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Abstract 

The major challenge in targeted protein quantification by LC-MS/MS in serum 

lies in the complexity of the biological matrix with regard to the wide diversity 

of proteins and their extremely large dynamic concentration range. In this study, 

an LC-MS/MS method was developed for the simultaneous quantification of the 

60-kDa biopharmaceutical proteins rhTRAIL wild type (rhTRAILWT) and its 

death receptor 4 (DR4)-specific variant rhTRAIL4C7 in human and mouse 

serum. Selective enrichment of TRAIL was accomplished by immobilized metal 

affinity chromatography (IMAC), which was followed by tryptic digestion of 

the enriched sample and quantification of a suitable signature peptide. For 

absolute quantification, 15N-metabolically labeled internal standards of 

rhTRAILWT and rhTRAIL4C7 were used. Since the signature peptides that 

provided the highest sensitivity and allowed discrimination between 

rhTRAILWT and rhTRAIL4C7 contained methionine residues, we oxidized these 

quantitatively to their sulfoxides by the addition of 0.25% (w/w) hydrogen 

peroxide. The final method has a lower limit of quantification of 20 ng/mL (ca. 

350 pM) and was fully validated according to current international guidelines 

for bioanalysis. To show the applicability of the LC-MS/MS method for 

pharmacokinetic studies, we quantified rhTRAILWT and rhTRAIL4C7 

simultaneously in serum from mice injected intraperitoneally at a dose of 

5mg/kg for each protein. This is the first time that two variants of rhTRAIL 

differing by only a few amino acids have been analyzed simultaneously in 

serum, an approach that is not possible by conventional ELISA analysis. 
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Introduction 

One strategy for cancer therapy is based on restoring deregulated apoptosis in 

cancer cells by means of specific pharmaceutical or biopharmaceutical drugs 

that address cancer cells while minimizing the cytotoxic effects on healthy 

tissues.1 Soluble recombinant human (rh) Tumor necrosis factor-Related 

Apoptosis-Inducing Ligand (rhTRAIL, consisting of the extracellular TRAIL 

domain, amino acids 114-281 of sequence P50591) and variants of rhTRAIL are 

part of this strategy.2,3 rhTRAIL selectively induces apoptosis in cancer cells via 

the interaction with its cognate death receptors DR4 and DR5. TRAIL is also 

able to bind three decoy receptors (DcR1, DcR2 and OPG), that lack a 

functional death domain and can compete for TRAIL-death receptor binding 

and the formation of the so-called death inducing signaling complex (DISC)4. 

Moreover, several tumor types have been shown to respond to TRAIL only by 

one of its death receptors (DR4 or DR5). Thus, death receptor-specific TRAIL 

variants would permit new effective tumor selective strategies. Recently, 

TRAIL-death receptor-specific variants have been generated using computer-

assisted protein design methods. These mutants have shown enhanced apoptosis 

inducing activity in cancer both in vitro and in vivo.5,6,7 

 

Currently, the enzyme-linked immuno-sorbent assay (ELISA) is the gold 

standard for the analysis of biopharmaceuticals in complex biological samples. 

However, liquid chromatography combined with tandem mass spectrometry 

(LC-MS/MS) is becoming an increasingly attractive alternative, often in 

combination with an enzymatic digestion step to cleave the protein analyte into 

a mixture of peptides, one of which, the so-called signature peptide, is used for 

quantification.8,9 The reasons for this are that, compared to LC-MS/MS, ELISA 

requires time-consuming method development including raising highly specific 

antibodies. Furthermore, ELISA suffers from a lower precision and accuracy 

and displays a limited dynamic range. In addition, if the epitope(s) that form the 

basis for antibody recognition are blocked, the reproducibility and accuracy of 

ELISA results can be seriously affected.10 For the structurally similar 

rhTRAILWT and rhTRAIL4C7 variants, it would also be challenging to select 



 

54 

 

antibodies that can distinguish between the two, a goal that is more easily met 

by LC-MS/MS analysis of their signature peptides as shown in this work.  

For the quantification of rhTRAIL, an antibody-free, immobilized metal affinity 

chromatography (IMAC)-based approach was chosen for enrichment at the 

protein level.  The size of trimeric rhTRAIL is around 60 kDa, which is above 

the upper range for intact protein LC-MS/MS analysis by selected reaction 

monitoring (SRM). This makes it necessary to cleave rhTRAIL into smaller 

peptides by tryptic digestion.11 The tryptic digestion step may cause a decrease 

in repeatability, which makes the choice of a suitable internal standard critical. 

Expression of rhTRAILWT and the rhTRAIL4C7 variant in E. coli with 15N-

labeled NH4Cl as the only nitrogen source resulted in fully and homogeneously 
15N-labeled proteins that were used as internal standards.12,13,14 The suitability of 

the developed method for routine bioanalysis was demonstrated by a full 

validation in accordance with international guidelines and by the application to 

serum samples obtained from mice that had been treated with a combination of 

both rhTRAIL variants in a pre-clinical study. 
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Experimental Section  

Chemicals  

Human serum was obtained from Sera Lab (Hayward’s Heath, England). Mouse 

serum (strain C57BL/6OlaHsd) was obtained from Harlan Laboratories (Horst, 

the Netherlands). Water used in all the experiments was purified by an Arium 

Ultrapure water system (conductivity 18.2 MΩ cm, Sartorius Stedim Biotech, 

Göttingen, Germany). HPLC supra gradient acetonitrile was obtained from 

Biosolve (Dieuze, France). Sodium phosphate dibasic dihydrate and sodium 

dihydrogen phosphate monohydrate, formic acid, glycerol, sodium chloride, 

potassium chloride, imidazole, hydrogen peroxide and trypsin from porcine 

pancreas (Type IX-S) were purchased from Sigma Aldrich (St. Louis, MO, 

USA).  

Expression and purification of 15N rhTRAILWT and the rhTRAIL4C7 variant 

The non-labeled and the 15N-labeled forms of rhTRAILWT and the rhTRAIL4C7 

variant were expressed and purified as previously described by Reis et al.
15 

except that for labeling cells were grown in 15N medium (Table S1, supporting 

information). Briefly, the supernatant was loaded on a Ni2+-charged HisPrep FF 

16/10 column (GE Healthcare, Freiburg, Germany) and rhTRAILWT and the 

rhTRAIL4C7 variant were purified by cation-exchange chromatography (HiTrap 

SP HP, GE Heathcare, Freiburg, Germany) followed by gel filtration (Hiload 

Superdex 75 26/60, GE Heathcare, Freiburg, Germany). All fractions collected 

from the final gel filtration column were further analyzed by SDS-PAGE 

showing a purity of > 98% for the final combined fractions. Protein 

concentration was determined using the BCA protein assay (see paragraph 

“Determination of total protein concentration” for details). Dynamic laser light 

scattering confirmed that all proteins were trimers. 15N stable isotope 

incorporation was assessed by LC-MS/MS analysis, using the internal standards 

spiked at a concentration of 20 µg/mL (corresponding to the upper limit of 

quantitation) into buffer solution (20 mM phosphate buffer with 200 mM NaCl, 

10% glycerol, pH 8.0), by monitoring the labeled and unlabeled forms of the 

peptides, using their specific transitions. No peaks were detected in the 
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chromatograms of the transitions corresponding to the unlabeled forms. Thus, it 

was concluded that for all practical purposes 15N labeling was complete. 

Solutions of purified rhTRAILWT, 15N-rhTRAILWT, rhTRAIL4C7 and 15N-

rhTRAIL4C7 with a concentration of 1.20 mg/mL, 0.86 mg/mL, 1.38 mg/mL and 

0.23 mg/mL, respectively, were flash frozen in liquid nitrogen and stored in 

aliquots of 40 µL at -80ºC. A working solution containing both internal 

standards at 10.5 µg/mL was prepared in human serum. 

 

Enrichment by Immobilized Metal Affinity Chromatography (IMAC)  

Five µL of the internal standard working solution were added to 100 µL of 

human or mouse serum samples resulting in a final concentration of 500 ng/mL 

for each internal standard. Figure 1 shows a schematic overview of the 

workflow for rhTRAILWT and rhTRAIL4C7 analysis. Serum was prepared for 

enrichment by 10-fold dilution with IMAC buffer (20 mM phosphate buffer 

with 200 mM NaCl, 10% glycerol, pH 8.0) containing 15 mM imidazole. Two-

hundred µL of the Ni2+-resin (6% cross-linked agarose, particle size ≈ 80 µm, 

GE Healthcare, Freiburg, Germany) were transferred to a 1.5-mL tube. The 

20% aqueous ethanol storage solution was removed by centrifugation at 1500 g 

for 3 min and replaced by 1 mL IMAC buffer containing 15 mM imidazole. The 

10-fold diluted serum samples were added to the equilibrated resin and vortex-

mixed at 1000 rpm for 10 min. The suspension was transferred to an empty 

solid-phase extraction (SPE) cartridge (volume 1 mL, Agilent, California, USA) 

that was placed in a Cerex Positive Pressure SPE processor (Varian, California, 

USA). Positive air pressure was applied to the sample in the SPE cartridge until 

the last drop was removed from the resins. Next the cartridge was washed with 

1 mL IMAC buffer containing 15 mM imidazole and eluted with 250 µL IMAC 

buffer containing 140 mM imidazole and 15% acetonitrile. For each step 

positive air pressure was applied until the last drop was removed from the 

resins. For each sample fresh Ni2+-resin and new empty SPE cartridges were 

used. 

 

Determination of total protein concentration  

Serum and the collected IMAC fractions were diluted with PBS (phosphate–

buffered saline; 137 mM NaCl, 2.7 mM KCl, 10.1 mM Na2HPO4, 1.8 mM 
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KH2PO4, pH 7.4) within the calibration range of the micro bicinchoninic acid 

(microBCA) assay. The microBCA assay with bovine serum albumin as 

standard was used according to the manufacturer’s instructions (Thermo Fisher 

Scientific Inc, Rockford, USA). Absorbance was measured with a Fluostar 

Optima plate reader (BMG, Labtech, Ortenberg, Germany) at 580 nm. 

 

 

Figure 1. Schematic overview of the overall procedure to quantify rhTRAIL
WT

 

and rhTRAIL
4C7 

in serum by LC-MS/MS. 

Gel electrophoresis and silver staining  

Each of the loading, wash and elution fractions of the IMAC enrichment was 

diluted with PBS prior to gel electrophoresis. Twenty µL (≈ 2 µg protein) 
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fractions were loaded on a mini Laemmli sodium dodecyl sulfate – 

polyacrylamide (SDS-PAGE) gel (8 cm x 8 cm, 12.5 % separating gel and 5% 

stacking gel). Preparation and separation of proteins on the SDS-PAGE gel was 

done as previously described by Wu et al.
16 Silver staining was done according 

to Yan et al.
17  

 

In-gel trypsin digestion and nanochip LC - ion trap MS analysis for protein 

identification  

For protein identification, 15 slices were excised from the silver-stained SDS-

PAGE gel (bands A-O in Table S4, supporting information). Destaining of the 

gel pieces followed by in-gel digestion was performed according to Franciosi et 

al.
18 After in-gel digestion peptide mixtures were analyzed by nano LC – ion 

trap tandem mass spectrometry (details in Table S2, supporting information) as 

previously described by Boichenko et al.
19  

 

MS-MS spectra were after analysis exported as a Mascot generic file that after 

charge state deconvolution and deisotoping had been used for database search in 

Phenyx Version 2.6 (Geneva Bioinformatics, Geneva, Switzerland) and was 

performed against the normal and reversed UniprotKB/SwissProt knowledge 

database (release 14 March 2012, number of sequences 534695) against Homo 

Sapience taxonomy (20247 sequences). Database search settings are 

summarized in Table S3 (supporting information) and the threshold for 

acceptance of identification was set on at least 2 identified signature peptides. 

 

Trypsin digestion and oxidation of the signature peptides  

Twenty µL of 2 mg/mL trypsin in IMAC buffer (without imidazole) were added 

to each 250-µL, TRAIL-containing IMAC eluent fraction to obtain an 

approximate enzyme-to-substrate ratio (w/w) of 1:10. The proteins were 

digested with trypsin by incubation at 37 °C with vortex-mixing at 600 rpm in a 

Thermomixer comfort incubator (Eppendorf, Hamburg, Germany). After 2 

hours, the digestion was stopped by adding 20 µL of 15% formic acid. 

Oxidation of the signature peptides was subsequently accomplished by adding 

10 µL of 15% hydrogen peroxide to the 290-µL digest and incubating at room 
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temperature for 1 min. Forty µL of the final 300 µL were used for LC-MS/MS 

analysis.         

 

Liquid Chromatography – Mass Spectrometry (LC-MS/MS)  

The oxidized signature peptides for rhTRAILWT and the rhTRAIL4C7 variant 

were quantified by LC-MS/MS using an Acquity I-Class UPLC system (Waters, 

Milford, MA, USA) coupled to a Waters Xevo TQ-S triple quadrupole mass 

spectrometer equipped with an electrospray ionization source in the positive 

(ESI+) mode. Forty µL of the samples were injected via an autosampler that was 

kept at 4°C and peptides were chromatographically separated on a Waters C18 

Acquity CSHTM UPLC column (2.1 mm x 100 mm, 1.7 µm, 130Å) at 45°C and 

a flow rate of 0.4 mL/min. A mobile phase gradient of 0.1% formic acid in 

water (A) and acetonitrile (B) was started at 5% B and linearly increased with 

2% B/min for 8 min. After separation, peptides were introduced into the mass 

spectrometer with the vaporizer temperature of the ESI+ source set to 400 °C, 

the capillary voltage at 2.9 kV and a source offset of 50 V. The gas flows were 

set as follows: desolvation gas (nitrogen) at 800 L/h, cone gas (nitrogen) at 150 

L/h, collision gas (argon) at 0.18 mL/min and the nebulizer pressure at 7.0 bar. 

For selected reaction monitoring (SRM), three transitions were selected for the 

signature peptides of rhTRAILWT, 15N-rhTRAILWT, rhTRAIL4C7 and 15N-

rhTRAIL4C7 (details in Table S4, supporting information). The most intense 

SRM transition for each peptide was selected as quantifier while the other two 

transitions served as qualifiers. The dwell time for each SRM transition was set 

to 25 ms resulting in about 30 data points for each chromatographic peak which 

is sufficient for quantitative analysis. The ratio of the peak area of the most 

intense SRM transition for the analyte to that of the corresponding 15N-labeled 

internal standard was used for quantitation. Results were accepted if the ratios 

of the peak areas of the two qualifiers to the respective quantifier were within 

+/- 20% of the mean ratio. Before integration, all peaks were smoothed with the 

Savitzky-Golay algorithm with smoothing iterations and width both set to 2. 

 

Administration of rhTRAILWT and rhTRAIL4C7 to mice and serum sampling  

All animal experiments were conducted with female NOD/SCID gamma mice 

(in house breed) according to the Dutch Law on Animal Experimentation and 
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local ethical guidelines. Single doses of 5 mg/kg of both rhTRAILWT and the 

DR4-specific rhTRAIL4C7 variant were administered by intraperitoneal (ip) 

injection (200 µL per mouse). Two mice were used as controls (only buffer 

administration without rhTRAIL) and six mice received the combination of 

rhTRAILWT and rhTRAIL4C7. Whole blood samples were taken by heart 

puncture and serum was prepared by clotting in dry sterilized polypropylene 

tubes (without a clot activator) at room temperature for 30-45 min. Samples 

were taken at 0.5, 1, 2, 4, 6 and 16 hours post-dose. Blood clots were removed 

by centrifugation at 2000 - 2500 g for 10 min in a refrigerated centrifuge at 4 

ºC. The resulting supernatant (approximately 500 µL) was divided into aliquots 

of 100 µL, transferred to polypropylene tubes and stored at -80°C until analysis.  
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Results and discussion 

A previous preclinical study with rhTRAILWT in mice showed that it is 

necessary to reach a sensitivity of around 20 ng/mL in serum to support 

pharmacokinetic studies20. Current LC-MS/MS methods for proteins in blood-

derived biological fluids require immunoaffinity enrichment to reach this level 

of sensitivity, alleviating much of the advantages of mass spectrometry with 

respect to the more widely used ELISA assays. Here we describe an LC-

MS/MS method that reaches the required level of sensitivity without the need 

for antibodies. The method was validated for human serum and cross-validated 

for murine serum resulting in a method that is suitable for murine and human 

studies and able to quantify rhTRAILWT and the rhTRAIL4C7 variant 

simultaneously.      

 

Selection of signature peptides  

rhTRAILWT and the rhTRAIL4C7 variant were digested with trypsin and the 

cleaved peptides were analyzed by LC-MS in full scan mode (Figure S1, 

supporting information) resulting in a sequence coverage of 88.1%. Peptides 

were assigned with the help of the freely available software programs mMass21 

and Skyline22, that use theoretical models and algorithms to predict the masses 

of tryptic peptides and their MS/MS fragmentation patterns. To have the 

possibility to distinguish the rhTRAIL4C7 variant from rhTRAILWT the signature 

peptides should contain at least one of the six mutations. In addition, they have 

to be unique for the target proteins in both human and murine serum. Two 

peptides, SGHSFLSNLHLR for the wild type with a mutation at position 1 

(serine (S) → arginine (R)) for the variant and YTSYPDPILLMK for the wild 

type with a mutation at position 3 (serine (S) → aspartic acid (D)) for the 

variant, fulfilled these criteria (Figure S2, supporting information), as was 

apparent by searching against the RefSeq sequence database with the 

BLASTP23 algorithm (Version 2.2.28+, taxonomy homo sapiens and mus 

musculus, number of sequences 31 483 and 26 860, respectively; release of 15-

Nov-2011). Peptide YTSYPDPILLMK was selected for quantitation, because it 

showed a considerably higher signal/noise ratio in comparison with peptide 

SGHSFLSNLHLR. Although endogenous TRAILWT is present in serum, the 
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risk of interference with the quantification is minimal, because the endogenous 

levels are around 0.5 ng/mL, which is 40-fold lower than the target lower limit 

of quantitation of 20 ng/mL.24 Actually no interference was observed during the 

validation studies as shown later.       

Figure 2. LC-MS/MS chromatograms of the signature peptides, 

YTSYPDPILLMK (SRM transition: 721.0 m/z
2+

 → 926.4 m/z
+
) and the oxidized 

form YTSYPDPILLM(Ox)K (SRM transition: 729.0 m/z
2+

 → 942.4 m/z
+
) of 

rhTRAIL
WT

 showing that it is partly oxidized after addition of 0.05% (a) and 

fully oxidized to the corresponding sulfoxide after addition of 0.25% (b) 

hydrogen peroxide. 

Oxidation of methionine-containing signature peptides  

The signature peptides YTSYPDPILLM(ox)K for rhTRAILWT and 

YTDYPDPILLM(ox)K for rhTRAIL4C7 that offered the highest sensitivity and 

allowed to distinguish rhTRAILWT from rhTRAIL 4C7 both contain a methionine 

residue. Methionine-containing signature peptides are normally not preferred, 

because they are susceptible to varying degrees of oxidation which may affect 

method precision and accuracy due to ill-controlled ratios between the non-

oxidized and mono-oxidized sulfoxide forms. Rather than disregarding these 

peptides, we decided to develop a method to fully oxidize the methionine 

residue with hydrogen peroxide to its sulfoxide, which makes both peptides 

suitable for quantitative purposes.25 The addition of 0.25% aqueous hydrogen 

peroxide just prior to the LC-MS/MS analysis (ca. 1 min reaction time) was 

sufficient to fully oxidize the signature peptides (Figure 2). The three most 
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abundant transitions for each oxidized peptide were selected and the most 

intense transition was selected for quantification (Figure 3).  

 

 

 

 

 

 

 

 

Figure 3. LC-MS/MS chromatograms of the fully oxidized signature peptides of 

rhTRAIL
WT

 and the rhTRAIL
4C7 

variant
 

showing the three selected SRM 

transitions, the most abundant of which was used for quantification and the 

other two as qualifiers. The final LC gradient, as reported in the experimental 

section, was slightly adapted in comparison to Figure 2 to have optimal LC 

separation between rhTRAIL
WT

 and rhTRAIL
4C7

. 

IMAC enrichment  

To reduce the complexity of the serum matrix we developed an IMAC 

enrichment step that preferentially captures proteins with histidines exposed on 

their surface, such as rhTRAIL (WT and 4C7 variant) because of the strong 

interaction between histidines and the immobilized Ni2+ ions on the IMAC 

resin. The underlying principle of this interaction is the coordination between 

the electron donor groups of histidine and a chelated transition metal. Ni2+ has 

six coordination sites, four of which interact with the electron-donor atoms 
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(N,O) of the chelating nitrilotriacetic acid (NTA) that is bound to the stationary 

phase. The two remaining positions are occupied by water molecules that can 

exchange with suitable electron-donor groups, in this case the histidines of a 

target analyte.26,27,28,5    

 

To suppress weaker interactions between other serum proteins and the 

immobilized Ni2+ ions, we added 15 mM of the displacer imidazole to the 

loading buffer. Since the binding of rhTRAIL to the IMAC material was not 

instantaneous, it was necessary to mix the resin with the sample for 10 min. 

Figure 4 illustrates the effectiveness of the clean-up procedure, as shown by 

SDS-PAGE analysis of the different loading, washing and elution fractions of 

the IMAC cartridge. Most of the matrix proteins were already removed during 

the sample application step and a further clean-up was achieved by washing the 

cartridge with IMAC buffer containing 15 mM imidazole. rhTRAIL was eluted 

by increasing the imidazole concentration to 140 mM. The total procedure 

removed 95% of serum proteins (determined by the BCA total protein assay, 

Table S5, supporting information) while rhTRAIL was efficiently retained with 

an extraction recovery of 72%, as determined by comparison of the results of 

spiked rhTRAIL samples to those of blank serum samples that were spiked with 

rhTRAIL at the same concentration after IMAC enrichment.  
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Figure 4. Silver stained SDS-PAGE analysis of rhTRAIL
WT

 in human serum (1 

µg/mL in 20 µL loading volume) following the steps of the IMAC enrichment. 

Lane 1: molecular weight marker, lane 2: rhTRAIL in IMAC buffer (2 µg in 20 

µL loading volume), lane 3: human serum (100 x diluted), lane 4: flow though 

(20 x diluted), lane 5: wash (20 x diluted), lane 6: elution with 140 mM 

imidazole, lane 7: elution with 500 mM imidazole (4 x diluted). The arrow 

indicates the position of rhTRAIL
WT

 as confirmed by in-gel trypsin digestion and 

LC-MS/MS analysis. Proteins in bands A-O were identified after in-gel trypsin 

digestion and nanochip LC - ion trap MS/MS analysis (Table S6, supporting 

information). 

The protein band in the flow-through fraction, migrating slightly higher than 

rhTRAIL, was assigned to haptoglobin by in-gel tryptic digestion and nanochip 

LC - ion trap MS/MS analysis (Table S6, supporting information). rhTRAIL is 

still a minor component in the eluate since a number of other serum proteins, 

like serotransferrin and histidine-rich glycoprotein have affinity to Ni2+ (see 

Table S6, supporting information, for all identified proteins). Next to histidine, 

tryptophan and cysteine residues also show strong interactions with metal ions 

and may be involved in binding.9 Figure 5 shows LC-MS/MS chromatograms 
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of the signature peptides for rhTRAILWT and rhTRAIL4C7 at the lower limit of 

quantitation (LLOQ) of 20 ng/mL. The peak area at the LLOQ was about 10 

times above the background noise and there was no interference of endogenous 

TRAIL or other peptides in either human or murine serum. Qualifier transitions 

were not detectable below 100 ng/mL but the ratios were within the +/- 20% 

limit down to this concentration.        

Figure 5. LC-MS/MS chromatograms of (a) rhTRAIL
WT

 and (b) rhTRAIL
4C7

 in 

mouse serum at a concentration of 20 ng/mL (LLOQ). The corresponding blank 

sera are shown in red. 

Validation of the quantitative LC-MS/MS analysis of rhTRAILWT and 

rhTRAIL4C7  

Because of the expected wide range of concentrations in relevant samples, a 

calibration curve was constructed that spanned three orders of magnitude at 

eight different concentrations (20; 40; 100; 400; 1000; 2000; 10000 and 20000 

ng/mL) of rhTRAILWT and rhTRAIL4C7 in serum. In order to monitor the 

quality of the analysis, quality control (QC) samples at three different 

concentrations were used according to current regulatory guidelines29,30,31: 60 

(QC low); 800 (QC mid) and 16000 ng/mL (QC high). The 15N-metabolically 

labeled rhTRAILWT and rhTRAIL4C7 internal standards were added at a 

concentration of 500 ng/mL. These internal standards do not only correct for 

changes in digestion efficiency, but also for losses during sample preparation at 

the protein level, for example during the IMAC enrichment, as well as for 

variability in the subsequent LC-MS/MS analysis.  
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Method validation was performed in human serum with partial cross-validation 

in murine serum, to limit the consumption of murine serum. The validation 

results as summarized in Figures S3 and S4, Tables S7-S10 (supporting 

information) showed that method performance is in accordance with 

international guidelines for bioanalytical method validation.29,30,31 Calibration 

curves were linear over a concentration range of 20 - 20000 ng/mL, with 

correlation coefficients above 0.9998. Accuracy and precision were well within 

the limits of acceptance ±15% bias and 15% CV (±20% bias and 20% CV at the 

LLOQ level), also at the over-curve level after 10-fold dilution with IMAC 

buffer.  

 

Analysis of six different blank human serum samples revealed no interferences 

at the retention times of the signature peptides. In addition, precision and 

accuracy obtained for six individual human serum samples spiked at the LLOQ 

were within the acceptance criteria, showing acceptable between-matrix 

variability. Stability was assessed for rhTRAILWT and the rhTRAIL4C7 variant in 

human serum during bench-top storage (24 hours), following three complete 

freeze/thaw cycles and during storage at -80°C (59 days) and found to be 

acceptable according to international guidelines. Stability of digested samples 

during storage in the autosampler at 10°C was acceptable for up to 16 hours and 

bench-top stability of the stock solution for up to 24 hours. 

 

Pharmacokinetics (PK) of rhTRAILWT and rhTRAIL4C7 after intraperitoneal 

injection in mice  

The applicability of the LC-MS/MS method was demonstrated by supporting a 

pharmacokinetic study in mice. All mice were injected i.p. at a combined dose 

of 5 mg/kg of rhTRAILWT and 5 mg/kg of rhTRAIL4C7 and serum was collected 

pre-dose and after 0.5, 1, 2, 4, 6 and 16 hours by sampling from a different 

mouse at each time-point. The choice for the time points was based on previous 

PK studies of 125I-rhTRAILWT in mice that were followed by analysis of 

radioactivity.7 This was also the first PK study for the rhTRAIL4C7 variant, since 

there is no ELISA assay available.  
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QC samples were interspersed throughout the runs and their results were well 

within the limits of acceptance. Figure 6 shows the concentration – time 

profiles for rhTRAILWT and rhTRAIL4C7. The pre-dose and 16 hour results were 

below the LLOQ although both proteins were still detectable after 16 hours. The 

PK sample taken at 0.5 hour initially was above the upper limit of quantitation 

(ULOQ) of 20000 ng/mL and was re-analyzed after ten-fold dilution. Both 

variants showed a half-life of ≈ 30 min and the areas under the curve were 

comparable. These are preliminary data due to the use of a single sample from a 

different mouse for each time point. However, this PK study shows the 

suitability of the described ‘antibody-free’ LC-MS/MS method for in-vivo PK 

studies.32 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Pharmacokinetic profiles of rhTRAIL
WT

 and rhTRAIL
4C7

 in mice that 

were intraperitoneally injected with 5 mg/kg of each variant, obtained by the 

simultaneous LC-MS/MS quantification of both proteins. 
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Conclusion 

A highly sensitive LC-MS/MS approach was developed for the quantification of 

rhTRAILWT and rhTRAIL4C7 in human and mouse serum with an LLOQ of 20 

ng/mL (ca. 350 pM). This method does not require antibodies for protein 

enrichment but applies a more generic approach based on immobilized metal 

affinity chromatography (IMAC). Absolute quantitation was established with 

the use of 15N-metabolically labeled internal standards and the analysis was 

validated in serum according to international guidelines for bioanalysis. The 

method comprises a rapid (1 min) oxidation step with hydrogen peroxide which 

renders methionine-containing signature peptides amenable to reliable 

quantitative TRAIL analysis. The analysis was successfully applied to the 

simultaneous measurement of the pharmacokinetic profiles of rhTRAILWT and 

rhTRAIL4C7 in mice after an intraperitoneal injection of both proteins. The aim 

of future work is to further improve assay sensitivity to allow measurement of 

endogenous levels of TRAIL in clinical studies. 
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