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A B S T R A C T   

The emerging disciplines of lipidomics and metabolomics show great potential for the discovery of diagnostic 
biomarkers, but appropriate pre-analytical sample-handling procedures are critical because several analytes are 
prone to ex vivo distortions during sample collection. To test how the intermediate storage temperature and 
storage period of plasma samples from K3EDTA whole-blood collection tubes affect analyte concentrations, we 
assessed samples from non-fasting healthy volunteers (n = 9) for a broad spectrum of metabolites, including 
lipids and lipid mediators, using a well-established LC-MS-based platform. We used a fold change-based approach 
as a relative measure of analyte stability to evaluate 489 analytes, employing a combination of targeted LC-MS/ 
MS and LC-HRMS screening. The concentrations of many analytes were found to be reliable, often justifying less 
strict sample handling; however, certain analytes were unstable, supporting the need for meticulous processing. 
We make four data-driven recommendations for sample-handling protocols with varying degrees of stringency, 
based on the maximum number of analytes and the feasibility of routine clinical implementation. These protocols 
also enable the simple evaluation of biomarker candidates based on their analyte-specific vulnerability to ex vivo 
distortions. In summary, pre-analytical sample handling has a major effect on the suitability of certain metab-
olites as biomarkers, including several lipids and lipid mediators. Our sample-handling recommendations will 
increase the reliability and quality of samples when such metabolites are necessary for routine clinical diagnosis.   

Introduction 

LC-MS-based analysis of metabolites, including lipids and lipid me-
diators, is now a key component of biomarker research [1–3]. The 

relevance of lipidomics and metabolomics in such studies is supported 
by the complex biochemistry of endogenous compounds, reflecting 
highly individual conditions in health and disease [4]. For example, 
lipid biomarkers offer a better understanding of the complex metabolism 
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in dyslipidemia [5], cancer [6], and immune-mediated inflammatory 
diseases [7]. The robust analysis of such metabolites, including lipids 
and lipid mediators, is therefore an important basis for the wider 
application of lipidomics and metabolomics in LC-MS-based clinical 
research, requiring standardized methods including pre-analytical 
sample handling [8–11]. In such research projects, samples can be ac-
quired prospectively in an ongoing clinical study or retrospectively by 
using existing samples, such as those from a biobank. Prospective sam-
pling offers the great advantage that a suitable pre-analytical sample- 
handling protocol can be created in close cooperation with the clini-
cians, taking the instability of certain analytes into account while 
ensuring practical feasibility in a clinical setting. However, the planning 
and execution of such a project can be time consuming and expensive. In 
contrast, retrospective samples are advantageous because a sufficient set 
of samples already exists, which is important in studies focusing on rare 
diseases. Nevertheless, if samples have not been collected with due 
consideration for the pre-analytical instability of metabolites and lipids, 
they may not be reliable. In any case, comprehensive knowledge about 
factors that influence analyte concentrations during the pre-analytical 
phase is highly important. 

Because several analytes are sensitive to ex vivo distortions, pre- 
analytics is a key challenge for the meaningful application of lip-
idomics and metabolomics [12]. If pre-analytical influences are unclear, 
the quality of samples and consequently the analytical data will be 
negatively affected [13]. This hinders the reproducibility of lipidomics 
and metabolomics in research [10,14], which is necessary for the 
translation of clinical research into routine practice. In addition to fac-
tors related to the state of the subject, such as nutritional status [15,16], 
exercise [17], comorbidities [18] and the time of day the blood is drawn 
[19], external factors during sample handling and intermediate storage 
can also affect sample quality [10]. Time-to-centrifugation, overall 
processing delay, and intermediate storage temperature are among the 
major factors responsible for analyte variability, but others include the 
choice of blood collection tubes [20,21], centrifugation settings (e.g., 
speed, duration, and temperature [10]), prolonged venous compression 
[22], the final storage temperature, and the number of overall freeze-
–thaw cycles [21,23,24]. The most common clinical research specimens 
include plasma samples in K3EDTA tubes to prevent coagulation. 
However, the quality of plasma samples depends on many of the factors 
listed above [25]. In general, plasma should be separated from blood 
cells as soon as possible after drawing, and short-term storage in ice 
water is currently recommended before permanent storage in a deep 
freezer [10,26–29]. 

In clinical research projects, blood sample collection and pre- 
analytical sample handling are generally part of the routine clinical 
treatment of patients, so the sample quality can suffer from delayed 
processing because strict pre-analytical protocols are difficult to apply in 
such settings [30]. Therefore, sampling protocols need some flexibility 
to reflect clinical constraints while ensuring the pre-analytical stability 
of analytes. For retrospective studies, the sampling protocol was prob-
ably not selected based on the preservation of metabolites and lipids, 
limiting the usability of such samples. However, whereas some analytes 
are vulnerable to pre-analytical concentration changes in whole blood or 
plasma, ceramides, sphingomyelins and triglycerides are highly stable 
compared to other lipids such as endocannabinoids and lysophosphati-
dic acids (LPAs) [31]. Thus, samples taken using less stringent pre- 
analytical protocols may still be suitable for the analysis of many 
compounds. 

The objective of this study was to investigate the influence of of pre- 
analytical factors, such as storage conditions and processing delays, on 
analyte variability in the context of a well-established metabolomics and 
lipidomics platform. This platform combines semi-quantitative lipid and 
metabolite LC-HRMS screening and quantitative LC-MS/MS for different 
metabolites, including lipids and lipid mediators. We recommend 
various sampling protocols to preserve as many unstable analytes as 
possible while ensuring the methods remain practicable in clinical 

settings. This is applicable to both prospective sampling and the reli-
ability of samples acquired retrospectively, such as from a biobank. 

Materials and methods 

Chemicals 

Water (LC-MS grade), acetonitrile (LC-MS grade, ≥99.95 %), hexane 
(UV/IR grade, ≥99.5 %), methanol (LC-MS grade ≥ 99.95 %), iso-
propanol (LC-MS grade, ≥99.95 %), acetone (LC-MS grade, ≥99.9 %), 
butanol (for synthesis, ≥99.5 %), trichloromethane/chloroform (UV/IR 
grade, ≥99.8 %) and citric acid (≥99.5 % p.a.) were purchased from Carl 
Roth (Karlsruhe, Germany), ethyl acetate (Reag. Ph. Eur. ≥ 99.9 %) was 
purchased from Biosolve (Valkenswaard, Netherlands), formic acid (98 
%) and acetic acid (100 %) from Fisher Scientific (Schwerte, Germany), 
hydrochloric acid (Reag. Ph. Eur., 37 %) and disodium hydrogen 
phosphate (NormaPur) from VWR Chemicals (Darmstadt, Germany), 
and 2,6-di-tert-butyl-4-methylphenol (BHT, 99 %) from Sigma-Aldrich 
(Munich, Germany). Reference compounds and isotopically labeled in-
ternal standards (IS) were purchased from Cayman Chemicals (Ann 
Arbor, MI, USA) for endocannabinoids and oxylipins, or Avanti Polar 
Lipids (Alabaster, AL, USA) for sphingolipids, LPAs, and lipids analyzed 
by LC-HRMS. For polar compounds, tryptophan and related metabolites, 
isotopically labeled IS and reference compounds were purchased from 
Sigma-Aldrich or Cambridge Isotope Laboratories (Tewksbury, MA, 
USA). Detailed descriptions can be found in the supplementary material. 

Sample collection and investigations of pre-analytical sample handling 

Blood samples were collected from nine non-fasted healthy volun-
teers after informed consent was given. Sample collection was approved 
by the Research Ethics Committee/Institutional Review Board (REC/ 
IRB) of the university hospital of Goethe-University Frankfurt without a 
formal IRB because no ethical concerns were raised over the use of 
human blood samples as anonymized material in this study. The 
ethnicity of study participants was deemed irrelevant for the determi-
nation of ex vivo influences on analyte concentrations and was not 
recorded. The volunteers comprised five male and four female partici-
pants (mean age = 36 ± 13). Venous blood samples were drawn using 
2.7-mL K3EDTA S-Monovettes (Sarstedt, Nümbrecht, Germany). In 
addition to a baseline sample, 16 sampling tubes were drawn from each 
study participant, of which eight were immediately used to isolate 
plasma and eight were stored as whole blood (Fig. 1). Different storage 
times were tested for whole blood (20, 60, 120 and 240 min) and plasma 
samples (0, 20, 60, 120 and 240 min) at RT (20.4 ± 0.2 ◦C) and in ice- 
water (FT, 0.5 ± 0.2 ◦C). The immediately processed sample, which on 
average took 12 ± 2 min (0 min) to prepare from blood drawing until 
snap-freezing (including centrifugation), was regarded as the baseline 
sample for the corresponding measurement series (0 min, reference 
sample = Ref.). Samples were centrifuged at 2000 × g for 10 min at 4 ◦C. 
After the appropriate storage time (22 ± 2 min for 20 min, 63 ± 4 min 
for 60 min, 123 ± 3 min for 120 min and 244 ± 2 min for 240 min – all 
times excluding the duration of centrifugation), samples were centri-
fuged and separated from the cells (whole blood samples). In the latter 
case, whole blood samples were centrifuged immediately after drawing 
the blood, and the plasma was separated from the cells and stored for 
different periods of time at different temperatures as described above. 
Afterwards, plasma was aliquoted for the LC-MS methods and snap- 
frozen on dry ice. The schedule and procedure for sample generation 
is depicted in Fig. 1. All samples were stored at a temperature below 
–70 ◦C until analysis, resulting in a single freeze–thaw cycle. Thawing 
times were kept constant for all sample sets regardless of the analytical 
methods (Fig. 1). 
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Targeted LC-MS/MS analysis 

Five different quantitative analysis methods were applied to deter-
mine the amounts of endocannabinoids, oxylipins, sphingolipids, LPAs 
and tryptophan-like metabolites, respectively. For each method, a cali-
bration curve was generated. Calibration standards (STDs) and quality 
control samples (QCs) were prepared and extracted in method- 
dependent surrogate matrices. Pre-aliquoted plasma samples (endo-
cannabinoids – 200 µL, sphingolipids – 10 µL, tryptophan-like metabo-
lites – 100 µL, oxylipins – 200 µL, LPAs – 100 µL) were thawed in a 
refrigerator (4 ◦C) immediately before extraction. 

Endocannabinoids: Standard preparation and sample extraction for 
endocannabinoids and endocannabinoid-like substances (described 
hereafter as endocannabinoids) was performed as previously described 
with minor modifications [32]. Plasma samples were spiked with 20 µL 
IS working solution whereas STDs and QCs in phosphate-buffered saline 
(PBS) as a surrogate matrix were spiked with 20 µL IS working solution 
and 20 µL of the respective standard working solution. Samples were 
vortexed (1 min) and centrifuged (20,000 × g, 1 min, 4 ◦C). Liquid-
–liquid extraction (LLE) was performed with 400 µL ethyl acetate:hex-
ane (9:1 v/v). After vortexing (1 min) and centrifugation (20,000 × g, 3 
min, 4 ◦C) the upper layer was transferred to a new polypropylene tube 
and evaporated (45 ◦C) under a gentle stream of nitrogen. Extracted and 
evaporated samples were reconstituted in 50 µL acetonitrile, vortexed 
(1 min), transferred into an LC-MS vial, and analyzed by LC-ESI-MS/MS 
using a triple quadrupole mass spectrometer QTRAP 6500 + with a 
Turbo Ion Spray source (both from Sciex, Darmstadt, Germany) in 
positive ESI mode. The LC system consisted of an Agilent 1290 Infinity II 
LC instrument with a binary HPLC pump, column oven, and autosampler 
(Agilent, Waldbronn, Germany). The 10-µL injected samples were 
separated using an Acquity UPLC BEH C18 2.1 × 100 mm column with 
an Acquity UPLC BEH C18 1.7 µm VanGuard pre-column 2.1 × 5 mm 
(both from Waters, Eschborn, Germany) and eluted in a gradient of 

solvent A (0.0025 % formic acid in water) and solvent B (0.0025 % 
formic acid in acetonitrile) with a total run time of 8 min. Twelve ana-
lytes were tested using this method. Detailed MS parameters and con-
centrations of STDs and QCs can be found in the supplementary 
material. 

Oxylipins: Plasma samples were spiked with 20 µL IS working so-
lution, whereas STDs and QCs (with 200 µL PBS as a surrogate matrix) 
were spiked with 20 µL IS working solution and 20 µL of the respective 
standard working solution. Samples were vortexed (1 min) and centri-
fuged (20,000 × g, 1 min, 4 ◦C), followed by protein precipitation and 
solid-phase extraction (SPE). For protein precipitation, 200 µL of 
acetonitrile:methanol (8:2 v/v) was added to each plasma sample. 
Samples were vortexed (1 min) and centrifuged (20,000 × g, 10 min, 
4 ◦C). The supernatant was transferred to a 96-well plate for SPE with 
ABN cartridges (1 mL, 30 cc) using an Extrahera (Biotage, Uppsala, 
Sweden). The SPE protocol consisted of five steps (supplementary ma-
terial). For conditioning (step 1), 1 mL of methanol was loaded onto the 
cartridges, followed by (step 2) 1 mL of 0.1 % formic acid for equili-
bration. For sample pretreatment, 600 µL of 1 % formic acid was added 
to each sample and mixed. After sample pretreatment, sample loading 
(step 3) involved the transfer of 1-mL aqueous samples to the cartridges, 
followed by a washing step (step 4) with methanol:water (40:60 v/v). 
For elution (step 5), 1 mL of acetonitrile was used. Samples were 
transferred to new polypropylene tubes, evaporated (45 ◦C) under a 
nitrogen stream, and reconditioned in 80 µL methanol:water (70:30 v/v) 
plus 0.0001 % BHT. Samples were vortexed (1 min), transferred to an 
LC-MS vial, and analyzed using the same LC-MS/MS system and appa-
ratus described above, with a 17-min gradient elution to achieve suffi-
cient analyte separation. Sixty-eight analytes were then measured in 
negative ESI mode. Detailed MS parameters and concentrations of STDs 
and QCs can be found in the supplementary material. 

Sphingolipids: Standard preparation and extraction for sphingoid 
bases and ceramides (described hereafter as sphingolipids) was 

Fig. 1. Collected samples were stored as whole blood or plasma, depending on the time point of centrifugation. Differences in storage conditions were introduced by 
varying the temperature (RT or ice water) and delay in storage time after blood draw (20, 60, 120, or 240 min). A baseline sample for each study subject was 
processed immediately and was defined as the optimally treated reference sample. 
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performed as previously described with minor modifications [33]. 
Plasma samples were spiked with 20 µL IS working solution whereas 
STDs and QCs in Z-buffer (200 µL) as a surrogate matrix were spiked 
with 20 µL IS working solution and 20 µL of the respective standard 
working solution. Z-buffer is 30 mM citric acid and 40 mM dis-
odiumhydrogenphosphate in water. Plasma samples were vortexed (1 
min) and centrifuged (20,000 × g, 1 min, RT). LLE was performed with 
600 µL chloroform:methanol:240 mM hydrochloric acid (80:15:5 v/v/ 
v), after diluting plasma samples with 200 µL Z-buffer. After vortexing 
(1 min) and centrifugation (20,000 × g, 5 min, RT), the lower layer was 
divided into two equal aliquots, transferred to two new polypropylene 
tubes, and evaporated (45 ◦C) under a gentle stream of nitrogen. 
Extracted and evaporated samples were resuspended in 50 µL methanol: 
formic acid (95:5 v/v) for sphingoid base measurements and in 50 µL 
THF:formic acid (99.8:0.2 v/v) + 10 mM ammonium formiate (9:1 v/v) 
for ceramide measurements. After reconstitution, samples were vor-
texed (1 min) and transferred to vials with inserts. For the analysis of 
sphingolipids, we used the same LC-MS/MS system described above in 
positive ESI mode, with an injection volume of 5 µL. However, sphingoid 
bases and ceramides were analyzed using different chromatographic 
columns and LC-MS/MS methods. For sphingoid bases, we used an 
UHPLC Zorbax Eclipse Plus C8 2.1 × 30 mm 1.8 µm column with an 
UHPLC guard C8 pre-column 2.1 × 3 mm 1.8 µm (Agilent). The fractions 
were eluted in a gradient of 0.5 % formic acid in water (solvent A) and 1 
% formic acid in acetonitrile:isopropanol:acetone (50:30:20 v/v/v) 
(solvent B) for 4.5 min. To prevent carryover, two rinse injections were 
performed between each sample. For ceramides, we used an UHPLC 
Zorbax Eclipse Plus C18 2.1 × 50 mm 1.8 µm column with an UHPLC 
guard C18 pre-column 2.1 × 3 mm 1.8 µm (Agilent). The fractions were 
eluted in 10 mM ammonium formate + 0.2 % formic acid in water 
(solvent A) and 0.2 % formic acid in acetonitrile:isopropanol:acetone 
(50:30:20 v/v/v) for 7.5 min. Nine sphingoid bases and 16 ceramides 
were measured using this method. Detailed MS parameters and con-
centrations of STDs and QCs can be found in the supplementary 
material. 

Lysophosphatidic acids: Plasma samples were spiked with 20 µL of 
IS working solution whereas STDs and QCs in 200 µL Z-buffer as a sur-
rogate matrix were spiked with 20 µL of IS working solution and 20 µL of 
the respective standard working solution. Samples were vortexed (1 
min) and centrifuged (20,000 × g, 1 min, 4 ◦C). LLE was performed with 
400 µL of butanol. After vortexing (1 min) and centrifugation (20,000 ×
g, 3 min, 4 ◦C), the upper layer was transferred to a new polypropylene 
tube and evaporated (45 ◦C) under a gentle stream of nitrogen. Samples 
were reconstituted in 50 µL of methanol, vortexed (1 min) and trans-
ferred to vials with inserts. An LC-MS/MS system was used for the 
analysis of LPAs in negative ESI mode with an injection volume of 5 µL. 
Samples were fractionated on an HPLC EVO C18 2.1 × 50 mm 1.7 µm 
column with a UPLC C18 pre-column 2.1 × 5 mm (Waters) and were 
eluted in a gradient of 50 mM ammonium acetate + 0.2 % formic acid in 
water (solvent A) and 0.2 % formic acid in acetonitrile:isopropanol 
(50:50 v/v) (solvent B) for 5 min. Seven analytes were measured using 
this method. Detailed MS parameters and concentrations of STDs and 
QCs can be found in the supplementary material. 

Tryptophan-like metabolites: Plasma samples were spiked with 20 
µL of IS working solution, whereas STDs and QCs in 100 µL PBS as a 
surrogate matrix were spiked with 20 µL of the IS working solution and 
20 µL of the respective standard working solution. Samples were vor-
texed (1 min) and then centrifuged (20,000 × g, 1 min, 4 ◦C) prior to 
protein precipitation in 300 µL of cold methanol. After vortexing (30 s), 
samples were stored below –20 ◦C for 30 min to facilitate protein pre-
cipitation, and then centrifuged (20,000 × g, 5 min, 4 ◦C). The super-
natants were transferred to brown vials, evaporated (45 ◦C) under a 
stream of nitrogen, and reconstituted in 50 µL of a water:acetic acid 
(99.9:0.1 v/v) solution. After reconstitution, samples were vortexed (1 
min) and transferred into vials with inserts. The same LC-MS/MS system 
as previously described was used for the analysis of tryptophan-like 

metabolites in positive ESI mode with an injection volume of 2.5 µL. 
Samples were fractionated on an UHPLC Hypersil Gold aQ 2.1 × 100 
mm 1.9 µm column with a UHPLC pre-column 2.1 mm filter (Thermo 
Fisher Scientific, Dreieich, Germany) using a gradient of 0.1 % formic 
acid in water (solvent A) and 0.1 % formic acid in methanol (solvent B) 
for 9 min. Seven analytes were measured using this method; details on 
MS parameters and concentrations of standards and QCs can be found in 
the supplementary material. 

Data acquisition and evaluation: Data were acquired and pro-
cessed for all quantitative methods using Analyst™ v1.7.1 and Multi-
Quant™ v3.0.3 (both Sciex, Darmstadt, Germany). Each analytical run 
consisted of a standard calibration curve and a set of QC samples. A QC 
set consisted of two QC samples per concentration level – lowest limit 
(LLQC), low (LQC), medium (MQC) and high (HQC) concentrations) 
that surrounded the unknown samples. LLQC samples are not mandatory 
in routine LC-MS/MS analytics and were, therefore, only included for 
methods covering a wider concentration range, such as endocannabi-
noids (see Supplementary Materials). Additionally, two pre-aliquoted 
control samples were used to ensure comparability between analytical 
runs and were evaluated using a method-specific control chart. All un-
known samples were measured in a randomized order within and be-
tween study participants, so that subject individual samples were not 
separated during analysis. Acceptance criteria per analytical run were 
applied as follows: (i) the back-calculated concentrations of the cali-
bration standards should be within ± 15 % of the nominal value, except 
for the LLOQ, which should be within ± 20 %; (ii) at least 75 % of the 
calibration standards, with a minimum of six, must fulfill the accuracy 
criterion; (iii) the accuracy values of the QC samples should be within ±
15 % of the nominal values; and (iv) for every set of QC samples, at least 
67 % QC samples and at least 50 % at each concentration level must 
comply with this criterion. Not all analytes fulfilled all acceptance 
criteria, so the results were divided into quantitative (analytes fulfilling 
all acceptance criteria) and semi-quantitative data (analytes not ful-
filling all acceptance criteria). Detailed information about the fulfill-
ment of acceptance criteria and applied classifications for every analyte 
can be found in the Supplementary Materials. 

Screening of lipids and polar metabolites 

Lipids and polar metabolites were extracted from 10 µL aliquots of 
the same plasma samples discussed above. Samples were processed 
together with blank samples and pooled QC samples. Samples were 
prepared by LLE following the addition of 75 µL of IS in methanol (see 
supplementary material) followed by 250 µL of methyl tertiary-butyl 
ether (MTBE) and 50 µL of 50 mM ammonium formate. The samples 
were then vortexed (1 min) and centrifuged (20,000 × g, 5 min, RT). The 
upper phase was transferred and the lower phase re-extracted in 100 µL 
MTBE:methanol:water (10:3:2.5 v/v/v), followed by centrifugation as 
above. For the measurement of lipids, the combined upper phases were 
evaporated under a gentle stream of nitrogen at 45 ◦C, stored at <
–70 ◦C, and reconstituted in 100 µL methanol before analysis. For the 
measurement of polar metabolites, 200 µL acetonitrile were added to the 
lower phases and mixed by gentle shaking. The mixture was then dried 
under a nitrogen stream at 45 ◦C and reconstituted in 100 µL acetoni-
trile:water (50:50 v/v) before analysis. QC samples were created by 
pooling equal volumes of all unknown samples, vortexing and aliquot-
ing. Lipids and polar metabolites were fractionated on a Vanquish Ho-
rizon UHPLC system and detected with an Orbitrap Exploris 480 (both 
Thermo Fisher Scientific) using positive and negative ionization modes. 

Screening for lipids: Lipids were separated on a Zorbax RRHD Eclipse 
Plus C8 2.1 × 50 mm, 1.8 µm column, with a guard column of the same 
type (Agilent), using a gradient of 10 mM ammonium formate + 0.1 % 
formic acid in water (solvent A) and 0.1 % formic acid in acetonitrile: 
isopropanol (2:3 v/v) (solvent B). Further details can be found in the 
Supplementary Material. 

Screening for polar metabolites: Polar metabolites were separated on 
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a SeQuant ZIC-HILIC, 3.5 µm, 100 mm × 2.1 mm I.D. column (Merck, 
Darmstadt, Germany) coupled to a guard column with the same chem-
istry and an inline filter in a gradient of 0.1 % formic acid in water 
(solvent A) and 0.1 % formic acid in acetonitrile (solvent B). Further 
details can be found in the Supplementary Material. 

Data acquisition and evaluation: Data were acquired using XCalibur 
v4.4 (Thermo Fisher Scientific). The measurement sequences started 
with solvent blank, extracted blank, zero, two QC and a control chart 
sample, continuing with one QC sample after every-eight samples and 
two additional QCs and a control chart sample at the end of the run. The 
samples were measured in a randomized order as described above. For 
HILIC separation the system was equilibrated with 10 injections of 
extracted plasma samples. Each sample was injected twice, switching 
ionization polarity between samples. Raw data were evaluated using 
TraceFinder v5.1 (Thermo Fisher Scientific) with target lists of 665 
previously identified lipids derived from different matrices (not solely 
human K3EDTA plasma) and 276 polar metabolites. Peak integration 
was performed with a mass tolerance of ± 5 ppm and either the Genesis 
or ICIS integration algorithms were applied. Analytes whose identity 
could not be confirmed using exact mass, isotope ratio, and MS/MS 
fragmentation matching LipidBlast [34] or mzCloud offline library (for 
mzVault 2.3_Omics_2020A) were excluded. Furthermore, compounds 
for which (i) < 80 % of values exceeded the signal in the extracted blank 
sample by at least a factor of 2, or (ii) if peak integration could not be 
performed reproducibly, defined by a coefficient of variance in QC 
samples > 20 % (lipids) or > 30 % (polar metabolites), were excluded 
from further evaluation. Sphingolipids, which were already quantified 
using LC-MS/MS, were also omitted. Applying these criteria, 296 lipids 
and 122 polar metabolites were considered for further evaluation. Re-
sults for polar metabolites were normalized using median-based prob-
abilistic quotient normalization (PQN) [35] with the 24 QC samples 
after imputing missing values with half of the minimum of the respective 
analyte. Lipids were normalized via one internal standard per lipid class. 
More detailed information, including the target lists, can be found in the 
supplementary material. 

Statistical data evaluation 

Statistical analysis was performed with GraphPad Prism v9.2.0 
(332) 64-bit (GraphPad Software, San Diego, CA, USA) and RStudio 

v1.4.1717 64-bit (R Foundation for Statistical Computing, Vienna, 
Austria) with R v4.1.2 (2021–11-02) (RStudio, Boston, MA, USA) using 
the packages “readxl” [36], “dplyr” [37], “tidyverse” [38] and 
“reshape2′′ [39] for data wrangling and ”ggplot2′′ [40], “ggplot2′′ [40], 
“gplots” [41], “ComplexHeatmaps” [42], “irr” [43] and “circlize” [44] 
for data visualization. For all measurements, we omitted from further 
analysis those analytes with a missing value proportion > 20 % and 
those with a proportion of measurements > 20 % under the limit of 
quantification. This resulted in the omission of 48 analytes (eight 
sphingolipids, one endocannabinoid, three LPAs and 36 oxylipins). Two 
analytes of the endocannabinoid class, namely 2- linoleoyl glycerol (2- 
LG) and oleoyl ethanolamide (OEA), showed > 20 % of values exceeding 
the upper limit of their calibration curves, but were still included in the 
evaluation using the extrapolated values above the ULOQ, because 
linearity of the method was expected to be sufficient to calculate these 
concentrations. For OEA, this can be explained by insufficient chro-
matographic separation from the isomer vaccenic acid ethanolamide 
(VEA). Therefore, OEA was provided as the sum parameter of OEA and 
VEA. 

Results displayed for sample concentrations and relative changes 
generally represent the mean of nine samples, except where individual 
measurements were missing. For previously filtered analytes with > 20 
% of missing values, a chi-squared test was performed (α = 0.05, with 
FDR correction) to determine if missing values significantly deviated 
from the expected distribution across all study participants. Significant 
results indicated that given analytes could mostly be measured in spe-
cific study participants, and it was assumed that the missing values could 
be attributed to inter-individual variability. Despite the lack of data for 
some analytes, calculation of fold changes was still applicable to the 
remaining values. This was true for 13 analytes of the oxylipin class, 
which are highlighted in the Supplementary Material. 

Commonalities and differences between the present study and pub-
lished data [26] regarding pre-analytical sample stability were identi-
fied by highlighting the different analyte coverages, experimental 
designs, and the agreement between the studies. While reanalyzing 195 
analytes from the previous study, an additional 294 analytes, mainly 
consisting of oxylipins, certain sphingolipids, tryptophan and its me-
tabolites, as well as polar metabolites in general, were measured and 
evaluated in the present study. A total of 61 analytes included in the 
previous study (mainly diglycerides and triglycerides as well as certain 

Fig. 2. Process for matching individual analytes with protocol recommendations based on their experimental stability data: First, the experimentally-determined fold 
changes representing the protocols were selected. Then, each protocol was evaluated for the stability criteria, starting with the most to the least strict protocol. 
Finally, an analyte was assigned to the last protocol that met the stability criteria. 
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fatty acids) were not evaluated in the current study, because they failed 
the acceptance criteria set out above. For the assessment of concordance 
between this study and the earlier publication [26], we calculated 
Cohen’s unweighted kappa as a measure for interrater reliability [45]. 
Detailed results of this comparison are provided in the supplementary 
information. 

Analysis of stability data and provision of blood sampling protocol 
recommendations 

Fold change was the basis for stability evaluation in the following 
analyses. Fold changes of analytes within tested conditions (matrix, 
temperature and period of intermediate storage) were obtained by 
calculating the quotient of the condition-wise mean concentrations and 
the mean concentration of the baseline samples (FCi = ci/c0). Analytes 
were deemed unstable for a specific storage condition at a specific time if 
their fold change compared to the baseline exceeded ± 20 % in the 
following analysis, which matches the common acceptance threshold 
coefficient of variance in lipidomics [46]. Furthermore, the entire pro-
cess of pre-analytical processing (represented by concentration fold 
changes before and after centrifugation) was assessed for each analyte, 
by evaluating whether either one of the two fold changes exceeded ± 20 
%, or the sum of both exceeded ± 30 %. The critical threshold of ± 20 % 
for the evaluation of individual fold changes was extended to ± 30 % for 
the sum of two fold changes because the impact of combined pre- 
analytical influences was not tested in the present study due to 
restricted sample size, and thus two individual measurements had to be 
combined. 

The aim of this analysis was to assign analyte-specific pre-analytical 
processing recommendations that would maximize clinical flexibility. 
We assigned each analyte to the last protocol where the stability 
thresholds defined were not exceeded, going from the most strict to the 
least strict pre-processing recommendation (Fig. 2). We evaluated in-
dividual fold changes, as well as their sum, to account for effects that are 
unique to either of the matrices (whole blood or plasma) as well as 
matrix-independent influences, such as temperature during processing. 

Results and discussion 

The susceptibility of metabolites, including lipids and lipid media-
tors, to ex vivo distortions has been comprehensively investigated 
[26,28,47], but is rarely a standardized part of LC-MS-based clinical 
research studies focusing on lipidomics and metabolomics. This is partly 
due to difficulties in establishing the strict pre-analytical protocols that 
are necessary for endocannabinoids, lysophosphatidycholines [48], ei-
cosanoids [47] or LPAs [31] in clinical research projects. However, a 
concept is needed to ensure that lipidomics and metabolomics remain 
feasible analytical approaches in clinical research even when clinical 
working practices do not allow the fastest pre-analytical sample pro-
cessing protocols. Because not all analytes are prone to ex vivo distor-
tions, even if samples are handled at RT with delayed processing, they 
can be analyzed after following a less strict protocol, still covering a 
broad range of metabolites, including several lipids and lipid mediators. 
To generate a comprehensive data-based definition of these protocols, 
we conducted experiments focusing on the two main factors influencing 
the pre-analytical handling of whole blood and plasma samples, namely 
the temperature and delay during sample processing. 

Analyte variability caused by pre-analytical sample handling 

Our experiments to determine pre-analytical stability focused on 
temperature (samples stored in ice water or at RT) and the period of 
intermediate storage (20, 60, 120, or 240 min as whole blood or plasma) 
during the preparation of plasma samples from K3EDTA whole-blood 
collection tubes. We measured 1070 analytes using targeted LC-MS/ 
MS methods for 25 sphingolipids, 68 oxylipins, 12 endocannabinoids, 

seven LPAs, as well as tryptophan and six related metabolites, in com-
bination with an LC-HRMS screening approach applying target lists for 
665 lipids and 276 polar metabolites. Having evaluated acceptance 
criteria for each analyte, the datasets comprised 489 analytes in total. 
During this process, 468 analytes of the 1070 measured analytes were 
excluded from further evaluation due to values below the LLOQ (tar-
geted methods) or threshold for signal intensity (screening methods), 
and 119 analytes were excluded due to missed acceptance criteria in the 
screening methods. For targeted LC-MS/MS analytics, 15 analytes 
missed the acceptance criteria and were evaluated as semi-quantitative 
data, but were not excluded from further evaluation. Detailed infor-
mation on the analytes and corresponding results, including the data for 
assessing the acceptance criteria, can be found in the supplementary 
material. 

The obtained data confirmed the considerable effects of different 
pre-analytical factors on K3EDTA plasma concentrations of various 
metabolites, including lipids and lipid mediators (Fig. 3). In some cases, 
the influences of ex vivo distortion affected whole lipid classes or groups 
simultaneously, as shown for ethanolamides (Fig. 4). In other cases, only 
single molecules were affected – for example, 12-HETE levels increased 
significantly compared to other hydroxyeicosatetraenoates (HETEs) 
included in the study when whole blood or plasma were stored at RT 
(Fig. 4). These results emphasize the need for careful sample handling in 
LC-MS-based clinical studies focusing on metabolites, including lipids 
and lipid mediators, as detailed and analyte-specific knowledge is 
necessary to ensure robust measurements and selection of an appro-
priate sampling protocol. 

Notably, not all compounds were similarly or at all influenced by the 
same conditions; a large proportion of the investigated analytes 
remained stable even when stored at RT for the longest intermediate 
storage period of 240 min. Fig. 5 shows the number of unstable analytes 
when samples were handled according to the different protocols, 
grouped in accordance with the methods used and in total. An analyte 
was counted as unstable if the fold change of concentration compared to 
the baseline exceeded ± 20 % for the different experiments using whole 
blood or plasma. The 20 % threshold is a common acceptance measure 
for the relative deviation of QC samples in lipidomics [46] and was 
therefore used in this study. 

We found that fewer changes in analyte concentrations occurred in 
blood samples that were centrifuged immediately after sampling and 
stored intermediately as plasma in ice water (Fig. 5). This supports the 
recommendation from an earlier publication [1], suggesting that, if the 
intermediate storage of blood samples between collection and deep 
freezing is unavoidable, immediate centrifugation and cooling of the 
samples is generally advisable. Under these conditions, only 21 analytes 
had concentrations that deviated by > 20 % in 240 min of storage in ice 
water. In contrast, when the plasma samples were stored for 240 min at 
RT, 67 analytes had concentrations that deviated by > 20 %. Notable 
increases were found among the endocannabinoids, LPAs and LPCs, 
aclycarnitines, oxylipins and some amino acids, including leucine and 
isoleucine. Furthermore, the concentration of some individual analytes 
(e.g., 1-lactoglobulin) nearly doubled when the plasma was stored at RT, 
indicating that major changes can occur due to changes in storage 
temperature. 

Whereas only 21 analytes were unstable when samples were stored 
as plasma in ice water, this increased to 38 when the samples were 
stored as whole blood. Therefore, plasma provides greater stability than 
whole blood, however the effect of temperature is greater, with 67 
analytes being unstable in RT plasma samples. It is therefore very 
important to cool blood samples immediately after drawing. Nonethe-
less, major fold changes of up to 500 % were observed for some analytes 
even in the cooled whole-blood samples, especially ethanolamines, 
acylcarnitines and metabolites such as nicotinamide and lactic acid. The 
most drastic fold changes in analyte concentrations (up to 700 %) were 
observed in whole blood samples stored at RT. After 240 min, 87 ana-
lytes were found to deviate by > 20 %, the most severely affected being 
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sphingoid bases, endocannabinoids and LPA, which agrees with previ-
ously published studies [32,48,49]. 

To verify our findings, we compared our data with a lipid-focused 
study on the ex vivo distortion of analytes [26]. In order to assess the 
alignment in stability between the two studies, fold changes were 
calculated for the 195 intersecting analytes under conditions that were 
investigated in both studies. For each storage condition, analytes devi-
ating by more than ± 20 % from the baseline were identified, and 
Cohen’s unweighted kappa index was calculated in order to estimate 
concordance between the study results [45]. Overall, our work sup-
ported the findings from the previous study regarding the instability of 
specific analytes, including the extreme vulnerability of endocannabi-
noids under all pre-analytical conditions, the increase in LPA concen-
trations in whole blood samples and plasma at RT, and the sensitivity of 
sphingosine phosphate concentrations in whole blood stored at RT. 
Especially in scenarios that exposed analyte instability (whole blood 
stored at RT), the concordance of the studies was substantial based on 
Cohen’s unweighted kappa (κ = 0.701). For plasma samples stored at RT 
and whole blood samples stored on ice water, the interrater agreement 
was still very good (κ = 0.556 and κ = 0.534). However, the measure-
ments showed only slight agreement (κ = 0.154) for samples stored as 
plasma on ice water. This reflects the fact that under these conditions, 

the overall stability of analytes is expected to be high, and any observed 
increases beyond fold change limits are much more likely to result from 
statistical fluctuations in measurement, leading in random differences 
between studies. Therefore, the overall findings concerning analytes and 
analyte groups that are prone to instability (e.g., endocannabinoids, 
LPA, sphingolipids) are in good accordance. However, when using 
Cohen’s unweighted kappa to compare situations where analytes are 
generally stable, incidental technical variance can obscure measurement 
concordance. The comparative data are summarized in the supplemen-
tary material. 

Definition of viable pre-analytical sample handling protocols 

The main objective of this study was to provide sample-handling 
protocols applicable in clinical settings that maximize the number of 
stable analytes. Fig. 5 summarizes the number of analytes that cannot be 
measured reliably when applying particular pre-analytical conditions as 
well as the combination of these conditions, combining data for inter-
mediate storage of whole blood and plasma before the final storage of 
samples. In addition to the evaluation of storage as whole blood or 
plasma samples, an acceptable fold change of ± 30 % was used for the 
sum of two fold changes. The higher criterion was used to evaluate the 

Fig. 3. Fold changes in the abundance of 489 analytes during sample processing were analyzed. Each analyte is represented by a single column, depicting 16 analyte- 
specific fold changes from the inside to the outside of the plot. For simplification purposes, fold changes were capped at 50 % and 200 %, respectively. The circular 
heat map consists of four tracks, each representing a different pre-analytical condition. From the innermost to the outermost tracks, blood specimens were stored as 
plasma in ice water, plasma at RT, whole blood in ice water, and whole blood at RT. For each tested condition, four fold changes corresponding to four different time 
points (20, 60, 120, and 240 min) are depicted from the center to the periphery of each track. The heat map is encircled by a legend indicating the metabolite class or 
lipid species. Clockwise, the lysophospholipids include LPA (4), LPC O- (5), LPE (12), LPG (1), LPI (4) and LPC (19). The phospholipids encompass PE (27), PI (14) 
and PC (74). Finally, the sphingolipids are composed of sphingoid bases (3), ceramides (19) and sphingomyelins (40). 
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Fig. 4. Comparison of analyte concentrations across multiple pre-analytical conditions was conducted, specifically focusing on the ethanolamides and structurally 
isomeric HETEs. The results indicated that the ethanolamides were similarly influenced by pre-analytical conditions across the whole group; however, the HETE 
analytes displayed much more diverse changes. 

Fig. 5. Comparison of the total number of analytes with fold changes exceeding given acceptance criteria for different storage conditions was undertaken. The 
proportion of fold changes above ± 20 % for individual conditions and ± 30 % for combined conditions is indicated by the colors of the tiles. Numbers within the 
tiles represent the number of analytes with out-of-range concentration changes. The first four columns represent the tested conditions (combination of storage matrix, 
temperature, and duration). The last two columns display a combined evaluation of fold changes, depending on the combination of pre-analytical sample conditions 
(whole blood and plasma stored in ice water or at RT, respectively, for different periods of time). 
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combination of storing whole blood and plasma, representing the cor-
responding protocol, and can be justified by the need to combine mul-
tiple measurement results. Comparing the results for the strictest 
protocol ([I] 20 + 20 min cooled storage of whole blood/plasma – 28 
unstable compounds/5.9 % of evaluated compounds) with the least 
strict protocol ([VIII] 240 + 240 min RT storage of whole blood/plasma 
– 113 unstable compounds/23.1 % of evaluated compounds), it becomes 
clear that 85 analytes cannot be measured due to the different pre- 
analytical sampling protocols, accounting for 17.3 % of the total num-
ber of evaluated analytes. 

Considering that clinical application is as relevant as the number of 
compounds that can be measured, we compared two pre-analytical 
sampling protocols for clinical research projects, [I] (20 + 20 min 
cooled storage of whole blood/plasma) and [II] (60 + 60 min of cooled 
storage of whole blood/plasma). The less strict protocol (longer storage 
time) resulted in an additional 18 compounds becoming unstable (total 
= 46) but it was more feasible in a clinical setting. Therefore, protocol 
[II] was chosen as the strictest protocol (A1) for the final protocol rec-
ommendations shown in Fig. 6. Sample cooling may not be possible in 
all settings, so protocol [VI] (60 + 60 min non-cooled storage of whole 
blood/plasma) was defined as the next strictest protocol (A2). To reduce 
the number of protocols and keep the recommendations clear, the 
number of unstable analytes for the three remaining periods of inter-
mediate storage was compared, regardless of the storage temperature. 
This revealed little difference between the storage of samples for 120 +
120 or 240 + 240 min, so protocols B1 and B2 were defined as those 
involving storage for 240 + 240 min in ice water or at RT, respectively 
(protocols [IV] and [VIII] in Fig. 5). Our recommendations therefore 
comprise a series of four protocols that differ in the level of strictness 
and feasibility for routine clinical practice. Because temperature is more 
important than storage duration in terms of analyte variability, strict-
ness is ranked as follows: A1 > B1 > A2 > B2 (Fig. 6). 

The high number of stable analytes, even after a total storage time of 
up to 8 h at RT, in combination with previous studies [26] indicating the 
stability of several lipids for up to 24 h, gives rise to the conclusion that 
an even less strict protocol, with prolonged delay until final storage, 
might be feasible for lipidomics and metabolomics analysis. However, 
highly relevant analytes, such as sphingosine phosphates, several oxy-
lipins, acylcarnitines and LPA certainly require stricter protocols when 
of interest, due to their inherent pre-analytical instability. Analyte sta-
bility during longer time intervals was not investigated in this study and 
is an obvious limitation caused by the maximum number of blood 
collection tubes per participant and the focus on the rather fast sample 
processing with shorter delays. In order to avoid prolonged venous 
compression, as well as increasing time delays between the acquisition 
of multiple samples, the total number of tubes was limited to 17 and the 
investigation of very long storage delays was omitted. The testing of the 
suggested protocols, instead of evaluating the usability of the protocols 
by combining the results for whole blood and plasma storage, was not 
performed for the same reason and will be covered in a future study. 
Future studies will also include a larger number of volunteers covering a 
broader spectrum of cofactors such as age, body mass index and/or 
eating behaviors. 

Analyte specific sampling protocol recommendations 

Biomarker candidates should inherently reflect a clinical outcome in 
their concentration levels. In the search for clinical biomarkers relevant 
to disease, analytes of interest must be examined for their validity [50]. 
In this context, analytical validity relates to robustness of measurement, 
including repeatability and precision of the marker. Additionally, bio-
markers should be highly specific to the observed outcome, while 
staying mostly unaffected by other influences such as temperature, 
storage conditions, and laboratory handling, among others [51]. The 

Fig. 6. After filtering, 489 metabolites and lipids were evaluated for their stability. Pre-analytical protocols were compiled by comparing the fold changes of the 
individually tested conditions to baseline samples. The stability was assessed by evaluating if one of the two analyte-specific and condition-specific fold changes 
exceeded ± 20 % or if the sum of both exceeded ± 30 %. If an above-threshold fold change was observed for any analyte when using any given protocol, it was 
considered problematic for less strict protocols (e.g., longer preprocessing time, warmer storage temperature), and was counted as such. The figure illustrates the 
proportion of analytes deemed unstable for each of the protocols. 
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need for high reproducibility and low error rates pose strict restrictions 
on clinical biomarkers. In the context of hypothesis-driven in-
vestigations, the selection of pre-analytical protocols, or the evaluation 
of results from a completed study, might be necessary on an analyte- 
specific level. Therefore, every analyte was evaluated regarding pre- 
analytical vulnerability by assigning one of the four defined protocols 
as easy-to-use evaluation criteria. In order to assign individual analytes 
to one of the four proposed protocols (Fig. 6), we evaluated the two 
specific fold changes that are derived from concentration changes spe-
cific to the conditions represented by the respective protocols. If either 
of the two fold changes exceeded 20 % or the sum of both fold changes 
exceeded 30 % in either direction, the protocol was deemed unsuitable. 
Going from the strictest (A1), through B1 and A2 to the least strict 
protocol (B2), which would result in less demanding conditions for 
clinical personnel, each of the 489 evaluated compounds was assigned to 
the last protocol where the fold change did not exceed one of the defined 
thresholds. The least strict protocol (B2) is suitable for 377 of the 489 
evaluated analytes. Increasing the requirements and accounting for 
potentially less stable analytes, protocol A2 accommodates an additional 
51 analytes, including acylcarnitines (CAR 10:0 and CAR 16:0), which 
have been shown to indicate various metabolic deficiencies, as well as 
cardiopulmonary disease [52], and homocysteine, which has been 
associated with myocardial infarction, Alzheimer’s disease, and 
depression [48]. Protocol B1 introduces intermediate storage in ice 
water, which accommodates 24 additional analytes over A2, resulting in 
a total of 452 compounds. The analytes that require cooled intermediate 
storage include sphingoid bases, which have recently been linked to 
community-acquired pneumonia [53], LPAs, which are candidate bio-
markers for gynecological cancers [54,55] and rheumatic diseases such 
as arthritis [56] and chronic pain [57], as well lactate, which is a well- 
established biomarker [58]. The strictest conditions (protocol A1) are 
required for four additional analytes, including nicotinamide and hy-
poxanthine, a promising biomarker in sports medicine [59,60]. How-
ever, some analytes (including endocannabinoids) cannot be measured 
within the defined thresholds even when applying the strictest protocol. 
Faster sample processing is generally unfeasible in clinical research, so 
the use of these analytes in K3EDTA plasma is unreliable and the data 
should be interpreted with caution, as previously discussed [61]. 
Detailed information for suggested pre-analytical protocols for every 
analyte evaluated in this study can be found in the supplementary 
material. 

Given that clinical research is often based on existing samples, for 
example those stored in biobanks, it is important to evaluate the us-
ability of such samples for lipidomics and metabolomics analysis. 
Therefore, the four different protocols provide orientation to evaluate 
the stability of analytes or analyte groups in biobank samples. Although 
not necessarily designed with metabolomics or lipidomics in mind, 
biobanks usually adhere to sample protocols, which can vary depending 
on the institution. Examples of biobank sampling requirements can be 
found in the literature [49], where biobanks A and B process their blood 
samples from collection through plasma sample processing at 4 ◦C until 
sample freezing within 2 h. Compared to protocol A1 (60 + 60 min 
processing time on ice water = 2 h) most metabolites and lipids in these 
samples can be assumed to remain stable, with the exception of endo-
cannabinoids in general, specific oxylipins such as 5,6-EpETrE and 9- 
HOTrE, and specific acylcarnitines such as CAR 14:1 and CAR 18:0. 
Biobank C, described in the same publication [49], reportedly processed 
their samples after 4–9 h. Assessing this sample-handling procedure with 
protocol B1 (240 + 240 min processing time on ice water = 8 h), the 
stability of more analytes and analyte classes is affected unequivocally, 
including tryptophan-related metabolites such as 3-OH-Ana and nico-
tinamide, as well as certain fatty acids (e.g., FA 16:1, FA 20:5 and FA 
24:1). When intermediate storage is assumed to take place at RT, many 
different analyte classes become unstable, including oxylipins (e.g., 12- 
HETE, 20-HETE and 22-HDHA), acylcarnitines (e.g., CAR 16:0, CAR 
18:1 and CAR 20:4), essential and non-essential amino acids (e.g., Glu, 

Ile, Orn and 4-oxoproline), other polar metabolites (e.g., xanthine and 
orotidine), and almost all LPAs. These sample handling recommenda-
tions illustrate the usefulness of the data presented herein and offer 
protocols to evaluate the usability of samples from biobanks A, B and C 
to improve confidence in lipidomics and metabolomics data. 

Conclusion 

LC-MS-based clinical research focusing on metabolites, including 
lipids and lipid mediators, is a promising approach for the development 
of new biomarkers. However, non-standardized pre-analytical sample 
handling hinders the reproducibility and wider application of these 
analyses in clinical research, thereby preventing their translation from 
clinical research projects into routine clinical practice. The main 
objective of this study was to define pre-analytical sample handling 
protocols that ensure the stability of a maximum number of analytes and 
are feasible for implementation in the clinic. After evaluating different 
pre-analytical conditions for a total of 489 metabolites, including lipids 
and lipid mediators, four protocols were recommended with varying 
strictness levels in terms of storage temperature and sample processing 
duration. Our results confirm that pre-analytics has a major impact on 
several analytes or analyte groups and support the conclusions of pre-
vious studies, but also reveal that many compounds remain stable even 
when K3EDTA whole-blood samples are processed at RT and stored for 
up to 4 h before and after centrifugation. These findings can be used to 
plan prospective sampling in clinical research projects and to estimate 
analyte stability in retrospective samples. Furthermore, they enable the 
assessment of whether lipidomics or metabolomics data are reliable or 
potentially influenced by pre-analytical sample handling due to analyte- 
specific vulnerability. 
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