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a b s t r a c t

Selenium is one of the important trace elements in the human body. Its deficiency will directly affect

human health. With people’s attention to health, the content of selenium in food has gradually attracted

attention. However, detecting selenium compounds in complex samples remains a challenge. In this work,

we built an online heating-reaction device. This device combines the electrospray extraction ionization

mass spectrometry (EESI-MS) with the heating reaction device, which can simultaneously detect various

selenium compounds in complex liquid samples. Under acidic conditions, the sample was heated and

catalyzed by a heating reaction device, so that the SeO3
2− and O-phenylenediamine (OPD) could gener-

ate 1,3-dihydro-2,1,3-benzoselenadiazole. Based on the above reactions, we can detect organic selenium,

inorganic selenium and other compounds in liquid samples by organic mass spectrometry. In this experi-

ment, we determined the content of three forms of selenium: selenomethionine (SeMet), l-selenocystine

(SeCys(2)), and sodium selenite. The calibration curves for SeMet, SeCys(2), and sodium selenite showed

strong linearity within a range of 0.50–50.00 μg/L. The limits of detection (LOD) for the three compounds

were 0.22, 0.27, and 0.41 μg/L, respectively. The limits of quantification (LOQ) were 0.68, 0.81, and 1.23

μg/L, respectively. Spiked recoveries at three levels ranged from 98.8% to 106.1%. In addition, this method

can simultaneously detect three selenium compounds and three other specific chemical components in

tea infusion samples, providing a rapid and efficient method for identifying tea quality.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Selenium is an essential trace element for living organisms

[1] and plays a pivotal role in their physiological processes. Pre-

vious researches have shown that there is an antagonistic associ-

ation between selenium and the toxic metal mercury in both ani-

mals and plants [2–4]. Selenium can regulate the activity of antiox-

idant enzymes by affecting the oxidative stress response, thereby

reducing the absorption of mercury by plants [3,5]. The range of

selenium intake in the human body is relatively narrow. Low se-

lenium intake is likely to cause a series of diseases, such as Ke-

shan disease (KD) [6,7]. Excessive consumption of selenium can

lead to selenium poisoning [8,9]. It has been reported that a mod-

erate intake of selenium can result in antioxidant, antitumor, and

immune system enhancement effects [10–12]. Additionally, studies

have shown that the bioavailability of selenium and its toxicologi-

∗ Corresponding author.

E-mail address: chw8868@gmail.com (H. Chen).
1 These authors contributed equally to this work.

cal effects largely depend on the form of selenium. Compared with

organic selenium, inorganic selenium has lower bioavailability and

higher toxicity [13–16]. Therefore, when supplementing selenium,

we need to pay attention to the content and form of selenium

in foods with selenium supplement function. With the growing of

public health awareness, people are increasingly paying attention

to supplementing selenium in daily diet. Tea is recognized as a

safe and effective natural selenium supplement, as it can convert

inorganic selenium from the soil into organic selenium [17]. In ad-

dition, tea also contains various nutrients such as tea polyphenols,

vitamins, and amino acids. Studies have shown that moderate con-

sumption of tea can help prevent cardiovascular disease, cancer,

and neurodegenerative diseases [18–20]. Therefore, the detection

of different forms of selenium and other specific compounds in tea

infusion is important for human life and health.

The detection methods for selenium can be divided into total

selenium content detection, organic selenium content detection,

and inorganic selenium content detection. Among them, meth-

ods such as hydride generation atomic fluorescence spectrometry

https://doi.org/10.1016/j.cclet.2024.109896
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Fig. 1. Structure of the heating reaction device coupled with EESI-MS.

(HG-AFS) [21], inductively coupled plasma mass spectrometry (ICP-

MS) [22], and atomic absorption spectroscopy (AAS) [23] belong to

the total selenium content detection. The above methods require

the use of strong acids to digest different forms of selenium com-

pounds into Se4+ during the pre-treatment process, making it diffi-

cult to determine the content of different forms of selenium. With

the development of detection technology, hyphenated technology

has been applied widely in the detection of different forms of se-

lenium. Such as gas chromatography-mass spectrometry (GC–MS)

[24–26], high-performance liquid chromatography-inductively cou-

pled plasma mass spectrometry (HPLC-ICP-MS) [27–29], and high-

performance liquid chromatography-hydride generation-atomic flu-

orescence spectroscopy (HPLC–HG-AFS) [30]. However, GC–MS is

more suitable for the analysis of volatile compounds, so pre-

column derivatization is required to enhance their volatility when

analyzing polar compounds such as Se-containing amino acids

[31,32]. When analyzing selenium by HPLC-ICP-MS, perfluorinated

carboxylic acid needs to be added, which is harmful to the chro-

matographic column [33,34]. Although the above methods have

high sensitivity and precision, they all have the disadvantages of

complex sample pretreatment and long analysis time.

In this study, we combined a heating reaction device with the

electrospray extraction ionization mass spectrometry (EESI-MS) to

analyze both organic and inorganic selenium in liquid samples.

Under acidic conditions, the heating reaction device catalyzes the

complexation reaction between selenite and o-phenylenediamine

(OPD) in the sample. The reaction product is named 1,3-dihydro-

2,1,3-benzoselenadiazole [35]. By converting selenium compounds

from inorganic to organic form, we were able to quantitatively ana-

lyze both inorganic and organic selenium using organic mass spec-

trometry. The sample pre-treatment steps were greatly simplified

in this experiment based on the above device. And the total detec-

tion time is less than 5min. Mass spectrometry (MS) is a fast, ef-

fective and high-throughput analytical method. The technique has

been well applied in many fields such as food, medicine, biology

and environment [36–39]. The EESI-MS technology used in this

method has the ability to directly analyze complex liquid matrices

[40], thus enabling rapid quantitative analysis of different forms of

selenium and other specific chemical components in tea infusion,

with good application prospects.

As shown in Fig. 1, the heating reaction device consists of a

silicone sealant layer, stainless steel tubes and a ceramic heating

plate, which is located between the three-way valve and two-way

valve. The inlet is on the three-way valve side. The sample and

OPD solution are mixed at the three-way valve and enter the inlet.

The outlet is on the two-way valve side, where the complex con-

taining liquid enters the capillary tube through the two-way valve.

The temperature control accuracy of the heating reaction device is

±0.1 °C. The heated part of the stainless steel tube has a length of

208.0mm and an inner diameter of 0.5mm. For on-line analysis,

the sample and OPD solution were both delivered to the heating

reaction device through a micro syringe pump at the speed of 5.0

and 10.0 μL/min, respectively. The heating reaction time is about

164 s. The complex containing liquid forms spray A under the ac-

tion of nitrogen. Methanol forms spray B under the action of nitro-

gen and a high voltage of 4.0 kV. The spray A and spray B collide

at an angle of β to achieve the extraction of spray A. Then the

fragment ions are prepared for MS analysis.

EESI-MS experiments were conducted on an LTQ linear ion trap

mass spectrometer (Thermo Fischer Scientific Co., Ltd., San Jose,

CA, USA). The extractant was methanol, the flow rate of extractant

was 10 μL/min, the temperature of ion transfer tube was 180 °C,
the voltage of ion transfer tube was 35V, the lens voltage was

110V, and the spray voltage was 4.0 kV. Other detection parame-

ters were automatically optimized by LTQ-Tune system. The mass

separation width of the parent ion in the tandem mass spectrom-

etry was ±5Da, the collision energy was 20%−30%, the collision

time was 30ms, the mass spectrometry scanning range was m/z

50–500, and the mass spectrometry data analysis software was

Thermo Xcalibur Roadmap 2.0.

There are six kinds of selenium in nature, namely 80Se, 78Se,
76Se, 82Se, 77Se, and 74Se, of which 80Se has the highest abun-

dance, 49.61% [41–43]. Therefore, when performing tandem mass

spectrometry analysis and quantitative analysis, we take the rele-

vant fragment signal of 80Se as the analysis target.

In the positive ion mode, the mass spectra of selenium com-

pounds are depicted in Fig. 2. Fig. 2a displays the mass spectra of

standard mixed solution. With a molecular weight of 197Da, se-

lenomethionine underwent ionization in positive mode, resulting

in the formation of protonated selenomethionine, [80SeMet+H]+,
with m/z 198.0. In MS2 scan, the [80SeMet+H]+ is selected as pre-

cursor ion. As shown in the inset Fig. 2b, the m/z 180.8 is the

main product peak of [C5H9O2
80Se]+ originating from the loss of

NH3 from [80SeMet+H]+ [44,45]. To avoid false-positive results,

we selected m/z 180.8 ions for MS3 scan. As shown in Fig. S1

(Supporting information), the m/z 108.8 is the main product peak

of [C2H5
80Se]+ originating from the loss of –C2H3–COOH from

[C5H9O2
80Se]+ [40,41].

With a molecular weight of 336Da, l-selenocystine under-

went ionization in positive mode, resulting in the formation

of protonated l-selenocystine, [80SeCys(2)+H]+, with m/z 337.3.

[80SeCys(2)+H]+ is selected as precursor ion in the MS2 scan. As

shown in the inset figure of Fig. 2c, m/z 247.9 is the main product

peak of [C3H6NO2
80Se2]

+ originating from the loss of NH2–C2H4–

COOH from [80SeCys(2)+H]+ [45].

Under an acidic environment and heating catalytic condi-

tions, sodium selenite reacts with OPD to form 1,3-dihydro-2,1,3-

benzoselenadiazole. The MS2 of OPD is shown in Fig. 2d, m/z 91.9

is the main product peak of [C6H6N]
+ originating from the loss

of NH3 from [OPD+H]+. With a molecular weight of 186Da, 1,3-

dihydro-2,1,3-benzoselenadiazole underwent ionization in positive

mode, resulting in the formation of protonated 1,3-dihydro-2,1,3-

benzoselenadiazole, [C6H6N2
80Se+H]+, with m/z 187.0. In MS2

scan, the [C6H6N2
80Se+H]+ is selected as precursor ion. Fig. 2e

shows that the relative intensity ratios of m/z 157.1, m/z 159.0,

and m/z 160.9 conform to the isotopic distributions of 78Se,
80Se, and 82Se. Therefore, m/z 159.0 may be the main product

peak of [C5H5N
80Se]+ originating from the loss of –CHNH in

[C6H6N2
80Se+H]+.

To calculate the conversion rate of the reaction between OPD

and selenite, we selected three concentrations of sodium selenite

standard solution (50.00, 100.00, and 1000.00 μg/L) to react with
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Fig. 2. Mass spectra of selenium compounds. (a) Mass spectra of standard mixed

solution; (b) MS2 spectra of selenomethionine; (c) MS2 spectra of l-selenocystine;

(d) MS2 of o-phenylenediamine; (e) MS2 of 1,3-dihydro-2,1,3-benzoselenadiazole.

the complexing agent (OPD content of 1.00×104 μg/L). The ratio

of OPD to sodium selenite in the reaction is 1:1, so we indirectly

quantified the concentration of sodium selenite by calculating the

concentration of OPD involved in the reaction. The product ion

with m/z 91.9 obtained through tandem mass spectrometry, was

utilized as the quantitative ion for OPD. Fig. S2 (Supporting infor-

mation) presents the calibration curve of OPD, with an R2 value

of 0.9980. The relationship between the intensity (y) and the con-

centration (x) demonstrates a strong linear correlation within the

specified linear range of 10–1.25×104 μg/L. As shown in Table S1

(Supporting information), the concentrations of sodium selenite in-

volved in the reaction in the three concentrations of sodium selen-

ite standard solution were 12.86, 26.79, and 256.05 μg/L, respec-

tively, with conversion rates ranging from 25.6% to 26.8%.

We conducted condition optimization experiments by injecting

a 50.00 μg/L standard mixed solution directly to optimize suitable

experimental conditions. Tandem mass spectrometry was used to

obtain signal intensities of the major product ions m/z 108.8, 247.9,

and 159.0, which were used as determination indexes. Four condi-

tions were optimized to achieve accurate results. These conditions

included the temperature of the heating device, the ratio of the

complexing agent to the flow rate of the sample, the spray voltage,

and the capillary temperature.

Different reaction temperatures were set to get the optimized

instrumental responses for the three target ions. Fig. 3 illustrates

that the signal intensities of SeMet and SeCys(2) exhibited stabil-

ity as the reaction temperature was elevated. Sodium selenite has

the highest signal intensity at 45.0 °C, while the other two organic

selenium signals are not affected by temperature. Thus, the reac-

Fig. 3. The MS responses of three forms of selenium compounds at different reac-

tion temperatures.

tion temperature was set to 45.0 °C as the optimal parameter. This

indicates that the reaction will not affect the detection of other

organic selenium components in the sample. The flow ratio of o-

phenylenediamine to the sample solution played a significant role

in the complexation reaction. We kept the flow rate of the sam-

ple solution fixed at 5.0 μL/min and noticed that the signal inten-

sity of the selenite complex gradually increased and then stabilized

with the increase in the flow rate of the complexing agent. Fig. S3

(Supporting information) demonstrates that the selenite complex’s

highest signal intensity was achieved when the ratio of the com-

plexing agent to the sample flow rate was 2:1. Therefore, we chose

the optimal flow rate ratio of 2:1, with a flow rate of the com-

plexing agent set at 10.0 μL/min and the flow rate of the sample

solution at 5.0 μL/min.

In the analysis of EESI-MS, it was observed that the signal in-

tensity of the target ions was found to be significantly affected by

the applied spray voltage and capillary temperature. Because the

ionization efficiency of the target molecules and the extent of at-

omization are influenced by these factors. Fig. S4 (Supporting in-

formation) demonstrates that the three target ions displayed the

highest signal intensity at a spray voltage of 4.0 kV. Fig. S5 (Sup-

porting information) demonstrates that the three target ions dis-

played the highest signal intensity when the capillary temperature

was set to 180 °C.
Prepare mixed standard solutions of three target compounds

according to the method described in Supporting information 1.2.

The linearity, limits of detection (LOD), and limits of quantification

(LOQ) of the three compounds (SeMet, SeCys(2), and sodium selen-

ite) were determined in this study to validate the method.

The formulas of LOD and LOQ are as follows:

LOD = 3.3σ/S (1)

LOQ = 10σ/S (2)

where σ is the standard deviation of 10 blank response values, and

S is the slope of the calibration curve [46].

The product ions with m/z 108.8, 247.9, and 159.0, obtained

through tandem mass spectrometry, were utilized as the quantita-

tive ions for the three selenium compounds. The corresponding re-

sults are presented in Table 1. The linear coefficient (R2) for SeMet,

SeCys(2), and sodium selenite were found to be 0.9966, 0.9885,

and 0.9909, respectively. The relationship between signal intensity

(y) and concentration (x) exhibited a good linear correlation within

the range of 0.50–50.00 μg/L.

Two batches of selenium-enriched tea and two varieties of reg-

ular tea (Qingyuan R© Lushan Green Tea and Qingyuan R© Tie Guan

Yin Tea) were chosen to prepare tea infusion samples. In addi-

tion, we also selected two commercially available tea beverages
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Table 1

Method characterization for three forms of selenium compounds with EESI-MS.

Form Quantitative ions (m/z) Linear equation Quantitative limits (μg/L) R2 LOD (μg/L) LOQ (μg/L)

SeMet 108.8 y=18.4864x+ 592.4523 0.50–50.00 0.9966 0.22 0.68

SeCys(2) 247.9 y=13.5072x+58.1426 0.50–50.00 0.9885 0.27 0.81

Na2SeO3 159.0 y=4.1964x+ 29.5647 0.50–50.00 0.9909 0.41 1.23

(Suntory R© Jasmine Oolong Tea and Nongfu Spring R© Oriental

Leaves Green Tea) as samples for analysis. Six batches of tea in-

fusion samples were analyzed concurrently to determine the con-

centration of three selenium compounds. This was achieved us-

ing a homemade EESI-MS coupled with a heating reaction device.

The results are shown in Table S2 (Supporting information) that

the contents of the three selenium compounds in two tea bev-

erages and two ordinary tea samples were comparatively lower

than those in two selenium-enriched tea samples. In the analy-

sis of Qingyuan R© Lushan Green Tea samples and Suntory R© Jas-

mine Oolong Tea, neither SeCys(2) nor selenite was detected. Sim-

ilarly, selenite was not detected in both Qingyuan R© Tie Guan

Yin Tea and Nongfu Spring R© Oriental Leaves Green Tea. However,

both selenium-enriched teas No. 1 and No. 2 showed the pres-

ence of SeMet, SeCys(2), and selenite. Among the various sam-

ples, selenium-enriched tea No. 2 had the highest concentrations of

these compounds in the selenium-enriched tea No. 2 sample were

9.66 μg/L, 5.33 μg/L, and 2.01 μg/L, respectively. The relative stan-

dard deviation (RSD) (%) for each compound in all six batches was

determined to be less than 10% (n=5).

Recovery experiments were conducted to assess the reliability

and repeatability of the proposed method. Selenium-enriched tea

No. 2 was chosen as the reference sample. The experiment in-

volved the addition of mixed standard solutions with three dif-

ferent concentrations (5.00, 10.00, and 20.00 μg/L) to selenium-

enriched tea No. 2.

The spiking recovery of an analyte was calculated as follows:

Recovery = (c1 − c2)/c0 × 100% (3)

where c1 is the concentration of the sample measured after spik-

ing, c2 is the background concentration of the sample, and c0 is the

concentration of the standard added.

The experiment was conducted based on the optimized param-

eters. The spiked recoveries exhibited a range of 98.8% to 106.1%,

and the RSD (n=5) was found to be less than 5%, as presented in

Table S3 (Supporting information).

EESI-MS enables rapid trace analysis of various complex matri-

ces in liquid samples without sample pretreatment [47,48]. Based

on this feature, we completed the characterization of three other

specific compounds while analyzing the content of selenium com-

pounds. Figs. S6a and b (Supporting information) present the

mass spectra of Qingyuan R© Lushan Green Tea and Qingyuan R© Tie

Guanyin Tea, respectively. Meanwhile, Figs. S6c and d (Supporting

information) display the mass spectra of selenium-enriched tea No.

1 and selenium-enriched tea No. 2, respectively. Figs. S6e and f

(Supporting information) display the mass spectra of Suntory R© Jas-

mine Oolong Tea and Nongfu Spring R© Oriental Leaves Green Tea,

respectively. The signal intensities of m/z 175.0 [l-theanine+H]+

and m/z 195.0 [Caffeine+H]+ in the two groups of selenium-

enriched tea were significantly higher than those in the other four

groups. Furthermore, the signal intensity associated with m/z 213.0

[l-prolyl-l-proline+H]+ was found to be significantly higher in

Qingyuan R© Lushan Green Tea compared to the other five groups.

Fig. 4 displays the results of the tandem mass spectrome-

try analysis of the three ions previously mentioned. As shown

in the inset figure of Fig. 4a, m/z 137.9 is the main product

peak of [C6H8N3O]
+ originating from the loss of CH3–N=CO from

[Caffeine+H]+ [49]. In Fig. 4b, m/z 158.0 is the main product

Fig. 4. MS2 spectra of specific chemical constituents (a) caffeine, (b) l-theanine, (c)

l-prolyl-l-proline.

peak of [C7H14N2O2]
+ originating from the loss of –OH from [l-

theanine+H]+ [50]. As shown in the inset of Fig. 4c, m/z 195.0

and m/z 167.0 are the main product peaks of [C10H15N2O2]
+ and

[C9H15N2O]
+, respectively, originating from the losses of H2O and

HCOOH from [l-prolyl-l-proline+H]+ [51].

To demonstrate that this method can quantify both selenium

compounds and other compounds, we chose l-theanine for quan-

titative analysis. Based on the findings of tandem mass spectrom-

etry, we chose m/z 158.0 as the quantitative ion. Fig. S7 (Support-

ing information) presents the calibration curve of l-theanine, with

an R2 value of 0.9979. The relationship between the intensity (y)

and the concentration (x) demonstrates a strong linear correlation

within the specified linear range of 2.50×102 μg/L to 1.00×104

μg/L. Fig. S8 (Supporting information) illustrates the content of dif-

ferent compounds in selenium-enriched tea No. 2, with l-theanine

exhibiting the highest content at 323.92 μg/L.

In this study, a method for simultaneous detection of various

selenium compounds in complex liquid samples was established

by combining a heating reaction device with the EESI-MS. By us-

ing the heating reaction device, the reaction of SeO3
2− and OPD in

the liquid sample can be accelerated. The whole detection process

does not require sample pretreatment. The total detection time can

be controlled within 5min. Three different selenium compounds in

tea infusion samples can be quantified by utilizing this device. The

results indicate that this approach has high sensitivity, good preci-

sion, and high accuracy.

Furthermore, three other specific chemical constituents (caf-

feine, theanine, and l-prolyl-l-proline) in tea infusion could be

detected incidentally. The results showed that the content of l-

theanine and caffeine in two batches of selenium-enriched tea was

significantly higher than that in two batches of regular tea and two

batches of tea beverages. This method can simultaneously carry

out the quantitative analysis of various forms of selenium and
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other compounds in tea infusion. Previous studies have demon-

strated that theanine and caffeine are crucial components for tea

quality [52,53]. Therefore, it is expected that this method will of-

fer a rapid detection method for tea quality analysis. The device of

the proposed on-line heating reaction device is quite simple and

can be easily integrated with other instruments. Therefore, it holds

great potential for wide applications in areas such as food and en-

vironment.
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