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ABSTRACT: The handheld X-ray fluorescence spectrometer (XRF) has the advantages of being easy to carry, simple in
operation, non-destructive, and offers fast and relatively accurate detection, while synchrotron radiation X-ray absorption

spectroscopy (XAS) has been used for the selenium (Se) speciation of Se-enriched yeast and Se hyperaccumulators. In this study,

we propose the application of a handheld XRF in combination with XAS for

w0
»{ Quantification

the fast quantification and speciation of Se in commercially available dietary _®
supplements. The results of total Se determined by handheld XRF were in Handheld - 2;:
good agreement with ICP-MS data, which was also consistent with the labeled A XRF L 5
value of Se dietary supplements. The XAS analysis of the tested samples 5 e
showed that Se was mainly present in the form of organic Se. The proposed  selenium dietary Speciation e
method is practical and simple for high throughput label verification and ~ SuPPlements o =
quality control of Se dietary supplements. It can, therefore, be a useful method % X AS = |~ g*
not only for researchers but also for regulators and producers in the analysis of -
Se dietary supplements.

INTRODUCTION The daily intake of less than 0.1 mg Se/kg body weight will lead

Selenium (Se) is an essential trace mineral and a component of the
selenoproteins,  glutathione peroxidases and thioredoxin
reductases, some of which play an important role in protecting the
organisms from peroxidation damage.’? Se also plays a vital role
in the maintenance of human health, such as for the immune
system, antiviral infection, reproduction and thyroid function,
etc.3 Besides, Se protects against the toxicity of heavy metals. For
example, it was found that Se-enriched yeast promotes mercury
(Hg) excretion and reduces the malondialdehyde level in urine
which results from long-term Hg-exposure.b For plants, the
application of Se to soil can inhibit the uptake of heavy metals into
the tissues from rice, especially in grains.”® Further, the addition
of Se was reported to increase the rice yield and the concentration
of other nutritional elements in rice grains grown in Hg-
contaminated areas.>*° However, Se can be toxic at high dosage.™*
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to Se deficiency, while at above 1 mg Se/kg body weight it is
considered toxic.*? Therefore, Se can lead to poisoning of the
human body, and result in hair and nail loss, numbness, even
paralysis, etc.1314

For individuals diagnosed with Se deficiency, Se dietary
supplements are commercially available which are enriched with
different forms of Se, either inorganic or organic, or both. Organic
Se is generally less toxic and more bioavailable and is, therefore,
considered preferable as a dietary supplement.'> However, it has
been found that some Se dietary supplements do not contain either
the Se dosage or Se species as listed on the label.®* Thus,
quantification and speciation of Se in dietary supplements must be
checked by regulators for label verification and by producers for
quality assurance and quality control. The quantification of Se can
be achieved using the elemental analysis techniques of inductively

At. Spectrosc. 2020, 41(3), 127-130



coupled plasma mass spectrometry (ICP-MS) or atomic
fluorescence spectrometry (AFS) after sample pretreatment by
acid digestion, which is time-consuming and may cause sample
contamination. X-ray fluorescence analysis (XRF) is non-
destructive and fast (seconds to minutes) and provides direct
analysis with minimal sample pretreatment.’6” The Se levels in
dietary supplements fall in the analytical linear range of XRF and
are comparable to analytical results by ICP-MS.™ Thus, bench-top
XRF has been used for fast label verification. Compared to bench-
top XRF, handheld XRF is more convenient for quantification,
although with higher detection limits.1”

The speciation of Se is generally achieved by high performance
liquid chromatography with ICP-MS (HPLC-ICP-MS) and liquid
chromatography  coupled to hydride generation-atomic
fluorescence spectrometry (LC-HG-AFS), which is considered
the "gold standard" method.!>*® However, this method is
destructive and time-consuming and requires pretreatments, like
proteolytic hydrolysis. On the other hand, direct analysis with real
time high resolution accurate mass-mass spectrometry (DART-
HRAM-MS) has been used to identify non-protein bound
selenoamino acids in liquid Se supplements without
chromatography.** However, this method is unsuitable for the
analysis of inorganic Se or protein-bound Se in Se supplements,
such as in Se-enriched yeasts. Synchrotron radiation-based X-ray
absorption spectroscopy (XAS) has been used for the study of the
chemical forms of an element and requires minimal sample
preparation. For example, direct speciation analysis of Se in Se-
enriched yeasts was achieved using XAS, the results of which
were comparable to HPLC-ICP-MS analysis.’® XAS was also
applied for the direct analysis of Se species in Se-
hyperaccummulator plants.? In this study, XAS is used for the Se
speciation in dietary supplements.

The aim of the present study is to offer a fast in situ
quantification and speciation method for the analysis of Se dietary
supplements by the combined application of handheld XRF and
XAS techniques. The proposed method will provide a practical
way for high throughput quality control and label verification of
Se dietary supplements.

MATERIALS AND METHODS

Samples preparation. Seven Se dietary supplements were
purchased from local or online retailers, which comprises a cross
section of the wide range of commercially available samples on
the market. The samples were ground into fine powders, then
stored at -20 <C until analysis. The seven Se supplements were
labeled as follows: 1#: Tangpusheng vitamin C, Zn and Se tablet
(Wellgen, Luoyang, China), 2% Shinsb Se and malt schisandra
tablets (Shinsh, Zhanggiu, China), 3* Xinxibao Zn and Se
chewable tablets (Lvjianyuan, Xinxiang, China), 4%: Xinxibao Zn
and Se chewable tablets (for children) (Lvjianyuan, Xinxiang,
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China), 5% Shinsb Xiweikang Se chewable tablets (Shinsb,
Zhanggiu, China), 6*: Shinsb Zn and Se tablets (Shinsh, Zhanggiu,
China), 7*: Yangshengtang Zn and Se tablets (Yangshengtang,
Haikou, China). All samples were replicated three times.

Quantification of Se by handheld XRF. Total Se was
determined using the handheld energy dispersive X-ray
fluorescence spectrometer (Explorer 9000, Tianrui, P.R. China)
equipped with the component analysis software V1.0 for
instrument control and data acquisition. The instrument has a 50
KV/200 pA silver target and a window integrated miniature X-ray
tube and high-voltage power supply. The XRF instrumental
parameters for data acquisition are listed in Table 1. For Se
quantification in dietary supplements, reference material (SELM-
1 yeast, Canada) was used for instrumental calibration. Each
sample was measured three times.

Determination of total Se by ICP-MS. A triplicate of sample
powder was weighed (approximately 50 mg) into 15-mL digestion
tubes and mixed with 5 mL HNOs (BV-III) and 0.5 mL H20:
(MQOS). The mixtures were kept at room temperature overnight for
pre-digestion. The samples were digested at 120 <C for 6 hours,
then the mixtures evaporated to approximately 1 mL at 90 <C. The
residual solution was diluted to 4 mL with 2% HNOs for total Se
analysis. Total Se was determined using the Thermo X7 ICP-MS
(Thermo Electron Corp., USA) in the collision cell mode. The
calibration standard solution of Se was obtained by diluting the Se
standard stock solution (1000 mg/L, Quality Control Standard 21,
Spex. CLMS-1, USA) with 2% (v/iv) HNOs. The reference
material (SELM-1 Yeast, Canada) was digested, evaporated and
diluted with samples for quality assurance/control purposes. The
certified Se content was 2059.2 +64.3 pg/g. The recovery of Se in
the reference material was 85.1%.

Speciation of Se with XAS. The speciation of Se in the dietary
supplements was performed by following our previous method
using XAS." Briefly, the Se K-edge X-ray absorption spectra of
the sample powders were collected at beamline 14 W (3.5 GeV,
250 mA), Shanghai Synchrotron Radiation Facility (SSRF, P.R.
China). The beamline 14 W was equipped with a Si (111) double-
crystal monochromator that was detuned to minimize the
harmonic content of the beam. The sample powders were pressed
into 1-mm thick slices and spread onto scotch tapes. The
absorption spectrum was set as pre-edge 30 eV and after-edge 100
eV. The XAS of the samples was recorded at room temperature in
compounds of selenite (Se03?), selenate (Se04?"),

Table 1 The Instrumental Conditions of Handheld XRF

Parameter Value
Votage (kV) 5-50
Detector time (s) 60
Carrier gas Air
Pipe pressure (kV) 5-50
Pipe flow (pA) 5-200
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Table 2. Total Se Determined by Handheld XRF and ICP-MS (ug g*, n=3)

Samples Name of supplements Handheld XRF ICP-MS Labeled total Se
1# Tangpusheng vitamin C, Zn and Se tablets 17.32 +0.48 17.56+41.92 17.44

24 Shinsb Se and malt schisandra tablet 10.30 +0.10 13.0720.77 13

3# Xinxibao Zn and Se chewable tablets 6.51 20.07 5.5140.50 6.7

44 Xinxibao Zn and Se chewable tablet (for children) 5.45 #0.06 4.4440.25 5.6

S# Shinsb Xiweikang Sechewable tablets 11.14 +0.10 12.82+1.00 11

6# Shinsb Zn and Se tablets 1.87 #0.03 1.2740.02 1-2

# Yangshengtang Zn and Se tablets 76.30 £0.50 84.9344.53 76.92

methylselenocysteine (MSeCys, C-Se-C), and selenocysteine
(SeCys, C-Se), and were recorded at room temperature in
transmission mode. After background subtraction and
normalization, the data for the samples were fit to all model
compounds using the Athena and IFEFFIT program. Due to beam

time limitation, only samples 2% and 5% were used for Se speciation.

RESULTS AND DISCUSSION

Total Se in dietary supplements. The total Se of the seven Se
dietary supplements was determined in triplicate with both
handheld XRF and ICP-MS. The results are listed in Table 2. It
can be seen that the handheld XRF and ICP-MS data show good
agreement and are also consistent with the labeled values.
Furthermore, there is a positive correlation between the handheld
XRF and ICP-MS data (r> = 0.998). These results show that
handheld XRF is a non-destructive and reliable tool to analyze the
Se contents in dietary supplements. Handheld XRF has been
widely used for determining the elemental composition in
different samples, including soils, sediments and rocks.!® The
traditional technique for label verification in Se dietary
supplements on the markets is ICP-MS and HPLC-ICP-MS.
Samples digestion was needed in the ICP-MS and it takes at a
minimum 2~3 h per sample. Sample pretreatment is unnecessary
and each sample was analyzed in triplicate in under 1 min in
determining total Se using handheld XRF. Moreover, the handheld
XRF is easy to carry and has no requirements for the experimental
site, so total Se can measure any time and any place. In this study,
handheld XRF was found to be suitable for the fast in situ
quantification of Se in dietary supplements with minimum sample
pretreatment, and can be used for high throughput screening at a
much shorter analysis time from approximately 5 hours (ICP-MS)
to less than 1 minute (handheld XRF).

Speciation of Se in Se supplements. Se speciation in different Se
supplements (2% and 5%) was performed by XAS. The results of
linear combination of the Se K-edge XAS spectra are shown in
Fig. 1 and Table 3. In samples 2% and 5%, Se was mainly in the form
of organic Se, using selenocysteine (SeCys, C-Se) and

methylselenocysteine (MSeCys, C-Se-C) as reference compounds.

As mentioned earlier, for the speciation of Se, HPLC-ICP-MS is
considered the gold standard method. However, our previous
study confirmed that the quantification of Se species in Se-
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Table 3. The Numerical Results of Least Squares Fit for the Spectra of
Se in Dietary Supplements to that of the Standard Se-containing

Compounds  (SeO;”  (Selenite), SeO. (Selenate), C-Se-C
(Methylselenocysteine), C-Se” (Selenocysteine, SeCys))

Sample SeO4” SeO4* C-Se~ C-Se-C R-

PIES  (op) (%) (9%6) @)  factor
2# ND* ND* 75 %5 2545 0.001
S# ND* ND* 76 4 23 +4 0.002
*ND: Not detected.
b

Normalized Absorbance

T T T T
12660 12670 12680

Energy (eV)

T Y T * T
12660 12670 1268012650

Energy (eV)

12650

Fig. 1 Linear combination analysis of Se K-edge XAS spectra of selenium
dietary supplements to the model Se compounds. In reference to those Se
species found in the samples, the standards spectra are shown as follows:
C—Se(selenocystine) and C—Se—C (methylselenocystine). a, b represents
2# and 5#, respectively.

enriched yeast by XAS also agrees well with the results obtained
by HPLC-ICP-MS.*® Therefore, XAS can be considered a reliable
method for the quantification of Se species in Se dietary
supplements. The Se species in dietary supplements includes
inorganic Se, such as selenite, selenate, selenide and elemental Se
and organic Se in which Se is covalently bound with C and other
atoms, such as SeCys (C-Se), and MeSeCys (C-Se-C), etc.
Organic Se is less toxic and more bioavailable.?! Therefore, from
a human nutrition perspective, supplements containing organic Se
are preferable.?! Although the Se species were not listed on the
manufacturer's label, our study found that Se in the 2# and 5%
samples were mainly organic Se. In addition, our study was able
to obtain quantitative information about the different organic Se
forms for both the 2% and 5¥ samples, where about 75% of the total
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Se was in the form of C-Se using SeCys as the model compound,
while about 25% of Se was in the form of C-Se-C using MeSeCys
as the model compound.

For Se speciation, 1 h for sample pretreatment and a minimum
of 30 min of analysis time per sample were needed using HPLC-
ICP-MS or LC-HC-AFS. Moreover, Se species might be
transformed during sample pretreatment. When XAS was applied
to speciation analysis, analysis time was reduced from nearly 2 h
to 40 min. This technique has no requirement for packaging of Se
supplements. The synchrotron radiation-based techniques have
become more widely used.?? However, the lack of beamtime
hinders the wider application of synchrotron radiation-based
techniques, such as XAS as used in the present study for routine
screening of Se supplements. Fortunately, laboratory scale XAS is
emerging.® Therefore, Se speciation in dietary supplements may
in the near future also be achieved with laboratory scale bench-top
XAS.

CONCLUSIONS

A fast quantification and speciation of Se in commercially
available dietary supplements was achieved by using the
combination of a handheld XRF with XAS technique. Total Se
analysis by handheld XRF showed good agreement with ICP-MS
results, which is also consistent with the labeled value. In addition,
the XAS analysis of the selected samples proved that Se is mainly
present in the form of organic Se. It can, therefore, be stated that
the combination of handheld XRF with XAS provides high
throughput quality control of Se dietary supplements.
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