power of 1300 W, a plasma 

-1 -1argon flow rate of 15 L min , an auxiliary argon flow rate of 0.5 L min , a nebulization gas flow rate of 0.8 L 
-1 -1min , sample flow rate of 1.0 mL min , radial observation height of 15 mm (for Ca, Co, Cu, Fe, Mg, Mo) and 

30 seconds of reading time. The analytes studied included the following: Ca (317.933 nm), Co (228.616 nm),
Cu (324.752 nm), Fe (238.204 nm), Mg (285.231 nm), Mn (257.610 nm axial view), Mo (202.031 nm)

(213.857 nm axial view). 
    All reagents used were of analytical grade and the deionized water used was produced by a Milli-Q 
system (Millipore, Bedford, MA, USA), showing conductivity of 18 MΩ cm. The materials, polyethylene 
bottles and glasses, were previously soaked in 10% (v/v) HNO  (Merck, Darmstadt, Germany) for at least 3

12 h and rinsed with ultrapure water before use. 
-1     The standard solutions used for the analytical calibration curves were obtained from 1000 mg L  stock 

-1solutions of Co, Cu, Fe, Mn, Mo, Zn and from 4000 mg L  stock solutions for Ca and Mg (all standards 
were Merck, Darmstadt, Germany), prepared in 1% (v/v) HNO . Concentrated HNO  (Merck), concentrated3 3

H O  (Merck), concentrated HCl (Merck), NaHCO  (Merck), NaOH (Synth, Diadema, Brazil), pancreatin 2 2 3

(Acros Organics, Morris Plains, USA), bile salt (Sigma Chemical Co., Saint Louis, USA), and pepsin 
(Acros Organics) were also used.
     Ten samples (designed as MD1, MD2,…, MD10) of milk-based drinks, from seven different manufacturers 
(A, B,…, G)  were purchased in local supermarkets of Campinas, SP, Brazil. 

Microwave-assisted digestion

     For total analysis, the samples were submitted to microwave-assisted oxidative digestion based on a 
procedure recommended by the microwave oven manufacturer (to bovine milk). Approximately 1 g of each 

®sample was weighed and transferred to closed microwave vials (Teflon ) and then 3 mL of concentrated 
HNO , 1 mL of concentrated H O  and 5 mL of deionized water were added. The final mixture was weighed 3 2 2

(acidity ~ 30%) in order to express the final results as w/w, and then submitted to the heating program 
described in Table I. Each procedure was carried out in triplicate.

Table I. Heating program of microwave oven

Stage Time (min) Temperature (ºC) 
1 (ramp) 3 80 
2 (hold) 2 80 
3 (ramp) 4 120 
4 (hold) 5 120 
5 (ramp) 7 200 
6 (hold) 25 200 

 
     The evaluation of method efficiency was carried out through addition and recovery of the analytes 
experiments, at three different concentration levels, as described in Table II. 
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-1Table II. Concentration (mg L ) of the analytes added to MD1 sample

Elements  Level 1  Level 2  Level 3  
Co, Mo, Mn, Cu  0.05  0.1  0.4  
Fe, Zn 0.2 0.5 1.0 
Ca  1.0  3.0  5.0  
Mg  0.5  0.8  1.2  

 

Bioaccessibility evaluation

   The procedure used for the determination of the bioaccessibility of the analytes was carried out in 
accordance with the methodology described by Glahn et al. [30]. Here, it was not employed the standardized 
method proposed by Minekus et al. [26] because Ca and Mg are present in large amounts in the reagents 
used to simulate the in vitro gastrointestinal digestion and then it becomes difficult to determine the small 
amount of these elements released from the sample to the soluble fraction (hydrolysate). For the gastric 

-1digestion simulation, the gastric juice was prepared by mixing 0.20 g of pepsin and 8 mL of 0.1 mol L  HCl, 
which was shaken for complete pepsin dissolution; for the intestinal digestion simulation, the intestinal juice 

-1was prepared by mixing 0.05 g of pancreatin, 0.30 g of bile extract and 25 mL of 0.1 mol L  NaHCO  and 3

then this mixture was shaken in order to obtain the complete dissolution.
    The bioaccessibility study was performed using 1.0 g of each milk beverage sample. For the in vitro 
gastric digestion procedure the pH of the sample was adjusted to approximately 2 by gradual addition of 

-15.0 mol L  HCl solution, and then 0.50 mL of the pepsin solution (0.0125 g of pepsin/mL sample) were 
added. This mixture was submitted to a temperature of 37 ± 3 ºC for 60 minutes in a water bath, under 
constant stirring. Afterwards, the mixture resulted from the in vitro gastric digestion was submitted to the in 

-1vitro intestinal digestion procedure, in which the pH was adjusted to 6 by gradual addition of 1.0 mol L  
NaHCO  solution. To this mixture 2.50 mL of bile-pancreatin solution (0.005 g of pancreatin + 0.03 g of 3

bile/mL of the sample) were added and the solution was again heated at 37 ± 3 ºC using a water bath for 
2 h under stirring. After the intestinal digestion, the solution was then subjected to an ice bath for 10 minutes, 
in order to stop the enzymatic action. Moreover, the pH was adjusted to 7.2 by gradual addition of 0.5 mol 

-1L  NaOH solution and the mixture was centrifuged at 3500 rpm for 30 minutes. The supernatant (chyme) 
was separated from the precipitate and the soluble analytes in were quantified by ICP OES.

RESULTS AND DISCUSSION

Quantification of the analytes

    For the quantification of the total concentration the limits of quantification (LOQ) [31], calculated as 10 σ  
-1 -1under the established experimental conditions were 0.01 mg kg  for Cu and Mn, 0.1 mg kg  for Mo, Co and 

-1 -1Mg, 0.04 mg kg  for Zn and Fe, and 0.3 mg kg  for Ca. Therefore, these limits were adequate to determine
the concentrations of the elements investigated.
     In order to evaluate the sample preparation using microwave-assisted digestion, the MD1 sample was 
spiked with three different concentration levels of the analytes. The recovery values are presented in Table 
III. 

Essential Inorganic Ions in Milk-Based Drinks: Evaluation of Bioaccessibility

Article



21

Table III. Recovery and RSD values (%) obtained for the concentration levels added to MD1 sample

Elements Level 1 Level 2 Level 3 

Cu 101 (3) 105 (3) 113 (8) 
Mo 100 (7) 100 (6) 100 (10) 
Co 95 (4) 97 (4) 98 (8) 
Mn 92 (3) 95 (3) 100 (8) 
Zn 82 (5) 91 (3) 90 (4) 
Fe 105 (5) 96 (8) 108 (3) 
Ca 113 (6) 90 (5) 93 (5) 
Mg 106 (5) 96 (5) 96 (5) 

 

    As can be seen, recoveries between 90 and 110% and RSD lower than 10% were obtained for all 
analytes, showing that the proposed sample treatment is adequate for the analysis. In Table IV are 

-1presented the concentrations (mg kg ) for each analyte in the samples and the respective standard 
deviations. The labels of the samples only contain the values for total concentration of Ca and the values 
found here agree with that declared by the manufacturers. 

-1     Calcium was the element found in highest concentration, varying over the range of 552 to 1380 mg kg , 
whi le Co was the only element that was below the LOQ in al l  samples analyzed.

-1Table IV. Concentration (mg kg ) of the elements determined in the samples and the RSD values (%)

Elements  

Producer and samples  
A B C 

MD1 MD2 MD3 MD4 MD5 

Cu 0.60 (2) 0.23 (3)  < 0.001  0.47 (4) < 0.001  
Mo 0.05 (0.4)  0.05 (1)  < 0.01  < 0.01  < 0.01  
Co < 0.01  < 0.01  < 0.01  < 0.01  < 0.01  
Mn 0.84 (2) 1.43 (4)  < 0.001  0.67 (2) < 0.001  
Zn 3.67 (3) 4.18 (2)  3.23 (1)  2.40 (2)  3.01 (10 ) 
Fe 7.58 (0.3)  5.14 (1)  0.56 (5) 9.42 (0.1) 1.08 (5) 
Ca 841 (5) 1337 (2) 1380 (8) 674 (8) 991 (2)  
Mg 143 (5) 150 (3) 98.8 (2) 159 (4)  97.8 (10) 

Elements  
Producer and samples  

D E F G 

MD6 MD7 MD8 MD9 MD10 

Cu < 0.001  < 0.001  < 0.001  0.45 (5) < 0.001  
Mo < 0.01  < 0.01  < 0.01  < 0.01  < 0.01  
Co < 0.01  < 0.01  < 0.01  < 0.01  < 0.01  
Mn < 0.001  < 0.001  0.11 (8)  0.58 (2)  < 0.001  
Zn 2.43 (0.3)  2.50 (8)  1.68 (2)  1.73 (5)  2.79 (10)  
Fe 1.00 (7) 0.44 (5)  0.83 (3 5) 6.58 (6)  1.92 (1)  
Ca 995 (1)  1016 (9)  628 (5) 552 (2 ) 998.83 ( 2) 
Mg 90.3 (6) 91.5 (6) 70.7 (4) 148 (10) 105 (1)  
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Bioaccessibility of the analytes

   The bioaccessibility represents the soluble fraction which is the amount that can be absorbed and 
transformed into a biologically active form in the human body. Thus, the knowledge of this amount is more 
informative than knowing only the total concentration of the element in any food [32]. Table V shows the 
bioaccessible fraction (bioaccessibility) of the analytes in the samples, which is expressed as percentage, 
whose results were obtained on the basis of the total concentration shown in Table IV.

Table V. Bioacessible fractions of gastro-intestinal digestion (as percentage of total concentration) and RSDs (%)

Elements  
Samples  

MD1 MD2 MD3 MD4 MD5 

Cu 41.08 (0.04)  63.90 (0.04)  < 0.001  52.05 (0.04)  < 0.001  
Mn 40.42 (0.04)  41.2 (0.3)  < 0.001  40.15 (0.05)  < 0.001  
Zn 31.4 (0.6)  29.5 (0.9)  49.0 (0.1)  24.6 (0.3)  65.4 (0.3)  
Fe 8 (2) 41 (2 ) 43 (1 ) 10 (7 ) 56.8 (0.6)  
Ca 108 (5 ) 73 (4 ) 94 (1 ) 54 (8 ) 100 (2 ) 
Mg 113 (5 ) 99 (2) 99 (5) 85 (5 ) 105 (10) 

Elements  
Samples  

MD6 MD7 MD8 MD9 MD10  

Cu < 0.001  < 0.001  < 0.001  65.15 (0.03)  < 0.001  
Mn < 0.001  < 0.001  < 0.001  60.99 (0.02)  < 0.001  
Zn 57.1 (0.2)  51.7 (0.8)  69.9 (0.4)  44.3 (0.6)  60.5 (0.5)  
Fe 22.7 ( 4) 28 (1) 44 (2) 22 (4) 10 (3) 
Ca 87 (2) 85 (2) 99 (9) 97 (2) 92 (4) 
Mg 97 (6) 91 (2) 105 (4) 102 (1) 97 (4) 

 

    Molybdenum and Co bioaccessible fractions were not calculated because the concentration for these 
-1elements was below the LOQ. The total concentration of Mn in the MD1 sample was 0.84 mg kg , but only 

-10.34 mg kg  became soluble, i.e., 40.4% of the total amount of this nutrient is available for absorption by 
intestinal cells. Considering all the samples analyzed the bioaccessibility for manganese changes from 
40 to 61%. There are no reports concerning the bioaccessibility of this element in dairy beverages. However, 
it is possible to compare this result with those obtained by do Nascimento da Silva et al. for Mn in milk-
based instant cereals (19-42%) [16]. It is reasonable that for some milk-based drinks the bioaccessibility 
values are greater than for instant cereals because the presence of larger amount of proteins in dairy 
beverages leads to higher Mn solubility. In the present work it was also observed that the Mn bioaccessible
fraction increases when its total concentration decreases, as already reported by Velasco-Reynold et al., 
who indicated that the higher the total Mn intake, the lower the absorption efficiency of the element. In the 
present work, the same correlation was also observed for Cu [32].
     Nascimento et al. observed that 83% of Cu and 78% of Fe present in cashew nuts were extracted during 
sample digestion [33]. Considering the milk-based drinks, the average availability of Cu and Fe was about 
56 and 29%, respectively, which are much smaller values compared to the cashew nuts. Copper absorption 
inhibitors are sugars, proteins of animal origin, S-amino acids and histidine, therefore the Cu availability in 
dairy beverages is lower than in cashew nuts [13,34,35]. On the other hand, the values obtained here are 
in agreement with that obtained by do Nascimento da Silva et al. for Cu in milk-based instant cereals 
(~52%) and infant formulas (59-67%) [16]. Moreover, the presence of milk-derived caseino-phospho-peptides 
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(CPPs) in dairy samples may cause a great decrease of Fe bioaccessibility as can be seen for milk-based 
instant cereals (2.4-5%) and infant formulas (63-69%) [36]. However, a comparison of bioaccessible fraction 
obtained for dairy beverages with those obtained by other authors for different samples is not simple, since 
the bioaccessibility of elements depends on the sample composition, the total amount of each analyte and 
also the in vitro digestion procedure used.
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     Calcium and Mg were the elements which present the highest bioaccessibility values, around 100%, 
showing that milk-based drinks are a rich source of these elements, because this type of matrix has 
proteins that provide the increase on the solubility of these elements. Polyphenols and phytates, who could 
decrease the bioaccessibility of Ca an Mg are not present in high concentrations in milk-based drinks [34]. 
On the other hand, for some samples the values for Zn bioaccessibility (24-69%) are generally lower due 
to the presence of casein and casein phosphopeptides which make Zn insoluble. Although in the acid 
medium of the stomach, dietary Zn can be released from casein, a considerable proportion of this casein 
is not digested, making Zn less bioaccessible [35,36].
    It was possible to observe here that many parameters should influence the nutrient solubility during 
gastrointestinal digestion, such as the composition of the food, food structure and the in vitro digestion 
procedure used. Despite it was possible to obtain an approach of the solubility of some elements from milk-
based drinks during the gastrointestinal digestion, it is worth highlighting that the actual percentage of each 
element to be absorbed by the digestive tract will mainly depend on the conditions of each individual. 
However, some important information concerning the bioaccessibility of inorganic nutrients in dairy 
beverages was obtained in the present work.

CONCLUSION

    The microwave-assisted digestion using nitric acid and hydrogen peroxide showed to be suitable for 
the sample treatment, showing recovery values in the range of 90-110% and RSD less than 10% for all the 
elements studied. Calcium was the element with the highest concentration in all beverages evaluated in 
this study and the values obtained agreed with those declared by the manufacturers.
    The in vitro gastrointestinal digestion procedure provided an evaluation of the amount of the analytes 
that can potentially be absorbed by the body. It was verified that the bioaccessible fractions for Mn and Cu 
decrease with the increase of their total concentration, while Ca and Mg showed to be almost fully 
bioaccessible. The bioaccessibility of these elements may vary with the samples, according to their 
composition, showing the importance of determining accurately the amount of an essential element is 
actually available to the human body. 

Manuscript received March 27, 2018; revised manuscript received July 9, 2018; accepted July 11, 2018;
published online October 3, 2018.
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