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Abstract
A simple, rapid, and accurate method for determination of selenocystine (SeCys2), methyl selenocysteine (MeSeCys), selenourea
(SeUr), selenite (Se(IV)), selenotmethionine (SeMet), and selenate (Se(VI)) in grain crops was developed, based on the coupling
of ion-pair reversed-phase high-performance liquid chromatography (IP-RP-HPLC) and ultraviolet irradiation hydride genera-
tion atomic fluorescence spectrometry (UV-HG-AFS). The conditions of IP-RP-HPLC-UV-HG -AFS were studied. The condi-
tions of the pretreatment sample, such as types and dosage of proteinases, were investigated. The detection limits (LODs) for six
Se species were between 0.77 and 1.77 μg·L−1. Then, the proposed method has been successfully used to analyze selenium (Se)
species in Se-enriched rice paddy (Oryza sativa L.), soybean (Glycine max (Linn.) Merr.), and sweet potato (Ipomoea batatas (L.)
Lam.) with foliar application of sodium selenite solution. SeMet was the major Se spices in Se-enriched grain crops, ranged from
77–90% of the total Se contents. The capabilities of Se enrichment were relatively larger differences in three-grain corps as
follows: soybean > rice paddy > sweet potato.
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Introduction

Selenium (Se) plays an important role in enzyme gluta-
thione peroxidase, such as endocrine modulation, cancer
prevention, inhibition of the toxicity of heavy metals,
and the protection of nerves, blood vessel, liver, skele-
tal, and cardiac muscles (Gladyshev and Hatfield 1999;
Ju et al. 2017; Gopalakrishna et al. 2018). Se deficiency
in the human body is associated with Kashan, Kashin-
Beck, hypothyroidism, Crohn diseases, and so on (Dai
et al. 2017; Lima Barros et al. 2020; Pirola et al. 2020),

whereas high dietary intake of Se can also have toxic
effects (Lenz and Lens 2009; Hadrup and Ravn-Haren
2020). The Se level range between deficiency and tox-
icity is narrow (Tinggi 2003). The recommended safe
intake and the upper safe intake levels of Se are 50–
200 and 400 ug day−1 for adults, respectively (WHO
1996).

The main source of Se intake for human is diet (Combs
2001; Natasha et al. 2018). Se species in food may be inor-
ganic Se (selenite (Se(IV)) and selenate (Se(VI)) and/or organ-
ic Se (e.g., selenocystine (SeCys2), methyl selenocysteine
(MeSeCys), and selenotmethionine (SeMet)). The nutritional
value of Se in food depends not only on the total concentration
but evenmore importantly on the species (Thiry et al. 2012). It
is generally accepted that long-term intake of inorganic Se is
harmful to the human body, while organic Se is beneficial.
Therefore, it is necessary and important to analyze Se species
in Se-enriched food.

The analytical method of determination of inorganic
Se and organic Se in various samples by different in-
struments have been reported, such as in water samples
by spectrometric techniques (e.g., ETAAS) (Panhwar
et al. 2017; Acikkapi et al. 2019), in yeast by GC-MS
(Yang et al. 2004), in garlic by LC-MS (Dumont et al.
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2006), in soybean by HPLC-MS-MS (Tie et al. 2015),
in radix puerariae by HPLC-ICP-MS (Cao et al. 2016),
and in strawberry by HPLC-AFS (Sánchez-Rodas et al.
2016). The reversed-phase (RP) and anion-exchange
(AE) chromatography were widely used for Se species
separation in the HPLC system. For Se species separa-
tion with RP-HPLC system, ion-pairing agent, such as
tetramethylammonium hydroxide (Oliveira et al. 2016),
t r i f luoroacet ic acid (Thosaikham et al . 2014) ,
pentaf luoropropionic (J i ta ru et a l . 2010) , and
heptafluorobutyric acid (Shah et al. 2004) were often
adopted. There was almost no report on using
tetrabutylammonium bromide (TBAB) as an ion-pairing
agent for Se species separation. Simultaneous determi-
nation of SeCys2, MeSeCys, SeUr, Se(IV), SeMet, and
Se(VI) in plants was barely reported.

Rice is one of the world major grain crops, and more
than 60% Chinese take it as their staple diet. Soybean
and sweet potato are also the main grain crops in China
and are widely planted. The sown areas of rice, soy-
bean, and sweet potato in China in 2019 were 29.7,
11.1, and 7.1 million hectares respectively, and the
yields were 209.6, 21.3, and 28.8 million tons respec-
tively (NBSC 2020). However, approximately 51% of
China’s agricultural land area is Se deficiency, and
39%–61% of Chinese have very low daily Se intakes
(Dinh et al. 2018). Fortunately, plants can be accumu-
lated Se fertilizer by using the exogenous Se. In the last
decades, many researchers studied Se-enriched plant
foods, such as rice (Dai et al. 2019; Yin et al. 2019),
maize (Wang et al. 2013), wheat (Eiche et al. 2015),
peanut (Gao et al. 2019), potato (Zhang et al. 2019),
and pumpkin (Polona et al. 2006). However, less reports
were about bean crops and tuber crops. As far as we
know, Tie et al. (2015) studied Se-enriched soybean
with root application of sodium selenite. It was almost
no studies on the capacities of Se enrichment between
different grain crops, not to mention the distribution
characteristics of Se species on the three-grain crops.
SeUr was generally supposed to be a synthetic product
and is less attention in the past. But, Zhang et al.
(2020) found that SeUr existed in Se-enriched pig mus-
cles. It was aroused our interests that whether Se-
enriched grain crops contained SeUr. Thus, a method
was developed to analyze as much Se species as possi-
ble (especial for SeUr) in plants in our study.

The aim of this study was firstly built a simple, rapid, and
accurate method for the determination of six Se species con-
tents by using TBAB as an ion-pair agent with the RP-IP-
HPLC-UV-HG-AFS system, and then, the proposed method
was used to analyze accumulation characteristics of Se species
by foliar spray of sodium selenite solution on leaves in three
Se-enriched grain crops.

Materials and Methods

Instrumentation

Se species contents in grain crop samples were determined by
RP-RP-HPLC-UV-HG-AFS (SA-20, Jitian Corporation,
China). Reverse phase C18 column (SunFire C18, Waters,
USA) and anion-exchange column (PRP X-100, Hamilton,
USA) with corresponding mobile phase were both studied
(Table 1). The aliquots of 100 uL were injected using an
autosampler. The contents of total Se in all samples were
carried out by HG-AFS (AFS-9320, Jitian Corporation,
China).

A vacuum freeze drier (pilot5-8E, Biocool Corporation,
China) was used for the freeze-drying of samples. An ultra-
sonic cell crusher (HN-150Y, Hanuo Corporation, China) and
microwave digestion system (Xpress 6, CEM Corporation,
USA) were used for extraction of Se species. A high-speed
refrigerated centrifuge (CR21N, Hitachi Corporation, Japan)
was adopted for centrifuging sample solution. A pH meter
(S2, Meter Corporation, Switzerland) was used for pH mea-
surements. A hot plate (EG37C, Labtech Corporation, China)
was adopted for the digestion of total Se.

Standard Substances and Chemicals

The liquid standard substances of Se(IV), Se(VI), MeSeCys,
and SeMet were from the National Institute of Metrology of
China. The solid standard substances, SeCys2 and SeUr, were
obtained from Toronto Research Chemicals of Canada and
Alfa Aesar of the USA, respectively. SeCys2 was dissolved
in 0.1 mol·L−1 hydrochloric acid, and standard substances of
other Se species were dissolved in water. Solid standard sub-
stances were stored at – 20 °C. Standard solutions were stored
at 0 °C~4 °C. The standard working solutions were diluted
with water immediately before use. A certified reference ma-
terial, selenium-enriched yeast (SLEM-1, National Research
Council of Canada) was used for the accuracy check of Se
species determination. Another certified reference material,
r ice flour (GBW(E) 080684a, Academy of State
Administration of Grain of China), was used for the accuracy
check of total Se determination.

The chemicals diammonium hydrogen phosphate
((NH4)2HPO4, ACS grade), formic acid (HPLC grade), meth-
anol (MeOH, HPLC grade), potassium iodide (KI, GR grade),
potassium borohydride (KBH4, AR grade), hydrochloric acid
(HCl, GR grade), potassium hydroxide (KOH, GR grade),
nitric acid (GR grade), perchloric acid (GR grade), potassium
ferricyanide (AR grade), tetrabutylammonium bromide
(TBAB, AR grade), pepsin (≥ 2500 units/mg, from the por-
cine stomach), and proteinase K (≥ 30 units/mg) were pur-
chased from Aladdin of China. Lipase (30,000 U/g, from por-
cine pancreas, J&K corporation, China) and trypsin (2500
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units/mg, from porcine pancreas, J&K corporation, China)
and proteinase XIV (≥ 3.5 units/mg, from Streptomyces
griseus, Sigma-Aldrich, Germany) were used. High-purity
water (resistivity > 18 MΩ cm) from a Milli-Q water system
(Millipore, American) was used to prepare aqueous solution
and for ware washing.

Samples Production and Preparation

A field experiment was conducted for the enrichment of Se in
rice, soybean, and sweet potato in Nanchang, the capital of
Jiangxi Province, China. The rice, soybean, and sweet potato
were selected as local conventional varieties. Each treatment
of the Se-enriched grain crop area was 50 m2 and sets control
treatments. The sowing time for rice, soybean, and sweet po-
tato was in late May, late May, and earlyMay in 2019, respec-
tively. The time of foliar spraying sodium selenite solution for
rice, soybean, and sweet potato was at the full heading stage
(late August), podding stages (early August), and vigorous
growing stage of steam and leaf (middle August), respective-
ly. The spraying concentration of sodium selenite solutionwas
40 mg·L−1. The harvest times of rice, soybean, and sweet
potato were in early October, early November, and late
October in 2019, respectively. Se-enriched samples and con-
trol samples were collected at harvest times. Three replicate
samples were collected from the same treated grain crops, and
the weight of each sample was about 1 kg.

Rice and soybean samples were hulled; sweet potato sam-
ples with skin were rinsed with ultrapure water and cut into
thin slices. All samples were freeze-dried. Each sample with
about 500 g was crushed and stored at − 20 °C until it was
weighed.

Determination of Se Species Contents in Samples

About 0.25 g of the sample was weighed into the tube, 5 mL
of water was added, and put into an ultrasonic cell crusher by
ultrasonic for 3 min. Proteinase K (20 mg) was added into the
solution and covered caps and shaked up. The solution was
transferred into the microwave system and extracted by mi-
crowave radiation at 55 °C for 30 min. When the extracting
program ended, the solution was quantitatively transferred to a
centrifuge tube and centrifuged at 10,000 rpm for 10 min. The
supernatant was transferred to microstep (3KDa, Millipore )
and centrifuged at 5000 rpm for 15 min. The purified solution
filtered through a 0.22-μmnylon filter and stored at 0 °C~4 °C
until analysis. The blank test and recovery test were both done
at the same time. The Se species contents of the extracting
solution were determined by HPLC-UV-HG-AFS.

Determination of Total Se Contents in Samples

According to the Chinese national standard method (GB
5009.93-2017), about 1.0 g of the sample was weighed into
a conical flask; 15 mL of nitric acid and 0.5 mL of perchloric
acid were added and covered with a bent neck hopper and put
on an electric hot plate for heating at 150 °C for 2 h and then
heated at 250 °C until the white smoke went out, and added 5
mL 50% (v/v) hydrochloric acid heating at 100 °C for 5 min.
After cooling, the digestion solution was rinsed with water to
25 mL of the volumetric flask, and 2.5 mL 10% (w/v) potas-
sium ferricyanide was added into and diluted with water to
scale. The blank test and recovery test were both carried out at
the same time. The total Se content of the digestion solution
was determined by HG-AFS.

Table 1 HPLC-UV-HG-AFS
operating conditions for Se
species

IP-RP-HPLC conditions for separation of SeCys2, MeSeCys, SeUr, Se(IV), SeMet, and Se(VI)

Column Waters SunFire C18 (250 × 4.6 mm id, 5 μm)

Column temperature 35 °C

Mobile phase mode 25 mmol·L−1 (NH4)2HPO4, 0.5 mmol·L−1 TBAB,
and 5% (v/v) MeOH at pH6.0

Flow rate 0.6 mL·min−1 (Isocratic)

AE-HPLC conditions for separation of SeCys2, MeSeCys, Se(IV), SeMet, and Se(VI)

Column Hamilton PRP X-100 (250 × 4.1 mm id, 10 μm)

Column temperature 35 °C

Mobile phase mode 40 mmol·L−1 (NH4)2HPO4 at pH6.0

Flow rate 1.0 mL·min−1 (isocratic)

HG-AFS conditions

Reducing agent 1 0.5% (w/v) KI in 0.35% (w/v) KOH

Reducing agent 2 2% (w/v) KBH4 in 0.35% (w/v) KOH

Carrying current 10% (v/v) HCl

Voltage and current of Se lamp 310 V and 110 mA

Flow efficiencies of carrier and shielding gas 300 mL·min−1 and 800 mL·min−1
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Results and Discussion

Optimization of HPLC Conditions

Due to different ionic characteristics of Se species, their sep-
aration by HPLC may not be easy. In order to separate six Se
species successfully, IP-RP-HPLC and AE-HPLC system
were studied and compared in this study.

For the IP-RP-HPLC system, six Se species were separated
well by using a RP C18 column and phosphate buffer solution
with TBAB as mobile phase (Table 1). If the mobile phase
only contained phosphate buffer solution, some Se species
such as MeSeCys, SeUr, and Se(IV) cannot be separated well
even through reducing the flow rate or changing the pH of the
mobile phase. These Se species were successfully separated
by adding TBAB as an ion-pairing agent. An ODS-3 column
(250 × 4.6 mm id, 5 μm, GL Science, Japan) was also carried
out to repeat the process. Similar results were obtained, which
indicating the good reproducibility of the IP-RP-HPLC
system.

For the AE-HPLC system, only five Se species (SeCys2,
MeSeCys, Se(IV), SeMet, and Se(VI)) were determined by
using an anion-exchange column (Hamilton PRP X-100)
and phosphate buffer solution as mobile phase. Compared
with the IP-RP-HPLC system, the sensitivities of organic Se
(especial for SeMet) were poorer, and the retention time of
Se(VI) was significantly longer (Fig. 1). Obviously, the most
Se species in the IP-RP-HPLC system were cuter and showed
a better resolution than that in the AE-HPLC system (Fig. 1).
Strangely, the peak of SeUr could not be found in the AE-
HPLC system, while SeUr could be determined by using an
anion-exchange column (Dionex AS 11) with potassium hy-
droxide as mobile phase (Ochsenkühn-Petropoulou et al.
2003) and a ZORBAX SB-Aq column with citric acid as
mobile phase (Zhang et al. 2020). We believed that the mobile
phase and the column jointly suppressed SeUr from
converting to a hydride-forming species, and the mobile phase

of phosphate buffer solution is the maximum likelihood. At
last, the IP-RP-HPLC system was adopted for the determina-
tion of six Se species contents in Se-enriched grain crop
samples.

In order to obtain the best conditions of separations and
sensitivities for Se species, TBAB concentrations, phosphate
buffer concentrations, pH, and the amount of methanol were
detailed investigated. As shown in Fig. 2, TBAB concentra-
tions showed a significant effect on the retention time of
Se(VI), while had a minor effect on retention times of
Se(IV) and organic Se species. Ultimately, the concentration
of TBAB was set at 0.5 mmol·L−1. While phosphate buffer
concentrations increase, the retention time of Se(VI) is short-
ened significantly and the signal of Se species increased mark-
edly. However, retention times of organic Se species have a
little change by adjusting phosphate buffer concentrations.
Too high phosphate buffer concentrations would lead to the
peak overlapping of Se species (e.g., MeSeCys, SeUr, and
Se(IV)). Therefore, 25 mmol·L−1 phosphate buffer concentra-
tion was used (Fig. 3). The influence of pH of the mobile
phase on the retention times of Se species was similar to that
of phosphate buffer concentrations. Good resolutions for sep-
aration of Se species were obtained at a pH of 6 (Fig. 4). It was
found that adding the amount of methanol could improve
sensitivities of Se species and decrease significantly the reten-
tion time of Se(VI). The retention times of organic Se species
were almost unaffected by the methanol content (Fig. 5).
Although adding the amount of methanol will increase the
sensitivity of Se species, it may have a negative impact on
hydride generation. So, 5% (v/v) methanol was selected.

Besides, the column temperature and the flow rate of the
mobile phase were also researched. Column temperatures
were performed at 30 °C, 35 °C, 40 °C, and 45 °C. The
resolutions of Se species improved little with rising the col-
umn temperature. At last, the column temperature was heated
at 35 °C. Since an extra equilibration time is often required, a
gradient program for the separation of the Se species was tried

Fig. 1 Chromatogram of Se
species on IP-RP-HPLC system
and AE-HPLC system for the
standard solutions
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to avoid. The low flow rate of the mobile phase improved the
resolutions, while retention times of Se species were increased
and accompanied by the sensitivity decreasing. On the other
hand, peaks of Se species (MeSeCys, SeUr, and Se(IV)) could
be overlapped with the high flow rate of the mobile phase.
Finally, the flow rate of the mobile phase was set at 0.6 mL·
min−1.

In conclusion, a reversed-phased C18 column and the mo-
bile phase consisted of a 25 mmol·L−1 phosphate buffer solu-
tion and 5 mmol·L−1 TBAB and 5% (v/v) methanol (pH 6.0)
with IP-RP-HPLC system was adopted for determining six Se
species (Fig. 1). The column temperature was set at 35 °C, and
the flow rate of the mobile phase was 0.6 mL·min−1. Figure 1

also showed the chromatogram of five Se species (SeCys2,
SeMeCys, Se(IV), SeMet, and Se(VI)) with AE-HPLC sys-
tem by using an anion-exchange column with 40 mmol·L−1

phosphate buffer and 5% (v/v) methanol (pH 6.0). It was
obviously visible that the IP-RP-HPLC system had more ad-
vantages than that of the AE-HPLC system for Se species
determination.

Optimization of UV-HG-AFS Conditions

Online ultraviolet (UV) irradiation was applied to transform
organic Se species into Se(VI) in this study. When the UV
lamp was turned off, the only peak (Se(IV)) can be found;

Fig. 2 Influence of TBAB
concentrations on retention times
of Se species (error bars mean
standard deviation, as follows)

Fig. 3 Influence of phosphate
concentrations on retention times
of Se species
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other peaks of Se species were almost invisible. The UV lamp
was therefore kept on throughout the analysis process. In or-
der to improve the reduction efficiencies of Se species, KI
concentrations were optimized. The results showed that the
peak areas of organic Se species and Se(VI) were lower than
Se(IV). Even though the online UV irradiation and reductant
of KI were applied, the organic Se species and Se(VI) were
still partially transformed into the hydride generation.

Owing to the significant influences on the signal intensities
of Se species in HG-AFS, concentrations of KBH4 and HCl
were studied. As shown in Fig. 6, the concentrations of KBH4

had a strong influence on the peak areas for Se species. The
signal of Se species increased dramatically with increasing of

KBH4 concentration and accompanied by the signal-to-noise
ratio increasing. Appropriate sensitivities of Se species were
obtained with 2.0% (w/v) KBH4 (Fig. 6). When the concen-
tration of KIwas set at 0.5% (w/v), most Se species (especially
Se(VI)) reached the maximum of peak areas (Fig. 7). The
concentrations of HCl were ranged between from 5 to 25%
(v/v). The signal of most Se species reached the maximum
values at 10% (v/v) concentration of HCl (Fig. 8). The con-
centrations of KBH4 had the most obvious impact on the sig-
nal intensities of Se species in HG-AFS, followed by KI con-
centrations, and finally HCl concentrations.

The influences of flow rates of carrier gas and shielding
gas, voltage, and current of hollow cathode lamp of Se on the

Fig. 4 Influence of pH on
retention times of Se species

Fig. 5 Influences of methanol
contents on retention times of Se
species
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signals of Se(IV) were also optimized. When the correspond-
ing values were at 300 mL·min−1, 800 mL·min−1, 310 V, and
110 mA, respectively, the optimal signal-to-noise ratio was
got. The working conditions, such as voltage and current of
hollow cathode lamp of Se, concentrations of KBH4, and HCl,
were also suitable for total Se determination.

Optimization of Sample Pretreatment

Owing to the low content of Se and low extraction efficiency
from the sample matrix, the determination of Se species con-
tents in food samples may remain a challenge. Organic Se,

such as selenoamino acids and selenoproteins, has covalent
bonds with proteins and peptides. It is difficult to be extracted
by water, acids (e.g., HCl), and alkali solutions (e.g., KOH).
Enzymatic hydrolysis was often applied to extract elementary
species in food samples (Reyes et al. 2009; Xiao et al. 2017).
The extraction efficiency mainly depends on the nature of the
sample, the extraction mode, and condition.

Microwaves would fragment cells and organic Se species
would be released efficiently from cells and their components.
A small number of previous pieces of literature reported using
the microwave-assisted technique for extraction of elementary
species, such as for As species (Saucedo-Velez et al. 2017),

Fig. 6 Influence of KBH4

concentrations on peak areas of
Se species

Fig. 7 Influence of KI
concentrations on peak areas of
Se species
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for Se species (Moreda-Piñeiro et al. 2018), and for Sb species
(Quiroz et al. 2016). In this study, the types and dosage of
proteinases with microwave-assisted extraction technology
were detailed studied.

The stability of Se species was firstly to be investigated at
first. A microwave-assisted extraction procedure for all Se
species standard solutions was carried out. By the comparison
of original standard solutions of Se species, microwave-
assisted enzymolysis does not provide any apparent Se species
degradation.

In view of the protein and fat content of soybean is higher
than rice and sweet potato, the matrix effect of soybean may
be serious. So, the extraction efficiencies of Se species were
mainly researched on soybean samples. Different types and
dosages of proteinases were investigated to achieve high ex-
traction efficiencies. Eight enzyme treatments, such as a single
enzyme (K, XIV, lipase, pepsin, trypsin) and mixed enzyme
(K + XIV, pepsin + trypsin, trypsin + K + XIV, lipase + XIV),
were researched. The amount of each enzyme was 20 mg. As
shown in Fig. 9, the enzyme treatments of K, K + XIV, and
trypsin + K + XIV had much higher extraction efficiencies
that ranged from 90~97%, followed by the enzyme treatments
of XIV and lipase + XIV; the extraction efficiencies were both
about 70%. The enzyme treatments of pepsin, trypsin, and
pepsin + trypsin were bad; the extraction efficiencies were
lower than 40%. In view of high extraction efficiency and
simplicity, only proteinase K was used for extraction of Se
species in Se-enriched grain crop samples in the end. Because
the cost of proteinase K was relatively expensive. The cost of
the reagent also needed to take into consideration. The result

showed that 20 mg proteinase K was a suitable dosage for
enzymolysis a sample (Fig. 10). To sum up, the optimal pre-
treatment conditions of samples were 0.25-g sample with 5
mL water was broke cell wall of grain crops with ultrasonic
for 3 min, and then, 20 mg proteinase K was added and extract-
ed by microwave irradiation for 30 min at 55 °C.

Method Validation

Method Accuracy

Recovery experiments were used to confirm the proposed
method’s accuracy and precision. The low total Se content
of each grain crop sample was individually spiked with Se
species solution (80 μg·kg−1) before digestion. Table 2
showed the accuracy and precision of the method for Se spe-
cies analysis in three-grain crop samples. The recoveries of Se
species were ranged from 82 to 97%, and the relative standard
deviations (RSDs) were below 10% for all cases (n = 6).
The reproducibilities were calculated ranged from 6.0–
15.0% (n = 6) after three batch analysis performed during
non-consecutive days.

A certified reference material (SELM-1) and extraction ef-
ficiencies of Se species in three-grain crop samples were also
used to validate the accuracy of the method. The extraction
efficiency was equal to the sum of all Se species contents of
the sample divided by the total Se content. The measured
value of SeMet in the SELM-1 was 3128 ± 97.7 mg·kg−1,
and the certificate value of SeMet was 3190 ± 148 mg·kg−1.

Fig. 8 Influence of HCl
concentrations on peak areas of
Se species
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There was no significant difference between measured values
and certificate values (Sig < 0.05). As shown in Fig. 11,
SeMet is the main Se species in SELM-1, but it also existed
small amount of other Se species, such as SeCys2, MeSeCys,
Se(IV), Se(VI), and some unknown Se species. The mean
extraction efficiency of Se species in three-grain crop samples
was almost 90%.

Recovery experiments and a certified reference material,
rice flour (GBW10045), were also carried out to validate the
accuracy of total Se determination. The recoveries of total Se
in samples were ranged from 91 to 95%, and the RSDs (intra-

day) were below 6%. The measured values of total Se in the
rice flour (GBW(E) 080684a) were 0.078 ± 0.05 mg·kg−1, and
the certificate value was 0.081 ± 0.011mg·kg−1.

Analytical Parameters

Calibration curves were made by plotting concentrations
against peak areas for each Se species. Good linear regression
with values (R) between 0.998 and 0.999 was obtained. A low
added concentration (40 μg·kg−1) of six Se species was deter-
mined by the proposed method at 11 times, the detection

Fig. 9 Extraction efficiencies of
different enzyme treatments (1-K,
2-XIV, 3-pepsin, 4-trypsin, 5-K +
XIV, 6-pepsin + trypsin, 7-trypsin
+ K + XIV, 8-lipase + XIV) on
Se-enriched soybean samples

Fig. 10 Extraction efficiencies of
different dosages of proteinase K
on Se-enriched soybean samples
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limits (LODs) were calculated as three times as the standard
deviation/slop, and the quantitation limits (LOQs) were calcu-
lated as ten times as the standard deviation/slop. The LODs of
SeCys2, MeSeCys, SeUr, Se(IV), SeMet, and Se(VI) were
1.1, 1.0, 1.7, 0.77, 1.3, and 1.2 μg·L−1, respectively. The
LOQs for six Se species were between 2.5 and 5.6 μg·L−1.
The method of detection limits (MDLs) was equal to
LODs*solution volume (5.0 mL)/sample weight (0.25 g).
The MDLs of SeCys2, MeSeCys, SeUr, Se(IV), SeMet, and
Se(VI) were 22, 20, 34, 15.4, 26, and 24μg·kg−1, respectively.

The LODs were compared with the previous pieces of lit-
erature (Table 3). It showed that the LODs of the proposed
method were near the previous references, except that Zhang
et al. (2020). However, the proposed method was slightly
more convenient. The relatively sensitivies of Se(IV) by the
AFS system were lower than that by the ETAAS system.

Determination of Se Species Contents in Se-Enriched
Gain Crop Samples

The total Se content of Se-enriched rice, soybean, and sweet
potato samples was 0.53, 0.72, and 0.18 mg·kg−1, respective-
ly. The total Se contents of non-Se-enriched rice, soybean, and
sweet potato control samples were 0.051, 0.063, and 0.021
mg·kg−1, respectively. Obviously, the accumulating ability
of Se in soybean and rice was greater than that in sweet potato.

As shown in Table 4 and in Fig. 12, SeMet was found in all
Se-enriched grain crop samples, and SeCys2 was found in Se-
enriched rice. The major Se species in Se-enriched grain crop
samples by foliar spraying with sodium selenite solution was
SeMet, which represented the total Se contents 77%–90%. No
inorganic Se species was found in all Se-enriched grain crop
samples. It was indicated that application of selenium fertilizer

Fig. 11 Chromatogram of Se species in SELM-1

Table 2 Accuracy and precision
of the method for determining Se
species

Se
species

Spiked level/
μg·kg−1

Rice Soybean Sweet potato

Recovery/
%

RSD/
%

Recovery/
%

RSD/
%

Recovery/
%

RSD/
%

SeCys2 80 87 7.9 82 6.5 84 6.8

MeSeCys 80 95 3.1 97 4.5 92 2.6

SeUr 80 86 5.3 84 4.0 88 3.1

SeMet 80 93 4.2 94 2.8 96 3.7

Se(VI) 80 90 4.6 86 4.9 93 2.1

Total Se 80 95 3.4 92 2.7 91 5.6
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to grain crops leaf, inorganic Se can be absorbed and trans-
formed into organic Se.

Similar conclusions were found in plants. For example,
SeMet was detected to be the main Se species in heart of palm
and golden berries, and no inorganic Se was found (Moreda-
Piñeiro et al. 2018); organic Se species (SeMet andMeSeCys)
contents in Se-enriched kale seedlings were almost 80%
(Maneetong et al. 2013); SeCys2 and SeMet in Brazil nut were
the primary Se species (Silva et al. 2013). But, there were
several different conclusions. Tie et al. (2015) found that
MeSeCys represented 66.4% of the total Se content in the
soluble protein of Se-enriched soybean which was obtained
by root application of sodium selenite with manure. In our
study, Se-enriched soybean was produced by foliar applica-
tion of sodium selenite, and only SeMet was detected. The
reason for the difference may be applicated selenium
fertilizer to different parts of soybean. Mazej et al. (2006)
found that Se(VI) (64% of total Se) was the main Se species
in chicory leaves that were cultivated in an aeroponic system.
It was indicated that the different application method of sele-
nium fertilizer into different plants, the types of Se species in
plants may be different.

Conclusion

Six Se species, such as SeCys2, MeSeCys, SeUr, Se(IV),
SeMet, and Se(VI), were successfully determined by using
the IP-RP-HPLC-UV-HG-AFS system. And, a quick and easy
pretreatment methodwas developed to extract Se species from
Se-enriched grain crop samples based on enzymatic hydroly-
sis with microwave assisted. The proposed method exhibited
rapid, good analytical characteristics, wide linearity, and low
detection limits. Most importantly, the experiment cost, in-
cluding instrument cost and operation cost, and regent cost
were low. Obviously, it was a potential approach for the de-
termination of Se species contents in grain crop.

In this study, Se-enriched rice, soybean, and sweet potato
were produced by foliar application with sodium selenite so-
lution. But, the capability of Se enrichment was relatively
differences in three-grain crops. The highest enrichment ca-
pacity of Se was soybean, secondly rice, and the lowest was
sweet potato. The three-grain crops can be absorbed and trans-
formed exogenous Se(IV) into organic Se (mainly as SeMet).
There was no disputing the fact that Se-enriched grain crops,
especially soybean and rice could be produced in this way.

Table 3 Limits of detection (LODs) of Se species by the proposed method, compared to the previous reported

Main instrument LODs/μg·L−1 Ref.

SeCys2 MeSeCys SeUr Se(IV) SeMet Se(VI)

RP-HPLC-UV-HG-AFS 1.1 1.0 1.7 0.77 1.3 1.2 This study

AE-HPLC-ICP-MS 1.4 2.5 - 6.0 3.2 1.6 Moreda-Piñeiro et al. (2018)

AE-HPLC-ICP-MS 0.01 0.009 0.01 - 0.009 - Zhang et al. (2020)

RP-AF-HPLC-UV-HG-AFS 0.35 - - 0.40 0.54 1.7 Viñas et al. (2005)

HPLC-TR-HG-AFS 0.40 2.8 - 1.0 4.6 3.3 Sanchez-Rodas et al. (2013)

HPLC-ESI-MS-MS 0.92 - - - 0.95 - Gong et al. (2012)

ETAAS - - - 0.15 - - Eağda and Tüzen (2017)

-, not reported

Table 4 Se species contents and
total Se contents in Se-enriched
crop samples (n = 3)

Samples Se species/mg·kg−1 Total Se/mg·kg−1

SeCys2 MeSeCys SeUr Se(IV) SeMet Se(VI)

Rice 0.051 ± 0.013 n.d. n.d. n.d. 0.41 ± 0.017 n.d. 0.53 ± 0.033

Soybean n.d. n.d. n.d. n.d. 0.65 ± 0.032 n.d. 0.72 ± 0.028

Sweet potato n.d. n.d. n.d. n.d. 0.16 ± 0.014 n.d. 0.18 ± 0.014

n.d., not detected. Results expressed as mean ± standard deviation
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