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The bioaccessibility of Zn during in vitro gastrointestinal digestion from yogurt was investigated. 
In addition, the methodologies of sample preparation (dry and wet digestion, and slurry sampling) 
for the determination of total concentration of Zn in yogurt by flame atomic absorption spectrometry 
were also compared in this work. In comparison with digestion procedures, the proposed slurry 
sampling is simple and less time-consuming procedure. The limit of quantification determined 
was 1.3 µg g-1. The concentrations of Zn in the Brazilian yogurt ranged from 3.40 to 5.62 µg g-1. 
The percentage of the bioaccessible fraction of Zn from the samples ranged from 10 to 26%. 
This corresponds to an average daily intake of less than 2% of the metal for adults and children, 
suggesting that the Brazilian yogurt contributes with a low amount of Zn for the human diet.
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Introduction

Yogurt is a dairy product obtained from milk fermentation 
by lactic acid bacteria, usually Lactobacillus bulgaricus and 
Streptococcus thermophilus, which convert milk sugar 
(lactose) into lactic acid.1-3 It is a basic product that has 
been consumed worldwide, mainly by children and the 
elderly.2,4,5 The popularity of yogurt, as part of the human 
diet, it has been increasing due to its beneficial effects and 
continuous modifications performed in the product for more 
nutritional effects and new flavors and consistencies.3,5 
Moreover, this food has a similar composition as milk, with 
a high content of proteins and fats, vitamins, such as B2 and 
B12, and minerals (Ca, Mg, K, Na, Zn, Fe, Mn, and Cu).2,6

Several elements are essential for living organisms due 
to its biological functions depending of concentration and 
chemical form. The lack or excess of these elements may 
be harmful to the human health.2,4-7 For example, Zn acts in 
the structure and catalysis of metalloenzymes, besides being 
essential in the regulation of gene expression, stabilizing 
structures of DNA, RNA and ribosomes, besides other 

important biological functions.8,9 The source of metals in 
yogurt can be natural, by environmental contamination, or 
through the manufacturing and packaging process.

Therefore, it is important to monitor the concentration 
of metallic species for food security and the quality of 
yogurt. Currently, these evaluations are based on the 
determination of the total concentration of elements 
in this food. Normally, the determinations of elements 
present in yogurt samples (complex matrix) have been 
carried out by sample preparation procedures combined 
with spectrometric analysis techniques, such as atomic 
absorption and emission.2,6,7

Yogurt sample preparation is a critical step due to the 
complexity of the matrix (high content of organic compounds 
like proteins and fats), and the several stages with the 
possibility of loss of analytes, among others. Procedures 
as dry and wet digestions are used in the destruction of 
the organic matrix releasing the metals into the simplest 
solutions.10,11 However, it is known that some of these 
procedures, especially those that occur in open systems have 
disadvantages such as longer duration of sample preparation, 
use of large volumes of hazardous reagents, loss of analyte 
by volatilization or even contamination of the sample.12,13 In 
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order to reduce the handling and sample preparation time, 
slurry sampling is an alternative to the fast determination 
of different metals in food and environmental matrices.14,15 
This method has advantages because it reduces the sample 
preparation time, enables the use of aqueous standards for 
calibration, and minimizes problems of contamination or loss 
of analyte.12,14,16 Brandão et al.2 and Brandão et al.7 developed 
a methodology for the direct determination of Zn, Ca and 
Mg in yogurt, using high resolution-continuum source flame 
atomic absorption spectrometry. The authors verified that 
slurries presented similar results as the traditional digestion 
method.

However, the determination of the total concentration 
of metallic ions in foods is not enough to evaluate the 
nutritional or toxic potential of the same. To obtain the 
real beneficial or malefic effects of these elements it is 
necessary to know their bioavailability (absorption) and 
the bioaccessibility (digestion).17,18 The bioavailability 
is the fraction of element that reaches the bloodstream 
from the gastrointestinal tract, that is, the fraction that is 
actually absorbed by the organism.18,19 Bioaccessibility 
refers to the release of the compounds from the food matrix 
into the gastric and intestinal juice in the gastrointestinal 
tract.17,20-23 The bioaccessibility of metals species depend 
on food matrix, metal characteristic, concentration and 
speciation of metals.

Nowadays, in vitro digestion simulation tests have been 
used in the determination of bioaccessibility. In vitro tests 
simulate what occurs in two distinct parts of the human 
digestive system: the stomach and the small intestine. 
With the use of artificial gastric and intestinal juices it is 
possible to imitate the human digestion process easily and 
with a low cost.23,24 Several studies24-27 reported in vitro 
bioaccessibility of nutrients (peptides, amino acids, 
proteins, etc.) from dairy products or yogurt. However, 
there is a lack of data regarding the release of minerals 
from yogurt and other dairy products in the simulated 
gastrointestinal environment.

In this sense, this work aims at the determination of 
total zinc contents in yogurt samples and the quantification 
of the bioaccessible fraction of this element by simulated 
in vitro digestion experiments. Flame atomic absorption 
spectrometry (FAAS) was used in the determination of zinc 
due to the low cost, quickness, and precise and accurate 
results. For the determination of the total zinc concentration 
in the samples, with other traditional methodologies for 
sample preparation (wet and dry-ashing digestion), the 
slurry sampling was compared. After comparison, the 
proposed methodology was optimized and validated. 
Moreover, it was possible to verify the bioaccessibility of 
Zn from Brazilian yogurt and to evaluate if the estimate of 

daily consumption of yogurt contributes to the nutritional 
intake of zinc.

Experimental

Equipment, reagents and solutions

Determinations of Zn were carried out by a Flame 
Atomic Absorption Spectrometer (Varian, SpectraA 220) 
equipped with multi-element hollow cathode lamp for Zn, 
operating at 213.9 nm with a current of 5 mA and a slit 
width of 1 nm. An air-acetylene flame, for the atomization 
of Zn, was employed. The spectrometer operated under 
optimum conditions. The measurements of absorbance 
and background signals were carried out in triplicate. 
Other kinds of equipment were used in the preparation of 
samples, such as an ultrasonic bath of 40 kHz (USC-2800 
and USC-2800A, Unique), a heating plate (Fisatom and 
SPLabor), stove (Odontobras), muffle furnace (Quimis), 
shaker incubator (SP 222, SPLabor), pHmeter (Metrohm), 
and ultracentrifuge (Himac CR21GII, Hitachi).

In order to reduce or eliminate any source of sample 
contamination, procedures of cleaning techniques in this 
work were adopted.15,28,29 All reagents used were of analytical 
grade, with purity suitable for determination of trace metals. 
Solutions were prepared with high purity water (Thermo 
Scientific or Millipore). The working standard solutions 
of Zn were prepared by the dilution of 1000 mg L-1 stock 
standard solutions (Biotec, São Paulo, Brazil). For the sample 
preparation, nitric acid (Carlo Erba, Val de Reuil, France) and 
hydrochloric acid (Sigma-Aldrich, Saint Louis, USA) were 
used. Enzymes from Sigma-Aldrich Co. (Saint Louis, USA): 
pepsin from porcine gastric mucosa (≥ 250 units mg-1), 
pancreatic from swine pancreas (4 × USP (United States 
Pharmacopeia) specifications) and bile salts were used in 
the bioaccessibility assays.

Throughout the study, solutions and samples were 
prepared in triplicate.

Yogurt samples

Yogurt samples were purchased from local supermarkets 
(Guarapuava and Ponta Grossa, Paraná, Brazil). Two 
types of yogurt (pasty and drinking yogurt) from distinct 
manufacturers (A, B, C) were used. All samples were stored 
at 4 °C until further processing. In Table 1 is presented the 
yogurt samples description.

Determination of total Zn concentration in yogurt by FAAS

Four procedures of yogurt sample preparation for 
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total determination of Zn concentration by FAAS were 
tested.2,7,30 In these experiments, a sample of natural whole 
yogurt enriched with 50.0 µg g-1 Zn was used. Dry-ashing 
digestion (DD) of yogurt sample was performed with 
drying of 1.0 g of sample for 3.5 h in the stove (60 °C), 
followed by drying in water bath (3.45 h, 95 °C) and 
drying on a heating plate (2.5 h, 85 °C). Finally, the 
sample was carbonized and, lastly, calcined in muffle 
(3 h, 450 °C). Afterwards, the residues were solubilized 
in 3.0 mL of HNO3 (7 mol L-1), being transferred to 
volumetric flask, added to 25 mL with ultrapure water.30 
Wet digestion in beaker with reflux (WD-B) was tested 
with 1.0 g of the sample, 1.7 mol L-1 HNO3 and 2.4% (v/v) 
H2O2. The mixture was heated at 80 °C in sand bath for 
2 h. Subsequently, the solution was supplemented with 
ultrapure water to a final volume of 25 mL.2,7 Another 
method used was wet digestion with closed cryogenic tube 
(WD-CT). For this, 0.4 g of the sample with 1.7 mol L-1 
HNO3 and 2.4% (v/v) H2O2 were transferred to a cryogenic 
tube and heated (85 °C) in sand bath for 1 h. Afterwards, 
the solution was transferred to the volumetric flask with 
a capacity of 10 mL.2,7 In turn, slurry sampling (SS) was 
tested with 1.0 g of yogurt being diluted with 1.0 mol L-1 
HNO3 or HCl, in a volume of 25 mL.2 The slurries were 
placed in an ultrasonic bath for 20 min and afterwards, 
the slurries were analyzed directly by FAAS. For each 
procedure the analytical controls were evaluated, being 
used ultrapure water and reagents to prepare them.

The efficiency of the procedures was evaluated by 
recovery tests, for which the following equation was 
used: Recovery (%) = (CF – CI) × 100 / CA, being CF = 
the concentration of fortified sample; CI = concentration 
of unfortified sample; and CA = concentration of analyte 
added to the sample.31

After choosing the most appropriate method (in this 
case SS) for sample preparation, a 22 factorial design was 
performed in duplicate for each assay, with a central point 
in triplicate. The factors evaluated were the concentration of 
HCl (mol L-1) (0.2 (+1), 0 (0) and 0.1 (−1)) and time (min) 
of ultrasonic agitation (5 (+1), 1 (0) and 3 (−1)).

In-house validation study

After the optimization of the adequate method of sample 
preparation for the determination of total concentration of 
zinc by FAAS, a validation study was carried out using plain 
whole yogurt of the pasty type. This sample was chosen 
considering its complexity, and any interference could be 
an estimate for similar samples.

The calibration technique of the method was evaluated 
by the external standard method (ESM), aqueous solutions 
containing the metallic standard, and by the standard 
addition method (SAM), yogurt suspension containing 
the metallic standard. The linearity of curves was checked 
by applying a linear regression analysis with analysis of 
variance (ANOVA) and a lack-of-fit test at 95% confidence 
level.32 The statistical calculations were performed with the 
Action software.33

The limit of detection (LOD) and the limit of 
quantification (LOQ) were, respectively, calculated by 3 
and 10 times the standard deviation of 10 measurements 
of the blank divided by the slope of the analytical curve.32

Repeatability tests were carried out with yogurt 
slurries prepared in triplicate and analyzed by FAAS 
on the same day. In intermediate precision tests, yogurt 
samples were prepared in the same way as the repeatability 
tests and analyzed by FAAS during five consecutive days. 
Relative standard deviations (RSD) and Horrat values 

Table 1. Information of the yogurt samples used in the quantification of Zn by FAAS

Sample Brand Typea Description

A1 A regular, pasty yogurt whole

A2 A regular, pasty yogurt semi-skimmed with flavor

A3 A regular, drinking yogurt semi-skimmed with flavor

B1 B regular, pasty yogurt skimmed

B2 B regular, pasty yogurt skimmed with added honey

B3 B regular, pasty yogurt whole with added fruit

C1 C regular, pasty yogurt skimmed

C2 C regular, pasty yogurt whole with added fruit

C3 C regular, pasty yogurt whole with added fruit

C4 C regular, pasty yogurt whole with added fruit

C5 C soy, drinking yogurt soy yogurt with added fruit

aRegular: cow’s yogurt.
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were calculated as an estimate of the precision of the 
method.31

The accuracy of the method was evaluated using recovery 
tests with the yogurt sample at two levels of fortification 
for the element of interest. The sample was fortified with 
12.5 and 25 µg g-1 of Zn and the determinations were 
performed before and after the enrichment. As in other tests, 
the choice of sample was based on complexity. Samples 
of natural and integral yogurt had sufficient complexity to 
estimate a possible interference, as in other samples. To 
check the statistical significance of recovery values, a t-test 
at 95% confidence level was applied, through the equation 
t = (recovery value – 100) × (n – 1)1/2 / SD (n = number of 
measurements; SD = standard deviation of the replicates).

Determination and bioaccessibility of Zn from Brazilian 
yogurt

The total concentrations of Zn were quantified in 
the 11 yogurt samples from Brazil (Table 1). Significant 
differences were determined by ANOVA and Tukey tests 
(at 95% confidence level). All statistical analyses of the 
data were carried out with the Action software.33

Simulated in vitro digestion of yogurts (Table 1) was 
performed using a procedure adapted from the model 
developed by Stelmach et al.34 For gastric digestion, 2 g of 
yogurt (dissolved in 20 mL ultrapure water) with 2.5 mL 
simulated gastric juice (0.2 g L-1 pepsin in 0.1 mol L-1 
HCl) was incubated at 37 °C and 150 rpm shaking for 
2 h. Subsequently, the sample was transferred to ice bath 
to stop the enzymatic digestion. The pH of mixture was 
corrected at 7.0 with 1.5 mol L-1 NaHCO3. Afterwards, 
it was added to the mixture 2.5 mL intestinal juice 
(0.15 g L-1 pancreatin, 1.5 g L-1 bile salts in 0.1 mol L-1 
NaHCO3). In this step, the sample was incubated at 37 °C 
and 150 rpm shaking for 2 h. Digested samples were 
transferred to ice bath. The determination of Zn in the 
bioaccessible fraction by FAAS was performed after the 
centrifugation of the digested sample (4 °C, 10,000 rpm, 
and 20 min).

Considering the complexity of the enzymatic medium, 
the quantification of Zn in the bioaccessible fractions 
was performed after evaluation of some analytical 
characteristics. The linearity of the analytical curves was 
investigated in two different medium: curves with external 
standard (PE) and in enzymatic medium (18.5 mg L-1 of 
pepsin in gastric juice + 13.9 mg L-1 of pancreatin and 
139 mg L-1 of bile salts in intestinal juice). The analytical 
curves were evaluated by linear regression with ANOVA 
and test of lack of fit in a level of 95% of confidence, using 
the statistical software Action.33

The LOD and LOQ were also calculated for the 
bioaccessibility procedure. The calculation was performed 
using the standard deviation of 10 measurements of 
analytical control, blank (procedure employing in the 
gastrointestinal study) multiplied by a factor of 3 or 
10 times and divided by the slope of the analytical curve 
for Zn.32

The accuracy of the bioaccessibility procedure was 
evaluated by comparing Zn concentrations in the fractions 
obtained without and with treatment of the supernatant 
(chyme) resulting from the centrifugation of the yogurt 
sample digested by the enzymatic medium. For the 
digestion of chyme from yogurt samples (and analytical 
controls), the procedure described for wet digestion with 
closed cryogenic tube (WD-CT) was followed.

Results and Discussion

Determination of total Zn concentration in yogurt by FAAS

The determination of elements in yogurt requires a 
sample preparation prior to the FAAS analysis. In this 
study, it was evaluated the most frequently applied sample 
preparation procedures for food analysis. Techniques such 
as dry-ashing (DD), wet digestion with reflux in beaker 
(WD-B), wet digestion in cryogenic tube (WD-CT) and 
slurry preparation (SS) with assistance of ultrasound were 
compared (Table 2). In these experiments it was used a 
sample enriched with 50.0 µg g-1 Zn2+. This was necessary 
due to the low content of Zn in the in nature sample, being 
that for all the evaluated procedures was performed the 
quantification in these non-enriched sample. Zn, at the 
specified concentration, was added in the yogurt sample, 
and left overnight to increase the interaction of the metal 
with the matrix. In Table 2, the concentrations shown were 
subtracted from the analytical control (blank) and from 
the initial concentration of Zn in the sample. The initial 
concentration of Zn was determined in yogurt by FAAS 
and the values obtained were 5.7 ± 0.1, 6.6 ± 0.2, 6.6 ± 0.1, 
5.1 ± 0.1 and 5.8 ± 0.2 µg g-1 for DD, WD-B, WB-CT, SS 
with HCl and SS with HNO3, respectively. In this case, it 
was possible to observe that Zn concentration in yogurt 
was close in the different methods of sample prepare. The 
recovery value was obtained in relation to the added content 
and the results were evaluated by the Tukey’s test.

In Table 2, it can be observed that concentrations of 
Zn determined in the samples using different preparations 
were close to the expected concentration (50.0 µg g-1). 
Therefore, recovery values ranged from 91 to 103%, which 
is within the acceptable range (80-110%) considering the 
studied concentration.31 Recovery values for Zn in yogurt 
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were adequate (100 ± 10%) in all procedures of the sample 
preparation. Comparing the slurry sampling (procedure 
proposed in this work), with procedures routinely used in 
the laboratory to determine metals in foods such as yogurt 
(wet and dry-ashing digestion, for example), it is possible to 
verify that the ratio between the determined concentrations 
in each procedure is close to 1. This indicates that SS 
presents efficiency in the determination of Zn by FAAS. 
The statistical analysis (Tukey’s test) showed that the results 
obtained with the wet digestion (WD-B and WD-CT) were 
similar. The results obtained with WD-CT were similar to 
the dry-ashing (DD). And the slurry sampling with HCl and 
HNO3 also had similar results. Even though it was observed 
that the Zn recoveries through the slurry sampling were 
larger (closer to 100%), the difference between this faster 
method and the sample treatment methods happened mainly 
due to the possible loss of Zn during steps of preparation 
of the samples, for the traditional methods. Even so, in all 
cases, the recovery of the metal was within the expected. 
Thus, slurry preparation with assistance of ultrasound was 
chosen due to the reduction of acid consumption and sample 
preparation time (20 min), besides presenting adequate and 
comparable recovery results, in relation to the reference 
procedures.

The type of acid used in the slurry preparation can have 
consequences in the measurements by atomic spectrometry. 
In this sense, we tested the use of HNO3 and HCl (possible 
formation of volatile and difficult-to-dissociate analyte 
chlorides causing interferences). No analytical problem was 
determined, and HCl was the chosen acid to dilute yogurt 
samples in the slurry sampling. Similar results are found in 
studies2,7 of slurry sampling of yogurt, which demonstrated 
the efficiency of the direct method in the quantification of 
metals such as Zn, Mg and Ca in this matrix type using 
HCl as diluent.

These previous studies have demonstrated that the 
slurry sampling for preparation of the yogurt sample, 
under conditions described in the literature, provides 
adequate results when compared with traditional sample 
preparation procedures. However, optimizing a method or 
a process corresponds to improving the performance of the 
system as much as possible, and thus obtaining the greatest 
possible benefit from it.35 This may be related to the shorter 
sample preparation time or lower reagent consumption, 
for example.

Thus, after the choice of slurry sampling (SS), an 
optimization of the sample preparation conditions was 
performed. This study was conducted by 22 factorial design 
with a central point to verify the possibility of further 
reducing the use of HCl and the time of ultrasonic agitation. 
Experiments were performed in duplicate, with exception 
of the central point (triplicate), and yogurt samples fortified 
with 25.0 µg g-1 of Zn. The matrix of 22 factorial design 
for SS and determined concentrations of Zn were showed 
in Table 3.

In Table 3, it was observed that the concentrations of Zn 
determined in the factorial design experiments ranged from 
25.9 ± 0.1 to 26.9 ± 0.3 µg g-1 (close to the concentration 
of Zn added in the samples, 25.0 µg g-1). Thus, recovery 
values were adequate (80-110%) ranging from 104 (central 
point) to 108% (assay 1). Therefore, the reduction of acid 
and time of ultrasonic agitation can be performed without 
compromising the results for slurry sampling.

A statistical analysis of the factorial design was 
performed, and the principal and interactions effects were 
calculated. Effect values were presented in relation to the 
t-test at 95% confidence level. Effects for HCl and time of 
ultrasonic agitation were −1.66 and −1.24, respectively. 
The interaction effect value between the factors was 
0.41. Considering freedom degree for factorial design, 
the standard error to the effects was tcritical = 2.45, which 
is higher than the values obtained for the factors or their 

Table 2. Comparison among different techniques of sample preparation 
and determination of Zn in yogurt by FAAS. Data of determined 
concentrations, recoveries and statistical analysis are shown

Sample 
preparation

Zna / (µg g-1) Recovery / % Tukey’s testb

WD-B 48.3 ± 0.1 97 B

WD-CT 46.7 ± 0.6 93 B C

DD 45.6 ± 0.8 91 C

SS with HCl 51.4 ± 0.2 103 A

SS with HNO3 50.8 ± 0.5 102 A

aConcentrations determined were reported as mean ± standard deviation 
of triplicate; bmeans that do not share a letter are significantly different 
at 95% confidence level. WD-B: wet digestion in beaker with reflux; 
WD-CT: wet digestion with closed cryogenic tube; DD: dry-ashing 
digestion; SS: slurry sampling.

Table 3. Results obtained for Zn in the 22 factorial design performed for 
optimization of the slurry sampling

Assay HCl / (mol L-1) t / min Results: Zna / (µg g-1)

1 absence (−1) 1 (−1) 26.9 ± 0.3 (n = 2)

2 absence (−1) 5 (+1) 26.5 ± 0.7 (n = 2)

3 0.2 (+1) 1 (−1) 26.4 ± 0.3 (n = 2)

4 0.2 (+1) 5 (+1) 26.2 ± 0.1 (n = 2)

Central point 0.1 (0) 3 (0) 25.9 ± 0.1 (n = 3)

aConcentrations determined were reported as mean ± standard deviation 
and they were subtracted from the analytical control (blank) and from the 
initial concentration of Zn in the samples.
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interaction. This showed that none of the evaluated factors 
influenced the determination of Zn in yogurt using SS, 
probably because the experimental conditions were in an 
optimal range.

Studies reported in literature2 using 2.0 mol L-1 HCl 
in the yogurt slurry preparation also obtained adequate 
recovery for Zn. Therefore, in this work it was possible to 
reduce the amount of reagents in the slurry preparation. 
The optimized condition was yogurt slurry (40.0 g L-1) 
with 0.2 mol L-1 HCl and 1 min of ultrasonic agitation. 
A lower level of one factor (acid concentration) was not 
chosen because this situation could lead to some kind of 
problem for the FAAS, such as the clogging of the capillary 
injection, or even a building up of residue on the atomizer 
equipment. Adding HCl, even in low concentrations, can 
help to destroy the organic matrix of the yogurt, and thus, 
facilitate the determination of Zn by FAAS.

In-house validation study

The instrumental calibration of the developed method 
for the determination of Zn by slurry sampling and FAAS 
was evaluated by comparison of the external standardization 
and standard addition. This was done in order to check the 
sensitivity and matrix interference. Analytical curves 
for Zn were obtained in an aqueous solution (ESM) and 
standard addition curves were obtained with a yogurt 
matrix (SAM). Concentrations of Zn ranged from 0.1 to 
1.6 mg L-1 for 7 points used in this study. Absorbance data 
were used to calculate a linear regression and coefficient of 
determination (R2). The results obtained for ESM and SAM, 
and the tests of linearity of curves are shown in Table 4.

As it can be observed in Table 4, the curves showed 
similarities and good values for coefficient of determination 
(R2 > 0.99). The slopes of the external standard and standard 
addition curves showed no statistical differences and the 
ratio between both slopes was close to 1, indicating that 
the curves showed the same sensitivity. This suggests that 
there is no effect of the yogurt matrix in the determination 
of Zn by slurry sampling and FAAS. Thus, these results also 
indicated that the analytical curve in an aqueous solution 

could be used for the quantification of Zn in yogurt slurry 
by FAAS. This presents a great advantage to the method, 
because it increases the analytical frequency and reduces 
the costs of analyses (e.g., lower consumption of reagents 
and gas carrier).

Linear regression models were studied using F-test at 
95% confidence level for both calibrations type (Table 4). 
Fregression values were higher than Fcritical values, indicating 
that the linear regression is significant for ESM and SAM. 
The linearity of curves can be confirmed by lack-of-fit tests 
(Flof) at a confidence level of 95% (Table 4). Flof values 
(5.57 for ESM and 2.66 for SAM, respectively) were lower 
than the Fcritical values (6.94), indicating that Flof values were 
not significant in the confidence level adopted (p > 0.05) 
for both curves. Thus, there was no lack-of-fit of the 
constructed linear models, showing that the linearity of 
the curves for Zn is acceptable. Therefore, the external 
standard can be used in the quantification of Zn in yogurt 
with a linear range between LOD and 1.6 mg L-1 of Zn.

The LOD and LOQ for the method were evaluated. The 
limits were low, with values of 0.4 and 1.3 µg g-1 for LOD 
and LOQ, respectively.

With regard to precision, results were expressed in 
terms of RSD and Horrat value. RSD values were 1.06 and 
3.34% for repeatability tests (same day) and intermediate 
precision (five consecutive days), respectively. These values 
were adequate, being lower than 10%.31

The results for intermediate precision can also be 
estimated in terms of Horrat value, whose proposed 
acceptable value is lower than 1.3.36 The result obtained for 
Horrat was 0.43, being, thus, appropriate. Therefore, the 
method can be considered precise, with low variability of 
the results between measurements made on the same day 
or on different days.

Accuracy of the developed method was evaluated by 
recovery tests. Certified reference material (CRM) of 
yogurt is not marketed. The most similar certified reference 
material is milk. However, the consistency and viscosity 
of milk is very different from the yogurt. As the proposed 
method involves the slurry sampling of yogurt, the CRM 
of milk was not used, and the accuracy of the method 

Table 4. Calibration parameters and linearity data for determination of Zn in yogurt

Regression parameter Validation of linearity

Equation R2
Regression Lack-of-fit

Fobs
a p-Value Flof

b p-Value

ESM A = (0.001 ± 0.001) + (0.088 ± 0.001) × CZn 100.0 14,520.79 0.000 5.57 0.070

SAM A = (0.007 ± 0.002) + (0.086 ± 0.002) × CZn 99.9 5,158.43 0.000 2.66 0.184

aFcritical (1,6,0.05) for linear regression = 5.99; bFcritical (2,4,0.05) for lack-of-fit = 6.94. R2: coefficient of determination; ESM: external standard method; 
SAM: standard addition method; A: absorbance; CZn: Zn concentration.
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was determined by recovery tests, which is considered 
adequate by the AOAC.31 Recovery for Zn in yogurt was 
106 ± 1% (n = 3) (for the highest concentration added), 
and 103 ± 1% (n = 3) (for the lowest concentration added). 
The recovery was adequate considering an acceptable 
range of 80-110%.31 A t-test was performed to verify the 
significance between the observed and desired values for 
recovery of the metal in yogurt. The tcalculated values (4.67 for 
both concentrations) were lower than the tcritical (12.706) at 
95% confidence level. This result indicates that there is no 
significant difference between the recovery values for Zn in 
yogurt, compared to the desired value for recovery (100%). 
Comparing the results for concentrations of Zn obtained 
by slurry sampling in relation to the dry-ashing procedure 
(used as reference), it was possible to observe ratios close to 
1. This also demonstrates that the method of direct analysis 
of Zn in yogurt by FAAS presents adequate accuracy.

The application of the slurry sampling for total quantification 
of Zn in Brazilian yogurt and the determination of 
bioaccessible fraction of Zn

The bioaccessibility procedure employed was adapted 
from the literature,34 and after in-house validation, it has 
been used in the research group in similar studies. The Zn 
quantification using curves with external standard (aqueous 
solution) can be performed. This was possible because 
differences in the slope of the curve with external standard 
in relation to the analytical curve constructed in enzymatic 
medium (in the presence of gastric and intestinal juices) 
were not observed in linearity tests (Table 5). Furthermore, 
a lack of adjustment of the proposed linear model was 
not observed. Thus, in the total quantification of Zn and 
determination of the bioaccessible fractions of the metal 
from the yogurt, it was possible to use analytical curve 
with external standard. Data related to the linearity of the 
analytical curves were presented in Table 5.

The LOD and LOQ values obtained for bioaccessibility 
procedure of Zn from yogurt were 0.04 and 0.12 µg g-1. 
Precision tests also indicated the suitability of the 
method (with values less than 10%) for determinations of 

bioaccessible fractions of Zn from yogurt. In the evaluation 
of accuracy, the chyme from yogurt samples (and blanks) 
was digested using the procedure described for WD-CT. 
In this study, the bioaccessible fractions (in percentage) 
of Zn in yogurt were 36 ± 6 (chyme digested by WD-CT) 
and 28 ± 2 (chyme only centrifuged). The achievement 
of adequate results for these parameters demonstrated 
the applicability of the proposed procedure for the 
bioaccessibility of Zn from yogurt.

The total concentration of Zn and its bioaccessibility 
were determined in the 11 commercial samples of Brazilian 
yogurt (three plain yogurts, seven flavored yogurts or with 
added fruit and one soy yogurt) of 3 different brands, 
according to Table 1. The results can be observed in 
Figure 1.

As it can be observed in Figure 1a, the plain yogurt 
samples (A1, B1 and C1) had Zn concentrations that 
ranged from 5.5 ± 0.1 to 6.2 ± 0.4 µg g-1. A1 sample is 
whole and B1 and C1 are skimmed yogurts, however, 
the concentrations were similar (A1 with B1 and A1 
with C1). Samples of flavored yogurt or with added fruit 
presented Zn concentrations of 3.40 ± 0.02 µg g-1 (A3) to 
6.2 ± 0.1 µg g-1 (B2), and soy yogurt (C5) presented a Zn 
concentration of 3.7 ± 0.2 µg g-1. A significant difference 
between Zn concentrations was observed by performing 
the Tukey’s test at 95% confidence, which demonstrates the 
variability of the content of this micronutrient in the matrix 
of interest. For the same brand, differences were observed 
among samples. For brands A and B, the corresponding 
samples were placed in different groups, showing the 
variability between them. For brand C, with exception of C1 
(plain yogurt), all samples presented similar concentration 
of Zn. In this work, the total concentrations of Zn in yogurt 
ranged from 3.40 (A3) to 6.2 µg g-1 (B3, C1), and a mean 
of 4.6 ± 1.1 µg g-1. These concentrations are in agreement 
with those found in other studies of quantification of 
metals in yogurt. Brandão et al.2 found Zn concentrations 
in Brazilian yogurt that ranged from 2.12 to 4.82 µg g-1. 
Llorent-Martínez et al.6 evaluated yogurt samples from 
Spain and found concentrations for Zn in the range from 
1.5 to 4.5 µg g-1.

Table 5. Calibration parameters and linearity data for determination of Zn in the bioaccessible fractions from yogurt

Regression parameter Validation of linearity

Equation R2
Regression Lack-of-fit

Fobs
a p-Value Flof

b p-Value

ESM A = (0.008 ± 0.001) + (0.015 ± 0.003) × CZn 99.9 12896.94 0.000 5.21 0.077

SAM A = (0.007 ± 0.002) + (0.016 ± 0.005) × CZn 99.9 5240.96 0.000 6.22 0.059

aFcritical (1,6,0.05) for linear regression = 5.99; bFcritical (2,4,0.05) for lack-of-fit = 6.94. R2: coefficient of determination; ESM: external standard method; 
SAM: standard addition method; A: absorbance; CZn: Zn concentration.
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The sample type for yogurt is very wide, due to the 
large amount of products available, with pasty and liquid 
(ready to drink) options; natural products and others 
with essences and additions of fruit, honey and cereals; 
whole, semi-skimmed and skimmed products; products 
derived from cow milk (regular) and soy. In this study, 
a wide variety of products was evaluated, and it was 
verified similarities and differences among samples. For 
example, the Zn concentrations were different between 
pasty yogurt (A2) and drinking yogurt (A3). The levels of 
Zn were also similar between regular yogurt (A3) and soy 
yogurt (C5). The addition of fruit and flavor influenced the 
total concentrations of Zn in the samples. The concentration 
for whole yogurt (A1) was 5.62 ± 0.02 µg g-1 and for whole 
yogurt with addition of fruit (B3, C2, C3 and C4) the mean 
values were 4 ± 1 µg g-1. The whole samples with higher 
fat content presented similar contents of total zinc as 
semi-skimmed and skimmed products. For whole yogurt 
(B3 and C2), semi-skimmed (A2) and skimmed (B2), the 
mean values were 4 ± 1, 4.41 ± 0.04 and 4.76 ± 0.05 µg g-1, 
respectively.

As Zn can present benefits or damages for health of 
living beings depending on the concentration ingested, it 
is necessary to assess if this product is suitable for human 
consumption making a calculation of estimation of the 
daily intake.

Considering a frequent consumption of this food 
(160 g per day), the values intake of Zn through the 
consumption of 160 g of yogurt per day ranged from 0.54 
to 0.99 mg day-1, and a mean value of 0.74 ± 0.18 mg day-1.

The values of recommended dietary allowance (RDA) 
of Zn intake for children range from 3 to 8 mg per day,37-39 
and for adults the value could be from 7 to 11 mg of 

Zn per day.37-39 Considering the maximum value of RDA 
for children and adults, the consumption of Brazilian yogurt 
represents the average intake of 9 ± 2% of Zn in relation 
to the recommended for children and 6.7 ± 1.6% of Zn in 
relation to the recommended for adults. These results can 
indicate that the Brazilian yogurt effectively contributes 
to the intake of zinc. However, this estimate does not 
represent the amount of Zn that can actually be absorbed 
by the human body with the consumption of yogurt. As it 
is known, the conditions of consumption, composition and 
interactions of the food with the gastrointestinal system can 
significantly influence the bioaccessibility of metals such 
as Zn in the human organism.

Thus, in Figure 1b it can also be observed the 
bioaccessible fraction of Zn for the studied samples. It 
can be verified that the bioaccessibility of Zn was lower 
than 30% of the total concentration for all the samples. 
In general, considering that Zn has important biological 
functions for living beings, acting, for example, as a 
co-factor of enzyme, the bioaccessibility of Zn was 
expected to be significant. Nevertheless, due to interaction 
of metal with the enzymes during gastrointestinal 
simulation (as observed in complementary studies) and 
the yogurt composition itself, it can be observed that Zn 
absorption through yogurt consumption is low. In addition, 
the presence of proteins such as casein (in greater quantity), 
fats and other metals such as iron and calcium in this type 
of food, can act as inhibitors of Zn absorption, significantly 
reducing the bioavailability of this metal to the organism.40

Among the brands evaluated, brand A presented 
the lowest average for bioaccessibility of Zn in 
yogurt (14.5%). As for brand C, it presented the highest 
average for bioaccessibility of Zn (21%) except for C5, 

Figure 1. (a) Total concentration and (b) bioaccessible fractions of Zn in yogurts. Values were reported as mean ± standard deviation (n = 3) and they were 
subtracted from the analytical control (blank). Small letter above the data represent the application of the Tukey’s test at 95% confidence level. Similar 
letters mean similar data.
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which presented a lower bioaccessible fraction of Zn in 
yogurt (10%). A Tukey’s test (Figure 1b) showed that 
most of the samples were arranged in similar groups, that 
is, the bioaccessible fractions of Zn were very similar. 
Only sample C2 remained in a single group, since it had 
the highest bioaccessible fraction of Zn (26%) when 
compared to the other samples.

With respect to the smallest bioaccessible fraction of 
Zn presented by sample C5, the fact that this yogurt is 
produced with soybean can have contributed for this result. 
Diets based on plant products generally contain inhibitors 
of mineral absorption, such as phytic acid or phytate, 
polyphenols, oxalate and fiber.41 In this case, phytates are 
known to be the major inhibitors of Zn uptake in plants base. 
As well as peanut, rice, corn and other cereals, soybean also 
presented significant phytate content. Therefore, the lowest 
bioaccessible fraction of Zn presented by soy yogurt can be 
related with the presence of inhibitors as phytates, which, 
through the binding with zinc in an insoluble complex in the 
gastrointestinal tract, reduces the amount of zinc available 
for absorption.

From the bioaccessibility data it was possible to estimate 
the absorption of zinc through the consumption of yogurt 
in a way which is closer to the real one rather than estimate 
by the total concentration. It is noticed that the content to be 
absorbed is lower than 30% of the total content (bioaccessible 
fraction). With the consumption of 160 g of yogurt per day, 
the values of Zn intake (based on the bioaccessible 
fraction) ranged from 0.059 to 0.198 mg Zn day-1, and a 
mean value of 0.13 ± 0.04 mg Zn day-1. Considering the 
maximum value of RDA for children and adults as 8 and 
11 mg day-1, respectively,37-39 calculations were performed. 
The consumption of Brazilian yogurt represents the average 
intake of 1.6 ± 0.5% of Zn in relation to the recommended for 
children and 1.2 ± 0.4% of Zn in relation to the recommended 
for adults. These values were well below the levels estimated 
by the total content (9 and 6% of Zn day-1 for children 
and adults, respectively). These results indicated that the 
Brazilian yogurt contributes with small values to the intake of 
Zn in relation to the RDA. Therefore, bioaccessibility studies 
are essential in the nutritional assessment of a given food.

Conclusions

This study showed that slurry sampling with assistance 
of ultrasound was adequate for the direct determination of 
Zn by FAAS without prior digestion. A factorial design 
also demonstrated the robustness and, consequently, 
the precision of the method. Determinations of the total 
concentration of Zn can be performed by external standard 
analytical curves, which aid to increase the analytical 

frequency and decrease the costs of analysis. Validation 
tests demonstrated that the developed method is sensitive, 
presenting low values of LOD and LOQ, accuracy and 
precision. Thus, it shows that slurry sampling can be applied 
in the direct determination of total Zn in commercial yogurt 
samples. Zn concentration obtained in yogurt samples from 
Brazil are in agreement with those found in yogurts from 
other countries. Furthermore, in vitro tests showed that the 
bioaccessibility of Zn in yogurt is low, which may be related 
to the presence of absorption inhibitors of the metal in the 
yogurt composition. In relation to RDA of Zn for adults and 
children, this value is lower than 2%, which demonstrates 
that yogurt does not appear to be a good source of this metal 
for the human diet. In this sense, bioaccessibility studies 
contribute to assessing whether foods can be nutritional or 
toxic sources of elements for living beings.
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