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A method for quantification of arsenic, cadmium, mercury, and lead in pineapple using 
inductively coupled plasma-mass spectrometry (ICP-MS) was developed, validated, and used to 
test the homogeneity and stability of in-house reference materials. The method was tested at the 
regulation levels given by the Food and Agriculture Organization of the United Nations (FAO, 
100 µg kg−1). The mineralization conditions of the samples, in a microwave oven, were improved 
throughout the study of HNO3 and H2O2 concentrations, sample weight, time, and temperatures. The 
calibration was made by a gravimetric standard addition method with internal standard correction. 
The validation parameters were accuracy (trueness as recovery, between 97-112%, and precision 
as repeatability, below 12%), limits of detection (As 14.2, Cd 1.5, Hg 21.9, and Pb 5.4 µg kg−1 
measured in pineapple), linearity and selectivity. The in-house material was lyophilized or dried 
in an oven. The best way to dry it was by the oven process because it has the lowest uncertainty.

Keywords: pineapple, gravimetric standard addition, toxic elements, ICP-MS, in-house 
reference material

Introduction

The pineapple is one of the main fruits exported by 
Panama, Brazil, Costa Rica, Colombia, and other Latin 
American countries.1 This fruit has become one of the 
most attractive South America agricultural products in the 
international market.2 However, the growing concerns over 
food security and more considerable attention on healthy 
eating, particularly the efforts to avoid toxic elements (as 
As, Cd, Hg, and Pb) in human diets, have led to imposing 
requirements for food that is intended to be exported. 
This means that a greater focus must be put on the official 
methods and reference materials for the quantification of 
those toxic elements in food,3-7 in order to maintain an 
alimentary control and satisfying the requirements of the 
countries where the products will be exported.

The determination of As, Cd, Hg, and Pb in food is 
a well-documented topic8-11 due to the impact that these 
elements have on the health of human beings. The analytical 
methods used for quantification of these toxic elements 

in food are numerous and based on elemental techniques 
such as graphite furnace atomic absorption (GFAA),12 
cold vapor atomic absorption (CVAA),3 high-resolution 
continuum-source atomic absorption spectroscopy 
(HR-CS AAS)13 and inductively coupled plasma with 
optical emission (ICP OES) or mass spectrometry detection 
(ICP-MS).8,9 Also, a significant quantity of options is found 
in the electrochemical field.14 These methods have many 
advantages, such as high sensitivity and accuracy, and some 
have been adopted by regulatory agencies. Unfortunately, 
in these methods, the matrix effects are always a problem.

The matrix effects, classified as translational and 
rotational,13 must always be considered in the development 
of any method of quantification. In ICP-MS, when the 
background signal is low, the translational matrix effects 
can be attributed to the spectral interferences, which could 
be reduced by the clean-up stages and collision or reaction 
cell.15 The standard addition method (SAM) is effective in 
reducing the rotational matrix effects and has been applied 
widely to many difficult matrices and analytes.16 SAM, with 
a gravimetric preparation, increases design flexibility and 
accuracy.17 This method can be used to validate analytical 
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procedures in complex matrices when there are no other 
available standardized methodologies (isotopic dilution or 
bracketing with internal standard) and when there are no 
available certified reference materials (CRM).

National Metrology Institutes (NMIs) offer CRM, 
but not always they can supply the matrices and analytes 
required. Therefore, the International Standard Organization 
(ISO) through Committee on Reference Materials (ISO/
REMCO) has developed guidelines to produce in-house 
reference materials (iHRM) or quality control materials 
(QCM) as an alternative to the CRM which are required 
by the validation and quality control procedures. The 
guide ISO 80:201418 describes some considerations to 
prepare iHRM in laboratories and their use for the quality 
control.19-21 The guide ISO 35:201722 explains the assessment 
of homogeneity, stability, and characterization for reference 
materials. An iHRM is usually developed when the matrices 
or reference levels of commercially available CRMs do not 
closely match the samples to be analyzed or when a sample 
supply is desired to be available for many years.

Considering the previous facts, this work presents 
the development and validation of a method for the 
quantification of As, Cd, Hg, and Pb in pineapple at the 
intra-laboratory level and using a simple blind procedure. 
The method includes an improved microwave digestion 
process, respect to the AOAC 2015.01.23 The improvement 
was achieved throughout a Plackett-Burman experimental 
design (PB). ICP-MS with standard gravimetric addition 
and internal standard (IS) correction was used for 
quantification.24 Additionally, and as far as we know, 
there are no CRM of pineapple available in the common 
market. Then, a pineapple in-house reference material will 
be useful for the analytical laboratories involved in the 
quantification of As, Cd, Hg, and Pb in pineapple. Trying to 
supply this kind of material, we have prepared two in-house 
reference materials. The homogeneity and stability of these 
materials were tested using the developed method for the 
quantification of As, Cd, Hg, and Pb in pineapple.

Experimental

Samples and reagents

All single analyte stock solutions (As 987.3 mg kg−1, Cd 
989.5 mg kg−1, Hg 951.9 mg kg−1 and Pb 992.1 mg kg−1) were 
certified by National Institute of Standards and Technology 
(Gaithersburg, USA), and the National Metrology Institute 
of Slovak (Bratislava, Slovak). The internal standards 
(Rh 999 mg kg−1, Tl 1000 mg kg−1 and U 9.80 mg kg−1), 
Au standard solution (1000 mg kg−1), H2O2 (30% m/m) 
and HNO3 (69% m/m) were bought from Sigma-Aldrich 

(St. Louis, USA) and Merck Chemicals (Darmstadt, 
Germany). The HNO3 used was purified by sub-boiling 
distillation. A stock working standard solution of 10 mg kg−1 
for each element was prepared by weighing 1 g of each stock 
solution and completing to 100 g with 2% (m/m) HNO3. A 
mixed internal standard solution 10 µg kg−1 for Rh, Tl, and 
U was prepared in the same way as the stock. Ultra-pure 
water (conductivity ≤ 18 MΩ cm) was obtained from an 
Elga Purelab flex water purification unit (Elga, Marlow, UK).

The pineapples were obtained from local markets. They 
were carefully washed with generous amounts of water and 
any strange material on the surface was removed.1,25 The 
samples were assessed using AOAC 2015.01 method,23 to 
ensure that the samples were free of As, Cd, Hg and Pb.

Instrumentation

A quadrupole-based NexION 300D ICP-MS instrument 
with autosampler (PerkinElmer, Pennsylvania, USA) was 
used to measure As, Pb, Cd and Hg. The plasma was 
generated using argon (99.990%), a power of 1600 W, 
gas flow rates of plasma 15 L min−1, auxiliary 1.2 L min−1, 
and nebulizer 0.52 L min−1. A cyclonic nebulizer, nickel 
sampler’s and skimmer cones were used throughout the 
study. Torch position, ion lenses and gases output were 
optimized daily with the tuning solution (1 µg kg−1 of 
As, Cd, Ce, Hg, and Pb in 2% (m/m) HNO3, density at 
20 °C = 1.0008 kg m−3), to maximize ion signals, and to 
minimize interference effects from polyatomic ions and 
doubly charged ions. A relative standard deviation (RSD) 
of 3% or lower was achieved in the signal of each probe 
element before any measurements on samples.

A Multiwave PRO microwave sample preparation 
system (Anton Paar, Graz, Austria), equipped with multi-
purpose rotor with 16 pressure vessels (PTFE-TFM® 
(modified-polytetrafluoroethylene) with average mass 
of 65 g), supported by a vessel jacket made of ceramic 
was used. Vessel pressure and internal temperature were 
continuously controlled by wireless sensors in the first 
vial. An infrared (IR) sensor measured the temperature of 
all vessels continuously.

An XP504 balance (Mettler Toledo, Ohio, USA) was 
used for the gravimetric preparation of the solutions and 
the weighing of the pineapple samples. The accuracy of 
the balance was checked daily with check weights, finding 
errors less than 0.1 g.

Internal standard selection

In this work, internal standards (IS) will be used for the 
correction of the instrumental drift in all measurements. 
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Three possible IS, absent in the samples, were tested: Rh, 
Tl, and U were assessed by comparing calibration linearity 
and repeatability. The concentration of each IS candidate 
was fixed at 1 µg kg−1. The criteria to select the best IS were 
content in the test sample (the lower, the better), linear 
correlation (R2), percentage of relative standard deviation 
(RSD), and the similarity of the atomic mass respect to 
the analytes.

Preliminary test

The starting point for the sample digestion was taken 
from AOAC 2015.01 method.23 The lyophilized pineapple, 
around 300 mg, was weighed directly into a PTFE vessel, 
and it was added with 4 mL HNO3, 1 mL H2O2, and 
0.1 g of the IS solution. In the first step of the digestion 
procedure, the vessels were closed without compression for 
10 to 20 min. After that, the vessels were closed, threading 
the caps finger tight. The microwave was programmed 
according to the AOAC 2015.01 method.23

When the digestion process was finished, the vessels 
were allowed to cool to room temperature, vented and 
opened. The solution was transferred quantitatively to a 
polypropylene bottle and added with deionized water to 
complete close to 20 g. This final solution was taken for 
the SAM experiments.

Evaluation of the microwave assisted digestion method

A PB experimental design was used to evaluate seven 
parameters: (i) mercury recovery improvement by addition 
of 0.5 mL of a 50 µg kg–1 solution of AuIII to the vessels;26 
(ii) concentration of HNO3; (iii) highest temperature of the 
digestion (TMax); (iv) addition of an aliquot of concentrated 
H2O2; (v) pre-digestion stage (PD) in which initial heating 
was carried out at 145 °C and then decreased to 50 °C, 
before starting the heating at the final temperature; 

(vi) time in the highest temperature (tTMax); and (vii) sample 
mass (m).6,9 The experimental design is shown in Table 1. 
All experiments were evaluated by triplicate.

The pineapple samples were fortified to obtain 10 µg 
of As, Cd, Hg, and Pb per kg of pineapple. This was 
done since these elements were not found in the studied 
pineapple samples. The percentage of RSD of the recovery 
was used as the quality function to evaluate the significance 
of the effects in the experimental design. Four reference 
values of RSD was used for the comparison purposes: 
(i) Horwitz RSD for the maximum level, 100 µg kg−1, in 
conditions of repeatability24 (5.7%); (ii) Horwitz RSD for 
10 µg kg−1 concentration of the analytes in the experimental 
design (8%);27,28 (iii) half the average value of the recovery 
percentage given by the AOAC23 for a concentration of 
10 µg kg−1 (12.5%); and (iv) expanded uncertainty of a 
similar certified reference material (5%).29

All the statistical studies were made using software R 
3.4.430 and packages FrF2 and pid.

Standard addition method

The amount of standard to be added was studied, 
making additions of 10, 30, and 50% of the approximate 
concentration in the sample to be tested. Based on 
our previous experiments,31,32 the concentration of the 
highest standard to be added should be 1 to 2 times the 
concentration in the sample solution. This was done 
considering the linearity of the ICP-MS instrument.

The concentration of the sample was calculated through 
equation 1:

 (1)

where WIS: mass of IS (g); WSa: mass of sample (g); Ra: 
analyte instrumental response; RIS: internal standard 

Table 1. Plackett-Burman design to evaluate the effect of the digestion parameters over the relative standard deviation of the content of As, Cd, Hg, and 
Pb in pineapple

Experiment AuIII HNO3 / (mol L−1) TMax / °C H2O2 / mL PD tTMax / min m / g

1 no 14 190 1 yes 15 0.3

2 no 7 180 1 yes 10 0.3

3 yes 7 180 2 yes 15 0.3

4 no 14 180 2 yes 10 0.5

5 yes 14 190 2 no 10 0.3

6 no 7 190 2 no 15 0.5

7 yes 7 190 1 no 10 0.5

8 yes 14 180 1 no 15 0.5

TMax: highest temperature of the digestion; PD: pre-digestion stage; tTMax: time in the highest temperature; m: sample mass.
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instrumental response; S: slope; WP: mass of standard 
(g); CP: standard concentration (µg kg–1); CS: sample 
concentration (µg kg−1).

Method validation

The parameters used to validate our protocol were: 
linearity, precision, recovery, limit of detection, and 
selectivity. The method was validated at the intra-laboratory 
level using a simple blind method.4,19,21,33

Linearity
The calibration solutions were prepared by appropriate 

dilution of the stock solution in a blank matrix extract at 
concentrations between 0.010 and 1.2 µg kg−1.

Accuracy
Precision (under repeatability conditions) and trueness 

as recovery percentage (R) were assessed using spiked 
samples at three concentration levels, between 50 to 
200 µg kg−1. The RSD and recovery values were calculated 
on a set of replicated samples, n = 7.

Limits of detection (LOD)
LOD was calculated according to IUPAC34 

recommendation with ten replicas of the blank.

Selectivity
The presence of potential interferences from the 

analyzed samples was made using control pineapple 
samples without As, Cd, Hg, and Pb, and with the same 
samples spiked with 0.350 µg kg−1. The criterion to evaluate 
the selectivity was the signal-to-noise ratio at the m/z of 
each element. In this way, it is possible to identify the 
presence of spectral interferences such as 40Ar35Cl, which 
can generate overestimations in the quantification of the 
analytes. When the signal-to-noise ratio was bigger than 
six, we assumed that no interferences were present.19,28,34

In-house reference material preparation

The in-house reference materials (iHRM) were prepared 
according to guide ISO 80:2014.18 Three pineapples without 
crown were used; its weigh was about 4 kg. The shell was 
removed, and the pulp was processed in a food kitchen 
chopper for 5 min. The crushed pulp (677.4 g) was fortified 
with 254 mL of a multi-elemental solution of As, Cd, Hg, 
and Pb to obtain an approximate final concentration of 
100 µg kg−1 in each analyte (regulation levels given by 
the FAO).25 The fortified pineapple was homogenized in 
a food kitchen chopper for 10 min and divided into three 

parts: 300 g were lyophilized (iHRM-1), 300 g were dried 
in an oven at 50 °C (iHRM-2), and the rest (about 77 g) 
was stored at −20 °C (iHRM-3).

The two dried products were sieved to obtain particles 
lower than 500 µm in size. Then, 20 g of each pineapple 
dust was packed in amber glass bottles of 125 mL, iHRM-1 
and iHRM-2. Enough space was left in the bottles to allow 
homogenization before use.

The characterization of the iHRMs was made by the values 
assignment to each analyte, the homogeneity and the stability 
assessments. The values assigned to each candidate were 
tested using the method, previously validated, and by making 
the analysis three times on each material. The assessing of 
homogeneity was made using 0.5 g of each material. The 
procedure was repeated ten times for the candidates: iHRM-1,  
iHRM-2, and iHRM-3. The samples were measured 15 times 
in the ICP-MS, and the concentration results presented in dry 
mass. The uncertainty associated with the homogeneity of the 
in-house materials was estimated according to ISO 35:201722 
for As, Cd, Hg, and Pb.20,35 Considering that the analyzed 
elements were not found in the studied pineapple samples, 
it was decided to evaluate, also, Cu and Fe, which naturally 
occur in pineapples. These elements were chosen because 
the National Metrology Institute of Colombia has a validated 
methodology to measure them in several food matrices (see 
Supplementary Information (SI) section). The dry mass 
correction factor was calculated using 1 − (moisture(%) / 100).  
The moisture of the iHRMs was determined in three separate 
portions, each one close to 5 g. The samples were dried in 
an oven for two hours.

The stability of the candidates was evaluated 
gravimetrically through an isochronous design.22 Each 
material (2 g) was packed in 10 g amber bottles and sealed 
in a vacuum bag. The reference temperature was −30 °C, 
and the samples were subjected to a climatization chamber 
at 45 °C and humidity of 40%. The stability study lasted 
90 days.

Results and Discussion

Preliminary test

The results from the preliminary test, using AOAC 
2015.01,23 showed that, As, Cd, Hg, and Pb were not 
present in the studied pineapple samples. For this reason, 
the samples used in this work were fortified.

Evaluation of the IS

Two criteria were employed to establish the most 
suitable IS to quantify As, Cd, Hg, and Pb, simultaneously, 
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in pineapple: (i) linearity, and (ii) the percentage of RSD. 
The best linear calibration functions were obtained for 
Rh (R2 = 0.998, residuals < 2%) compared with Tl (R2 = 
0.992, residuals < 3%) and U (R2 = 0.948, residuals > 3%). 
On the other hand, the RSD (instrumental) was only 2.0% 
when Rh was used, meanwhile for Tl was 2.8%, and 5% 
for uranium. Thus, the IS selected for the development and 
method validation was Rh.

Plackett-Burman (PB) design to evaluate the microwave-
assisted digestion method

The significance of the PB experimental design 
variables was evaluated through the global significance 
percentage (GSP), which is explained in the SI section. 
The variables with GSP greater than or equal to 14% were 
established as significant. However, not only the GSP value 
was considered to change a parameter, the improvement 
of the repeatability, “yes” or “no” in Table 2, was also 
considered to determine if the value of a variable under 
study must be changed or not. In this way, the amount of 
H2O2 in mL, although critical, was not changed because 
the proposed change, an increase in the amount of H2O2, 
produce the decrease of the repeatability. Then it is better 
to maintain unchanged the low amount of H2O2. Table 2 
resumes these results and shows the digestion conditions 
that were chosen for the rest of the work; column 2, where 
no changes were made (AOAC 2015.01),23 and column 5, 
where changes were made.

The improved digestion conditions are compared to 
the AOAC method 2015.0123 in Table 3, which shows the 
RSD obtained for the two methods. These results were 
obtained for spiked samples to 100 µg kg−1. Table 3 shows 
that the improved digestion process reduces the random 
errors generated during the sample mineralization since 
it increases the precision in repeatability conditions.6,9 

Finally, it is important to mention that after the digestion, 
all the pineapple samples were transparent solutions, with 
no visible solid residue.

Method validation

Linearity and matrix effects
The linearity of the analytical curves was evaluated in 

1% HNO3 in a twenty-point plot with three replicates and by 
the calculation of the linear regression squared correlation 
coefficient (R2), which always was > 0.9900. The lowest 
concentration level in the calibration curve was established 
as the concentration with a signal-to-noise ratio, at least, 
greater than 10. The model was validated using the residual 
analysis, which should be < 10% and regression analysis of 
variance (ANOVA two-way).19,21 Good agreement between 
experimental and expected contents for the four elements 
was observed, with residuals values always lower than 8%. 
Table 4 shows the final linear intervals selected and the 
maximum residual obtained for each element.

Considering a real sample,16 pineapple, the matrix 
effect can be studied by comparison of the slopes of the 
calibration curves in a matrix (pineapple extracts) and in 
pure 1% HNO3. A signal enhancement, a slope ratio  > 1, 
or a suppression effect, a slope ratio < 1, it is acceptable if 

Table 2. Global significance percentage (GSP) of the variables in the digestion procedure evaluated according to equation S1 (SI section) and the effect 
of those variables over repeatability

Parameter AOAC 2015.0123 GSP / %
Repeatability improvement 

due to change
This work

m / g 0.3 11 no no change

PD yes 13 no no change

tTMax / min 15 13 no no change

AuIII yes 15 yes without Au

HNO3 / (mol L−1) 14 15 yes 7

H2O2 / mL 1 16 no no change

TMax / °C 190 18 yes 180

GSP: global significance percentage; m: sample mass; PD: pre-digestion stage; tTMax: time in the highest temperature; TMax: highest temperature of the digestion.

Table 3. Precision obtained (RSD) for the digestion methods: AOAC 
2015.0123 and the one developed in this work

Element
RSD / %

AOAC 2015.01 This work

As 9.8 4.4

Cd 5.3 1.4

Hg 6.2 5.6

Pb 7.5 3.8

RSD: residual standard deviation.
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this ratio is between 1.2 to 0.8.16,17 The results in Table 4 
(last column) show slope ratios higher than this interval. 
Then, an enhancement matrix effect is evident in the four 
elements and particularly for Pb and Hg.

Selectivity
No interferences were observed at the m/z ratios and 

conditions used in this research. The developed digestion 
method is a suitable protocol for the sample preparation 
in order to make the quantification of As, Cd, Hg, and 
Pb by ICP-MS, in pineapple. However, the most marked 
effects are the acidity of the sample and the memory effect, 
which is generated mainly in the determination of Hg.13 A 
rinse with nitric acid (5%) and 2-mercaptoethanol (0.5%), 
between sample measurements, was necessary to avoid the 
latter effect.31 Additionally, it is important to notice that no 
chloride-based acids were added as digestion reagents. In 
this way, the interferences of 40Ar35Cl were negligible on 
75As, and no corrections were necessary for the calculations. 
This fact was verified by comparing the results obtained in 
the standard mode of the ICP-MS, with those of the kinetic 
energy discrimination (KED) mode. The effect of 40Ar35Cl 
over the signal-to-noise ratio was found insignificant.15,32

Trueness and precision
According to the previous experiments in the NMI of 

Colombia,31,32 in any case, it is required to find the best 

concentration interval to construct the standard addition curve 
(analyte and sample), before the evaluation of trueness and 
precision. In this work, those intervals were found in a study 
of the increase of the standard calibration concentration over 
the sample. Three percentages of the increase were studied: 
10, 30, and 50% of the digested pineapple concentration 
spiked with 100 µg kg−1 of each analyte. Table 5 summarizes 
the obtained recovery percentages for this test.

Table 5 shows that the increases of 30 and 50% of the 
concentration present the best recovery percentages. On 
the contrary, with increases of 10%, it was not possible 
to achieve good recoveries for Cd and Pb. ANOVA test 
(p > 0.05) indicates that no significant differences exist 
between the recoveries obtained for 30 and 50%. However, 
statistical differences between RSDs for 30% (RSD = 5%) 
and 50% (RSD = 1%) were found (Levene’s test p < 0.05). 
This means that the best increase in concentration for 
addition standard calibration is 50% of the digested 
pineapple concentration spiked with 100 µg kg−1 of each 
analyte.

After the adjustment of the previous parameters, the 
trueness of the analytical procedure was estimated by the 
evaluation of the spiked pineapple samples. Recoveries 
and relative standard deviations obtained for seven 
replicate samples of pineapple, spiked at three different 
concentration levels, are reported in Table 6. The recoveries 

Table 4. Validation parameters: linearity and matrix effect

Element
Linear intervala / 

(µg kg−1)

Maximum 
residual 

obtained / %

Slope ratio: 
matrix/HNO3

As 0.01-1.0 2.80 1.6

Cd 0.01-1.0 2.20 1.6

Pb 0.07-0.8 3.50 3.0

Hg 0.1-0.9 7.10 3.1

aThe linear interval is presented in µg of the element per kilogram of 
digestion extract.

Table 5. Recovery percentages calculated at As, Cd, Hg and Pb 
concentrations of 100 µg kg−1 in pineapple and different percentages of 
increase in the concentration of the analytes

Element
Recovery / %

10% increase 30% increase 50% increase

As 92.55 101.04 99.8

Cd 90.47 95.24 99.8

Hg 94.34 105.23 98.4

Pb 74.56 100.87 99.8

The increase is over extract concentration.

Table 6. Relative standard deviations (RSD), recovery, and limits of detection (LOD) of As, Cd, Hg and Pb determination in pineapple

Concentration in the 
sample / (µg kg−1)

As Cd Hg Pb

RSD / %

50 4.3 1.4 9.8 3.8

100 4.4 3.6 5.7 7.8

200 3.1 1.5 9.5 2.2

Recovery / %

50 99.8 99.8 97.0 99.8

100 100.1 100.3 101.3 101.5

200 101.6 101.8 112.2 101.4

LOD / (µg kg−1 in sample) 14.2 1.5 21.9 5.4
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were between 97 and 112%, which is a satisfactory 
performance according to the AOAC method.23 The 
trueness of the method was verified through the Student’s 
t-test (p < 0.05), the details of these calculations are in the 
SI section. According to the AOAC method, the recovery 
obtained during the validation of the method must be 
100 ± 25%, but for this work, the criterion was adjusted 
to a smaller interval: 100 ± 15% (85-115%). Under this 
criterion, all the analyzed elements in pineapple showed a 
particularly good recovery.25

The results obtained from the trueness experiments were 
used to estimate the precision of the method. The precision 
of the method was evaluated in repeatability conditions 
(variation of the results obtained in the same series) and 
was expressed as RSD. The RSD values, presented in 
Table 6, were less than 10% for all the concentration 
levels and elements tested. According to AOAC method,23 
the maximum RSD obtained during the validation of 
the method should be less than 15%, then it is possible 
to conclude that the method developed is precise under 
repeatability conditions.

Limit of detection
LODs were calculated as three times the standard 

deviation of ten blank pineapple samples, multiplied by 
the dilution factor according to IUPAC recommendation.32 
Table 6 shows these results. The detection limits were 
verified by determining the signal-to-noise ratio (S/N) of 
samples in concentrations at the LOD. We tested the LODs 
and the S/N calculated were than greater than 3. The LOD 
for Hg was the highest due to problems related to low 
response of this element and the memory effect.13

It is important to remember that, in the quantification 
of toxic elements in fruits, several analytical methods 
require a pre-concentration step before the detection 
measurements. The typical low LOD of the ICP-MS, 
combined with the method developed in this work, makes 
us avoid that pre-concentration step because our LODs and 
limit of quantification (LOQ) values are below the FAO25 
regulations levels for As, Cd, Hg, and Pb in fruits.

Characterization of the pineapple in-house reference 
materials (iHRMs)

Value assignment
The values assigned to the pineapple iHRMs were 

performed using the developed method for the quantification 
of As, Cd, Hg, and Pb. The data were corrected for the 
humidity of the material. The pineapple in-house reference 
materials iHRM-1 (lyophilized) and iHRM-2 (dried in 
oven) were made to obtain a time stable material. The third, 

iHRM-3 (not lyophilized or dried in oven), was used as a 
fast testing reference to estimate the expected values in the 
iHRMs and to calculate the efficiency of the lyophilization 
and the drying in oven processes.

The expected concentration for iHRM-3 is close to 
100 µg kg−1 in wet mass and 1200 µg kg−1 in dry mass 
for each analyte; however, it was found that the average 
concentration for As, Pb, and Cd was about 17% lower 
than the expected value, and 10% higher for Hg. Table 7 
shows these results. It is not easy to find an explanation 
for this fact, and then no hypothesis will be done because 
the purpose of these experiments is to obtain a known 
concentration, homogeneous, and stable iHRM.

The characterization results for the iHRM-1 and 
iHRM-2 are presented in Table 7. It is evident, from 
Table 7 that the iHRM-2 has higher concentration values 
than the iHRM-1. The difference is due to the losses of 
the volatile compounds of the pineapple, resulting from 
the heating process in the oven at 50 °C (iHRM-2). This 
fact increases the mass fraction of the analytes in iHRM-2, 
while the lyophilization process (iHRM-1) avoids the loss 
of those volatile compounds,18,36 given as a result, lower 
concentrations for the iHRM-1.

Homogeneity test for the pineapple iHRMs
The homogeneity test for the iHRMs were made using 

the ANOVA F-tests. The results, for the homogeneity 
of the three materials, were not significant at the 95% 
confidence level. This indicates that the pineapple materials 
are homogeneous. Then, the homogeneity uncertainty 
of the three pineapple iHRMs was calculated based on 
the As, Cd, Hg, and Pb instrumental responses, and it 
was evaluated only within the bottle. Furthermore, the 
homogeneity uncertainty was compared with the signals 
of Cu and Fe because these elements are naturally present 
in pineapple. The analysis of these natural elements (Cu 
and Fe) was performed with a previously validated method 
(see SI section). The results of the latter analysis showed 

Table 7. Concentration of As, Cd, Hg, and Pb in the in-house reference 
materials iHRM-1, iHRM-2, and iHRM-3. The concentration is given 
in dry mass 

Element
Concentration / (µg kg−1)

iHRM-1 iHRM-2 iHRM-3

As 794.1 987.2 1212.1

Cd 647.4 979.4 1002.3

Hg 887.3 1122.7 1240.9

Pb 763.8 981.9 1149.0

iHRM: in-house reference material.
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an RSD of 2.7% for Cu, and 1.1% for Fe. The biases were 
2.0% for Cu, and 1.8% for Fe.

Figure 1 shows the homogeneity uncertainties of the 
iHRM-1, iHRM-2, and iHRM-3 (calculated using the 
ANOVA). These results demonstrate, based on the results 
for the signals of Cu and Fe, that the uncertainty due to 
natural heterogeneity was, approximately, between 0.7 
and 1.8%. Also, Figure 1 shows that the spiked elements 
Cd and As have very similar heterogeneity. These facts 
indicate that the fortification process was efficient. On the 
other hand, the three iHRMs have similar uncertainties for 
the natural elements. This means that the drying and sieving 
treatments were satisfactory.

Figure 1 also shows that the homogeneity uncertainty 
is similar in iHRM-1 and iHRM-2, which indicates that 
either of the two drying procedures proposed can be 
applied to obtain this kind of in-house reference materials. 
Additionally, and in order to establish the qualities of our 
in-house reference materials, a comparison was made 
with a similar reference material used in CCQM-K10837 
and CCQM-K14538 comparisons, which have a reported 
relative uncertainty for homogeneity between 0.81 and 
1.6%.37,39 These values are certainly lower than our 

iHRMs homogeneity uncertainty, but not so much and 
not always, see Figure 1. Then, our developed iHRMs 
are suitable for quality control in a routine or regulatory 
laboratory.

Considering the results shown in Figure 1 and Table 7, 
and from the point of view of the developed method for 
the quantification of As, Cd, Hg, and Pb in pineapple, it is 
evident that the developed method is good enough for the 
determination of the four elements in pineapple.

Stability of the pineapple iHRMs
The production of the iHRMs was made taking care 

of the following points: (i) the iHRMs were prepared 
according to guide ISO 80:2014;18 (ii) the water was 
removed to prevent the enzymatic, chemical and 
microbiological activities; and (iii) the iHRMs were 
packed in amber glass and vacuum packed (aluminum 
foil) to reduce the influence of light. Under these 
circumstances, a short-term isochronous stability22 study 
was carried out at 45 °C and humidity of 40% (iHRM-1 
and HRM-2). The results of this study allow us to say 
that the iHRMs are stable for 90 days (see SI section). 
Also, these results show a higher slope for iHRM-2 
with respect to the iHRM-1. This indicates that the 
iHRM-2 is more unstable. This situation is due to the 
fact that the lyophilized materials (iHRM-1) can be re-
hydrated rapidly because this drying process conserves 
the structural properties of the material, while drying in 
oven affects the chemical composition of the matrix.36

The conclusion of the stability experiment, and 
according to ISO guide 35,22 is that the uncertainties of 
stability (ustab) estimated for 90 days for the iHRM-1 and 
iHRM-2 is less than 1%. It is important to mention that 
these uncertainties were less than the accepted interval 
established on ISO 80:201418 (2.5 to 7.3%).

Combined uncertainties of the pineapple iHRMs
Table 8 shows the contribution of the homogeneity 

(uhom), stability (ustab), and measurement (umeas) uncertainties 
to the total uncertainties of the iHRMs.

Figure 1. Percentage of homogeneity uncertainty for the pineapple in-
house reference materials: iHRM-1 lyophilized, iHRM-2 dried in oven 
and iHRM-3 not dried.

Table 8. Relative uncertainty sources for in-house reference materials iHRM-1 and iHRM-2

Element
Relative uncertainty in iHRM-1 / % Relative uncertainty in iHRM-2 / %

ustab uhom umeas umat ustab uhom umeas umat

As 0.66 1.60 1.53 2.31 0.61 1.10 1.18 1.73

Cd 0.66 1.70 1.66 2.47 0.61 1.40 1.50 2.14

Hg 0.66 4.40 1.77 4.79 0.61 1.20 1.53 2.04

Pb 0.66 2.50 2.41 3.54 0.61 2.60 2.54 3.68

ustab: uncertainty of stability; uhom: uncertainty of homogeneity; umeas: uncertainty of measurement; umat: uncertainty of material. This table is presented in 
µg kg−1 (typical uncertainty) units in Table S7 (SI section).
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The contribution of each source to the relative combined 
uncertainties is shown in Figure 2. Table 8 and Figure 2 
show that the contribution from the measurement and the 
homogeneity were the major sources of uncertainty, and 
the instability of the in-house reference materials did not 
contribute very much to the material uncertainty.

According to the previous facts, the developed 
pineapple in-house reference materials, iHRM-1 and 
iHRM-2, have been demonstrated to be good candidates 
as internal quality control in the determination of As, Cd, 
Hg and Pb in Colombian pineapple.18

Finally, and considering the next two facts: (i) the 
prepared in-house reference material have an uncertainty 
lower than 5% and (ii) the utarget = 12% for the concentration 
level used (according to Hortwitz equation), it can be 
concluded that the material is adequate for the purpose 
(quality control) used in this research.

Conclusions

A quantification method for As, Cd, Hg, and Pb in 
pineapple, using ICP-MS, was developed and validated. 
The obtained results are in accordance and, in many 
cases, have superior performance with respect to the 
requirements of the AOAC 2015.01 method. Our Plackett-
Burman design results allowed us to reduce the random 
errors of the microwave digestion procedure of the AOAC 
method.

A gravimetric standard addition method (SAM) was 
used to minimize the matrix effect. The elimination of 
memory effect, presented only by Hg, was achieved 
by a rinse with nitric acid (5%) and 2-mercaptoethanol 
(0.5%) between sample measurements. At the improved 
conditions, and under the validation conditions (including 
the low enough limits of detection), the developed method 
guarantees a confident determination of the concentrations 
of As, Cd, Hg, and Pb in Colombian pineapple.

The validated method for the quantification of As, 
Cd, Hg, and Pb was applied to the value assignment and 

the assessment of the homogeneity and stability of the 
pineapple iHRMs. The relative uncertainty due to the 
material homogeneity was lower than 4%, lower than 1% for 
the stability uncertainty, and the measurement uncertainty 
was lower than 5%. The measurement uncertainty was the 
most significant source of uncertainty with a contribution 
close to 56% of the total uncertainty. Considering these 
facts, the iHRMs developed in this work are suitable to be 
used as quality control in the analytical methods to quantify 
As, Cd, Hg, and Pb in Colombian pineapple.

Supplementary Information

Supplementary data are available free of charge at 
http://jbcs.sbq.org.br as PDF file.
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