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Abstract
Biofortification of crops with selenium (Se) is an effective strategy to increase the consumption of this micronutrient. Inductively
coupled plasma mass spectrometry (ICP-MS) is one of the most used techniques in quantifying Se. However, due to some
disadvantages (high cost, long analysis time, and being destructive), there is a need for new alternatives to Se quantification. This
study aimed at establishing instrumental parameters for Se quantification, using two energy-dispersive X-ray fluorescence
spectrometry (EDXRF) techniques (benchtop and handheld) in Se-biofortified broccoli seedlings and comparing it with ICP-
MS. The results showed that the selection of proper filters for both EDXRF systems was crucial for determining Se and, when
compared with ICP-MS, presented similar results for selenium-biofortified broccoli seedling treatments (BS50Se). In addition,
the EDXRF techniques presented a Se limit of detection (LOD) at 0.6–0.9 mg kg−1. This study demonstrates that EDXRF
systems were successfully applied to concentration measurement of Se in biofortified samples and linked to low cost and shorter
analysis time.
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Introduction

Selenium—at low concentrations—is an essential metalloid in
the human diet (Nunes et al. 2012). Scientific studies have
already demonstrated its essential role in various functions,
such as antioxidant defense (Rayman 2000), immune function
(Khoso et al. 2015), thyroid hormone formation (Wichman
et al. 2016), and fertility and reproduction (Mehdi et al.
2013). In addition, in the last 20 years, studies demonstrate
an inverse relationship between Se levels and cancer incidence
(Babaknejad et al. 2014; Bachiega et al. 2016; Jayaprakash
and Marshall 2011; Roman et al. 2014). Although the recom-
mended daily intake of selenium is only 55 μg day−1, there are
reports stating that Se deficiency affects 800 million people
worldwide (Malagoli et al. 2015; Otten et al. 2006); for exam-
ple, in many European countries, this recommended daily
intake is not achieved (Ivory and Nicoletti 2017). In this sce-
nario, biofortification becomes an effective, economical, and
sustainable method to improve Se in the food chain (Alfthan
et al. 2015; Bouis and Saltzman 2017).
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The quantification of selenium is an important step in
the biofortification process. Different analytical tech-
niques have been used to quantify this micronutrient in
biofortified matrices, such as hydride generation atomic
fluorescence spectrophotometry (HG-AFS) in brown rice
(Liu et al. 2011); hydride generation atomic absorption
spectroscopy (HG-AAS) in lamb’s lettuce (Hawrylak-
Nowak et al. 2018); and inductively coupled plasma opti-
cal emission spectrometry (ICP-OES) in lentil seeds
(Rahman et al. 2013) and in lettuce (Smoleń et al. 2014).
The literature also highlights the high sensitivity of induc-
tively coupled plasma mass spectrometry (ICP-MS),
which is commonly used for quantification of Se in foods
such as broccoli and carrots (Bañuelos et al. 2015), rice
(Reis et al. 2018), and flour and bread (Hart et al. 2011).
However, this technique requires the complete destruction
of the matrix, which increases the time and cost of analy-
sis. Moreover, the sample’s digestion with strong acid re-
agents requires great caution during sample preparation
(Noda et al. 2006).

In this study, we proposed X-ray fluorescence (XRF) tech-
nique, especially benchtop and handheld energy-dispersive X-
ray fluorescence spectrometry (EDXRF) for the determination
of Se in Se-enriched broccoli seedlings. These techniques are
promising for nutrient plant analysis, offering a simple, fast,
and non-destructive method of nutrient analysis in a variety of
sample matrices (Goodlaxson et al. 2018; Jolly et al. 2017;
Perring and Monard 2010), especially for Se (Hanley et al.
2017; Paltridge et al. 2012). In addition, the use of the portable
X-ray fluorescence (pXRF) system in measuring the concen-
tration of many elements in different matrices has increased
dramatically in the last 10 years (Barnett et al. 2016; Fleming
et al. 2015, 2017; McIntosh et al. 2016, Rouillon and Taylor
2016; Shehab et al. 2016). We verified that the benchtop and
handheld EDXRF techniques were suitable for the quantifica-
tion of Se in biofortified samples. Both techniques are more
expeditious and present lower costs of analysis compared with
ICP-MS.

Materials and Methods

Plant Material

Broccoli seeds of the Avenger variety (Sakata Seed
Sudamerica) were provided by IBS MUDAS (Piracicaba,
São Paulo, Brazil). The broccoli seedlings were cultivated in
black polyethylene trays containing 200 cells filled with com-
mercial substrate (coconut fiber). After sowing, the trays were
transferred to an arc-type agricultural greenhouse (8 m wide,
103 m long, and 4.5 m height) right foot, covered with
150-μm-thick anti-UV polyethylene film and closed on the
sides with anti-insect screens. After 15 days of germination,

broccoli seedlings were randomly separated and received an
application in each cell of either 2 mL of distilled water (con-
trol treatments; BS0Se) or 50 μM sodium selenate (Sigma-
Aldrich) solution (BS50Se) and remained for another 15 days
in the greenhouse (Bachiega et al. 2016). In the 30th day after
sowing, broccoli seedlings were collected, and only the aerial
part of the plant was selected for analysis. Subsequently, the
plant tissue was sanitized (0.5% sodium dichloroisocyanurate
for 10 min), freeze-dried (Modelo E-C–Modulyo), and stored
at − 20 °C until use. Samples of broccoli seedlings were cul-
tivated in August–October 2014 (BS0Se14 and BS50Se14)
and August–October 2016 (BS0Se16 and BS50Se16).

Sample Preparation for ICP-MS Analysis

Initially, 100 mg of each the broccoli seedling treatments
(BS0Se14, BS0Se16, BS50Se14, and BS50Se16) and cer-
tified reference material of plankton (BCR 414) and sea
lettuce (Ulva lactuca) (BCR 527) were weighed and trans-
ferred to poly(tetrafluoroethylene) flasks in a microwave
oven (DGT 100 Plus). The decomposition of such samples
was carried out using a mixture of 4 mL HNO3 with
200 μL H2O2 for 7 min at 400 W. After the microwave
decomposition, the samples were transferred to poly(pro-
pylene) tubes and volume made up to 50 mL with deion-
ized water. For sea lettuce sample preparation, the volume
was completed to 14 mL.

ICP-MS Analysis

The operational conditions of ICP-MS quadrupole (model
ELAN® DRC-e, PerkinElmer) are shown in Table 1, and
the analytical calibration curve ranged from 0.5 to
25 μg L−1. The selenium concentration was expressed in mg
kg−1 dry basis units.

Sample and Standard Preparation for EDXRF Analysis

The standard addition calibration curve of Se was prepared by
adding known volumes of a 100-μg Se mL−1 working stan-
dard solution of Se in a broccoli seedling sample (control
treatment). This standard was provided from the dilution

Table 1 ICP-MS
instrumental parameters
used for Se
determination

ICP RF power 1200 W

Plasma gas flow rate 15 L min−1

Auxiliary gas flow rate 1.1 L min−1

Nebulizer flow 0.75 L min−1

Isotope monitored 78Se

Lens voltage 7.0 V

Pulse state voltage 1000 V
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(1:10) of 1000 μg mL−1 Se stock standard (Acros Organics,
1 mgmL−1). Subsequently, the standard samples were dried in
a laboratory oven at 50 °C and then thoroughly homogenized
in an agate mortar. The Se calibration curve concentration
ranged from 0 to 250 μg g−1.

Samples and standards (1 g) were weighed in a poly(ethyl-
ene) sample cup (cat. no. 1530, Chemplex) with a 23.9-mm
aperture and sealed with 6-μm-thick Mylar® film (no. 3517,
Spex). The loose powder sample was gently manually pressed
with an acrylic piston in order to prevent void in the powder
sample. The typical sample thickness was 7 mm.

Benchtop EDXRF Analysis

The benchtop EDXRF measurements were carried out
using a Shimadzu EDX-720 spectrometer equipped with
a 50 W Rh target X-ray tube using 50-kV voltage and
auto-tunable current for a maximum 30% detector dead
time. A Si (Li) detector was used for sample X-ray spec-
trum acquisition. To optimize the EDXRF analysis for Se
quantification, six filter conditions were tested: no filter,
silver (Ag), molybdenum (Mo), molybdenum-nickel
(MoNi), aluminum (Al), and titanium (Ti). The Ag filter
was chosen for the analyses. The acquisition time used
was 300 s, and all three trials were taken and analyzed in
no vacuum.

The X-ray spectrum processing was carried out utilizing
the EDX-720 software package provided by Shimadzu.

Handheld XRF Analysis

A handheld Bruker AXS, Tracer III-SD model (2 kg, 30 cm
long × 10 cm wide × 28 cm height) was also employed. The
samples were excited with a 4 W Rh target X-ray tube at
40 kV and 30 μA and X-ray spectra recorded by a 10 mm2

X-Flash® Peltier-cooled Silicon Drift Detector (SDD).
First, the conditions of the Se determination using the

handheld XRF were optimized. Five primary filters with dis-
tinct thickness and composition were tested: no filter, filter Al
Ti Cu 1 (304.8 μm Al + 25.4 μm Ti + 152.4 μm Cu), filter Al
Ti Cu 2 (304.8μmAl + 25.4μmTi + 25.4μmCu), filter Al Ti
(304.8 μm Al + 25.4 μm Ti), and filter Ti (25.4 μm Ti) to
optimize the Se evaluation. The acquisition time used was
300 s; three trials were taken and analyzed without a vacuum
and selecting the filter Al Ti Cu 2. The sample spectra were
processed by the Artax software. For both EDXRF systems,
only the Se Kα net peak was considered as the Se X-ray
intensity.

Limits of Detection and Quantification

ICP-MS limits of detection (LOD) and quantification (LOQ)
(mg kg−1 dry basis) were calculated based on the standard

deviation (σ, counts) of 10 readings of the standard solution
blank, per Eq. 1:

LOD ¼ 3:3σ k
slope

and LOQ ¼ 10σ k
slope

ð1Þ

where slope is the sensitivity (counts μg−1 L) and k is the
dilution factor (g−1 L).

The benchtop and handheld EDXRF LOD and LOQ
(mg kg−1 dry basis) were calculated according to Eq. 2
(Inczédy et al. 2000):

LOD ¼ 3

S

ffiffiffiffiffiffiffi

BG
p

and LOQ ¼ 10

S

ffiffiffiffiffiffiffi

BG
p

ð2Þ

where S is the sensitivity (counts mg kg−1) and BG is the
background intensity under Se Kα characteristic X-ray
(counts).

Statistical Analysis

Statistical analyses were performed using SAS version 9.0
(SAS Inst. Inc., Cary, NC). After verifying the normality of
data variance using the Shapiro-Wilk test and the homogene-
ity by Levene’s test, the difference between the means of the
methods was tested using Student’s t test. Significance was
defined as p < 0.05, and the variables are presented as the
mean ± standard deviation (SD).

Results and Discussion

Previously, our research group observed that Se-enriched
seedlings presented higher content of phenolic compounds,
antioxidant activity, and antiproliferative activity in vitro
against tumoral strains when compared with inflorescences
and sprouts (Bachiega et al. 2016). These results are corrobo-
rated by other recent studies that demonstrated how
biofortification with selenium alters the bioactive compounds
of different maturation stages of broccoli (sprouts, inflores-
cences, or young leaves) (Mahn 2017; McKenzie et al.
2017; Tian et al. 2018). The broccoli maturation stage of
30 days after germination is a rapid alternative for
biofortification by providing samples with important amounts
of Se and bioactive compounds. The work presented herein
focuses on Se determination in broccoli seedlings.

Data shown in Fig. 1 a and b demonstrates the broccoli
seedling fluorescence X-ray spectra from 10.5 to 13.75 keV
for both the X-ray fluorescence units; the SeKα andKβ peaks
do not have any spectral interference from the broccoli seed-
ling elemental composition. It also shows an impressive Se
Kα net intensity and noise ratio for the 73 mg kg−1 concen-
tration range (tens of mg kg−1 level) for both EDXRF systems,
in spite of the handheld XRF’s remarkably low X-ray tube
power (4 W).
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First, to optimize the determination of Se by benchtop and
handheld EDXRF systems, the figure of merit of its KαX-ray
characteristic intensity and background under the X-ray peak
(noise) square root ratio (Guerra et al. 2014; Ernst et al. 2014)
was evaluated for different primary filters in both EDXRF
systems. Indeed, different primary filters absorb the X-ray
tube’s polychromatic X-ray excitation beam differently, thus
changing its photon energy distribution, which may improve
the analyte X-ray characteristic intensity-to-noise ratio. The
choice of the proper filter depends on the X-ray tube and its
operational condition, sample matrix, analyte and filter thick-
ness, and composition. As selecting the best filter option is not
straightforward, the analyst must carry out a preliminary study
that will lead to the best choice. Figure 2 a and b show the
effect of several primary filters on the ratio of Se Kα X-ray
intensity-to-background square root for the benchtop and
handheld EDXRF units.

Regarding the benchtop system (Fig. 2a), the Se Kα X-ray
intensity (counts) to BG (counts) square root ratio using the
Ag filter was roughly four times higher than the no-filter con-
dition. The Ag Kα X-ray absorption edge energy
(25.517 keV) is higher than Rh–K lines anode energies
(Kα = 20.170 and Kβ = 22.725 keV), therefore absorbing
weakly and only partly the high-intensity anode K lines. The
latter lines from the X-ray tube anode excite the Se K shell
efficiently, and the Ag filter absorbs the background of the Se

Kα line energy region (16.209 keV) from the X-ray tube more
effectively, thus increasing significantly the Se Kα X-ray in-
tensity (counts) to BG (counts) square root ratio. Although the
Mo filter did not present a ratio value as high as the Ag filter, it
shows a meaningful improvement over the other filters. The
Mo filter has the K X-ray absorption edge energy just below
the Rh anode K lines, thus efficiently absorbing the anode K
lines and consequently reducing the sensitivity; conversely,
this filter also dramatically diminishes the background of the
Se Kα line energy region, resulting in the second-best option
for Se evaluation. Unfortunately, the thicknesses of these fil-
ters were not disclosed by the manufacturer.

Similarly, for the handheld system, as shown in Fig. 2b, the
filter Al Ti Cu 2 figure of merit gain was approximately twice
compared with the no-filter condition. Although this filter
reduces the X-ray excitation intensity, it decreases the back-
ground to a larger extent and is therefore the best filter option
of the available handheld XRF filters. Figure 2 a and b high-
light the importance of adequate filter selection for improving
EDXRF analysis performance.

There are different strategies for the quantification in
EDXRF, such as fundamental parameters, external calibration,
standard addition, and sample dilution. In our study, we se-
lected the standard addition method. For this, the absorption
and enhancement matrix effects are corrected, since the cali-
bration is performed using the sample itself. Although this

Fig. 2 Effect of primary filters on
the Se Kα X-ray intensity-to-
background square root ratio for
the benchtop (a) and portable (b).
Ag primary filter demonstrated
better performance in the
benchtop facility and Al Ti Cu 2
in the handheld device

Fig. 1 X-ray spectra from Se-
enriched broccoli seedlings by a
benchtop (a) and handheld XRF
(b) energy-dispersive X-ray
fluorescence systems. Acquisition
time of 300 s
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method may be somewhat time-consuming and labor-inten-
sive, including the careful pipetting-drying-homogenizing
step, once the standards have been prepared, they can be used
indefinitely because of the non-destructive EDXRF feature.
Figure 3 a and b show the calibration curve for Se Kα char-
acteristic X-ray intensity (counts) versus concentration
(mg kg−1) for the benchtop and handheld XRF units. The
dashed lines indicate 95% confidence interval, and the error
bar represents one standard deviation. Comparing the two
techniques, it is possible to observe that the handheld XRF
sensitivity for Se was 22% higher than that of the benchtop.
By way of information, considering the benchtop equipment
was set for auto-tuneable X-ray tube current, a slight current
difference may occur among standards and samples; then, for
all benchtop quantification steps, the peak heights were nor-
malized by the current. However, for handheld and benchtop
X-ray spectra comparison purpose, the unit counts in the y-
axis was used in Fig. 1 a and b.

The results of the concentration of Se (mg kg−1) in broccoli
by both EDXRF systems and ICP-MS are summarized in

Table 2. The concentration of Se in the BS50Se samples de-
termined by benchtop and handheld EDXRF units was close
to the corresponding values quantified by ICP-MS, taking into
account the SD of measurements. It must be considered that
EDXRF SD is due to only instrumental error presenting a low
SD value, whereas ICP-MS SD encompasses the whole analyt-
ical process (including digestion and instrumental reading rep-
licates for each sample). Statistically, the Se concentration in the
sample BS50Se14 by both EDXRF systems did not differ sig-
nificantly from the ICP-MS and presented similar recovery
values. For BS50Se16, the concentration of Se determined by
the benchtop and handheld methods was significantly higher
than ICP-MS (p < 0.05). In addition, the recovery value for the
former sample was 96%, and for the latter sample, 117 and
119% for the benchtop and handheld, respectively.

The Se contents in samples BS0Se14 and BS0Se16 were
not able to be evaluated by EDXRF systems because their
concentrations were lower than the LOQ of these techniques.
The analytical superiority of the ICP-MS technique compared
with both EDXRF systems is clear in terms of LOD, reaching

Fig. 3 Calibration curves for Se
Kα intensity (counts) versus
concentration (mg kg−1) for the
benchtop (a) and handheld XRF
(B) units. The y-axis errors are
indicated in Fig. 3 a and b

Table 2 Concentration of Se
(mg kg−1) in selenium-enriched
broccoli seedling by benchtop
and handheld EDXRF and ICP-
MS.

Sample* Benchtop Handheld Recovery (%)*** ICP-MS

Benchtop Handheld

BS0Se14 < LOQ < LOQ – – 0.60 ± 0.06

BS50Se14 163.5 ± 1.0a 163.9 ± 0.6a 96 96 170 ± 20a

BS0Se16 < LOQ < LOQ – – 0.25 ± 0.02

BS50Se16 71.7 ± 0.8a 73.3 ± 0.4a 117 119 61 ± 3.1b

LOD** 0.9 0.6 – – 0.07

LOQ** 3.0 2.1 – – 0.21

*Seedlings of broccoli treated with distilled water (BS0Se14) and sodium selenate (BS50Se14) cultivated in
August–October 2014; Seedlings of broccoli treated with distilled water (BS0Se16) and sodium selenate
(BS50Se16) cultivated in August–October 2016

**Limits of detection (LOD) and quantification (LOQ) (mg kg−1 )

***EDXRF systems recoveries (%) compared to ICP-MS
a The same letter in the same row means no significant differences among the values (p < 0.05)

Each value is expressed as the mean ± one standard deviation (SD)
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ng g−1 levels. One serious EDXRF limitation for Se quantifi-
cation in biological samples is its LOD at mg kg−1, taking
account that Se is seemingly found in biological samples at
concentrations < 1 mg kg−1 (Paltridge et al. 2012).
Nevertheless, both EDXRF instruments were appropriate for
Se high-content biological samples. Thus, they can be
employed in the analysis of Se-rich samples (Brazil nuts,
Bertholletia excels) or Se-fortified food.

As a comparison, Li and Yu (2016) used a high-energy
polarized beam EDXRF unit for Se determination in biologi-
cal samples, obtaining a Se LOD of 0.1 μg g−1 for 1000 s of
acquisition time. Similarly, the LOD values of our benchtop
and handheld approaches (considering the latter’s acquisition
time, insofar as the LOD is inversely proportional to the
square root of the acquisition time) present at the same order
of magnitude as the high-energy polarized EDXRF system
mentioned above. Additionally, Paltridge et al. (2012) report-
ed the Se limit of quantification (LOQ) of 2 mg kg−1 for
whole-grain wheat using a benchtop EDXRF for an acquisi-
tion time of 60 s. Hanley et al. (2017) found the Se LOD of
4 μg g−1 for a Se-enriched dietary supplement with a benchtop
method using an acquisition time of 100 s.

Concerning the overall cost of analysis, either benchtop or
handheld EDXRF is cheaper than ICP-MS equipment, requir-
ing a less-trained operator and the running cost is much small-
er, due to the purge of carrier-purified gas, which is required
by ICP-MS. Paltridge et al. (2012) evaluated the costs of run-
ning Se determination by EDXRF and ICP-OES. The former
technique shows the consumable cost per sample is 67 to 100
times lower than outsourced ICP-OES analysis. For the sake
of information, the acquisition and operational cost of the ICP-
OES are expected to be lower than ICP-MS.

Regarding ICP-MS, including the sample preparation step
and instrumental analysis, we can predict an analysis time of
180 min; in both EDXRF systems, approximately 40 min per
sample is required to weigh, prepare, and run the analysis in
triplicate. Hanley et al. (2017) reported that the XRF, com-
bined with direct analysis in real-time high-resolution accurate
mass-mass spectrometry (DART-HRAM-MS) for Se specia-
tion, resulted in a sevenfold throughput gain.

Comparing the benchtop and handheld EDXRF, both
systems presented similar analytical performance for Se
determination in broccoli seedlings. Guerra et al. (2014) eval-
uated P, K, Ca, S, Fe, Mn, and Si in pressed-pellet sugar cane
leaf utilizing identical benchtop and handheld XRF systems.
Both systems showed comparable figures of merit regarding
these analytes; the latter work also discussed the advantages
and drawbacks of each system. Besides Guerra et al.’s (2014)
viewpoint, we highlight (a) the advantage of a handheld Si
drift detector, which does not require liquid nitrogen for its
cooling, as with the Si(Li) benchtop detector (however, most
benchtop systems are currently equipped with Si drift); (b) the
Shimadzu benchtop allows the use of a 1-mm collimator,

which ultimately permits a heterogeneity study of the sample;
(c) although the filter is manually changed in the handheld unit,
it allows for a homemade filter, which permits selecting a prop-
er filter composition and thickness for a particular analyte and
matrix; and (d) the XRF handheld has wide-open opportunities
for in situ analysis, which may even be coupled to global posi-
tioning system technology (Weindorf et al. 2012), affording
real-time results, including Se-enriched plant evaluation.

Conclusions

The obtained results show that the EDXRF systems (benchtop
and handheld) are a promising tool for the determination of Se
in biofortified samples. The choice of a proper filter is an
important step in optimizing Se determination in broccoli
seedlings with these systems. The benchtop and handheld
units present similar Se LOD at 0.6–0.9 mg kg−1 range for
this matrix. Neither system presented a problem with spectral
interference for Se evaluation and offered a fast, accurate, and
low-cost alternative for Se determination in Se-enriched broc-
coli seedlings, which can be extended to other foods with Se at
the mg kg−1 range.
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