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Abstract — In the present study, quality assurance programmes were implemented to validate and
control the analytical methodologies used for the characterization of minerals and trace elements in
goat milk from Portuguese breeds. With the exception of chloride that was determined by
potentiometric titration, all the other elements were determined by spectroscopic techniques after
different sample decomposition: P was measured by ultraviolet-visible molecular absorption
spectrometry, Ca, Fe, K, Mg, Mn, Na and Zn by flame atomic absorption spectrometry and Cd, Co,
Cr, Cu, Mo, Ni and Pb by electrothermal atomic absorption spectrometry. The methods
performance characteristics, namely specificity, limit of detection, limit of quantification, working
range, precision and trueness were evaluated. Measurement uncertainty was expressed in terms of
precision and trueness. Precision under intralaboratory reproducibility conditions was estimated
from triplicate analysis, and the trueness component was estimated in terms of overall recovery
using either skim milk powder certified reference materials or spiked samples. The results obtained
are discussed on the basis of the performance criteria required by EC regulations to verify when a
method is suitable for food control. The methods used for the characterization of minerals and trace
elements in goat milk complied with EC requirements since there was no matrix influence, the
Horrat values were < 2.0, recoveries were within the interval 1.00 = 0.10 for minerals and
1.00 + 0.20 for trace elements and the combined uncertainty of the results were lower than the
maximum standard uncertainty calculated using the uncertainty function approach. In relation to the
limits of detection and quantification, the limits obtained for Pb were lower than those specified by
EC regulation.
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Résumé — Validation et assurance qualité appliquée a la composition chimique du lait de
chévre : mesures des minéraux et éléments traces. Dans ce travail, des programmes d’assurance
de la qualité ont ét¢ mis en ceuvre afin de valider et de contrdler les méthodes d’analyse utilisées
pour caractériser les minéraux et les éléments traces du lait de cheévres de race portugaise. A
I’exception du chlorure, qui a été déterminé par titrage potentiométrique, tous les autres ¢léments
ont été déterminés par différentes techniques spectroscopiques aprés décomposition de 1’échantillon :
P a été mesuré par spectrométrie d’absorption moléculaire ultraviolet-visible (UV-VIS-MAS), Ca,
Fe, K, Mg, Mn, Na, et Zn par spectrométrie d’absorption atomique de flamme (FAAS) et Cd, Co,
Cr, Cu, Mo, Ni et Pb par spectrométrie d’absorption atomique électrothermique (ETAAS). Les
caractéristiques de performance des méthodes, a savoir la spécificité, limite de détection, limite de
quantification, la plage de travail, la précision et la justesse ont été évaluées. Les incertitudes de
mesure ont été exprimées en termes de précision et de justesse. La précision sous des conditions de
reproductibilité intralaboratoire a été estimée a partir des analyses en triple. La justesse a été estimée
en termes de récupération globale, soit en utilisant des poudres de lait matériaux de référence
certifiés ou des échantillons dopés. Les résultats obtenus sont discutés sur la base des critéres de
performance requis par les réglements CE pour vérifier qu’une méthode est adaptée au contrdle des
aliments. Les méthodes utilisées pour la caractérisation des minéraux et des éléments traces dans le
lait de chévre se conformaient aux exigences de la CE car il n’y avait pas d’influence de la matrice,
les valeurs de Horrat étaient inférieures a 2,0 ; les récupérations étaient dans 1’intervalle 1,00 £ 0,10
pour les minéraux et dans I’intervalle 1,00 £ 0,20 pour les élements traces et I’incertitude combinée
des résultats était inférieure a I’incertitude normalisée maximale, calculée en utilisant la fonction de
I’incertitude. En ce qui concerne les limites de détection et de quantification, nos limites calculées
pour le plomb étaient inférieures a celles spécifiées par le réglement CE.

assurance qualité / lait de chévre / élément trace / minéraux / analyse

1. INTRODUCTION

Minor compounds such as minerals and
trace elements are an important group of
milk nutrients required by the human body
in limited amounts for optimal function.
The existing literature on minerals and trace
elements composition of milk is in general
scarce, and in Portugal, this is particularly
true, namely for milk from indigenous goat
breeds. Goat milk has been gaining an
increased importance in the human diet,
due to its unique properties that distinguish
it from cow milk [20]. As an example,
recent studies carried out at the University
of Granada, Spain demonstrated the benefi-
cial effect of goat milk, with respect to cow
milk, on the metabolism and bioavailability

of iron, copper, zinc and selenium in control
rats, especially those with malabsorption
syndrome or induced ferropaenic anaemia
[2, 5, 7]

On the other hand, pollution resulting
from industrialization and the increasing
number of cars causes the harmful elements
absorbed by soil find their way to plants that
constitute feeding stuff, ending up in animal
products, including milk.

In this context, reliable analytical mea-
surements are essential to estimate the con-
tent of minerals and trace elements in milk,
to monitor influences from the environment
on the levels of those elements, to control
possible secondary contaminations or essen-
tial element losses during processing, storage
and packaging of milk, and to estimate the
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role of trace element contents with regard to
product quality or health risks.

The quality of chemical measurements
is supported by validation of methods,
uncertainty and traceability of the results.
Validation of methods aims to demonstrate
that a method is applicable both to a spec-
ified test at a defined concentration level of
the analyte and to provide a quantitative
estimation of the measurements reliability.
Uncertainty and traceability of the results
give the information needed to know their
metrological quality allowing comparability
[8, 9].

Nowadays, results with uncertainty are
required for ISO accredited methods and
facilitate the interpretation of results. In food
control, there is a high need of comparabil-
ity of the results. Specific validation of
methods and quality assurance programmes
either for establishment and evaluation of
the method performances or to confirm the
fit for purpose are necessary even when per-
forming standardized methods [13].

European Regulation 333/2007/EC [25]
establishes the performance of analytical
criteria (applicability, precision, recovery,
limits of detection and quantification and
specificity) specified on the basis of the
legal limits fixed by European Regulation
1881/2006/EC [24] amended by European
Regulation 629/2008/EC [26]. The Direc-
tive 2005/4/EC [23] and European Regula-
tion 333/2007/EC [25] refer that analytical
results must be reported and interpreted in
a uniform way, to ensure a harmonized
approach across the EC. Reporting analyti-
cal results with estimation of uncertainty is
the tool to achieve those tasks.

In the present study, raw goat milk from
the indigenous Portuguese breed Serpentina
was studied to characterize the concentra-
tion ranges of minerals and trace elements.
Raw goat milk samples were collected at
well-defined restricted geographical area,
from a herd previously selected to warrant
reliable data, into decontaminated plastic
containers with rigorous precautions to

minimize any possible source of exogenous
contamination.

Quality assurance/quality control pro-
grammes were implemented to validate
and to control the analytical methodologies
used. The precision was monitored through
triplicate analyses, and trueness was evalu-
ated using both certified reference materials
(CRMs) and spiked samples. The uncer-
tainty of the results was estimated using
an intralaboratory relative approach based
on the validation studies and the quality
control data. This model was supported by
the definition of accuracy, which comprises
trueness and precision.

2. MATERIALS AND METHODS
2.1. Reagents and solutions

All solutions were prepared using ultra-
pure water of 18 MQ-cm ' resistivity sup-
plied from a Millipore Milli-Q water
purification system (Millipore, Bedford,
MA). The reagents used in digestion were
HNO; 65% (w/v) and H,O, 30% (W/v)
Suprapur grade from Merck, Darmstadat,
Germany.

Calibration standard (CS) solutions for
each element determined by atomic absorp-
tion spectrometry (AAS) were prepared, just
before use, by diluting Merck Spectrosol-
grade mono-elemental stock standard solu-
tions of 1000 mgL™' of each element.
Mono-elemental quality control standard
(QCS) solutions were prepared, just before
use, as described for CS solutions, however
using an independent 1000 mg-L™" standard
solution.

Matrix ~ modifiers of magnesium,
c(Mg) = (10.0 £ 0.2) gL palladium
¢(Pd) = (10.0 £ 02) gL' and phosphate
¢(NH4H,PO,) = (100 + 2) gL' graphite
furnace grade were used (Merck, Germany).

NaCl 0.025 mol-L™! standard solution
was prepared by dissolving 1.4614 g NaCl,
previously dried at 105 °C, in water and
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diluted to 1000 mL. AgNO; 0.01 mol-L™"
standard solution was prepared by appropriate
dilution of AgNO; tritrisol from Merck,
Germany.

2.2. CRMs

The CRMs used in this study, BCR — 151
(trace elements in spiked skim milk powder)
and BCR — 063R (skim milk powder), were
purchased from the European Institute for
Reference Materials and Measurements
(ERM, formerly known as BCR). These
CRMs were selected considering the target
concentration of the analytes and how they
match the matrix under consideration.

2.3. Milk samples

Milk from a flock of a Portuguese indige-
nous goat breed (Serpentina) with > 50 heads
was collected at their local production area
(Valeverde, Alentejo). The milk production
system was extensive and all the animals
had certification for pure Serpentina breed.
Milk was obtained twice a day by machine
milking. For this study, milk samples were
collected from the bulk-holding tanks once
a month during the lactation period (between
October 2007 and May 2008) at their local
production area. Milk samples were then
brought refrigerated to the laboratory for fur-
ther analysis.

2.4. Analytical procedure

Total content of minerals and trace ele-
ments in goat milk were determined by
AAS, with the exception of chloride quanti-
fication. The mass fraction, w (mg'kg ') of
each element was calculated using the
equation:

CxV

w =

x Fi, (1)

where C is the concentration of the ele-
ments on the digestion solution (mg-L™"),

V' is the volume of the sample digestion
solution (L), m is the mass of sample taken
for analysis (g) and Fy;; is the dilution fac-
tor of the milk digestion solution to
bracket the calibration curve and use
direct calibration against standard solu-
tions minimizing matrix influence on
calibration.

An adapted potentiometric titration
method was used for chloride quantification
(mg-kg ") in milk [11, 14], and for which no
sample decomposition was needed:

(VAgNO3 B VBmag) X CAgNO3 X 103

Wwql =
m

x 35.455, )

where Vgno, and Vi, are the volumes
(mL) of titrating and reagent blank, respec-
tively, and Cagno, is the concentration of
AgNO; (mol-L ") and 35.455 is the molar

mass of chloride (g'mol™").

2.4.1. Digestion

Milk samples (~2g) and CRMs
(~ 0.4 g) were weighed in a microwave
vessel, and 3 mL of HNO; (65%), 1 mL
of H,O, (30%) and 5 mL of water were
added. The microwave system was set up
at a maximum power of 1000 W as follows:
temperature increases to 195 °C at a rate of
17 °C-min”" and hold at 195 °C for 20 min.
After cooling, the carousel was removed
from the oven, the Teflon vessels were
uncapped and the samples were diluted to
100 mL using water. All sample digestion
solutions were clear. This constitutes work-
ing solution A.

A Milestone ETHOS Plus Microwave
Labstation (Milestone, Sorisole, Italy) to
assisted wet digestions on closed vessels
was used. The reaction vessels were cleaned
with 5 mL of 1 mol'L"' HNO; solution
before each digestion.



Quality assurance in minerals determination

245

Table I. Instrumental and operating conditions for FAAS.

Element Wavelength Lamp current Slit width Background Flame chemistry®
(nm) (mA) (nm) correction
Na 589.0 6 0.2 - Air/C,H, — stoichiometric
K 766.5 7 0.5 - Air/C,H, — stoichiometric
Ca 422.6 5 0.5 - N,0O/C,H; — reducing
Mg 285.2 3 0.5 - Air/C,H, — stoichiometric
Zn 213.9 8 0.2 D, lamp Air/C,H, — stoichiometric
Fe 248.3 10 0.2 D, lamp Air/C,H, — stoichiometric
Mn 279.5 10 0.2 - Air/C,H, — stoichiometric

— Without background correction.
# Burner position: aligned with optical axis.

2.4.2. Dry ashing digestion

For dry ashing digestion, a Labotherm
L9/SH furmace was used (Naberherm,
Germany). Milk samples (~25 g) and
CRMs (~5g+20mL of water) were
placed in 90-mL platinum dishes with
70 mm diameter and 35 mm height.

The furnace temperature programme
used in this study was an adaptation of
ISO 8070 [15] as follows: temperature
increase from 25 to 100 °C at a rate of
2.5 °C'min '; hold at 100 °C for 2.5 h,
increase at a rate of 1 °C'min ! to 200 °C;
hold at 200 °C for 1 h, increase at a rate
of 4 °C'min" to 300 °C; hold at 300 °C
for 1 h and increase at a rate of 4 °C-min "
to 550 °C; hold at 550 °C for 6 h. The white
residues were dissolved in 0.5 mL of HNO;
(25% v/v) and 5 mL of water, heating the
mixture slowly. The solution was trans-
ferred into a 25 mL volumetric flask and
made up to volume with water. This consti-
tutes working solution B.

2.4.3. Flame atomic absorption
spectrometry

Flame atomic absorption spectrometry
(FAAS) was used to determine the total
metal concentrations in the milk digestion
solutions, namely Na, K, Ca, Mg and Zn
in solution A and Fe and Mn in solution B:

Fg4; =50 for K and Na; Fg; = 12.5 for Ca
and Mg; Fy; = 1.25 for Fe and Mn and
Fdil =1 for Zn [3]

The FAAS was carried out ona SOLAAR
M Series Thermo Electron spectrometer,
equipped with deuterium lamp background
correction system, using hollow-cathode
lamps  (Thermo  Electron  Corpor.,
Cambridge, UK) as radiation source at each
element. In Table I, the FAAS instrumental
and operational conditions (including the ele-
ments where correction with deuterium was
used) are summarized. The atomic absorp-
tion spectrometer was optimized to the max-
imum of absorption at the wavelength
selected for the element before each analyti-
cal calibration procedure. The instrument
was found in good operative conditions
when the absorbance of the standard was
+ 20% of the manufacturer’s values. This
step allows operating on a daily basis with
an identical instrument performance.

For the measurements, calibration blank
and standard solutions (at least five) were
used, namely Na and K in 0.1 molL™
HNO; (suprapur); Ca and Mg in HCI
0.5 mol'L™" solution with 6 gL of
La,0;; Fe and Mn in HCI 0.5 mol-L ™" solu-
tion containing 50 mg-L ™" of Ca and Zn in
HNO; 0.5 mol-'L™" solution.

Each absorbance value was the average
of three absorbance readings with 3-s inte-
gration time.
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Table II. Instrumental parameters and electrothermal programmes for ETAAS.

Cd Co Cr Cu Mo Ni Pb
Parameters Wavelength (nm) 228.8 240.7 3579 324.8 3133 232.0 217.0
Slit width (nm) 0.5 0.2 0.2 0.5 0.5 0.2 0.5

Lamp current (mA) 5 10 9 4 12 12 10

Sample volume (uL) 15 15 10 10 20 20 15

Modifier volume (puL) 5 5 10 10 0 0 5

Zeeman background correction Yes Yes Yes Yes Yes Yes Yes

Graphite  Drying 1 Temperature (°C) 100 100 100 100 100 95 100

furnace Time (s) 30 30 10 30 30 10 30

steps Ramp time (°C-s ') 10 10 10 10 10 8 10

Drying 2 Temperature (°C) 150 150 150 - 150 150 150

Time (s) 20 15 10 - 40 20 15

Ramp time (°C's™") 20 20 15 - 10 3 20

Pyrolysis ~ Temperature (°C) 700 1500 1300 700 1800 700 800

Time (s) 20 20 10 20 20 20 40

Ramp time (°C's™') 150 3 130 150 150 13 150

Atomization Temperature (°C) 1500 2500 2500 2400 2800 2300 1600

Time (s) 3 3 3 3 3 2.5 3

Ramp time (°C-s71) 0 0 0 0 0 0 0

Cleaning Temperature (°C) 2400 2600 2600 2500 2850 2500 2500

Time (s) 3 3 3 3 3 2 3

Ramp time (°Cs ") 0 0 0 0 0 0 0

2.4.4. Electrothermal atomic
absorption spectrometry

Cd, Co, Cr, Cu, Mo, Ni and Pb were
determined by electrothermal atomic
absorption spectrometry (ETAAS) [12] in
solution B after appropriate dilution (Fy; =
3 for Co and Mo; Fg; = 5 for Cd, Pb and
Ni and Fg; = 10 for Cu and Cr).

ETAAS was performed in a SOLAAR M
Series Thermo Electron spectrometer
equipped with a GF95Z Zeeman furnace
head, an FS 95 furnace autosampler (Thermo
Electron Corpor., Cambridge, UK). Pyrolytic
graphite tubes (Thermo Scientific, Germany)
were used. ETAAS instrumental conditions
(including the elements where Zeeman cor-
rection was used) and electrothermal pro-
grammes used are given in Table II.

Sample volumes, ramp and hold times
for drying, ashing, atomization and cleaning
temperatures were optimized to obtain the

maximum absorbance and minimal back-
ground. During the analysis, the flow rate
through the graphite tube was 0.2 L-min”'
except for Mo in the cleaning step
(0.3 L'min""), and flow rate was interrupted
during atomization. The signals were pro-
cessed in peak height mode.

Matrix modifiers were injected into the
graphite tube with the sample digestion
solutions as follows: 200 pg NH4H,PO,4
for Cd and Pb; 50 pg Mg(NO;), for Co,
Cr and 50 ug Mg(NOs), plus 7.5 ug Pd
(NO3), for Cu. Ni and Mo were analysed
without the addition of matrix modifiers.
All standard solutions were performed in
0.1 mol'L" nitric acid.

2.4.5. Ultraviolet-visible molecular
absorption spectrometry

Ultraviolet-visible molecular absorption
spectrometry (UV-VIS-MAS) was used to
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analyse P [4] using an 8265 UNICAM UV/
visible spectrometer (Thermo Electron
Corpor., Cambridge, UK) at the maximum
of absorption band with a cell size of
1 cm and A = 690 nm.

For the UV-VIS-MAS measurements,
calibration blank and standard solutions
were prepared following the same proce-
dure as that for samples. The milk digestion
solution A was diluted (Fg; = 100) before
the measurements.

2.4.6. Potentiometric titration

ORION 420A potentiometer (Orion
Research, Inc., USA) with an ORION
Ag,S electrode and INGOLD double calo-
mel electrode as reference was used to
determine chloride. Before starting the anal-
ysis, AgNO; 0.01 mol'L™" solution was
standardized with NaCl standard solution.

All weights were measured using a cali-
brated Mettler Toledo AT 200 analytical
balance, with 200 mg capacity and 0.1 mg
readability.

2.5. Validation and quality assurance
methodologies

Quality assurance/quality control pro-
grammes were developed for monitoring
the methods performance characteristics
and to demonstrate the reliability of the
results. These include the calibration func-
tion characteristics, influence of the matrix
on the calibration and assessment of con-
tamination, precision and trueness of the
overall procedures.

2.5.1. Characteristics of calibration

Atomic absorption and UV-visible
molecular spectrometric techniques require
calibration of the equipments since the
absorbance of the sample digestion solution
was compared with those of a set of CS
solutions. For chloride, no calibration func-
tion was needed.

247

The calibration functions were calculated
using regression analysis assuming that all
errors are normally distributed in the y-axis.
The linearity of the calibration curves was
verified using Mandel’s fitting test [10,
15]. Testing values (TV) were calculated
based on the residual standard deviations
of the first- and the second-order functions
and the TV compared with the tabled
F value for fi=1, f,=N-3 and
P =99%, N being the number of calibration
data pairs. Previously, the homogeneity of
absorbance variances was verified by F tests.

Variation coefficients of the calibration
lines (Vy,) were calculated to assess the
quality of calibration, since the residual
standard deviations are a measure of the
scatter of the values [15, 17].

After the establishment of the statistical
performance characteristics of calibration
functions, quality control actions with
acceptance criteria were defined to be used
in routine: the calibration blank absorbance,
B., should be < 0.005 for K, Zn and Mn,
0.010 for Na and the elements analysed by
ETAAS and B, <0.015 for Ca and Mg;
the squared correlation coefficient (%)
should be > 0.995 and the intercept of the
regression lines (@) and B, values should
be related by the equation: a = B, + 0.003
to hold the lower analytical limits.

If the calibration function acceptance cri-
teria fall outside the limits, then the calibra-
tion procedure was repeated after the
corrective actions were taken [27].

The stability of the calibration curves
was verified every six sample sets, at least,
using QCS solutions: relative errors on
QCS solutions concentration within + 5%
of the expected values for FAAS and
+ 10% for ETAAS and UV-VIS-MAS were
considered acceptable. Whenever the QCS
values were outside the acceptance criteria,
the measurements were repeated. If a sec-
ond QCS measurement was again outside
the limits, the equipment was recalibrated
and the samples were reanalysed [10, 27].
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2.5.2. Assessment of contamination

The assessment of contamination was
performed with calibration and reagent
blank measurements (Byeag) carried out in
each batch of samples. Absorbance values
for Breae < 0.005 for K and Mn, 0.010 for
Zn; 0.015 for Ca and Mg; 0.020 for Na
and the elements analysed by ETAAS were
accepted. If the reagent blank absorbance
differs from B, values > 0.003, then Bic,,
and B, values should be subtracted from
the absorbance values of the samples and
standard solutions, respectively. New cali-
bration plot must be calculated.

2.5.3. Limits of detection and limits
of quantification

Limit of detection (Cyop) and limit of
quantification (Croq) expressed as concen-
tration of the elements in the digestion solu-
tion (mgL™') were estimated using
International Union of Pure and Applied
Chemistry recommendations [19]: y; =
Vg + ksg, yL being the absorbance signal
on the limits, y; the mean of blank measure-
ments and Sg the standard deviation of the
blank and %k a numerical factor (k= 3 and
k=10 for CLop and Crpq, respectively)
[19]. In this study, the intercept of the
regression lines was used to y, and s,
instead of sg as recommended by Miller
and Miller [21]. Ciop values were
calculated using equations (3) and (4) for
first- and second-order calibration functions
and k= 3. For C op and Cioq, the same
expressions were used with £ = 10:

ks
Crop =" (3)

b b\’ ks
= —_——— —_— —_— 4
Cro 2c (20) + c’ “)

where s,; and s,, are the residual standard
deviation of first- and second-order calibration

curves, respectively [16, 17], b and c are the
coefficients of the calibration functions.

Limits of detection (mass fraction)
(wrLop) and limits of quantification (mass
fraction) (Woq) of the methods were calcu-
lated using equation (1) and the Cyop and
CLoo values for C values, respectively.
For chloride, wi op was calculated as three
times the standard deviation of spiked
reagent blanks at a chloride range of
50 mgkg .

2.5.4. Precision

The precision was estimated from tripli-
cate analysis. Acceptance criteria were pre-
viously established: each relative range
(R™") should be < 10% for the elements ana-
lysed by UV-VIS-MAS and FAAS except
for Fe and Mn (R™ <20%), and R™
< 30% for ETAAS.

Relative standard deviations at intralabo-
ratory reproducibility conditions (RSDy)
from R-charts of triplicates [10] were calcu-
lated. If results in milk are lower than the
limits of quantification of the method, the
precision will be evaluated from the accep-
tance criteria of triplicates assuming a rect-
angular distribution [18].

2.5.5. Trueness

Trueness was estimated in terms of over-
all recovery [6], obtained by analysing the
independent sets of CRMs using the
complete procedures: BCR — 063R for Na,
K, Ca, Mg, P, Cl, Zn and Cu and BCR -
151 for Cd and Pb. For Co, Cr, Mo and
Ni spiked milk samples were used since
CRMs were not available.

The mean recoveries, R,,, were estimated
by equation (5) or (6) for CRM or element
spiked samples, respectively. Notice that the
closer these ratios are to 1, the less signifi-
cant is the bias in the method [6].

The results were previously considered

unbiased whenever R, were within the
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interval 1.00 + 0.10 for Ca, K, Mg, Na, Fe,
Mn, Zn and Cl and 1.00 + 0.20 for trace ele-
ments (Cd, Cu, Co, Cr, Mo, Ni and Pb).
These last according to the European Regula-
tion 333/2007/EC [25] requirements for Pb
in milk:

wobs _CRM

Ry = ) (5 )
WCRM
) Wobs,s ike+sample — Wobs,sam le
Rm - i > r ) (6)
Wapike

where Wobs_samplea Wobs_CRM and Wobs_spﬂ(e+salnple
are the mean values of replicate analysis of the
samples, the CRMs and spiked samples,
respectively, wery the certified value of the
CRM and wgyke the element spiked
concentration.

2.5.6. Measurement uncertainty

The relative combined standard uncer-
tainties, u™*'(w), were estimated from the
contribution of the precision and trueness
components according to equation (7). Pre-
cision is expressed as RSDy and trueness
was assessed as the relative uncertainty of
the recovery, u™ (R, ). This approach further
implies that «™(R,,) is independent of the
analyte concentration and RSD values are
approximately constant within the working
range [6, 9]:

u(w) = \/RSD? + ue(R,). (7)

The u*(R,) values were calculated by
equation (8) if the trueness components
were evaluated using CRMs and by equa-

tion (9) when R, were estimated from
spiking studies:

urel (I_Qm) — \/l (EObS_CRM >2+ (u(l’VCRM)) ’
N \ Wobs—CRM WCRM

(8)

urel (Fm) —

2
l ( Sobs,spikeJrsample + Ssample ) + (u (Wspike ))
—_ J— — )
n Wobs-spike+sample - Wsample Wspike

©)

where n is the number of replicates,
Sobs crm 18 the standard deviation of
CRM replicates, u(wcrn) is the standard
uncertainty of the certified value of the
CRM, Sobsfspike-*—sample and Ssamp]e are the
standard deviations of spiked samples
and sample, respectively, and u(wgpike) 1S
the standard uncertainty of spike on the
milk sample estimated applying the gen-
eral relationship between a result Y and
the associated input quantities for a model
Y=1£fx, xo, ..., Xi, ..., X,,), following the
law of propagation of uncertainties for
independent input quantities [18].

The statistic ¢ significant test was used to
check if R, values were significantly differ-
ent from 1.

3. RESULTS

3.1. Methods performance
characteristics

Table III shows the characteristics of cal-
ibration functions performance, that is, TV
for Mandel linearity test, coefficients of
variation and limits of detection (Crop)
and limits of quantification (Cpog). The
quality of regression analysis was judged
using the Vy, values.

Direct calibration curves were used,
because matrix influence on each calibration
functions was previously studied by spiking
both milk and CRM digestion solutions
with known amounts of analyte. Relative
errors of = 10% on the experimental values
for FAAS and UV-VIS-MAS and + 15%
for ETAAS were considered acceptable.
Otherwise, the standard addition method
should be used to correct the possible
matrix effects.
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Table III. Performance characteristics of calibration functions.

Element Concentration range Absorbance range TV Vo CrLop Croo
(mgL™") (mgL™)  (mgL™)
Na 0.02-0.3 0.02-0.21 12.2 0.03 0.008 0.02
K 0.02-0.5 0.02-0.20 7.2 0.02 0.008 0.02
Ca 0.02-4.0 0.03-0.25 2.8 0.03 0.07 0.2
Mg 0.02-0.2 0.08-0.28 34.1 0.02 0.008 0.02
Zn 0.02-0.4 0.02-0.18 0.1 0.03 0.007 0.02
Fe 0.1-1.0 0.02-0.11 1.2 0.05 0.03 0.10
Mn 0.025-0.50 0.01-0.11 1.1 0.01 0.001 0.004
P 0.05-1.0 0.06-0.86 278 0.11 0.01 0.03
Element Concentration range Absorbance range TV Vo CLop Croo
(ngL™") (gL (gLl
Cr 0.25-2.5 0.02-0.12 -2.8 0.07 0.1 0.3
Mo 1-10 0.02-0.12 0.2 0.07 0.4 1.0
Ni 1-10 0.02-0.07 1.7 0.04 03 1.0
Cu 1-20 0.02-0.30 2.4 0.04 0.37 1.0
Cd 0.1-1.5 0.02-0.22 -3.0 0.05 0.04 0.1
Co 0.5-7.5 0.02-0.18 -2.8 0.08 0.2 0.6
Pb 1-7.5 0.02-0.10 -3.0 0.10 0.5 1.0

TV, testing value for linearity evaluation (TV = DS*/s2,, with DS* = (N —2) 52, — (N = 3)5%); Vso,
relative variation coefficient [16, 17]; N, number of calibration data pairs; Cy op, limit of detection and Cy o,
limit of quantification (both expressed as concentration of the elements in the milk digestion solutions).

Table IV presents a validation and qual-
ity assurance report, showing precision and
trueness of the methods. As reported
before, trueness was estimated as overall
recovery. Limits of detection and limits
of quantification (both mass fraction) of
the methods are also shown. An intralabo-
ratory approach based on validation and
quality control data was used to estimate
u™(w) (equation (7)).

Tables V and VI show the results
obtained with the CRMs and spiked sam-
ples, as well as the u™!(R,,) values (equations
(8) and (9), respectively). Since the uncer-
tainties of CRM were given by a confidence
interval with 95%, the u(wcry) values were
obtained dividing those values by 2 [6, 8]. A
correction for bias was not considered
because R, values were not significantly dif-
ferent from 1, as the significance tests ¢ were
lower than the coverage factor of 2.

3.2. Minerals and trace elements
in goat milk

The proposed validation and quality
assurance programme for the characteriza-
tion of minerals and trace elements was
applied to milk samples of an indigenous
Portuguese goat breed. Table VII shows
these results with uncertainty estimation
for Serpentina goat milk collected along
the lactation period study.

4. DISCUSSION

From Table III, it can be concluded that
linear calibration functions provided the
best adjustment for all elements, except for
Mg and P, since the calculated TV, are lower
than the critical Fisher values (£ 4,099 =
21.2). A second order calibration function
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Table IV. Validation and quality assurance report.

Parameter Precision Trueness WLOD WLOQ Uncertainty
(mgkg ") (mgkg ")

RSDr  RSDyorwitz Horraty Ry £ u(Rpy) u U
Na 0.026 0.046 0.6 1.01 £0.03* 20 60 0.04 0.10
K 0.022 0.037 0.6 0.96 + 0.01° 20 60 0.03 0.10
Ca 0.025 0.038 0.7 1.06 + 0.03% 5.0 15 0.04 0.10
Mg 0.019 0.054 0.4 1.06 + 0.06* 5 15 0.06 0.10
P 0.024 0.039 0.6 1.01 £ 0.01* 25 75 0.03 0.10
Cl 0.021 0.037 0.6 1.01 £ 0.02% 0.03 0.1 0.03 0.10
Zn 0.030 0.093 0.3 0.99 + 0.02% 0.4 1.0 0.04 0.19
Fe 0.068 0.13 0.5 0.90 + 0.07% 0.04 0.11 0.11 0.19
Mn 0.036 0.16 0.2 0.93 + 0.04° 0.001 0.004 0.06 0.15
Cr 0.12 0.23 0.5 1.09 +0.11°¢ 0.0003 0.001 0.15 0.20
Cu 0.12 0.16 0.7 1.02 £ 0.02% 0.001 0.004 0.10 0.18
Cu 0.12 0.16 0.7 0.96 + 0.05° 0.001 0.004 0.12 0.18
Mo 0.11 0.18 0.6 1.13 £0.10° 0.001 0.004 0.13  0.20
Ni 0.087 0.31 0.3 0.83 +£0.07° 0.001 0.004 0.10 0.30
Cd 0.087 0.42 0.2 1.02 +0.07° 0.0002 0.0006 0.11 0.22
Cd 0.087 0.42 0.2 1.11 £ 0.07¢ 0.0002 0.0006 0.10 0.22
Co 0.087 0.34 0.3 0.87 + 0.05¢ 0.0007 0.002 0.10 0.26
Pb 0.087 0.28 0.3 1.01 + 0.05° 0.002 0.007 0.10 0.32
Pb 0.087 0.28 03 1.01 + 0.05¢ 0.002 0.007 0.10 0.32

RSDgp, relative standard deviation (RSD =

(Rid2) [Wr—chart; da =
relative standard deviation calculated by Horwitz formula RSDyygpwie, = 2

1.693 for trllphcates; [10]; RSDyorwitzs
0-3logw). (R,), standard

uncertainty of Ry, given by u( m) = R X ™ (Ry,), where u™(R,,) values were calculated by equation
(8) or (9); wop limit of detection (mass fractlon) WLoQs limit of quantification (mass fraction); urEI
relative combined uncertainty (equation (7)); U™, maximum standard uncertainty (equation (10)).

 Data from Table V (CRM BCR - 063R).
® Data from Table V (CRM BCR — 155).
¢ Data from Table VI (spiked milk samples).

was used for P and Mg (TV >F).
Vo values around 5% for FAAS and 10%
for ETAAS indicate that the precision of
calibrations are acceptable [28]. Values
of V,, close to those were obtained. For
UV-VIS-MAS, V,, values of 11% were
obtained due to the high concentration
range of the calibration. C o values are
close to the lowest concentration of the
calibration range fulfilling the requirement
that Croq values correspond to the lower
limit of quantitative measurements [10].
These limits depend on the precision of
the regression and they should be checked
on a daily basis [27].

Table IV shows that RSDy values were
< 0.05 or 0.10, which indicates the good
precision of the FAAS and ETAAS proce-
dures. In food control, the precision of the
methods are also assessed using the Horrat
values, that is, the ratio between RSDjy
and those obtained from the Horwitz for-
mula, RSDyomiz [1, 22]. Horrat values
< 2, as required by the European Regulation
333/2007/EC for Pb in milk [25], were
observed.

The data on the recoveries of minerals
and trace metals obtained from CRMs and
spiked sample analysis in Table IV show
that Ry, values ranged between 0.9 and 1.1



Table V. Relative standard uncertainty of trueness component estimated from CRM recovery analysis.

Element Method werm (mgkg ) u(werm) (mgkg ™) Wobs.crv (mgkg ) Sobs crm (mgkg ) u®(Rpy) feal
Na FAAS 437 x 10° 0.015 x 10° 437 x 10° 0.03 x 10° 0.027 0.5
K 17.68 x 10° 0.095 x 10° 17.05 x 10° 0.49 x 10° 0.013 1.9
Ca 13.49 x 10° 0.05 x 10° 14.00 x 10° 0.78 x 10° 0.023 1.9
Mg 1.263 x 10° 0.012 x 10° 1.27 x 10° 0.032 x 10° 0.055 1.1
Zn 49.0 0.3 48.9 1.1 0.016 0.3
Fe 232 0.12 2.06 0.27 0.081 0.4
P UV-VIS-MAS 11.10 x 103 0.065 x 10° 11.10 x 10° 0.33 x 10° 0.013 0.5
Cl Potentiometry 9.94 x 10° 0.15 x 10° 10.02 x 10° 0.32 x 10° 0.020 0.6
Cu ETAAS 0.602 0.010 0.611 0.015 0.020 1.0
Cu 5.23 0.041 5.00 0.43 0.05 0.92
cd 0.101 0.004 0.103 0.009 0.064 0.4
Pb 2.002 0.013 2.02 0.18 0.050 0.2

werwms, certified value of the CRM; u(wcrwm), standard uncertainty of the certified value of the CRM; Wobs_CRM, Mmean value of CRM replicate analysis
(n = 6); Sobs_crm, standard deviation of CRM replicate analysis (n = 6); 'l (Rm)7 relative standard uncertainty of recovery (equation (8)); significant
statistic test ey = (|1 — Run|) /™ (Rm) [6].

(44
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Table VI. Relative standard uncertainty of trueness component estimated from spiked milk

samples.
Element Method Wsalnplfl Wspiknil M(WSpikfl) Wobs,spike+fe;mple Sobs,spikeJrsErlnple urel (Rm) teal
(mgkg ) (mgkg ) (mgkg ) (mgkg ) (mgkg )

Mn FAAS 0.14 0.097 0.001 0.24 0.009 0.11 0.2

0.14 0.093 0.001 0.23 0.008 0.11 0.8

0.14 0.25 0.001 0.36 0.013 0.06 1.8

Cr ETAAS 0.038 0.0041 0.00007 0.0089 0.00087 0.17 1.5
0.038 0.010 0.00017 0.013 0.00087 0.13 0.58

Mo ETAAS 0.029 0.010 0.00017 0.015 0.0015 0.14 1.8

0.029 0.009 0.00017 0.012 0.0012 0.15 0.4

0.029 0.020 0.00033 0.025 0.0028 0.13 0.9

Cd ETAAS - 0.0020 0.00005 0.0021 0.00019 0.09 1.0

— 0.0020 0.00005 0.0021 0.00019 0.09 1.2

0.0051 0.00010 0.0060 0.00052 0.09 1.9

— 0.0050 0.00010 0.0060 0.00052 0.09 2.0

Pb ETAAS 0.019 0.0030 0.0022 0.0019 0.09 1.3

0.039 0.0070 0.0046 0.0039 0.09 1.8

0.039 0.0070 0.0040 0.0034 0.09 0.1

— 0.060 0.0012 0.0065 0.0057 0.09 0.9

Ni ETAAS 0.014 0.00025 0.012 0.0011 0.08 1.7

- 0.014 0.00025 0.011 0.0010 0.08 2.0

Co ETAAS 0.014 0.00025 0.012 0.0011 0.09 1.6

0.014 0.00025 0.011 0.0010 0.09 2.0

Wsample, mass fraction of each element; wgyi, mass fraction of the spiked element; u(wqpire), standard
uncertainty of the spiked mass fraction; Wops_spike+sample; Observed mass fraction; u™ (Ry), relative

standard uncertainty of the recovery; ™! (ﬁm), relative standard uncertainty of the mean recovery

(equation (9)); f., Significant statistic test teeg = (|1 — Rp|)/u™ (Rm) [6]; - results lower than the limit

of quantification (mass fraction).

and are within the limits that are previously
established. In case of Cd and Pb, the mass
fraction of the certified values for the BCR
— 151 are considerably different from those
values in the milk samples. In these condi-
tions, spiked samples were also analysed
for both elements at lower mass fractions
and no evidence of loss of the analytes
was detected since the recovery criterion
was fulfilled (0.8 < R, < 1.2).

wrop and wioq values in milk met the
performance criteria required for the limits
of detection and quantification of Pb in milk

imposed by EC Regulation 1881/2006 [24]
amended by 629/2008 [26] (Wropeb) =
4 pgkg ' and wogen) = 8 ngkg ).

The Directive 2005/4/EC [23] inserted a
new performance criterion to assess the fit-
ness of analytical methods to be used in
food control based on uncertainty function
approach to calculate a maximum standard
uncertainty, Uy, following equation:

U LOD\?
U;elzwf (T) + (aw)?, (10)




Table VII. Mean values and uncertainty for minerals and trace elements content for Serpentina goat milk along the lactation period studied”".

Minerals and

Lactation period (Nov-07 till May-08)

trace elements Nov-07 Dec-07 Jan-08 Feb-08 Mar-08 Apr-08 May-08
Na (g-kg") 0.30 £ 0.02 0.36 +£0.03 0.39 £ 0.03 0.38 £0.03 0.36 £ 0.03 0.38 £ 0.04 0.38 £ 0.04
K 1.3+03 14+03 1.5+03 1.5+03 14+03 15+ 0.3 14+03
Ca 1.6 £ 0.1 1.48 £ 0.09 1.7 £ 0.1 1.56 £ 0.09 1.53 £ 0.09 1.33 £ 0.08 1.50 £ 0.09
Mg 0.13 £0.02 0.12 £ 0.02 0.14 £ 0.02 0.14 £ 0.02 0.13 £0.02 0.11 £ 0.01 0.13 £0.02
P 1.1 +£0.1 1.2 £0.1 1.2 £0.01 1.1 £0.1 1.1 £0.1 1.2 +£0.1 1.1 +£0.1
Cl 1.5+0.1 1.5+0.1 1.4 +£0.1 1.5+0.1 15+0.1 1.5+0.1 1.6 £0.1
Zn (mg-kg") 53+04 49+04 4.6 £04 44+04 3.8+0.3 42 +0.3 40+03
Fe 0.46 £ 0.03 0.31 £0.03 0.52 £ 0.03 0.36 £ 0.02 0.38 £ 0.02 0.32 £ 0.02 0.35 £ 0.02
Mn 0.11 £ 0.01 0.13 £0.01 0.12 £ 0.01 0.11 £ 0.01 0.12 £ 0.01 0.074 + 0.004 0.068 + 0.004
Cr (ug~kg_1) 32+0.7 2.1+£0.5 18 £ 4 15+3 11+£2 14+3 11+2
Cu 157 +£ 30 70 £ 14 47 £ 8 43 £8 54 £ 10 29+5 45+9
Mo 3.8+1.0 55+12 44 +1.1 42+ 1.1 1.9+0.5 71+19 11+ 3

Ni, Cd, Co and Pb results were lower than the limit of quantification (mass fraction) shown in Table IV.
Results are on wet weight basis.

1474

‘e 10 0soduRI], ‘T



Quality assurance in minerals determination 255

where a is a numeric factor depending on
the value of w.

As can be noted in Table IV, the method-
ologies studied to characterize minerals and
trace metals in milk gave results with
combined uncertainty less than U This
indicates that the ‘“uncertainty function
approach” requirement was fulfilled and
the methods presented are suitable to be
used in laboratories of milk analysis.

The relative expanded uncertainty,
Us, (w), was obtained by multiplying the
combined standard uncertainty (Tab. IV)
by the coverage factor (k) of 2, which gives
an interval with ~ 95% confidence [8].

Methods used for characterization of min-
erals and trace elements in goat milk comply
with EC requirements applied to methods of
analysis for the official control since they are
specific. Also, the Horrat values are <2
and recoveries are within the interval
1.00 £ 0.10 for minerals and 1.00 £ 0.20
for trace metals. Combined uncertainty esti-
mation of the results was lower than the max-
imum standard uncertainty calculated using
the uncertainty function approach.

Results for minerals and trace elements in
Serpentina goat milk shown in Table VII
were obtained following quality procedures,
which assure confidence in both methods
used and results. A harmonized performance
criterion for evaluation of the methods of
analysis and uncertainties within each food
sector is surely needed, to warrant confi-
dence in the results and allow comparability
of data. Such approach is even more impor-
tant concerning trace elements in milk, par-
ticularly the ones that are potentially toxic.
At present, for milk sector, only Pb has a
limit value considered in EC regulations.
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