
u n i ve r s i t y  o f  co pe n h ag e n  

Analysis of selenium nanoparticles in human plasma by capillary electrophoresis
hyphenated to inductively coupled plasma mass spectrometry

Gronbaek-Thorsen, Freja; Hansen, Rikke Holck; Ostergaard, Jesper; Gammelgaard, Bente;
Moller, Laura Hyrup

Published in:
Analytical and Bioanalytical Chemistry

DOI:
10.1007/s00216-021-03196-9

Publication date:
2021

Document version
Early version, also known as pre-print

Citation for published version (APA):
Gronbaek-Thorsen, F., Hansen, R. H., Ostergaard, J., Gammelgaard, B., & Moller, L. H. (2021). Analysis of
selenium nanoparticles in human plasma by capillary electrophoresis hyphenated to inductively coupled plasma
mass spectrometry. Analytical and Bioanalytical Chemistry, 413(8), 2247-2255. https://doi.org/10.1007/s00216-
021-03196-9

Download date: 23. maj. 2023

https://doi.org/10.1007/s00216-021-03196-9
https://curis.ku.dk/portal/da/persons/jesper-oestergaard(718ffee9-f57d-4060-9440-4ade85c29600).html
https://curis.ku.dk/portal/da/persons/bente-gammelgaard(4ba048dd-88f5-4a5f-8556-10c9a5bd45d3).html
https://curis.ku.dk/portal/da/publications/analysis-of-selenium-nanoparticles-in-human-plasma-by-capillary-electrophoresis-hyphenated-to-inductively-coupled-plasma-mass-spectrometry(e3c7e375-d7e1-4a38-895d-23aac82a5fc7).html
https://curis.ku.dk/portal/da/publications/analysis-of-selenium-nanoparticles-in-human-plasma-by-capillary-electrophoresis-hyphenated-to-inductively-coupled-plasma-mass-spectrometry(e3c7e375-d7e1-4a38-895d-23aac82a5fc7).html
https://curis.ku.dk/portal/da/publications/analysis-of-selenium-nanoparticles-in-human-plasma-by-capillary-electrophoresis-hyphenated-to-inductively-coupled-plasma-mass-spectrometry(e3c7e375-d7e1-4a38-895d-23aac82a5fc7).html
https://doi.org/10.1007/s00216-021-03196-9
https://doi.org/10.1007/s00216-021-03196-9


Page 1 of 18 
 

Title page 
 
Authors: 
Freja Grønbæk-Thorsen1, Rikke Holck Hansen1, Jesper Østergaard1, Bente Gammelgaard1*, Laura Hyrup 
Møller1* 
 
Title:  
Analysis of selenium nanoparticles in human plasma by capillary electrophoresis hyphenated to 
inductively coupled plasma mass spectrometry 
 
Affiliation: 
1 University of Copenhagen, Department of Pharmacy, Copenhagen, Denmark 
 
E-mail address corresponding author: 
Laura.hyrup@sund.ku.dk  
Bente.gammelgaard.ku.dk 
 
ORCID ID 
Freja Grønbæk-Thorsen 0000-0001-7478-8417 
Rikke Holck Hansen NA 
Jesper Østergaard 0000-0003-3448-4237 
Bente Gammelgaard 0000-0002-9149-1014 
Laura Hyrup Møller 0000-0002-7987-344X 
 
 
 
  

mailto:Laura.hyrup@sund.ku.dk


Page 2 of 18 
 

Introduction  
Nanoparticles (NPs) have gained increasing interest in the biomedical field as active agents, diagnostics and 

carriers in drug delivery systems, mainly for cancer therapies. The unique physicochemical properties of NP 

have been exploited for targeting or controlled release of traditional therapeutics, and to overcome 

biodegradation, solubility, and stability problems [1, 2]. Research in metal-based NPs has increased owing to 

their potential as broad-spectrum antimicrobials, the far most investigated being gold (AuNPs) and silver 

(AgNPs) nanoparticles [3]. However, considering the vast research efforts, only a few metal NP systems have 

been approved by FDA [4]. Key reasons are incomplete understanding and control of the interactions with 

the biological environment, insufficient quantitative analysis, and cytotoxicity owing to accumulation in 

tissues [5]. Selenium nanoparticles (SeNPs) have therefore been proposed as alternative antimicrobials as 

they are generally non-toxic towards mammalian cells [6-10], and evidence for the antimicrobial efficacy has 

been established in cell cultures of multiple types of bacteria [11],  including resistant strains [12, 6, 10] and 

biofilms [13]. In addition, a synergistic antimicrobial effect against resistant strains when combined with 

conventional antibiotics has been reported [14, 15].  

 

To understand the interactions of SeNPs with biological environments, quantitative and qualitative analytical 

methods are needed for determination of degradation and biotransformation products. Furthermore, their 

physical properties, including size and shape, size distribution and charge must be well characterized. These 

are dependent on stabilizers and capping agents, as particle aggregation and stability influence the 

therapeutic action and toxicity of the NPs [16, 17]. Equally important is the purity of the SeNP system, which 

should be characterized prior to application to biological systems to distinguish between the effect of the 

intact NPs, degradation products and biotransformation products. Such information is often missing in 

efficacy studies. 

 

A range of complementary analytical methods are applied to provide this information [18-20] but there is a 

lack of appropriate methods for characterization of NPs in complex matrices. The most widely applied 

methods for determination of size, shape and aggregation include transmission electron microscopy (TEM) 

or light scattering techniques. TEM has a low resolution in complex matrices and transforming the dispersed 

hydrated state of the sample to the dried state for TEM measurement may change particle size and size 

distribution [18]. Dynamic light scattering (DLS) is widely applied but restricted to simple matrices and the 

scattering intensity is favored towards larger particles hampering the data interpretation, especially for poly- 

disperse particle suspensions. An alternative light scattering technique is nanoparticle tracking analysis (NTA) 

based on video microscopy providing particle number concentration and hydrodynamic size distribution 
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based on the Brownian motions of single particles [21]. NTA is applicable for particles in the size range 20-

1000 nm [18]. None of the methods provide any information on dissolved species.  

 

Single particle inductively coupled plasma mass spectrometry (SP-ICP-MS) has recently been introduced as a 

powerful technique to measure size, size-distribution, particle concentration and to detect ionic species from 

metal NP suspensions even in complex samples. However, the method requires particle reference materials 

with certified particle concentration, diameter and shape, and only a few certified reference materials are 

available. Furthermore, size detection limits are affected by the background from dissolved element and the 

technique does not provide information on degradation products [22]. For such purposes, separation 

methods hyphenated to ICP-MS are needed, as reviewed in [20]. 

 

Field-flow fractionation (FFF) coupled to ICP-MS has been applied to fractionate SeNP suspensions and to 

determine size distributions [23, 24]. FFF separates different NP sizes efficiently, but quantitative information 

is jeopardized by low recoveries as NPs adsorb to the FFF membrane. Only few studies on chromatographic 

separations have been reported. Size exclusion chromatography (SEC) being the main  principle, has been 

applied to analysis of AuNP, AgNP and quantum dots, but irreversible adsorption of NPs to the column 

material was generally a major challenge [25]. Liquid chromatography (LC) hyphenated to ICP-MS has been 

applied in separation of SeNPs from the low molecular weight (LMW) Se-fraction either using SEC [26] or 

reversed phase LC [27], in both cases to prove bioformation of SeNPs in yeast. 

 

Capillary electrophoresis (CE) hyphenated to ICP-MS is an attractive technique for metal-based NP analysis 

combining separation of NPs and dissolved species based on their size and charge [28] with low detection 

limits compared to spectrophotometric methods [29]. CE-ICP-MS has been applied for determination of NP 

sizes based on migration time [30-32] and protein interactions e.g. by simultaneous measurement of metal 

and sulfur [33, 34]. The same principle has been used for separation of NPs and their ionic counterparts in 

human serum [35], cytosol [36, 37] and liver extracts [32]. However, quantitative information on NPs and 

their ionic species is rarely reported [38]. 

 

The overall aim of this project was to demonstrate the use of CE-ICP-MS for separation of SeNPs from 

degradation and transformation products in human plasma. Partial aims were (i) to separate SeNPs from 

synthesis impurities and estimate these amounts in SeNP preparations and (ii) to separate and estimate the 

amount of transformation products from SeNPs incubated in human plasma. In-house prepared PVA-

coated SeNPs and a commercially available SeNP product were used as model NPs.  
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Materials and methods  
Chemicals 

Disodium tetraborate decahydrate was purchased from Struers Kebo Lab A/S (Albertslund, Denmark). 

Sodium hydroxide and ascorbic acid were purchased from Merck (Darmstadt, Germany). Selenium dioxide 

and polyvinyl alcohol (PVA) were purchased from Sigma-Aldrich (Steinheim, Germany). PurePlus multi-

element ICP-MS calibration standard 1 (10 mg L-1 Be, Bi, Ce, Co, In, Pb, Mg, Ni and U) was from Perkin-Elmer 

(Waltham, MA, USA) and PlasmaCAL elemental standard (1000 mg Se L-1) was from SCP Science 

(Courtaboeuf, France). Trimethylselenonium (TMSe) was synthesized according to Foster and Ganther [39], 

and Se-methylseleno-N-acetylgalactosamine (SeGalac) was synthesized in house.  A SeNP suspension (Q-

SeNP) dispersed in H2O (0.01 % NaN3)with nominal size of ≈100 nm was obtained from Nanocs (Cat. No. 

100-01-5) (New York, NY, USA). HS coating reagent for capillaries (Cat no. 310-010) was obtained from Fida 

Biosystems (Copenhagen, Denmark). Human plasma was obtained from the blood bank (Rigshospitalet, 

Copenhagen, Denmark). Ar-gas (99.999%) and O2-gas (99.999 %) were purchased from AGA gas A/B 

(Lidingö, Sweden).  Stock solutions of TMSe, SeGalac and selenite were prepared at 100 mg L-1 

concentration level and further diluted prior to analysis. All solutions were prepared with deionized water 

from a milli-Q deionization unit (Millipore, Bedford, MA, USA). 

 

SeNP synthesis and initial characterization  

PVA-SeNPs were prepared in-house following the procedure described by Huang et al. [40]. In short, 

selenium dioxide was reduced by ascorbic acid in a molar ratio of 1:20 and PVA was used as stabilizing 

agent. For batch 1 the specific concentrations applied were 2.5 mM selenium dioxide, 50 mM ascorbic acid 

and 1 mg mL-1 PVA as described in [40]. For batch 2, the amounts were increased to 12.5 mM selenium 

dioxide, 250 mM ascorbic acid and 5 mg mL-1 PVA. After washing twice with milli-Q water, PVA-SeNP were 

suspended in milli-Q water and stored at 4˚C.  

A NanoSight NS300 (Malvern Panalytical, UK) was used for nano tracking analysis (NTA) of particle size. 

Prior to analysis the SeNP suspension was manually stirred, sonicated for 2 min and diluted 10 to 1000 

times in milli-Q water to achieve an adequate number of particles. Zeta potential was measured using a 

Zetasizer nano ZS (Malvern Panalytical, UK). Measurements were carried out at 25°C, refractive index (RI) 

was set to 1.331 and the dielectric constant 78.5 for water as dispersant.  

 

CE-ICP-MS instrument set-up 

All CE-ICP-MS/MS measurements were performed using an Agilent 8800 ICP-MS Triple Quad equipped with 

a 2.5 mm ID quartz injector torch and sampler and skimmer cones made of platinum (Agilent Technologies, 
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Santa Clara, USA). Data was collected using Mass Hunter 4.5 Workstation Software (Agilent Technologies, 

Santa Clara, USA).  A 7100 CE instrument run by OpenLab CE Chemstation (Agilent Technologies, 

Waldbronn, Germany) was hyphenated to the ICP-MS via the capillary outlet of an Agilent CE/MS cassette 

(G1600-60013, Agilent Technologies). Fused silica capillaries with a 50 µm ID and 375 µm OD were cut to a 

length of 60 cm (Polymicro Technologies supplied by CM Scientific, Silsden, United Kingdom).  

Samples were introduced via an electrospray ionization source sprayer (G1607-60002, Agilent 

Technologies, Waldbronn, Germany) connected to the ICP-MS by a homemade cap-end of 

polytetrafluoroethylene donated by Hartinger et. al. [41] resembling the standard Agilent cap-end (G3280-

60008) for the double-pass concentric spray chamber (Agilent Technologies, Santa Clara, USA). An Agilent 

7100 CE alligator clip was attached to the sprayer to ground the capillary circuit.   

A sheath liquid was supplied using a 5 mL syringe pump (Harvard Apparatus 11 plus, Holliston, US) via PEEK 

tubing with an ID of 0.025 mm. The carrier gas and make-up gas were fitted to the ESI-sprayer and the end-

cap, respectively. Polypropylene (PP) sample vials (MikroLab Aarhus A/S, Denmark) with snap caps (Agilent 

Technologies Inc., Waldbronn, Germany) were used throughout. The background electrolyte (BGE) solution 

contained 30 mM disodium tetraborate in milli-Q-water (pH 9.2). The optimized CE-ICP-MS conditions are 

shown in Table 1. 

 

Table 1 Optimized CE-ICP-MS conditions  
ICP-MS/MS  
Auxiliary gas flow rate (Ar) 0.9 L min-1 

Plasma gas flow rate (Ar) 15 L min-1 

Carrier gas flow rate (Ar)  0.98 L min-1 

Make-up gas flow (Ar) 0.10 L min-1 
Sample depth 5.0 mm 
Spray chamber 
temperature  

1⁰C 

Scan mode MS/MS  
Cell gas O2 
Cell gas flow rate (O2) 0.40 mL min-1 

(40 % of full scale) 
Data acquisition   
Acquisition mode  Time resolved analysis 
Integration time  0.5 sec 
Analysis time  10-16 min  
Isotopes Q1  Q2  80Se  96 SeO  
CE interface   

Sheath liquid flow rate 14 µL min-1 
CE  

Applied voltage (KV) +10, +20, +30 kV 
Applied pressure (mbar) 0, 25, 50, 100 mbar  
Injection  50 mbar/ 10 s (~14 nL)  
Casette temperature  25 ⁰C 
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RF power, ion lens voltage, octapole bias and energy discrimination were optimized automatically daily by 

the auto tune function using a Se-standard solution containing 100 mg L-1 Se in BGE. The position of the 

capillary outlet in the ESI sprayer and the flow rate of sheath liquid were optimized to achieve a sufficient 

spray. The sheath liquid consisted of 10 % (v/v) BGE solution in milli-Q water. 

 

Optimization of separations 

Separation in aqueous solution was developed using uncoated capillaries. Capillaries were conditioned by 

flushing with 1 M NaOH, 0.1 M NaOH and BGE for 30 min each. Between each injection, the capillary was 

preconditioned by flush with 0.1 M NaOH and BGE for 2 min each. Voltages of 10, 20 and 30 kV and 

application of pressures of up to 50 mbar were tested. Samples were prepared daily by dilution of the stock 

solution 10 mg Se L-1 of TMSe, SeGalac and selenite in BGE, with and without spikes of PVA-coated SeNPs. 

Q-SeNP samples were prepared by diluting the stock suspension in BGE to a concentration of 50 % (v/v) and 

analyzed using a voltage of 20 kV and a pressure of 50 mbar. The total Se-content of Q-SeNP was 

determined by ICP-MS after acid digestion of the Q-SeNP suspension. The selenite content in the Q-SeNP 

suspension was quantified from analysis of four different dilutions of the Q-SeNP suspension and external 

calibration using a standard curve of a certified selenite in the range 5-25 mg Se L-1 in BGE. Se content of 

the SeNP fraction of Q-SeNP was estimated from the selenite concentration in Q-SeNP and the total Se-

content.  

 

Analysis of SeNP in human plasma 

For analysis of plasma samples, the capillaries were coated by flushing with 1 M NaOH for 30 min, milli-Q 

water for 15 min, the dynamic HS coating reagent in a concentration of 1000 ppm for 30 min and finally 

milli-Q water for 15 min. Between each injection, the capillary was preconditioned by flush with milli-Q 

water and BGE for 2 min each. The voltage was 20 kV and pressures of up to 100 mbar were tested. 

Human plasma was thawed and filtered through a Q-max RR syringe filter, 0.45 µm cellulose acetate 

membrane (Frisenette ApS, Denmark) prior to use. All plasma samples were diluted in 30 mM tetraborate.  

BGE and plasma in concentrations of 5 % and 10 % (v/v) were spiked with PVA-coated SeNP suspension 

resulting in a 10-fold dilution of the SeNP suspension.  

 

Precision was calculated as the relative standard deviation (RSD) of peak areas of a 10 % (v/v) PVA-coated 

SeNP suspension in aqueous solution and in 5 % (v/v) plasma, respectively (n=5). Linearity was determined 

in the range 5-25 mg Se L-1 in BGE solution or 5 % (v/v) plasma in BGE. 
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Filtered plasma was spiked in triplicate with the PVA-coated SeNP suspension resulting in a plasma and 

SeNP concentration of 50 % (v/v) and stored at ambient temperature. Aliquots of 10 µL were sampled 5 h, 

48 h and 5 days after spiking and diluted to 50 µL with BGE prior to analysis. 

The response factor of the PVA-SeNPs compared to selenite was determined by comparison of slopes of 

standard curves from total Se determination of PVA-SeNP suspensions and selenite in the concentration 

range of 10-100 mg Se L-1. 

 
Results and discussion 
Characterization of SeNPs  

SeNPs were synthesized by reduction of selenium oxide with ascorbic acid in a molar ratio of 1:20. The 

SeNPs were stabilized with polyvinyl alcohol (PVA), a commonly used biocompatible stabilizer resulting in 

stable neutral to slightly negative PVA-coated SeNPs (PVA-SeNPs) [42]. The size of the PVA-SeNPs and the 

commercially available Q-SeNPs was determined by NTA. Batch 1, was used for development of the CE-ICP-

MS method for aqueous samples and batch 2 was applied in all other experiments. Zeta-potentials of all 

SeNP suspensions were determined in milli-Q water; the results are presented in Table 2. 

 

Table 2 Zeta-potential, mean particle size of the suspensions and the most frequently measured size (mode) of PVA-SeNPs and Q-

SeNP suspensions. All measurements were conducted on SeNPs suspended in millli-Q water.  

Batch 
Mean size 

± SD 
(nm) 

Mode 
± SD 
(nm) 

Zeta 
± SD 
(mV) 

PVA-SeNP (1) 95 ± 26 99 ± 1 -17.6 ± 0.8 
PVA-SeNP (2) 80 ± 26 72 ± 3 -13.6 ± 1.0 
Q-SeNP 94 ± 14 92 ± 1 -32.6 ± 2.6 

 

Optimization of CE-ICP-MS conditions 

Hyphenation of CE to ICP-MS is a technical challenge and a robust interface is not yet commercially 

available for the Agilent 8800 ICP-MS/MS. Instead, an electrospray ionization (ESI) sprayer for mass 

spectrometry was connected to the ICP-MS spray chamber by a homemade cap-end previously presented 

by Hartinger et. al. [41].  As the sample flow rate from the capillary is very low (nL min-1), a sheath liquid 

flow is required to produce a sufficient spray in the sample introduction system. Initially, the flow rate of 

the sheath liquid from the syringe pump was optimized in the range 1-20 µL resulting in an optimal sheath 

flow rate of 14 µL min-1. This flow rate was higher compared to the 8 µL min-1 described in a previous study 

using a similar interface [41]. The capillary position at the ESI-sprayer had a considerable effect on 

sensitivity and migration time of the low molecular weight (LMW) Se species. To obtain optimal sensitivity, 
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the capillary was positioned at the outlet of the ESI-sprayer tip and then retracted a few mm. If the capillary 

outlet was retracted any further from the sprayer tip, sensitivity dropped significantly. Thus, some day-to-

day variation in sensitivity was observed, but the signal was stable during the day. 

In addition, ICP-MS sample introduction parameters were optimized, optimal settings were: carrier gas flow 

0.98 L min-1, sampling depth 5 mm and argon make-up gas flow rate 0.1 L min-1 to improve removal of 

condensed liquid in the spray chamber. The major selenium isotope, 80Se is subject to heavy interference 

from the polyatomic argon ions, 40Ar40Ar. Thus, 80Se-ions were transformed to 80Se16O by addition of oxygen 

to the collision reaction cell (CRC). CRC parameters were optimized daily by the auto tune function. 

However, the O2 reaction gas flow rate was set manually at a flow rate of 0.4 mL O2 min-1 due to previous 

optimization for Se-analysis by ICP-MS/MS in our lab [43].  

 

Optimization of separation conditions 

A CE-ICP-MS method for analysis of aqueous samples was developed using bare fused silica capillaries and a 

30 mM tetraborate buffer (pH 9.2) as BGE. The separation efficiency of the system was demonstrated by 

separation of three LMW Se compounds, the positively charged trimethylselenonium ion (TMSe), the 

neutral seleno-sugar (SeGalac) which serves as electroosmotic flow (EOF) marker and the negatively 

charged selenite (SeO3
2-). A voltage of 20 kV provided good separation while avoiding joule heating (current 

≈ 30 µA). In order to reduce the total analysis time, a pressure of 50 mbar was applied while the voltage 

was maintained at 20 kV. With these settings, baseline separation of the three LMW Se compounds was 

achieved within 7 min. Analysis of PVA-coated SeNPs under identical analytical conditions resulted in a 

migration time of 3.7 min (Fig 1).  

 
Figure 1 CE-ICP-MS separation of TMSe, SeGalac and selenite diluted in 30 mM tetraborate buffer in an uncoated capillary (black). 

Analysis of PVA-coated SeNP (50 % v/v) diluted in 30 mM tetraborate (offset + 20.000 cps, blue). Pressure assisted CE with a voltage 

of 20 kV and 50 mbar pressure. Injection 50 mbar for 10 s.  
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As the relatively wide nanoparticle peak overlapped with the neutral SeGalac, a mixture of PVA-SeNP and 

LMW selenium species was analysed without additional pressure (Fig 2). The PVA-SeNP migrated later than 

the EOF, indicating a slightly negative surface charge of the synthesized PVA-SeNP, which was corroborated 

by the measured zeta-potential of -17.6 ± 0.8 mV (Table 2). Complete baseline separation of nanoparticles 

from the EOF-marker, was still not achieved, but was achieved by lowering the voltage. As the main 

purpose was to separate SeNP from potential synthesis remnants or degradation products such as selenite, 

the urinary metabolites TMSe and SeGalac were only included to illustrate the migration of differently 

charged compounds. TMeSe and SeGalac would not appear from NP degradation in aqueous buffer. 

Selenite, on the other hand, is a possible synthesis impurity of SeNP. Thus, the pressure assisted method 

(Fig 1) leading to faster separation of SeNP and selenite was applied in the following experiments. 

 
Figure 2  CE-ICP-MS separation of TMSe, SeGalac, PVA-SeNP (50 % v/v) and selenite diluted in 30 mM tetraborate buffer in an 

uncoated capillary. CE with a voltage of 20 kV.  Injection 50 mbar for 10 s.  

 

An advantage of ICP-MS is the species-independent response for dissolved species, which is exploited in 

quantitative analysis. However, this might not be the case for NPs due to the different physicochemical 

form. This was investigated by comparing the slopes from standard curves of PVA-SeNPs (Y = 1837 X + 

3922, R2 = 0.9992) and a certified selenite solution (Y = 1457 X + 1893, R2 = 0.9991) in the range 10-100 µg L-

1 Se. The response of PVA-SeNPs was 79 % of the ionic Se response. This difference may be owing to 

different nebulization efficiencies or different atomization and ionization efficiencies of the NPs and the 

dissolved analytes. Lobinski et. al. previously reported signal intensities of 81 % and 66 % for 50 nm and 100 

nm SeNPs, respectively, compared to acid digested SeNPs [26]. Thus, in quantitative measurements, it is 

essential to establish the relative sensitivity for the particles in question. 

 

Peak area and migration time precisions, based on five consecutive injections of the LMW Se mixture and 

PVA-SeNP, respectively are shown in Table 3. The relative standard deviations (RSD) on areas and migration 
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times were in all cases below 3.0 % which is considered good for CE analysis. As the signal response of 

SeNPs and dissolved Se was different, the concentration and LOD of PVA-SeNPs were estimated from a 

selenite standard using the calculated correction factor of 0.79. 

 

Table 3   Relative standard deviations (RSD) of TMSe (10.3 mg L-1), SeGalac (12.9 mg L-1), selenite (10.1 mg L-1) and PVA-SeNPs (10 % 

v/v) in tetraborate buffer (n=5). Pressure assisted CE with a voltage of 20 kV and 50 mbar pressure. Injection 50 mbar for 10 s. 

Uncoated capillary  TMSe 
 Se-

Galac  
Selenite  

PVA-

SeNP 

Precision Area (RSD%) 2.7  1.6 1.4 3.0 

Precision tm (RSD%) 1.2  1.0 1.7 2.6 

LOD (mg L-1) 0.8  0.6 0.4 5.5 

 

The obtained LODs for LMW species correspond to absolute detection limits below 11 pg of Se due to the 

extremely low injection volume (≈14 nL) in CE. The relative LODs were 100 times higher than previous 

reported LODs of dissolved Se-species from our laboratory [44]. The higher LOD obtained in the present 

work can be explained by the use of a spray chamber in the interface, which reduces the amount of analyte 

reaching the plasma as compared to the direct injection interface applied in the previous study. With an 

interface and spray chamber similar to the one used in the present work, Hartinger et. al. reported LODs of 
195Pt of 0.4 mg L-1 [41]. This is in the same concentration range as the results obtained for the LMW Se 

species in the present study.  

 

Analysis of SeNP by CE-ICP-MS 

The method was applied for analysis of diluted suspensions of PVA-SeNP and commercially available Q-

SeNP. The electropherograms of PVA-SeNPs only showed one peak corresponding to the intact PVA-SeNPs 

(as shown in Fig 1). In the electropherogram of the Q-SeNP suspension, the SeNP peak appeared at 5.0 min, 

indicating a more negatively charged surface as compared to PVA-SeNP which previously showed a 

migration time of 3.7 min (Fig 1). This is in accordance with the zeta-potentials measured for the PVA-SeNP 

and Q-SeNP, respectively (Table 2). The difference in migration time may be explained by the stabilizing 

agents, while the PVA-SeNP are stabilized with PVA the vendor provide no information of the stabilizer 

used in Q-SeNP. The Q-SeNP suspension contained a large amount of LMW Se, which co-migrated with 

selenite after spiking with a standard. It should be noted, that the commercial Q-SeNP suspension had been 

open for several months prior to analysis. The vendor ensures stability for 6 month, but degradation may 

have developed over time. However, the result emphasize the importance of carefully characterizing NP 

suspensions immediately before use in effect studies. The stability of the PVA-SeNP suspension stored in 
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water at 5°C was followed over one month and did not show any sign of selenite when analysed by CE-ICP-

MS. 

 

 
Figure 3  CE-ICP-MS electropherogram of Q-SeNP (50 % v/v) diluted in 30 mM tetraborate (black). Separation of TMSe, SeGalac and 
selenite in 30 mM tetraborate buffer by CE-ICP-MS (offset +20.000 cps, blue). Pressure assisted CE with a voltage of 20 kV and 50 
mbar pressure. Injection 50 mbar for 10 s. 
 

The concentration of selenite in the Q-SeNP suspension, was estimated to 116 mg L-1 by external 

standardization. The total content of Se in the Q-SeNP was determined to 358 ± 19 mg L-1 by ICP-MS 

analysis of acid digested Q-SeNP suspension. Thus, the selenite fraction corresponded to 32 % of the Se 

content of the Q-SeNP suspension. Due to the large amount of selenite in the Q-SeNP suspension it was not 

possible to determine the correction factor by total determinations, as the presence of large amounts of 

selenite would increase the response factor erroneously. The amount of Se from the NP fraction was 

consequently estimated as the difference between total Se in the Q-SeNP suspension and the estimated 

amount of selenite in the Q-SeNP suspension, resulting in 242 mg L-1. If equal response of Q-SeNPs and 

selenite was assumed, the amount of Se in the NP fraction would erroneously be 159 mg L-1. The response 

factor of the Q-SeNPs was estimated to 0.65 by comparing the concentration estimated from the total Se 

content of the Q-SeNPs with the concentration calculated assuming no difference in signal response of 

selenite and Q-SeNPs. The calculated response factor was considerably lower than the response factor 

determined for the PVA-SeNP but in accordance with previous reported response factor of Q-SeNP (same 

type and size) of 0.66 ± 0.8 % [26].  

These results clearly illustrate the importance of determining a response factor of dissolved LMW standards 

and the specific NP suspension in question in quantitative measurements of NP. To the best of our 

knowledge this is the first study to present quantitative estimations of NP concentration and LMW 

compounds in SeNP suspension based on CE-ICP-MS. 
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Analysis of SeNPs in human plasma 

A major challenge in characterization of NPs is the lack of quantitative methods applicable for biological 

samples. The method developed for aqueous samples was applied in analysis of SeNP suspensions spiked 

into diluted plasma. Using bare fused silica capillaries, the current was unstable and no peaks were 

observed. This was not surprising, as the high protein content and ionic strength of plasma reduce the EOF 

and change the migration behavior [45]. To overcome this obstacle, capillaries were coated with a 

commercial electrostatically adsorbed highly polar neutral coating. Capillary coating reduced the EOF, 

therefore, a pressure of 100 mbar was applied to shorten the analysis time, resulting in baseline separation 

of TMSe, SeGalac and selenite within 12 min (Fig 4).  

 

 
Figure 4   Separation of TMSe, SeGalac and selenite diluted in 30 mM tetraborate buffer by CE-ICP-MS using a coated capillary. 

Pressure assisted CE with a voltage of 20 kV and 100 mbar pressure. Injection 50 mbar for 10 s. 

 

Injection of samples diluted in 30 mM tetraborate, 5 % (v/v) human plasma or 10 % (v/v) human plasma, 

respectively, did not affect the current, and the sensitivity and migration behavior of the PVA-SeNP were 

similar regardless of media. In general, the sensitivity was slightly improved using the coated capillary. 

Precision measured as repeatabilityof five consecutive injections of LMW Se-Species or PVA-SeNP in BGE 

and 5 % human plasma is shown in Table 4. 

 

Table 4 – Analytical figures of merit for the method developed for analysis of Se species and SeNPs in human plasma: Precision 

(RSD) of area, migration times and limits of detection (LOD) based on injections (n=5) of TMSe (10.3 mg L-1), SeGalac (12.9 mg L-1), 

Selenite (10.1 mg L-1) and PVA-SeNPs (10 % (v/v)) in 30 mM tetraborate (BGE) and 5 % (v/v) human plasma. Pressure assisted CE 

with a voltage of 20 kV and 100 mbar pressure. Injection 50 mbar for 10 s. 

Sample matrix  HS-coated capillary  TMSe SeGalac  Selenite  PVA-SeNPs  

BGE 

Precision Area (RSD%) 2.2 3.5 4.6 15.7 

Precision tm (RSD%) 0.7 0.8 1.1 1.2 

LOD mg L-1 0.7 1.4 1.4 23.5 

5 % plasma Precision Area (RSD%) 4.1 4.8 3.3 10.7 
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Precision tm (RSD%) 0.8 1.0 2.0 2.8 

LOD mg L-1 1.3 1.9 1.0 12.0 

 

The precision of the migration times were below 3.0 %, which is considered good for CE analysis. The 

precision for the LMW Se species was below 5.0 %, while the RSD for the SeNP areas in BGE and 5 % (v/v) 

plasma were 15.7 % and 10.7 %, respectively. The RSD for SeNPs was considerably higher compared to the 

results from the uncoated capillary.  

Linearity of selenite in concentration range 5-25 mg L-1 was demonstrated in BGE as well as 5 % (v/v) 

plasma. The slopes ± SD were comparable in BGE and 5 % (v/v) plasma, with values of 3185 ± 115 and 2999 

± 160, respectively and R2 > 0.99 in both matrices, indicating matrix independent response of selenite. 

 

SeNP degradation in human plasma 

The PVA-SeNPs were incubated in 50 % plasma at ambient temperature and the samples were analyzed at 

5 h, 48 h and 5 days. Degradation was not observed after 5 h, however, after 48 h a degradation product 

with a migration time (11 min) similarly to selenite appeared, and the peak increased during the 5 days of 

incubation (Fig 5). Some variation in migration time was observed from day to day and also during the day 

(fig 5c), but the identity of the degradation product was confirmed by spiking with a selenite standard 

which showed co-migration. A suspension of PVA-SeNP stored in milli Q water was measured each day and 

showed no sign of selenite over time. 

The concentration of selenite after 48 h and after 5 days of incubation was estimated by external 

standardization. The concentrations of the selenite peaks were estimated to 1.9 ± 0.1 mg Se L-1 after 48 h 

(n=3) and 3.1 mg Se L-1 after 5 days (n=1) in the diluted sample. The selenite fractions corresponded to less 

than 5 % of the total Se, as the variation on area of consecutive injections of PVA-SeNP was >10 % the loss 

from PVA-SeNP was not estimated. This study is to the best of our knowledge, the first study on the 

chemical fate of SeNPs in human plasma. 
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Figure 5 CE-ICP-MS electropherograms of PVA-SeNPs in plasma matrix (black) and a standard of TMSe, SeGalac and selenite diluted 

in 30 mM tetraborate buffer (blue). a) 5 h incubation, b) 48 h incubation, and c) 5 days incubation. Pressure assisted CE in a coated 

capillary with a voltage of 20 kV and 100 mbar pressure. Injection 50 mbar for 10 s. 

 
 
Conclusion  
A CE-ICP-MS method was successfully developed for analysis of SeNP suspensions in aqueous media. 

Careful optimization of the CE-ICP-MS setup facilitated efficient separation of SeNPs and LMW Se species 

including the degradation product selenite and quantification of the Se content of SeNP suspensions was 

demonstrated through implementation of a suitable correction factor. CE-ICP-MS analysis of a 
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commercially available Q-SeNP suspension revealed large amounts of selenite in the suspension indicating 

the propensity of NP degradation upon storage.  

The separation analysis of SeNPs spiked into plasma required the use of a coated capillary to suppress the 

capillary wall adsorption observed in the fused silica capillaries. The initial experiment on SeNP stability in 

plasma showed for the first time that PVA-coated SeNPs decompose during incubation in plasma with the 

concurrent formation of selenite. Overall, this preliminary study highlights the potential of CE-ICP-MS for 

the quantitative characterization of the behavior of SeNPs in biological media.  
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