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Abstract  

In the present study a method for quantitation of a pharmaceutical peptide in human plasma 

was developed using gradient elution LC-ICP-MS/MS. Plasma samples were precipitated with 

acetonitrile containing 1.0 % TFA in a volume ratio 1:3 (sample: precipitation agent) before 

analysis. Post-column isotope dilution analysis (IDA) was applied for quantitation and was 

compared with external calibration. Both calibration methods appeared to be fit for purpose 

regarding figures of merit including linearity, precision, LOD, LOQ and recovery when 

analysing oxytocin (OT) and its diselenide-contaning analogue (SeOT). Comparison of analysis 

of OT and SeOT showed that selenium-based analysis is beneficial from an analytical 

perspective as it is considerably more sensitive and selective compared to the sulphur-based 

analysis. Despite the relatively more simple set-up of external calibration, IDA can be 

advantageous to compensate for instrument drift and changes in organic solvent 

concentration. The method was applied for a stability study showing the degradation of OT 

and SeOT in plasma. The degradation of SeOT was found to be faster than OT in plasma.  

Thus, possible stability effects should be considered before replacing a disulfide bridge with a 

diselenide bridge or introducing a diselenide-label in a potential drug.      
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Introduction 

Peptides are attractive as drug compounds as they potentially offer high selectivity and 

efficacy and low toxicity. However, peptide drugs are challenged by low oral bioavailability, 

limited passage through physiological membranes, efficient clearance and short circulation 

half-lives [1].  

Numerous formulation strategies have been pursued to improve peptide stability and 

increase bioavailability, including replacement of L-amino acids with D-amino acids, 

truncation and cyclization. The latter is commonly achieved by covalent disulfide bonds 

between cysteine residues. Disulfide bonds tend to stabilize the secondary structure,  

enhance activity and selectivity, and improve stability against proteases, thus improving 

pharmacokinetics [2]. More than 25 of the FDA- and EMA-approved peptide drugs contain 

disulfide bonds, including well-known drugs such as oxytocin, desmopressin, calcitonin and 

insulin [3].  

Selenium (Se) and sulphur (S) both belong to the group of chalcogens and possess similar 

chemical characteristics. It has been suggested that replacement of cysteine with 

selenocysteine in cyclic peptides may improve the stability, as the reduction potentials of 

diselenides compared to those of disulfides are higher and the resistance of diselenide 

towards reaction with reductive agents such as glutathione (GSH) is higher [4]. Thus, 

exchange of disulfide bonds with diselenides (Se-Se), selenium-sulphur bonds (Se-S) or 

selenothioethers (Se-CH2-), have been demonstrated to improve stability while maintaining 

pharmacological effect for oxytocin [5, 6] and insulin [7] analogues.  

During the preclinical development of new peptide drugs, the candidates are evaluated for 

chemical stability and  ADME properties (absorption, distribution, metabolism and 

excretion). Also pharmacokinetics and pharmacodynamics are established by in vitro and in 

vivo studies. As peptides and their degradation products resemble natural existing 

biomolecules, sensitive and reliable analytical methods are required for such studies. The 

most frequently applied methods are immunoassays and LC-MS. Immunoassays are easily 

accessible and offer low detection limits, however, the lack of specificity to smaller peptides 

affect the reliability [8, 9]. LC-MS with high-resolution instrumentation constitutes a powerful 

alternative, but requires expensive species-specific standards for quantitative purposes and 

extensive sample pretreatment [10, 11].  

LC-ICP-MS is a sensitive and selective alternative for quantitation of  peptides containing or 

labelled with an ICP-MS detectable element, for instance, the heteroatoms sulphur and 
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selenium in the peptide structure can be quantified directly. In principle, the method is 

species independent and an inorganic element standard may be used for quantitation. 

However, S-based quantitation is hampered by the large presence of sulphur in the human 

body [12-14]. In previous work, we have demonstrated selenium as a promising elemental 

label altering the peptide structure minimally and allowing for sensitive quantitation of linear 

peptides in biological matrices. Labeling  was performed by exchanging methionine with the 

Se-analogue [15-17]. Also, Cordeau et. al. demonstrated Se-labeling  and LC-ICP-MS analysis 

for pharmacological studies of diselenide labelled vasopressin by exchanging the cysteines 

with selenocysteines [18]. 

Gradient elution reversed phase LC is the predominant method for peptide separation [10]. 

Introduction of increasing amounts of organic solvent may change the ICP-MS sensitivity and 

post-column isotope dilution analysis (IDA) has been demonstrated to compensate for such 

changes as well as instrument drift. In the post-column IDA technique, a monoisotopic 

standard is added to the column eluent and mass flow chromatograms can be calculated 

based on isotope ratios as described by Rodriguez-González et al. [19]. This allows for 

quantitation of the peptides as well as their degradation products [19, 20].  

The aim of this study was to develop and validate an LC-ICP-MS/MS method for quantitation 

of oxytocin (OT) and its diselenide-containing analogue seleno-oxytocin (SeOT) in human 

plasma and compare external quantitation based on matrix matched standards with 

quantitation based on isotope dilution analysis. 

 
Materials and methods  
Instrumentation  

ICP-MS/MS. The ICP-MS/MS instrument was an Agilent 8800 ICP-MS Triple Quad. The 

instrument was equipped with sampler and skimmer cones made of platinum. Data was 

collected using Mass Hunter 3.4/3.5 Workstation software (Agilent Technologies, Santa Clara, 

USA). Samples were introduced via a 0.2 mL min-1 MicroMist U-series nebulizer (Glass 

expansion, Melbourne, Australia) and a double-pass concentric spray chamber (Agilent 

Technologies, Santa Clara, USA). The final operating conditions are shown in Table 1. Ion lens 

voltage, octapole bias and energy discrimination were optimized daily by an element-specific 

optimization (auto-tune) using a Se- or S-standard solution containing 50 µg L-1 or 100 µg L-1  

in mobile phase (25 % v/v acetonitrile, 0.1 % v/v TFA), respectively.  

 



Side 5 af 20 
 

 

Table 1 Operating conditions of Agilent 8800 ICP-MS Triple Quad. 

Plasma parameter Value 

RF power 1600 W 

Auxiliary gas flow rate (Ar) 0.9 L min-1 

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

Carrier gas flow rate (Ar) 0.45 L min-1 

Option gas (20 % O2 in Ar) 0.20 L min-1 (20 % of full scale)   

Sample depth  5.0 mm 

Sample introduction 

Spray Chamber temperature  

0.3 mL min-1 

1 oC 

Torch  1.5 mm  

Scan mode and CRC parameters   

Scan mode MS/MS 

Cell gas O2 

Cell gas flow rate (O2) 0.40 mL min-1 (40 % of full scale) 

Data acquisition mode (Time resolved analysis, TRA)   

Wait time off set 

Integration time  

2 s 

0.2 s 

Isotopes Q1  Q2 Se-analysis: 77Se  93(SeO) and 80Se  
96(SeO)  
S-analysis: 32S  48(SO) and 34S  50(SO) 

 

LC-ICP-MS/MS. A Dionex Ultimate 3000 UPLC (Thermo Scientific) equipped with a degasser, a 

quaternary pump, an autosampler, a thermostatic column compartment, and a variable 

wavelength detector was used for optimization of separation. The column was an Aeris 

PEPTIDE XB-C18, 3.6 µm, 100 mm x 2.1 mm ID column protected by a C18 SecurityGuard 

ULTRA cartridge (Phenomenex). Chromeleon Console Software was used for data collection. 

The column temperature was 40 °C, the flow rate was 300 µL min-1, and the injection volume 

was 5 µL. The detector wavelength was 275 nm. The final multistep gradient is shown in 

Table 2.  

Mass Hunter 3.4/3.5 Workstation software (Agilent Technologies, Santa Clara, USA) was used 

for integration of peak areas.  
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Table 2 Final program for gradient elution.  

Mobile phase  Gradient elution program  

A: 0.1 % TFA in milli-Q-water  

B: 0.1 % TFA in Acetonitrile  

0-5.0 min: 15-30 % B  

5.0-5.1 min: 30-70 % B  

5.1-6.0 min: 70 % B 

6.0-6.1 min: 70 -15 % B  

6.1-10 min: 15 % B  

 

Post-column isotope dilution analysis (IDA). The enriched isotope was introduced at a flow 

rate of 10 µL min-1 by a syringe pump equipped with a 5 mL syringe. The enriched standard 

was either 77Se (~150 µg L-1) or 34S (~3500 µg L-1) in mobile phase (25 % v/v acetonitrile, 0.1 % 

v/v TFA). The syringe pump was connected via a static mixing T-piece to the column outlet. 

The PEEK tubing between the UPLC, syringe pump and the mixing T-piece had an ID of 0.005 

mm, while the peek tubing after mixing and into the ICP-MS had an ID of 0.010 mm.  

The theoretical isotope ratios were calculated from the natural Se- and S- abundances [21]. 

The experimental isotope ratios 80Se16O/77Se16O and 32S16O/34S16O were calculated on a daily 

basis by measurement of 100 µg L-1 Se- or 200 µg L-1 S-standard solutions in mobile phase (25 

% v/v acetonitrile, 0.1 % v/v TFA). The signals were subtracted the blank and corrected for 

mass bias using an exponential mathematical model. The mass flow data were obtained 

using the procedure described by Rodríguez-González et al. [19]. The mass flow data were 

then transferred to the OriginPro 2017/2020 software (64-bit, OriginLab, Northampton, MA, 

USA) for integration of peak areas. The dead time was automatically calculated and corrected 

for by the instrument.  

 

Chemicals 

OT (99.06 %) and SeOT (96.19 %) were purchased from CASLO (Lyngby, Denmark). 

Acetonitrile LC-MS grade and TFA HiPerSolv grade were from VWR Chemicals/International 

(Lutterworth, UK). Disodium tetraborate decahydrate was purchased from Struers Kebo Lab 

A/S (Albertslund, Denmark). Outdated human plasma containing citrate anticoagulant was 

obtained from the blood bank (Rigshospitalet, Copenhagen, Denmark). Deionized water was 

delivered from a milli-Q deionization unit (Millipore, Bedford, MA, USA). Ar-gas (99.999 %), 

option-gas - 20 % O2 in Ar (99.999 %) and O2-gas (99.999 %) were purchased from AGA gas 

A/B (Lidingö, Sweden).   
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Standards 

The 34S-isotope solution (99.90 %) was purchased from Chemgas (Boulogne, France) and the 
77Se-isotope (99.20 %) was purchased from Isoflex USA (San Francisco, USA). The 34S- and 
77Se-enriched isotope standards were diluted to 3500 µg L-1 S and 150 µg L-1 Se in 25 % v/v 

acetonitrile containing 0.1 % v/v TFA, respectively. The total S- and Se-concentration of the 

enriched isotope standards were previously determined by reverse isotope dilution [17].  

PlasmaCAL element standards (1000 µg mL-1) of selenium and sulphur from SCP Science 

(Courtaboeuf, France),  were diluted to 50 µg L-1 or 100 µg L-1 Se or S in 25 % v/v acetonitrile 

containing 0.1 % v/v TFA, respectively for the daily element optimization (auto-tune).  

Solutions containing 100 µg L-1 Se or 200 µg L-1 S in 25 % v/v acetonitrile and 0.1 % v/v TFA 

were used for mass bias calculation.  

Stock solutions of peptides were prepared in NoStick® hydrophobic micro tubes from SSI 

(Lodi, CA, USA) and were dissolved in purified water to concentrations of 1000 µM OT and 

SeOT. Stock solutions were stored at -18˚C until use. Standards for optimization and 

validation were prepared in milli-Q water or plasma matrix immediately before use.   

 

Procedures  

Sample preparation for plasma samples. Human plasma was thawed and filtered through a 

Q-max RR syringe filter, 0.45 µm cellulose acetate membrane (Frisenette ApS, Denmark) 

prior to protein precipitation. During optimization, a defined amount of SeOT was added to 

filtered plasma (n=3) or milli-Q water (n=1) before precipitation. Blank plasma (n=1) and 

milli-Q water (n=1) were precipitated and SeOT was spiked into the samples afterwards. 

Different ratios of acetonitrile (1:2, 1:3) and acetonitrile containing 1 % v/v TFA (1:3) were 

tested as precipitation agents. The plasma proteins were allowed to precipitate for 15 min 

followed by centrifugation at 14,000 g for 15 min at room temperature. The supernatant was 

diluted in milli-Q water prior to analysis. Recoveries were calculated as the ratio of peak 

areas of plasma samples spiked before and after sample preparation.  

The final sample preparation procedure was precipitating by acetonitrile containing 1 % v/v 

TFA in a volume ratio of 1:3 (sample:precipitation agent) followed by a dilution of the 

supernantant in a 1:2 ratio in milli-Q water. Thus, the plasma samples were diluted x12 

before analysis. The final method was tested for OT as well. This sample preparation 

procedure was applied for all following experiments. 
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Optimization of chromatography. The LC gradient was optimized from a previous method [22] 

to achieve a sufficient separation of the peptide, degradation products and endogenous 

peptides and proteins from the plasma. No further development was needed for the ICP-

MS/MS detection. Aqueous samples as well as plasma samples were spiked with SeOT and 

OT and precipitated and diluted as described above.  

 

Column recovery. Plasma was spiked to concentrations of 0.4 µM and 0.8 µM SeOT and 24 µM 

and 60 µM OT, respectively, and analysed in triplicate by LC and flow injection analysis (FIA). 

Milli-Q water and mobile phase (25 % v/v acetonitrile and 0.1 % v/v TFA) were injected for 

blank control. The column recovery was calculated as the ratio of peak areas analysed by LC-

ICP-MS/MS and FIA-ICP-MS/MS.  

 

Linearity. Linearity was determined in plasma spiked to concentrations of 0.08, 0.16, 0.32, 

0.40, 0.80 µM SeOT and 6, 12, 24, 36 and 60 µM OT before protein precipitation.  

 

Precision. Plasma spiked to concentrations of 0.08 and 0.32 µM SeOT and 6 and 24 µM OT 

before protein precipitation were injected six times each and the precisions were calculated 

as the relative standard derivation (% RSD) on the peak areas. 

 

Limit of detection (LOD) and limit of quantification (LOQ). Plasma spiked to concentrations of 0.08 

µM SeOT and 6 µM OT before protein precipitation were analysed by six injections. LOD and 

LOQ were calculated as three and ten times the standard deviation divided by the slope from 

the linarity study using external calibration. LOD and LOQ for IDA were calculated as three 

and ten times the standard deviation of the peak area from the mass flow chromatograms.  

 

Degradation of SeOT and OT in phosphate buffer, pH 7.4 by LC-UV. 100 µM SeOT or OT in 

67 mM phosphate buffer, pH 7.4 were prepared in triplicates. The samples were incubated at 

37 °C in the autosampler and aliquots of 5 µL were sampled and analysed with 1-hour 

intervals for 24 h and after 42 h without further dilution.  

 

Degradation of SeOT and OT in human plasma by LC-ICP-MS/MS. Plasma was spiked in triplicate 

with SeOT or OT to a concentration of 100 µM before protein precipitation. The samples 

were placed at 37 °C in an oven (ProBlot hybridization, Labnet, USA). Aliquots of 50 µL were 
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sampled and exposed to sample preparation 0, 1, 2, 4, 6, 24, 48 and 72 h after spiking and 

stored at -18˚C until analysis. 

Results and discussion  
Preparation of plasma samples  

To avoid damage of the LC column, protein precipitation with acetonitrile was examined. OT and 

SeOT do not contain any basic amino acid residues besides the N-terminal and the isoelectric point 

(pI) of OT is 7.7 [23], thus ionic interactions of OT with the plasma proteins and equipment were not 

expected to cause problems [11]. Protein precipitation with acetonitrile in the ratio 1:2 and 1:3 v/v 

(plasma:precipitation agent) resulted in recoveries of SeOT of 85 ± 3 % (n=3) and 85 ± 2 % (n=3), 

respectively. The low recoveries indicated some unspecific adsorption to the equipment or 

interaction with plasma components.  To examine if peptide loss was due to adsorption to 

equipment, the recovery in water was tested as well. Recoveries after precipitation with acetonitrile 

in the ratio 1:2 and 1:3 were 89 % (n=1) and 100 % (n=1), respectively. Thus, the lower recoveries in 

plasma was more likely due to co-precipitation of the analyte rather than adsorption to the 

equipment. To reduce the amount of negatively charged groups in the plasma proteins by 

decreasing the pH, 1 % TFA was added to the acetonitrile used as precipitating agent [24]. The 

recoveries of SeOT were 97 % ± 2 % in plasma (n=3) and 96 % in water (n=1), respectively.  The 

recovery for OT was 90 ± 8 % using the same procedure. Thus, protein precipitation with acetonitrile 

containing 1 % v/v TFA in a ratio 1:3 was following used in all experiments. 

 

Chromatography 

An acetonitrile gradient containing 0.1 % v/v TFA as the ion-pairing agent was optimized resulting in 

a multi-step gradient achieving separation of the peptides, other low molecular weight compounds 

and endogenous plasma proteins with satisfactory peak shapes. Chromatograms of the peptides in 

plasma are presented in Fig. 1.  
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Fig. 1 Chromatograms from LC-ICP-MS/MS analysis of plasma samples. a) 100 µM SeOT spiked into plasma before protein 

precipitation (black) and blank plasma (blue, offset 8000 CPS), upper right corner: zoom and b) 100 µM OT spiked into 

plasma before protein precipitation (black) and blank plasma (blue, offset 80,000 CPS).   

 

The chromatogram of SeOT in plasma (Fig 1a) showed a large peak corresponding to SeOT around 

3.5 min. However, several other small peaks were observed near the large peak as shown in the 

zoom in the upper right corner. Furthermore, two additional minor peaks eluting around 1 min and 

around 6.5 min were observed. The first eluting peak may correspond to low molecular weight ionic 

Se-species from plasma and the last eluting peak could be remnants of Se-containing plasma 

proteins as the two peaks were observed in blank plasma as well. The peaks eluating near the SeOT 

peak are probably impurities or degradations products of the peptide as these signals were observed 

in aqueous solution of SeOT as well (results not shown).  The chromatogram of OT in plasma (Fig 1b) 

revealed several major S-containing components due to endogenous S-containing plasma species 

and proteins. However, these species did not interfere with the OT peak and were easily 

distinguished from the considerably higher background when monitoring sulphur. No further peaks 

indicating impurities or degradation products were observed. However, the lower sensitivity of the 

sulphur signal compared to the Se-signal may demand higher concentrations of OT to investigate 

this further. However, no additional peaks were observed when analysing higher concentrations of 

OT in milli-Q-water in contrast to the aqueous solution of SeOT. Differences with respect to synthesis 

and possibly purification procedures are likely to explain the lower quality of the SeOT relative to OT 

observed. 
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As mentioned, the retention time of SeOT in plasma was about 3.5 min (Fig 1a), while the retention 

time of OT in plasma was about 3.8 min (Fig 1b) indicating that exchange of the disulfide bond into a 

diselenide bond only had a minor effect on the lipophilicity of the peptide. 

Comparison of the Se- and S-based chromatograms shows that the Se-background is much lower 

than the S-background and thus beneficial when analysing peptides at low concentrations. 

Furthermore, the Se- and S-based chromatograms of plasma samples show the advantage of using 

Se as a means of peptide labeling  in bioanalysis.  

 

Analytical figures of merit 

The LC-ICP-MS/MS method was validated in plasma matrix and the data processing was executed 

after external calibration with matrix matched standards and after applying post-column IDA for 

quantitation. For IDA the mass bias factor was calculated and the isotope dilution equation was 

applied to obtain the mass flow data. The obtained mass flow data was plotted against the time to 

achieve the mass flow chromatograms. The analytical figures of merit for analysis of SeOT and OT in 

human plasma both with external calibration and using IDA are summmarized in Table 3.  

 

Table 3 Linearity, precision and limits of detection (LOD) and quantitation (LOQ) for analysis of SeOT and OT with 

IDA and external calibration.  Concentrations refer to the concentration of the spiked plasma sample prior to 

protein precipitation and dilution (1 µM SeOT = 2 µM Se). 

 

 

 Linearity Precision (%RSD) 

(n=6) 

Estimated LOD 

(n=6) 

Estimated LOQ 

(n=6) 

Column recovery 

(n=3) 

SeOT (external 
calibration)  

Range: 0.08 - 0.8 µM  

R2 0.9996 

0.08 µM level:  
0.5 %  
0.32 µM level:  
2.7 %  

0.018 µM SeOT 
2.8 µg Se L-1 

 

0.060 µM SeOT 
9.5 µg Se L-1 

 

0.4 µM level:  
92 ± 1.4 % 
0.8 µM level:  
90 ± 2.4 % 

SeOT 
(IDA)  

Range: 0.08 - 0.8 µM  

R2 0.9992 

0.08 µM level:  
2.7 %  
0.32 µM level:  
1.8 % 

0.007 µM SeOT 
1.1 µg Se L-1 

 

0.023 µM SeOT 
3.6 µg Se L-1 

0.4 µM level:  
99 ± 2.0 % 
0.8 µM level:  
99 ± 2.0 % 

OT (external 
calibration) 

Range: 6 - 60 µM  

R2 0.9995 

6 µM level:  
1.1 %  
24 µM level:  
1.1 % 

0.51 µM OT 
33 µg S L-1 

 

1.7 µM OT 
110 µg S L-1 

 

24 µM level:  
104 ± 1.0 % 
60 µM level:  
107 ± 0.5 % 

OT 
(IDA) 

Range: 6 - 60 µM  

R2 0.9995 

6 µM level:  
0.9 %  
24 µM level:  
0.5 % 

0.31 µM OT 
20 µg S L-1 

 

1.0 µM OT 
66 µg S L-1 

 

24 µM level:  
84 ± 2.9 % 
60 µM level:  
88 ± 0.9 % 
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The linarity was evaluated in human plasma using a five-point calibration curve in concentration 

levels 0.08-0.8 µM for SeOT and 6-60 µM for OT. Concentration ranges were chosen based on the 

different ICP-MS sensitivities of the elements. Linearities were considered satisfactory in all cases, as 

all correlation coefficients were ≥ 0.9992. While linear regression was applied for quantitation with 

external calibration, linearity testing was only used to establish the linear relationship between 

concentration and signals in IDA.  

 

Precision was tested at two levels. The precisions given as the relative standard deviation were in all 

cases below 2.7 % and thus considered satisfactory for both calibration methods.    

 

The LODs and LOQs for SeOT were comparable for the two calibration methods. The LOD based on 

external calibration was 0.018 µM SeOT, while the LOD based on IDA was 0.007 µM SeOT. The 

values refer to the concentration spiked into plasma prior to sample preparation, and the injected 

concentration is thus 12 times lower, as samples are precipitated by three volumes of acetonitrile 

and following diluted with two volumes of milli-Q water. Based on the injection volume of 5 µL, 

absolute values were 15 fmol Se in external calibration and 5.7 fmol Se in IDA, respecitvely. The 

values are comparable to a previously reported LOD of 22 fmol Se for Se-labelled vasopressin 

containing a diselenide bond [18], but lower as compared to a LOD of 94 fmol injected Se obtained 

for Se-labelled penetratin in our laboratory [17]. The lower value can be explained by better 

precision and a considerably lower Se-background. 

The LODs and LOQs for OT were also comparable for the two calibration methods. The LOD were 

0.51 µM OT for external calibration and 0.31 µM OT for IDA and resulting in absolute injected 

amounts of 0.43 pmol S for external calibration and 0.26 pmol S for IDA, respectively. These values 

are lower but comparable with LODs reported for other peptides analyzed by S-based LC-ICP-MS/MS 

in biological matrices. With similar instrumental setups, LOD for the cell penetrating peptide, 

penetratin, was estimated to 2.4 pmol S by IDA [17] and 0.6 pmol S by external calibration with a 

membrane desolvation system for sample introduction [22]. In aqueous media, LODs of 0.7 pmol S 

and 1.3 pmol S for S-containing amino acids were reported [25]. To our best knowledge, LOD values 

for OT and SeOT using ICP-MS have not been reported.  

However, LODs considerably lower than 1 µg L-1 have been reported for high resolution LC-MS of OT, 

but extensive sample pretreatment, pre-concentration and often large injection volumes were 

required to obtain these very low LODs using LC-MS methods [26, 27]. 
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Column recoveries were determined as the total areas of the chromatograms compared to the areas 

of flow injection areas (without column) of the same sample. Two concentration levels for each 

peptide were analyzed in order to examine if peptides were adsorped to the LC-system. For SeOT, 

recoveries higher than 90 % were achieved with both methods, which demonstrates the suitaility of 

the method. Recoveries between 84 % and 107 % were achieved for OT. However, the sulphur 

determinations were hampered by the high content of S-containing components in the samples.  

 

Comparing external calibration with matrix matched standards to IDA, both methods appeared to be 

fit for purpose regarding the figures of merit. The benefit of using the method with external 

calibration is a relatively easier set-up and a faster processing of data. Despite the more 

cumbersome data processing in IDA, this method is preferred as it continuously compensate for 

instrument drift and changes in organic solvent concentration, and day-to-day variation of the 

element sensitivity is negligible [19, 20]. Furthermore, IDA is not species specific in sensitivity making 

quantitation of degradation products and unknown species possible.  

 

Degradation of SeOT and OT  

Initial experiments by LC-UV on the stability of SeOT and OT (100 µM) in phosphate buffer, pH 7.4, at 

37 oC showed that 15 and 11 % of SeOT and OT, respectively had disappeared after 42 h.  Based on 

this experiment, half-lives were estimated to 5.5 ± 0.4 days for SeOT and 9.1 ± 0.4 days for OT, 

assuming first order kinetics. The OT half-life at pH 7.4 and 37 oC is in reasonable agreement with the 

results of Hawe et al. reporting a half-life of 8.7 days at pH 7.0 and 40 oC [28], but in contrast to 

others that did not observe any degradation of OT for 48 h at the same conditions [5].  

The developed IDA-LC-ICP-MS/MS method was applied for degradation of 100 µM SeOT and OT 

spiked into human plasma. Selected chromatograms for degradation of SeOT in plasma are 

presented in Fig. 2.  
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Fig. 2 Chromatograms from LC-ICP-MS/MS analysis of degradation of 100 µM SeOT spiked into plasma and incubated at 37 

ºC. Chromatogram of a sample after a) 0 h, b) 24 h and c) 72 h. Upper right corners: zoom to show the smaller degradation 

products.  

 

At (t = 0), the chromatogram was comparable to the Se-based chromatogram presented in Fig. 1. 

SeOT and several degradation products were observed after 24 h and 72 h as shown in Fig 2b and 2c, 

respectively. After 72 h incubation, eight distinct Se-containing degradation products were 

separated and possible to integrate. Quantitation of SeOT and the two largest degradation products 

eluting at around 1.6 min and 6.5 min are presented in Fig 3.  
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Fig. 3 Quantitation of SeOT and two major degradation products by IDA-LC-ICP-MS/MS. Error bars represent 1 SD (n=3).  

 

As shown in Fig. 3, the concentration of SeOT decreased, while the concentrations of the 

degradation products increased over time. After 72 h, the concentrations of the degradation product 

eluting at 6.5 min and the intact peptide were comparable. It should be noticed that the degradation 

products may contain either one or two Se-atoms; thus concentration is given as total Se. The total 

Se concentration applied at t=0 was 200 µM Se, but it appears from the figure that the SeOT peak 

only represented 120 µM ± 2 µM. This is partly due to the impurities already present in the peptide 

solution at the beginning of the experiment. After 72 h, the concentration of SeOT was calculated to 

47 µM ± 4 µM Se corresponding to 24 µM SeOT. Thus, 61 % of SeOT was degraded within 72 h.  
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Fig. 4 Chromatograms from LC-ICP-MS/MS analysis of degradation of 100 µM OT spiked into plasma and incubated at 37 

ºC. Chromatogram of a sample after a) 0 h, b) 24 h and c) 72 h.  

 

Selected chromatograms for degradation of OT in plasma are presented in Fig. 4. These 

chromatograms were quite similar to the chromatogram in Fig. 1, showing the OT peak together 

with an early eluting species from plasma and the S-containing proteins. After 24 h (Fig. 4b), a minor 

degradation product was observed at 5.5 min, which was further increased after 72 h (Fig. 4c). 

Additional S-containing degradation products were not observed. However, further degradation 

products may co-eluate with the intrinsic plasma S-species. Quantitation of OT and the degradation 

product eluting at around 5.5 min using IDA is shown in Fig 5. 
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Fig. 5 Quantitation of OT and the degradation product using IDA-LC-ICP-MS/MS. Error bars represent 1 SD (n=3).  

 

The initial concentration of sulphur corresponding to the OT peak was 196 µM ± 6 µM, 

corresponding to 100 µM OT as expected, as no impurities were observed for this peptide solution in 

the beginning of the experiment. After 72 h, the concentration of OT was calculated to 140 µM ± 7 

µM S, corresponding to 70 µM OT. Thus, 29 % of the OT had disappeared after 72 h.   

 

Our results showed that plasma degradation in vitro was considerably faster for SeOT compared to 

OT, as 61 % of SeOT was degraded compared to 29 % OT after 72 h. Faster degradation of SeOT 

compared to OT was observed in phosphate buffer as well. These results are in contrast with results 

from Muttenthaler et al., who reported considerably lower half-lives 11.6 ± 1.9 h and 25.3 ± 5.9 h in 

human serum for OT and SeOT, respectively. Thus, the degradation was significantly slower and the 

rank ordering opposite with respect to the native OT and the selenium derivative. However, they did 

not observe any degradation of OT in phosphate buffer within 48 h [5]. These differences cannot be 

explained by obvious differences in terms of experimental conditions. However, establishment of 

half-lives was not the focus of this study. 

 

We have previously observed that the exchange of methionine with selenomethionine in penetratin 

decreased the redox stability of the peptide probably due to increased susceptibility of oxidation of 

selenomethionine [16, 17]. Thus, the stability should be further investigated and considered before 

introducing a Se-labeling. Additionally, the binding affinity and the potency should be tested. 

However, much more information about the degradation and degradation products can be obtained 

for Se-based analysis compared to analysis of the native peptide using ICP-MS.  
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Due to the lower background in Se-based analysis, it is possible to quantify lower concentrations of 

peptides and degradation products and thus advantageous from an analytical perspective. In this 

study an LC-ICP-MS/MS method was developed for quantitation of OT and its diselenide-

containing analogue. Both cysteine residuals in OT were replaced by the Se-analogue in the tested 

Se-containing peptide. It is possible to introduce only one Se-group and still obtain the advantage of 

Se-based detection. Furthermore, changing the S-S bond by replacing only one cysteine residual with 

a Se-containing analogue or introducing a selenothioether have shown similar or enhancing effect 

at both binding affinity, potency and half-lives as compared to the native peptide [5, 6].  

Conclusion   

An LC-ICP-MS/MS method was developed for analysis of oxytocin and its selenium analogue in 

human plasma including a sample preparation procedure based on protein precipitation. External 

calibration with matrix matched standards was compared with isotope dilution analysis for 

quantitation. In accordance with previous studies, the sensitivity was about 30 times better for the 

Se analogue compared to oxytocin. Analytical figures of merit for the compared methods, including 

linearity, precision, LOD and LOQ and column recovery showed comparable results; thus, the two 

calibration procedures were considered equally suitable for purpose. The advantage of LC-ICP-

MS/MS compared to LC-MS is the monitoring of unknown degradation products. Thus, IDA is 

preferred due to its superior quantitation of unknown species as well as compensations for 

experimental variations. 

The LC-ICP-MS/MS method was applied to a degradation study of the peptides in plasma. For Se-

oxytocin, several degradation products were detected already after 24 h, whereas for oxytocin only 

a minor degradation product within the incubation time of 72 h was found. This may be related to 

the lower background in the Se-based ICP-MS/MS analysis, which will facilitate the detection and 

quantification of lower peptide concentrations when comparing selenium to sulphur. However, the 

in vitro stability of Se-oxytocin in plasma and phosphate buffer, pH 7.4, was also found to be lower 

than for oxytocin. Rather in contrast to other studies, exchanging the disulfide bridge in oxytocin 

with a diselenide bridge decreased the stability of the peptide. Overall, introduction of a Se-label in a 

peptide will provide a convenient analytical handle increasing LC-ICP-MS/MS sensitivity, but the 

effects of exchanging selenium with sulphur on stability as well as in vivo performance must be 

considered carefully. 
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