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ARTICLE INFO ABSTRACT

Keywords: The recent increase in peptidomimetic-based medications and the growing interest in peptide hormones has
Peptides brought new attention to the quantification of peptides for diagnostic purposes. Indeed, the circulating con-
Stability

centrations of peptide hormones in the blood provide a snapshot of the state of the body and could eventually

gﬁ?ﬁﬁ: lead to detecting a particular health condition. Although extremely useful, the quantification of such molecules,
Surfactants preferably by liquid chromatography coupled to mass spectrometry, might be quite tricky. First, peptides are
Proteases subjected to hydrolysis, oxidation, and other post-translational modifications, and, most importantly, they are

substrates of specific and nonspecific proteases in biological matrixes. All these events might continue after
sampling, changing the peptide hormone concentrations. Second, because they include positively and negatively
charged groups and hydrophilic and hydrophobic residues, they interact with their environment; these in-
teractions might lead to a local change in the measured concentrations. A phenomenon such as nonspecific
adsorption to lab glassware or materials has often a tremendous effect on the concentration and needs to be
controlled with particular care. Finally, the circulating levels of peptides might be low (pico- or femtomolar
range), increasing the impact of the aforementioned effects and inducing the need for highly sensitive in-
struments and well-optimized methods. Thus, despite the extreme diversity of these peptides and their matrixes,
there is a common challenge for all the assays: the need to keep concentrations unchanged from sampling to
analysis. While significant efforts are often placed on optimizing the analysis, few studies consider in depth the
impact of pre-analytical steps on the results. By working through practical examples, this solution-oriented
tutorial review addresses typical pre-analytical challenges encountered during the development of a peptide
assay from the standpoint of a clinical laboratory. We provide tips and tricks to avoid pitfalls as well as strategies
to guide all new developments. Our ultimate goal is to increase pre-analytical awareness to ensure that newly
developed peptide assays produce robust and accurate results.
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1. Introduction

Peptide hormones are at the center of many biological processes,
such as energy metabolism (insulin and glucagon), social bonding
(oxytocin [OT]), bone remodeling (parathormone), reproductive func-
tion (GnRH), and blood pressure regulation (angiotensin [ANG]). They
are composed of a chain of amino acids, making them a class of small
proteins. If they are secreted by the body into the blood circulation and
have a signaling effect, they are called peptide hormones. These hor-
mones are usually secreted from a biologically inactive pre-propeptide
precursor composed of an N-terminal signal peptide followed by the
pro-peptide. The signal peptide is used to target the peptide to the
endoplasmic reticulum. The inactive pro-peptide will then undergo
several post-translational modifications (PTMs) along the trans-Golgi
network to be activated and secreted from neuroendocrine cells.
Through series of cleaving enzymes known as proteases, biologically
active peptides are usually metabolized into fragments, a change that
may abolish their function or switch their bioactivity into agonists for
specific receptors or even antagonists for other receptors. Therefore, one
pro-peptide may produce several peptide hormones with different ac-
tivities and functions (Fig. 1), with the pro-opio melanocortin peptide
(POMC) as the most emblematic example in endocrinology.

Recently, interest in quantifying peptide hormones (and their ana-
logs) has increased dramatically because their biological function has
attracted pharmaceutical companies to market peptidomimetics for
treating diseases. However, quantifying fragments derived from the
native peptide has not been possible until recently, given that immu-
noassays are not able to distinguish the different species present in
biological fluids or tissues, and physical methods were not sensitive
enough for their quantification. Technological advances with mass
spectrometry have made it possible to quantify peptides down to the
picomolar range, such as parathyroid hormone (PTH) and incretins
[1-3]. In addition, there is a need to perform accurate pharmacokinetic
studies on peptidomimetics during their preclinical and clinical devel-
opment prior to their commercialization as new treatments based on
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peptide hormones or analogs, such as teriparatide (PTH1-34) [4],
octreotide (somatostatin analog) [5], and semaglutide (a glucagon-like
peptide-1 [GLP-1] analog) [6]. Hence, their levels in biological fluids
must be quantified. A PubMed search with keywords “peptides AND
quantification” provided 19,131 results between 1965 and September
2023, of which 54 % were from the last 10 years (10,382). The use of
peptides as biomarkers or treatment is out of the scope of this review.

Immunoassays have been used for decades to quantify peptide hor-
mones, but their lack of specificity [7-9] due to cross-reactivity with
precursors and fragments of peptides often results in an biased quanti-
fication of the target peptide and explains the recent popularity of liquid
chromatography coupled to mass spectrometry (LC-MS) [10,11]. This
technology provides excellent specificity, especially when used in the
tandem mode (LC-MS/MS). Moreover, it allows multiplex analysis, that
is, measuring several compounds simultaneously—for example, all
peptides of a particular metabolic pathway including those with PTMs.
Because each fragment has different bioactivity, being able to quantify
the fragments separately is of great interest. LC-MS/MS has been used
successfully to diagnose tuberculosis using Mycobacterium tuberculosis
antigen peptide [12], neurological diseases using amyloid p peptide
[13], Wilson disease using ATP7B peptide [14], asthma, heart disease,
and depression using cytokines [15].

Quantifying peptide hormones is a difficult and tedious task. The
obvious reason is their very low circulating concentrations, mostly in the
0.1-100 pM range. Besides, peptide quantification is challenging for
three other reasons. First, peptides are composed of amino acids linked
together by peptide bonds prone to chemical modifications or degra-
dation by hydrolysis, oxidation, glycation, and other post-translational
events. Second, amino acids that comprise the peptide chain interact
with their environment because of their positively and negatively
charged groups and hydrophobic and hydrophilic residues. Third, the
proteases involved in their cleavage are present in many biological tis-
sues and, if soluble, may be also secreted and found in the samples. This
is a concern because peptide degradation occurring ex vivo alters the
peptide composition that was initially present at the sampling time.
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Fig. 1. Schematic representation of the switching bioactivity of peptides. It starts with an inactive pre-propeptide composed of a signaling peptide and a propeptide.
The signaling peptide is used to target the peptide to the endoplasmic reticulum. The propeptide then undergoes post-translational modifications, which transform it
into the active peptide. This peptide is further metabolized with enzyme 1, 2, or 3, leading to the production of peptide fragments. These fragments can have a

different effect or no effect at all on receptors. Created with BioRender.com.
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Thus, particular attention must be paid to preserve the concentra-
tions of the native peptide and its fragments throughout the entire
process, from the sampling to the quantification, so that what is
measured reflects the actual peptide concentration. While great efforts
are often placed on developing the sample preparation and of the mass
spectrometry protocol, the impact of pre-analytical steps on the results is
often underestimated and sometimes not even studied by laboratories
unaware of these concerns during method development. The sampling
time, the patient’s diet and posture, sample handling, storage condi-
tions, the container material, and protease activity are all factors that
can lead to significant loss or increase the peptide concentrations. These
pre-analytical steps may be difficult to control because sample collection
and handling are often performed outside the laboratory. As highlighted
by several independent groups, there is an urgent need for a standard-
ized procedure as well as traceability to allow comparing between
studies and to produce data that reflect circulating concentrations of
peptides at a given time [8,16-30]. Therefore, pre-analytical prepara-
tion is still a challenge for laboratories developing peptide assays.

Guidelines for bioanalytical method validation tend to increasingly
consider the pre-analytical steps as part of the validation process. While
this increasing importance given to the pre-analytical steps in the assay
validation has improved considerably, these guidelines still do not cover
crucial aspects specific to peptides assays. For example, the 2018 Food
and Drug Administration (FDA) guideline for bioanalytical method
validation does not address the question of adsorption or stability during
sampling, and the 2014 Clinical and Laboratory Standards Institute
(CLSI) C62-A guideline only briefly discusses adsorption and stability
[31,32]. The most recent 2022 European Medicines Agency (EMA)
guideline on bioanalytical method validation and study sample analysis
provides more details on how stability should be evaluated for the assay
validation, but the adsorption aspects are lacking [33]. Finally, the 2021
CLSI C64 guideline “Quantitative Measurement of Proteins and Peptides
by Mass Spectrometry” is the only guideline that addresses peptide
stability and adsorption in detail, and discusses the issues related to
PTMs [34]. Because of the lack of harmonization from one guideline to
another, relying on them to validate a new assay might have tremendous
effects on the standardization of the results obtained and does not
guarantee their reproducibility.

By going through practical examples, the scope of this solution-
oriented tutorial review is to report usual pre-analytical challenges
encountered during the development of an assay from the standpoint of
a clinical laboratory, and to propose strategies to facilitate and guide
assay developments. We focus on MS-based assays because their speci-
ficity allows targeting peptides and highlights stability issues, whereas
the pre-analytical considerations are also applicable to immunoassays
on a case-by-case basis. This article is divided into two main chapters.
The first focuses on handling standard peptides, from ordering them to
method development, including assessing and controlling nonspecific
adsorption to containers and evaluating the stability of neat peptides.
The second main chapter focuses on biological samples, including pep-
tide stability, sampling variations, and matrix effects. We do not
consider the important aspect of calibrator standardization and their
commutability because certified reference materials are not yet avail-
able. We believe that this tutorial will increase the awareness of analysts
regarding the pre-analytical steps and pitfalls that may occur during
peptide assay development and thus improve the reliability of their
measurements.

2. Handling of standards

With a few rare exceptions, there are no commercial kit for peptide
MS-based assays. Therefore, every assay is a laboratory-developed test,
requiring in-house preparation of calibration curves and quality control
samples from peptide standards.

To that end, laboratories have to purchase neat peptides with a
certificate of analysis (CoA). Upon receipt, these peptides are
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deconditioned to be weighed, solubilized, transferred, dried, or diluted
several times throughout the development of the analytical process.
Because of their specific physicochemical properties, peptide losses may
occur during these steps. The amino acid composition of the peptide
defines its structure in such a way that it may induce nonspecific
adsorption to containers, resulting in a significant loss of the peptide.
The conditions in which peptides are stored for periods ranging from
minutes to months also have tremendous effects on their stability. Res-
idues such as methionine, tryptophan, and histidine are sensitive to
thermal and photo-degradation, oxidation, and glycation depending on
the matrix and pH of the storage solution. While some of these nonen-
zymatic modifications are most often not detected with immunoassays,
the slightest change in peptide mass is enough to exclude them in MS-
based assays, leading to underestimation of the results. Therefore, it is
critical to assess the stability of the peptides to deal with every deviation
or loss. Because no guidelines have previously been established to
ensure the integrity of peptides in a matrix prior to their measurement,
we propose an empirical methodological approach to stabilize endoge-
nous peptides present in a biological fluid during their storage and
extraction from their matrix before LC-MS/MS injection.

We discuss in detail the main problems encountered when handling
standard peptides. Each subchapter is dedicated to commonly known
physical or chemical degradation that has a strong impact on concen-
trations. Starting with methods to measure peptide stability, we provide
in-house examples, followed by practical information to avoid pitfalls
and to limit peptide degradation.

2.1. Peptide content and purity

Commercial peptide standards are provided as freeze-dried lyophi-
lizates. This ensures the best stability (see subchapter 2.3) because
peptides are sensitive to moisture and lyophilizates are the most
convenient form to store and work with. Most providers offer an exact
weight option, sometimes with aliquoting (e.g., 10 x 1.00 mg), per-
formed on the solutions before freeze-drying. This approach is highly
recommended because determining the amount of peptide is more ac-
curate when measuring a volume than when weighing a lyophilizate.
Alternatively, we suggest a method to perform this operation (see sub-
chapter 4.3).

Along with the freeze-dried peptide, an analytical data sheet (ADS)
or a CoA is provided. This document must include two important
characteristics of the lyophilizate: the purity and the peptide content.
Purity describes the amount of the target peptide compared with the
total amount of peptide in the lyophilizate. Indeed, the lyophilizate
contains not only the desired peptide, but also numerous by-products
from peptide synthesis such as single amino acids or truncated pep-
tides. Although very efficient, peptide purification after synthesis cannot
completely remove these by-products. Purity is expressed as a percent-
age of the total amount of peptides in the lyophilizate (e.g., 80 %) and is
usually determined by high-performance LC coupled to UV detection at
the peptide bond wavelength (220 nm) by adding the area under the
curves of chromatographic peaks on the chromatogram. The peptide
content is the amount of the lyophilizate that is effectively peptides or
amino acids because other compounds such as salts and synthesis in-
termediates (e.g., trifluoroacetic acid) are difficult to eliminate during
peptide synthesis and purification. Finally, the peptide content is also
expressed as a percentage (e.g., 70 %) and is determined by an amino
acid analysis.

As a result, the net weight of the desired peptide in a preparation can
be dramatically lower than the weight of the lyophilizate, termed the
gross weight. This net weight of peptide is calculated as:

Netweight = Grossweight™ Peptidepurity* Peptidecontent

This net weight must be used for the preparation of stock. With the
previous example, the net peptide weight is:
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Netweight = 1.00mg*80%*70% = 0.56mg

This means that only 56 % of the total mass is actually composed of
the target peptide. Therefore, to obtain a 1 mg/mL solution, a 1.79 mg
aliquot should be reconstituted in 1 mL of the adapted solvent.

2.2. Nonspecific adsorption

Adsorption is a very common phenomenon when working with
peptides, but it is not often considered during assay development by
analysts. Nonspecific adsorption of peptides to surfaces is multifactorial,
may considerably affect results, and is one of the reasons for discrep-
ancies observed between studies measuring peptides. It can happen in
single use containers, pipette tips, other consumables, or in the LC sys-
tem, and result in a complete loss of the peptide. For this reason, it is
crucial to be aware of this matter and to establish strategies to control
this concern.

The following sections describe the mechanisms of this physico-
chemical process using practical examples and provide ideas to prevent
nonspecific peptide adsorption. Of note, because this tutorial focuses on
pre-analytical steps, we do not cover adsorption in the analytical
apparatus. However, this issue can usually be avoided in LC if several
highly concentrated samples and/or samples originating from plasma
are injected prior to peptide analysis. Fig. 2 presents representative
chromatograms after injecting a standard peptide (angiotensin 1-9) into
a new LC-MS/MS column. The chromatograms were obtained for that
peptide before (top) and after (bottom) two injections of an extract from
a plasma sample. The injection of such samples on a new column acts as
a coating step (also called passivation) of the tubing and other parts of
the LC system, and thus limits the subsequent adsorption of the target
analyte. Readers interested in this LC issue are referred to any of the
existing valuable contributions [35-37].

2.2.1. Definition and mechanism

Nonspecific adsorption is a physical and chemical surface phenom-
enon by which molecules or ions (adsorbates) from a liquid or a gas
(fluids) adhere to a solid surface (adsorbent). This results in the for-
mation of an adsorbate film on the adsorbent, with a concomitant local
change in the adsorbate concentration in the fluid. This makes
nonspecific adsorption a concern for every quantitative assay involving
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contact between surfaces and molecules with a propensity for
adsorption.

Nonspecific adsorption occurs due to the noncovalent interactions
(electrostatic and hydrophobic) between adsorbates and adsorbent
[38,39], and is related to the equilibrium constant between surface and
fluid. Therefore, it is not only influenced by the nature of the adsorbates
(peptides containing basic amino acids, such as arginine or lysine, being
more prone to adsorption) and adsorbent, but also by temperature,
sample volume, and pH. Moreover, adsorption is time dependent, as a
longer interaction period induces more binding events until a plateau is
reached. For example, Willemse et al. [40] observed adsorption of am-
yloid B (1-42) after only 30 s, Law et al. [41] observed a plateau of
calcitonin adsorption after 2 h, and Van Wanseele et al. [42] recovered
only few percent of neurotensin after 3 h in water. Finally, this is a
concentration-dependent phenomenon, with a less pronounced effect at
high concentrations, when the analyte is in excess compared with the
number of binding sites on a particular surface. This means that the
lower the adsorbate concentration, the higher the impact of adsorption
on the residual analyte in the fluid [43].

Any molecule can undergo adsorption, but proteins and peptides are
more prone to it because of their ratios of charged to uncharged and
hydrophobic to hydrophilic residues [44-47]. Although the impact of
peptide adsorption is well known [46,48], only a few studies have dis-
cussed in detail its effect on quantitative results [42,49-52]. However,
this tendency to bind to nonspecific binding sites is ubiquitous in every
peptide assay: This phenomenon occurs in tips and vials during sample
preparation, or directly in the analytical system, which results in
carryover.

2.2.2. Evaluation of adsorption in containers

Because of the multifactorial nature of adsorption, each solution,
material, and matrix used during an assay should be tested to measure
its propensity to induce peptide adsorption. Moreover, because peptide
hormones circulate at low concentrations, many of them in the range of
0.1-100 p, it is crucial to test their adsorption at expected circulating
concentrations, and especially at the lower limit of quantification
(LLOQ). Indeed, the lower the concentration, the higher the impact of
adsorption on the final concentration. Finally, it is important to study
adsorption in every step of the assay. Because adsorption is a time-
dependent phenomenon, strategies to reduce adsorption during

100+
1 Angiotensin 1-9 before passivation
<]
1 277
0""I""I""""I""I“"W"""“I“"I""\""I‘"‘I""\""I""I""
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100+ 2.0
1 Angiotensin 1-9 after passivation
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Fig. 2. Two LC-MS/MS chromatograms of a 1000 pM solution of angiotensin 1-9. They were obtained before (top) and after (bottom) two injections of an extract
from a plasma sample. The plasma samples act as a coating agent, reducing the adsorption of angiotensin I in the LC system and increasing its detection.
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storage (weeks to months), extraction (a few hours), or analysis (hours
to days) will not be the same. For example, Murphy et al. [53] demon-
strated that acetonitrile (ACN) 20 % prevent the adsorption of Vn96 and
apomyoglobin, but only for samples stored for less than 2 h.

One simple and fast way to test the adsorption of a particular peptide
in a container is to perform a multiple transfer test [34,54,55]. For this
endeavor, a solution of the peptide, ideally at a concentration close to
the LLOQ, is serially transferred in native vials. The adsorption is then
determined by comparing the peptide concentrations in the transferred
and untransferred solutions (see Fig. 3).

The classical protocol to study the adsorption in a container is as
follows:

Prepare a typical working solution of the peptide at the expected
LLOQ concentration.

Pipette up and down a few times and keep this tip for the next steps.
This will ensure proper coating of the tip and that any adsorption
observed is related to the container and not to the tip.

Transfer 60 uL of solution to the container (vial, plate) to be tested;
wait 10 min.

Transfer this solution to another a container; wait 10 min.

Repeat for a total of five times.

Transfer this solution to a vial for injection in the LC-MS system —
solution (a).

Transfer 60 uL of the initial (untransferred) solution to another vial
for injection — solution (b).

Quantify the peptide in both solutions.

Adsorption is calculated with the following equation (Eq. (1) and
Fig. 3).

Adsorptive loss should not exceed the imprecision of the considered
method [34].

%ofadsorption = g*lOO (€8}

Adsorption might also occur in the pipette tip, so it is important to
test that by using a similar protocol: The peptide is transferred in several
tips, with an unchanged vial. A possible protocol for tip adsorption is as
follows:

Peptide

solution Transfer,
vortex, stay
for 10 min.
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e Prepare a solution of the peptide at the expected LLOQ concentration
and split the solution into two vials — solutions (a) and (b)

e Take the solution of one of the two vial in a tip for 10 s — solution (a).

e Put back the solution in the original vial and discard the tip.

e Repeat 10 times in a row.

e Quantify the peptide in solutions (a) and (b).

e Adsorption is calculated with the previously presented equation (Eq.
(1) and Fig. 3).

e Adsorptive loss should not exceed the imprecision of the considered
method [34].

2.2.3. How to prevent adsorption

Once evaluated, nonspecific adsorption must be suppressed before
the sampling procedure. Indeed, if nonspecific adsorption is not
mastered, a modification of the number of transfers, the material type,
or the matrix between two samples will alter the real measured con-
centration, precluding comparison between samples and overestimating
the LLOQ of the assay.

Strategies to cope with nonspecific adsorption are based on modi-
fying the equilibrium constant between surface and solution. Therefore,
solvents, pH, adsorption competitors, vial types, pipette types, and
surfactants are all factors that can be used to reduce adsorption. Here we
describe the main strategies to cope with adsorption. For more details,
we strongly recommend the review article by Maes et al. [35].

2.2.3.1. Influence of solvents and pH. The easiest and least expensive
way to decrease adsorption is to improve the solubility of the peptides.
Indeed, the higher the solubility, the lower the adsorption [35]. Most
peptides are composed of ionizable and hydrophobic groups, which
means that their solubility and adsorption change according to the
proportion of organic solvent and pH. On the one hand, ACN or meth-
anol (MeOH) are often used at concentrations between 5 % and 60 % by
volume to increase solubility and decrease adsorption of peptides
[9,56-61]. Solvents with the ability to solubilize both polar and
nonpolar compounds, such as dimethyl sulfoxide (DMSO) and dime-
thylformamide (DMF), might also be good alternative, but they are not
suitable for every peptide because they may induce uncontrolled
oxidation of the peptides (see Section 2.3.1.1) [62,63]. It is noteworthy
that the addition of a high percentage of organic solvent might make the
samples unsuitable for the extraction and/or the LC-MS analysis.

A NI

Initial (untfansferredj
solution (b)

Final (trahsferred)
solution (a)

Comparison between reference and 5x transferred sample

Fig. 3. Schematic representation of the transfer test to evaluate adsorption loss. A mother solution is added to two vials. In one, the solution is kept inside without
transfer. In the other, the solution is transferred to a new vial, kept for 10 min, and then transferred to another new vial. This is done serially five times. To evaluate
the loss caused by adsorption, the peptide remaining in the last vial is compared to the initial untransferred one. Created with BioRender.com.
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Antibodies used in immunoassays requiring a sample treatment prior to
their analyses do not tolerate organic solvents. On the other hand, ionic
and dipole-dipole interactions might be reduced when the pH is
increased or decreased, leading to a change in the adsorption. For
example, Law and Shih [41] showed that the adsorption of calcitonin to
glass increased when pH raises. This effect was interpreted as a change
in the adsorption mechanism on glass that, above an acidic pH, goes
from a monolayer to a multilayer formation. Ammonium bicarbonate is
often used to alkalinize the solutions [37,64], while acetic acid (AcOH),
formic acid (FA), or trifluoroacetic acid (TFA) (0.1 %-5% v/v) are used
to acidify diluents [62,65-67].

To find the optimal conditions that limit nonspecific adsorption,
designs of experiment (DOE) might be of great help. DOE provide a
better understanding of the influence of several factors using as few
experiments as possible. By plotting a three-dimensional response sur-
face, it becomes easy to find the optimal conditions. For readers inter-
ested in the way DOE can be applied to adsorption issues, we
recommend an article by Maes et al. [68].

As a general practice rule, we recommend testing various composi-
tions of solvent and pH to see if it changes solubility and adsorption of
peptides, before going deeper into the troubleshooting. This will show,
without any optimization, whether a change in solvent composition can
help. As seen in Fig. 4 with the reconstitution solution used for endog-
enous human proNPY extracted from plasma sample, an increase in the
FA concentration is associated with higher areas after three transfers,
while ACN 20 % does not change the adsorption. However, in this
example, the solvent composition has a 50-times lower effect than the
use of a surfactant (for surfactants, see Section 2.2.3.3).

2.2.3.2. Influence of the materials. Because adsorption is the result of an
interaction between an adsorbate in a fluid and an adsorbent, it is also
influenced by the adsorbents properties—that is, the properties of the
inner surface of containers and tips that are used to transfer and store the
standard peptide. Usually, tubes and vials are either plastic or glass
based, while tips are plastic based. Plastic (polypropylene [PP], poly-
ethylene [PE], and polymethylpentene) induces hydrophobic in-
teractions with the peptide hydrophobic residues, while glass
(borosilicate glass, etc.) induces electrostatic interactions between the
negatively charged silanol groups and the positively charged peptide
[35,43,69]. Overall, peptides tend to adsorb more onto hydrophobic

40000 -
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20000
10000
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0- T T
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Fig. 4. hProNPY adsorption test. Endogenous level of human pro-
neuropepetide Y (hProNPY) recovered from plasma, expressed as LC-MS/MS
peak areas. Each bar represents a solubilization solution used before injection
in the LC-MS/MS system. FA. formic acid; ACN. acetonitrile.
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surfaces, making the choice of plastics a real challenge [46].

Companies are aware of the adsorption issues and have developed
vials and tips of various nature that may reduce the adsorption. For
polymer-based materials, either the tips and vials are coated with resin
to create a barrier between the surface and the peptide, or their surface
and/or composition are modified by using different combination of
polymers and thus take advantage of their various properties to reduce
the surface hydrophobicity. For glass-based materials, the aim is to
prevent adsorption caused by the negatively charged silanol groups on
the surface. To do so, glass might be coated with alkoxysilane molecules
that will form covalent bond with the surface (a process called silani-
zation), or the manufacturing process is changed to limit the formation
of silanol groups. These vials and tips are summarized in the non-
exhaustive lists presented in Tables 1 and 2.

The adsorption on a given material should always be considered in
combination with a solvent composition. Indeed, the state of the ioniz-
able groups of a peptide, which is dependent on the solvent composition,
changes its propensity to stick to a particular surface [70]. Thus, in a
given material, the adsorption of a peptide may be low when in a solvent
A but high in a solvent B. For instance, silanol groups in lab glasswares
have a mean pka of 4. The addition of acids will neutralize those groups,
reducing the ionic interactions with the positively charged groups of

Table 1
A nonexhaustive list of the main vials available, with their composition and the
specificity given by the supplier. The data were collected in May 2023.

Product name Material Specificity Supplier
QuanRecovery with PP High-performance Waters
MaxPeak HPS surface
Eppendorf LoBind Polymer Two compound Eppendorf
Tube polymers with a
hydrophilic
surface
Low Protein Binding PP Thermo
Microcentrifuge Scientific
Tubes
Posi-Lock™ Low- Low-binding resin LabForce
Binding
Microcentrifuge
Tubes
MiniSorp™ PE Thermo
Scientific
Ultra High Recovery PP Starlab
Microcentrifuge
Tube

Corning® Costar® PP Bonded polymer Merck

low binding technology
microcentrifuge
tubes
Low Binding MCT PP BioScience
Inc.
Kinesis Snap Top Polymethylpentene  Silanized fused Antylia
Vial insert Scientific
Total Recovery Glass Waters
Low Adsorption vial ~ Glass Silanization Shimadzu
TORAST-H glass Glass Torast-H special Shimadzu
vial processing
RSA™ Glass Glass Reduced surface MicroSolv
activity glass Technology
Corporation
RSA-Pro X™ Glass Glass Reduced surface MicroSolv
activity glass Technology
coupled with a Corporation
surface treatment
KimShield Glass Surface Capital
Deactivated Glass deactivated for Analytical
samples when
silanization is not
effective
National Silanized Glass Silanization Thermo
sample vial Scientific

PP. polypropylene; PE. polyethylene.
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Table 2
A nonexhaustive list of the main pipette tips available, with their composition
and their supplier. The data were collected in May 2023.

Product name Material Supplier

Qualitix low binding tips Silicone-free resin ~ Socorex
Corning® DeckWorks™ low binding tips PP Merck

Low Retention Pipette Tips PP Sartorius

Low Retention Pipette Tips PP Thomas Scientific
Low Binding Pipette Tips PP BioScience Inc.
TipOne® tips PP Starlab

PP. polypropylene.

peptides.

In the following example (Fig. 5), we performed an adsorption test
with a 1.2 nM solution of angiotensin I (ANG I) in FA 0.1 %. After being
serially transferred five times in Eppendorf tubes, Minisorp tubes, or a
Waters 700 uL collection plate, we transferred triplicates of 10 uL of the
remaining solution to a collection plate. We added an internal standard
solubilized in a solution of 0.1 % FA and 0.1 % n-nonyl-beta-d-gluco-
pyranoside (NG), FA 0.1 %-NG 0.1 %, to the sample before we evapo-
rated it to dryness. Another sample remained untransferred and we
added it directly to the collection plate before drying. We solubilized
samples in a solution of FA 0.1 %-NG 0.1 %, injected them into a LC-MS/
MS, and compared the ratio between ANG I and its internal standard.
The results showed that 20 % of the peptide in FA 0.1 % was lost after
five transfers in a Waters 700 uL collection plate or an Eppendorf tube.
On the other hand, adsorption was prevented when using the Minisorp
tube.

In conclusion, we recommend having a few samples of different vials
and tips of various materials to rapidly test their effect on peptide
adsorption. It is also important to keep in mind that adsorption depends
on the surface and volume. Therefore, the containers should be as small
as possible to contain the peptide, and the volume should be kept
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Fig. 5. ANG I ratio area/IS in 0.1 % FA. Relative areas recovered from 60 uL
of a 1.2 nM angiotensin I (ANG I) solution in 0.1 % formic acid, following an
adsorption test in four different vials. The untransferred control condition is in a
Waters 700 uL collection plate. Each condition was done in triplicate. There was
a 17 % and 14 % loss when ANG I was serially transferred to a Waters 700 pL
collection plate and Eppendorf tubes, respectively. The loss was negligible in
Minisorp tubes.
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identical between samples. Finally, because the pipette tips suffer from
the same adsorption issues than vials [40], a general good practice rule
is to prerinse the tips by pipetting up-and-down with the sample several
times before transferring the desired volume. This will act as a coating
step, reducing the adsorption.

2.2.3.3. Adding surfactants. Changing solvents, vials, and/or pH is
sometimes not sufficient to limit adsorption in containers. Therefore, a
second strategy to reduce nonspecific adsorption in containers is the
addition of surfactants in every solution containing the sample. For
example, OT is completely lost when water is used as solvent, but fully
recovered when a surfactant is added (Fig. 6). This effect is independent
on the number of transfers.

Surfactants, or surface-active agents, are amphiphilic compounds
that contains both hydrophilic and hydrophobic groups (see Fig. 7). By
adsorbing the inner surface of vials or tips, surfactants create a barrier
between the solid and the liquid phase, changing the surface hydrophilic
or hydrophobic properties, decreasing the surface tension, and thus
modifying peptide adsorption [38,46]. Moreover, their amphiphilic
nature increases unfolding and dissolution of peptides [46,47,71], and
might also help de-adsorbing an already adsorbed peptide [72].

Although surfactants may lower the peptide adsorption, they are
rarely used in MS-based assays. Indeed, surfactants such as Tween-20,
Tween-80, Triton X-100, octylglycoside (OG), sodium dodecyl sulfate
(SDS), 3-[(3-cholamido-propyl)dimethylammonio]-1-propanesulfonat
(CHAPS), Nonidet P-40 (NP 40), and NG (also known as C9-Glu or
NNGP) strongly decrease the LC-MS signal due to their effect on ioni-
zation, or affecting the extraction procedure [35,71,73-75]. However,
Barco et al. [76] studied the ion suppression effect of various surfactants
and show no ion suppression with cationic and nonionic surfactants.
They observed low ion suppression due to ion pairing when different
types of surfactants were combined.

These nuanced findings regarding the suitability of surfactants in
MS-based assays explains why more and more surfactants are used by
various groups. As shown in Table 3, low amounts (0.005 %-1%) of
surfactants (mostly Tweens, polyethylene glycol, and NG) added to the
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Fig. 6. Oxytocin adsorption test. Relative areas recovered from 1 ng/mL
oxytocin (OT) solubilized in water, with or without the addition of n-nonyl-
beta-d-glucopyranoside (NG) 0.1 % (v/v). The black columns indicate no
oxytocin transfer while the gray columns indicate OT was transferred five
times. Adsorption of OT occurs even when no transfer is done. NG 0.1 % effi-
ciently prevents OT adsorption.
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Fig. 7. Chemical structure of the main surfactants used in peptide assays. A. Polyethylene glycol; B. Tween 20; C. Glucoside; D. Sodium dodecyl sulfate. Structure

obtained with molview.org.

solutions in contact with the peptide (but not the mobile phases) are
usually enough to lower the adsorption or de-adsorb a peptide from a
surface without affecting the sensitivity [72]. To our knowledge, some
surfactants are retained in the LC in reverse phase mode, and they elute
with a high organic composition. Therefore, if the target peptides are
eluted sooner, it might be quite easy to use the divert valve to send the
surfactants to the waste and thus avoid any troubles with the mass
spectrometer. Moreover, MS-compatible detergents such as RapiGest SF
(RPG, Waters Corporation), Invitrosol (IVS, Invitrogen), PPS Silent
Surfactant (PPS, Protein Discovery, Inc.), and MaSDeS are available on
the market and might be good options to avoid ionization issue
[71,77-79]. Finally, sample preparation might integrate a step in which
surfactants are removed from the sample. Yeung et al. [80] presented an
efficient way to remove OG, SDS, NP-40, or Triton X-100 by using ethyl
acetate extraction which reduces the interferences; Xu et al. [81] opti-
mized solid phase extraction (SPE) to get rid of Tween-20; Quirino [82]
removed SDS by adding cyclodextrins to the sample; and Antharavally
et al. [83] used Thermo Scientific Pierce Detergent Removal Resin to
remove efficiently SDS, Triton X-100, NP-40, and CHAPS prior to MS
detection. However, these extra detergent removal steps increase the
cost and time needed for the assays as well as peptide loss. Because the
effect of surfactant on peptide recovery is dependent on the peptide
quantified, the type of surfactant, and its concentration, an empirical
approach for each compound is appropriate.

A protocol used routinely in our lab consists of adding NG to the
sample and every solution used for elution and solubilization. For pep-
tides with strong adsorption behavior, such as NPY [66], we add 5 pL of
NG 10 % to 500 uL plasma samples prior to the extraction. The elution
solution for SPE and the reconstitution solution always contain NG 0.1
%. This completely prevents NPY adsorption without affecting the
analysis. For peptide with lower adsorption behavior, NG 0.1 % is suf-
ficient to prevent adsorption in the elution and solubilization solution.

Fig. 8 shows a transfer test in Eppendorf tubes with 1000 pM vaso-
pressin (AVP) solubilized in MeOH 10 %-acetic acid 1 %, with or
without the addition of NG 0.1 % (v/v). The results showed that 50 % of
the AVP adsorbed to the Eppendorf tubes when no NG was added, while
loss was abolished with 0.1 % NG added to the solution (unpublished
data).

The combination of several approaches often gives the best results. In
the following example (Fig. 9), 3.75 ng of ANG 1-10 lyophilized in

Minisorp tubes were solubilized in 250 pL of FA 0.1 %, FA 0.1 %-NG 0.1
% (FANG), or MeOH 20 %-FA 0.1 %-NG 0.1 %. After vortexing the
sample, 10 pL of the solution was added to a 700 pL Waters collection
plate, dried, resolubilized in 30 uL of FANG, and injected. The worst
solubilization of ANG I occurred when FA 0.1 % was used. The addition
of NG 0.1 % as a surfactant greatly helped the solubilization. Finally, the
combined use of NG 0.1 % and MeOH 20 % provided the highest
recovery.

2.2.3.4. Surface coating with competitors. During the development of a
PTH 1-34 LC-MS/MS assay, we found that PTH 1-34 immunoextracted
and purified by SPE from its plasma matrix adsorbed strongly to the
vial’s surfaces within minutes, precluding proper analysis of more than
five samples. The addition of organic solvents and modification of the
pH did not solve the problem. The use of surfactant was also not satis-
factory. Finally, we prevented the adsorption by filling the vials with a
solution of bovine serum albumin (BSA) 0.5 % (m/v) overnight at room
temperature. We then washed the vials three times with water and dried
under a nitrogen flow and used then for the analysis. Fig. 10 shows that
BSA coating efficiently prevented the adsorption of PTH 1-34 from a
100 pM solution [99].

This third strategy to cope with nonspecific adsorption in containers
is based on the competition for the binding sites between analytes and
the so-called adsorption competitors, such as BSA or Prionex, a protein
stabilizer. These molecules have a high tendency to adsorb onto sur-
faces. Therefore, by saturating the nonspecific binding sites of the con-
tainers, the competitors limit the peptide adsorption.

The general procedure for a coating step of a container is as follows:

e Incubate the selected containers with highly concentrated solutions
of competitors for hours. The incubation time is important and must
be optimized, as the binding process is time dependent.

e The containers are then emptied, rinsed (e.g. with water) to get rid of
the unbound competitor molecules, and dried.

e With most binding sites occupied, the containers are then ready to be
filled with the solution containing the analyte.

The same effect occurs when pipetting the peptide up-and-down to
prevent changes in concentration due to adsorption on pipette tips: The
peptide itself acts like a competitor, saturating the tip’s binding sites and
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Table 3
Summary of the main surfactants used in mass spectrometry-based assays to

Table 3 (continued)

R L . . Surfactant Analytes Matrix Surfactants References
reduce adsorption. Surfactants are sorted in five categories that represent their category (concentration)
structure. tween, polyethylene glycol, glucoside, sodium dodecyl sulfate, and
Protein digest Sodium 3-((1- [98]
others.
(furan-2-yl)
Surfactant Analytes Matrix Surfactants References undecyloxy)
category (concentration) carbonylamino)
Tween Thyroglobulin (6 Human Tween-20 0.005 [84] pr;)fpanx:-l-
pM) serum % sullonate
3-[5-(4- Urine Tween-20 0.2 % [81] BSA. bovine serum albumin; DDM. n-dodecyl-p-D-maltoside; FA. formic acid;
MEthan?S“1f°nyl' W) MMP-12. Matrix metallopeptidase 12; NG. n-nonyl-beta-d-glucopyranoside;
P;per;flgll'H NPY. Neuropeptide Y; OG. octylglycoside; PEG. polyethylene glycol; PYY. pep-
iyn?oel-gyli»lf-l- tide YY; PP. pancreatic polypeptide; SDS. sodium dodecyl sulfate; TFA. tri-
quinolin-2-one fluoroacetic acid.
(1.5 ng/mL)
Lactate Tween-80 0.01 % [85]
dehydrogenase (w/v) —
(0.02 mg/mL) 1 50
BAF312 (0.02 ng/ Urine Tween-80 0.5 % [72]
mL) (v/v) )
PEG MMP-12 DDM, PEG400- [86] o~
€8, and PEG600- ~
C8 at 0.0033 % % 100 -
Tryptic digest of 0.1 % FA PEG 2000 0.001 [69] O
six bovine proteins % (wW/v) )
(100 pM) ©
Glucoside Model peptide 0.1 % NG 0.03 %-0.05 [55] ()
MP1 (20 pg/mL)  TFA % (w/v) 2
NPY and Human NG 0.1 % (w/v) [661 ® 50
fragments plasma E
(0.03-0.16 pM) o
NPY and Human NG 0.1 % (w/v) [87]
precursors plasma
(0.16-8.72 pM) o
Leucine- Water NG 0.05 % (w/v) [43] I
enkephalin 0
Goserelin é 0
Bovine insulin ¢ 0\0
Buserelin Q’
Mouse obestatin x
(2 pg/mL)
AP102 Pl NG 1% 88
(somatostatin asma o /v (58] Fig. 8. AVP adsorption test. Relative areas recovered from 1000 pM vaso-
analog) (pg/mL pressin (AVP) solubilized in methanol 10 %-acetic acid 1 %, with or without
level) the addition of n-nonyl-beta-d-glucopyranoside (NG) 0.1 % (v/v). This surfac-
PYY, PP, NPY Human NG 0.1 % (w/v) [671 tant efficiently prevented the loss of AVP during an adsorption test.
(0.5-3 pM) plasma
Protease digest 0G 0.4 % (v/Vv) [73] e . . . . . . .
Protease digest 0G 0.1 % (v/%) 89] limiting e?dsorptlon. It is noteworthy that this peptide adsorption m1g1.1t
Hela cell lysate 0.1%FA  DDM 0.015 % [90] be reversible, as demonstrated by Penna et al. [100]. Therefore, to avoid
protein (0.05 ng/ any contamination issue related to the release of the bound peptide, we
uL) strongly recommend saturating the binding sites of the tip with a
Protease digest ](;al“';’lmalmmde o1 different peptide than the one targeted by the method. For instance, it is
. (J o . . . .
DS Protein in SDS 1 % (w/v) [92] pf)SSlble to use a stable 1sqtope—labeled peptide with a molecular v.ve1ght
Escherichia coli different from both the internal standard and the target peptide as
Trypsin digestion SDS 0.1 % (v/v) [74] coating agent. This method can also be employed to coat other
Mouse liver Mouse SDS 0.1 % (v/v) [93] containers.
proteins liver R . . — .
Other Tropomyosin Black RapiGest SF (94] . Verbeke et al. [101] reported a 2-hour .m.cubatlon of then.' vials w1th a
tiger highly concentrated hydrolyzed and precipitated BSA solution acidified
prawn with FA 0.1 %. This method showed promising results on a set of 36
Kn2-7/dKn2-7 Human RapiGest SF [95] representative peptides. Other groups have used Prionex 0.1 %-0.01 %
serum :u;fe;“a"‘ 10 % [96,102] or PEG 20000 1 % (w/v) [103] to limit adsorption. Another
v/V. . e
Ubiquitin Prionex0.1%and  [96] strateg.y proposed by Goebel—Steng.q et al. [104] relies on the addition of
Triton X-100 0.01 BSA directly to the tubes containing the sample. The recovery was
% improved for each tested peptide (nesfatin-1, peptide YY [PYY], leptin,
Insulin and C- Plasma Zwittergent 3-16  [97] insulin, GLP-1, ghrelin, corticotropin-releasing factor [CRF], and
peptide (0.09 and 0.001 % (v/v) o 0
0.06 ng/mL) Cholecystokinin-85 [CCK-85]) when BSA 1 % was added to the solu-
Tryptic BSA BSAand  IVS used to [79] tions, regardless of the used vial type. Finally, Suzuki et al. [105] re-
albumin/  resolubilize the ported that the adsorption of ANG peptides was efficiently prevented
1gG- lyophilized when aqueous ACN 5 % containing 50 mM arginine was used during
depleted  peptides sample preparation and MS analysis.
serum

This coating procedure presents some limitations. First, it is time
consuming because every container has to be prepared prior to use.
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Fig. 9. ANG I solubilization comparison. Areas recovered from 1500 pg/mL
angiotensin I (ANG I) after a solubilization test in formic acid (FA) 0.1 %, FA

0.1 %- n-nonyl-beta-d-glucopyranoside (NG) 0.1 %, or methanol (MeOH) 20
%-FA 0.1 %-NG 0.1 %. The experiment was performed in triplicate.
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Fig. 10. PTH 1-34 adsorption. Areas obtained after injecting a 100 pM so-
lution of parathyroid hormone (PTH) 1-34 solubilized in water, acetonitrile
(ACN) 20 %, or 20 % ACN in a bovine serum albumin (BSA)-coated vial. The
same solution was kept in the autosampler and injected at TO and after 35, 70,
and 110 min. The solution in the coated vial was also injected after 250 min.
The graph highlights the adsorption over time. It was slightly reduced by ACN,
but greatly prevented by the BSA coating step.

Second, the conditions of the sample preparation might be extreme and
affect the competitor stability. If the competitor undergoes desorption
from the surface during the sample preparation, it loses its effect, and
the analyte will adsorb onto the surface. Finally, the type of material
used can affect extent to which the competitors will stay onto the sur-
face, and thus the duration of their effect on adsorption. This is why
materials should be selected cautiously. For example, Murphy et al. [53]
combined a wise choice of vials and the addition of carbonic anhydrase
and ubiquitin to limit adsorption of the synthetic peptide Vn96 and
apomyoglobin. We found that after 72 h, adsorption of PTH 1-34 was
still efficiently prevented by BSA 0.5 % (m/v) in PP vials (Brown
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Chromatography Supplies) but not in Total Recovery Vials (Waters
Corporation) or in clear glass vials (Interchim) (Fig. 11).

2.2.3.5. Alternative strategies. When adsorption cannot be reduced, one
can estimate its effect to correct the analytical results. For example,
when working with cerebrospinal fluid (CSF) to evaluate amyloid p
(1-42), a strategy proposed by several authors relies on the use of am-
yloid p (1-40), which has similar adsorption behavior as the targeted
one. By calculating the ratio of the two molecules, they were able to
estimate the adsorption and reduce its impact on the results [40,106].
Another group working with these CSF biomarkers considered the
surface-to-volume ratio of the storage tubes [107]. While these strate-
gies help to obtain robust results, they do not cope with the analyte loss,
eventually resulting in lower sensitivity of the assay.

2.2.4. Conclusion

Peptide nonspecific adsorption might occur on every surface, from
pipette tips to vials, and at any time from sampling to extraction to
analysis, resulting in irreversible loss of the peptide and eventually
inducing lower sensitivity and precision and biased results [108,109].

To study the behavior of the peptide regarding adsorption, we pro-
pose a technique based on serial transfer of the solution containing the
peptide into vials and pipettes used for the extraction. Once adsorption
has been determined and quantified, several strategies might be
involved to limit nonspecific adsorption. Most of the time, a combina-
tion of strategies is the best choice (see Fig. 12).

First, the easiest way to limit the adsorption is to change the solvent
composition. By increasing the organic proportion (MeOH/ANC 5 %60
%) or changing the pH (0.1 %-5% acid or base), peptide solubility may
increase and adsorption decrease. Second, because adsorption is
strongly related to the properties of the surface, changing, for example,
from glass to PP might strongly reduce adsorption. Therefore, we
recommend any lab working with peptide to have a large collection of
different vials ready for adsorption studies, including glass, PP, and
Minisorp, and to test them with various solvents.

If changing the solvents composition or the materials does not help to
decrease adsorption, the addition of surfactants (Tween, NG, and PEG)
at low concentrations often dramatically reduces adsorption by creating
a barrier between the surface and the peptide. This is a technically easy
and cost-effective trick, but the effects of the surfactant on sample
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Fig. 11. PTH 1-34 adsorption after BSA coating. Areas obtained after the
injection of a 100 pM solution of parathyroid hormone (PTH) 1-34 solubilized
in acetonitrile (ACN) 20 % in three different bovine serum albumin (BSA)-
coated vials (glass, polypropylene [PP], and Total recovery vials). The same
solution was kept in the autosampler and injected at TO and after 1, 4, and 70 h.
The efficiency of the coating step to prevent adsorption loss was greatly affected
by the type of vial used.
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development

Fig. 12. Suggested workflow for the control of peptide nonspecific adsorption. The square box represents the starting point, and grey-colored boxes indicate the

strategies adopted with their corresponding Sections.

extraction and ionization must be carefully studied. We strongly
recommend having NG in any lab working with peptides because this
surfactant shows excellent anti-adsorptive properties for almost every
peptide we have tested in our laboratory, with almost no effect on the
LC-MS/MS assay performance.

Finally, coating the containers with competitors is another way to
prevent adsorption of peptides. By allowing molecules with known
adsorption behavior (BSA and Prionex) to remain in the containers, one
can saturate the binding sites prior to the addition of the peptides,
reducing its adsorption. From our perspective, this should be a method
of last resort. Indeed, the process is long, fastidious, and requires perfect
optimization to ensure that the competitors stay in place during storage
and extraction.

2.3. Neat peptide stability

Whether in a hydro-organic solution or as a freeze-dried standard,
peptides are affected by their environment, such as the energy provided
by heat or by oxidizing agents such as oxygen. This enables many re-
actions that ultimately lead to changes in the structure of the peptides.
Therefore, it is extremely important to test and assess the stability of the
peptides of interest and to fully understand and prevent these
modifications.

As a preamble, we would like to draw the reader’s attention to the
fact that the notion of stability depends on each application. For
example, a 10 % loss of a peptide prevents its use for the preparation of a
calibration curve, while it still allows the use for qualitative bioactivity
studies. It is crucial to define the stability requirements and the error
tolerance before initiating any study.

The following sections address theoretical considerations on peptide
stability, present typical tests to assess their stability, and provide sug-
gestions on how to store and handle the peptides during the various
stages of assay development and peptide extraction.
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2.3.1. Peptide degradation

Peptide degradation mainly depends on the amino acids of which
they are composed. A few typical degradation reactions are described
below. Knowledge of these reactions enables predicting and preventing
peptide degradation but requires a stability evaluation (see subchapter
4.1).

2.3.1.1. Oxidation. Oxidation results from a covalent modification of an
amino acid by a reactive oxygen. For example, the so-called reactive
oxygen species (ROS) are extensively studied in vivo and known to play
an important role in protein and peptide metabolism, but also in diseases
and aging. The ratios of the oxidized to unoxidized forms of proteins and
peptides have been proposed as a means to evaluate oxidative stress
involved in inflammation, psoriasis, and rheumatoid arthritis, among
other conditions [110-113].

Peptide oxidation also occurs in vitro and in the absence of a bio-
logical matrix. It can occur at cysteine, tryptophan, and histidine resi-
dues, but the most sensitive amino acid to oxidation is methionine
[114-116]. Oxidizing agents are mainly the oxygen from air and
chemicals present in solutions. For example, DMSO—used to increase
the solubilization of peptides [117]—has been reported to oxidize amino
acids [118]. Because peptides are in contact with oxygen during storage
and extraction, the proportions of oxidized forms might fluctuate over
time, resulting in lower precision of the LC-MS/MS assay [66] and even
immunoassays given that antibody recognition is affected by subtle
changes of the oxidized epitope. The analysis itself, such as electrospray
ionization in a mass spectrometer, might induce oxidation and create
artefacts [119].

Oxidation of the peptides used in a laboratory-developed test may
have various consequences. For immunoassays, it depends on whether
the oxidized residues are part of the epitope. A robust immunoassay
should rely on the recognition of epitopes without residues that may be
oxidized. For MS-based assays, the situation is more dramatic because
the detection is based on the m/z ratio, which increases for every oxygen
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captured. This results in underestimation of the peptide concentration
because the oxidized forms are no longer quantified by MS. Similarly, if
the standards used to prepare a calibration curve are partially oxidized,
then the concentrations measured in an unknown specimen will be
overestimated.

When the peptides of interest are prone to oxidation and the assay is
sensitive to it, it is more convenient to prevent or control oxidation of the
standard than to modify the assay. Oxidation of dried peptides is effi-
ciently prevented by adding an inert gas such as argon in the sealed
container. In aqueous solutions, an efficient strategy is the addition of an
antioxidant agent or a reducing agent, which prevents oxidation by
competition. Miyachi et al. [9] reported 1.4 % oxidized glucagon, a
peptide with methionine in position 27, in aqueous samples after
extraction, that is, without a biological matrix. To circumvent this
phenomenon, they added methionine in the extracted samples to a final
concentration of 5 mM. The free methionine acted as an oxidation
competitor by reacting with the oxygen and reduced the level of
oxidized glucagon to 0.2 %.

Another strategy is to favor one oxidized state over the others by a
controlled oxidation step, as proposed for the quantification of NPY by
Vocat et al. [66]. NPY is a peptide of 36 amino acids with a methionine
at position 17 [120]. Because of its functional group, this methionine
can be unoxidized (sulfide), singly oxidized (sulfoxide), or doubly
oxidized (sulfone). We found that NPY in its circulating form is
approximately 15 % unoxidized and 85 % singly oxidized, but with a
high variability that results in low precision. We forced the oxidation in
vitro with an incubation of the sample with hydrogen peroxide (H202)
for 20 min, resulting in 95 % singly oxidized form. This led to a net
increase in the sensitivity (Fig. 13) and robustness of our assay. Of note,
the addition of HyO, to a sample containing FA should be avoided
because it results in the formation of performic acid, a strong oxidizing
agent that doubly oxidizes NPY and ultimately degrades the peptide.

In other situations, only a particular oxidized form may be of inter-
est. For example, PTH is an 84 amino acid peptide with two methionine
residues at position 8 and 18. Oxidation diminishes its bioactivity and
therefore might be related to health conditions such as renal disease
[121]. On the other hand, it seems that only the active form is useful to
adapt the treatment strategy for hyperparathyroidism in patients
receiving dialysis [122]. Therefore, immunoassays and spectrometric
methods have been used to quantify the various oxidized forms of PTH
for different purposes [8,122-125]. For example, Hocher et al. [122]
proposed using an antibody against oxidized PTH to remove the
oxidized form prior to the analysis of unoxidized PTH. However, poor
oxidation control, low sensitivity of PTH immunoassays, or a general
absence of standardized procedure resulted in a heterogenous concen-
tration of oxidized forms with high discrepancies, ranging from 0 % to >
90 % [8,20]. Therefore, before the assay is developed, it is crucial to
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know its purpose to limit the time wasted on pre-analytical consider-
ations that are irrelevant for a particular application. This is true for
oxidation as well as other neat peptide degradation mechanisms.

In summary, we recommend identifying the amino acids subjected to
oxidation in the peptide prior to developing the method as this may
strongly affect the quantification. Special attention should be paid to
methionine residues that are highly sensitive to oxidation. Finally, either
the assay can be designed to measure the different oxidation states of the
peptides, or oxidation can be blocked or strictly controlled.

2.3.1.2. Deamidation. Deamidation is the second most prevalent
degradation reaction of peptides and occurs in vitro and in vivo. The two
amide-containing residues, Asn and Gln, are converted to Asp and Glu
residues, respectively [126-128], resulting in a + 1 Da mass increase.
This mechanism has raised major concerns about peptide and protein
stability [129].

To limit deamidation, one can work on the physical state of the
peptide. Lyophilizates of standards are less prone to deamidation
because of a reduced water content and reduced peptide mobility that
leads to fewer interactions. The temperature is also positively correlated
with the reactivity of Asn residues, especially if the peptides are not in a
solid state [130]. For storage purpose, the temperature should be as low
as possible. Finally, deamidation is affected by the hydroxide ion con-
centration, and thus by the pH of the solution [131]. For instance, Asn in
PTH is frequently deamidated at pH > 5 [125,132]. However, because
cleavage of other residues (such as Asp) occurs at a lower pH, a pH close
to 5 seems to be the optimum for peptides prone to Asn deamidation,
without increasing the risk of aggregation and hydrolysis [129]. Of note,
lyophilization does not change the pH of the lyophilizate that maintains
the pH of the solution from which it was lyophilized [133]. For more
details on deamidation, we strongly recommend the reviews by
Wakankar et al. [129] and Lindner et al. [134].

2.3.1.3. Other degradation mechanisms. Other less common modifica-
tions of a peptide’s amino acids might happen in vitro. We briefly
mention them in this review. For those interested in more details on the
main stability concerns occurring with solid-state peptides, we recom-
mend the review by Lai and Topp [135].

Peptides, as well as proteins, are prone to aggregation or fibrilliza-
tion, which means that they tend to associate into larger polypeptide
chains. This is well known to happen in vivo and has important health
consequences regarding neurodegenerative diseases [136,137]. How-
ever, this phenomenon is also known to occur in vitro and is a frequent
problem encountered during drug development. From an analytical
point of view, aggregation might change the epitope availability, lead-
ing to a poor recovery of immunoassays, and change the mass of the
peptide, which precludes its detection by a mass spectrometer. For more
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Fig. 13. Oxidation forms of NPY. Human Neuropeptide Y (hNPY) areas obtained for its unoxidized (+0 Da), singly oxidized (+16 Da), doubly oxidized (+32 Da),
and triply oxidized (+48 Da) forms, after incubation for 20 min in water, hydrogen peroxide (H20,), or performic acid (PFA = H,0, + FA).

12



J. Maurer et al.

information on aggregation, we recommend the valuable published
contributions [138,139].

Finally, other environmental aggression might induce peptide
degradation. Extreme temperature or pH induce nonenzymatic hydro-
lysis of peptide bond, which is not common and a relative slow process
in usual lab conditions [140-142]. Light can also greatly reduce the
stability of peptides, because peptide bonds and side chains of trypto-
phan, phenylalanine, and tyrosine absorb ultraviolet (UV) light [143].
Mozziconacci and Schoneich [144] reported this denaturation: They
showed a degradation of OT in contact with UV light when pH was
4.0-5.0 or 7.0-8.0.

2.3.2. Peptide stability in solutions

As neat solutions at room temperature, peptides present highly
variable stability. Long-term storage should be avoided in such condi-
tions. For example, AVP in aqueous solutions is stable for only 24 h at
room temperature [145], and ANG peptides stored in MeOH are stable
for only 30 h at 20 °C [146].

In general, degradation of peptides in solutions is efficiently reduced
when stored at 4 °C, that is, in a fridge or on ice during handling. This
temperature usually allows much longer stability of peptides than room
temperature. For example, ANG peptide stability in MeOH is increased
from 30 h at room temperature to 4 days at 4 °C, and it is likely that if
they had tested a longer storage period, they would have found a longer
stability at 4 °C [146].

Some processes involve temperatures above room temperature, such
as drying with heat and a nitrogen flow, which may result in significant
degradation. We observed that 50 % AVP was lost during such drying at
50 °C, while this degradation was reduced down to 30 % at 25 °C. We
ultimately used a freeze-dryer to fully prevent degradation.

Peptides are usually not exposed to extreme temperatures (>100 °C)
in lab conditions, unlike in the food industry, where this is extensively
studied. In these conditions, peptide bonds are rapidly cleaved and
amino acids are modified [147,148]. We do not discuss this issue in this
review.

For long-term storage, solutions should be frozen. At very low tem-
peratures such as —80 °C, chemical and biological degradation is very
limited. Storage at —80 °C might extend the stability of peptides to years
in most cases. For example, 1 mg/mL solutions of PYY 1-36, PYY 3-36,
oxyntomodulin, GLP-1 7-36 amide, and GLP-1 9-36 amide in 20 pg/mL
BSA in MeOH 10 %-acetic acid 20 % were stable for 20 months at
—80°C [149]. Temperatures closer to 0 °C slightly increase the chemical
reactions, but as long as the solutions remain frozen, the chemical re-
action rates are limited [150]. However, long-term storage of peptides in
solutions, even at —80 °C, is not recommended; most authors report
storage in dried form (see Section 2.3.3).

2.3.3. Peptide stability in dried forms

As lyophilizates, typically freeze-dried, peptides are considered by
most authors to be stable for years, and always more stable than in so-
lutions. Indeed, the absence of water greatly reduces the mobility and
thus chemical reaction rates, microbial degradation, and hydrolysis, and
limits the overall effect of temperature on stability [151,152]. Freeze-
dried NPY is stable for more than 1 year at —20 °C with desiccant
[66], and freeze-dried PTH is stable for 2 years at room temperature
[153]. Moreover, repeated freeze-drying usually does not reduce the
stability of peptides. For example, 10 nM solutions of Neuropeptide Y,
peptide YY and pancreatic polypeptide were freeze-dried and recon-
stituted three times with no significant degradation [67]. However, as
oxidation, deamidation, and other chemical reactions might continue
even on solid-state peptides, it is still important to evaluate peptide
stability in dried forms [143].

Freeze-dried peptide stability depends on the sequence of the pep-
tide, as reported in Section 2.3.1, and on the storage conditions. Storing
peptide standards as freeze-dried lyophilizates requires specific pre-
cautions. Peptides containing Ser, Gln, or Asp (among others) are
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hygroscopic, which means that they tend to absorb water from the
environment in a process called deliquescence, resulting in an increased
risk of hydrolysis and a change in their mass [154]. Deliquescence is
efficiently prevented by storing peptides with a desiccant in a tightly
sealed container. It is also important to let the frozen lyophilizates reach
room temperature before opening the vial, to avoid water condensation.

Evaluating peptide stability should be one of the very first steps of
any method development. In subchapter 4.1 we present a general pro-
tocol to determine the stability of peptides in any condition. Impor-
tantly, and as recommended by all major bioanalytical method
validation guidelines, these studies should cover all conditions
encountered during the entire analysis—for example, stability at —20 °C
in the dried/lyophilized form for 2 years, stability of stock and working
solutions in FA 1 % on ice for 4 h, and stability during a lyophilization-
reconstitution cycle.

2.3.4. Freeze-thaw stability

The development and use of laboratory-developed tests require the
frequent use of stock solutions for different purposes, including pre-
paring internal standards and calibration curves. As a result, stock so-
lutions are frequently thawed and frozen. Because these changes may
greatly affect the matrix by inducing crystallization, cold denaturation,
salt precipitation, and pH modification, the freeze-thaw cycle must be
studied carefully [155,156]. Studies are especially needed to assess the
extent to which a particular peptide suffer from repeated freeze-thaw
cycles. Typically, these studies compare samples subjected to multiple
versus no or a single freeze-thaw cycle. See subchapter 4.2 for an
example of such a protocol.

2.3.5. Conclusion

In summary, predicting the stability of a peptide in solution is not
possible, and stability studies should be among the first tasks of any
method development to be assessed. As a rule of thumb, one can
consider “the colder, the better.” A second rule is to freeze-dry peptides
and/or to prepare single-use aliquots for long-term storage and to avoid
freeze-thaw cycles. Finally, for long-term storage of peptides, we
recommend storing them in dried form, at —20 °C, away from bright
light and with a desiccant. For peptides containing Cys, Met, or Trp,
storage should be under oxygen-free conditions to prevent oxidation.
For more details, see the dedicated protocol (see subchapters 4.1, 4.2,
and 4.3).

3. How to work with biological samples

Once the neat peptide stability has been established and any un-
wanted degradation has been prevented, the development of the quan-
tification method and the work on real samples may start. In a clinical
environment, the samples are usually plasma, serum, or urine, which are
composed of a complex biological matrix. This matrix has important
effects on the stability of peptides. Moreover, the sampling and the ad-
ditives used change the stability of peptides and their recovery during
sample preparation. Going through the main parameters that can affect
biological samples, the following subchapters address the problems
related to the matrix, the proteases, the chemical stability of peptides,
and the patient.

3.1. Effect of the matrix

3.1.1. Blood, plasma, and serum

When starting the development of an ANG I assay, we initially
observed nice LC peaks for spiked ANG I in both water and plasma. A
few days later, the peak areas dropped completely for spiked plasma. We
rapidly dismissed any issue with MS because we observed nice peaks
when ANG I was extracted from water. We then realized that the first
experiments were carried out using plasma collected in ethyl-
enediaminetetraacetic acid (EDTA) tubes, and the subsequent
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experiments used heparin tubes. We tested our hypothesis and found the
following results (Fig. 14), later confirmed by other authors [157].

The loss of ANG I is explained here by a change in the matrix
properties that leads to a lower retention during the extraction pro-
cedure, and a change in the ionization properties of the analytes that
leads to a lower MS signal.

The impact of heparin on ANG I recovery is impressive and highlights
the importance of considering the matrix as part of the method devel-
opment. Anticoagulants are one of the first exogenous substances added
to the sample, and thus it is important to understand the way they will
modify the matrix behavior and how they can interact with the peptide,
to choose wisely which anticoagulant to use in which situation. For more
information on the blood sample handling, we strongly recommend the
valuable contributions available for metabolomic and proteomic studies
[158-160].

Most peptide assays are based on peptide extraction from serum or
plasma. Serum is the supernatant obtained after complete coagulation of
blood, while plasma is obtained by separating the cells through centri-
fugation of the blood in the presence of anticoagulants such as EDTA,
heparin, or citrate [161]. Therefore, serum and plasma differ in many
ways that will affect a peptide assay. After coagulation, the serum is free
from fibrinogen and other clotting factors that may interfere with
measuring peptides. However, the clotting step increases the amount of
peptides in serum, because many abundant proteins are cleaved during
coagulation, resulting in a high number of fragments [162]. The clotting
step is also responsible for important enzymatic activity that eventually
affects the peptides concentration if no protease inhibitors are added to
the samples. On the other hand, plasma samples have not been subjected
to coagulation, therefore avoiding the release of intracellular content
that might affect the recovery of peptide and impact MS-based assays
[163,164]. However, anticoagulants might interfere with peptide
extraction and detection [165]. In a study related to progastrin-releasing
peptide, the authors showed that this peptide stability over 3 days was
greatly affected by the type of anticoagulant used [166]. Because plasma
is the most used matrix for peptide quantification, we address the
question related to the use of anticoagulants in the following para-
graphs. For readers interested in the differences between serum and
plasma, we recommend the valuable contribution of Hernandes et al.
[167].

The three most frequently used anticoagulants are potassium EDTA,
sodium citrate, and lithium heparin [168]. While the first two block the
coagulation by chelating the calcium ions necessary for the coagulation
cascade [169], heparin inhibits coagulation by binding to and activating
antithrombin. This protease inhibitor inactivates thrombin, factor Xa,
and other proteases, stopping the formation of fibrin; this inactivation is
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Fig. 14. Anticoagulants influence on ANG I recovery. Recovered areas from
1000 pg/mL angiotensin I (ANG I) spiked in ethylenediaminetetraacetic acid
(EDTA) or heparin plasma sample. Heparin used as anticoagulant preclude a
proper detection of ANG I. The experiment was performed in triplicate.
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increased by 2000-fold when heparin is bound to antithrombin
[170,171].

Because the mechanisms of action of these anticoagulants are
different, their effects on peptide stability, extraction, and detection may
differ [172]. On the one hand, EDTA and citrate have an enzyme
inhibitor-like effect because their chelating properties preclude the use
of calcium ions by other enzymes. Therefore, they enhance the stability
of some proteins or peptides [173]. On the other hand, heparin might
bind peptides other than antithrombin because of its negatively charged
sulfo- and carboxyl groups [174]. Moreover, heparin is known to
nonspecifically bind peptides, which influences MS detection, and to
modify peptide elution in the LC system due to its polyanionic nature
[175,176]. Finally, heparin inhibits carboxypeptidases, increasing the
stability of a few peptides [177].

For all these reasons, selecting the most appropriate anticoagulant
for an assay is not straightforward, and authors are quite divided on the
topic. For some of them, EDTA is a better choice than citrate because of
its high chelating power, its low proteolytic activity, and its indepen-
dence on the subject’s hematocrit [176,178]. EDTA is often recom-
mended for metabolomic studies, for hormones assays, amyloid
peptide, procalcitonin, and ANG assays [179-182]. For others, heparin
seems to be an overall better choice for metabolomics studies [183].
Moreover, heparin nicely correlates with EDTA for the measurement of
brain-derived neurotrophic factor [184].

In this chapter, we would like to bring attention to another method of
blood sampling known as Dried Blood Spot (DBS). This biosampling
technique involves allowing drops of blood to air-dry on a filter paper
substrate. The key advantage of this approach is its ability to simplify
sample handling significantly. While DBS has proven effective for effi-
ciently collecting endogenous biomarkers or exogenous peptides that
circulate at high concentrations, such as insulin analogues, it is generally
not well-suited for the analysis of endogenous peptides [185-187]. This
limitation arises from the typically low concentrations of endogenous
peptides, the potential for the drying process to induce matrix effects
due to cellular disruption, and the continued occurrence of oxidation
and other degradation processes. However, it is worth noting that DBS
could potentially evolve into a gold-standard sampling method for
endogenous peptides in the years ahead. This transformation may occur
as analytical instrument sensitivity improves, allowing for the quanti-
fication of peptides in low volumes, and as stability issues are addressed.

In summary, there is no perfect anticoagulant that fits all situations.
Hence, we will not recommend one anticoagulant. Instead, we recom-
mend determining the most suitable anticoagulant for a given assay
based on experimental data. In other words, we recommend studying
their impact on the different characteristics of the assay by comparing
the peptide recovery in different plasma samples, and to think about
other sampling technique, such as DBS, to overcome some sampling
issues.

3.1.2. Cerebrospinal fluid

CSF is a fluid mainly produced by the choroid plexus and is highly
related to neuronal function. It acts as a shock absorber and regulates the
intracranial pressure and the chemical environment of the central ner-
vous system [188-191]. Because its circulation is separated from the
lymph and the blood, CSF is known as the third circulation [192].
Because the blood-brain and blood-CSF barriers are quite impermeable
to peptides in the bloodstream, peptide biomarkers from the CSF are
exclusively used to diagnose neurodegenerative diseases such as Alz-
heimer’s and Parkinson’s disease [193].

CSF and plasma share common issues, although a major difference is
that CSF has a low protein concentration. Moreover, CSF might be
contaminated by blood during the sampling, leading to an important
change in the matrix and the addition of more enzymes to the sample.
Blood-contaminated samples should be discarded as a safety recom-
mendation [23].

For readers specifically interested in CSF handling for peptide
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quantification, we strongly recommend the valuable contributions
available [23,194-196].

3.1.3. Urine

Peptide hormones are rarely quantified in urine. Measuring peptides
in urine presents many advantages compared with measuring them in
blood: Urine collection is easier, peptide stability is better in urine
because all the proteolytic events already occurred within the bladder,
and there is a large dataset available for comparative studies [197-199].
On the other hand, urine composition is greatly influenced by renal
glomerular filtration and the bladder, where it is stored for several
hours. The drawback of that storage is that enzymatic activity continues
in the bladder, resulting in important proteolysis that eventually leads to
degradation of proteins and peptides. This results in very stable peptides
with strong resistance to endogenous enzymes, which eases the pre-
analytical steps that can be limited to control microbial contamina-
tion, filtration of large proteins, along with usual stability and adsorp-
tion tests [197,200]. What might seem to be an advantage of urine over
blood is in fact a strong limitation. Indeed, it leads to a peptidome
composed almost exclusively of random degradation products, which is
difficult to associate with any biological condition, apart from those
directly related to the kidneys or bladder [197,201-204]. Moreover,
peptide concentration should be normalized with creatininuria to take
into account urine concentration.

3.1.4. Tissue

As a material with high peptide contents, tissues samples are of great
interest to understand biological processes. Tissue analysis is chal-
lenging because the extraction procedure involves cell lysis at elevated
temperatures, tissue structure disruption with a homogenizer (such as a
potter or turrax), followed by solvent precipitation and peptide recovery
in supernatants, or with the assistance of sonication. Moreover, the
procedure might require a cutting step prior to the extraction to reduce
the size of the sample and to allow proper solubilization. These steps are
responsible for protein and peptide breakdown either enzymatically or
nonenzymatically, leading to modifications in the measured concen-
trations [205]. The extraction itself is tricky because cells are difficult to
lyse completely, which leads to poor peptide recovery. This issue cannot
be properly evaluated because it is not possible to calculate the yield of
the extraction by artificially adding the peptide into the cells.

For the cutting step, we strongly recommend working on dry ice to
keep the tissue frozen for as long as possible. Then, the tissue should be
warmed up by taking the sample out of dry ice for a few seconds, just
enough to cut through it with a razor blade, and rapidly put back on dry
ice. Lysing the tissue with either by potterization or by using a fast and
cold mechanical lysing tool such as the TissueLyser from Qiagen will
help break the tissue into small pieces without keeping them at room
temperature for a prolonged period. To disrupt the neuroendocrine
vesicles in cells, we suggest sonicating the samples in an ice-cold buffer
and recovering the supernatant. As highlighted by the following
example of NPY extraction from prostate tissue, repeating the above-
mentioned procedure will drastically increase the recovery of the pep-
tide (Fig. 15). A minimum of two consecutive extractions and a pooled of
the obtained supernatants are strongly recommended. These different
steps will limit peptide degradation and ensure greater recovery.

3.2. Enzymes

3.2.1. Function and mechanism

Enzymes are a class of proteins able to accelerate a chemical reaction
to convert one or a few substrate(s) into one or a few product(s). This
catalytic activity is at the center of almost all metabolic processes that
enable the organism to work, either as highly selective enzymes con-
trolling metabolic pathways or nonspecific catalytic activity involved in
the degradation of numerous proteins [206]. Enzymes that hydrolyze
peptides bonds are called peptidases, proteinases, or proteases. To
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Fig. 15. NPY recovery in tissue. Human Neuropeptide Y (hNPY) recovered
after extraction from prostate tissue. The pie chart represents the relative re-
coveries from four extractions of the same tissue sample, with the hypothesis
that after four extractions, all the hNPY was extracted.

simplify, we will use only the term protease in this review. Proteases
cleave peptide hormones to generate smaller fragments with different
activity regarding their specific receptors and are responsible for the
generation of the peptidome (see chapter 1). Proteases cleave the
signaling peptide from a pre-pro-peptide to form the pro-peptide. The
latter is cleaved again by other proteases to form the peptide hormone
with biological activity. This peptide hormone might then be metabo-
lized again whether to change or stop its activity. We focus on proteases,
their localization, their activity, and the way to prevent unwanted
peptide hormone degradation that may occur during sample
preparation.

Proteases can be separated in two major classes. Endopeptidases
cleave internal bonds in a peptide chain, and exopeptidases cleave one
or a few residues at one of the two peptide termini. Exopeptidases can be
further classified into aminopeptidases, dipeptidyl peptidases, or tri-
peptidyl peptidases if one, two, or three amino acids are liberated from
the N-terminus, respectively. If one or two amino acids are liberated
from the C-terminus, they are called carboxypeptidases or peptidyl-
peptidases, respectively [207]. More than 200 proteases have been
identified in plasma [208]. Exopeptidases are responsible for the ma-
jority of peptide degradation because they are more active and stable in
plasma than endopeptidases [209]. Similarly, a classification has been
proposed to identify the cleavage sites and the related amino acids
[210]. Fig. 16 shows an illustration of a peptide from the N- to the C-
terminus. Amino acids on each side of the cleavage site are named P1 to
P4 when near the N-terminus, and P1’ to P4’ when near the C-terminus.
This nomenclature allows highlighting the specificity of an enzyme for
the cleavage of a particular peptide bond. Indeed, the amino acids close
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Fig. 16. Graphical representation of a cleavage site in an amino acid chain. N
represents the chain side with an amine group, and C represents the chain side
with a carboxyl group. Amino acids on each side of the cleavage site are named
P1 to P4 when near the N-terminus, and P1’' to P4 when near the C-terminus.
The green partial circle represents a protease. Created with BioRender.com.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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to the cleavage site greatly affect the availability of the bond and thus
change the possible enzymes that are able to reach the site.

Enzymatic activity activates and regulates biological processes by
changing a peptide’s structure and thus its ability to bind to receptors.
As presented in Fig. 1 a peptide might be cleaved by many enzymes,
resulting in multiple fragments with different activities, or no activity at
all. Knowing these metabolic pathways and their functions is the key to
understand many diseases and to adapt their treatment. For example,
the renin-angiotensin-aldosterone system (RAAS) is at the center of
blood pressure regulation (see Fig. 17). More specifically, angiotensin-
converting enzyme (ACE) metabolizes inactive ANG I to ANG II,
which has vasoconstrictive activity. Consequently, ACE inhibitors are
one of the most common antihypertensive treatments prescribed
because their ability to inhibit conversion of ANG I to ANG II leads to a
blood pressure reduction. Because of their functions, enzymes are
ubiquitous in the body: They are found in tissues, organs, and blood.
They might be in the cell cytoplasm, on the cell surface, or secreted and
thus solubilized in biological fluids [207,211].

There are two analytical consequences of peptide metabolism. First,
several peptides with very similar structures might coexist in a biolog-
ical sample. In such a case, immunoassays often suffer from lack of
specificity because of cross-reactivity, when the epitopes of the peptides
are identical, precluding a proper quantification. In contrast, MS-based
assays do not suffer from the same problem, as even the slightest change
in the structure results in a different mass-to-charge ratio. Second, in the
absence of adequate measures, the activity of proteases continues after
sample collection, and may significantly bias the results of the assay. We
discuss this issue in Section 3.2.3.

3.2.2. Classification

With several thousands of identified enzymes, a classification was
needed. The first one, based on the enzyme’s activity, was proposed by
the Nomenclature Committee of the International Union of Biochemistry
and Molecular Biology (IUBMB) and is used in several databases (https:
//enzyme.expasy.org, https://www.uniprot.org, and https://www.bren
da-enzymes.org) [212]. It is based on an Enzyme Commission (EC) tag,
composed of four numbers separated by a dot. Each number charac-
terizes a level of classification related to a particular chemical reaction.
Seven main categories are defined: oxidoreductase (EC 1), transferase
(EC 2), hydrolase (EC 3), lyase (EC 4), isomerase (EC 5), ligase (EC 6),
and translocase (EC 7).

Another classification, suggested by Rawlings et al. [208], is avail-
able at https://www.ebi.ac.uk/merops/index.shtml. It classifies pro-
teases into families with homologous proteolytic activity, and attributes
a letter corresponding to the catalytic type of the proteolytic enzyme

Angiotensinogen
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\ ACE2
ANG (1-10) ——— ANG (1-9)

ACE Neprilysin ACE
\
ANG (1-8) — > ANG (1-7) ——> ANG (1-5)
ACE2 ACE

Fig. 17. Simplified representation of the metabolism of angiotensins. Renin
forms ANG 1-10 from Angiotensinogen. ACE metabolizes ANG 1-10 in ANG
1-8, ANG 1-9 in ANG 1-7, and ANG 1-7 in ANG 1-5. ACE2 metabolizes ANG
1-10 in ANG 1-9, and ANG 1-8 in ANG 1-7. NEP metabolizes ANG 1-10 in
ANG 1-7. ACE. angiotensin-converting enzyme; ACE2. angiotensin-converting
enzyme 2; NEP. neprilysin.
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combined with a unique number to separate the families. Nine different
families have been identified: aspartic (A), cysteine (C), glutamic (G),
metallo (M), asparagine (N), mixed (P), serine (S), threonine (T), and
unknown (U). Families sharing an evolutionary relationship can be
grouped into clans [213]. Clans are identified with two letters, the first
being the catalytic type of the families included in the clan.

Let’s consider the well-known dipeptidyl peptidase 4 (DPP-4)
enzyme. It is a serine protease with hydrolase activity that acts on
peptide bonds and specifically cleaves dipeptides from the N-terminus.
Hence, it can be classified as EC 3.4.14.5, or in the SC clan, family S9
(S09.003). In this review, for clarity we only use the EC number. A
summary is presented in Table 4.

3.2.3. Impact on analytical results

A diagnosis based on quantifying circulating peptides relies on the
hypothesis that a pathological state will result in a local or systemic
change of a peptide secretion, or vice versa. Blood samples represent a
perfect snapshot of these circulating concentrations. However, peptide
metabolism still occurs ex vivo through circulating proteases present in
the sample. This leads to a change in peptide concentrations that will no
longer represent the true circulating concentrations, precluding any
accurate diagnosis.

Fig. 18 shows the relative areas of a peptide (ANG I) in EDTA plasma,
in three conditions. One sample was stored frozen (used as a control)
with a mix of inhibitors, an identical sample was stored at room tem-
perature for 1 h, and a third sample without inhibitors was stored at
room temperature for 1 h. We observed significant peptide degradation
after 1 h at room temperature, which was efficiently prevented by
inhibitors.

To provide the true concentration of a peptide in a biological fluid-
—that is, the in vivo concentration—it is critical to stop any enzymatic
activity at the time of collection to prevent any ex vivo modification of
the peptides of interest. For this endeavor, the first step is to study the
stability of the peptides ex vivo (subchapter 4.4) and then, if necessary,
take actions to stop any degradation (subchapter 4.5).

Table 4

Main types of proteases with an explanation of their enzymatic activity, and the
corresponding IUBMB EC number. X, Y, and Z. cleaved amino acids; -i-. repre-
sentation of the cleavage site; Peptide. remaining peptide after the cleavage.

Type of protease Enzymatic activity IUBMB
nomenclature
Aminopeptidase Cleaves one amino acid from the N- EC 3.4.11
terminus
(X -I- Peptide)
Carboxypeptidase Cleaves one amino acid from the C- EC 3.4.16-18
terminus
(Peptide -i- X)
Dipeptidase Hydrolyses a dipeptide EC 3.4.13
Dipeptidyl Cleaves two amino acids from the N- EC 3.4.14
peptidase terminus
(XY-I-Peptide)
Endopeptidase Hydrolyses peptide bonds of EC 3.4.21-25
nonterminal amino acids (Peptide-
i-Peptide)
Exopeptidase General name for all proteases that -
hydrolyses a peptide bond not more
than three residues away from the
terminus
Metallopeptidase Protease with a metallic ion in its active =~ EC 3.4.17/24
site
Peptidyl Cleaves two amino acids from the C- EC 3.4.15
dipeptidase terminus
(Peptide-i-XY)
Tripeptidyl Cleaves three amino acids from the N- EC 3.4.14
peptidase terminus

(XYZ-i-Peptide)

IUBMB. International Union of Biochemistry and Molecular Biology.
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Fig. 18. Stability of ANG I in plasma. Relative areas of angiotensin I obtained
after an incubation period, to show its stability. The reference sample was
frozen, and the conditions evaluated were incubation for 1 h at room temper-
ature in the presence or absence of a dedicated mix of inhibitors. The experi-
ment was performed in triplicate.
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3.2.4. How to study enzymatic activity

As discussed in the previous subchapters, enzymatic activity un-
doubtedly continues after sample collection, potentially leading to an
important modification of the peptide concentration over time. Because
of this, every development of an assay for a peptide in a biological fluid
should include an evaluation of the peptide stability during the pre-
analytical and analytical steps of the assay, such as sampling, centrifu-
gation, transport, storage, and sample preparation. In the following
paragraphs, we cover the methodology used for plasma samples because
plasma is the most frequently used matrix, but the general approach
might be applied to any type of matrix.

Fig. 19 shows the general approach to test peptide stability in a
biological matrix. To be as efficient as possible, we recommend starting
with a pilot study aimed at testing the stability of the peptide during an
incubation of 30 min at 37 °C. These conditions mimic sample collection
where blood at body temperature is sampled and slowly cooled to 4 °C.
Ensuring stability during the first 30 min is the most crucial milestone to
obtain reliable results. The general idea of the pilot study is to spike two
samples with the same amount of the peptide. One sample is kept frozen
and the other is incubated for 30 min at 37 °C. Then the two samples are
extracted, and peptide concentrations are compared. For more details,
see the dedicated protocol (Section 4.4.1).

Once the stability during sample collection has been confirmed, a
comprehensive stability study is mandatory to assess whether the pep-
tide is stable during transport and sample preparation; this endeavor
involves reproducing the conditions (temperature, pH, and duration) of
these steps. Therefore, the samples should be incubated at times and
temperatures representing the above-mentioned steps adapted to the
need of the assay (4 °C for 24 h to mimic sample transportation on ice,
room temperature for 1 h to mimic the sample preparation on a bench,
etc.). Stability is evaluated by comparing the recovered peptides in those
conditions and in a sample kept frozen at —80 °C. A detailed protocol to
evaluate the peptide stability is available in the Section 4.4.2. Then,

PILOT STUDY §4.4.1

Is the peptide stable

for 30 min. at 37°C?

DEGRADATION CONTROL §4.5

COMPREHENSIVE STUDY §4.4.2

Cope with proteases §4.5 |

Temperature §4.5.1
* Inhibitors §4.5.2
* Solvents and pH §4.5.3

[ Are the proteases involved known? H No —— Yes ——— Is the peptide stablt? |.n the comprehensive ]
N J conditions? §
L e 1lhat37°C
Yes No » 1h at room temperature
= = e 1lhat4°C
Literature review and l. *+ In>5real blood samples
degradation products test § J - |
No Yes

|

Is the impact of the
conditions tolerable?

No Yes

If needed, batch
production of a dedicated
mix of inhibitors and study

of its stability §3.2.5.2.1

Fig. 19. General procedure to evaluate peptide stability. It starts with a pilot study aimed at evaluating the stability when sampling blood (at 37 °C) and cooling it to
4 °C. Then, if the stability is confirmed in the pilot study, the comprehensive study aims to evaluate the stability in the other steps of the assay, such as transport and
sample preparation, by mimicking their temperature and duration. At any point in the study, degradation control strategies are applied if the required stability is not
reached. Moreover, the impact of these strategies must be evaluated to ensure they do not lower the recovery of the analytes. Finally, if inhibitors are used, then their

stability and batch production must be studied.
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depending on the results of this study, strategies to stabilize the peptides
must be applied (see subchapter 4.5).

3.2.5. How to work around enzymatic activity

If the target peptide is unstable in the expected handling conditions
because of enzymatic activity, one must find strategies to limit its impact
on results. This is the most difficult and time-consuming step of the assay
development for several reasons. First, one peptide may be cleaved by
several proteases with different optimal working conditions. Second, the
degradation must be stopped immediately after collecting the sample,
using a robust and technically easy methodology for a clinical envi-
ronment. Third, the strategy deployed to prevent degradation should not
interfere with the extraction or induce a matrix effect, to avoid losing
LC-MS/MS signal.

An initial interesting test is to study the degradation products ob-
tained. We recommend spiking samples with a stable isotopically
labeled (SIL, typically with '3C) analog of the precursor peptide. By
allowing this precursor to stay in contact with the biological matrix, and
by measuring the SIL peptides at several time points, it is possible to
evaluate degradation of the peptide and the metabolites obtained, and it
might provide insights into the enzymes responsible for that cleavage. Of
note, it is necessary to have every analog labeled at the same position so
that enzymatic degradation does not cleave the labeled amino acid. For
example, if a method targets ANG I, ANG II, and ANG 1-5, then the five
first amino acids are shared by the three peptides and should be labeled
(see Fig. 17 for metabolism of angiotensins).

As highlighted previously, the development of such strategies is an
iterative process that should be repeated until a satisfying solution is
found (see Fig. 19). We describe different strategies to ensure peptide
stability by blocking protease activity. These strategies must be tested in
this iterative process.

3.2.5.1. Temperature. The easiest way to limit the action of proteases is
by lowering the temperature at which the samples are stored and
handled. Indeed, the optimal working conditions for most proteases are
close to what is found in the human body. By storing samples at a
temperature below the human body temperature (around 36 °C), the
activity of some proteases is completely abolished [214-216].

As a rule of thumb, the colder the better. This is easily applied for the
analytical steps: The samples should be stored at —80 °C or —20 °C, the
samples should be centrifuged at 4 °C, and the sample preparation
should be performed on ice. In contrast, this is most difficult to apply and
control during the pre-analytical steps, especially during sample
collection that often takes place in a clinical environment. Nurses typi-
cally collect blood while performing several other tasks and handle the
samples when all bedside tasks have been completed. Moreover,
adequate instruments and material such as ice machines and refriger-
ated centrifuges are often not available on site. Typically, in a clinical
environment, blood samples are placed on a tray for a few minutes at
room temperature after collection. The tube is then placed in a centri-
fuge, perhaps after transfer to the central laboratory. The sample tem-
perature remains higher than 20 °C during this time. Then, the sample is
centrifuged and frozen. In summary, samples originating from the real
world often remain in ideal conditions for enzymatic activity for 15-30
min, resulting in unreliable laboratory results for peptides that are not
stable in such conditions.

Systematic storage of samples on ice immediately after collection,
and the availability of refrigerated centrifuges and freezers in units close
to the patients, may reduce the risks of degradation. Nonetheless, un-
foreseen clinical circumstances often prevent samples from being
properly processed, without the laboratory being informed. Therefore,
to circumvent the matter with temperature we recommend the addition
of protease inhibitors to ensure the stability of the peptides during the
pre-analytical steps.

18

Journal of Chromatography B 1229 (2023) 123904

3.2.5.2. Proteases inhibitors. Protease inhibitors are molecules that
reduce or block enzymatic activity. They produce this effect by binding
to an enzyme, either directly on its binding site or to another site, thus
preventing metabolism of the substrate. In the case of metalloproteases,
the inhibitors might also chelate the metal ions needed for the catalytic
activity. It is noteworthy that inhibitors can affect multiple proteases.
For example, EDTA is a chelating agent that binds to iron and calcium
ions. Therefore, it can be used to inhibit the activity of many different
metalloproteases. Of note, inhibitors might also be replaced by com-
petitors that will saturate the enzymes, reducing their effects on the
target peptide. This strategy has been applied by using the tripeptides
Tyr-Pro-Ala-NH; and Tyr-Pro-Ala-OH as enzymatic competitors for DPP-
4, to increase the stability of endomorphins [217].

The prerequisite to the use of an enzyme inhibitor is to have a
comprehensive understanding of the involved metabolic pathways. The
first step is an extensive literature review to identify the enzymes that
could degrade the peptide. These proteases might be nonspecific and
cleave many substrates or be specific to a limited number of substrates.
After that, one can use various databases such as MEROPS (https://www
.ebi.ac.uk/merops/index.shtml) and BRENDA (https://www.brenda-en
zymes.org) that provide lists of proteases and their related inhibitors.
To help find enzymes that might cleave one particular peptide and the
possible inhibitors to block it, Table 5 summarizes the most common
plasma proteases, the cleavage sites, examples of substrates, and sug-
gestions of inhibitors that could be used in bioanalytical assays.

Once one or a few inhibitors have been selected, it is important to
optimize their use and storage. In the following examples, we focus on
inhibitors used for plasma samples, but the strategies deployed are the
same for other matrixes such as serum and tissue. For urine, peptides are
in contact with proteases for a long time in the bladder, which means
that the peptides have already been cleaved. Therefore, the use of in-
hibitors with urine is generally not necessary, and the peptidome is
stable for several hours even at room temperature [198].

During the iterative process and the many tests needed to find the
optimal inhibitor mix, inhibitors should be weighed and prepared in low
volumes that can be added directly to the plasma. This approach will
ensure fresh and nondegraded inhibitors and is the fastest option to run
several tests in a row. However, in real clinical conditions, inhibitors are
added directly to the blood during the collection. This greatly impacts
preparation of the inhibitor mix. First, because blood is about 50 %
plasma, the optimal concentrations found during the testing phase
should be divided by two when working with blood: Elimination of the
cells will increase the concentrations of inhibitors in the remaining
plasma by a factor of two. Second, the addition of the inhibitor mix to
the sample will dilute the concentration of the target peptide, increasing
the LLOQ. To limit this dilution, we recommend using a lyophilized
inhibitor mix that is resolubilized in the lowest possible volume when
added to the collection tube. However, in this concentrated solution, the
inhibitor concentrations should not be too high, or there is a risk that
they will precipitate and not properly solubilize in the blood. Finally, the
inhibitor mix must be added directly in the collection tube so it can
rapidly exert its effect. We do not recommend vacuumed vials, such as
Vacutainer, because inhibitors cannot be added easily. Monovette-type
vials are more appropriate, but it is important to tighten the cap while
pushing the plunger to ensure that the maximum volume of blood is
collected.

Once a good compromise between stability and recovery has been
found, we strongly recommend evaluating several different plasma
samples (each in triplicate). Indeed, metabolic variations or unknown
drug therapy may increase the interindividual variability toward a
particular metabolic pathway. In Fig. 20, we spiked ANG [ in the plasma
of six donors, with no known medication, along with a mix of protease
inhibitors (aliskiren, captopril, EDTA, and 2,2-bipyridyl). Plasma sam-
ples were then frozen or kept at 37 °C for up to 1 h. In this experiment,
enzymatic activity was sufficiently prevented by the inhibitors in only
half of the subjects (1, 2, and 6). Therefore, the protease inhibitor mix
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Table 5

Summarizing table of the most common proteases sorted by the amino acids they cleave, in the following order. N-terminal proteases; C-terminal proteases; endo-
peptidases. If available, their cleavage site, known substrates, localization, and specific or nonspecific inhibitors are given.®. amino acids cleaved by the protease; -i-.
cleavage site; O. nonspecific amino acids; .... other amino acids that form the peptide; PSTI. pancreatic secretory trypsin inhibitor; SBTI. soybean trypsin inhibitor.

Amino acids Cleavage Proteases Known substrates Localization Optimal pH Inhibitors
concerned (¢) site for
proteolysis

Ala and Arg @-1-0... Aminopeptidase N Angiotenin-3 and Amastatin, probestin, and
(previously M)(EC somatostatin [211,223] actinonin [224]
3.4.11.2)

Arg, Asp, and Glu @-i-0... Aminopeptidase A Angiotensin I, angiotensin II, 7.4 Amastatin and probestin [224]
(EC 3.4.11.7) cholecystokinin-8, and

neurokinin B [211,225]

Pro Op-1-0... Aminopeptidase P (EC ~ Bradykinin, substance P, and  Anchored in the plasma Apstatin [226-228]
3.4.11.9) neuropeptide Y [226-228] membrane [229]

Not specific 00--0... Dipeptidyl peptidase Bone narrow, spleen, Acidic pH Brensocatib and vildagliptin
1 or cathepsin C (EC kidney, and serum [232] [233,234]
3.4.14.1) [230] [231]

Ala-Pro and Lys-Pro 04-1-0... Dipeptidyl peptidase Substance P, bradykinin, Intracellular 5.5-6 [236] Talobostat, sitagliptin, diprotin
[235] 2 (EC 3.4.14.2) and casomorphin [236,237] (lysosomal) [236] A, AX8819, and Diisopropyl
Substrate preference fluorophosphate [236-239]
for tripeptides

Pro or Ala at the O®-i-0... Dipeptidyl peptidase Bradykinin, neuropeptide Y, Cell membrane [242], Vildagliptin, linagliptin, and
penultimate position 4 (EC 3.4.14.5) substance P, glucagon-like and as a soluble form in diprotin A [238,241]
[217,240] peptide 1, glucose- plasma and urine

dependent insulinotropic [238,243].
polypeptide, and

endormorphins

[217,226,241]

Pro at the penultimate O®-i-0... Dipeptidyl peptidase Neuropeptide Y Talobostat and vildagliptin [238]
position 8 and 9 (EC 3.4.14)

Large hydrophobic side  ...O--& Carboxypeptidase A 7-8 Chelating agent [244,245]
chains (Phe) (EC 3.4.17.1)

Does not cleave Lys,
Arg, Pro

Basic amino acids (Arg ..O--d Carboxypeptidase E Insulin, vasopressin, Mainly in the brainand 5.6 Chelating agent [245]
> Lys > His) (EC 3.4.17.10) oxytocin pituitary

Basic amino acids (Arg ..O--® Carboxypeptidase B 7-8 Chelating agent [245]
> Lys > Gly) (EC 3.4.17.2)

Arg and Lys ..0--® Carboxypeptidase U 7.5-7.8 Chelating agent [177,246]

(EC 3.4.17.20)
Ile, Leu, Phe, and Val ...8--00 Neprilysin (EC Bradykinin, neuropeptide Y, ~ Found in epithelial Sacubitril, valsartan, and
) 3.4.24.11) and angiotensin [211,247] cells, fibroblasts, omapatrilat/
neutrophils, and in ethylenediaminetetraacetic acid
soluble form in the [211,247]
circulation, urine, and
cerebrospinal fluid
Tyr O--¢ Kallikrein (EC Neuropeptide Y and Blood, urine [249,250] DX-88 [252], aprotinin, and SBTI
3.4.21.34) bradykinin [226,248] and in many organs to [253]
different extents [251].
Not specific ...0--00 Angiotensin- Angiotensin, substance P, Lungs and vascular Captopril, enalapril, quinapril,
converting enzyme enkephalins, bradykinin tissues [256] and ethylenediaminetetraacetic acid
(3.4.15.1) [254], and amyloid § [255] plasma [257,258] [211]
Not specific 0--0 Angiotensin- Angiotensin Vascular endothelial 6.5 DX600 [262], MLN4760
converting enzyme 2 cells of the heart and [263,264] and
(EC 3.4.17.23) kidneys [259-261] and ethylenediaminetetraacetic acid
plasma [257] [265]

Pro (but not Pro-Pro) O--& Prolidase or peptidase Human kidney p-Hydroxymercuribenzoate
[266] P (EC 3.4.13.9) [266]

Not specific 0O--0 Cathepsin A (EC Endothelin-1 and Pepstatin [268]

3.4.16.5) angiotensin I [267]

Endopeptidase. two .B®--0 Cathepsin B (EC Intracellular [269] 4-8.5 [269] Pepstatin [268]
residues with large 3.4.22.1)
hydrophobic side
chains (Phe) or Arg
[269]

Endopeptidase. bonds ... @®-1-0... Cathepsin D (EC Endothelin, tachykinin, Intracellular [270] Pepstatin [268]
involving residues 3.4.23.5) enkephalin, insulin,
with hydrophobic, prolactin
preferably aromatic,
side chains

Endopeptidase. .. O--&... Cathepsin G (EC Angiotensin I 7-8 [271] Pepstatin [268]

aromatic and
strongly positively
charged residues
(Phe, Lys, Arg, or
Leu) [271]

3.4.21.20)

19

(continued on next page)



J. Maurer et al.

Table 5 (continued)

Journal of Chromatography B 1229 (2023) 123904

Amino acids Cleavage Proteases Known substrates Localization Optimal pH Inhibitors
concerned ($) site for
proteolysis
Endopeptidase. cleave .. ®--0... Trypsin (EC 3.4.21.4) 7.5-8.5 PSTI, SBTI, and serpins [272].
after a basic amino
acid (Lys or Arg)
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Fig. 20. Angiotensin I. Relative areas recovered from 1000 pg/mL angiotensin Qg' Ry 06 'b°
I spiked in the plasma of six subjects, with or without an incubation step. All the (1:.,1' 0(\
samples contained a mix of protease inhibitors (aliskiren, captopril, EDTA, and 'QQ
2,2-bipyridyl). The reference samples are the frozen one. Three out of six IN
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experiment was performed in triplicate.

was re-evaluated using blood samples, and the conditions of preparing
the mix were studied to ensure that there was no degradation of the
inhibitors.

The addition of protease inhibitors to the matrix is by far the most
efficient method to prevent the degradation or the production of the
peptides of interest. However, this use is not without risk, as the in-
hibitors change the composition of the matrix, and they can have a
tremendous effect on the sample preparation efficiency or on the
detection of the sample. They may change the retention in SPE, induce
stronger precipitation of proteins, or change the ionization of the elec-
trospray source. With its great impact on peptide recovery, the effect of
the inhibitors must be extensively studied. We propose a protocol
dedicated to this evaluation in Section 4.5.2.3.

In the following example, we added 1,10-phenanthroline to plasma
samples to limit the degradation of ANG (Fig. 21). This chelating agent
blocks the activity of metalloproteases such as neprilysin and amino-
peptidase A, ensuring that peptides are stable for a much longer time.
However, after SPE, ANG I recovery was 57 % lower when o-phenan-
throline was added compared with the control samples. In cases like this,
it might be very rewarding to identify an alternative inhibitor with
similar inhibitory properties as the problematic inhibitor. Here, 2,2
bipyridyl stabilized ANG to the same extent as o-phenanthroline but did
not decrease the efficiency of the extraction.

The effect on recovery is also related to the concentration and may
specifically affect one peptide. This phenomenon occurs with 4-(2-
aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF), a serine
protease inhibitor that reacts with the hydroxy group of the active site of
serine and forming a sulfonyl group. AEBSF has an inhibitory effect on
ACE, among other enzymes. At a low concentration (0.05 mg/mL), it did
not change the recovery of ANG 1-9 extracted from plasma using SPE.
However, a 10-fold increase of AEBSF to 0.5 mg/mL resulted in a total
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Fig. 21. Inhibitors effect on ANG I recovery. Relative areas recovered from
1000 pg/mL angiotensin I spiked in plasma samples when 2,2-bipyridyl or
1,10-phenanthroline was added. The 1,10-phenanthroline induces a higher loss
during the extraction than 2,2-bipyridyl. The experiment was performed
in triplicate.

loss of the peptide (Fig. 22). In this case, we replaced AEBSF with phe-
nylmethylsulfonyl fluoride (PMSF), another inhibitor of the same family
with similar inhibitory power that did not affect ANG 1-9 recovery
during sample preparation. Interestingly, the recovery of other ANG
peptides was not affected by the addition of AEBSF to the matrix. In
conclusion, it is important to determine the optimal concentrations of
the inhibitors needed to reduce the enzymatic activity. It should be as
low as possible to limit their effect on recovery. Generally, using a lower
concentration of an inhibitor with a greater inhibitory power might be a
better option than a higher concentration of an inhibitor with a lower
inhibitory power.

The second important limitation of inhibitors is that they need time
to exert their effect because they must interact with the enzymes or
metal ions. To speed up the process, once collected, blood samples
should be mixed gently to allow a proper distribution of the inhibitors in
the sample, but not shaken at the risk of causing hemolysis. We
recommend gently turning the tubes up and down five times. Because of
this slight delay between the collection and the actual effect of inhibitors
on enzymes, inhibitors might not be suitable for highly and quickly
metabolized peptides such as bradykinin (BK), whose half-life is 17 s
[218]. In such a case, changing the matrix for a one that will instantly
block enzymatic activity by inducing a fast precipitation, such as sol-
vents or extreme pH, might be the only way to reach the desired sta-
bility. These strategies are covered in Section 4.5.3.

3.2.5.2.1. Inhibitor cocktail preparation. Enzyme inhibitors are usu-
ally provided in a solid state to increase their stability. It is better to store
them in that form at —20 °C until further use. A very convenient method
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Fig. 22. AEBSF and PMSF effects on ANG 1-9 recovery. Relative areas
recovered from 1000 pg/mL angiotensin 1-9 spiked in plasma samples with or
without the addition of 4-benzenesulfonyl fluoride hydrochloride (AEBSF) and
phenylmethylsulfonyl fluoride (PMSF). The concentration of inhibitors has a
great impact on the recovery, with a higher loss when 0.5 mg/mL AEBSF is
used. The experiment was performed in triplicate.

is to prepare freeze-dried aliquots of the inhibitors in a ready-to-use
quantity to be thawed and reconstituted when needed. Moreover, as
several inhibitors often have to be added to the samples because several
different proteases degrade the peptide(s) of interest, we recommend
preparing aliquots that contain all the required inhibitors. The quantity
of each tube depends on the type of inhibitors and the application; the
inhibitory power is dependent on the inhibitors themselves. It is also
important to remember that blood is approximately 50 % plasma, and
because the inhibitors are soluble in the plasma, their concentration is
approximately two times the concentration spiked in blood. A protocol
dedicated to the use of protease inhibitors is available in Section 4.5.2.

To integrate the inhibitors in the blood samples, we suggest solubi-
lizing the lyophilized inhibitors in the lowest volume of water and
adding them directly in the tubes used for blood collection. Thus, the
inhibitors are mixed instantly with the blood, and they will rapidly exert
their action on enzymes without significantly diluting the sample.

The stability of lyophilized aliquots of inhibitors must be controlled
after long-term storage and during freeze-drying. In the absence of a
convenient direct method to measure the concentration of the inhibitors,
we suggest using an indirect method by comparing the inhibitory power
of inhibitors from aliquots stored at —20 °C for some time versus control
aliquots (e.g., freshly prepared). The stability of the mix must also be
evaluated when reconstituted and added to the blood collection tube.
For example, a protease inhibitor cocktail mix developed to ensure the
stability of NPY was stable for 1 year at —20 °C in its solid form, but for
only 1 week once solubilized [67].

3.2.5.3. Change the matrix composition. In some very specific cases, the
addition of protease inhibitors is not adapted to prevent peptide
degradation, such as BK with its 17-second half-life [218]. In such a case,
inhibitors will not be mixed quickly enough in the plasma to inhibit the
enzymes. Although this might not be an issue when BK is spiked in
plasma containing well solubilized inhibitors, rapid degradation of BK
will undoubtedly occur during sample collection [57]. This will even-
tually result in a change in concentration, precluding a proper com-
parison between sample concentrations that will be affected by the
availability and quantity of proteases. Therefore, a faster option is to add
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Fig. 23. BKs SIL stability during sampling collection. Relative areas
recovered from 1000 pg/mL SIL Bradykinin 1-9 (BK1-9), BK1-8, and BK1-7
spiked in blood collection tubes. For the black and grey conditions, precipita-
tion was induced by spiking the tubes with ethanol (EtOH) before or after the
blood collection, respectively.

a precipitating agent such as ethanol directly to the collection tube so
that blood precipitates instantly, stopping the enzymatic activity. In this
example (Fig. 23), we spiked SIL metabolites of BK (BK 1-9, BK 1-8, and
BK 1-7) in two blood collection tubes. We added ethanol in the tubes
before or after the blood collection to induce precipitation. To mimic
normal sampling conditions, we left the tubes at room temperature for
15 min after the collection. We compared the conditions by measuring
the areas obtained. Instantaneous precipitation during collection pro-
duced higher relative areas, suggesting that BK is not stable during the
blood sampling unless ethanol is added beforehand.

Another option is to change the pH to reduce the enzymatic activity.
Indeed, most enzymes have an ideal working pH around 7.4. Increasing
or decreasing the pH will possibly stop this activity. In the following
example, we incubated ANG I in plasma spiked with a combination of
inhibitors (Fig. 24). The plasma contained aliskiren, a renin inhibitor, so
we could monitor the degradation of ANG I and not its production by
renin. After the incubation, we compared the recovery with a frozen
plasma sample used as a reference. Almost all ANG I was lost after in-
cubation for 3 h (-80 %). Moreover, the addition of EDTA and captopril,
to block metalloproteases and ACE, respectively, only slightly improved
the stability (-64 %). However, increasing the pH to 12 by adding a
solution of sodium hydroxide 40 % almost completely stopped the
degradation (-15 %). While this method works theoretically, in practice,
a pH that is too high or too low might not be suitable to collect blood
because it could lead to massive hemolysis.

Finally, Murphey et al. [65] proposed another method to cope with
the rapid degradation of peptides such as BK. They found that BK 1-5is a
stable in vivo metabolite obtained from the degradation of BK. They
postulated that the BK 1-5 concentration may be used as a marker for BK
production. Although this approach provides an approximation of BK
secretion, it cannot be used to obtain reliable quantitative data and may
result in poor reproducibility [58].

3.2.6. The importance of setting a goal for the method

The previous section is dedicated to finding the best inhibitor mix
and conditions to completely stop the enzymatic degradation. Never-
theless, this strategy requires additional considerations.

In a recent review concerning GLP-1 quantification, the author stated
that protease inhibitors are crucial when measuring plasma levels of its
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Fig. 24. ANG I stability in aliskiren plasma. Relative areas recovered from
1000 pg/mL angiotensin I (ANG I) in plasma containing aliskiren. The reference
was a frozen plasma sample containing aliskiren. The no inhibitors condition
contained aliskiren to prevent the production of ANG I by renin. The two other
conditions contained captopril and EDTA as inhibitors, with the lighter gray
condition set at a pH of 12. Except the reference, all the samples were incubated
at 37 °C for 3 h. The experiment was performed in triplicate.

active forms, but they can be omitted when evaluating secretion using a
C-terminal-specific assay [219]. Indeed, as DPP-4 is responsible for
almost all GLP-1 degradation, and as it only cleaves the N-terminus of
GLP-1, the epitope situated at the C-terminus of the peptide will still be
recognized by the antibody. If immunoassays detect the two forms
indistinctly, MS-based assays should quantify the two forms and only
their addition would represent GLP-1 secretion. Of note, DPP-4-cleaved
GLP1 is biologically inactive.

Another example is from Cegla et al. [220], who highlighted that
glucagon is stable without protease inhibitors in plasma when it is
quantified via LC-MS. This finding is contradictory to other studies using
immunoassays. The discrepancies regarding glucagon stability from
previous studies may be related to variation in antibody specificity that
results in cross-reactivity with other peptides that are more sensitive to
enzymes.

These examples show the importance of understanding the impact
that degradation could have on the analytical method used and the re-
sults. Defining acceptable stability specific to the applications and goals
of the method will save time and increase confidence in the results.

3.2.7. Summary table

Table 5 summarizes the most common proteases, their cleavage sites,
and the inhibitors that block their activity. You may want to use Table 5
as follows:

1) In your peptide, identify the first three amino acids on the N-
terminus.

2) Use the first column to see what type of exopeptidases might cleave
the first three amino acids.

3) Once you have found the proteases, use the inhibitor column to get
an idea of potential candidates that could block their activity and
thus increase the stability of the peptide.

4) Do the same for the three amino acids on the C-terminus to find
possible cleaving exopeptidases.
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5) Finally, search for endopeptidases that may reduce the stability of
the peptide.

Once you have found the list of inhibitors, we recommend testing
their effect on stability by using the dedicated protocol (see Section
4.5.2.3) and evaluating their impact on the detection by comparing the
recovery with and without inhibitors. Of note, Pro-Pro bonds are
extremely resistant to degradation, even for proteases specialized for Pro
cleavage, because it induces a conformation change that has a protective
effect [221,222]. For more details, Page et al. [206] summarized the
most common eukaryote proteases and Mentlein [207] reviewed the
cell-surface proteases.

3.3. Nonengzymatic modifications

Peptides are prone to the same stability issues in biological matrixes
and as a neat solution. Oxidation, deamidation, and other degradation
mechanisms still occur in patient samples and therefore must be care-
fully controlled. However, biological matrixes add more complexity as
peptides can react with the matrix components. This subchapter dis-
cusses peptide stability in biological matrixes and the effect of freeze-
—thaw cycles and storage temperature.

Nonenzymatic modifications are reactions between the peptide and
its environment that induce PTMs of the amino acid chains, but they are
not linked to enzymatic activity [273]. We cover enzymes in subchapter
3.2. PTMs can occur in vivo and in vitro. As long as these PTMs do not
change the amino acids targeted by the antibody or their availability,
they are not an issue for immunoassays. However, the slightest change in
mass will be detected by an MS-based assay, resulting in inaccurate
measurements. Whether the ratio of post-translationally modified to
unmodified peptides or the total amount of peptide are of interest, PTMs
must be evaluated and controlled [113]. In the first case, PTMs must be
stopped, while in the second case, PTMs can also be forced to favor one
peptide form over others. This will lead to a unique transition for a
peptide, and therefore greater sensitivity. The following sections address
the issues of glycation, oxidative crosslinking, and phosphorylation in
peptide assays. For a deeper understanding of the reactions and mech-
anisms presented here, we recommend the review by Lai and Topp
[135].

First, glycation may occur and modify the peptide structure by the
Maillard reaction, a reduction of carbohydrates with amino compounds
[274]. This reaction occurs in circulating human pancreatic peptide
[275]. There has been a recent interest in these nonenzymatic modifi-
cations for the diagnosis of type 2 diabetes mellitus [276,277]. The
direct consequence of this modification is that the clinical diabetic state
of the patient might be a confounder when measuring peptides. For
more detail, we recommend the valuable review by Thornalley and
Rabbani [113].

Second, oxidative crosslinking, a reaction in which residues are
crosslinked with others, might occur between Lys residues and C-ter-
minal Asp residues [278]. Crosslinks in peptides might be revealed by
using labeled 80 that will be incorporated two times in the crosslinked
peptides because of their double C-terminal ends, but only one time in
the non-crosslinked peptide [279,280]. For more information about
oxidative crosslinks, we direct readers to a valuable published review
[281].

Third, phosphorylation is the addition of a phosphoryl group to the
lateral chains of amino acids with an alcohol group (Ser and Thr). For
example, up to 20 % of the Ser residues at the N-terminus of PTH can be
phosphorylated [8,282].

3.3.1. From cold to hot: What is the influence of storage temperature?
The general rule for peptide stability in biological matrixes is the
colder, the better, similarly to the storage temperature for neat peptides.
At a very low temperature (-80 °C), chemical and biological degradation
is very limited, although examples of metabolome alterations even at
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—80 °C have been reported, meaning that even in this condition, peptide
stability needs to be checked to fit the purpose of the assay [283,284]. In
most cases though, storage at —80 °C might extend the stability of both
biological samples and standard lyophilizates to years.

Increasing the temperature close to 0 °C will slightly increase bio-
logical and chemical reactions, but because the samples will still be
frozen, it will limit the degradation of peptides by limiting the rates of
biological and chemical reactions. There is a drastic change above 0 °C
because the samples are no longer frozen. Usually, 4 °C is the temper-
ature tested because it represents the temperature of a refrigerator as
well as samples kept on ice. This temperature usually allows much
longer stability of peptides such as procalcitonin, glucagon, and AVP,
among others, than room temperature [180,182,285]. Room tempera-
ture might be suitable for some peptides even in a biological matrix, for
short periods, as shown for B-type natriuretic peptide (BNP) [286].

A temperature of 37 °C (body temperature) is close to the optimal
working condition for enzymes (see Section 3.2.1). This temperature
completely changes the stability of peptides in biological samples and
might result in the unwanted formation or complete degradation of
peptides. Protocol in subchapter 4.4 might be used to test the stability in
various temperature settings.

3.3.2. Freeze-thaw

In usual lab conditions, samples are frozen after collection and then
thawed for analysis. Sometimes, one sample undergoes repeated
freezing and thawing steps because it needs to be re-analyzed, which
might change the stability of plasma constituents. In addition, more time
at a temperature above 0 °C will reactivate the enzymes, and the matrix
itself might change by protein precipitation and recrystallization [287].
Zhang et al. [85] highlighted that proteins tend to aggregate irreversibly
during freeze/thaw cycles. Several groups have reported that more than
two freeze-thaw cycles induce changes in the metabolic or protein
profiles [24,288,289]. Other studies have reported no effect on the
peptides measured [290]. In our experiments, multiple freeze-thaw
cycles of plasma samples induce protein aggregation that eventually
increases the probability of clogging issues during the extraction. In
addition, extracted samples that have been frozen and thawed several
times before injection seem to have a higher chance of clogging the
instrument.

An example of the freeze-thaw issue is measuring plasma renin ac-
tivity (PRA) [291]. In this case, when the sample temperature reaches
—5°C to + 4 °C, prorenin is cryoactivated, inducing the production of
renin and eventually ANG 1-10 [292-294]. This phenomenon is
attributed to the cleavage by plasma proteases of the unfolded pro-
segment of prorenin, leading to its active form. Thus, activation of en-
zymes in thawed samples might be an important issue. We address this
issue in the subchapter 3.2 dedicated to enzymes.

Therefore, a freeze-thaw stability study is necessary to assess the
extent to which a particular peptide will suffer from repeated freeze-
—thaw cycles and to allow comparison between samples subjected to a
single and multiple freeze-thaw cycles. It is also of great importance to
monitor cautiously the number of freeze/thaw cycles that each sample
undergoes to estimate its influence on the results. The general idea of
evaluating the freeze-thaw effect relies on comparing two identical
samples, one of which is serially thawed and frozen. For more details,
see the dedicated protocol (see subchapter 4.2).

To cope with freeze-thaw effects as much as possible, the samples
must be stored in multiple aliquots of the smallest possible volume for
the extraction, so one sample is never frozen and thawed more than
once. Plasma samples should also be centrifuged for 10 min at 2500 g
prior to their use so that all the precipitated proteins remain at the
bottom of the vial. This approach will lead to fewer problems by
avoiding clogging of the filters used during the extraction and limit the
matrix effect. Finally, a crucial point is to keep a record of the number of
freeze-thaw undergone by a sample, to evaluate the validity of the
results.
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3.3.3. Conclusion

All the reactions that might occur to a peptide that change its mass,
charge, or sequence must be kept in mind when developing an MS-based
assay. The most impactful parameters are certainly temperature, the
state of the peptide (solid or in a media), and pH. Because each peptide is
different, there is no one-size-fits-all approach. However, the usual
optimal conditions to store a peptide is to lyophilize the peptide, to keep
it in a well-sealed container, and to store it at a low temperature
(<-20 °C), protected from light. These conditions will limit nonenzy-
matic modifications and increase the stability of standards. It is not al-
ways possible to achieve these optimal conditions, and it is crucial to
keep a record of the life of a peptide to highlight the modifications it
might have experienced. This is especially the case when working with
peptides composed of fragile amino acids such as Met for oxidation, Asn
for deamidation, and Ser/Thr for phosphorylation.

3.4. The patient

Recently, our lab was developing a method to measure ANG I in
plasma. One of the challenges was optimizing a mixture of protease
inhibitors to improve ANG I stability in plasma. Indeed, ANG I is pro-
duced from angiotensinogen by renin, a very efficient enzyme, leading
to a massive increase in ANG I over time. This is well studied because
PRA is used to screen and diagnose secondary forms of hypertension
[295]. To evaluate the capacity of the mixture of inhibitors to stop ANG I
production, we incubated a random plasma sample with and without
inhibitors in different conditions and then measured ANG I. We expected
a significant increase in ANG I in the absence of inhibitors (control
samples), and hopefully constant concentrations of ANG I with in-
hibitors. However, the outcomes were unexpected (Fig. 25). The in-
hibitors efficiently prevented ANG I degradation (black bars). However,
surprisingly and against all odds, ANG I decreased in the control group
without inhibitors.

After intense investigation, we found that the plasma was from a
patient taking aliskiren to treat his hypertension. Aliskiren is a powerful
renin inhibitor. This information was missing from the medical record
and affected all the stability experiments. This example shows how
impactful the patient’s history, health conditions, and behavior are on
the results. Moreover, it is not always possible to detect the presence of
such bias in clinical practice, potentially leading to dramatic diagnostic
failures.

Below we address the questions and challenges related to medica-
tion, stress, and other sampling conditions related to the patient that
affect peptide concentrations.
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Fig. 25. ANG I incubation. Recovery of angiotensin I (ANG I) after different
incubation times and temperatures, in the presence or absence of a dedicated
inhibitor mix composed of aliskiren, captopril, ethylenediaminetetraacetic acid
(EDTA), and 2,2-bipyridyl. The ANG I decrease in the condition without in-
hibitors was unexpected because renin should produce ANG I from angio-
tensinogen. The experiment was performed in triplicate. RT. room temperature.
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3.4.1. Treatment

As illustrated by the example with PRA, medications may strongly
impact the concentration and stability of peptides. Indeed, many of the
widely used treatments are protease inhibitors. For example, gliptins
(sitagliptin, vildagliptin, saxagliptin, alogliptin, linagliptin, etc.) are
used to treat type 2 diabetes. They are highly selective inhibitors of DPP-
4, a protease that cleaves Pro or Ala at penultimate position and thus
that rapidly degrades two major gastrointestinal hormones (GLP-1 and
glucose-dependent insulinotropic polypeptide [GIP]) into inactive
products. By stopping their degradation, gliptins reduce the blood
glucose concentration and improve glycemic control [296,297]. How-
ever, DPP-4 degrades many other peptides, such as BK, NPY, and sub-
stance P. Thus, treatment with a gliptin will change the production and
degradation of these peptides and lead to a change in their circulating
concentration and stability.

Depending on peptide and drug half-lives and protease renewal, it
might take minutes to days to return to baseline levels after a treatment.
Understanding the mechanism of action of the medication and the
metabolism of the peptides, and keeping a record of the drugs that alter
the production or metabolism of the peptide is crucial to ensure reliable
and comparable results. Medical treatments should always be checked
for possible bias prior to measuring any peptide.

Other parameters may impact the quantification of peptides. For
example, glucagon concentrations are reduced after hemodialysis in
patients with type 2 diabetes mellitus [298]. The intense oxidative stress
induced by dialysis increases oxidation of peptides such as PTH [20].
Acute ACE inhibitor-associated angioedema reduces DPP-4 activity and
thus might influence the concentrations of many cleaved peptides [299].
Anesthesia might also increase or decrease the concentration of several
peptides, such as natriuretic peptides that decrease as a consequence of
anesthesia [300,301].

3.4.2. Stress

Whether physical or emotional, stress significantly modifies meta-
bolism and, as a result, biomarkers. This is the basis for clinical chem-
istry, where the measurement of biomarkers modified by a stress such a
bacterial infection participates in the diagnosis. On the contrary, stress
induced by sample collection or the clinical environment is not
desirable.

3.4.2.1. Emotional stress. The typical example is white coat hyperten-
sion (WCH), a well-studied condition in which patients have high blood
pressure at their health care provider’s office, but normal blood pressure
at home [302,303]. The stress induced by simply being in a health care
environment is sufficient to increase blood pressure. Such emotional
stress modifies blood pressure as well as the concentrations of many
biomarkers, including peptides. Conen et al. [304] showed that BNP is
increased in patients with WCH in the same range as for patients with
sustained hypertension. Karter et al. [305] showed that endothelin-1
concentrations were higher in patients with WCH compared with
normotensive patients. Nystrom et al. [306] showed that NPY correlates
with systolic tension in patients with WCH, while Pedrazzini et al. [307]
highlighted its relation to stress.

3.4.2.2. Posture and physical exercise. Should I wait a few minutes to
collect blood if the patient has rush to come to the hospital? Should I
collect blood in the supine or upright position? Answers to these ques-
tions are not always straightforward, and it might be quite a challenge to
integrate that into standard operating procedures (SOPs). We review the
main consequences of the position and the physical efforts on blood
sampling.

Exercise induces a change in peptide concentrations [308,309].
Barletta et al. [310] showed that atrial natriuretic peptide (ANP) and
BNP were increased during bicycle and hand-grip exercises. While ANP
seems to drop rapidly after exercise, other peptides might take minutes
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to hours to reach baseline levels after exercise [311]. Moreover, the
metabolites of a peptide might increase after exercise because of a
delayed production from their precursors. For example, while NPY in-
creases with effort, its metabolite NPY 3-36 increases during the re-
covery period [312,313]. Grossman et al. [314] showed that many
hormones (such as growth factor, cortisol, prolactin, and follicle-
stimulating hormone) increase during effort.

Similarly, the posture, supine or upright, as well as postural changes
might significantly impact circulating peptide concentrations. Several
groups have shown that ANP and BNP increase in the supine posture and
decrease in the upright posture [315-317]. NPY is also affected by
posture, as highlighted by Vocat et al. [66] who showed increased
concentrations when patients standing upright. The leg position plays a
significant role in the distribution of blood in the body. Upright posture
means more blood is pooled to the lower parts of the body, resulting in a
reduction in renal blood, PRA, plasma flows, and urinary salt excretion.
The supine position, however, increases the central blood volume [315].

3.4.2.3. Other stresses. To collect blood, should I wait after introducing
the needle? Physical efforts and postural changes are not the only
physical stress that may affect peptide concentrations. Almost any
parameter may result in such a change. The introduction of a needle into
the body to collect blood or to deliver an injection results in a dramatic
increase in BK, which is produced from kininogen by kallikrein, an
enzyme generated through activation of the contact activation system
[58]. A delay between needle introduction and sampling is needed in
such cases. Concentration changes may also occur when the patient is
not conscious. Katan et al. [318] showed that copeptin correlates with
stress in patients 30 min after extubation. Finally, extreme temperature
might also change the peptide concentrations. For example, Damianaki
et al. [319] showed that NPY increased during a cold pressure test.

To simplify sample collection, we recommend placing the patient in
the supine position, immediately placing a venous catheter, and then
allowing the patient to rest for 15 min in a temperature-controlled room.
This approach will standardize the procedure and limit the impact of the
patient’s behavior before the collection.

3.4.3. Time and food

Should I collect the sample during daytime or nighttime? Should the
patient abstain from food, caffeine, and alcohol? What is more impact-
ful: smoking, or the stress provided by its abstinence?

When it comes to circadian fluctuations, it is easy to think about
melatonin and its night/day concentration variations [320]. However,
many other peptides are affected to a greater or a lesser extent by the
circadian rhythm, including PTH [321-323], CCK, gastrin [324], and
ANP [325]. Amyloid p has also been reported to have diurnal variations
[181], but these results are controversial [194]. Being able to quantify
biomarkers and to understand the effect of the time of day has been
proposed as a way to improve drug administration in the so-called
chronotherapy [326].

Food intake can also greatly affect the concentration of peptides.
Obviously, the pharmacokinetics depends on the presence of food in the
digestive track. In addition, many peptides are secreted during or after
food intake, including ghrelin, CCK, GLP-1, PYY, and insulin, among
others [327]. Moreover, the increase will depend on the type of food
taken (lipid, carbohydrate, protein, or fiber) [328]. Therefore, a short
period of time is needed to return to the baseline concentration, sup-
porting the introduction of a fasting period before sample collection.

3.4.4. Conclusion

We have highlighted that the patient’s treatments, level of stress,
posture, food intake, and sampling time impact peptide concentrations.
Of course, this is not an exhaustive list. Moreover, the impact of these
pre-analytical considerations is difficult to predict, so they should be
evaluated on a case-by-case basis. Clinical studies considering
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pathophysiological regulation of the secretion of a given peptide are
required to determine the critical parameters to control. Moreover, strict
standardization of the sampling conditions is crucial point. As general
advice, we recommend collecting blood samples in the morning after
overnight fasting. The patient should be in a supine position, a catheter
should be placed immediately, and then the patient should rest for a
period of time corresponding to at least 5 half-lives in a temperature-
controlled room before sample collection. Moreover, a record of any
element that might have influenced the results (smoking, medications,
etc.) should always be kept when a sample is collected.

4. Protocols

The following homemade protocols, developed over the years at our
lab, have been refined to address the unique challenges of peptide
analysis. These protocols adhere to the guidelines of CLSI, FDA, and
EMA, offering comprehensive and detailed step-by-step instructions.
They are based on our findings and insights from prior research in the
field [34,35,54,55]. They should be applied on a case-by-case basis to fit
the need of the assay developed.

4.1. Evaluation of the stability of standards

The strategy involves comparing the concentrations of samples pre-
pared at the same time and subjected to different conditions. This
approach allows evaluating the stability of a peptide in plasma at room
temperature compared with reference samples stored at —80 °C.

1. Determine a storage temperature (e.g., +4°C) and the nature of the
sample to be tested (e.g., 50 ug freeze-dried sample, 10 nM solution
in ACN 50 %, or 100 pM in heparin plasma). These conditions should
match the conditions encountered during analysis.

2. Determine the number of timepoints to be tested (e.g., control + days
1, 5, and 10).

3. Prepare n samples, with n = 3x the number of time-points (e.g., 12).
We usually prepare an additional triplicate as a backup (e.g., 15).

4. Pool the samples and re-aliquot them. This will ensure they are all
identical.

5. Store the control samples in the reference condition (e.g., —80 °C),
and all other in the studied condition (e.g., +4°C).

6. Store in the reference condition (e.g., —80 °C) each triplicate after
the duration of the test (e.g., 1, 5, and 10 days).

7. Thaw all samples and then quantify the peptide.

8. Calculate the ratio of concentrations in all triplicates versus control
samples, as well as the p-value.

4.2. Evaluation of the freeze—thaw stability

1. Determine the nature of the sample to be tested (e.g., 10 nM so-
lution in ACN 50 %, or 100 pM in heparin plasma). These con-
ditions should match with conditions encountered during
analysis.

2. Prepare six samples: label three samples “FT” and three samples
“control.”

3. Pool the samples together and re-aliquot them. This will ensure

they are all identical.

. Freeze the six samples.

. After > 12 h, thaw the three FT samples at room temperature.

. After > 15 min, refreeze the three FT samples.

. Repeat steps 5 and 6 at least three times. The number of freeze-
—thaw cycles should be equal to or exceed the number of cycles
expected for the samples in lab conditions.

. Thaw all six samples and add an internal standard.

9. Quantify the peptide.

10. Calculate the ratio of concentrations in FT versus control samples,

as well as the p-value.
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4.3. Procedure to aliquot standards

Here we present our procedure for handling of standards to ensure
the best stability:

e Order an exact amount of peptide (e.g., 2.00 mg). Ask for a CoA with

the purity and peptide content, which is not always included by

default.

Calculate the net amount of peptide as follows: gross weight x purity

x peptide content (e.g., 2.00 mg x 95 % X 75 % = 1.425 mg).

Solubilize the peptide by adding an exact volume of solution to get 1

mg/mL (e.g., 1425 uL). Keep on ice. The solution used to solubilize

the lyophilizate should be ice cold, and its composition should

respect the recommendations from the manufacturer or literature (e.

g., ACN 20 % in water).

Prepare 50 uL (=50 pg net peptide) aliquots in tightly sealable tubes.

Freeze-dry.

o If oxidation may occur, then add an inert gas in the tube, such as

argon or Na.

Store at —20 °C.

The tube contains exactly 50 pg of net peptide and is meant for a

single use.

e When necessary, place an aliquot at room temperature for 15 min.

e Add 500 pL of an adapted solution to get a 0.1 mg/mL stock solution,
which is ready to use.

e When work with the stock solution is completed:

o If the stability of the peptide in this stock solution has been
assessed, then prepare aliquots as necessary for further use and
store at —80 °C.

o If the stability of the peptide has not been assessed, then do not
keep it.

We recommend that long-term storage be in dried forms, frozen, and
with a desiccant. If long-term storage of a stock solution is required, then
consider storing small aliquots at —80 °C to prevent the need to thaw
and refreeze the stock solution. Keep working solutions on ice. Finally,
stability studies should be performed in the early steps of any develop-
ment if robust stability data are not available.

4.4. Evaluation of stability in a biological matrix

Stability should be tested in different conditions—variable temper-
ature and several durations—to reflect the relevant situations the sam-
ples are subjected to during the pre-analytical and analytical steps. For
the sake of efficiency, when testing the effect of a new protease inhibitor,
it is more efficient to test one pilot condition. We recommend testing the
stability of the peptide for 30 min at 37 °C because it mimics sample
collection and represents highly aggressive conditions. If the peptide is
stable in these conditions, it will likely also be stable in other conditions,
such as 4 °C for 2 h. If the stability during the pilot study is confirmed,
then perform a comprehensive evaluation of other conditions to ensure
the stability of the peptide during the entire assay. In addition, used
other plasma samples to determine inter-sample variability. If the pep-
tide is not stable during the pilot study, then review the literature and
determine which proteases degrade it. Adjust the conditions to ensure
peptide stability (see protocols 5.4.1 and 5.4.2).

4.4.1. Pilot study

1) If the target peptide circulates at very low concentrations, then spike
plasma samples with the target peptide at a detectable concentration.
If it is detectable, simply use native plasma samples. Create six
identical samples: Label three as “Control” and three as “Incubation.”

2) Freeze all the samples at —80 °C for more than 2 h.

3) Thaw the three “Incubation” samples in front of a fan for 10 min and
incubate them for 30 min at 37 °C.
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4) Ten minutes before the end of the incubation, thaw the remaining
three “Control” samples in front of a fan for 10 min so that they will
be thawed when incubation is over.

5) Spike all samples with a SIL analog right before the extraction so that
it will correct for extraction and analytical variations. Thus, only the
incubation will induce a change in the determined concentrations.

6) Compare the conditions using the analyte/SIL ratio to evaluate the

stability. If the peptide is stable, then the ratio in the “Incubation”

tubes should not be different from the one in the “Control” tubes.

If the peptide is not stable, in addition to an extensive literature re-

view, we suggest a degradation product study to find the proteases of

the metabolic pathway:

o Spike samples with a SIL (typically with 13C) analog of the pre-
cursor peptide. Of note, it is necessary to have every analog labeled
at the same position so that enzymatic degradation does not cleave
and eliminate the labeled amino acid. For example, if a method
targets ANG I, ANG II, and ANG 1-5, the first five amino acids
common to the three peptides should be labeled.

o Incubate the samples for 1 h at 37 °C and measure the peptides
every 15 min.

o Identify the proteases that could produce the results obtained in
term of peptide production and degradation.

7
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4.4.2. Comprehensive study

At a second time, the conditions in which the sample will be handled
from collection to preparation should be tested. It is important to clearly
specify the conditions that will be specific to an assay. For a peptide
assay in a clinical context, we recommend:

e 1 hat4°C or room temperature to mimic sample preparation on ice
or on a bench;
e 12 h at 4 °C to mimic sample transport.

Ideally, a few more tests should be done to study the behavior of the
analyzed peptide in unusual conditions; this approach allows assessing
the limits in which the samples are still considered stable. It must fit the
specificity of the analysis developed and the handling conditions
particular to it. We suggest the following incubation times:

e 24 h at 4 °C for a leftover sample in a fridge;

e 24 h at room temperature for a leftover sample on a bench;

e 1 hat 37 °C to increase the confidence in the stability during the first
hour after sampling, which is critical because the laboratory does not
handle the samples at that time.

Once chosen, each condition should be tested using the following
protocol:

1) If the endogenous target peptide is undetectable, then spike plasma
samples with the target peptide at a detectable concentration. If it is
detectable, simply use native plasma samples. Run every condition in
triplicate; one triplicate used as a reference should be kept frozen at
—80 °C until extraction.

2) Freeze all the samples at —80 °C for more than 2 h.

3) For each condition to test, thaw samples as they are processed for
incubation in front of a fan for 10 min and incubate them for the
corresponding time so that they all finish the incubation at the same
time.

4) Spike all samples with a SIL analog right before the extraction so that
it will correct for extraction and analytical variations. Thus, only the
incubation will induce a change in the concentrations.

Finally, the conditions that ensure peptide stability should be tested
on at least five different plasma samples. This will confirm that the inter-
sample variability in terms of enzymatic activity does not change the
peptide stability.
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4.5. How to cope with enzymatic degradation

If the stability study (subchapter 4.4) shows that the peptide is un-
stable during one of the assay steps, then several parameters might be
changed to improve the peptide’s stability. As soon as a parameter is
changed, the stability should be retested by following the dedicated
testing protocols (Sections 4.4.1 and 4.4.2). The following protocol
covers the way parameters, such as temperature and the addition of
protease inhibitors or solvents, might be changed and how to evaluate
the impact of these changes on the results.

4.5.1. Temperature and duration

Enzymatic activity is closely linked to the time a sample spends at a
specific temperature. The closer to the optimal working condition of the
protease (usually 37 °C), the higher the enzymatic activity. If the peptide
is not stable under the expected handling conditions, then it might be
rewarding to reduce the temperature or the duration spent at that
temperature.

1) After blood collection, place the tubes directly on crushed ice.

2) Make sure that centrifugation is performed within 30 min after blood
collection in a centrifuge cooled to 4 °C.

3) If the peptide is not stable for 1 h at room temperature, then the
sample preparation might lead to great degradation. Keep the sam-
ples as well as the solvent used for sample preparation on crushed
ice. Everything should be at around 4 °C.

4) If these conditions are not sufficient to stabilize the peptides, then
use protease inhibitors.

4.5.2. Protease inhibitors

Protease inhibitors are used when the temperature and duration of
the various steps of the assay are not sufficient to ensure stability of the
peptide. Tests are first done directly on plasma using solubilized in-
hibitors. Then, the inhibitor mix is tested in real conditions, directly on
blood, and from a lyophilized batch. Finally, the impact on results of the
addition of inhibitors in the matrix is evaluated.

4.5.2.1. Utilization of protease inhibitors during the pilot study.

1) Following the literature review and the degradation test, calculate
the required amount of each inhibitor based on its inhibitory power.

2) Weigh out the necessary amounts of the selected inhibitors in the
solid form.

3) Combine and solubilize inhibitors in the lowest possible volume of
water. If they do not solubilize, then shake or sonicate the solution
for a few minutes.

4) Inhibitors in solution are added directly to the plasma to reach the
desired concentration.

5) Perform stability tests using the dedicated protocol (Sections 4.4.1
and 4.4.2).

4.5.2.2. Utilization of protease inhibitors during the comprehensive study.
In real conditions, to avoid diluting the sample and to ensure proper
solubilization of the inhibitors in the blood, we first recommend freeze-
drying the optimal mix in ready-to-use vials. Then, resolubilize the mix
and add it directly to the collection tubes.

1) Following the literature review and the degradation test, calcu-
late the required amount of each inhibitor based on its inhibitory
power.
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2) Split the inhibitors into two categories: highly polar (soluble in

water) and apolar.

3) Weigh the previously calculated amount of each polar inhibitor

together.

4) Weigh the previously calculated amount of each apolar inhibitor

together.

5) Solubilize the polar and apolar inhibitors in the lowest possible
volume of water and tert-butyl alcohol, respectively, with the tert-
butyl alcohol volume equal to 25 % of the water volume. Tert-
Butyl alcohol is miscible with water and has a high melting point
(25 °Q). It will help solubilize the inhibitors and ensure that they
stay frozen during the freeze-drying process, thus avoiding
boiling of the liquid. A few tests might be needed to adapt the
proportion of this solvent to the batch volume and composition. If
the inhibitors are not properly solubilized in their respective
solvent, then shake and sonicate the solution for few minutes.

Prepare aliquots of the solution and freeze-dry the aliquots. Of

note, the aliquot volume must be adapted to the volume of the

tubes used for blood collection. Indeed, an 8 mL collection tube
will need two times the inhibitors used for a 4 mL collection tube.

7) Once freeze-dried, store inhibitors at —20 °C until further use.

8) For the tests, resolubilize the freeze-dried inhibitors in the lowest
possible volume of water, to avoid dilution of the sample (ideally,
the volume of the added inhibitors should not be more than 5 %
of the collection tube volume).

9) Add the solubilized inhibitors directly to the blood collection
tube. Tighten the cap while pushing the plunger to ensure that the
maximum volume of blood can be collected.

10) Collect the blood using the prepared collection tubes, ideally
from different people (at least five) to highlight possible inter-
sample variability in term of enzymatic activity.

11) Once the blood is collected in the prepared collection tubes, they
are mixed gently to distribute the inhibitors and then quickly
centrifuged.

12) The plasma is collected and ready to be used as described in the
stability test protocol (Sections 4.4.1 and 4.4.2).

6

(7

4.5.2.3. Evaluation of the impact of inhibitors on recovery. The inhibitors
might affect the recovery of peptide by reducing the retention during the
extraction or inducing matrix effects. Therefore, it is important to ensure
that the target peptide is not affected by the mix.

1) If the target peptide circulates at very low concentrations, spike
plasma samples with the target peptide at a detectable concentration.
If it is detectable, simply use native plasma samples.

2) Spike the plasma samples with the selected inhibitors solubilized in

water. The concentration needed will depend on the inhibitory

power of the inhibitors. Create two conditions:

o Without inhibitors

o With inhibitors

Spike all samples with a SIL analog right before the extraction so that

it will correct for extraction and analytical variations. Thus, the

comparison between SIL analog recovery in samples with and

without inhibitors will provide insight into the effects of the in-

hibitors on the recovery.

Compare the conditions using the analyte-to-SIL analog ratio to

evaluate the matrix effect.

3

~

4

—

4.5.3. Solvent and pH

If no inhibitors can ensure the stability of the target peptide, then it
might be rewarding to stop the protease activity by drastically changing
the pH or the solvent used. This is the usually the case for quickly
metabolized peptides, and these strategies should therefore be used
directly in the blood collection tubes.
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1) Add acid or base (typically hydrochloric acid (HCl) or sodium hy-
droxide (NaOH), respectively) directly to the blood collection tubes,
just enough to change the pH and to stop the enzymatic activity. The
volume added will depend on the collection tube volume. You could
also add a solvent such as ACN, ethanol (EtOH), or MeOH to pre-
cipitate the blood directly during the collection.

2) Follow the usual protocol to test the stability (Sections 4.4.1 and
4.4.2).

3) Watch out: Such additives might induce strong hemolysis, leading to
changes in the measured concentrations or difficulties during sample
preparation because of the changed matrix.

5. Conclusion

In recent decades, the quantification of peptide hormones has gained
significant interest for diagnostic and drug development applications.
Guidelines for peptide handling have evolved to emphasize pre-
analytical steps. However, notable gaps exist in current main guide-
lines (FDA, EMA, CLSI), particularly regarding neat peptide handling
and stability in biological matrixes. This tutorial-review addresses
peptide work challenges from a clinical laboratory stance. It covers
handling neat peptides, focusing on stability and adsorption, and delves
into analyzing complex biological samples, addressing matrix effects,
protease-mediated degradation, and patient-specific impacts. The re-
view offers precise protocols to assess and mitigate pre-analytical con-
cerns. By amalgamating these insights with existing peptide analysis
guidelines, our aim is to enhance assay reliability and improve the ac-
curacy of clinical results.
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