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METAL SPECIATION

Determination of Total Selenium and Extractability of
Selenium in Commercially-Available Dietary Supplements
by Inductively Coupled Plasma - Mass Spectrometry
(ICP-MS)

Annika Hirtza and Klaus G€unthera,b

aInstitute of Nutrition and Food Sciences, Food Chemistry, IEL University of Bonn, Bonn, Germany;
bInstitute of Bio- and Geosciences (IBG-2), Research Centre J€ulich, J€ulich, Germany

ABSTRACT
Upper limits for the supplementation of micronutrients are still
undecided in many European countries. These limits are of particular
interest for selenium because of the narrow range of acceptable
intake. Standard analytical protocols to check for compliance must
be consistent for a variety of dietary supplements. Emerging prod-
ucts in the evolving market for dietary supplements and over-the-
counter (OTC)-medications must be factored in as well. The ICP-MS
determination of selenium is well established for scientific research,
but a systematic comparison of the operation modes for a realistic
set of samples is still missing. In this manuscript, five common cell-
techniques for interference removal were approved by a certified ref-
erence material (CRM) and applied to a variety of 28 different dietary
supplements after microwave digestion. The comparison reveals
these operation modes are less consistent for some supplements
than for the CRM, whereas 78Se in collision mode was identified as
being the most robust. The results for the supplements varied within
tolerable limits from the labeled dosage. Extraction with TRIS-buffer
was employed as a minimally invasive method to determine the
impact in comparison to the total selenium quantification, showing
variation among the labeled species (selenomethionine (�100%),
methyl-seleno-cysteine (94%), selenite and selenate (60–100%), sele-
nized yeast (11–28%), spirulina algae (70%)).
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Introduction

Selenium is among the most-supplemented micronutrients (Willers et al. 2015), provid-
ing several health benefits but poses severe risks when administered in higher doses
(Kieliszek and Bła_zejak 2016; Kieliszek 2019). The safety margin between the dietary ref-
erence values of 70mg d�1 (European Food Safety Authority (EFSA) 2014; Kipp et al.
2015; European Food Safety Authority Scientific Committee on Food (SCF) and the
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EFSA Panel on Dietetic Products 2018) and the upper limit of 300 mg d�1 (European
Food Safety Authority (EFSA) et al. 2006) has been recommended for the
European population.
Recently, several European nations have proposed different values for upper dosage

limits in dietary supplements, e.g., Germany 45mg d�1 (Weißenborn et al. 2018).
Deviations from the labeled dosage up to þ45% and as low as �20% are considered to
be legally tolerable due to variabilities in natural or technical production and compos-
ition changes during storage (European Commission 2012). The future implementation
of legal limits for maximum acceptable selenium intake is calling for the development
of new standard analytical protocols for selenium supplements.
Inductively coupled plasma – mass spectrometry (ICP-MS) is an internationally estab-

lished method for quantitative elemental analysis. The analysis and detection of different
isotopes of selenium are severely hindered by interferences from argon dimers. An
appropriate determination of selenium with ICP-MS is only possible after the removal
of these interferences by the use of a dynamic reaction cell (DRC) or kinetic energy dis-
crimination (KED). This requirement is achieved by introducing methane (CH4) or
helium (He) after ionization.
Whereas methane chemically reacts with the most abundant interference 40Ar40Arþ

in the DRC mode, the introduction of helium allows the removal of polyatomic species
based on kinetic energy discrimination (KED), because of their average diameters. These
techniques have been applied in numerous publications since 1998 and are therefore
considered to be the most important tools for selenium ICP-MS-analytics in the
research environment (May and Wiedmeyer 1998; Sloth and Larsen 2000; Darrouz�es
et al. 2005; Paucot 2006; D’Ilio et al. 2011; Thomas 2013; Constantinescu-Aruxandei
et al. 2018; Wilschefski and Baxter 2019).
Despite of the breadth of research on ICP-MS for selenium detection, the effects of

the different methods on the determination of selenium in a broad range of actual diet-
ary supplements have never been examined to any appreciable extend. The results of
this study emphasize that a check of those methods with one reference material for sel-
enium does not fulfill the requirements to obtain valid and robust results for a whole
set of real-life samples.
To fulfill the demands of the upcoming legal guidelines, ICP-MS must deliver explicit

results across a multitude of matrices. Instead of analyzing the effects on the ICP-MS-
operation modes or sample-preparation-optimization for one matrix, the approach of
this study is to design a robust and versatile method for the analysis of real samples.
This will support governmental and industrial analytical chemists reaching out for a
manageable application of ICP-MS in order to prove the compliance with these
legal limits.

High-value selenium compounds from biomass

The effect of dietary supplements on human health is influenced by many factors
including the nutrient concentration, the chemical species in which the nutrient is being
delivered and the bioavailability of the nutrient within the dosage form.
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Typical selenium-providing ingredients in dietary supplements are salts of selenite
(SeO3

2�) or selenate (SeO4
2�), amino acids such as selenomethionine (SeMet), and bio-

fortified biological material such as selenized yeast or algae. While selenium salts are
rather inexpensive inorganic compounds, organic selenium compounds (most com-
monly seleno-amino-acids or selenized yeast) are considered to be more valuable. When
yeast or algae are grown in a selenium-enriched medium, selenium can be converted
from inorganic selenium salts to organic selenium compounds (Schrauzer 2006;
Schiavon et al. 2017; Wells et al. 2017), which have a greater bioaccessibility and a
higher economic value.
SeMet and selenocysteine (SeCys) are the two most common natural seleno-amino-

acids (Połatajko, Jakubowski, and Szpunar 2006; Constantinescu-Aruxandei et al. 2018).
Whereas SeMet can be metabolized nonspecifically like methionine and is bound in dif-
ferent places in proteins, SeCys appears like a dimer with a diselenide-bond or with a
Se-S-bond, which influences the functionality of enzymes. SeCys shows high reactivity
and as a result is primarily present in derivatives such as the dimerized form selenocys-
tine (SeCys2) or the methylated form methyl-seleno-cysteine (MeSeCys), which is one of
the selenium-ingredients declared on the label of dietary supplements. MeSeCys is not
registered in the positive lists of mineral substances which may be used in the produc-
tion of food supplements in the EC-Directive on food supplements (European
Commission 2002). According to a footnote in this directive, organic compounds not
mentioned explicitly may be present in dietary supplements in the case that these are
derived from selenized yeast.

Extraction techniques for selenium speciation

Despite its importance to economic value and health issues, up to now there is no offi-
cially approved method for the determination of selenium species. The first step toward
speciation analysis is sample preparation. Hence, the extraction of the hydrophilic selen-
ium compounds especially from selenized yeast has been examined extensively. Thus
far, mild to partially harsh conditions for the extraction of selenium species from sup-
plements or yeast samples have been carried out, with most focusing upon the decom-
position of polymeric compounds in selenized yeast.
On the other hand, for total selenium analysis, digestion is often assisted by HNO3

(Ducros et al. 1994; Dernovics and Lobinski 2008; Kokarnig et al. 2015) or mixtures of
HNO3 with H2O2 (Reyes et al. 2006; Casal et al. 2010) or H2O2 (Kokarnig et al. 2015).
The other objective of the present work is to describe an extraction method suitable for
the preservation of monomeric selenium species from a broad spectrum of dietary sup-
plements. Hence, the analysis must be nondestructive to be capable of preserving differ-
ent selenium species (B’Hymer and Caruso 2000; Bendahl and Gammelgaard 2004;
Yang et al. 2004; B’Hymer and Caruso 2006; Połatajko, Jakubowski, and Szpunar 2006;
Tastet et al. 2008).
In order to accomplish this goal, an ultrasonication-assisted extraction was executed

at room temperature. TRIS-buffer as a solvent without a digestion step may not extract
a high percentage of protein-bound selenium but provides a mild extraction procedure,
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preserving the labile compounds. (Kannamkumarath, Wrobel and Wuilloud 2005;
Lipiec et al. 2010)

Materials and methods

Standards and reagents

Ultrapure water (resistivity of 18.2 MX�cm�1) was used at all times in this work and
was produced with a Millipore Direct-q 3 UV-system from Merck Millipore
(Darmstadt, Germany). Aristar nitric acid (HNO3) 69% for trace analysis
(SigmaAldrich, Germany) and hydrogen peroxide (H2O2) were used for microwave
digestion. Calibrations for total selenium analysis in 2% w/w HNO3 and in TRIS buffer
were executed by Fluka Trace Cert selenium-standard for AAS 1000mg L�1 ± 4mg L�1

in 2% HNO3 and Ge PerkinElmer Pure Plus atomic spectroscopy standard 10mg L�1.
Microwave digestion of the standard reference material SELM-1 (NRC – National

Research Council Canada) was used throughout the analyses to verify the accuracy of total
selenium content.
The extraction was performed with TRIS buffer (tris(hydroxymethyl-)aminomethane)

gr for analysis (Merck, Germany) dissolved in water with approximately 200mg L�1 of
sodium azide (purity > 99.0%, SigmaAldrich, Germany) added.
The dilution and extraction of the dietary supplements were performed in single use

falcon tubes.

Dietary supplement samples

28 dietary supplement samples examined in this work represent the German market and
were purchased in the customary way via different distribution channels (online, pharma-
cies (Bonn, Germany), supermarkets (Bonn, Germany) and drug stores (Bonn, Germany).
These are therefore subject to German/European regulations including the planned upper
limits, the limitation of selenium sources allowed for dietary supplements and more gen-
eral food regulations such as for novel food. The samples are different dosage forms and
contain 10 to 200 mg selenium/portion from the various selenium sources.

Microwave digestion and sample preparation for total selenium analysis

Sample preparation for total selenium measurements was achieved by microwave-diges-
tion similar to DIN EN 13805:2014-1212 2014.
Tablets and solid materials were ground by mortar and pestle; soft capsules were cut

with a single use sterile scalpel (Braun, Aesculap AG, Germany). Capsules with free-
flowing content that could be taken out were opened and the content was homogenized.

Table 1. Microwave digestion parameters.
Time [min] Temperature 1 [�C] Temperature 2 [�C] P [bar]

3 85 50 15
9 145 80 45
4 200 100 45
14 200 120 45
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0.5 g of the homogenized material was weighed in PTFE vessels. Soft capsules were pre-
pared all at once as a whole capsule.
6mL HNO3 and 2mL H2O2 30% were added for closed-vessel microwave extraction.

The microwave parameters are provided in Table 1.

Extraction

An aliquot of 0.3 g of the homogenized supplement was shaken with 10mL of TRIS
buffer solution. The suspension was sonicated for one hour at room temperature. After
filling to 15mL with the same solution, the suspension was centrifuged at 5000 rpm at a
temperature of 20 �C for 15minutes. 8mL of the solution were decanted from the pellet
and the remaining solution was homogenized by vortexing before dilution with add-
itional TRIS buffer. During the dilution step, 10 mg L�1 of Ge was added.

Instrumentation

Quantification was done with an ICP-MS Instrument (Nexion 350D, PerkinElmer,
USA), equipped with an autosampler (SC-2-DXS-Fast, Elemental Scientific, USA). The
system contained a Meinhard concentric nebulizer and a baffled cyclonic quartz spray
chamber, nickel sampler and skimmer cones and an aluminum hyperskimmer cone.
The autosampler probe and tube were rinsed with 1% HNO3 after each analysis.
The parameters optimized daily for maximal sensitivity and minimal oxidation

(CeOþ) were torch position and nebulizer gas flow and the voltages for the quadrupole
ion deflector. The performance characteristics were tested with a standard solution
(Nexion solution, PerkinElmer (USA)) daily after optimization. The validation parame-
ters are provided in the supplementary material.

Calibration

The analyte signal was corrected by 10 mg L�1 Ge as an internal standard in each sam-
ple and a blank was subtracted after the internal standard correction. Calibration was
performed by diluting the above mentioned standards to 5, 10, 25, 50 and 100 mg L�1,
respectively, in 2% HNO3 for the analysis of microwave digests. These were diluted to a
content of 2% HNO3 and approximately 50 mg L�1 Se calculated from the labeled

Table 2. ICP-conditions.
Mode Mass He gas flow [mL min-1] CH4 gas flow [mL min-1] rpa rpq
Std Ge 73.9219

Se 81.9167
0.25

KED Ge 73.9219
Se 77.9219
Se 81.9167

4 0.25

DRC Ge 73.9291
Se 77.9219
Se 79.9165

0.6 0.0 0.45

Carrier gas: Ar: 15mL min�1. Make-up gas: Ar 1.2mL min�1.
Definitions: DRC¼ dynamic reaction cell, KED¼ kinetic energy discrimination mode, Std¼ standard mode without phys-
ical interference removal; rpa/rpq¼Mathieu rejection parameters.
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selenium amount of the supplements. Quality control was performed by analyzing
SELM-1 throughout the supplement analyses.
For the determination of selenium in the extracts, the same calibration procedure was

carried out in TRIS buffer solution. SELM-1 does not serve as a reference for extraction
because the extraction process does not include any enzymolysis. It must be assumed
that high amounts of selenium in selenized yeast are insoluble in water.

Cell gas parameters

The aim of the optimization was to accomplish the most reliable interference-removal-
method. In standard mode (Std) the collision/reaction cell (CRC) was evacuated and the
analysis was performed without any gas for interference removal. Dynamic reaction cell
mode (DRC) used methane (CH4). In the kinetic energy discrimination mode (KED),
the cell was filled with unreactive helium (He). Table 2 shows the employed conditions.

Results

Trueness evaluation of the total selenium determination after microwave
digestion and ICP-MS

The certified selenium content of the reference material is 2.059 ± 0.064 mg kg�1 (Mester
et al. 2006). Figure 1 shows the selenium content determined in SELM-1 after micro-
wave-assisted digestion.
The concentrations determined with the different sets of conditions are all in accord-

ance with the certified uncertainties for the reference. Table 3 lists the bias and precision
measurements calculated from the concentrations determined for the reference material:

Figure 1. Selenium content determined in SELM-1 for different ICP-conditions. The 80Se and 82Se iso-
topes are measured in DRC (dynamic reaction cell mode), KED (kinetic energy discrimination mode,
Std (standard mode). The error bars¼ standard deviation; certified concentration for SELM-1; red lines:
confidence limits for SELM-1.
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The smallest bias was analyzed with 82Se Std, but the values found with all of the
tested methods are smaller than the standard deviation. Furthermore, bias values up to
± 15% are recognized to be acceptable (European Commission 2002; Peters et al. 2009).
Therefore the trueness is tolerable for every set analyzed in this work. The precision
data at the different settings are comparable within the acceptable limits.
The differences are smaller than the precision of the certified selenium concentration.

Furthermore, SELM-1 served as a reference for one matrix only. Therefore, the method
of choice is based upon the comparison of the deviations in the various dietary
supplements.

Comparison of the ICP-conditions upon dietary supplements

All five sets of conditions were applied for the determination of total selenium content
in 28 dietary supplements. These were mineralized as described in the Materials and
Methods section and analyzed after calibration.
Figure 2 shows the results from the total content analysis of the dietary supplements

compared to the labeled contents.
Outliers were eliminated with the Dixon test (Dixon 1951). These are not consequen-

ces of one or more explicable fact. Instead of elucidating the origin in every single case,
the interferences were identified referring to the other settings:
The overall results of the different conditions did not vary significantly according to

Kruskall-Wallis-H. When measuring standards in nitric acid, the highest number of unex-
plained errors was found for 80Se in the DRC mode. These data were eliminated because
they were identified to be outliers or were measured after incorrect results for the reference
material. The differences between the results of the settings clearly show that these settings
are not equivalent, although all were demonstrated to be correct by applying the procedure
to the certified reference material. It becomes clear that the reliability of the data must be
verified for the various ICP-MS-settings within the same run.
When analyzing the dietary supplement digests the highest number of acceptable

results, which do not have to be eliminated due to similar reasons, were found for 78Se
in the KED mode. The concentrations determined in the DRC mode are often not in
accordance with the concentrations obtained in the other modes. These values obtained
in the KED or Std-mode are generally in accordance with the selenium content which
was declared for the dietary supplements.
Standard deviations shown as error bars in Figure 2 include the whole procedure,

beginning with homogenization through the result. In most cases, the standard devia-
tions were not higher than 15% of the mean.

Table 3. Selenium-content determined in SELM-1 for different ICP conditions: isotopes 80Se, 78Se,
82Se are measured in DRC (dynamic reaction cell mode), KED (kinetic energy discrimination mode),
Std (standard mode), s¼ standard deviation; s[%] ¼ relative standard deviation.

80Se DRC 78Se DRC 78Se KED 82Se KED 82Se Std

c [mg g�1] 2080 2082 2009 1998 2023
s 95 84.0 76.9 97.0 98.1
s [%] 5 4.0 3.8 4.9 4.8
Bias [%] 1 1.1 �2.4 �3.0 �1.7
Precision [%] 3.4 3.3 3.1 3.1 3.5
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The two samples with the highest deviations were obtained in the DRC mode and
were medium concentrated supplements. Accordingly, they are represented in the 153
to 394mg g�1 chart in Figure 2. However, no clear deduction can be made from these
measurements, because the concentrations were medium level and both the 80Se and
78Se isotopes were affected.
In addition to the selenium concentration in the supplements, the list of inorganic

ingredients was analyzed. Table 4 lists the ingredients declared to be in these supple-
ments. The order is the same as in Figure 2, based on increasing concentration.
The similarity between the supplements with severe effects on 80Se DRC is the ingre-

dient zinc. Nevertheless, a whole list of inorganic ingredients may be found in Table S6

Figure 2. Selenium content in microwave digests of dietary supplements determined with different
ICP conditions (DRC, KED and Std) and different istotopes (78Se 80Se and 82Se) (circles, squares and tri-
angles); declaration¼ declared selenium content [lg Se g�1] (bars); small bars: standard deviation of
the whole procedure; numbers listed in supplementary material.
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in supplementary material. Table S6 shows zinc as an inorganic ingredient in many of
the dietary supplements that contain 5 to 152 mg g�1 selenium, but the measured con-
centrations differ from the declared concentration to an acceptable extent.

Quantification of the extracted selenium

The TRIS-extraction was incomplete for most samples, resulting in the observation of a
solid residue found in most of the extraction tubes. The extraction efficiency is shown
in Figure 3, where the relationships between the extracted content and the total content
are shown for each supplement sample.

Table 4. List of ingredients of the supplements containing 153 to 394mg g�1 declared selenium-
concentration [mg g�1Se], the declared source of selenium, additional inorganic ingredients, which
could be expected in the microwave digests.

Declaration [mg Se g�1] Declaration of selenium source
Inorganic ingredients listed on

the label

153� sodium selenite iron fumarate, potassium iodide,
chromium(III) chloride,
sodium molybdate

219� selenized yeast zinc, magnesium, titanium dioxide
231 selenized yeast –
267 sodium selenite tricalcium phosphate, magnesium,

titanium dioxide
268� sodium selenate titanium dioxide, magnesium
275 selenized yeast silicium dioxide, magnesium,

dicalcium phosphate
333 sodium selenite talcum, titanium dioxide, potassium

iodide, magnesium
389 sodium selenate magnesium
394 selenomethionine calcium phosphate

Supplements with severe effects on 80Se DRC are highlighted with an asterisk�, “-” no additional labeled inorganic
ingredients.

Figure 3. Extraction efficiency where recovery [%] ¼ selenium in extract (78Se KED)/total selenium;
tall bars¼ recovery of one supplement grouped by declared selenium sources;
MeSeCys¼methylselenocysteine; SeMet¼ selenomethionine; small bars¼ standard deviation for
the procedure.
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The overall pattern of the extraction efficiency is inhomogeneous. Figure 3 shows the
results organized in groups of declared selenium sources, because these are to be
expected to be the primary selenium delivering compounds. The extracted content dif-
fers between the declared selenium sources and within the groups of samples containing
the same source of selenium.
The highest and most repeatable selenium extraction yield was found for the supple-

ments containing SeMet and MeSeCys. The extraction yields for these samples were
nearly 100%. For selenized yeast, the overall extraction efficiency is the lowest (11 to
28%) with one exception, when 91% selenium was determined in the extract. The
extraction efficiency of inorganic selenium salts is higher than for the selenium yeast
overall but varies from sample to sample.

Discussion

Comparison of ICP-MS conditions

In order to discuss the differences between the operational modes of ICP-MS, the true-
ness, precision and applicability of real life samples were examined. The Se-concentra-
tion in the dietary supplement samples is unknown, so the trueness of the application of
different operation modes of ICP-MS was evaluated on the basis of the results obtained
for the analysis of a microwave digest of certified reference material SELM-1. The quan-
tities of selenium content and the standard deviations are within the acceptance criteria
derived from the certification limits of the reference material and from the maximum
acceptable bias (European Commission 2002; Peters et al. 2009). Nevertheless, the dif-
ferent operation modes can be accepted but do not deliver the same values.
These results are especially visible in Figure 2: in some cases, the measurement of

one ICP-MS mode results in an underestimated selenium dosage, whereas the results of
the other settings reveal the unmatching setting interfered. Returning to the CRM, the
differences between the ICP-MS-operation modes are lower than the variance of the Se-
content in SELM-1. The trueness of the settings must therefore be considered to be
equivalent and therefore do not serve as an evaluation criterion for the optimal method.
Nevertheless, the question arises, which characteristics are the most important? The

methods were examined as a comparison of the settings in application on a broad spec-
trum of dietary supplements with selenium. The applicability of the ICP-MS methods
may be enormously influenced by the samples because of the high inorganic content.
Additionally, the values measured for dietary supplements and standards had to be
checked for outliers, even when no discrepancies are obvious.
Figure 2 shows the differences between the DRC mode and the other ICP-MS conditions.

It may be derived that the inorganic sample matrix affects DRC mode the most. This is in
accordance with the literature: DRC-mode-optimization is quite specific. That is, on the one
hand, the background is low due to the efficient elimination of the highly-abundant Ar-Ar-
interference, but on the other hand, the DRC-mode is prone to side reactions in the reaction
cell. These are designed to be reduced by dynamic bandpass scanning in DRC (Thomas
2013), but the measurements obtained for the other methods are more robust.
When an optimization of DRC for a more robust method is desired, the matrix com-

pounds must be evaluated. Instead of performing a total component analysis, these
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must be examined based on the selenium concentration and labeled ingredients. Three
samples with obvious deviations from the concentrations delivered by DRC contained
medium selenium concentrations. It was therefore assumed that the method is sensitive
for selenium detection, but is at the same time, is robust to varying concentrations of
selenium in the samples by the selenium concentration.
The determination of the other inorganic ingredients on the label revealed that zinc

is the only similarity amongst the supplements with the most interference. The other
samples containing 153 to 394mg g�1 selenium were unaffected. There were other sam-
ples containing zinc and selenium content in the range from 5 to 152 mg g�1 that did
not exhibit significant differences between the cell gas modes. As a result, none of the
ingredients may be identified as the key influence affecting the results obtained in
DRC mode.
None of the available measurements can be identified as repeatable that may be elimi-

nated via method development. Consequently, this study focuses upon the overall
applicability for dietary supplements with different ingredient lists. This approach is
more feasible with regard to rapidly changing supplement compositions and the pleth-
ora of possible ingredient combinations in dietary supplements.
The basis of decision may be derived from the above mentioned inconsistencies. The

conclusions should be rated based on criteria including the highest precision values and
the lowest number of outliers. Among the compared conditions, 78Se in the KED-mode
was the method fulfilling these criteria to the highest degree. Nevertheless, the discussed
interferences are still not fully understood. Therefore the results from 78Se in KED-
mode are proposed to be checked with other operation modes of ICP-MS as reference
methods in one run.

Extraction efficiency

Aqueous extractions do not require much equipment and are therefore applicable in
most laboratories in order to present an initial step toward speciation. TRIS buffer is
designed to provide a soft extraction without any changes in the molecular structure.
The selenium species that are bound to water-insoluble molecules may therefore not
be extracted.
The aqueous extraction efficiency of selenium from dietary supplements is inhomo-

geneous. Several trends may be observed from the results obtained here. Among the dif-
ferent categories of supplements, the lowest extraction efficiency was observed for
selenized yeast, whereas there were variations between the supplements with sele-
nized yeast.
The high extraction efficiency of one supplement compared to the other selenized

yeast preparations may be connected to a high content of a water-soluble selenium spe-
cies, which were added to the yeast instead of cultivation in a Se-enriched medium. In
case of the other yeast samples, the loss of extraction efficiency was accepted in favor of
a low-invasive extraction of selenium species, especially selenium-containing proteins
and proteins with seleno amino acids (selenoproteins). The fact that the extraction effi-
ciency of monomeric selenium species from dietary supplements is significantly higher
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is an indication that the samples with lower extraction efficiency contain poorly water-
soluble selenium species such as oligomeric or polymeric compounds.
Aqueous drug solubility has an enormous impact upon the bioaccessibility and is

therefore one of the most important challenges in pharmaceutical formulation develop-
ment (Savjani, Gajjar, and Savjani 2012). The active ingredient (selenium) in the ana-
lyzed supplements can only be utilized when it is available for digestion. Selenized yeast
is considered to be an excellent option for selenium supplementation because of the
high amount of organic selenium species found therein. However, in comparison to
lower-price inorganic selenium, its digestibility is reduced by the low water solubility.
The absorption of selenium from selenized yeast may take place only after enzymolysis.
Additionally, the formulation itself has to be taken into consideration. The differences

in the water solubility of total selenium from the analyzed dietary supplements within
one group of selenium species show the impact of the composition of the supplements.
In particular, the extraction efficiency of the soft capsule samples is limited. In such
compositions, the selenium sources are administered in a viscose lipophilic mixture,
which cannot be extracted hydrophilically without any digestion step. Some of the sup-
plement samples analyzed here are purported to provide a “depot-effect”. A prolonged
release of selenium from the supplements is advertised to accomplish a continuous dos-
age over the whole digestion process. It is possible that the extraction efficiency changes
when the extraction time varies.
The water-solubility may at first approximation be attributed to the bioaccessibility of

selenium within the supplement composition. The near-100% extraction efficiency of
SeMet may be due to the fact that it is highly bioaccessible, whereas selenite and selen-
ate are less soluble. The bioaccessibility of selenized yeast is even lower. However, it
must be kept in mind that pre-intestinal digestion would likely enhance the
extractability.

Evaluation of selenium concentrations in the supplements

The results of the different methods confirm the selenium contents declared on the sup-
plement labels. It must be pointed out that none of the supplements reaches the UL of
300mg d�1 that was suggested by the EC Scientific Committee of Food (European Food
Safety Authority (EFSA) et al. 2006). The daily dosages calculated from the contents are
shown in the supplementary material. The differences between declared and determined
total selenium content (78Se, KED mode) are acceptable according to the EU-Guidance
document on tolerances for every sample (European Commission 2012). Still, most of
the declared selenium contents do not conform to the proposed German dosage limit of
45mg d�1 (Weißenborn et al. 2018).

Conclusion

A feasible approach for selenium determination in dietary supplements was established.
The total selenium content determination in dietary supplements was achieved. Five dif-
ferent combinations of measured isotope and cell modes of the second quadrupole
(CRC) were compared: standard mode without a gas cell (82Se), KED mode using
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helium for kinetic discrimination of the argon-dimer (78Se, 82Se) and DRC mode with
methane (80Se, 78Se).
The results for the SELM-1 yeast reference material in each of the sets of conditions

were in agreement with the certified value. In contrast, when analyzing mineralized
dietary supplements, the results of the five sets of conditions did not agree with each
other. It is obvious that method development cannot be verified only with the certified
reference material, but must be controlled by different ICP-MS-operational-modes in
case of every single digest. The determination of 78Se in the KED mode was the most
robust. The selenium contents of the dietary supplements analyzed here vary within the
tolerable deviation limits from the labeled dose and conform to the actual legal
regulations.
Additionally, an initial step for selenium-speciation sample preparation was per-

formed by extracting selenium with TRIS-buffer. It was based on ultrasonication with-
out further treatment with enzymes or other additives. This sample preparation step is
low-invasive and leads to an extraction efficiency of 60% or higher in case of mono-
meric selenium species. However, the extraction efficiency was from 10 to 30% in most
cases of selenized yeast with the exception of one supplement.
The extraction results reflect the bioaccessibility of the different selenium species. It

must be assumed that selenized amino acids are highly accessible from dietary supple-
ment preparations, whereas, for selenized yeast, a digestion step is required. The solubil-
ity of inorganic species as selenite and selenate differs the most between the different
supplement samples.
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