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1 Summary 

Selenium is an essential trace element, which has many biochemical functions but also shows 

toxic effects at elevated intake. Therefore, it is important to monitor the selenium body status 

e.g. by investigating total selenium in biological fluids like blood or urine. Inductively coupled 

plasma mass spectrometry (ICPMS) is a robust technique with low limits of detection for the 

determination of selenium in body fluids. Low sample volumes can be investigated directly, 

without time-consuming digestion or dilution, when flow injection (FI) is used for sample 

introduction.  

 

The aim of this work was to develop a FI/ICPMS method for the determination of total selenium 

in biological fluids requiring minimum sample preparation. Quantification should be based on 

external calibration to avoid time-consuming standard addition approaches. FI/ICPMS signals 

were optimized regarding carrier solutions and flow rates. Matrix effects occurring when urine 

is analyzed directly without digestion or dilution were minimized by splitting the flow of the 

carrier solution, by optimizing the injection volume, and by using germanium as internal 

standard. Best results were obtained with 20 mM malonate 3 % MeOH pH 6.0 containing 

50 µg Ge/L as carrier solution at a flow rate of 1.5 mL/min, whereby 15 % of the carrier solution 

were directed to the ICPMS by a passive splitter, and an injection volume of 5 µL. The method 

detection and quantification limits in urine were 0.2 µg Se/L and 0.8 µg Se/L, respectively. The 

accuracy of the method was evaluated by (i) the certified reference material NIES No. 18 human 

urine, (ii) comparison of FI/ICPMS results for different urine samples with results obtained by 

ICPMS after microwave-assisted acid digestion, and (iii) by spiking recovery experiments. 

Intra-day precision for the determination of total selenium in urine was about 3 % and inter-day 

precision about 5 % depending on the concentration. Urine samples could be stored for at least 

4 days at 4 °C before volatile compounds known to lead to overestimated results were formed 

in the urine. Simple sample preparation by filtration together with an analysis time of about 

2 minutes/sample, as well as the low requirement for sample volume makes the method very 

useful particularly for large numbers of samples and samples for which only limited volumes 

are available. 
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2 Introduction 
 

2.1 Selenium 
 

2.1.1 History 

In 1817 selenium was isolated for the first time by the Swedish scientist Jöns Jakob Berzelius. 

He noted the similarity of the new element to the earlier-discovered tellurium (tellus is the latin 

name of the earth). Therefore, he named selenium after the Greek word for moon 

(Σελήνη = Selene). [1] After 1817, indication for selenium toxicity came up, since horses were 

suffering from a deadly disease after grazing in certain regions of China and the USA, [2] where 

the grains contained very high amounts of selenium. [3] In 1957, evidence was gathered that 

selenium is an essential trace element for humans. [4] Hence, selenium is essential for humans 

in low concentrations, but has toxic effects at higher concentrations, with a very narrow range 

between selenium deficiency, essentiality, and toxicity. [3]  

 

2.1.2 Chemical and physical properties 

The atomic weight of selenium is 78.96 and its atomic number is 34. It is located in group 16 

between sulfur and tellurium and in period 4 between arsenic and bromine in the periodic table 

of the elements. Therefore, it is placed in the group of metalloids. The compounds of selenium 

show similar behavior as those of its neighbors. [5] 

Selenium commonly occurs in four oxidation states: -2 (selenide), 0 (elemental selenium), 

+4 (selenite) and +6 (selenate) [6] and has six stable isotopes: 74Se (0.89 %), 76Se (9.36 %), 

77Se (7.63 %), 78Se (23.78 %), 80Se (49.61 %) and 82Se (8.73 %). [7] In its elemental form, 

selenium is very stable and highly insoluble. Soluble selenium compounds occuring in soils, 

such as selenates, become unavailable for absorption by plants under reducing conditions, since 

these compounds are converted to elemental selenium. [1] 

Selenium has specific electrical properties, which are responsible for its usefulness to electrical 

and electronic industries. Its conductivity is low in the dark, but is increased several 100-fold 

when it is exposed to light. Then it also generates a small electrical current in the element and, 

hence, has the properties of a semiconductor. [1] 

 

2.1.3 Occurrence 

Because of the uneven geographical distribution of selenium, its concentration in biological 

materials depends on geological factors. [8] Due to its similarity to sulfur with respect to bond 
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energy, ionization potential, electron affinity and atomic radius, selenium is preferentially 

located in materials which contain sulfur in high concentrations. [9, 10]  

Selenium is transferred up the soil-plant-animal-human food chain. [11] Plants take up selenium 

from the soil primarily as selenate or selenite, which are then metabolized to selenomethionine 

(for structures see Figure 1). This organic form of selenium is bioavailable to animals and 

humans. [12] Geographical differences in soil selenium concentrations lead to variations in the 

selenium content of food. [11] The bioavailability of selenium to plants also depends on the pH 

of the soil and the presence of sulfur, which can compete with selenium for absorption. In 

addition, the amount of organic matter, iron hydroxides and aluminium compounds in the soil 

may play an important role, because they can bind selenium and reduce its bioavailability to 

plants. Microorganisms that can convert selenium from insoluble forms to soluble forms, and 

rainfall, which can flush out selenium from the soil, also have to be considered. [13]           

Protein-rich foods like meat, chicken, fish, eggs and nuts, especially Brazil nuts, contain high 

levels of selenium because selenium is able to replace sulfur in amino acids. In contrast the 

concentration of selenium in fruit is low, which can be explained by the low protein fraction. 

The concentration of selenium in milk and milk products is negatively correlated with the fat 

content. [14] 

 

2.1.4 Health effects of selenium 

Selenium is important for human health [15] and shows ambivalent behavior. [16] Several 

important metabolic pathways such as thyroid hormone metabolism, antioxidant defense and 

immune function depend on selenium. [15] The range between required and toxic dose is very 

narrow. [16] The recommended daily intake (RDI) for an adult is 55 µg/d and the tolerable 

upper intake level (UL) is 400 µg/d. [17] The major natural source of selenium is food, and 

hence selenium intake depends on soil selenium levels. [18]  

 

2.1.4.1 Health benefits of selenium 

Selenium is incorporated in selenoproteins as selenocysteine (Figure 1), the 21st amino acid. 

25 selenoproteins have been identified in the human proteome, but many have functions that 

have not been completely investigated. [19, 20] Most of them are redox enzymes, such as 

glutathione peroxidase (GPx), type 1 5’iodothyronine deiodinase, and thioredoxin 

reductases  (TrxR). These enzymes protect cellular components from oxidative damage, are 

necessary for proper thyroid function, and maintain the intracellular redox state. 
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Selenoprotein P is an extracellular protein, which may serve as a transport protein for selenium 

from the liver to peripheral tissues. [19]  
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Figure 1: Structure of relevant selenium species 

 

Numerous studies have indicated that insufficient selenium levels are directly or indirectly 

associated with several human diseases including cancer, diabetes, cardiovascular and immune 

system disorders. GPx and TrxR enzymes, which reduce oxidative stress, are very important 

for most of these associations, [21] because of the reduction of hydrogen peroxides, lipid and 

phospholipid hydroperoxides. Further, these enzymes reduce the propagation of free radicals 

and reactive oxygen species. [19, 20] Ca2+ signalling, spermatogenesis or brain function are 

also influenced by selenoproteins. [21] Selenium interacts with toxic metals and metalloids. For 

example, selenium is able to decrease the bioaccumulation of cadmium and arsenic [21] and 

counteracts mercury poisoning. [22] 

Over the last 20 years, the ability of selenium to reduce the development of cancer has been 

investigated for a variety of cancer forms. Several studies showed that the ingestion of 

200 µg Se/day reduces the risk of prostate, lung and bladder cancers, [18, 21] but other studies 
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found no significant effects of selenium supplementation. [23] A possible explanation for the 

different results could be that only specific selenium compounds have chemopreventive 

properties, since the studies used different selenium compounds for ingestion. [24] 

Furthermore, also human selenium status has to be considered because at very high selenium 

levels an additional selenium supplementation may even have opposite effects on human 

health. [25] 

 

2.1.4.2 Toxicity of selenium 

Before selenium’s essentiality was discovered, it was first known as a toxic element. [26] 

Chemical properties of selenium compounds, particularly their solubility, determine toxicity. 

The soluble selenium species selenomethionine, selenite and selenate are more toxic than 

insoluble selenium compounds. [27] Environmental toxicity of selenium in humans is much 

less common than selenium deficiency, but acute or chronic toxicity can appear by the intake 

of high-selenium containing dietary supplements. [28, 29] Selenosis is a specific pathology, 

which is caused by chronic oral intake of very high amounts of selenium. It is characterized by 

hair loss, deformation and loss of nails, abnormal functioning of the nervous system and other 

symptoms. [21] 

 

2.1.5 Selenium metabolism 

Human selenium metabolism is very complex and not completely understood. [14] It is known 

that the chemical form impacts on absorption, retention and, therefore, utilization. [30] 

Selenium compounds are absorbed from the human gastrointestinal tract at the lower end of the 

small intestine. [31] Soluble selenate and selenomethionine are most easily absorbed, [27] 

which is not the case for selenite. [32] Besides the chemical form of selenium, dietary factors 

also regulate bioavailability. For example, proteins and high levels of vitamin E can act as 

enhancers of uptake. Toxic elements, such arsenic or mercury, high levels of sulfur or vitamin C 

may be inhibitors for absorption. [31] Following absorption, the various selenium forms are 

metabolized into hydrogen selenide, which is further metabolized to selenoproteins. [14] 

Excretion occurs via three routes: urine, feces and breath, where selenium is exhaled in the form 

of volatile methylated metabolites. The major route for the elimination of excess selenium is 

the urinary pathway. When the dietary intake increases, urinary excretion also increases. [31] 
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2.2 Selenium in biological fluids with emphasis on human urine 

Monitoring selenium body status is an important matter. [33] Several human body fluids and 

tissues, for example whole blood, blood plasma, blood serum, hair and toenails, have been 

discussed as indicators for nutritional selenium status. Human nails or hair show the exposure 

over the past 6 to 12 months, [14] but contamination, e.g. selenium-containing shampoo, must 

be avoided. [29] In contrast, blood and urine are biomarkers which show the selenium intake 

for no longer than several days (for urine) or several weeks (for blood). [14] Urine is frequently 

investigated because it is easily available. Furthermore, most trace elements, including 

selenium, are mainly excreted via the urine. [33] Several different selenium species are found 

in urine, but not all of them have been identified yet. First, it was reported that the 

trimethylselenonium ion (TMSe+) is the major form of selenium in urine. Improved analytical 

methods have shown that TMSe ion is not generally a significant constituent of human 

urine. [34] Important constituents of human urine are selenosugars, [35] of which selenosugar 1 

is usually the major identified urinary selenium species, whereas selenosugar 3 is minor, and 

selenosugar 2 has only been found after selenium supplementation. [34] Urinary selenium 

concentration in an unsupplemented, healthy person may usually be between 2 and 

30 µg Se/L. [36] Therefore, techniques with low detection limits are required to measure 

selenium in urine.  

 

2.2.1 Determination of total selenium 

Direct determination of total selenium in biological fluids without sample preparation is only 

possible if the matrix does not affect the measurement and the measurement response of all 

contained selenium species is the same. High content of total dissolved solids (TDS) in body 

fluids can cause matrix effects and such samples often require sample preparation steps like 

digestion or dilution prior to the determination of total selenium. [33, 37] However, dilution 

and digestion are time-consuming and can lead to contamination or analyte loss. [33] 

Furthermore, some analytical techniques require the conversion of the different selenium 

species in a sample into one single chemical form [33] to overcome species dependent 

response. [38] This is particularly important for techniques based on hydride generation, [39] 

such as hydride generation/inductively coupled plasma mass spectrometry (HG/ICPMS), [40] 

hydride generation/atomic absorption spectrometry (HG/AAS) [41] or hydride 

generation/atomic fluorescence spectrometry (HG/AFS) [42] but also for other analytical 

techniques. For example, volatile species like dimethylselenide or dimethyldiselenide        
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(Figure 1) result in a higher response in ICPMS than non-volatile selenium species due to their 

more efficient transport from the spray chamber to the plasma. [37, 43]  

 

Several measurement techniques have been applied for the determination of selenium in 

biological fluids. With electrothermal atomic absorption spectrometry (ETAAS) limits of 

detection (LOD) in the low µg/l range can be achieved for urine, [39, 44] which is in the range 

of the total selenium content in urine (2 – 30 µg Se/L). [36]. Additionally, some selenium 

compounds have a high volatility, which requires thermal stabilization in the ashing stage, and 

the various selenium species do not behave similar during pyrolysis. Also spectral interferences 

could occur because of several inorganic compounds like sulfate, phosphate and iron, which 

are also constituents of urine. [39, 44] In order to minimize analyte loss during the ashing stage, 

matrix modifiers, such as nickel, copper or palladium, are often used to make the analyte less 

volatile. [44, 45]  

Hydride generation coupled to AAS [39, 41, 46, 47] or atomic fluorescence 

spectrometry (AFS) [48] is often used for the determination of low concentrations of selenium 

in complex sample matrices like urine. Detection limits in the sub µg Se/L range can be 

achieved. [46, 48] Selenite but also organic species, such as SeMet, TMSe+ and selenosugars 

form volatile compounds after treatment with HCl and NaBH4. [49] However, their efficiencies 

in forming volatile species differ. Therefore, it is necessary for total analysis to convert all 

selenium species into one single chemical form, usually selenite, prior to hydride 

generation. [39] Digestion and subsequent heating in HCl convert selenate to selenite, which is 

then transformed to hydrogen selenide, is usually applied. [41, 47, 50–54] Alternatively, 

selenium compounds can be directly transformed into selenite by mixtures of hydrobromic acid 

and bromine, in situ generated from potassium bromate. [55]  

The conversion of selenium species to selenite is also required for the determination of selenium 

in body fluids by fluorimetry, which is based on the reaction of selenite with                                               

2,3-diaminonaphthalene. [54, 56] However, this technique, although cost-effective, is of minor 

importance for urine analysis. 

A robust technique with low detection limits for the determination of total selenium is 

ICPMS, [57] which is nowadays the method of choice for the analysis of selenium in body 

fluids. [58] The use of a collision/reaction cell is advantageous, because the most abundant 

selenium isotopes 80Se (49.61 %) and 78Se (23.78 %) are interfered by argon dimers (40Ar40Ar+, 

40Ar38Ar+). [59] When using H2 as reaction gas, interferences of 79Br1H+ and 81Br1H+ occur on 

80Se and 82Se when samples contain bromine, which is the case for urine and blood. [59]  
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2.2.2 Flow injection analysis 

Flow injection analysis (FIA) is a simple and rapid sample introduction technique, which was 

first introduced in 1975 by Růžička and Hansen. [60] A large variety of detectors like mass 

spectrometers (MS), AAS, atomic emission spectrometers (AES), fluorimeters, electrochemical 

detectors, refractometers or spectrophotometers can be combined with FIA. [61] Liquid 

samples are injected into a continuous carrier flow, which transports the samples to the detector. 

Rapid, sequential analysis of a larger number of samples can be carried out with this 

technique. [62] Both the required time for sample preparation and sample volume can be 

reduced by using flow injection. The risk of sample contamination can be minimized, and the 

precision of measurements can be improved. [33] The basic components of a flow injection 

system are a pump, the injector, a mixing or reaction zone, and the detector (Figure 2). [62]  

 

 

Figure 2: Design of a flow injection analyzer [62] 

 

The pump moves the carrier solution through the flow injection system. The injector, which is 

used to place the sample in the carrier stream, is similar in nature and performance criteria to 

those used in HPLC. It is important that the sample solution is injected fast, so that the flow of 

the carrier solution is not disturbed. [62] After injection it can be necessary to transform the 

analyte into a species that can be measured by the detector. In this case the sample is mixed 

with a reagent in a reaction coil. For example, this is used in the hydride generation technique, 

in which the analyte is converted into a volatile species. The analyte or its derivate produces a 

signal at the detector, which is then used for quantification. [60] 

At the time of injection the sample flow profile has a rectangular shape (Figure 3). [62] When 

the sample solution passes the tube, band broadening (dispersion) takes place. The shape is 

determined both by convection and diffusion. Dispersion by convection creates a parabolic 

shaped front. Laminar flow, in which the center of the fluid moves more rapid than the liquid 
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near to the walls, is the source of convection. Dispersion by diffusion occurs due to the 

concentration gradient between the sample and the carrier stream. [62] 

 

 

Figure 3: Impact of convection and diffusion on the concentrations profiles of the analytes at the 

detector: (A) no dispersion at injection, (B) dispersion by convection, (C) dispersion by convection and 

radial diffusion, (D) diffusion dominates dispersion [63] 

 

Dispersion is the ratio between the initial analyte concentration and the concentration, which 

appears as a peak at the detector. [64] It is determined by the injection volume of the sample, 

the flow rate, the diameter of the tubing used and, if applicable, the length of the reaction coil. 

Hence the time between injection and detection is reproducible, which allows 

quantification. [60, 65] Dispersion is equal to 1 at large sample volumes, where no significant 

mixing of the sample with the carrier stream occurs, and no sample dilution takes place. If a 

derivate of the analyte should be generated by a reagent, a dispersion greater than one is 

required. For example, a dispersion of 2 is needed, when sample and reagent are to be mixed in 

a ratio of 1:1. Longer flow paths result in higher dispersion due to increased convection and 

diffusion, whereby the signal gets broader. [66] 

The FIA curve (Figure 4) has the form of a peak, in which the height H, width W and area A 

are related to the concentration of the analyte. [62, 65] The time, in which a sample moves from 

the injector to the detector, is called travel time ta. In contrast, the time, which is required to 

obtain the peak maximum is called residence time T. If convection is the primary source of 

dispersion, the difference (t’) between the residence time and travel time approaches zero. The 

difference between ta and T increases as diffusion becomes more influential. The               

baseline-to-baseline time Δt is the time required for the sample to pass through the flow cell of 

the detector and for the signal to return to the baseline. The return time T’ is the elapsed time 

between signal maximum and its return to the baseline. It determines the frequency, with which 

samples may be injected. [62] 

 

Evaluation of signals can be done by peak height H or peak area A, after calibration with 

suitable reference samples. Both are directly related to the analyte concentration. Another 

possibility is the peak width W, which is proportional to the logarithm of the concentration and 
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has a wide dynamic range. Compared to peak height or area measurement its precision is 

lower. [65]  

 

 

Figure 4: Typical FIA curve for flow injection analysis [62] 

 

Several publications report the determination of total selenium in biological fluids by flow 

injection with HG/AAS, HG/ICPMS or ICPMS detection, whereby sample preparation by 

digestion or dilution was most frequently applied. Detection based on HG requires conversion 

of all selenium species into selenite. Therefore, digestion followed by heating with HCl to 

reduce selenate, which might be formed during digestion and is not hydride active, to selenite 

is often applied. [41, 47, 52, 53, 67] Alternatively digestion with a mixture of bromate and 

hydrobromic acid immediately transforming the selenium species into selenite was suggested 

(see also Chapter 2.2.1). [39, 47] 

Among techniques based on flow injection, FI/HG/AAS was employed first for the 

determination of total selenium in body fluids (Table 1). In two publications a special 

instrumental set-up using a graphite tube, in which the formed hydrogen selenide was trapped, 

instead of a heated quartz tube as atomizer was employed. [39, 47] Digests of biological fluids 

(plasma, serum, or urine) containing all selenium as selenite were usually directly injected into 

the HCl solution used to generate hydrogen selenide by subsequent mixing with sodium 

borohydride (Table 1). Besides time-consuming sample preparation procedures necessary for 

techniques based on hydride generation, another disadvantage is the rather high injection 

volume used with these methods compared to flow injection performed with HPLC systems. 

Accuracy of the reported FI/HG/AAS was demonstrated with reference 

materials, [39, 41, 47, 53] comparison to results obtained by alternative techniques, [47, 52] as 
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Table 1: Overview of the literature for the determination of total selenium content in biological fluids by flow injection with various detectors 

Method 
Sample 

matrix 
Sample preparation Calibration Carrier solution 

Internal 

standard 

Injection 

volume 

[µl] 

LOD [µg Se/l] 

Reference 
in solution in sample 

FI/HG/AAS 
blood plasma 

and serum 

digestion, reduction 

by heating with HCl 
external 1 M HCl - 330 1.2 15 [52] 

FI/HG/AAS serum 
digestion, reduction 

by heating with HCl 
external 1 M HCl - 500 0.3 6 [53] 

FI/HG/AAS urine digestion external 10 % HCl - 500 / 1000 1.2 6 [39] 

FI/HG/AAS urine 
digestion, reduction 

by heating with HCl 
external 1 M HCl - 500 0.3 3 [41] 

FI/HG/AAS urine 
digestion, reduction 

by heating with HCl 
external not reported - 

not 

reported 
0.6 15 [47] 

FI/HG/ICPMS serum 
dilution, reduction by 

heating with HCl 
external 0.6 M HCl - 100 0.035 3.5 [67] 

FI/ICPMS urine filtration, dilution not reported not reported Ge 100 6.5 - [68] 

FI/ICPMS urine dilution standard addition 
0.65 % (m/v) 

HNO3 
Rh 

not 

reported 
0.45 - [33] 

FI/ICPMS urine - standard addition 1 % HNO3 Rh 821 not reported not reported [69] 

FI/ICPMS 
blood serum 

and plasma 
filtration, dilution standard addition 

phosphate buffer 

(pH 6.8) 
- 50 not reported not reported [70] 

FI/ICPMS 

serum, 

cerebrospinal 

fluid 

dilution external Milli-Q Rh 25 0.026 
1.3, 

0.026 
[71] 
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well as spiking recoveries. [39, 41, 52] Although the typical precision of about 

5 % RSD [41, 52, 53] is satisfactory, the obtained LODs (3 – 15 µg Se/l) are too high for the 

determination of total selenium in normal background urine (Table 1). 

 

FI/HG followed by the detection of serum selenium with ICPMS was reported by 

Quijano et al. [67] Diluted serum samples were mixed with concentrated hydrochloric acid and 

boiled to convert selenate to selenite. When a serum sample was spiked with different amounts 

of selenate, recoveries were quantitative. However, the native serum before spiking contained 

only 35 µg Se/L which is at the lower limit for total selenium in serum. [14] This might indicate 

that not all of the contained selenium was detected because selenium species other than selenate 

might not have been quantitatively converted into selenite without a digestion step prior to 

reduction by HCl. 

 

Centineo et al. were unable to accurately determine the selenium concentration in a human urine 

certified reference material by FI/HG/ICPMS after filtration and dilution as the only sample 

preparation steps, [68] and, therefore, used flow injection directly coupled to ICP/time of flight 

(TOF) MS to achieve accurate results. However, the achieved LOD of the FI/ICPTOFMS 

method was still too high to make it suitable for the determination of total selenium in 

background urine. Lower detection limits were achieved by coupling flow injection to a 

conventional ICPMS system. [33] On-line dilution was used to decrease matrix effects. 

Nevertheless, the time-consuming approach of standard addition calibration was necessary to 

obtain accurate results. There is only one report where total selenium in biological fluids was 

determined by FI/ICPMS without sample preparation. [69] For quantification of total selenium 

in urine, online standard addition was carried out by injecting a small volume of standard as a 

spike into the sample/carrier stream. With this set-up, and the use of an internal standard, matrix 

effects could be accounted for without time-consuming calibration procedures. The method was 

applied to a certified urine reference material, but no other performance characteristics of the 

method like an LOD were reported. [69]  

Although the use of injection volumes below 100 µL with an HPLC system instead of a 

conventional flow injection system for FI/ICPMS should result in less matrix effects, standard 

addition was still necessary for the quantification of total selenium in blood serum and 

plasma. [70] The latest FI/ICPMS study [71] investigated cerebrospinal fluid (CSF) and serum 

samples but also one urine control material with external calibration. Data evaluation using 80Se 

was possible because of the use of methane as reaction gas precluding interferences of 1H79Br 

known to hamper quantitation on 80Se, when hydrogen is used as reaction gas. [59] Therefore, 

an LOD of 0.026 µg Se/L was achieved with this method. However, when undiluted 
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cerebrospinal fluid was analyzed, strong signal suppression was observed for rhodium, which 

was used as internal standard indicating severe matrix effects. To minimize these effects, serum 

samples, which contain about 10 to 50-fold higher total selenium concentrations than 

cerebrospinal fluid, were diluted with water before measurements. [71] 

 

Generally, accurate results were obtained with flow injection coupled to ICPMS detection as 

demonstrated by the analysis of suitable reference materials, [33, 69–71] comparison with 

results obtained by alternative techniques, [70, 71] as well as spiking recovery 

experiments. [33, 68, 71] The RSDs were as satisfactory as those obtained by AAS detection. 

Injection volumes were reduced to a minimum of 25 µL with this technique, which is 

particularly important for body fluids, of which only low amounts are available, and LODs of 

the recent methods were suitable for the analysis of background urine. However,                        

time-consuming sample preparation steps like dilution [33, 68, 70, 71] or manual addition of 

an internal standard, [68, 71] as well as standard addition calibration [33, 69, 70] were still 

necessary, which is not ideal when large numbers of samples have to be analyzed.  

 

2.3 Aim of the work 

Total selenium in urine is often used for assessment of recent selenium intake. A simple, 

accurate, and precise high-throughput method is desirable for the analysis of a large number of 

samples to avoid time-consuming sample preparation, such as digestion or dilution. The aim of 

this work was to develop a method for measuring total selenium in urine by FI/ICPMS with 

external calibration without prior dilution or digestion. The method should be validated with 

respect to accuracy and precision in the urinary matrix as well as its ability to reliably determine 

total selenium in urine samples that had been stored for longer periods of time before analysis.  
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3 Experimental 
 

3.1 Materials and methods 
 

3.1.1 Chemicals and reagents 

All solutions were prepared with Milli-Q water (18.2 MΩ cm, Milli-Q® Academic water 

purification system, Millipore GmbH, Vienna, Austria). Chemicals and reagents used are 

summerized in Table 2. Stock standard solutions of the selenium compounds were prepared in 

water at the following concentrations: selenomethionine 90 mg Se/L, selenite 1000 mg Se/L, 

selenate 1000 mg Se/L, TMSe 1000 mg Se/L, selenosugar 1 65 mg Se/L and 

methylselenocysteine 100 mg Se/L. Working solutions of standards were prepared daily by 

step-wise dilution of the stock standard solutions with water. Chemicals were used without 

further purification except for nitric acid, which was further purified in a quartz sub-boiling 

distillation unit.  

 

3.1.2 Certified reference materials 

The accuracy of the calibration for total measurements by ICPMS after microwave-assisted 

acid digestion was checked by analysis of the reference water SRM 1640a (Trace Elements in 

Water, National Institute of Standards and Technology (NIST), Gaithersburg, USA; 

certified: 19.97 ± 0.16 µg Se/L, found: 19.90 ± 0.26 µg Se/L, n = 6). In addition the reference 

material ClinCheck® Urine Controls (Lyophilized, for Trace Elements, Level I, Recipe®, 

Munich, Germany; certified: 79.0 ± 15.8 µg Se/L, found: 80.7 µg Se/L and 83.3 µg Se/L, n = 2), 

the certified reference material NIES No. 18 Human Urine, (National Institute For 

Environmental Studies, Tsukuba, Japan; certified: 59 ± 5 µg Se/L, found: 62 ± 2 µg Se/L, n = 4) 

and urine from a proficiency test (53. Ringversuch 2014 für toxikologische Aspekte in 

biologischem Material; Institut und Poliklinik für Arbeits-, Sozial- und Umweltmedizin der 

Universität Erlangen-Nürnberg; target value: 84.3 ± 15.9 µg Se/L, found: 81.9 ± 1.6 µg Se/L, 

n = 5) were used for quality control of the conventional method.  
 

The accuracy of the developed FI/ICPMS method was checked with the certified reference 

material NIES No. 18 Human Urine (certified: 59 ± 5 µg Se/L, found: 61.4 ± 0.4 µg Se/L, 

n = 3). 
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Table 2: Chemicals and reagents 

Chemical / Reagent Concentration Quality Manufacturer 

Germanium stock solution 
1000 ± 3 mg/L in 2 % 

HNO3 
Peak Performance CPI International, Santa Rosa, USA 

Selenium stock solution 
1000 ± 0.2 mg/L in 2 % 

HNO3 

Roti®Star, Single-Element ICP-

Standard-Solution 
Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Multi-element standard solution 100 mg Se/L 

Certipur®, ICP multi-element 

standard solution VI for ICP-MS, 

30 elements in dilute nitric acid 

Merck Millipore KGaA, Darmstadt, Germany 

Selenomethionine - ≥ 99,0 % (TLC) Fluka, Buchs, Switzerland 

Sodium Selenite - > 99 % Merck, Darmstadt, Germany 

Sodium Selenate - > 99 % Fluka, Buchs, Switzerland 

Methylselenocysteine - ≥ 99,0 % (TLC) Sigma-Aldrich Chemie GmbH, Munich, Germany 

Trimethylselenonium iodide  - - Synthesized in-house according to [72] 

Selenosugar 1 - - Synthesized in-house according to [73] 

Nitric acid ≥ 65 % Rotipuran®, p.a., ISO Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Formic acid ≥ 98 % Rotipuran®, p.a., ACS Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Sulfuric acid ≥ 95 % Rotipuran®, p.a., ISO Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Methanol 99.9+ % HPLC gradient grade Chem-Lab N.V., Zedelgem, Belgium 

 - HPLC gradient grade VWR Prolabo Chemicals, Fonenay-seous-Bois, France 

Ammonium formate ≥ 95 % purum Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Malonic acid ≥ 98 % (T) purum Fluka Chemie GmbH, Buchs Switzerland 

 99 % - Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Aqueous ammonia ≥ 25 % Rotipuran®, p.a. Carl Roth GmbH + Co. KG, Karlsruhe, Germany 
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3.1.3 Consumables 

Consumables used in this work are illustrated in Table 3. 

Table 3: Consumables 

Consumable Manufacturer 

Cellstar® Tubes, 50 mL, polypropylene (PP), graduated, 

conical bottom, blue screw cap, sterile 

Greiner Bio-One GmbH, Frickenhausen, 

Germany 

Cellstar® Tubes, 15 mL, PP, graduated, conical bottom, 

blue screw cap, sterile 

Greiner Bio-One GmbH, Frickenhausen, 

Germany 

Polystyrol (PS) Tubes, 12 mL BRAND, Wertheim, Germany 

Micro tubes, 1.5 mL, PP Plastibrand®, Wertheim, Germany 

Pipette tip blue 
Greiner Bio-One GmbH, Frickenhausen, 

Germany 

Pipette tip yellow 
Greiner Bio-One GmbH, Frickenhausen, 

Germany 

Parafilm, PM 996, Bemis Flexible Packaging Bemis Company Inc, Neenah, USA 

TERUMO®, Syringe without Needle, 6 % LUER, 2 mL Terumo Europe N.V., Leuven, Belgium 

Pro Fill 25 mm HPLC syringe filter, Nylon (PA), 

porosity 0.2 µm 

Markus Bruckner Analysentechnik, 

Linz, Austria 

HPLC micro vials, Vial crimp/snap, PP, 1 mL Agilent, Waldbronn, Germany 

HPLC micro vials, Vial crimp/snap, PP, 250 µL Agilent, Waldbronn, Germany 

HPLC caps, Al CRIMP CAP PTFE/Rubber TF2 SEPT, 

11 mm 
Agilent, Waldbronn, Germany 

Wide Mouth Snap-Seal Sample/Specimen Container 

with Snap Cap, PP, graduated and non-sterile, 300 mL 
Corning Inc., New York, USA  

 

3.1.4 Instrumentation 

For conventional total measurements and FI/ICPMS an Agilent 7500ce ICPMS system (Agilent 

Technologies, Waldbronn, Germany) equipped with an Integrated Sample Introduction 

System (ISIS), an autosampler (Agilent ASX 500 Series), a cyclonic spray chamber (Elemental 

Scientific Inc, Omaha, USA), and a Burgener Ari Mist HP Nebulizer (Burgener Research 

International, Berkshire, UK) was used. Data evaluation was carried out with ICPMS 

Masshunter software (G72008, B.01.01).  

An Agilent 1100 HPLC system (Agilent Technologies, Waldbronn, Germany) consisting of an 

eluent degasser (G 1379 A), a binary pump (G 1312 A), a thermostated autosampler (G 1329 A), 

and a thermostated column oven (G 1316 A) was used for speciation analysis and FI/ICPMS. 

Further instrumentation used in this work is summerized in Table 4. 
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Table 4: Instrumentation 

Instrumentation Type Manufacturer 

Balances S-4001, Denver Instrument Sartorius, New York, USA 

 SI-234, Denver Instrument Sartorius, New York, USA 

Micropipettes ACURA 826, 10 – 100 µL, autoclavable, XS Socorex, Ecublens, Switzerland 

 ACURA 826, 100 – 1000 µL, autoclavable, XS Socorex, Ecublens, Switzerland 

Sub-boiling Unit duoPUR MLS EMLS, Leutkirch, Germany 

pH meter pH 1000 L pHenomenal®, VWR® 

 Electrode: 6.0253.100 Aquatrode Plus Metrohm AG, Herisau, Switzerland 

Digestion system UltraCLAVE 4, High Performance Microwave Reactor, Milestone MLS GmbH, Leutkirch, Germany 

with: Quartz Tubes, 12 mL, with Teflon cap, Teflon rack  

Dispenser Fortuna® OPTIFIX® Safety 10 Poulten & Graf GmbH, Wertheim, Germany 

Refractometer Leica TS 400®, Serum Protein 6.54 Leica Microsystems Inc., New York, USA 

Passive splitter QuickSplitTM Adjustable Flow Splitter Analytical Scientific Instruments, USA 

HPLC Columns Atlantis® dC18, 5 µm, 4.6 x 150 mm  Waters, Dublin, Ireland 

 PRP-X100, 5 µm, 4.6 x 150 mm  Hamilton Company, Nevada, USA 
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3.2 Sample collection 

Human urine (18 samples) was collected from 11 volunteers into 300 mL plastic bottles, 

aliquoted into 15 mL tubes or 1.5 mL micro tubes and stored at -20 °C. On the day of 

measurement, the aliquots were thawed and prepared for measurement. In order to investigate 

the applicability of the method, different urine samples were collected to cover a range of 

selenium concentrations and specific gravities. The specific gravity of the urine samples was 

measured with a refractometer.  

 

3.3 Determination of total selenium by ICPMS after microwave-

assisted acid digestion (conventional method) 

Total selenium concentrations in the urine samples were determined by ICPMS after 

mineralization of the samples by microwave-assisted acid digestion (hereafter named 

“conventional method”). 

 

3.3.1 Sample preparation 

500 µL of the urine samples (unfiltered or filtered) or of the certified reference material NIES 

CRM No. 18, or 200 µL of the reference material ClinChek Urine and of the reference urine 

from a proficiency test were transferred into quartz digestion vessels of the UltraClave 4. Then 

2 mL Milli-Q water and 2 mL nitric acid were added. The quartz tubes were placed in a Teflon® 

rack and covered with Teflon® caps. An absorber bath consisting of 300 g of Milli-Q water and 

5 g of sulfuric acid was used. The digestion system was closed, loaded with argon to 40 bar and 

the microwave program was initiated. After digestion the digests were transferred to 

15 mL tubes and diluted to a final volume of 10 mL with Milli-Q water. Then, 100 µL of an 

internal standard (2.5 mg/L Ge in 2 % HNO3) were added to the digested solutions. 

 

3.3.2 Determination of total selenium by ICPMS 

Determination of total selenium concentrations in the urine samples was carried out by ICPMS. 

An octopole reaction cell with H2 as reaction gas (flow rate: 3.5 mL/min) was used to reduce 

polyatomic interferences on 78Se and 80Se resulting from the argon dimers (40Ar40Ar+ and 

40Ar38Ar+). A mixture of 1 % CO2 in Ar (12 % of the carrier gas) was used as optional gas to 

enhance the selenium signal. The selenium isotopes 77Se, 78Se, 80Se and 82Se were measured; 

quantification was performed on m/z 78 because of possible interferences of HBr with 80Se and 

82Se when H2 is used as reaction gas.  
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Before measurement, the instrument was tuned to maximum sensitivity and low oxide ratios 

with a solution consisting of 1 µg/L of Li, Y, Tl, Ce, Co, Fe, Se, As and Cr in 2 % HNO3     

(Figure A. 1, Appendix). External calibration was carried out with standard solutions of 

selenium (0.05 – 5 µg Se/L) prepared from the Single-Element ICP-Standard-Solution 

(hereafter named “single-element-standard”) in 20 % HNO3. The instrument drift was generally 

< 5 %. Quantification was done using 72Ge as internal standard.  

 

3.4 Determination of total selenium by flow injection / ICPMS 

FIA was carried out by coupling the HPLC system with a PEEK (polyetheretherketone) 

capillary tubing (0.125 cm i.d.) to the nebulizer of the ICPMS (for typical ICPMS settings see 

Figure A. 1, Appendix). The signals on m/z 78 and 80 were monitored, whereby quantification 

was performed on m/z 78. External calibration was carried out with standard solutions 

containing 1 – 25 µg Se/L (in some cases up to 50 or 100 µg Se/L depending on the selenium 

content expected in the samples) prepared from the single-element-standard. Standard addition 

was sometimes performed, whereby aliquots of the filtered urine samples were spiked with 

different concentrations of the single-element-standard (50 µL of single-element-standard was 

added to 2 mL urine sample). Urine samples were filtered through 0.20 µm Nylon filters prior 

to analysis. Unless otherwise stated, each standard and urine sample was injected three times 

and mean and standard deviation were calculated. As drift control and accuracy control for the 

calibration a TMSe standard (20 µg Se/L) was also analyzed. The drift was always < 5 %.  

 

3.5 Determination of selenium species in two commercially 

available selenium standards by HPLC/ICPMS 

To investigate the selenium species present in the commercially available ICP-Multi-Element-

Standard-Solution (hereafter named “multi-element-standard”) and single-element-standard, 

anion-exchange HPLC/ICPMS was employed using a PRP-X100 column (5 µm, 4.6 x 150 mm, 

Hamilton Company, Nevada, USA) and 20 mM malonate pH 9.5 as mobile phase. The flow 

rate was 1.0 mL/min, the column temperature was 30 °C, and the injection volume was 20 µL. 

A standard solution containing selenite and selenate (20 µg Se/L each) was used for 

identification of the species by retention time matching.  
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3.6 Optimization of FI/ICPMS 
 

3.6.1 Carrier solution 

Different carrier solutions were investigated. Ammonium formate (20 mM with and without 

3 % MeOH, pH 3.0 adjusted with formic acid), malonate (20 mM with and without 3 % MeOH, 

pH 3.0, 6.0 or 9.5 adjusted with aqueous ammonia) and HNO3 (0.005 M in 10 % MeOH) were 

checked. The selenium species selenite, selenate, selenosugar 1, TMSe, SeMet, MeSeCys and 

two commercial selenium standards, the multi-element-standard and the single-element-

standard, at concentrations of 20 µg Se/L each were measured. Urine samples were quantified 

using external calibration or standard addition. All selenium standards were injected twice and 

Milli-Q water was injected between two different selenium species to investigate carry-over. 

Measurements performed using flow splitting were conducted with the set-up usually employed 

for total measurement (see Chapter 3.6.2). Measurement parameters are summarized in       

Table 5 (a) and (b). 

 

3.6.2 Flow splitting 

Flow splitting was employed to reduce matrix effects. In this set-up only a part of the injected 

sample is directed to the ICPMS. Flow splitting was carried out with two different set-ups: (i) a 

set-up, which was also used for total measurements to allow faster filling of the tubing from the 

autosampler to the ICPMS, employing a T-piece in front of the nebulizer pump (total-set-up), 

and, (ii) a passive splitter (Figure 5). Flow splitting in the total-set-up was performed by 

coupling the HPLC system with PEEK capillary tubing (0.125 cm i.d.) to a T-piece. One exit 

of the T-piece was further directed to the waste (65 % of flow) and the other exit to the nebulizer 

pump of the ICPMS (35 %). 

In the other set-up, the HPLC system was coupled with a PEEK capillary tubing (0.090 cm i.d.) 

to a passive splitter. Two more PEEK capillary tubings were connected to the passive splitter: 

one was coupled to the nebulizer of the ICPMS and the second was linked to the waste. The 

advantage of the second set-up was the lower dead volume. Different split ratios (10 : 90, 

15 : 85, 20 : 80, 25 : 75 and 35 : 65, Table 5 (c)) were tested at a constant injection 

volume (20 µL) and flow rate (1.0 mL/min) using the passive splitter and 20 mM malonate 

3 % MeOH pH 6.0 as carrier solution. Results were compared with those obtained without flow 

splitting. The same samples as detailed in Chapter 3.6.1 were measured. 
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A 

 

 

 

B 

 

 

 

Figure 5: (A) total-set-up and (B) passive splitter  
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Table 5: Measurement parameters 

Injection volume  

[µL] 

Flow rate  

[mL/min] 

Integration time  

[s/point] 

Split ratio  

[% directed to ICPMS : % directed 

to the waste] 

(a) without flow splitting 

2 0.4 0.3 - 

(b) flow splitting using the total-set-up 

20 1.0 0.3 35 : 65 

(c) flow splitting using the passive splitter 

20 1.0 0.3 10 : 90  – 35 : 65  

 

3.6.3 Flow rate 

Different flow rates (1.0, 1.5, and 2.0 mL/min) were studied with 20 mM malonate 3 % MeOH 

pH 6.0 as carrier solution at an injection volume of 20 µL and an integration time of 0.3 s/point. 

The passive splitter was used with a split ratio of 15 : 85. Urine samples and standard solutions 

(see Chapter 3.6.1) were used for evaluation. Total selenium in the urine samples was 

quantified using external calibration. 

 

3.6.4 Integration time 

The influence of different integration times on the peak shape of the FIA curve was investigated 

with the single-element-standard (1 µg Se/L) at different integration times (0.1 s/point, 

0.2 s/point and 0.3 s/point). A constant injection volume (20 µL), a flow rate of 1.5 mL/min 

and a split ratio of 15 : 85 (passive splitter) were chosen using 20 mM malonate 3 % MeOH 

pH 6.0 as carrier solution. 

 

3.6.5 Injection volume 

To investigate the influence on signal suppression, injection volumes in the range of             

1 – 20 µL were tested with 20 mM malonate 3 % MeOH pH 6.0 as carrier solution at a flow 

rate of 1.5 mL/min, an integration time of 0.1 s/point and a split ratio of 15 : 85 (passive splitter). 

Draw speed and eject speed were reduced at lower injection volumes to avoid decrease of the 

injection volume precision. Total selenium in urine samples was quantified using external 

calibration. 
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3.6.6 Internal standard 

In order to compensate for matrix effects germanium was used as internal standard. Germanium 

was added to the carrier solution (final concentration 50 µg Ge/L) or 1 µL of 50 µg Ge/L in 

carrier solution was spiked to the samples with an injection program performed by the HPLC 

autosampler. 20 mM malonate 3 % MeOH pH 6.0 was used as carrier solution and different 

injection volumes (2 µL, 5 µL, 10 µL and 15 µL) were investigated. External calibration was 

used for quantifying total selenium in urine samples. FI/ICPMS parameters were as follows: 

flow rate, 1.5 mL/min; split ratio, 15 : 85; integration time, 0.1 s/point.  

Results with internal standard correction were compared to those obtained without correction. 

Internal standard correction for germanium in the carrier solution was performed by dividing 

the signal on m/z 78 by the signal on m/z 72 for every time point in the FIA curve (Equation 1). 

The corrected signal was then integrated with the in-house-programmed software WINFAAS. 

 

𝑠𝑖𝑔𝑛𝑎𝑙𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =  
𝑠𝑖𝑔𝑛𝑎𝑙𝑚 𝑧⁄  78

𝑠𝑖𝑔𝑛𝑎𝑙𝑚 𝑧⁄  72
 Equation 1 

 

Quantification in the case of the method using the injection program was performed with the 

following calibration curve considering the internal standard. 

 

𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎𝑚 𝑧⁄  78

𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎𝑚 𝑧⁄  72
= 𝑘 ∗

𝑠𝑒𝑙𝑒𝑛𝑖𝑢𝑚 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑔𝑒𝑟𝑚𝑎𝑛𝑖𝑢𝑚 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
+ 𝑑 Equation 2 

 

with:  k: slope of the calibration curve 

 d: intercept of the calibration curve 

 

3.7 Analytical performance 

Method performance parameters like linearity, accuracy, precision, limit of detection (LOD) 

and limit of quantification (LOQ) of the FI/ICPMS method were determined using the 

following optimized settings: injection volume: 5 µL; carrier solution: 20 mM malonate 

3 % MeOH pH 6.0 containing 50 µg Ge/L as internal standard; flow rate: 1.5 mL/min; 

integration time: 0.1 s/point; split ratio: 15 : 85 (passive splitter). External calibration was 

performed with single-element standard solutions containing 1 – 100 µg Se/L.  
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The accuracy of the FI/ICPMS method was checked in three different ways: 

(i) NIES No. 18 Human Urine, a certified reference material, was measured after filtration 

and the results were compared to the reported certified value.  

(ii) 10 different urine samples were measured with the conventional method (see 

Chapter 3.3) and the optimized FI/ICPMS method.  

(iii) Spiking experiments were carried out by spiking 2 mL of urine with 0.05 mL of a 

standard solution containing 250 µg Se/L or 740 µg Se/L.  

 

Intra-day precision, expressed as RSD (%), was determined by injecting 3 different urine 

samples ten times each on the same day, whereas both intra-day and inter-day precision were 

evaluated with 10 different urine samples (three replicate injections) at three or four different 

days. Intra-day and inter-day precision were calculated using the ANOVA function in 

MS Excel.  

 

LOD and LOQ were determined in the urinary matrix by using urine samples with very low 

total selenium concentrations (1 – 2 µg Se/L) injected ten times. To calculate the LOD, the 

standard deviation of the peak area of the ten injections was multiplied by 3 and transformed 

into a concentration via the calibration curve. The LOQ was determined in the same way by 

using the 10-fold standard deviation of the peak area.  

 

3.8 Stability of the urine samples 

The stability of six urine samples with different specific gravities and selenium concentrations 

at 4 °C was tested to check how long samples could be stored before the optimized method 

begins to produce wrong results. One of the urine samples was spiked with selenosugar 1 to a 

final concentration of 30 µg Se/L. Furthermore, the stability of the calibration standards 

(2 – 50 µg Se/L) upon storage at 4 °C was tested. Determination of total selenium by the 

optimized method (injection volume: 5 µL; carrier solution: 20 mM malonate 3 % MeOH 

pH 6.0 containing 50 µg Ge/L as internal standard; flow rate: 1.5 mL/min; integration time: 

0.1 s/point; split ratio: 15 : 85 using the passive splitter) was performed at the beginning of the 

experiment and periodically after 1, 2, 3, 4, 7, 10 and 14 days. Selenium species contained in 

the urine samples before and after storage for 4 and 14 days were monitored by reversed-phase 

HPLC/ICPMS analysis (column: Atlantis® dC18, 5 µm, 4.6 x 150 mm; mobile 

phase: 20 mM ammonium formate 3 % MeOH pH 3.0; injection volume: 20 µL; flow 

rate: 1.0 mL/min; temperature of the column oven: 30 °C). External calibration was carried out 

with standard solutions of TMSe and selenosugars 1 and 3 (0.5 – 30 µg Se/L each).  
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4 Results and discussion 

The aim of this work was to develop a method for determining total urinary selenium 

concentrations by FI/ICPMS without time-consuming sample preparation procedures like 

dilution or digestion. Quantification should be carried out by external calibration. The 

development of the method was carried out by optimization of a variety of parameters, like 

carrier solution, flow splitting, integration time, flow rate, injection volume, and the use of an 

internal standard. 

 

4.1 Determination of total selenium in urine by microwave-

assisted acid digestion and subsequent ICPMS measurement 

(“conventional method”) 

The total selenium concentrations in the urine samples used for FI/ICPMS measurements were 

determined with the conventional method, i. e. microwave-assisted digestion and measurement 

by ICPMS using 72Ge as internal standard. Furthermore, the specific gravity of each urine 

sample was measured, whereby no differences between filtered and unfiltered urine samples 

were observed. As shown in Table 6 urinary selenium concentrations, ranged from 

1.2 – 29.8 µg Se/L for 11 volunteers, which matched the reported urinary selenium 

concentration in non-supplemented, healthy persons (2 to 30 µg Se/L). [36] Urine collected in 

the morning typically contained a higher selenium concentration and had a higher specific 

gravity than urine from the same volunteer collected in the evening. Therefore, higher specific 

gravities could be related to higher selenium concentrations in the urine samples. The 

differences between unfiltered and filtered urine samples were minimal (Table 6). The results 

obtained from this conventional method were subsequently used to test the validity of the 

FI/ICPMS method (see Chapter 4.3). 

 

4.2 Selenium species in two commercially available selenium 

standards by HPLC/ICPMS 

To minimize potential sources of error in quantification, standards with guaranteed selenium 

concentrations are advantageous for preparation of calibration curves. Two commercial 

standards were available, a multi-element-standard containing 30 different elements and a 

single-element-standard only containing selenium. To investigate the selenium species in these 

standards anion-exchange HPLC/ICPMS was employed. The chromatograms of the two 
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selenium standards (20 µg Se/L each) were compared with a selenite and a selenate standard 

(20 µg Se/L each). Both standards contained only inorganic selenium. The single-element-

standard was mainly in the form of selenite with approximately 10 % being selenate. In contrast, 

the multi-element-standard contained only selenite (Figure 6). The single-element-standard was 

chosen for quantification in all further FI/ICPMS, because it is cheaper than the multi-element-

standard. 

 

Table 6: Total urinary selenium concentrations (mean ± standard deviation of three digests) and specific 

gravities of human urine samples used in this work 

Sample 

Concentration 

[µg Se/L] 
Recovery after 

filtration 

[%] 

Specific 

gravity 

Time of 

collection 
Volunteer 

unfiltered filtered 

Urine 1 20.4 ± 0.1 19.0 ± 0.3 93 1.016 Morning 1 

Urine 2 9.2 ± 0.1 8.9 ± 0.1 98 1.014 Evening 2 

Urine 3 23.0 ± 0.5 21.0 ± 0.8 91 1.024 Morning 2 

Urine 4 - 7.6 ± 0.1 - 1.011 Evening 3 

Urine 5 - 10.7 ± 0.1 - 1.012 Morning 3 

Urine 6 - 6.5 ± 0.1 - 1.011 Evening 4 

Urine 7 - 20.0 ± 0.1 - 1.020 Morning 4 

Urine 8 - 12.9 ± 0.1 - 1.012 Evening 5 

Urine 9 - 18.6 ± 0.2 - 1.015 Morning 5 

Urine 10 - 9.9 ± 0.3 - 1.013 Evening 6 

Urine 11 - 7.9 ± 0.1 - 1.011 Morning 6 

Urine 12 - 7.8 ± 0.2 - 1.007 Evening 7 

Urine 13 - 10.3 ± 0.2 - 1.010 Morning 7 

Urine 14 - 1.2 ± 0.1 - 1.002 Evening 8 

Urine 15 - 2.5 ± 0.1 - 1.003 Evening 9 

Urine 16 - 1.9 ± 0.2 - 1.002 Evening 10 

Urine 17 11.2 ± 0.1 10.6 ± 0.3 95 1.009 Evening 11 

Urine 18 30.3 ± 0.1 29.8 ± 0.1 98 1.024 Morning 11 
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A 

 

B 

 

Figure 6: HPLC/ICPMS chromatograms of the commercially available selenium standards (column: 

PRP-X100 (5 µm, 4.6 x 150 mm); mobile phase: 20 mM malonate pH 9.5; flow rate: 1.0 mL/min; 

temperature: 30 °C; injection volume: 20 µL); (A) blue line: single-element-standard, (B) blue line: 

multi-element-standard; red line: selenite; green line: selenate 

 

4.3 Optimization of FI/ICPMS 

4.3.1 Carrier solution 

The pH of human urine is usually between 4.5 and 8.0. [74] Hence, the use of a carrier solution 

in this range minimizes the risk of precipitation during measurements. Furthermore, the use of 

the same carrier solution for total measurements and speciation analysis would be 

advantageous. A mobile phase frequently used in our lab for the determination of selenium 

compounds in urine by reversed-phase HPLC/ICPMS is 20 mM ammonium formate 

3 % MeOH pH 3.0. Hence, it was investigated first. 20 mM malonate was used to cover a wider 

range of pH values (pH 3.0, 6.0 and 9.5, with and without 3 % MeOH). Nitric acid (0.005 M in 

10 % MeOH, pH 2.3) was also checked as a possible carrier solution because its use was 

reported in the literature (Table 1). Different selenium species, which might be contained in 
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body fluids (selenite, selenate, selenosugar 1, TMSe, SeMet, MeSeCys) and the single-element-

standard were investigated. Furthermore, three urine samples were measured.  

 

The use of 0.005 M nitric acid in 10 % MeOH (pH 2.3) as carrier solution resulted in broad 

peaks and too high recoveries (> 120 %) for urine samples compared to the results of the 

conventional method. Furthermore, the low pH might be problematic for steel parts of the 

HPLC system. Therefore, nitric acid was not further tested. 

Solutions of the different selenium species (20 µg Se/L each) and urine 3 were injected into 

20 mM ammonium formate pH 3.0 or 20 mM malonate pH 3.0 with and without 3 % methanol 

to check the influence of methanol on the peak shape. To obtain comparable results, all 

measurements were carried out with Ar/CO2 as optional gas. No significant differences in the 

peak shape could be observed for both carrier solutions, the duplicate injections matched each 

other well, but more carry-over was found in the presence of methanol (Figure 7).  

 

A 

 

B 

 

Figure 7: Influence of methanol in the carrier solution on carry-over (carrier solution: 

20 mM ammonium formate pH 3.0; flow rate: 0.4 mL/min; integration time: 0.3 s/point; injection 

volume: 2 µL); (A) with methanol, (B) without methanol 
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However, the response of the selenium species did not match each other when carrier solutions 

at pH 3.0 were used (Figure 8). This could be explained by the broader peak shapes at pH 3.0, 

especially in the case of selenate (Figure 9). Further, the obtained signal at pH 3.0 is lower than 

at a higher pH. Therefore, carrier solutions (20 mM malonate) at pH 6.0 and 9.5 were 

investigated, which resulted in comparable peak areas. Due to the pH of human urine, 

20 mM malonate pH 6.0 was chosen for further optimization.  

 

A 

 

B 

 

Figure 8: FI/ICPMS response of the different selenium species (flow rate: 0.4 mL/min; integration time: 

0.3 s/point; injection volume: 2 µL); (A) with 20 mM malonate pH 3.0, (B) with 20 mM malonate pH 6.0  
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A 

 

B 

 

Figure 9: Influence of the pH of the carrier solution on the peak shape of the FI/ICPMS signal (flow 

rate: 0.4 mL/min; integration time: 0.3 s/point; injection volume: 2 µL); (A) SeMet (20 µg Se/L), 

(B) Se(VI) (20 µg Se/L); blue line: 20 mM malonate pH 9.5; red line: 20 mM malonate pH 6.0; yellow 

line: 20 mM malonate pH 3.0 

 

4.3.2 Flow splitting  

Signal suppression was observed for the determination of selenium in the urine matrix. Signal 

suppresion can be minimized, when only a part of the matrix reaches the ICPMS, for example 

by reducing the injection volume. However, the injection volume cannot be reduced arbitrarily 

because the uncertainty of the injection volume becomes larger at lower injection volumes. 

Furthermore, the obtained signal decreases and, thus, accurate evaluation would not be possible 

anymore (see Chapter 4.3.5). This would result in higher LODs. Another possibility to reduce 

the sample matrix is dilution of the urine samples, which is time-consuming. Flow splitting is 

a good alternative to minimize matrix effects at acceptable injection volumes without additional 

time-consuming sample preparation steps. Another advantage compared to measurements 

without flow splitting was, that no carry-over was detected when carrier solutions containing 

methanol were used with flow splitting.  
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First, flow splitting was performed by using the set-up which is also routinely applied for 

conventional total measurements in our lab to achieve faster transport of the sample from the 

autosampler to the ICPMS. In this set-up the carrier solution enters a T-piece, where one part 

of the solution is directed to the waste, whereas the other part is introduced into the ICPMS via 

the nebulizer pump. Due to the lower signal suppression, better agreement with total selenium 

concentrations determined with the conventional method was obtained (Table 7). Standard 

addition improved the agreement and yielded results close to the target values. With external 

calibration, many samples can be measured without additional expenditure of time, but matrix 

effects are not compensated. To eliminate matrix effects, standard addition can be used for 

quantification, but this calibration type is associated with higher expenditure of time as an own 

standard addition experiment must be performed for each sample. [75] Hence, the further use 

of standard addition was not considered.  

Due to the large dead volume of the total-set-up, broad peaks were obtained. Therefore, a 

passive splitter adjusted to the same split ratio (35 : 65) was used for flow splitting instead of 

the total-set-up, which resulted in narrower peak shapes because of the lower dead volume 

(Figure 10). This results in lower LODs and shorter analysis times. 

 

Table 7: Total selenium concentration in urine obtained by FI/ICPMS with or without flow splitting 

(n = 3 injections)  

Sample 
FI/ICPMS  

[µg Se/L] 

Conventional 

method 

[µg Se/L] 

Agreement with the 

conventional method 

[%] 

without flow splitting 

Urine 3  

(external calibration) 
16.0 ± 0.1 21.0 ± 0.8 76 

Urine 3  

(standard addition) 
19.9 ± 0.8 21.0 ± 0.8 95 

with flow splitting (total-set-up) 

Urine 3  

(external calibration) 
18.0 ± 0.1 21.0 ± 0.8 86 

Urine 3  

(standard addition) 
20.7 ± 0.4 21.0 ± 0.8 99 
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Figure 10: Comparison of the FI/ICPMS signals obtained for the single-element-standard (20 µg Se/L) 

with the passive splitter or with the total-set-up (carrier solution: 20 mM malonate 3 % MeOH pH 6.0; 

split ratio: 35 : 65; flow rate: 1.0 mL/min; integration time: 0.3 s/point; injection volume: 20 µL); blue 

line: passive splitter; red line: total-set-up 

 

Influence of the split ratio 

Different split ratios were tested regarding their effect on the results for the urine samples 

(Figure 11). Better agreement with the results obtained by conventional measurement can be 

obtained by using lower split ratios, because less matrix reaches the detector, resulting in less 

signal suppression. However, there was hardly any difference in the quantitative results 

between a split ratio of 10 : 90 and 15 : 85 (Figure 11), but the signal was broader and smaller 

when a split ratio of 10 : 90 was used instead of 15 : 85 (Figure 12). Therefore, a split ratio of 

15 : 85 was applied in further experiments.  

 

 

Figure 11: Influence of the split ratio on the agreement of the FI/ICPMS results with the results of the 

conventional method (carrier solution: 20 mM malonate 3 % MeOH pH 6.0; flow rate: 1.0 mL/min; 

integration time: 0.3 s/point; injection volume: 20 µL; n = 3 injections) 
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Figure 12: Comparison of the FI/ICPMS signal of urine 3 with different split ratios (carrier solution: 

20 mM malonate 3 % MeOH pH 6.0; flow rate: 1.0 mL/min; integration time: 0.3 s/point; injection 

volume: 20 µL) 

 

4.3.3 Flow rate 

The influence of the flow rate was tested using flow splitting (15 : 85) of the carrier solution. 

Figure 13 shows the signals for three different flow rates. Peaks were broader at a flow rate of 

1.0 mL/min than of 1.5 mL/min because the sample reaches the detector more quickly at higher 

flow rates, which minimizes diffusion of the analyte. However, there was no difference between 

the peak shapes obtained at a carrier solution flow rates of 1.5 mL/min and 2.0 mL/min. Since 

an increase in the flow rate generally resulted in a decrease of the peak area for the analyte 

(Figure 13) a flow rate of 1.5 mL/min was chosen for further optimization.  

 

 

Figure 13: Comparison of the FI/ICPMS signal of urine 3 for different flow rates of the carrier solution 

(carrier solution: 20 mM malonate 3 % MeOH pH 6.0; split ratio: 15 : 85; integration time: 0.3 s/point; 

injection volume: 20 µL); blue line: 1.0 mL/min; red line: 1.5 mL/min; yellow line: 2.0 mL/min 
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4.3.4 Integration time 

To optimize the peak shape, different integration times were tested. Therefore, a                      

single-element-standard (1 µg Se/L) was measured at different integration times (0.1 s/point, 

0.2 s/point and 0.3 s/point). There are more points over the FIA curve when a lower integration 

time is used, which results in better peak shapes. Disadvantageous, however, is that a lower 

integration time resulted in a lower signal, but a concentration of 1 µg Se/L could still be 

evaluated (Figure 14) using an integration time of 0.1 s/point.  

 

 

Figure 14: Influence of the integration time on the peak shape of the FI/ICPMS signal (1 µg Se/L single-

element-standard) (carrier solution: 20 mM malonate 3 % MeOH pH 6.0; split ratio: 15 : 85; flow rate: 

1.5 mL/min; injection volume: 20 µL); blue line: 0.1 s/point; red line: 0.2 s/point; yellow line: 0.3 s/point 

 

4.3.5 Injection volume 

Injection volumes of 1 µL, 2 µL, 5 µL, 10 µL, 15 µL and 20 µL were compared to investigate 

the influence of this parameter on signal suppression. The signal of the lowest calibration 

standard (1 µg Se/L) could not be evaluated any more at injection volumes of 1 or 2 µL      

(Figure 15). Furthermore, the reproducibility of the injection volume is slightly worse at < 5 µL 

(< 1 % RSD of peak area) than of injection volumes between 5 and 100 µL (< 0.5 % RSD of 

peak area). Therefore, injection volumes of at least 5 µL are preferable. [76] In contrast, the 

matrix suppresion for urine was strong, when injection volumes of 20 µl were used (Figure 11). 

Therefore, 1 µL and 20 µL were not further tested. To check the influence of the urinary matrix, 

different urine samples were measured. Deviations from results obtained with the conventional 

method are reduced at lower injection volumes because of lower signal suppression by the 

matrix (Figure 16). Best recoveries were obtained by using an injection volume of 2 µL and 

5 µL, but due to the slightly better precision in most cases and the low signal of the standard 

containing 1 µg Se/L at an injection volume of 2 µL, 5 µL were considered as optimum. This 

injection volume is considerably lower than injection volumes of FI/ICPMS reported in the 
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literature (Table 1). The small injection volume together with the considerable matrix reduction 

by the application of flow splitting explains the satisfactory agreement of the FI/ICPMS results 

with the target values of the conventional method even without the use of standard addition 

calibration or an internal standard. 

 

 

Figure 15: Comparison of the FI/ICPMS signal (1 µg Se/L single-element-standard) at different 

injection volumes (carrier solution: 20 mM malonate 3 % MeOH pH 6.0; split ratio: 15 : 85; flow rate: 

1.5 mL/min; integration time: 0.1 s/point) 

 

 

Figure 16: Influence of the injection volume on the agreement of the FI/ICPMS results with the results 

of the conventional method (carrier solution: 20 mM malonate 3 % MeOH pH 6.0; split ratio: 15 : 85; 

flow rate: 1.5 mL/min; integration time: 0.1 s/point; n = 3 injections) 
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literature as internal standard for the determination of total selenium in urine by 

FI/ICPMS (Table 1). [68] Compared to the other internal standard reported in the literature, 

rhodium, [33, 69, 71] germanium shows a mass-to-charge ratio more similar to that of the target 

analyte, selenium. Two different ways of germanium addition were investigated (Figure 17):  

 the internal standard was added to the carrier solution; the signal of the internal standard 

was constantly high and decreased, when a sample with high matrix reached the detector 

 the internal standard was added to the samples by an injector program performed by the 

autosampler thus resulting in a germanium peak; the area of the germanium peak 

decreased, when a sample with a high matrix reached the detector 

 

A 

 

B 

 

Figure 17: FI/ICPMS signal of the internal standard germanium with different methods of internal 

standard addition (carrier solution: 20 mM malonate 3 % MeOH pH 6.0; split ratio: 15 : 85; flow rate: 

1.5 mL/min; integration time: 0.1 s/point; injection volume: 5 µL); (A) internal standard (50 µg Ge/L) 

added to the carrier solution, (B) injection program (1 µL of 50 µg Ge/L added to 5 µl of sample); blue 

line: 1 µg Se/L (single-element-standard); red line: urine 3 

 

The results obtained by internal standard correction were compared with results obtained 
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concentrations closer to the target values (Figure 18). Furthermore, standard deviations were 

higher, when the injection program was used than when the internal standard was in the carrier 

solution, because in the latter case each point of the FIA curve was individually corrected. 

Another reason for the higher standard deviation obtained with the injection program is that a 

very low volume of the internal standard (1 µL) was added to the sample to avoid dilution of 

the urine and, hence, lower signal (see also Chapter 4.3.5). A further advantage is the shorter 

measurement time when using the internal standard in the carrier solution – more time is 

required for injection when the injection program is used.  

 

A 

 

B 

 

Figure 18: Influence of internal standard correction at different sample injection volumes (carrier 

solution: 20 mM malonate 3 % MeOH pH 6.0; split ratio: 15 : 85; flow rate: 1.5 mL/min; integration 

time: 0.1 s/point; n = 3 injections); (A) internal standard in the carrier solution (50 µg Ge/L), 

(B) injection program (addition of 1 µL of 50 µg Ge/L with the HPLC autosampler) 

 

Good results (less than 10 % deviation from the target concentration) were obtained for all 

injection volumes when the internal standard was used. Based on the results obtained without 
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determination of total selenium in human urine were as follows: carrier solution: 

20 mM malonate 3 % MeOH pH 6.0 containing 50 µg Ge/L for internal standard correction; 

split ratio: 15 : 85; flow rate: 1.5 mL/min; integration time: 0.1 s/point; injection volume: 5 µL. 

 

4.4 Analytical Performance 

The method performance characteristics of the optimized method were determined using the 

optimized conditions. 

 

Germanium-corrected calibration curves showed linearity in the investigated concentration 

range of 1 to 100 µg Se/L with a correlation coefficient (r²) better than 0.999. 

 

Accuracy of the developed FI/ICPMS method was checked in three different ways: 

(i) the certified reference material NIES No. 18 Human Urine was measured  

(ii) the selenium concentrations in different urine samples were compared to results 

obtained with the conventional method 

(iii) urine samples were spiked with selenium standard solutions and recoveries were 

determined 

The total selenium concentration determined in the certified reference material NIES No. 18 

Human urine was 61.4 ± 0.4 µg Se/L (n = 3), which matched the certified range of 

59 ± 5 µg Se/L. 

For different urine samples (total selenium concentrations determined with the conventional 

method between 1.2 µg Se/L and 20.0 µg Se/L) the agreement with the target concentrations 

determined by the conventional method was – with one exception – between 93 % and 101 % 

(mean: 95 %). (Table 8) There was no obvious correlation between specific gravity as measure 

for total dissolved solids and the deviation from the target value. Surprisingly, the only sample 

showing a rather large deviation (urine 15) had a low specific gravity indicating less matrix 

than in most of the other urine samples. The reasons for this result remain unknown. However, 

it has to be noted that the total selenium concentration in this sample was at the lower limit of 

typical selenium concentrations in human background urine.  
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Table 8: Comparison of results obtained by the developed FI/ICPMS method with results from the 

conventional method (n = 3 injections or digests, respectively) 

 
FI/ICPMS  

[µg Se/L] 

Conventional 

method 

[µg Se/L] 

Agreement with the 

conventional method  

[%} 

Specific 

gravity 

Urine 4 7.4 ± 0.2 7.6 ± 0.1 98 1.011 

Urine 5 10.4 ± 0.6 10.7 ± 0.1 97 1.012 

Urine 6 6.5 ± 0.1 6.5 ± 0.1 101 1.011 

Urine 7 19.1 ± 0.2 20.0 ± 0.1 96 1.020 

Urine 8 12.6 ± 0.1 12.9 ± 0.1 97 1.012 

Urine 9 18.1 ± 0.2 18.6 ± 0.2 97 1.015 

Urine 10 9.8 ± 0.3 9.9 ± 0.3 99 1.013 

Urine 11 7.4 ± 0.4 7.9 ± 0.1 93 1.011 

Urine 12 7.5 ± 0.2 7.8 ± 0.2 96 1.007 

Urine 13 9.9 ± 0.2 10.3 ± 0.2 96 1.010 

Urine 14 1.1 ± 0.1 1.2 ± 0.1 94 1.002 

Urine 15 1.8 ± 0.1 2.5 ± 0.1 71 1.003 

Urine 16 1.8 ± 0.1 1.9 ± 0.2 94 1.002 

 

Spiking recoveries were determined by analyzing two different urine samples in triplicate 

before and after spiking with about the originally contained amount of selenium in the form of 

the single-element standard solution. Recoveries were calculated in % by comparing the 

original sample with the spiked sample. Spiking recoveries were 103 % and 88 % for 

urine 6 and 7, respectively. The reason for the difference in the recoveries of both urine samples 

might be that urine 7 was very rich in matrix (specific gravity: 1.020), whereas the specific 

gravity of urine 6 was lower (1.011). 

Intra-day and inter-day precision were determined with 13 and 10 different urine samples, 

respectively (Table 9). Intra-day precision of the developed method for the determination of 

selenium in urine by FI/ICPMS varied, depending on the urine sample, from 1 to 7 % RSD with 

better precision at total selenium concentrations above 5 µg Se/L. Inter-day precision was 

slightly higher (3 to 7 % RSD) compared to intra-day precision for the same samples 

(1 to 4 % RSD). In general, the precision of the optimized method was comparable to FI/ICPMS 

methods published in the literature. [33, 68, 71]  
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Table 9: Intra-day and inter-day precision of the optimized FI/ICPMS method (measured on three or 

four different days, n = 3 injections on each day) 

Sample 
Concentration 

[µg Se/L] 

Intra-Day 

RSD [%] 

Inter-Day 

RSD [%] 

Urine 14* 1.2 ± 0.1 6.9 - 

Urine 16* 1.9 ± 0.2 5.3 - 

Urine 15* 2.5 ± 0.1 4.7 - 

Urine 6 6.5 ± 0.1 1.8 5.9 

Urine 4 7.6 ± 0.1 3.3 5.3 

Urine 12 7.8 ± 0.2 2.7 3.4 

Urine 11 7.9 ± 0.1 4.3 4.7 

Urine 10 9.9 ± 0.3 2.4 5.2 

Urine 13 10.3 ± 0.2 2.7 6.1 

Urine 5 10.7 ± 0.1 3.3 6.7 

Urine 8 12.9 ± 0.1 2.3 2.5 

Urine 9 18.6 ± 0.2 0.9 5.5 

Urine 7 20.0 ± 0.1 1.2 3.0 

*10 injections on one day 

 

The method’s limit of detection (LOD) and limit of quantification (LOQ) were determined in 

the urinary matrix by using urine samples with low total selenium concentrations 

(1.2 – 2.5 µg Se/L). The LOD in urine was calculated by the 3*σ method, whereas the LOQ 

was determined by the 10*σ method to be 0.2 µg Se/L and 0.8 µg Se/L, respectively, which is 

in the range of other published methods (Table 1). Both, the precision and LOQ were considered 

as sufficient for the determination of total selenium in urine samples.  

 

4.5 Stability of the urine samples 

It is known that selenosugar 1, the major selenium metabolite in human urine, is not stable when 

urine is stored at 4 °C. [43] With time, it is transformed to volatile compounds. Because these 

volatile compounds are transported more efficiently to the plasma, they give a higher response 

and overestimated results. To explore how long urine can be stored and still gives accurate 

results, the stability of different urine samples stored in the refrigerator was investigated. During 

storage, the concentration of selenosugar 1 in the tested urine samples decreased slightly   

(Table 10). A more pronounced decrease was found in the urine sample spiked with 

selenosugar 1. Before storage, no volatile compounds were detected, whereas after 4 days 

storage volatile compounds were found (Figure 19), which resulted in higher response and 
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hence slightly higher selenium concentrations in some of the samples measured by FI/ICPMS 

(Table 11).  

 

Table 10: Concentration of selenosugar 1 in urine samples before and after storage of 4 and 14 days  

Sample 
Concentration of selenosugar 1 [µg Se/L] 

day 0 day 4 day 14 

Urine 4 0.3 0.2 0.2 

Urine 6 0.3 0.2 0.2 

Urine 6 spiked - 28.0 19.5 

Urine 7 1.5 1.1 1.0 

Urine 9 1.1 0.9 0.9 

Urine 17 4.1 3.6 3.1 

Urine 18 1.6 1.0 1.0 

 

After 14 days storage no volatile selenium compounds could be detected by HPLC/ICPMS 

(with exception of spiked urine 6), which explains the slight decrease of total selenium 

concentrations determined by FI/ICPMS towards day 14. Obviously, the volatile selenium 

compounds detected on day 4 had escaped from the solution until day 14 probably due to 

shaking of the tubes before analysis. Although, corresponding to previous results, [43] most of 

the urine samples tested yielded the same results in FI/ICPMS over 2 weeks, storage for longer 

than 4 days at 4 °C is not recommended, especially, if urine contains high concentrations of 

selenosugar 1. Calibration standards in the concentration range from 2 – 50 µg Se/L were stable 

for 14 days at 4 °C in 15 mL tubes.  
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A 

 

B 

 

Figure 19: HPLC/ICPMS chromatograms of urinary selenium species before storage (t=0) and after 

4 days (t=4) and 14 days (t=14) (column: Atlantis® dC18 (5 µm, 4.6 x 150 mm); mobile phase: 

20 mM ammonium formate 3 % MeOH pH 3.0; flow rate: 1.0 mL/min; column temperature: 30 °C; 

injection volume: 20 µL); (A) urine 17, (B) urine 6 spiked with 30 µg Se/L as selenosugar 1 before 

storage; blue line: t=0 days; red line: t=4 days; yellow line: t=14 days 
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Table 11: Stability of urine samples after storage at 4 °C for up to 14 days 

Sample 

Total selenium concentration [µg/L] 

Target* day 0** day 1** day 2** day 3** day 4** day 7** day 10** day 14** 

Urine 4 7.6 ± 0.1 7.3 ± 0.2 6.9 ± 0.1 6.9 ± 0.1 7.0 ± 0.1 7.3 ± 0.1 7.2 ± 0.2 7.4 ± 0.2 7.0 ± 0.1 

Urine 6 6.5 ± 0.1 6.2 ± 0.1 6.1 ± 0.1 6.3 ± 0.1 6.3 ± 0.2 6.6 ± 0.2 6.8 ± 0.3 7.0 ± 0.7 6.7 ± 0.1 

Urine 6 

spiked 

36.9 ± 0.2 36.0 ± 0.4 35.6 ± 0.5 36.0 ± 0.1 36.7 ± 0.4 36.7 ± 0.2 41.0 ± 0.6 43.4 ± 0.8 39.2 ± 0.2 

Urine 7 20.0 ± 0.1 19.2 ± 0.1 19.0 ± 0.5 18.9 ± 0.2 18.4 ± 0.2 19.2 ± 0.2 18.5 ± 0.3 18.9 ± 0.5 18.9 ± 0.2 

Urine 9 18.6 ± 0.2 17.4 ± 0.2 17.2 ± 0.4 17.7 ± 0.4 17.5 ± 0.3 17.9 ± 0.4 17.0 ± 0.3 17.0 ± 0.3 16.4 ± 0.3 

Urine 17 10.6 ± 0.3 10.5 ± 0.1 10.3 ± 0.2 10.3 ± 0.4 10.4 ± 0.4 10.8 ± 0.2 11.1 ± 0.3 10.9 ± 0.1 10.5 ± 0.3 

Urine 18 29.8 ± 0.1 28.5 ± 0.3 28.1 ± 0.3 27.7 ± 0.1 28.2 ± 0.4 28.9 ± 0.2 28.9 ± 0.7 28.6 ± 1.0 28.1 ± 0.1 

* determined with the conventional method 

** determined with the optimized FI/ICPMS method 
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5 Concluding Comments 

The developed FI/ICPMS method is suitable for the determination of total selenium in urine 

samples. LOD, LOQ, accuracy, and precision meet the requirements for urine even at 

background concentrations in the low µg Se/L range. Time-consuming sample preparation can 

be avoided, because matrix effects are minimized by low injection volumes, flow splitting, and 

internal standard correction. Hence, urine can be analyzed directly only after filtration. Urine 

can be stored at least for 4 days at 4 °C before analysis. Simple sample preparation together 

with an analysis time of about 2 minutes/sample, as well as the low requirement for sample 

volume makes the method very useful particularly for large numbers of samples and samples, 

for which only limited volumes are available. In the future, the applicability to other biological 

fluids, such as blood, serum, and plasma should be investigated. 

 

 

 



Tanja Wiesenhofer References Master‘s Thesis 

 

4
5

 

6 References 

 

[1] Reilly, C. Selenium in food and health. 2nd Edition. Springer Verlag: New York 2006; p. 

2-10 

[2] Moxon, A. L.; Rhian, M. Selenium poisoning. Physiol. Rev. 1943, 23, 305–337 

[3] Dumont, E.; Vanhaecke, F.; Cornelis, R. Selenium speciation from food source to 

metabolites: a critical review. Anal. Bioanal. Chem. 2006, 385, 1304–1323 

[4] Schwarz, K.; Foltz, C. M. Selenium as an integral part of Factor 3 against dietary 

necrotic liver degeneration. J. Am. Chem. Soc. 1957, 79, 3292–3293 

[5] Reilly, C. The nutritional trace metals. Blackwell Publishing Ltd: Oxford 2004; p. 135-

136 

[6] Fan, A. M.; Kizer, K. W. Selenium - nutritional, toxicologic and clinical aspects. West. 

J. Med. 1990, 153, 160–167 

[7] Hollemann, A. F.; Wiberg, N. Lehrbuch der Anorganischen Chemie. Walter de Gruyter: 

Berlin, New York 2007; p. 76 

[8] Berrow, M. L.; Ure, A. M. Geological materials and soils. In: Ihnat M.; ed., Occurrence 

and Distribution of Selenium. CRC Press: Boca Raton 1989; pp. 226–228 

[9] Subcommittee on Selenium, Committee on Animal Nutrition, Board on Agriculture, 

National Research Council. Selenium in nutrition. National Academy Press: Washington 

D.C. 1983; p. 10 

[10] Ekmekcioglu, C.; Marktl, W. Essentielle Spurenelemente: Klinik und 

Ernährungsmedizin. Springer Verlag: Wien, New York 2006; p. 77 

[11] Alaejos, M. S.; Romero, C. D. Urinary selenium concentrations. Clin. Chem. 1993, 39, 

2040–2052 

[12] Ellis, D. R.; Salt, D. E. Plants, selenium and human health. Curr. Opin. Plant Biol. 2003, 

6, 273–279 

[13] Rayman, M. P. The use of high-selenium yeast to raise selenium status: how does it 

measure up? Br. J. Nutr. 2004, 92, 557–573 

[14] Navarro-Alarcón, M.; Cabrera-Vique, C. Selenium in food and the human body: A review. 

Sci. Total Environ. 2008, 400, 115–141 

[15] Brown, K. M.; Arthur, J. R. Selenium, selenoproteins and human health: a review. Public 

Health Nutr. 2001, 4, 593–599 

[16] Polatajko, A.; Jakubowski, N.; Szpunar, J. State of the art report of selenium speciation 

in biological samples. J. Anal. Atom. Spectrom. 2006, 21, 639–654 



Tanja Wiesenhofer References Master‘s Thesis 

 

4
6

 

[17] Simonová, A.; Pfannhauser, W. Selen - Vorkommen, Wirkung und Versorgung. 

Ernährung 2008, 32, 364–378 

[18] Tinggi, U. Selenium: its role as antioxidant in human health. Environ. Health Prev. Med. 

2008, 13, 102–108 

[19] Gonca, S. Selenium: A micronutrient essential for maintaining human health. Med. Sci. 

2013, 2, 649–664 

[20] Rayman, M. P. The importance of selenium to human health. Lancet 2000, 356, 233–241 

[21] Roman, M.; Jitaru, P.; Barbante, C. Selenium biochemistry and its role for human health. 

Metallomics 2014, 6, 25–54 

[22] Lourdes, M. A.; Cuvin-Aralar, A.; Furness, R. W. Mercury and selenium interaction: A 

review. Ecotox. Environ. Safe. 1991, 21, 348–364 

[23] Lippman, S. M.; Klein, E. A.; Goodman, P. J.; Lucia, M. S.; Thompson, I. M.; Ford, L. 

G.; Parnes, H. L.; Minasian, L. M.; Gaziano, J. M.; Hartline, J. A.; et al. Effect of selenium 

and vitamin E on risk of prostate cancer and other cancers: the Selenium and Vitamin E 

Cancer Prevention Trial (SELECT). J. Am. Med. Assoc. 2009, 301, 39–51 

[24] El-Bayoumy, K. The negative results of the SELECT study do not necessarily discredit 

the selenium-cancer prevention hypothesis. Nutr. Cancer 2009, 61, 285–286 

[25] Vinceti, M.; Crespi, C. M.; Malagoli, C.; Del Giovane, C.; Krogh, V. Friend or foe? The 

current epidemiologic evidence on selenium and human cancer risk. J. Environ. Sci. 

Health C 2013, 31, 305–341 

[26] Sunde, R. A. Present knowledge in nutrition. ILSI Press: Washington D. C. 2006; p. 480-

497 

[27] Expert Groups on Vitamins and Minerals. Safe upper levels for vitamins and minerals. 

Food Standards Agency: London 2003; p. 232-239 

[28] Tinggi, U. Essentiality and toxicity of selenium and its status in Australia: a review. 

Toxicol. Lett. 2003, 137, 103–110 

[29] Fairweather-Tait, S. J.; Bao, Y.; Broadley, M. R.; Collings, R.; Ford, D.; Hesketh, J. E.; 

Hurst, R. Selenium in human health and disease. Antioxid. Redox Sign. 2011, 14, 1337–

1383 

[30] Fairweather-Tait, S. J. Bioavailability of selenium. Eur. J. Clin. Nutr. 1997, 51, S20–S23 

[31] Reilly, C. Selenium in food and health. 2nd Edition. Springer Verlag: New York 2006; p. 

20-44 



Tanja Wiesenhofer References Master‘s Thesis 

 

4
7

 

[32] van Dael, P.; Davidsson, L.; Ziegler, E. E.; Fay, L. B.; Barclay, D. Comparison of selenite 

and selenate apparent absorption and retention in infants using stable isotope 

methodology. Pediatr. Res. 2002, 51, 71–75 

[33] Wang, J.; Hansen, E. H.; Gammelgaard, B. Flow injection on-line dilution for multi-

element determination in human urine with detection by inductively coupled plasma mass 

spectrometry. Talanta 2001, 55, 117–126 

[34] Kuehnelt, D.; Juresa, D.; Kienzl, N.; Francesconi, K. A. Marked individual variability in 

the levels of trimethylselenonium ion in human urine determined by HPLC/ICPMS and 

HPLC/vapor generation/ICPMS. Anal. Bioanal. Chem. 2006, 386, 2207–2212 

[35] Francesconi, K. A.; Pannier, F. Selenium metabolites in urine: A critical overview of past 

work and current status. Clin. Chem. 2004, 50, 2240–2253 

[36] Robberecht, H. J.; Deelstra, H. A. Selenium in human urine: determination, speciation 

and concentration levels. Talanta 1984, 31, 497–508 

[37] Juresa, D.; Kuehnelt, D.; Francesconi, K. A. Consequences of vapor enhancement on 

selenium speciation analysis by HPLC/ICPMS. Anal. Chem. 2006, 78, 8569–8574 

[38] Gammelgaard, B.; Jøns, O. Determination of selenium in urine by inductively coupled 

plasma mass spectrometry: interferences and optimization. J. Anal. Atom. Spectrom. 

1999, 14, 867–874 

[39] Tyson, J. F.; Sundin, N. G.; Hanna, C. P.; McIntosh, S. A. Determination of Se in urine 

by flow injection hydride generation electrothermal atomic absorption spectrometry with 

in-atomizer trapping. Spectrochim. Acta B 1997, 52, 1773–1781 

[40] Guo, W.; Hu, S. H.; Wang, Y. X.; Zhang, L. Y.; Hu, Z. C.; Zhang, J. Y. Trace 

determination of selenium in biological samples by CH4-Ar mixed gas plasma DRC-ICP-

MS. Microchem. J. 2013, 108, 106–112 

[41] Li, F. S.; Goessler, W.; Irgolic, K. J. Optimization of microwave digestion for 

determination of selenium in human urine by flow injection-hydride generation-atomic 

absorption spectrometry. Anal. Commun. 1998, 35, 361–364 

[42] Dumont, E.; Cremer, K. de; van Hulle, M.; Chéry, C. C.; Vanhaecke, F.; Cornelis, R. 

Separation and detection of Se-compounds by ion pairing liquid chromatography-

microwave assisted hydride generation-atomic fluorescence spectrometry. J. Anal. Atom. 

Spectrom. 2004, 19, 167–171 

[43] Juresa, D.; Darrouzès, J.; Kienzl, N.; Bueno, M.; Pannier, F.; Potin-Gautier, M.; 

Francesconi, K. A.; Kuehnelt, D. An HPLC/ICPMS study of the stability of selenosugars 



Tanja Wiesenhofer References Master‘s Thesis 

 

4
8

 

in human urine: implications for quantification, sample handling, and storage. J. Anal. 

Atom. Spectrom. 2006, 21, 684–690 

[44] Piaścik, M.; Pyrzyńska, K.; Bulska, E. Determination of selenium in human urine by 

electrothermal atomic absorption spectrometry. Chemia Analityczna 2005, 50, 235–247 

[45] Harris, D. C. Quantitative chemical analysis. W. H. Freeman and Company: New York 

2002; p. 80-98 

[46] Sun, H. W.; Ha, J.; Zhang, D. Q.; Yhang, L. L.; Sun, J. M. Determination of trace 

selenium in urine by derivative hydride generation atomic absorption spectrometry. Anal. 

Sci. 2002, 18, 603–605 

[47] Tsalev, D. L.; Lampugnani, L.; D’Ulivo, A.; Petrov Jr., I. I.; Georgieva, R.; Marcucci, 

K.; Zamboni, R. Electrothermal atomic absorption spectrometric determination of 

selenium in biological fluids with rhodium modifier compared with hydride generation 

atomic spectrometric techniques. Microchem. J. 2001, 70, 103–113 

[48] Wietecha-Posłuszny, R.; Dobrowolska, J.; Kościelniak, P. Method for determination of 

selenium and arsenic in human urine by atomic fluorescence spectrometry. Anal. Lett. 

2006, 39, 2787–2796 

[49] Kuehnelt, D.; Kienzl, N.; Juresa, D.; Francesconi, K. A. HPLC/vapor generation/ICPMS 

of selenium metabolites relevant to human urine-selective determination of 

trimethylselenonium ion. J. Anal. Atom. Spectrom. 2006, 21, 1264–1270 

[50] Campbell, A. D. A critical survey of hydride generation techniques in atomic 

spectroscopy. Pure & Appl. Chem. 1992, 64, 227–244 

[51] Sabé, R.; Rubio, R.; García-Beltrán, L. Selenium determination in urine with atomic 

fluorescence detection. Anal. Chim. Acta 2001, 436, 215–221 

[52] McLaughlin, K.; Dadgar, D.; Smyth, M. R.; McMaster, D. Determination of selenium in 

blood plasma and serum by flow injection hydride generation atomic absorption 

spectrometry. Analyst 1990, 115, 275–278 

[53] Li, F.; Rossipal, E.; Micetic-Turk, D. Determination of selenium in serum by FI-HG-AAS 

and calculation of dietary intake. Biol. Trace Elem. Res. 2000, 73, 201–210 

[54] Borella, P.; Bargellini, A.; Caselgrandi, E.; Menditto, A.; Patriarca, M.; Taylor, A.; 

Vivoli, G. Selenium determination in biological matrices. Microchem. J. 1998, 58, 325–

336 

[55] D’Ulivo, A.; Lampugnani, L.; Sfetsios, I.; Zamboni, R. Studies on total selenium 

determination in biological samples by hydride generation non-dispersive atomic 



Tanja Wiesenhofer References Master‘s Thesis 

 

4
9

 

fluorescence spectrometry after hydrobromic acid/bromine wet digestion. Spectrochim. 

Acta B 1993, 48, 387–396 

[56] Rodriguez, E. M.; Sanz, M. T.; Romero, C. D. Critical study of fluorimetric determination 

of selenium in urine. Talanta 1994, 41, 2025–2031 

[57] McShane, W. J.; Pappas, R. S.; Paschal, D. Analysis of total arsenic, total selenium and 

total chromium in urine by inductively coupled plasma-dynamic reaction cell-mass 

spectrometry. J. Anal. Atom. Spectrom. 2007, 22, 630–635 

[58] Parsons, P. J.; Barbosa Jr., F. Atomic spectrometry and trends in clinical laboratory 

medicine. Spectrochim. Acta B 2007, 62, 992–1003 

[59] D'llio, S.; Violante, N.; Majorani, C.; Petrucci, F. Dynamic reaction cell ICP-MS for 

determination of total As, Cr, Se and V in complex matrices: Still a challenge? A review. 

Anal. Chim. Acta 2011, 698, 6–13 

[60] Supriyanto, G. Chromatomembrane method applied in pharmaceuticals analysis. Logos 

Berlin: Berlin 2005; p. 6-20 

[61] Fang, Z. Flow injection separation and preconcentration. VCH: Weinheim 1993; p. 38-

45 

[62] Harvey, D. Modern analytical chemistry. McGraw-Hill Higher Education: New York 

2000; p. 600-665 

[63] Parikh, A.; Patel, K.; Patel, C.; Patel, B. N. Flow injection: A new approach in analysis. 

J. Chem. Pharm. Res. 2010, 2, 118–125 

[64] Otto, M. Analytische Chemie. WILEY-VCH: Weinheim 2000; p. 21-29 

[65] Růžička, J.; Hansen, E. H. Flow injection analysis. 2nd edition. John Wiley & Sons, Inc.: 

New York 1988; p. 1-23 

[66] Skoog, D. A.; Leary, J. J. Instrumentelle Analytik: Grundlagen - Geräte - Anwendungen. 

Springer Verlag: Berlin Heidelberg 1996; p. 737-747 

[67] Quijano, M. A.; Gutiérrez, A. M.; Pérez-Conde, M. C.; Cámara, C. Optimization of flow 

injection hydride generation inductively coupled plasma mass spectrometry for the 

determination of selenium in water and serum samples. J. Anal. Atom. Spectrom. 1995, 

10, 871–874 

[68] Centineo, G.; Montes-Bayón, M.; Sanz-Medel, A. Flow injection analysis with 

inductively coupled plasma time-of-flight mass spectrometry for the simultaneous 

determination of elements forming hydrides and its application to urine. J. Anal. Atom. 

Spectrom. 2000, 15, 1357–1362 



Tanja Wiesenhofer References Master‘s Thesis 

 

5
0

 

[69] Antler, M.; Maxwell, E. J.; Duford, D. A.; Salin, E. D. Online standard additions 

calibration of transient signals for inductively coupled plasma mass spectrometry. Anal. 

Chem. 2007, 79, 688–694 

[70] Kobayashi, K.; Katsuya, Y.; Abdulah, R.; Koyama, H. Rapid and direct determination of 

selenium, copper, and zinc in blood plasma by flow injection-inductively coupled plasma-

mass spectrometry. Biol. Trace Elem. Res. 2007, 115, 87–93 

[71] Michalke, B.; Grill, P.; Berthele, A. A method for low volume and low Se concentration 

samples and application to paired cerebrospinal fluid and serum samples. J. Trace Elem. 

Med. Biol. 2009, 23, 243–250 

[72] Hoffman, J. L. Ion chromatographic analysis of the purity and synthesis of sulfonium and 

selenonium ions. J. Chromatogr. A 1991, 588, 211–216 

[73] Traar, P.; Belaj, F.; Francesconi, K. A. Synthesis of methyl 2-acetamido-2-deoxy- 1-

seleno-D-gluco- and galacto-pyranoside: selenium metabolites in human urine. Aust. J. 

Chem. 2004, 57, 1051–1053 

[74] Thongboonkerd, V.; Mungdee, S.; Chiangjong, W. Should urine pH be adjusted prior to 

gel-based proteome analysis? J. Proteome Res. 2009, 8, 3206–3211 

[75] Kościelniak, P.; Kozak, J. Review of univariate standard addition calibration procedures 

in flow analysis. Crit. Rev. Anal. Chem. 2006, 36, 27–40 

[76] Agilent Technologies. Standard-, Mikro- und präparativer Probengeber - 

Referenzhandbuch. Waldbronn, Germany 2001; p. 294 

 

 



Tanja Wiesenhofer Appendix Master‘s Thesis 

 

I
 

7 Appendix 

 

Typical ICPMS settings  

 

 

Figure A. 1: typical ICPMS settings in the H2 mode 

 

The inner diameter of the torch was 1 mm.  

For measurements using the conventional method and FI/ICPMS using the total-set-up the 

nebulizer pump was set to 0.11 rps instead of 0.50 rps. 
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