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Abstract

The stability of lipids and other metabolites in human body fluids ranges from very stable over several days to very
unstable within minutes after sample collection. Since the high-resolution analytics of metabolomics and lipidomics
approaches comprise all these compounds, the handling of body fluid samples, and thus the pre-analytical phase, is of
utmost importance to obtain valid profiling data. This phase consists of two parts, sample collection in the hospital
(“bedside”) and sample processing in the laboratory (“bench”). For sample quality, the apparently simple steps in the
hospital are much more critical than the “bench” side handling, where (bio)analytical chemists focus on highly stan-
dardized processing for high-resolution analysis under well-controlled conditions. This review discusses the most critical
pre-analytical steps for sample quality from patient preparation; collection of body fluids (blood, urine, cerebrospinal
fluid) to sample handling, transport, and storage in freezers; and subsequent thawing using current literature, as well as
own investigations and practical experiences in the hospital. Furthermore, it provides guidance for (bio)analytical
chemists to detect and prevent potential pre-analytical pitfalls at the “bedside,” and how to assess the quality of already
collected body fluid samples. A knowledge base is provided allowing one to decide whether or not the sample quality is
acceptable for its intended use in distinct profiling approaches and to select the most suitable samples for high-resolution
metabolomics and lipidomics investigations.
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Introduction

In targeted and non-targeted biomedical metabolomics and
lipidomics studies, the quality of the achieved analytical data is
not only dependent on the knowhow and experience of
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Planning phase

Bedside

Patient /
participant
preparation

(Chapt. 6)

Examples of occasionally met
limitations at the site of
sample collection, which
should be checked**

Body fluid
sampling
(blood; Chapt. 3)
(urine; Chapt. 4)
(CSF; Chapt. 5)

Very critical*

*with regard to effects on sample quality

Transportation
(Chapt. 3.2.1
and 4.3)

Time /Temperature !

Pre-analytical phase

Bench - Laboratory side -

(bio)analytical experts

Freezer /
storage
(Chapt. 3.6.)

Centrifugation
(Chapt. 3.3.3.2)

Thawing / refreezing
(Chapt. 3.6.)

Sample preparation for
high-resolution profiling

Less critical* Usually safe*

**ambient temperature during sampling/handling (air conditioned, not regulated?) // staff in charge for body fluid sampling (rotating, ever-changing, experts or
e.g. students?) // interruption during sampling or handling by other clinical duties (phone call, patients,...)? // nearby cooling options for body fluids
(refrigerator, ice machine,...?) // distance to the next centrifuge (realistic time span to reach?) // availability of this centrifuge (unpredictable processing
delays?) // standardized sample transportation conditions (fixed temperature, time, duration, etc.?) // storage options for body fluid aliquots after

centrifugation until final long-term storage (+4°C, -20°C, -80°C?)

Fig. 1 Flowchart of the pre-analytical phase from bedside to bench in biomedical metabolomics and lipidomics projects. Risk assessment was applied
solely with regard to negative effects on sample quality (multistage metabolite and lipid extraction is not considered)

It is important to note in this context that the most
critical steps regarding the quality of body fluid samples
take place in the clinical settings or the animal house, but
not in the laboratories of analytical (bio)chemists or
biobanks where all processes are usually highly standard-
ized and strictly controlled to avoid any deterioration of
sample quality (Fig. 1). In many clinical settings, the col-
lection of study samples is a compromise between re-
quirement and feasibility. Hence, (bio)analytical chemists
should be aware that the samples, although entitled to be
of high quality, may have some limitation with respect to
specific needs essential for high-resolution analysis. This
stands in contrast to the usual statement that sample col-
lection is the easy part in complex biomedical biomarker
studies. Figure 1 shows major steps of the pre-analytical
phase including cross references to the corresponding
chapters, as well as examples of probable limitations at
the site of sample collection.

This review will discuss key aspects of the pre-analytical
phase, such as collection of body fluids (blood, urine, cerebro-
spinal fluid), sample handling, transportation, and storage in
freezers. It will provide a base for identification of potential
pre-analytical pitfalls already in the planning phase and enable
to assess the quality of already collected body fluid samples.
This information should facilitate the decision to select the
most appropriate sample for each profiling approach, since
even the best high-end instruments and/or greatest analytical
experience and efforts of (bio)analytical chemists cannot
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compensate effects of pre-analytical inadequacies and errors.
Best practice strategies and potential pitfalls of the pre-analyt-
ical multistage body fluid processing for lipid and metabolite
extraction are discussed in detail elsewhere [4—6] and will not
be considered in the context of this review.

The planning phase in a biomedical
metabolomics and lipidomics study

The planning phase is an important first pre-analytical step,
although it takes place before sample collection. At this point,
future limitations and errors affecting sample quality should
be identified, jointly discussed by all involved scientists, i.e.,
(bio)analytical chemists, study nurses, clinical doctors, etc.,
and subsequently eliminated. Table 1 summarizes notes and
considerations for those discussions. Usually, a mismatch ex-
ists between the idea of ideal sample collection conditions and
actual logistic and practical possibilities, respectively limita-
tions. This implies the need for compromises and well-bal-
anced joint decisions which are finally committed in recom-
mendations and standard operating procedures (SOPs) to en-
sure collection of good-quality samples for metabolomics and
lipidomics analyses. It means agreeing on sample collection
and handling procedures that are practical and achievable by
all parties. The following chapters highlight all the critical pre-
analytical steps with respect to most common errors and how
to avoid them, and offer as well as suggestions and
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Table 1 Notes and considerations for the planning phase

Materials
- check suitability of all tubes and tips (chemical resistance,
contaminations, etc.)
- in multi-center studies:
- use same brand and type, i.e., material, additive(s), etc.
- harmonize sample labeling for all participating sites
- if different brands are unavoidable test all sample collectors,
tubes, ...
- tube labels: do they withstand all storage conditions (e.g., =196 °C of
liquid nitrogen)?
Study participants
- prepare a comprehensible participant instruction and meaningful study
questionnaire
- standardize participant conditions
- fasting period (> 12 h)
- resting period (no unaccustomed or strenuous physical
activity 48 h before collection)
- day time for sample collection (ideally between 7 and 10 am)
- health state of control groups: perform simple clinical chemical test and
record results
- some aspects to be considered in a study questionnaire
- anthropometric data
- stress before sample collection
- unaccustomed situations the day before sample collection
(extreme exercise, food excess,...)
- xenobiotics, dietary supplements, drugs
- life style factors (e.g., alcohol consumption per day or week,
cigarettes per day,...)
- food or special food the day/evening before specimen
collection
- special diets (e.g., Atkins diet, vegan, ...)

Storage of the metabolomics and lipidomics data
- define precisely data storage architecture (e.g., file and sample name),
access privileges, and data back-up

Body fluid collection and preparation

- apply uniform sample labeling

- define sample type and collected volume

- plasma or serum (which additive)?
- midstream second morning urine or 24-h collection urine?

- standardize collection procedure (e.g., tourniquet application time, site
of venipuncture, collection order for different tubes, sample mixing, ...)

- sample handling and transportation: standardize time period and
temperature until centrifugation (continuous cooling is highly
recommended)

- processing delays: define acceptance criteria regarding sample stability

- define centrifugation conditions for blood, urine, CSF (G force,
temperature, time, brake use, etc.)

- standardize the post-centrifugation period until storage or further
processing (should be as short as possible, but fulfillable)

- define volume and number of sample aliquots for long-term storage at

—80 °C or below by the analytical needs

- thaw samples at 4 °C and standardize accurate mixing of thawed
samples (avoid repetitive freeze-thaw cycles and mark refrozen
samples)

- deviations from the protocol: specify recording and documentation

(information should be accessible to all involved scientists)

recommendations for solutions on how to get high-quality
body fluids from the bedside to the bench for metabolomics
and lipidomics analyses.

Blood samples
Collection tubes may introduce chemical noise

Nowadays, venipuncture tubes are generally made of plastic
rather than glass. Two main types of tubes are commonly in
use in hospitals, either containing a polymer-based gel which
separates cellular compounds from plasma or coagulum from
serum after a centrifugation step, or tubes without such a sep-
arator between serum/plasma and cellular compounds.
Additionally, tubes contain usually additives, either an antico-
agulant to prevent clotting (plasma tubes) or a clotting
promotor to reduce the coagulation time of whole blood (se-
rum tubes).

The release of plasticizers from blood collection tubes into
samples is a potential issue that may have a particularly neg-
ative impact on high-resolution mass spectrometric analysis.
Furthermore, additives in tubes may contain interfering com-
pounds [7], e.g., spurious amount of sarcosine in one brand of
EDTA vacutainer tubes [8]. Tubes containing gel-based sep-
arators should be used with caution due to the risk of improper
gel barrier formation [9, 10] or alteration of the concentration
of metabolite groups of interest or distinct compounds by the
gel, e.g., methionine sulfoxide [10].

This means that during the planning phase of a project, the
blood collection tubes to be used should be tested to determine
whether they are suitable or whether they contain or release
interfering compounds (Table 1). A detailed test description
tubes can be found for example in the method section of ref-
erence [7]. The suitability check also applies to all other plastic
tubes and compounds planned to be used in the pre-analytical
process up to sample preparation for mass spectrometric anal-
ysis, i.e., for all types of liquids (e.g., solvents), pipette tips
and other plastic products, with regard to short- and long-term
sample storage in freezers or liquid nitrogen, the suitability of
cryotubes or other vials and the corresponding labels
(Table 1). Special attention is needed when long-term freezing
at ultra-low temperatures is planned, because not all labels and
markings endure temperatures of =80 °C or —196 °C, which in
the worst case can lead to detached labels.

Whole blood

From blood drawing until separation from cells is most critical
for plasma and serum quality

Blood is the most commonly analyzed body fluid in biomed-
ical metabolomics and lipidomics studies (Fig. 2). In a se-
quence drawing blood in different tubes for various analytical
purposes, the question arises which is the best sampling order,
particularly which position is best for the tube for metabolo-
mics and lipidomics. Up to now, no data exist to answer this
question, but the tube for metabolomics and lipidomics should

@ Springer



LehmannR.

5570
Fig. 2 Number of biomedical _
metabolomics and lipidomics Number <_>ffys_tudnes
publications studying major body specilying
fluids (blood, urine, cerebrospinal additives Plasma
fluid (CSF)) based on a PubMed 12 EDTA
search (dated Feb..2021). Search 8 Heparin
terms: metabolomics and plasma;
metabolomics and serum;
lipidomics and plasma, etc.). The
number of specified additives in
plasma samples is also given
(search terms: metabolomics and
plasma and EDTA, etc.)
63 EDTA
33 Heparin

Serum

@ = Lipidomics
@ = Metabolomics

Urine

CSF

not be the first one, at least if the collection of plasma is
intended (for details, see the “Usable and unusable
anticoagulation additives” section and Table 2). After blood
sampling, nearly half of the volume in the tube consists of
cellular compounds, and the other part is serum or plasma,
depending on the collection tube that is used. These billions
of cells are highly active in the anaerobic milieu of the tube,
continuously releasing, up taking, and metabolizing metabo-
lites. Detectable effects on the metabolome depend mainly on
the interval until erythrocytes, leucocytes, and platelets are
separated from plasma or serum and on the temperature during
this time period [11-13]. For example, lower temperatures
reduce the activity of cellular metabolism. Hence, important
questions that (bio)analytical chemist should ask the clinical

cooperation partner are the time frame from blood drawing to
centrifugation and the temperature during this period.

Drastic minimization of the time until centrifugation is of-
ten difficult to achieve in clinical setting and animal houses
due to logistic limitations. Access to a centrifuge is often not
possible at the site where the blood is drawn. A possible strat-
egy to manage this problem is to stabilize the composition of
the metabolome and lipidome in whole blood by reducing the
temperature in the blood collection tube after drawing and
during transportation [11, 12, 14-16]. Based on our experi-
ence, an achievable time frame until centrifugation is 120 min
at 4 °C, which can be fulfilled in most clinical settings and is
also acceptable with respect to sample quality (0.5% signifi-
cant changes of metabolite features) [11] (see also Table 2).

Table2  Suggestions of specific procedures to minimize pre-analytical issues in metabolomics and lipidomics studies respecting compromises between
requirements for perfect sample quality and practical feasibilities at the medical sites

Blood

Urine

Cerebrospinal fluid (CSF)

Pre-tests

Sample labels on tubes

File names for data base storage
Study control group Exclude apparently healthy subjects

EDTA plasma*

(should not be the first tube in

a blood drawing sequence)
Cooled at once (4-8 °C) after collection
At 4-8 °C (cold pack or iced water)

Within 2 h after collection
2500%g/4 °C/10 min/using brake

Sample material

Transportation
Centrifugation and aliquoting

Midstream 2"¢ morning urine

Testing of the suitability of collection tubes, tips, cryovials, etc. (chemical noise, etc.)
Definition of reasonable and comprehensible sample labeling

Definition of reasonable, comprehensible, and uniform sample and file names

Pairs of CSF and EDTA plasma**
(standardize or, at least, record
the diet on previous day)

2000xg/4 °C/10 min/using brake CSF: 2000xg/4 °C/10 min/using brake
Transfer supernatant aliquots into cryotubes as soon as possible (keep samples always at 4 °C until freezing)

After centrifugation

Storage —80 °C or below

Thawing At 4 °C (avoid refreezing)

Recording Documentation of any deviation from the protocol

*First, fill a 5-ml discard tube to avoid possible thromboplastin contaminations if no other blood drawing is intended

**Collected at the same point of time
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Immediate cooling after blood drawing (by cold packs, in
refrigerator, or in iced water) is highly advisable to avoid great
fluctuations in the results or even misleading findings [7, 14,
17-19]. Unfortunately, this is only possible for plasma blood
collection tubes, because the clotting process for generating
serum from whole blood requires a defined time at room tem-
perature (for details, see the “Choosing plasma or serum?
Metabolite and lipid profiles are different” section).
Accordingly, it is much easier to standardize the generation
of plasma and reduce any release of enzymes or ex vivo cel-
lular metabolic activities after blood drawing. For EDTA plas-
ma, we detected in a non-targeted metabolomics approach that
only 0.5% of more than 1800 ion masses showed significant
alterations within 120 min when whole blood is cooled down
to 4 °C immediately after drawing [11]. In contrast, almost
10% of all metabolite features changed significantly at room
temperature [11]. At some sample collection sites in hospitals,
it is not possible to fulfill even a time frame of 2 h until
centrifugation. Therefore, we also checked a longer time
frame of 480 min exposure of whole blood to 4 °C. We found
less than 2% significant changes in the metabolome, com-
pared to more than 16% altered ion masses at room tempera-
ture during the same period [11]. After 48 h at room temper-
ature, more than 30% of 1012 tested metabolites in EDTA
whole blood had changed. The most affected were nucleo-
tides, energy-related metabolites, peptides, and carbohydrates
[12]. In an elegant study, the group of M. Giera studied the
pre-analytical stability of 133 oxylipins reporting no alter-
ations beyond the analytical variance of 20% in EDTA whole
blood for up to 24 h at 4 °C (or at 20 °C for 4 h) [14]. In
addition to refrigeration, the authors suggested after centrifu-
gation of whole blood to add either methanol [20] or butylated
hydroxytoluene [14] into EDTA plasma for lipidomics inves-
tigation, or at least for the profiling of oxylipins. Cooling of
whole blood activates platelets. However, in the metabolite
profile covered by our recent approach, we could not detect
a relevant effect of platelets after cooling [15]. If we are given
a choice in the planning phase of a biomedical study, we
suggest collecting plasma for mass spectrometry-driven meta-
bolomics and lipidomics investigations (kept cooled immedi-
ately after blood drawing until centrifugation) [15].

Overly demanding blood processing recommendations,
i.e., centrifugation of samples as soon as possible or within a
time that is hardly achievable, should be avoided because they
may cause variabilities in blood processing until centrifuga-
tion. The frequency of such pre-analytical pitfalls, such as
difference in time until centrifugation between 15 and 90
min, or even more, depends on the respective additional duties
of study nurses or medical doctors. Therefore, it is mandatory
to standardize the treatment of whole blood in a feasible man-
ner and to document every accidental or systematic error in
order to detect and eliminate possible outliers at an early stage.
Table 2 summarizes suggestions of specific procedures to

minimize pre-analytical issues in metabolomics and
lipidomics studies. The suggestions in this table are based on
compromises between requirements for perfect sample quality
and practical feasibilities at the medical sites. The best way to
minimize the risk of inaccuracies and errors is to organize
sample collection in the clinical surrounding at a study ward
by a specialized and diligent team focused on specimen col-
lection, cold chain, and blood processing [11].

Exact planning and valid information about the conditions
of whole blood handling is imperative for the success of meta-
bolomics and lipidomics studies. This avoids the identification
of “biomarkers” reflecting the ex vivo metabolism of red and
white blood cells or thrombocytes after blood drawing instead
of real biomarkers reflecting the pathophysiological situation
of the patients of the study.

Effects of hemolysis on metabolite and lipid profiles

In the clinical routine laboratory, sample analysis may be in-
terfered with or biased by extreme concentrations of various
compounds. Most common factors, such as hemolysis, icter-
us, and lipemia, are illustrated in Fig. 3A. However, among
these factors, only hemolytic samples cause frequent problems
in metabolomics and lipidomics analysis [7, 17, 21].
Dependent on the extent of hemolysis, it could lead to a mas-
sive release of proteins (incl. enzymes), as well as metabolites,
electrolytes, and lipids into serum or plasma. It may occur
in vivo, caused by a disease, or ex vivo caused during blood
drawing or whole blood sample handling. In a daily clinical
practice, but also in research studies, ex vivo hemolysis is one
of the most frequent pre-analytical errors [22]. A variety of
reasons may cause ex vivo hemolysis of various stages [23],
like lack of experience in blood sampling from a young study
nurses or medical students, cooling the sample below 4 °C
during transportation, rigorous shaking instead of slightly
swaying the tube for mixing additives and whole blood, too
low inner diameter of the needle or too strong aspiration of
blood, as well as limited time or stress during blood drawing
[24].

Notably, hemolytic plasma or serum is not necessarily de-
tected visually, since slightly hemolytic samples look much
alike normal samples, but the metabolome has already
changed [7, 17, 21]. Hemolysis may affect up to 20% of all
features in non-targeted metabolomics approaches [7].

How to reliably identify hemolytic samples? A specific
metabolite biomarker or pattern to reveal hemolytic serum or
plasma samples directly in metabolite or lipid profiles, i.e.,
without additional analysis, would be desirable. However,
there are no reports published to date, regarding the simplifi-
cation to detect one of the most common pre-analytical errors.
An existing possibility is a routine optical method performed
at two wavelengths that allows reliable quantification of free
hemoglobin in plasma or serum [23].
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Fig. 3 Examples of daily blood a
and urine samples obtained for
routine diagnostics in our
hospital. A Plasma samples from
different patients. From left to
right: normal, hemolytic, icteric,
and lipemic plasma (only
hemolysis negatively impacts the
composition of metabolomes and
lipidomes). B Urines of different
patient before centrifugation (two
normal urines are shown on the
left-hand side). Note: after
centrifugation, all urines appear
clear and look very similar. C b
Examples of metabolic active
cells and other compounds in
urines of different patients. (i)
Squamous epithelial cells
(appearing in normal spot urine, if
no midstream urine was
sampled), (ii) erythrocytes, (iii)
leukocytes, (iv) bacteria, (v)
yeasts, (vi) oxalate crystals, (vii)
triple phosphate crystals, (viii)
granular casts, and (ix)
pseudohyphae
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Plasma and serum, a pre-analytical point of view

Choosing plasma or serum? Metabolite and lipid profiles are
different

Plasma and serum are almost equal in use for metabolomics
investigations of blood (Fig. 2). These data are in line with the
still ongoing debate of (bio)analytical chemists which sample
material is more suited for profiling approaches. For historical
reasons, serum is the first-choice sample material in many
clinical studies and consequently stored in huge numbers in
biobanks, although the majority of high-throughput routine
diagnostic assays meanwhile prioritize plasma. This means
that the use of serum for metabolomics investigation is some-
times based on the fact that serum is the only available sample
material. But what should be considered when a
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(bio)analytical chemist has the choice to select either plasma
or serum for high-resolution analysis?

The principal difference between serum and plasma is the
initiation of a clotting process (serum) or its prevention (plas-
ma) inside the blood collection tube after drawing the blood.
This difference involves consequences for the corresponding
metabolite profiles. During the clotting process to generate
serum out of whole blood, which imperatively need the expo-
sure to room temperature, platelets and enzyme cascades are
activated and platelets release proteases and other enzymes as
well as metabolites, including lipids [15, 25]. For the genera-
tion of plasma, this clotting process is prevented by
anticoagulation additives inside the tube. Based on the de-
scribed essential difference in the generation of plasma and
serum, it can be easily considered that the metabolome and
lipidome between serum and plasma is different. In general,
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metabolomes and lipidomes in serum show a higher variabil-
ity [26], and the levels of most affected metabolites and lipids
are higher in serum [8]. In paired serum and EDTA plasma
samples, a metabolite profile composed of 216 metabolites
showed for almost half of all metabolite levels significant
differences between these two sample materials in a mass
spectrometric-driven targeted metabolomics approach [15].
Another study found even more obvious significant differ-
ences (104 out of 121 metabolites) when serum and plasma
were compared [27]. Nine of these metabolites showed 20—
50% higher concentrations in serum [27]. The group of M.
Holcapek reported recently in a lipidomics approach 20%
higher lipid levels in serum in comparison to plasma [28].
As a consequence, it is not easy to deduce findings from serum
to plasma and vice versa without verification in the corre-
sponding sample material.

Serum

Check tubes for chemical noise Clotting of blood after draw-
ing into a tube occurs spontaneous by surface activation of the
hemostasis systems. After the end of the clotting process, se-
rum can be collected subsequent to centrifugation and separa-
tion of the coagulum. Hence, since many decades, serum was
the sample material of choice to study the cell-free part of
blood. Even today, commercial serum blood collection tubes
containing no additives are still available, but the clotting time
until centrifugation of around 60 min exposure at room tem-
perature is quite long. Nowadays, nurses and medical doctors
prefer tubes containing coagulation enhancer as additives to
standardize and shorten the clotting process. These enhancers
could either be silicate-based resulting in clot formation after
20-30 min exposure to room temperature, or clotting is en-
hanced by the addition of the enzyme thrombin allowing a
clotting time of 5 min, but these tubes are 10-times more
expensive than silicate containing blood collection tubes.
Depending on the way the coagulation process was initiated,
i.e., by silicate or by thrombin, significant differences in the
metabolome between these kinds of serum samples are detect-
able [15].

Different brands of serum collectors are available.
Therefore, it is recommended to test the suitability of the
intended serum collection tubes used for high-resolution
metabolomics and lipidomics analysis (Table 1). We observed
that serum collection tubes used in our university clinic, which
contain kaolin-coated plastic beads, release polymers leading
to interfering clusters in metabolomics mass spectra of serum
[7]. In such case, the only way out is to test and use tubes from
other companies (not very appreciated by the people in the
hospital drawing the blood) or to choose serum tubes from the
same brand with different formulation or without additives
(leading to a non-standardized clotting process).

Cooling at once after blood drawing is not possible A specific
characteristic of the collection of serum samples is the need for
an accurate and standardized coagulation at room temperature
before sample cooling. Variabilities in ambient temperature
and/or clotting time during this process may alter the corre-
sponding metabolomes. Since in clinical settings not much
attention is payed to the clotting process of a sample after
blood drawing, it is useful to check the conditions and com-
mon duration in the planning phase of a study (see also
Tables 1 and 2). Alterations in the levels of lipids and other
metabolites are in particular caused by the activity of platelets
in each individual sample. Platelets are directly involved in the
coagulation process during the generation of serum at room
temperature. Standardization of the clotting process (brand of
tubes, kind of coagulation enhancer, clotting time, and ambi-
ent temperature) is mandatory (Tables 1 and 2). Samples from
multi-center studies represent a major challenge in this context
[28]. The possibility using different clotting additives in the
tube, differing clotting protocols, etc., is quite possible at the
different sites of a multi-center study. NMR and mass spectra
show alterations of the serum metabolome when the clotting
time differs between sample sets [15, 29]. After separation of
the clot from serum by centrifugation, the metabolome in se-
rum samples, as well as plasma, is almost stable, i.e., showing
even at room temperature only minor change after several
hours [6, 30, 31].

Plasma

Usable and unusable anticoagulation additives The differ-
ence between plasma and serum samples is the inhibition of
blood clotting by anticoagulating additives inside the plasma
blood collection tube. Therefore, if no other blood drawing is
intended in a blood drawing sequence, fill a 5-ml discard tube
first to avoid possible thromboplastin contaminations
(Table 2). Most common anticoagulants, at least in daily med-
ical routine, are heparin, ethylenediaminetetraacetic acid
(EDTA), citrate, and EDTA fluoride. They are complexed
with cations like sodium, potassium, ammonium, or lithium.
In metabolomics and lipidomics studies, applying mass spec-
trometric investigations either heparin [6, 28, 32] or more
often EDTA plasma [7, 11, 17] is recommended. For NMR-
based investigations, EDTA plasma causes interferences in
the spectra and is therefore not suitable [33].

Using EDTA- or citrate-containing tubes in reversed-
phase-driven LC-MS approaches, (bio)analytical chemists
should be aware that at very early elution times, suppression
and enhancement effects on the ionization of polar metabolite
co-cluting with anticoagulation additives, like EDTA or cit-
rate, may occur, demonstrated in an elegant study by Barri and
Dragsted [32]. The broad elution peak of citrate or EDTA
affected the ionization efficiency of distinct compounds, like
uridine, methionine, adenine, L-pyroglutamic acid, and
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arginine [32]. On the other hand, the ionization of creatinine,
proline, and valine showing retention in the same time win-
dow was unaffected. Furthermore, based on the cations com-
plexed with the additives, the increased occurrence of respec-
tive adducts should be respected [32]. Recently, high similar-
ity in lipid levels and profiles between EDTA and lithium-
heparinate plasma was demonstrated [28]. In contrast,
Hahnefeld et al. reported in a comparison of lipid profiles
collected in either EDTA or sodium fluoride/citrate tubes a
markedly increased signal level of some endocannabinoids
and arachidonoyl ethanolamide in EDTA tubes [19]. For
targeted approaches, Paglia and colleagues reported the detec-
tion of spurious amount of sarcosine in a brand of EDTA
vacutainer tubes and advise against the use of these tubes for
the exact quantification of sarcosine [8].

Lithium heparin is another common anticoagulation addi-
tive in commercial blood collection tubes. Several groups pre-
fer and recommend the use of Li*-heparin tubes [6, 28, 32].
However, an example of own experience of brand-specific
effects of tubes was the detection of prominent polymer clus-
ters in mass spectra from Li*-heparin tubes during a suitability
test of all blood collection tubes routinely used in our univer-
sity hospital (all originate from the same manufacturer) [7].
Subsequent testing of Li*-heparin tubes from another leading
company did not show any disturbance in the total ion chro-
matogram (unpublished observation). The tested brands were
the two world leading manufacturers of blood collection
tubes. This underline, as noted in Table 1, the absolute need
to test every specific type of sample collection tube before the
use in biomedical projects to exclude in targeted approaches
any non-tolerable interference on compounds of interest or in
non-targeted approach more general effects on the analytical
metabolite profiles (Table 1).

It is quite important to fix all specific information about
tube type (including order number) in the pre-analytical SOP
and communicate it clearly to the persons collecting the blood
samples. After the plasma samples had arrived in the freezer, it
is too late. Special care is required in multi-center studies
because, even though it is possible to arrange collection of
the same type of plasma, e.g., K+-EDTA plasma, at each
participating hospital, it is highly unlikely that all sites will
use the same brand of sample collector.

In this context, two aspects have to be considered: (a) addi-
tives are inevitable, and (b) analytical pre-tests focusing on the
compounds of interest are needed before start of a biomedical
metabolomics/lipidomics project to figure out the most suitable
blood samplers. An intense literature search could also be an
option, but most publications lack a clear specification of the
used blood sample collector and brand (Fig. 2), even the naming
of the included additive in the investigated plasma samples is not
common practice. In a PubMed search (dated Feb. 2021), the
huge majority of the more than 5600 biomedical metabolomics
publications that analyzed plasma did not further specify the
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sample material (only 63 specified the use of EDTA and 33
Li*-heparin plasma). The same was found in lipidomics studies:
of more than 1300 reports, only 12 specified the use of EDTA
and 8 Li*-heparin plasma (Fig. 2).

The centrifugation force of whole blood can alter the metab-
olite profile in plasma A less required information in the plan-
ning phase or during the selection of plasma samples from a
biobank is the applied centrifugation force on whole blood for
the separation of erythrocytes, leukocytes, and platelets.
Excessive forces (> 4500g) carry the risk to cause hemolysis
and they are usually avoided. However, if too low a centrifu-
gation force or too short centrifugation time is applied, im-
proper separation of cells from plasma may occur.

Common centrifugation forces for whole blood used in
clinical routine laboratories and biobanks worldwide are be-
tween 1500 and 4000g for 5—10 min. Erythrocytes and leuko-
cytes can be removed under these conditions, but a significant
number of platelets still remain in the EDTA plasma fraction.
For instance, at conditions of 1,500g for 10 min, 137,500
platelets per microliter remain in EDTA plasma [34]; at
3,000g for 5 min, 59,500 platelets per microliter [34]; and at
4000¢g for 10 min, 27,000 remaining platelets per microliter
were detected [15]. Hence, even state-of-the-art separated
plasma is not cell-free. The correct term for this standard plas-
ma is “platelet-poor” plasma (PPP). Generation of platelet-
free plasma (PFP), which contains per definition < 10,000
platelets per microliter, needs more complex centrifugation
steps that are usually not applied in clinical routine laborato-
ries or biobanks.

Regardless of whether a platelet-poor standard plasma
sample is frozen directly for storage or processed for immedi-
ate metabolomics analysis, the platelets contained in the sam-
ple are lysed, thereby releasing membrane lipids and cellular
content into plasma. Fortunately, in a comparison of different
EDTA plasma samples obtained by a centrifugation of 1,500g
for 10 min (137,500 platelets/pl) vs 3,000g for 5 min (59,500
platelets/pl), the alterations of the metabolome showed only
slight differences in a PLS-DA analysis of NMR and LC-MS
spectra [34]. A comparison of platelet-free and platelet-poor
EDTA plasma (i.e., plasma containing 3,000 vs 27,000 plate-
lets/ul) revealed no significant differences in a metabolite pro-
file of 216 metabolites [15]. Current data suggest that plasma
generated with low centrifugation force (e.g., at 2000g or be-
low) may bear a risk for possible alterations in the metabo-
lome or lipidome by platelet contaminations, which can be
increased by additional short centrifugation time. Another as-
pect in this context is that in extreme cases in critically ill
patients, the individual platelet count varies and range from
less than 10,000 to more than 1,000,000 platelets/pl [25].

In summary, parts of the metabolite or lipid profiles in
plasma may be slightly affected by compounds originating
from platelets remaining in the sample. The number of
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remaining platelets in plasma is dependent on the applied
centrifugation conditions of whole blood (force and time)
and, therefore, it is advisable to standardize and control cen-
trifugation (for suggestions see Table 2). Mixing of plasma
derived from different or unknown centrifugation conditions
should be avoided. Whenever possible, multi-center studies
should apply the same or at least similar centrifugation condi-
tions for whole blood to avoid differences in the metabolome
that reflect sample handling at respective sites. For metabolo-
mics and lipidomics, investigations preferred higher centrifu-
gation (between 2300 and 4000g for 5-10 min). However, at
higher centrifugation forces, the risk of damaging cellular
compounds increases, which is especially true for samples
from patients with hematological disorders. These diseases
may affect the integrity of cellular membranes. In such cases,
a compromise is needed for the generation of plasma samples
for metabolomics and lipidomics analysis by applying lower
centrifugation forces. Table 2 summarize suggestions of spe-
cific procedures to minimize pre-analytical issues in metabo-
lomics and lipidomics studies, thereby taking compromises
into account between requirements for perfect sample quality
and practical feasibilities at the medical sites.

Dried blood and dried urine spot samples need special
considerations

For decades, newborn screening has been performed using
dried blood spot (DBS) samples. Among the screened genetic
disorders are also metabolic diseases; therefore, DBS-based
metabolite profiling of newborn samples is very common for
routine diagnostic purposes [35]. Hence, the transition of DBS
samples from well-established routine metabolite profiling to
the rather new scientific field of metabolomics was small [36].
In addition to DBS, metabolomics analyses of dried urine spot
(DUS) samples are also performed [36].

Usually, approximately 20—50 ul of blood is spotted onto a
filter paper and dried. For metabolomics investigations, the
major difference from plasma or serum analysis is that the
metabolite profile of a DBS sample represents not only me-
tabolites from plasma or serum but also from all cellular com-
pounds like erythrocytes, platelets, and leukocytes, i.e., it re-
flects the metabolome of a lysate of whole blood [37]. Limits
of pre-analytical stability of metabolites on the dried filter
paper detected by routine newborn screening after long-term
storage, such as profiles of acylcarnitines and amino acids,
have been well investigated and led to the recommendation
to correct quantitative DBS data appropriate for sample decay
during long-term storage [38, 39]. Using complementary
HILIC and reversed-phase LC-MS to collect thousands of
features, Palmer and colleagues studied the stability of the
metabolomes in DBS and DUS samples in a non-targeted
metabolomics approach [37]. At room temperature (21 °C),
metabolite profiles on DBS and DUS are stable for up to 4

weeks and at —20 °C for 1 year. The authors recommended the
transportation of DBS and DUS samples within 28 days at
room temperature (21 °C) for final storage at —20 °C or —80
°C [37]. In general, preliminary DBS and DUS stability tests
of metabolite profiles of interest or distinct metabolites are
advised [36, 40], as well as filter paper tests to exclude any
interfering compounds released from the filter during sample
pretreatment.

Biomarkers to assess the quality of plasma and serum
samples

Every blood sample intended for research use ends up in either
plasma or serum aliquots. Therefore, it is not surprising that
numerous publications exist investigating the alterations of
metabolite or lipid profiles and corresponding quality markers
in plasma or serum, i.e., already after the separation from
cellular components [30, 41-46]. However, the described
changes in serum and plasma are of minor pre-analytical im-
portance for the following reasons: (a) in comparison to
changes that occur in whole blood during handling in the
hospital, i.e., before the separation of plasma or serum, these
alterations are small (far below inter-individual variations),
and (b) shortcomings in handling of plasma or serum are not
very frequent because the processing of these aliquots usually
occurs in clinical laboratories or biobanks under highly stan-
dardized conditions, performed by experts focused on sample
processing. Therefore, in one of the most critical phases for
the quality of plasma and serum samples, i.e., the time period
from blood drawing until centrifugation, sophisticated SOP
and joint interdisciplinary discussions and agreements with
the cooperation partners collecting the blood samples are
needed, but they do not guarantee the prevention of either
random or systematic deviations in the handling of whole
blood.

Quantitative measures of one or more pre-analytical bio-
marker(s) to assess handling and processing of whole blood
samples is more preferable, than checking notes in handling
protocols. However, to date, only a few studies aimed to iden-
tify biomarkers reflecting delayed processing of whole blood
[11,13,17,47]. The applicability, on the other hand, is limited
to some extent, because either a complex and difficult to an-
alyze pattern is suggested [17], or the described tool contains
biomarkers like lactate [13, 47], which could be greatly affect-
ed in their blood concentration by physiological as well as
disease states. Liu X. and colleagues identified and rigorously
validated in more than 2000 serum and plasma samples (4E,
14Z7)-sphingadienine-C18-1-phosphate (common name:
sphingosine-1-phosphate d18:2; S1P-d18:2) as a biomarker
to verify compliance with SOP-prescribed time for processing
into plasma or serum and/or time-to-storage of whole blood at
4 °C, i.e., to identify occasional delays, accidental errors, or
systematic deviations in the handling of whole blood [11].
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Cutoff levels for S1P-d18:2 (plasma: < 0.085 pg/ml; serum: <
0.154 pg/ml) are also given, allowing (bio)analytical scientists
to decide whether or not sample quality is acceptable for the
intended use, even without any knowledge of the whole blood
handling performed from collection to centrifugation.
Noteworthy, S1P is a class of lipids well known to show
alterations in their blood levels due to physiological condi-
tions or diseases states [48—50], but Liu et al. showed that
alterations caused by these conditions are minor in compari-
son to changes based on pre-analytical errors [11], i.e., far
below the S1P-d18:2 cutoff levels for the separation of plasma
and serum samples of good and less suited quality for meta-
bolomics and lipidomics studies.

Freezing and long-term storage of plasma and serum

Usually, metabolomics and lipidomics analyses are not
performed at the same day as body fluids’ collection.
Hence, the samples need to be stored frozen until further
analyses. The ideal way to freeze samples, like stepwise
freezing, snap freezing, etc., and whether different freez-
ing strategies show any effect on the metabolome is still
unclear. Usually, samples are stored in aliquot days,
weeks, or years in laboratory freezers or biobanks under
standardized conditions at —80 °C or below. However, at
the sites of body fluid collection, i.e., in a hospital or
study ward, —80 °C freezers do usually not exist nearby.
Therefore, it is not uncommon to use —20 °C freezers as
intermediate storage for body fluids either for some hours,
but also for days until the next set of samples is
transported to the site of long-term storage at —80 °C or
below. This raises the question about the stability of me-
tabolite and lipid pattern in body fluids under different
storage conditions.

In the context of sample storage, effects of freeze-and-thaw
cycles are also of interest, because in every biomedical study,
the number of stored aliquots is limited. Thawing, and as time
goes on, refreezing of limited valuable sample material is un-
avoidable. Moreover, it should be considered that the sample
stability is also highly dependent on the frequency and dura-
tion of opening the door of the freezer (e.g., in a hospital
ward), which is not only true for storage at —20 °C but also
at —80 °C. However, thawing of samples standing close to the
open door of freezer occurs much faster at —20 °C than at —80
°C. Special attention should be whether self-defrosting —20 °C
freezers are in use.

Storage at —20 °C
There are very few reports on the stability of samples at
—20 °C intended for metabolomics and lipidomics inves-

tigations exist, because this is not the common storage
temperature. At —20 °C, residual enzymatic activity
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cannot be excluded [20]. Additionally, polyunsaturated
fatty acids (PUFA) are sensitive to degradation when
stored at —20 °C [20, 51, 52]. A panel of 133 oxylipins
was stable for up to 5 days at —20 °C in EDTA plasma
[14]. After 4 weeks of storage, PUFAs were highly de-
graded and this effect was volume dependent, i.e., lower
in 250 pl than in 80 pl [51]. On the other hand, a non-
targeted metabolomics approach that included 2600 traits
revealed only minor changes of the plasma metabolome
after storage at —20 °C for 4 weeks, but this study was
performed with only 4 different samples [53]. Even in
organic solution, i.e., independent of possible effects of
compounds included in body fluids, a standard mixture of
28 hydrophilic endogenous compounds showed stability
for only 2 weeks at —20 °C [54]. To conclude, storage
of lipids at —20 °C can be critical even for a short period
of time. Short-term storage of body fluids at —20 °C for a
few days before long-term storage at —80 °C or lower
temperatures for metabolomics analysis could be feasible,
but preliminary stability tests are recommended.

Storage at —80 °C and below

Storage at a temperature of —80 °C for months and years is
most common for body fluids. At a minimum of 15 months,
total plasma oxylipins are robust in EDTA plasma stored at
=80 °C [14, 20]. The authors recommended adding the free
radical scavenger butylated hydroxytoluene (BHT) to the
samples directly after plasma separation [14]. After 2.5 years
of storage at —80 °C, negligible changes were observed for
amino acids, LPCs, and PCs in lithium-heparin plasma from
21 non-fasted individuals in an NMR-driven metabolomics
study [44]. In a sophisticated targeted mass spectrometric
study, Haid et al. investigated the storage stability of a profile
of 111 metabolites in EDTA plasma over 5 years at —80 °C
[55]. In contrast to the less sensitive NMR study, Haid et al.
also covered low abundant plasma metabolites. After 5 years
of storage at —80 °C, no significant changes were detected for
half of all metabolites, and the rest showed minor alterations
of < 15% [55], i.e., far below inter-individual differences in
biomedical metabolite profiling. The approach included me-
tabolite classes of amino acids, glycerophospholipids,
sphingolipids, hexoses, and acylcarnitines. In EDTA plasma
stored for up to 16 years, Wagner-Golbs et al. revealed, using
NMR profiling of 231 metabolites, only 2% changes in the
first 7 years of storage at —80 °C [56]. After 16 years, the
levels of 26% of all metabolites were significantly altered in
comparison to latest samples of the same individuals; mainly
affected were complex lipids, fatty acids, metabolites from
energy metabolism, and amino acids [56]. However, the au-
thors mentioned as a limitation of their study that due to the
study design, they cannot exclude that changes in lifestyle,
diseases, etc., of their participants during these 16 years,
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which may have affected and biased their findings and con-
clusions [56]. In addition to the ideal storage of deep-frozen
samples at —196 °C (liquid nitrogen), Haid and colleagues
demonstrated and recommended a strategy to compensate
for storage effects at —80 °C on metabolite levels by a regres-
sion model [55]. A prerequisite for the application of this
model is the storage of sufficient number of aliquots of either
pooled study samples or comparable samples together with
the study samples to allow repetitive measurements of these
pooled QC sample aliquots over the whole storage time period
to generate the regression model [55].

To conclude, slight changes during long-term storage at
—80 °C cannot be prevented, but the changes are not pro-
nounced and can be corrected by sophisticated strategies such
as the regression model mentioned above. The data also illus-
trate that analysis of samples with different storage ages may
significantly affect the final profiling results, at least for some
metabolites. On the other hand, sample collection in complex
human biomedical projects and multi-center studies usually
takes months or even years. Hence, it is often unavoidable to
mix samples of different storage age when metabolite or lipid
profiling of a large cohort is performed. For the interpretation
of those data, in addition to the variability due to different
storage times (e.g., £15% [55]), it is important to consider that
the biological and inter-individual variability is usually much
higher. This assumption is supported by numerous publica-
tions reporting valid data achieved in sets of body fluids stored
for various periods at —80°C.

Effects of unavoidable repetitive freezing and thawing
of serum or plasma aliquots

In most biomedical studies, long-term storage of many ali-
quots of body fluids is common practice allowing to perform
various analysis. However, the number of these aliquots is
continuously decreasing over time, particularly for the most
interesting samples. This inevitable leads to repetitive thawing
and refreezing to keep all residues of the limited sample ma-
terial. As a consequence, the composition of the metabolome
or lipidome of these refrozen aliquots could be affected.

How often serum or plasma samples need to be repeatedly
thawed is highly dependent on the number of aliquots stored.
Before the study begins, this issue, as well as the volume of
each aliquot, should be carefully considered, thereby respect-
ing the storage space and practical feasibility of aliquot gen-
eration (Tables 1 and 2). Choosing a smaller number of ali-
quots usually results in higher volumes and consequently
more leftovers to be refrozen.

Variations in room temperature, exposure time to room or
other temperatures, activation of enzymes inside the sample,
etc., may occur from day to day during thawing. Since thawing
at room or even higher temperature (hand warmth) is very fast, it
is regularly applied. Four thawing cycles for 30 min at room

temperature followed by refreezing at —80°C showed significant
changes of serum and plasma levels of phospholipids, glycerol,
and other lipids, as well as carnitine, choline, proline, acetone,
glucose, alanine, and pyruvate in two independent NMR-driven
studies [44, 57]. In contrast, four-times thawing EDTA plasma at
4 °C (iced water) and refreezing at —80 °C led only to marginal
alterations in the EDTA plasma metabolome, which was studied
using a non-targeted LC-MS approach [7]. Several years later,
these investigations were repeated and the findings were con-
firmed by Goodman et al. [58]. Metabolites from lipid metabo-
lism and central carbon metabolism, as well as antioxidants and
nucleotides, were among the few compounds that were sensitive
to repeated three times refreezing [58]. Helmschrodt et al. inves-
tigated the sensitivity of some reactive oxygen species-derived
oxysterols to repetitive thaw cycles and found that up to nine
cycles had no effect [59]. A mixture of 11 polar standard com-
pounds resisted to 10 freeze-thaw cycles [54]. Noteworthy, vol-
atile metabolites should be absolutely excluded from repetitive
freeze-thaw cycles due to evaporation [44, 57].

Interestingly, in a PCA score-plot, individual differences in
the sensitivity to freeze-thaw cycles of the EDTA plasma me-
tabolome were obvious for two out of ten study participants
[7]. Similar individual effects had been reported in an NMR-
driven study [44]. The authors of this study speculated that a
high content of lipids could be the reason for these differences
in individual plasma samples.

In general, it is recommended to thaw body fluids < 10 °C
for metabolomics and lipidomics analyses to prevent signifi-
cant changes of the metabolite or lipid profiles [7, 58, 60]. The
unavoidable freeze-and-thaw cycles should be carefully doc-
umented and a mixing of aliquots should be avoided, at least
for metabolomics and lipidomics analysis.

Urine

Urine, in contrast to blood, is an easy and non-invasive to
collect body fluid, which is also well suited for metabolomics
analysis, as documented by a considerable number of publi-
cations (Fig. 2). Normal urine is a transparent, yellowish, al-
most cell-free body fluid with very low protein content. The
risk of alterations of the metabolome after collection, i.e., dur-
ing transportation, handling, and processing is very low risk.
A totally different situation exists in disease states. The com-
position of urine can change significantly (Fig. 3B), and
carries a high risk for pre-analytical changes of the metabo-
lome [16]. Hence, from the pre-analytical point of view, urine
samples in biomedical studies may also contain enzymes, cel-
lular, as well as other compounds (Fig. 3C), which is in clear
contrast to urine from healthy donors. This means, urine sam-
ples can be highly contaminated with metabolic active com-
pounds of microbiological and human origin or be almost free
of any contaminations. Consequently, data from high-
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resolution metabolomics investigations could be affected to
various extents based on pre-analytical issues during sample
collection or transportation.

Urine test strips are an easy and very fast to perform option
to assess this risk. Further on, they are well suited to achieve
very useful qualitative information about the composition of
urine (including possible compounds affecting the metabo-
lome) and the health state of an individual. Urine test strips
can be applied directly after collection and before any further
sample processing qualitative information of the number of
leukocytes, erythrocytes, increased protein content, fasted
state (ketone bodies), as well as pH value, and many others
are included in the tests on this strip. Noteworthy, the pH
values of urines, in contrast to blood, can vary quite a lot
between individuals. But to date, no data about possible pH-
dependent effects on the metabolome and prevention strate-
gies by buffering are available. Monitoring urine pH during
collection is, to the best of our knowledge, only used in routine
HCl-acidified urine analysis of catecholamines and some oth-
er compounds, but not in biomedical metabolomics projects.

Other than previously mentioned limitations, various types of
urine samples need special considerations with respect to pre-
analytical issues, which will be discussed in the following
chapters.

Urine sampling need pre-tests to circumvent
analytical limitations

Urine samples, whether they are spot urine or 24-h collection
urine, are collected in containers of different size made from
plastic, and the same is true for urine collected in drainage
bags from in-patients. Pediatric and newborn samples are col-
lected in special soft plastic bags with hypoallergenic skin
adhesive. As mentioned above (Collection tubes may intro-
duce chemical noise), the type and quality of plastic used by
various brands can differ. Therefore, two major pre-analytical
pitfalls should be checked before the start of a study. The first
is the adsorption of urinary metabolites to the plastic surface,
in particular during 24-h urine or drainage bag collection (both
associated with a rather long exposure time to the plastic sur-
face), and the second, the release of interfering compounds
like plasticizer into the sample. Furthermore, it is not uncom-
mon to clean and reuse 24-h urine collection containers, so the
risk of remaining detergents and subsequent contamination of
the next urine sample should be considered.

Urine specimen types and their strengths and
limitations

Urine is collected in the bladder before excretion. As a conse-
quence, the type of the analyzed urine specimen leads to dif-
ferences in the composition of the urinary metabolite profile of
an individual. The types other than spot urine, which is
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collected randomly, are first morning urine (MU), second
MU, 24-h collection urine, and drainage bag urine as a special
kind of collection urine. Each type has its specific character-
istics comprising pros and cons for metabolomics analyses, as
well as the need for specific pre-analytical considerations. For
spot urine, which is collected randomly, as well as for first and
second morning urine, it is imperative to collect midstream
urine. Otherwise, a mass of metabolic active epithelial cells
from the genital surface will reach the urine sample tube, even
when collected from healthy donors, the urine will be contam-
inated (Fig. 3C).

Midstream first MU is the urine excreted directly after get-
ting up. It contains all metabolites collected in the bladder
overnight. Therefore, the metabolite pattern in first MU may
also reflect nutrition on the previous day, particularly of the
evening [61]. It can be seen as a kind of collection urine.

Second MU, usually collected still in the fasted state be-
tween 7 and 10 am, stands for the next excretion after first
MU. In the metabolome of this type of specimen, the nutrition
effects of previous day are greatly reduced [61]. Given that the
study subjects are well-instructed midstream, second MU is a
more standardized sample material than the first MU.
Normalized to urinary creatinine concentration, it is also the
most common sample material used for quantitative analysis
in Clinical Chemistry. But second MU is not the sample ma-
terial of choice for quantitative clinical routine analysis, which
is 24-h collection urine.

The collection container for 24-h urine should be of
adequate size, usually 3 1 or more, as well as allowing
UV-light protection of the sample. The concentration
measured in 24-h collection period and in drainage bag
urines can be directly related to the volume of urine col-
lected. Consequently, the quantification is more reliable
than the creatinine-normalized quantification in second
MU, assuming that there is no collection error by the
patient. Hence, collection urine would also be most suit-
able for metabolomics analysis. However, apart from sev-
eral advantages, there are also disadvantages that argue
against the use of collection urine for metabolomics (see
also Cooling during collection and transportation pre-
serves the metabolome). Effects and variabilities on the
metabolite pattern caused by food intake are unavoidable
and urinary markers for milk, cheese, meat, fish, and other
nutrition have been described in metabolomics studies
[62—64]. For 24-h collection urine, the study participant
or patient is responsible for not missing any urine volume
and for keeping the urine collector cool during this long
period. Overall, the 24-h collection period is cumbersome
and error-prone. Four most common errors are (a) not
emptying the bladder before starting the collection period,
(b) not emptying the bladder before the end of the 24-h
collection period, (c¢) forgetting to collect one or more
urine voids, and (d) forgetting to cool the container during
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the collection period. Other potential problems can be
caused by detergents remaining in the collection container
after cleaning, and by the patient, e.g., estimating the vol-
ume of a forgotten urine fraction and adding the respec-
tive volume of water into the 24-h collection container.
For urines collected in drainage bags, cooling during the
period of sampling is almost impossible, which entail for
this sample material the limitation to use only cell-free
samples for metabolomics investigations.

In general, all types of urine samples have their strengths
and weaknesses. For metabolomics studies, I would recom-
mend midstream second MU collected after an overnight fast
(until sample collection, only drinking of water is allowed)
(Table 2). Based on the direct and possibly strong effects of
the diet on the previous day in an ideal study 20 h before
sample collection, a standardized vegetarian diet should be
started to harmonize the diet effect in the study group [61],
which, however, is hardly feasible in daily practice.

Cooling during collection and transportation
preserves the metabolome

The collection of urine is not only performed in the clinic but
also at home. In both situations, as well as during longer sam-
ple transportation, temperature is a relevant pre-analytical fac-
tor. Rotter et al. investigated, using a targeted approach cov-
ering 63 metabolites, the stability of this metabolite profile in
pooled morning urine of 6 healthy female individuals under
various storage conditions between 2 and 24 h [65]. At room
temperature (20 °C), no change in the concentration of 49
metabolites within 24 h was observed. However, a decrease
of 30 to 60% was detected for some metabolites, namely ar-
ginine, methionine, serine valine, leucine/isoleucine, and hex-
ose. Cooling with a cold pack for one day (9 °C) still showed
40% decrease of branched-chain amino acids as well as argi-
nine, and an increase of C6:1-carnitine by 16% [65]. In an
NMR-driven study investigating non-pooled spot urine sam-
ples from eleven healthy individuals, Budde et al. reported
only minor, non-relevant changes in terms of inter-individual
differences after a 24-h exposure at 10 °C, and no changes
within 10-h exposure [66]. Other metabolomics studies con-
firmed only negligible alterations in urine samples after 24 h at
4 °C compared to the observed inter-individual variabilities
[30, 67, 68]. In pooled urines, even after 72 h at 4 °C, alter-
ations in the metabolome were very small [69]. When tested at
room temperature, Roux et al. demonstrated after 12 h signif-
icant changes in 7% of the 280 metabolites in pooled urines in
a non-targeted approach [69]. Before drawing general conclu-
sions from the described findings, it is important to note that
only urines from healthy individuals were studied but not
urines containing enzymes, cellular, as well as other com-
pounds (see Fig. 3C). Furthermore, the enclosed metabolite
profiles were quite different.

An alternative strategy to cooling is the addition of stabi-
lizers such as borate or thymol into the sample container to
reduce or inhibit the growth of bacteria and fungi, as well as
metabolic activity of other cells [70]. To the best of our knowl-
edge, however, this strategy is not widely used (at least in
hospitals for diagnostic routine purposes). Wang et al. report-
ed effective stabilization of a metabolite profile of 158 urinary
metabolites by thymol, while the addition of boric acid caused
alterations of the metabolome (n = 20 participants) detected by
LC-MS [71]. Additionally, Lauridsen et al. tested other inhib-
itors and demonstrated that the use of 0.1% sodium azide is
not critical for NMR spectra; however, 1% sodium fluoride
led to shifts [67].

In summary, during the 24-h urine collection period, as
well as during transportation of any type of urine, it is prefer-
able to keep samples at 4 °C to largely reduce enzyme activ-
ities, cellular metabolism in general, and microbiological
growth. The addition of bacteriostatic agents to urine collec-
tors as well as pH adjustment before collection is not common
and should be verified before application.

Freezing and storage of urine

Space for long-term sample storage is always limited.
Consequently, at least in clinical area, there is still debate on
whether urine can be stored at —20 °C in a less costly manner.
In a comparison of metabolite profiles in urine samples frozen
immediately after collection, no difference in NMR spectra
was observed between storage at —25 and —80 °C after 26
weeks [67]. In a sophisticated LC-MS approach applying re-
versed-phase and hydrophilic interaction chromatography,
only minor differences in a pattern of more than 5000 features
were detected in bovine urine stored at —20 °C or —80 °C for
144 days [72]. Ultrafiltration with a cutoff filter of 10 kDa was
performed before storage; hence, the pooled bovine urine
samples were absolutely free from cells and almost free from
proteins [72]. Ultrafiltration of urine could be an efficient but
time-consuming and expensive way to stabilize urinary
metabolomes.

Freeze-drying of urine and subsequent storage at —20 °C or
—80 °C is another option to preserve sample quality [72]. At
—20 °C, the metabolite profile of > 5000 features in freeze-
dried samples was nearly stable over the 144 days studied
[72]. At =80 °C, no difference was observed between freeze-
dried and non-freeze-dried samples [72]. When using freeze-
dried samples, care should be taken during resuspension of
metabolites before high-resolution analysis.

To sum up, a weakness of pre-analytical reports is that all
stability studies were performed exclusively on urines from
healthy individuals. This limits the general applicability of the
data obtained to all types of biomedical studies. It should be
considered that depending on disease states or even improper
sampling of midstream morning urine from healthy subjects,
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various cellular and enzymatic active compounds may be
present in the urine (see Fig. 3C). This might alter the metab-
olome during collection period, transportation, or even after
storage. In addition, some of the perfect conditions described
for preserving the urine metabolome, like immediate urine
freezing [67] or ultrafiltration [72], are difficult to apply in
common biomedical studies conducted outside a research in-
stitute in a clinical surrounding. To be on the safe side, pre-
tests adapted to the individual situation of each biomedical
study are advisable before long-term storage of urine.

Cerebrospinal fluid (CSF)

Although the sample material is not easy to collect, CSF is of
great interest for (bio)analytical chemists to study (patho)-
physiology of the central nervous system and to identify di-
agnostic biomarkers through metabolomics and lipidomics
analysis, which is reflected in numerous reports (Fig. 2). The
accessibility for sampling CSF via the spinal canal is much
more challenging for physicians than blood sampling. An ac-
cidental admixture of blood due to injury of a capillary during
puncture occurs regularly. Normal CSF is colorless, water-
clear, with almost no cells (< 5 cells per pl), and the protein
concentration is very low (below 500 mg/l) [25]. In simple
terms, CSF is an ultrafiltrate of blood and the filter is the
blood-brain barrier (BBB). However, the BBB is much more
than a filter; it is a selective barrier. It allows only diffusion of
water and various hydrophobic compounds and performs se-
lective transportation of other molecules needed for the func-
tion of the brain. Various disease states lead to alterations in
the function and permeability of the BBB. The most common
are infectious/inflammatory diseases. In these situations, the
cell count in CSF can change dramatically, increasing up to
several thousand leukocytes/pl. Metabolically active bacteria,
yeasts, tumor cells, erythrocytes, leukocytes, and some other
cells can be also found in CSF samples under pathological
conditions. These cells may alter the CSF metabolome after
sample collection, depending on the type of cells, their num-
ber, and their metabolic activity.

For routine diagnostics as well as for metabolomics/
lipidomics investigations of CSF, it is mandatory to collect
CSF and blood in pairs at the same time. International guide-
lines recommend centrifugation of CSF (2000xg at 4 °C) and
blood within 2 h after collection [73]. Collection of pairs is an
essential requirement, because alterations in the concentration
of metabolites in CSF may occur due to changes in blood in
the systemic circulation without pathophysiological changes
in the central nervous system. By calculating CSF/serum or
CSF/plasma quotients, misinterpretation of metabolomics and
lipidomics data caused by such situations can be avoided.

Although normal CSF is like an ultrafiltrate from blood,
pre-analytical considerations, particularly when studying
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pathological liquor samples, are important. Haijes et al. inves-
tigated recently various aspects that may alter the CSF metab-
olome after collection [74]. Centrifuged individual CSF
biobank samples from a dementia cohort were pooled and
analyzed for > 1800 features by direct-infusion MS. They
found that storage of centrifuged (i.e., cell-free) CSF at room
temperature (18-22 °C) for up to 8 h is acceptable [74]. An
increased number of leukocytes in pathological CSF lead to
alterations of metabolite and protein levels in uncentrifuged
samples already after 30 min at room temperature [75].
Cooling of centrifuged CSF below 8 °C for up to 72 h showed
only minor effects on metabolite levels, as did storage at —20
°C for 2 months [74]. In a profile of 36 amines, the levels of 31
were stable for up to 2 h when refrigerated immediately after
CSF collection [76]. Furthermore, up to three freeze-and-thaw
cycles of centrifuged CSF resulted in a relatively unaffected
metabolome [74]. Regarding patient preparation, Saito et al.
reported recently that postprandial state had lower impact on
130 hydrophilic metabolites and 340 lipids in CSF of nine
healthy subjects than inter-individual variations [77]. Less
than 10% of CSF metabolites show significant changes. This
led the authors to conclude that metabolites and lipids in CSF
are not directly associated with food intake [77].

In summary, cooling and timely centrifugation is the easi-
est, but most effective way to stabilize the metabolome and
lipidome of CSF (Table 2). Once the cellular compounds are
removed, CSF is quite stable, even for a longer period of time,
even at room temperature. However, based on the pathologi-
cal state of a patient, such as cerebral hemorrhage or dysfunc-
tion of the BBB, a high variability in the sample composition
associated with potential negative pre-analytical effects on
metabolomes is possible and should be respected.

Study participants

Preparation of sophisticated questionnaires and
instructions to avoid pre-analytical shortcomings

Outliers or high variations of metabolomics and lipidomics
results in biomedical profiling projects are a challenge for data
evaluation and interpretation. Many of them could easily be
prevented as they occur before the collection of samples.
Common causes are either vague or incomplete instructions
of study participants about correct preparation in the period
before sample collection or misunderstandings between in-
structor and study participant.

Clear and comprehensive guidelines and checklists for the
instruction of study participants, which are jointly prepared by
all involved scientists, can help to avoid or minimize outliers
and subsequent large data variabilities (Table 1). Additionally,
comprehensive but not excessive questionnaires may also be
useful in this context. For instance, a look in the
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corresponding questionnaire may explain detected outliers
and can also provide reasonable justification to exclude outlier
data from further evaluation.

Central question for creating a guide for metabolome and
lipidomics study participants or questionnaire is simply what
factors or activities can influence the metabolome and
lipidome in body fluids or tissues. Such factors that affect
metabolome can be divided in two sections, uninfluenceable
ones like sex [78—80], age [78-80], and ethnicity [81, 82], and
influenceable ones such as the time of day of sample collec-
tion [83—86], physical activity, pre-/postprandial state [87].
Table 1 provides a summary of suggested general points that
should be considered. Three aspects could represent important
pitfalls and are discussed in the following paragraphs.

Aspect #1 (questionnaire): Individual needs and prefer-
ences of study subjects are manifold and can significantly alter
the metabolome and lipidome. Therefore, this should be care-
fully asked and documented, as for example, dietary supple-
ments (vitamins, lipids (fish oil), iron, etc.), drugs, special or
trendy diets (gluten-free, vegan, paleo, etc.), smoking, daily
amount of tea or coffee, and alcohol consumption (Table 1).
Particularly, detailed questions about dietary supplements
need to be included because they are usually not perceived
as a kind of “medication” affecting human metabolism. This
means that supplement intake is usually not reported when
study subjects are asked only about medication intake. Yet,
fish oil capsules or flavonoid-rich supplement as an example
may heavily affect distinct metabolites/lipids, or modify met-
abolic pathways as well as the inflammatory status and other
mechanisms in the body [88, 89]. The same is likely to be true
for minerals, plant extracts, vitamin pills, amino acid or pro-
tein shakes, and many others.

In general, it is quite difficult to find participants/patients
who do not take anything, i.e., at younger age, people con-
sume regularly mainly food supplements and > 45 years of
age medications (often in combinations with supplements).
Consequently, it is almost impossible to assemble a study
cohort or select samples from a biobank with metabolomes
and lipidomes free of any xenobiotic “side effects.” Therefore,
informative entries in questionnaires accessible for
(bio)analytical chemists are highly relevant.

Aspect #2 (participant instruction): The vast majority of
biomedical metabolomics or lipidomics studies prefer the
analysis of samples collected in the fasted state (Table 1).
Hence, a clear instruction of study participants about fasting
prior sample collection is important. A common fasting period
is usually not less than 12 h, which can be most easily
achieved by overnight fasting. “Fasting” is usually understood
as “[...] not eating for a defined period of time [...],” but
drinking is allowed. What kind of beverage is allowed in the
morning? It should be considered that people are often un-
aware that drinking only one cup of milk-sweetened coffee,
tea, or sweetened beverage after getting up in the morning on

the day of the study changes the composition of the metabo-
lome [29, 90]. Drinking only pure water without any addi-
tives, like artificial flavors or others, in the morning is rather
uncommon but the only acceptable drink before collection of
body fluids in the fasted state. Pure tea or coffee should also be
excluded [90-92].

Subjects should also be instructed to avoid all kinds of
extreme and unaccustomed metabolic and physiological chal-
lenges (e.g., stress (being late), unusual physical activity,
prolonged starvation, unaccustomed exercise, or food ex-
cesses) on the day or days before sample collection.

Aspect #3 (scheduling): The time of day of sample collec-
tion is another factor that may have major effects on the me-
tabolome or lipidome of interest (Table 1). Not only diet and
nutritional state [93, 94], but also circadian effects on the
metabolome in mice and humans [83—85] and the human
lipidome [86] should be taken into consideration. About
13% of studied human plasma lipidome exhibited partially
opposed circadian rhythmicity, most pronounced for the clas-
ses of phosphatidylcholines, diacylglycerols, and triacylglyc-
erols [86]. The group of H.R. Ueda reported the quantification
of circadian oscillating metabolites in human and mouse
blood and in several mouse organs [83—85]. The human study
was strictly controlled for confounding effects of activity lev-
el, light, temperature, sleep, and food intake [84].
Consequently, the time point of sample collection should be
kept consistent within a study (Table 1). Circadian oscillation
should also be kept in mind as a cause for discrepancies be-
tween findings from different sites in multi-center studies or
from studies in different literatures.

Usually, it is not a problem to perform the sample collec-
tion in the morning, ideally between 7 and 10 a.m. aftera 12-h
fasting period. But, in studies recruiting tens of thousands of
subjects at different sites, it is quite difficult to collect all
samples at the same-day time due to logistical reasons. In such
multi-center studies, like national cohort studies, accurate doc-
umentation of the time of sample collection and the metabolic
status of the participant is essential. Samples collected post-
prandial and/or not between 7 and 10 a.m. should be excluded
from metabolomics and lipidomics investigations; otherwise,
outliers and high variability in the data are guaranteed.

Apparently healthy, asymptomatic individuals
challenge the compilation of healthy control groups

A comparison of the achieved disease-related lipid or metab-
olite profile with a healthy control group is one of the first and
also decision-making steps in most biomedical targeted and
non-targeted biomarker studies in animals and humans. It is
usually the basis for discussing whether or not to proceed with
further profiling investigations. However, the compilation of a
healthy cohort can be quite challenging since asymptomatic,
apparently healthy individuals need to be identified and
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excluded. Otherwise, there is a very high risk for the detection
of misleading biomarker instead of disease-specific markers
[95]. What might cause this to happen?

In humans, many diseases remain undiagnosed for years
because the affected individuals are largely asymptomatic;
i.e., they feel and seem to be apparently healthy. Examples
include kidney and liver diseases, but also the widespread
metabolic disease of type 2 diabetes with more than
430,000,000 affected subjects worldwide (half of them is not
aware of having diabetes). A hallmark of many asymptomatic
chronic diseases, as well as mild infectious diseases, is low-
grade inflammation. In such cases, blood levels of the most
common and sensitive inflammation marker C-reactive pro-
tein (CRP) are already slightly above the reference range.
Ideally, CRP should be measured by a high-sensitive CRP
assay in plasma or serum (known as hsCRP).

Undiagnosed, largely asymptomatic diseases can signifi-
cantly alter the metabolome and lipidome, as recently shown
in an elegant study by Pietzner et al. [95]. The authors exam-
ined urine and plasma samples from more than 900 apparently
healthy individuals with slightly altered routine markers of
inflammation in blood (CRP, white blood cell count, fibrino-
gen). Subjects with a CRP > 10 mg/l, reflecting acute inflam-
mation, were excluded from the study. In a pattern of around
600 metabolites in each specimen, a significant association of
inflammatory state was detected with almost 12% of all plas-
ma metabolites and 4% in spot urine [95]. Consequences of
the findings of Pietzner et al are (a) unnoticed, low-grade
inflammation in apparently healthy humans can bias the me-
tabolome in blood and urine; (b) the described CRP-associat-
ed metabolites could be suitable tools to identify subjects with
subclinical inflammation in metabolomics data; and (c) the
detection of these “inflammatory biomarkers” in another con-
text in human metabolomics project can be a hint to be cau-
tious in data interpretation, particularly to title these metabo-
lites as specific biomarkers for particular diseases. In the worst
case, uncontrolled health conditions may lead to a control
group dominated by apparently healthy humans with low-
grade inflammation (or other asymptomatic diseases). This
can result in the discovery of biomarkers reflecting different
stages of inflammation, rather than the intended specific
markers related to the actual research question of the project.

The simplest but already very informative way to obtain
several information on the health status of each study partici-
pant are the above-described urine test strips (see also intro-
duction to Urine), ideally combined with the determination of
hsCRP in blood. More detailed, but still easily obtained, are
other common organ-specific blood tests, like creatinine for
kidney function, gamma glutamyl transferase (y-GT) for liver,
and thyroid-stimulating hormone (TSH) for thyroid function.
Ideal records about the individual behind each sample would
contain a standard routine laboratory profile combined with
data from a medical checkup, which is, however, time-
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consuming as well as cost-intensive. Therefore, these profiles
are not widely used. Whenever possible, (bio)analytical chem-
ists should have access to the anonymized health state data in
the phase before sample preparation for high-resolution anal-
yses begins. This information could be used either to verify
the suitability of the sample set selected by a medical doctor or
a biobank, or to self-select samples that are best suited to the
intention of the respective metabolomics project.

To conclude, the phase before sample collection, which
compromises the instruction of study participants, their habits,
and recent activities, can bias the metabolome and lipidome
and thus the outcome of a profiling study before a sample is
even collected, prepared, or analyzed. Strong differences in
metabolism and therefore in the metabolome can be expected
based on time of day of sample collection, stress, pre- or
postprandial state, intake of dietary supplements, unaccus-
tomed physical activity before sample collection, life style
factors (e.g., caffeine, alcohol, smoking), trendy diets, xeno-
biotics, drugs (see Table 1). The availability of routine labo-
ratory records, completed questionnaires, etc., as basic infor-
mation of all study participants is desirable.

Conclusions

The quality of biomedical samples is of enormous importance
for reliable and conclusive findings in lipidomics and metabo-
lomics studies. The most critical steps that affect sample qual-
ity are identified to occur not in the laboratory of
(bio)analytical chemists, but in the pre-analytical phase before
sample collection, when metabolically active cells in blood,
urine, or CSF may alter the lipidome or metabolome ex vivo.
This means, crucial for good sample quality are the apparently
simple steps from collection of body fluid to storage of the
aliquots in the freezer. Since all these steps are well known (as
well as possible pitfalls), the generation of generally applica-
ble SOPs is possible. However, each sample collection and
sample handling site in a hospital or a multi-center study has
its own characteristics and limitations in terms of perfect sam-
ple processing. Therefore, one of the biggest challenges for
(bio)analytical chemists to achieve the best possible sample
quality is to find a balance between demands for perfect sam-
ple quality and the capabilities at the site of sample collection.
This always involves compromises regarding perfect sample
quality. But it is the important base for the generation of fea-
sible SOPs that enable highly reproducible sample collection
and handling at all sites (for suggestions, see Table 2), and
subsequent successful, valid high-resolution metabolomics
and lipidomics investigations.

Unfortunately, a generally applied and accepted strategy to
verify and document the sample quality in biomedical profil-
ing projects by quantifying quality biomarkers in random
samples is still missing. In the future, it would be desirable



From bedside to bench—practical considerations to avoid pre-analytical pitfalls and assess sample quality...

5583

to agree on biomarkers for the assessment of body fluid qual-
ity in high-resolution metabolomics and lipidomics ap-
proaches, and to document the quality grade, e.g., in the sup-
plement of publications, as it is already a well-established
standard for the analytical accuracy.
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