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II1. Zusammenfassung

Das Neuropeptid Substanz P steht seit kurzem als kardialer Entziindungsmediator im Fokus der
Wissenschaft. Da die exzessive Freisetzung von Substanz P in Tiermodellen mit der
Entwicklung von Kardiomyopathien und Herzinsuffizienz assoziiert ist, wiare Substanz P ein
vielversprechender Biomarker. Die erhobenen humanen Substanz P-Plasmaspiegel wurden
jedoch bisher ausschlieBlich mit Immunassays bestimmt, obwohl die Tests Kreuz-Reaktivitét
zu humanem Hemokinin-1 zeigten. Folglich ist der Einsatz der Massenspektrometrie eine
bioanalytische gleichwohl zurzeit fehlende Alternative, um Substanz P selektiv im Blutplasma
zu bestimmen. Da die Quantifizierung endogener Peptide mittels Massenspektrometrie wegen
der niedrigen Konzentrationen im picomolaren Bereich eine besondere Herausforderung
darstellt, war eine umfassende Methodenentwicklung gefordert, um eine sensitive
massenspektrometrische Methode mit vergleichbaren Detektionslimits zu geldufigen
Immunassays zu etablieren. Durch die Anwendung eines dafiir eigens entwickelten statistischen
Versuchskonzepts wurden systematisch kritische Methodenaspekte wie die unspezifische
Peptidadsorption, die Plasmaextraktion und die chromatographische Trennung der Analyten
gezielt adressiert und optimiert. Die entwickelte Methode wurde darauf erfolgreich nach
internationalen  bioanalytischen Richtlinien validiert und erlaubt einen breiten
Quantifizierungsbereich, der die bisher erhobenen Plasmaspiegel durch Immunassays abdeckt.
Bei dem Einsatz der validierten Methode wurden jedoch unerwartet keine endogenen Level an
Substanz P und humanem Hemokinin-1 in Plasmaproben detektiert, obwohl die Methode ihre
Anwendbarkeit in anderen humanen Korperfliissigkeiten erfolgreich demonstrierte. Bei der
Nutzung derselben Plasmaproben konnte immuno-reaktive Substanz P mittels eines
kommerziellen Immunoassays quantifiziert werden. Mit Hilfe hochauflosender Massen-
spektrometrie wurde darauthin an Stelle von biologisch aktiver Substanz P die biologisch
inaktive freie Sdure von Substanz P zum ersten Mal in Plasma identifiziert. Da die freie Séure
jedoch keine Kreuz-Reaktivitit zeigte, wurde zur Identifizierung von immuno-reaktiver
Substanz P ein hybrides immuno-reaktives-massenspektrometrisches Verfahren entwickelt.
Die darauffolgende Identifizierung der immuno-reaktiven Substanz zeigte die Anwesenheit
eines Vorlaufermolekiils von Substanz P als moglichen kross-reaktiven Analyten in humanem
Blutplasma. Basierend auf diesen Ergebnissen ist eine Neubeurteilung der bisher von
Immunassays gemessenen Substanz P-Level notwendig. Das im Plasma gefundene Propeptid
von Substanz P bedarf kiinftiger Studien, um seine biologische Rolle und seinen moglichen

Nutzen als klinischer Biomarker in entziindlichen Erkrankungen zu evaluieren.
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IV. Summary

The neuropeptide Substance P has recently received much attention as a mediator of cardiac
inflammation. Since Substance P is strongly associated with the development of
cardiomyopathies and heart failure in animal models, its use as a biomarker is highly promising.
The limited data on Substance P levels in subjects with cardiovascular diseases demonstrate
highly variable plasma concentrations and, therefore, complicates its use as a potential
biomarker. Human Substance P levels have only been examined by immunoassays, although
they are no longer recommended owing to their limited ability to differentiate accurately
between Substance P and its relative human Hemokinin-1. The application of mass
spectrometry (MS) is promising, but this bioanalytical alternative is lacking for accurate
quantification of Substance P. As endogenous peptide quantification by MS is especially
challenging due to the presence of Substance P in low picomolar concentrations, a
comprehensive method development is required to acquire a highly sensitive MS assay with
limits of detection comparable to those of existing immunoassays. By applying a newly
developed multi-step Design of Experiments concept encompassing all sample preparation and
assay steps, critical aspects of methodology, such as nonspecific peptide adsorption, plasma
protein extraction, and chromatographic separation, were identified and optimized for reliable
and sensitive quantification of Substance P and human Hemokinin-1 in human plasma. Lean
development methodology was followed by successful validation according to US Food and
Drug Administration bioanalytical regulatory guidelines; this resulted in a wide quantification
range suitable for endogenous quantification of the neuropeptides. The implementation of the
developed hyphenated technique unexpectedly revealed no detectable Substance P and
human Hemokinin-1 levels in human plasma, although the assay proved its applicability in
other biological fluids. Using the same plasma samples, immunoreactive Substance P plasma
levels were successfully quantified by a commercially available immunoassay. Instead of
biologically active Substance P, the biologically inactive carboxylic acid of Substance P was
identified in human plasma by MS analysis and primarily described. As the carboxylic acid of
Substance P did not show cross-reactivity in the applied immunoassay, a hybrid immunocapture
MS approach was developed to identify immunoreactive Substance P. The subsequent
compound discovery of the immunocaptured substance indicated the presence of a precursor of
Substance P as a cross-reactor in human plasma samples. Based on these findings, the
concentrations of Substance P and its function as a biomarker of cardiac inflammation
described in previous studies have to be reevaluated due to the cross-reactivity issues of the
immunoassays used. Accordingly, future studies have to assess the biological role of the
observed propeptide of Substance P in human plasma and its potential as a clinical biomarker

of inflammatory diseases.
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1. Introduction

1. Introduction

1.1 Biochemistry of Substance P

Substance P was firstly identified in 1931 as extract from equine brain and gut [1]. It was
isolated as white powder (which was leading to its name Substance P(owder)) and demonstrated
hemodynamic effects on smooth muscle cells. Substance P belongs to the peptide family of the
tachykinins, which are phylogenetically one of the most ancient neurotransmitters in
mammalians [2]. Firstly described as a neurotransmitter in the central nervous system,
Substance P recently gained focus as an immune and inflammatory modulator, was
subsequently described ubiquitously in the human body and was found in brain tissues, spinal

cord, blood, breast milk, saliva, semen and cerumen [3—7].

As a neuropeptide, Substance P is released from primary afferent neurons and derives from its
precursor preprotachykinin-A [8]. An essential step for the biological activity of Substance P is
the amidating of the C-terminal part, which made it more hydrophobic and finally allows to
bind to the binding pocket of the neurokinin receptor. Substance P shares this property with
many neuropeptides including neuropeptide Y, thyrotropin, oxytocin, vasopressin, gastrin or
calcitonin [9]. This conversions to their biologically active forms is mediated by the peptidyl-
Gly-a-amidating monooxygenase [10]. Utilizing copper as cofactor the prolonged form of
Substance P (Glycine is added to the C-terminal part) will be metabolized to the biological
active form under releasing glyoxylate (Figure 1). Beside its more hydrophobic C-terminal part,
the amidated form of Substance P possesses thereby a beta-sheet structure, which is also needed

for the biological activity [11].

TWQ; it/j( o \( \)\/i; u, CH(0)CO,

Gl® Leu!® Met!! y® Leu!®  Met!!

Figure 1: Enzymatical activation of Substance P.
Substance P is biologically activated by the peptidyl-Gly-o-amidating monooxygenase (PAM)

utilizing copper as co-factor, leading to its C-terminal amidated form.
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The half-life of Substance P and its precursor are very short in biological tissues (5.8 min for
its precursor; 3.5 min for Substance P). As moderately hydrophilic undecapeptide, Substance P
is rapidly metabolized by various degrading peptidases [12]. Different to the metabolism of
Substance P in the central nervous system, Substance P is dominantly metabolized by three
enzymes in blood [13]: the serine protease dipeptidyl peptidase-4 (DPP-IV) [14] and the
metalloenzymes angiotensin converting enzyme (ACE) [15] and neprilysine [16]. These
enzymes do not solely inactivate Substance P but also cleave it in several active metabolites,
whereby C-terminal metabolites showed a high affinity to the neurokinin-1 receptor [17]. Both
the degradation by ACE and neprilysine led to the inactivation of Substance P, whereas the
metabolic degradation of Substance P by DPP-1V led to biological active C-terminal fragments
[18,19] (Figure 2).

H,N . ‘ Gln .@ ONH,

DPP-IV DPP-IV | NEP | [ Nep/ace | [Ace || NEP/AcE |

Figure 2: Metabolic degradation of Substance P in blood.

The amino acid sequence of Substance P is shown in the three-letter-code and is degraded by
Dipeptidyl-peptidase-1V (DPP-1V), Angiotensin converting enzyme (ACE) and Neprilysin
(NEP) in blood.

The biological effects of the tachykinins are mediated by the neurokinin receptors [20]. These
receptors belong to the rhodopsin-like membrane structures, consisting of seven hydrophobic
transmembrane domains, connected by extra and intracellular loops and are coupled to G-
proteins. Receptor activation leads to the intracellular inositol 1,4,5-triphosphate conversion
with following increase of intracellular calcium (Figure 3). Neurokinin receptors are rapidly
desensitized leading to the internalization of the receptors [21]. The hydrophobic C-terminal
part of the tachykinins is necessary for the binding into the hydrophobic ligand binding pocket
of the receptor [19]. Regarding Substance P, the neurokinin-1 receptor is its preferred receptor.
Substance P is also able to bind and activate the other neurokinin receptors, but with lower
affinity. Within the tachykinin family, Substance P demonstrated the highest association rate
constant of 0.24 + 0.046 nM *min"! to the neurokinin-1 receptor, which was correlated with

the highest potency and the maximal response for receptor activation [22].
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Figure 3: Schematic activation of the neurokinin-1 receptor by Substance P and its cellular

effects.
(DAG: diacylglycerol; IL: interleukin; IP3: inositol-triphosphate; NK-1: neurokinin-1; PLC3:

phospholipase C3)

The interaction of Substance P to the neurokinin-1 receptor was identified as a potential target
for pharmaceutical intervention. Aprepitant - a selective antagonist of the neurokinin-1 receptor
- is licensed as an antiemetic agent in the supportive therapy of chemotherapy induced nausea
and vomiting (CINV) in 2003 [23,24]. Its safety was broadly investigated in adults and children,
demonstrating a good tolerability without severe adverse effects [25—27]. In clinical phase I1I
studies, a higher incidence of hickock, elevated liver enzymes and obstipation were observed
as typical side effects by the application of aprepitant to children and adolescents [28]. This
acceptable adverse effect profile subsequently led to the registration of aprepitant for CINV
diseased children over 6 months in 2015 [29].
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As a neuropeptide Substance P is a transmitter of neuroinflammation and mediator within the
immune system [1]. Thereof, Substance P is critically involved in a fast immune response by
upregulating proinflammatory cytokines and by inducing the differentiation of lymphocytes
[30-33]. As elevated blood levels of Substance P were found in a wide range of preclinical
studies of inflammatory diseases, the inhibition of its receptor seemed to be a promising
pharmaceutical target [34-38]. The profound knowledge of the proinflammatory
pathomechanism of Substance P in cell and animal models consequently led to an interest in
developing pharmaceutical agents antagonizing the tachykinin-system in current clinical
research. The inhibition of the neurokinin-1 receptor is the pivot of actual clinical investigations
because its endogenous agonist Substance P is the most involved tachykinin in various
pathological processes and inflammatory diseases (Figure 4) [1]. Due to its involvement within
the immune system, the potential application of aprepitant was especially investigated in
infectious diseases as e.g. human immunodeficient virus (HIV) infection [39]. Subsequently,
the anti-inflammatory potential use of aprepitant was investigated in HIV-infected subjects,
resulting as a well-tolerated adjuvant therapy for comorbidities in HIV infection [40,41].
Furthermore, in rodent models, the application of aprepitant was highly effective against cardiac
inflammation due to viral or toxic cardiomyopathy [42,43]. The emerging role of Substance P
in cardiac inflammation and adverse heart remodeling should therefore further illustrated in the

next chapter.
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Heart failure

Chronic liver disease

Figure 4: Inflammatory diseases, which are associated with reported elevated plasma levels of

Substance P.
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1.2 Pathophysiology of Substance P in cardiac inflammation

Recently, the role of Substance P emerged to its wide influence within peripheral tissues as the
heart. Current reviews describe the role of the tachykinins as strong influencers of cardiac

function and coronary tone [44].

In detail, Substance P plays both a beneficial and a noxious role in the heart pathology [32,33].
The release of Substance P from nerve fibers between cardiomyocytes and coronary artery
endothelial cells during cardiac ischemia/reperfusion triggered an acute protective effect by
preventing hypoxic cardiac damage and cardiac cell death by activation of neurokinin-1
receptors on cardiomyocytes [47]. Additionally, cardiac hypoxia led to an upregulation of
neurokinin-1 receptors on cardiomyocytes, suggesting an acute survival strategy of the heart
[48]. Moreover, Substance P was an indirect potent vasodilator by releasing nitric oxide from
endothelial cells, resulting in increased myocardial perfusion and restored contractile function

of the left ventricle [49].

For the long-term, the adverse impact overweighed the acute positive effects of Substance P on
the heart [45], which is illustrated in Figure 5. Adverse cardiac remodeling and cardiac
inflammation were mainly driven by Substance P through activation of cardiac mast cells,
which were associated with end-stage cardiomyopathy and myocardial infarction [50].
Neurokinin-1 receptor activation on cardiac mast cells led to the release of various
proinflammatory cytokines like tumor-necrosis-factor-o. (TNFa), interleukins, and matrix
metalloproteases (e.g. MMP-2, MMP-9) [51,52]. Matrix metalloproteases were associated with
changes in myocardial collagen fibers and a fibrillary collagen degradation leading to adverse
cardiac remodeling. Subsequently, increased matrix metalloproteases levels were found in
dilated ventricles in human heart failure patients and in animal myocarditis [53]. In addition,
Substance P induced the release of renin from cardiac mast cells, a protease cleaving
angiotensinogen to angiotensin-I [54]. Consequently, Substance P promoted the production of
biologically active angiotensin-II, which was amongst others associated as a mediator of
myocardial necrosis [55]. Moreover, Substance P activated the production of wvascular
endothelial growth factor in cardiac mast cells, a strong mediator of angiogenesis and releaser
of inflammatory cytokines [56]. Coherently, by antagonizing the neurokinin-1 receptor, the

degranulation of mast cells and subsequently the release of renin, matrix metalloproteases, and
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TNFa were inhibited [51]. Furthermore, neurokinin-1 receptor antagonism of cardiac mast cells

prevented adverse cardiac remodeling of the left ventricle [52].

Trigger for Mediator release by NK-1-receptor activation Pathological effects
Substance P release  on cardiac cells induced by Substance P on the heart
Cardiac mast cells
AT Left ventricular
O B e——( hYPertrophy /
W) d  Adverse cardiac
R MMPs
— remodelling
Substance P
J . ,_ '-
. ’J‘»-‘.“ B A s A~
" Release of " 1 /9

Ef —p 18

Cardiac neuronal

system i

Figure 5: Molecular scheme of the impact of Substance P in the pathophysiology of

Cardiac
inflammation

" 'I'.I. y
i@

-

Cardiac fibroblasts

cardiovascular diseases.
(ET-1: endothelin-1, IL-1: interleukin-1, MMP: matrix metalloproteases, NK-1: Neurokinin-1,
RAAS: Renin-Angiotensin-Aldosterone-system, ROS: reactive oxygen, TNFa.: tumor necrosis

factor a, VEGF: vascular endothelial growth factor)

Apart from the activation of cardiac mast cells, by upregulating endothelin-1, Substance P led
to cardiac fibrosis and activation of fetal genes, which were associated with pathological cardiac
hypertrophy [57]. By activation of the neurokinin-1-receptor on cardiac fibroblasts,
Substance P caused cardiac inflammation through the release of reactive oxygen species [58].
In a parasite-infected murine model, Substance P was moreover associated with compensatory

cardiomyocyte hypertrophy resulting in dilated cardiomyopathy.

In encephalomyocarditis virus (EMCV) infected mice, more than 60-fold higher levels of

Substance P were detected in heart tissue [59]. The virus infection led to high mortality (51%)
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and significant cardiac hypertrophy in two weeks. On the contrary, Substance P precursor-
knockout mice were completely protected from cardiac inflammation, necrosis, and
hypertrophy and all survived the EMCV-infection. Furthermore, the pre-treatment with a
neurokinin-1 receptor antagonist significantly reduced mortality and cardiac hypertrophy in
EMCYV infected mice [43]. Wang et al. underlined the association of Substance P with viral
myocarditis in EMCV infected mice [60]. The reasons for the intense Substance P release in
viral myocarditis is not elucidated and invites to speculations. Besides an initial immune
response due to viral infection [61] or the aforementioned cardiac survival strategy to prevent
myocardial cell damage, there could be also the possibility of molecular mimicry by various

viruses [62].

Moreover, Substance P seems to play a role in the cardiovascular adverse effects of the
cytostatic doxorubicin. In (pediatric) cytostatic therapies, doxorubicin is known by its induction
of toxic cardiomyopathy, leading to heart failure in young children [63]. In a rat cardiomyocyte
cell line (H9C2), the use of aprepitant (licensed neurokinin-1 receptor antagonist) led to a
decrease of doxorubicin-induced reduction of cell variability, to a decrease of apoptotic cell
death (7-fold) and to a decrease of reactive oxygen species production (4.3-fold). Additionally,
it was shown that doxorubicin led to a 2.2-fold increase in Substance P levels [42].
Consequently, in 8-week-old Sprague-Dawley rats, a doxorubicin oncological treatment was
mimicried by applying 1.5 mg/kg/week doxorubicin over six cycles in eight weeks (cumulative
dose of 9 mg/kg). The application of L732138 (neurokinin-1 receptor antagonist) (5 mg/kg/d)
was started a week earlier and was applied over nine weeks in total. The application of the
neurokinin-1 receptor antagonist inhibited the reduction of the left ventricular mass,
ameliorated the collagen deposition induced by doxorubicin treatment and reduced the
apoptosis (3-fold) [64]. There did not seem to be a direct doxorubicin-Substance P axis since
aprepitant (2 mg/kg/day) also diminished systolic and diastolic dysfunction and oxidative stress
caused by erlotinib, another cytostatic known by its cardiac adverse effects in pediatric
cytostatic therapy. In this model of male Sprague-Dawley rats, the neurokinin-1 receptor
blockade resulted in the reduction of cardiac remodeling and fibrosis [65]. As young children
(especially under 4 years) are more susceptible to the cardiac adverse effects of doxorubicin
and erlotinib and are a special risk group to develop cardiac toxicity [66], the underlying

mechanism of toxic cardiomyopathy is of special interest.
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In summary, there is evidence that Substance P is involved in adverse heart remodeling and the
pathogenesis of myocarditis [59], consequentially leading to cardiomyopathy and heart failure.
Consequently, the neuropeptide Substance P may be critically involved in the pathogenesis of
both viral and toxic cardiomyopathy, two principal cardiomyopathies leading to pediatric heart

failure.
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1.3 Pediatric heart failure

Heart failure is defined by the European heart society as a clinical syndrome caused by a
structural or functional cardiac abnormality resulting in a reduced cardiac output and
intracardiac elevated pressures [67]. In adults, the prevalence of heart failure is approximately
1-2% of the adult population, showing the highest prevalence (>10%) in the eldest population
(>70 age) [68,69]. In this population, the presence of hypertension and ischemic heart diseases
are principal reasons to develop heart failure. Following their diagnosis, there exist a wide range
of evidence-based pharmacological treatment options for heart failure involving angiotensin
converting enzyme (ACE) inhibitors, angiotensin-1 receptor antagonists, beta-receptor

antagonists and diuretics as first-line therapy [67].

In contrary, pediatric heart failure is a very rare disorder. In childhood, heart failure is
considerably lower than in adults but the prime reason for cardiovascular mortality and heart
transplantation [70]. Besides congenital heart diseases, cardiomyopathy is the main reason for
the development of heart failure in children [71,72]. Whereas, congenital heart diseases can be
diagnosed prenatally by fetal echocardiography and their surgical intervention is the favorable
therapy option in industrial nations, cardiomyopathy is often not detected until the first
symptoms of developing heart failure occurs [71-73]. Pediatric cardiomyopathy is a rare but
severe disorder with an incidence of 1.1 - 1.5 per 100,000 children [73]. In the pediatric
population, the highest incidence of cardiomyopathies is present under one year of age. Dilated
cardiomyopathy (DCM) (incidence of 0.57 per 100,000 children) is the most common form of
cardiomyopathy in children and is characterized by a typically dilated thin-walled left heart
ventricle and a resulting depressed ventricular function. Concerning a 2-years prediction of
DCM in children, 40 % of the children require heart transplantation or die [73]. As a
consequence, survivors suffer under heart failure receiving long-life heart medication or
immunosuppression after transplantation. One of the major causes for the development of
pediatric DCM are inflammatory cardiomyopathies due to viral infection [74]. 35 - 48% of
DCM diseased children have evidence of viral myocarditis. Especially in children, infection of
Enteroviruses and Adenovirus are the most common causes provoking viral cardiomyopathy
[74]. Besides Influenza, Eppstein-Barr, HIV and Herpes simplex viruses (HSV) were also found
in endomyocardial biopsies of DCM diseased children. The pathophysiology of viral
myocarditis is not yet fully elucidated. Both direct viral myocardial damage and an extensive

immune response seem to be involved in the pathogenesis of viral cardiomyopathy [75].
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Moreover, the current pharmacotherapy from adults is not strongly evident due to the other
etiology and pathogenesis of heart failure in children [76-78]. Enalapril (ACE-inhibitor)
therapy, for example, the gold standard for heart failure therapy in adults, showed no long-term
benefits in a retrospective study of children with toxic cardiomyopathy and resulted for all
children in cardiac transplantation or death [63]. Furthermore, there is still a lack of effective
treatment options for pediatric heart failure since the current therapies are often unable to restore
the contractile function [71]. Pediatric evidence-based medicine is difficult to achieve as
clinical trials were rarely performed due to e.g. the tough recruitment of patients, the conduct

of pediatric studies and the bioanalytical challenges concerning pediatric study samples [79,80].

Concerning this lack of meaningful clinical trials the European Union supports the research of
pediatric and orphan diseases, resulting amongst others in the LENA (Labeling of Enalapril
from Neonates up to Adolescents) project, which was an investigator-driven clinical
investigation funded by the European Commission (Seventh Framework Program [FP7/2007-
2013] under grant agreement n°602295 [LENA]) [81]. The LENA project had the aim to
introduce a child-friendly therapy option (orally disintegrating mini-tablets containing
enalapril) to the European market by generating (pharmacokinetic) data to apply for market
authorization. The pharmacokinetic data of enalapril in serum samples of children suffering
from heart failure were determined and aligned as primary outcome. As secondary study
outcome it aimed to obtain exploratory pharmacodynamic data to understand the distinct
pathogenesis and etiology of pediatric heart failure by investigating various biomarkers of the

renin-angiotensin-aldosterone system [82—85].

Within the renin-angiotensin-aldosterone system, enalapril inhibits the ACE, which metabolize
angiotensin 1 to angiotensin 2, a strong mediator of cardiac remodeling. Besides of this well-
known and widely investigated conversion of angiotensin 1 to angiotensin 2, ACE is also
responsible for the metabolic degradation of several other peptides including Substance P [13].
As the inhibition of ACE is associated with higher Substance P plasma levels [86], the
monitoring of Substance P plasma levels may be also of special interest, as Substance P is
involved in the development and progress of cardiac inflammation. Thus, the bioanalysis of
Substance P plasma levels in cardiovascular-diseased children may provide valuable additional

information for the etiology of pediatric heart failure.
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1.4 Bioanalysis of Substance P

Up to now, the bioanalysis of Substance P in blood samples was generally implemented by
radioimmunoassays (RIA) and enzyme-linked immunosorbent assays (ELISA) [87]. The
function of immunoassays bases on the principle of an antigen-antibody interaction, which
needs a specific antibody raised against the analyte of interest. Most of the immunoassays
manufactured for Substance P are non-competitive (sandwich) assays, which consist of an
immobilized primary antibody and a secondary antibody with a detectable label (Figure 6). The
analyte of interest in the bioanalytical matrix e.g. blood plasma firstly binds to specific raised
immobilized antibodies. In the next step, the secondary antibody binds to the remained free
primary antibodies, which finally leads to a radioactive detection (RIA) or an enzyme-based

luminescence (ELISA) of the bound label to the secondary antibody.

Secondary
antibody with
detectable label

Substance P

Primary
immobilized
antibody

Figure 6: Schematic non-competitive immunoassay to quantify Substance P in bioanalytical
samples.

In clinical trials and bioanalytical investigations, the use of immunoassays is common due to
their commercial availability, advantages in automatization of work procedures and the non-
requirement of specialized trained personnel. Nevertheless, immunoassays show several

limitations concerning the determination of Substance P [88]. The selectivity of immunoassays,
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especially cross-reactivity to bioactive metabolites of Substance P, still remains a challenge and
depends on the used antibody. Furthermore, with the discovery of human Hemokinin-1 in 2002
[89], a tachykinin showing more than 70% primary amino acid analogy to Substance P [90] and
possessing the same pharmacological active binding site [91] (Figure 7), immunoassays face
the limits of meaningful results. C-terminal targeting antibodies used in immunoassays are not
only blind to differentiate between Substance P and its bioactive C-terminal metabolites but
also between Substance P and human Hemokinin-1, leading to biased values. As human
Hemokinin-1 is also involved in heart physiology [92,93], a selective determination of
Substance P is mandatory to evaluate the specific role of Substance P in the cardiovascular
system, particularly since reported human Hemokinin-1 blood levels were substantially higher
(more than 10 fold) than Substance P blood levels [34]. Furthermore, most of the suppliers of
these immunoassays did not recommend their use to quantify Substance P in plasma anymore
due to the cross-reactivity to human Hemokinin-1. Reported plasma levels of Substance P were

merely measured by immunoassays, leading to the question of their reliability.
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Figure 7: Chemical structures of Substance P and human Hemokinin-1.

Similar amino acids between both peptides are marked red.

Hence, due to the described cross-reactivity of the immunoassays, an alternative analytical
method is mandatory for the reliable bioanalysis of Substance P. Compared to the widely used

and established immunoassays, the use of liquid chromatography coupled to mass spectrometry
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(LC-MS) is a bioanalytical technique, which would overcome the selectivity and cross-
reactivity issues of immunoassays (Figure 8) [94]. Its wide use is limited for bigger diagnostic
laboratories as it is very cost-expensive and needs highly trained personnel. Based on the
principle of measuring the mass to charge ratio of gas phase ions (m/z), Substance P can be
easily distinguished from human Hemokinin-1 due to its distinct mass. Furthermore, using LC-
MS/MS the simultaneous quantification of both neuropeptides would be achievable using a

single bioanalytical sample [95].

Figure 8: Schematic composition of a liquid chromatography coupled to a tandem mass
Spectrometer.

(A) Autosampler, which stores the (extracted) bioanalytical samples and injects them to the
valve port, (B) High performance liquid chromatographic system to separate the analytes from
interfering matrix on an analytical column; (C) Analytes were ionized in the electrospray
source, the precursor ion of the analytes were analyzed in the first quadrupole, were fragmented
in the collision cell by a collision gas (nitrogen, helium or argon) and the fragments (product
ions) were analyzed by the second quadrupole; (D) the detected ions were converted to

electronic signal finally resulting in an evaluable chromatogram.

As MS techniques principally base on the determination of m/z ratios of the gas phase ions
produced by the electrospray ionization, mass analyzers as e.g. a quadrupole filter (Q) or a time
of flight (TOF) analyzer are used for the measurement of the analytes of interest. In the
proteomic research, MS techniques are used for two principal purposes, the quantification or
identification of peptides and proteins [96,97]. Therefore, two mass analyzers are combined,
resulting in a tandem mass spectrometer (MS/MS) such as a triple quadrupole MS (QqQ) (two
combined quadrupole filters) or a QqTOF MS (quadrupole combined to a time of flight
analyzer) [98]. In MS/MS systems both mass analyzers are linked by a collision cell (q), which

uses an inert collision gas (e.g. nitrogen, helium or argon) to fragment the precursor ions of the
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analyte to its product ions. The detection of the precursor ion in the first mass analyzer and the
subsequent detection of the product ions in the second mass analyzer can be used for the
identification of the proteomic analyte as peptides and proteins demonstrate typical fragment
patterns, resulting in b and y fragments, specific for their amino acid sequence. Using the
transition of a precursor ion to its product ion, peptides can be selectively and sensitively

quantified (Figure 9).
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Figure 9: Representative high-resolution MS/MS spectrum of Substance P and its typical
fragmentation pattern in the one-letter amino acid code.

The precursor ion of Substance P is twofold charged and marked in red (vi/°*). Due to its
specific fragmentation pattern owed to its unique amino acid sequence, the product ions can be
used for its identification or their transition (e.g. 674.3703 m/z =2 600.3382 m/z) can be used
for the quantification of Substance P.

The described advantages using LC-MS/MS analysis led to their wide application for small
molecules as pharmaceutical agents and exogenous toxins. Despite its superiority concerning
selectivity, MS analysis often lacks the sensitivity to measure levels of endogenous analytes as

e.g. biomarkers, peptides and proteins due to their presence in low concentrations in biological
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fluids. Moreover, due to the properties of peptides to be multiply charged, the sensitivity of

measuring peptides is strongly reduced in distinction to small molecules.

Especially for Substance P which is present in low picomolar concentrations in blood (21.94 +
18 pg/mL ; healthy volunteers, n = 7) [99,100], this lack of sensitivity is the principal reason,
that no Substance P plasma levels measured by LC-MS analysis were reported until yet.
Existing assays lacked the sensitivity to measure endogenous Substance P blood levels [101].
However, MS techniques were successfully applied for the quantification of Substance P in
biological matrices, in which Substance P is present in higher concentrations as e.g. in tears
fluid, brain tissue or spinal cord [102-104]. So far, several working groups quantified
Substance P by LC-MS, but merely Substance P levels in various central nervous system tissues
in animals [102,105-107], whereby Substance P is present in higher concentrations (ng/mL)
than in blood (concentrations about fg/mL. — pg/mL). Thus, for the development of a LC-
MS/MS method to quantify low abundant peptides as Substance P, much effort and workload
have to be done to increase the sensitivity of the method to determine endogenous levels in
peripheral tissues as blood. This is often associated with time consuming efforts and a high
waste of chemicals and materials, which may be repeated if the developed method is not robust
and not qualified for regulatory guidelines. For this purpose, chemometric tools as a Design of
Experiments concept may be useful as it led to a lean method development by concordantly
evaluate the robustness of the method using statistical tools and the comprehensive optimization

of critical method aspects for improving the sensitivity of the assay.
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1.5 Design of Experiments as a chemometric tool for method development

In the bioanalytical field, method development might be a time-consuming effort, due to many
critical steps such as e.g. the biosamples preparation, adequate analyte separation or the method
robustness. These critical steps were typically addressed by the traditional one-factor-a-time
(OFAT) approach during method development, which is characterized by the separate and
subsequent investigation of each factor, a high workload for the experimenter and unidentified
interaction and synergism potentials between the investigated factors (Figure 10-A).
Consequently, (unknown) interactions and synergisms between investigated method factors
might lead to a non-optimized, unprecise or non-robust bioanalytical assay, resulting in the
complete redevelopment of the method in the worst case. To address these potential issues,
chemometric tools might be used, which are already applied in other disciplines as e.g. in the

pharmaceutical industry [108].

The concept of Design of Experiments as a chemometric tool was firstly introduced by Fisher
in 1926 to solve fundamental experimental problems. In the recent years, the Design of
Experiments concept was embedded in Quality by Design approaches, which were
predominantly applied in the pharmaceutical industry to improve the quality and robustness of
industrial processes. The application of statistical designs leads to the identification of
vulnerable, critical processes and the reduction of variability. The identification of critical
components as well as the reduction of day-to-day variations are also recommended and

valuable for the method development within the (bio-)analytical chemistry [108].

The consequent new-born discipline of chemometry combines the use of statistical tools as
Design of Experiments in the analytical chemistry, which can be applied for the design and
conduct of analytical experiments [109]. Since the development and validation of a
bioanalytical assay might be a time-consuming effort due to lack of method inter-run robustness
and variable outcomes, the implementation of chemometric approaches are recommended for a
lean and robust method development. In contrast to the traditional OFAT approach, a Design
of Experiments approach enables the investigation and optimization of various factors
conjointly, revealing possible interactions or synergism between single factors. Combining all
factors conjointly results in a full factorial design, which lead to a better understanding of the
interactions of the various factors compared to the OFAT approach, but the number of
experiments is still extensive and not material and time saving (Figure 10-B). Thus, classical
models as full-factorial designs are thereof delimited to D-optimal designs, which are computer-
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based designs. Utilizing D-optimal designs, the most outcome is achieved by a limited number
of experiments, whereas the missed (not performed) experiments are statistically calculated.
For the purpose of a lean method development, D-optimal designs seems favorable as the aim
is the maximization of the Determinants (the response outcome) by simultaneously minimizing
the number of experiments for a sufficient reliable statement (Figure 10-C). Moreover, D-
optimal designs enable the investigation of constraints, combinations of factor settings
unfeasible to conduct in practical experiments as e.g. restriction of chemical concentrations to
avoid instrumental damage or interactions with the analytes (Figure 10-D). In consequence,
applying a Design of Experiments concept lead to a better understanding of the fundamental
underlying mechanism of the investigated settings by revealing their interactions and

synergisms.

For a robust statistical model leading to a reliable bioanalysis, several statistical aspects have
to be addressed. First, as day-to-day variations may affect the conducted experiments and may
lead to a weak inter-day robustness, experiments should be blocked to evaluate the day-to-day
deviation, which is a principal issue in the conduction of bioanalytical methods. Secondly,
experiments should be randomized when suitable to monitor uncontrollable errors. Third, a
replication of experiments is needed to calculate the pure error of the analytical setting. Various
chemometric tools as the regression evaluation (R?), process capability indices (Cpk) and
control charts can be further used to monitor the goodness, reliability and the robustness of the

model [110].

Due to the described advantages in method development, a recent draft of the US Pharmacopeia
(USP) Validation and Verification expert panel (USP 1220) proposed the implementation of a
Quality by Design approach using Design of Experiments during method development for a
better method understanding and improved risk control management [111,112]. The USP draft
highlights the improvement of analytical knowledge and the intelligent method design by

applying a Design of Experiments concept.
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Figure 10: Schematic presentation of the one-factor-a-time approach and the chemometric
approach using various Design of Experiments models.

(A) Usually used one-factor-a-time approach, whereby each factor (represented by the black
lines) is separately investigated by a certain number of experiments (represented by the
circles), the blue ones indicate the limits chosen by the experimenter,(B) Using a chemometric
approach, a full factorial design enables the investigation of all factors conjointly, consequently
shows interactions between factors, but is associated with a high number of experiments; a
center point experiment (red circle) is co-analyzed to determine the reproducibility of the
chemometric model, (C) Utilizing a D-optimal design, whereby a limited number of experiments
were measured and the missed ones were computed by the model encompasses both the
analysis of interactions between the factors and a reduced number of practical experiments,
(D) Moreover, a D-optimal design enables the investigation of models with constraints
(represented by the yellow circle), which are combinations of factor settings unfeasible to
conduct in practical experiments (e.g. restriction of chemical concentrations to avoid

instrumental damage or interactions with the analytes).

Following the USP recommendations, several workgroups has implemented Design of
Experiments within their method development as e.g. to optimize the sample preparation [113]
or the analyte separation [114]. Although these recent publications demonstrated a successful
optimization of single bioanalytical aspects, no comprehensive concept was presented for a
complete assay development starting from sample preparation to final analysis, ensuring a
highly optimized bioanalytical method. Due to the low abundance of endogenous Substance P
plasma levels, a comprehensive investigation and optimization of each method component was

absolutely mandatory using the given analytical instruments.
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Thus, by applying a chemometric approach and using Design of Experiments, critical method
aspects such as plasma sample preparation, analyte selectivity, and method sensitivity could be
systematically and comprehensively investigated and optimized, finally resulting in a robust
method for analyzing the neuropeptides. By operating D-optimal designs, a limited number of
experiments was necessary resulting in a time-saving and eco-friendly approach by reducing
chemical and material waste. In consequence, a lean method development for the LC-MS/MS
quantification of Substance P and human Hemokinin-1 would be achievable and would result

in a robust, highly sensitive, reliable and comprehensively optimized LC-MS/MS assay.

35



1. Introduction

1.6 Objective

Owing to its pathological role in the cardiovascular system, Substance P may be a potentially

useful biomarker to monitor the development and progress of inflammatory cardiovascular

diseases such as cardiomyopathy and heart failure. As it has been described as present in human

plasma, determination of the plasma levels of Substance P would have clinical utility. However,

the currently available bioanalytical assays for quantification of Substance P in human plasma

are limited to immunoassays which are no longer recommended due to cross-reactivity issues

of the antibodies used. Therefore, a selective and reliable bioanalytical assay, which facilitates

the critical reevaluation of the role of Substance P in inflammatory as well as cardiovascular

diseases, is required. Thus, the objective of this thesis is divided into four parts:

(1)

(ii)

First, the current assessment of Substance P in cardiovascular diseases, in
combination with the bioanalytical methods for measurement of Substance P in
human blood, has to be reviewed by summarizing the recent bioanalysis of
Substance P in the blood of adults and children with cardiovascular disease. A
comprehensive investigation of bioanalytical methods and blood sample processing
used in the literature should reveal reported critical aspects to address them in the

development of the LC-MS/MS assay.

Second, the thesis describes the lean development of a highly sensitive LC-MS/MS
for bioanalysis of Substance P and its close relative human Hemokinin-1 in human
plasma. As existing LC-MS/MS assays lack the sensitivity to measure endogenous
plasma levels, which are present in low picomolar concentrations, development of
a comprehensive method is required to realize maximal sensitivity and robustness.
This will be addressed by a specifically developed Quality by Design concept. Based
on these innovative chemometric tools, various aspects of critical methodology,
such as the injection solvent composition, analytical material used, plasma
extraction, and chromatographic separation, as well as the sensitivity of the method
will be investigated for a better understanding of critical aspects of method failure.
These critical aspects will be tackled and optimized by newly introducing and
customizing a comprehensive Design of Experiments concept for bioanalysis of

peptide quantification via LC-MS/MS.
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(iii)

(iv)

Third, validation according to international bioanalytical guidelines should follow
method development to guarantee reliable and robust results for the measured
concentrations of the peptides. Therefore, international bioanalytical guidelines will
be used to demonstrate the accuracy, precision, sensitivity, selectivity, plasma

recovery and matrix effects, and stability of the developed assay.

Fourth, by applying the validated assay, the presence of endogenous concentrations
of Substance P and human Hemokinin-1 will be investigated in human plasma
samples. The results obtained will be compared to immunoreactive Substance P
concentrations measured by a commercially available immunoassay. By using HR-
MS analysis, analogs of Substance P will be identified, and possible cross-reactors

with the immunoassay will be revealed.

In summary, by establishing and applying a validated LC-MS/MS assay, this study should

make a decisive contribution to the assessment of the exposure of previously described

Substance P levels in humans. If previously reported results cannot be confirmed, the assay

will contribute to the critical rethinking of Substance P as a marker in other studies and

allow a new assessment of its clinical utility.
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2. Substance P in cardiovascular diseases - A bioanalytical review

2.1 Background and Aim

Detailed molecular mechanisms of Substance P in the cardiovascular system are broadly
reviewed [3,44,115-117] (see also section 1.2) and therefore should not be the principal subject
of the present review. However, there exists a crucial lack of information about the bioanalytical
determination of Substance P blood levels in cardiovascular diseases, especially in children.
Therefore, this review will (1) investigate the determination of Substance P blood levels in
cardiovascular diseases in humans focusing on bioanalytical aspects; (2) briefly summarize the
actual measurement of Substance P levels in children; and (3) discuss influencing factors, may

lead to biased Substance P levels in blood samples.
2.2 Methods

For the review of the bioanalysis of Substance P in cardiovascular-diseased subjects and healthy
children, a literature research was conducted using PubMed as a search tool. Following Mesh-
terms were applied: (Substance P AND bioanalysis OR immunoassay OR ELISA OR RIA OR
mass spectrometry OR levels OR concentrations OR blood OR saliva). Studies without
cardiovascular-diseased or pediatric subjects were excluded. Original publications and reviews

in English were included until December 2018.

2.3 Results

2.3.1 Quantification of Substance P blood levels in cardiovascular diseases

The existing data of Substance P blood levels in cardiovascular diseases in adults are limited
and summarized in Supplementary Table 1. Data of cardiovascular-diseased children are
lacking until now. First, Valdemarsson et al. (1991) investigated the Substance P plasma levels
in patients with chronic heart failure (CHF), either receiving an Angiotensin converting enzyme
(ACE)-inhibitor or not [86]. In their study, mild (NYHA I-II) and severe (NYHA III-IV) CHF
were associated with higher Substance P levels compared to healthy controls (mean + standard
deviation (SD): 4.1 + 0.4 pg/mL [n=10; NYHA I-1I], 3.1 £ 0.4 pg/mL [n = 17; NYHA HI-1V],
respectively, vs. 1.7 £ 0.2 pg/mL [n = 31; healthy]), which correlates with the findings in the

cell and animal model. As expected, due to the inhibited metabolic degradation of Substance P,
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patients under ACE-inhibitor treatment had significantly higher levels of Substance P (mean +
SD: 5.5 + 1.1 pg/mL [n = 15]) than untreated diseased subjects (mean + SD: 3.1 + 0.4 pg/mL
[n=15]). In 2012, Wang et al. studied the Substance P serum levels in patients with coronary
artery disease (CAD) and diabetes [118]. The presence of CAD led to decreased Substance P
levels (mean = SD: 35 £+ 5 pg/mL [n = 44]) compared to healthy subjects (mean + SD: 65 £ 15
pg/mL [n = 44]). In 2014, Han et al. measured the Substance P serum levels in patients with
cardiac infarction (mean £+ SD: 191 £ 141 pg/mL [n = 30]), unstable angina (mean + SD: 103 +
111 pg/mL [n = 21]), stable angina pectoris (mean = SD: 31 &+ 80 pg/mL [n = 30]) and control
subjects (mean + SD: 70 + 132 pg/mL [n = 29]) [119]. They demonstrated higher Substance P
levels in patients with acute cardiac infarction and suggested the potential role of Substance P
as an early diagnostic biomarker. Due to the metabolic degradation of Substance P by
neprilysine, Vodovar et al. (2015) demonstrated the negative correlation of Substance P and
neprilysine in plasma levels of 684 subjects with acute decompensated heart failure and CHF
[16]. Furthermore, the Substance P levels could be significantly stratified regarding
immunoreactive B-Type natriuretic peptide (ir-BNP) as a marker for the severity of heart failure
(median [interquartile range (IQR)]: 43 [37 - 49] pg/mL [ir-BNP <916 pg/mL] vs. 59 [57 - 64]
pg/mL [ir-BNP > 916 pg/mL]). In 2018, Nougué et al. investigated the Substance P plasma
levels of CHF patients under sacubitril treatment, a selective neprilysine-inhibitor, basically
showing higher Substance P levels under treatment than at baseline (median [IQR]: 75 [25 -
275] pg/mL vs. 36 [27 - 44] pg/mL) [120], as expected due to the inhibited degradation by

neprilysine.

2.3.2 Quantification of pediatric Substance P blood levels

Generally focusing on the measurement of blood markers in children, low blood volumes are
required, hence, the children should not be overly stressed. Blood volumes in children of 80 —
85 mL/kg restrict “blood-expensive” methods to evaluate Substance P levels, especially in
neonates and infants. For ethic reasons, several international ethical pediatric guidelines allow
maximum blood volumes of 0.8 - 4.0 mL/kg for a single blood draw [121]. Thus far, lower
blood volumes (25 pL) required elaborated purification methods as antibody magnetic beads

used in the immunoassay of Butler et al. [122].

Consequently, data of Substance P blood levels are limited in children and predominantly exist

from healthy children, which are summarized in Supplementary Table 2. Regarding the
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development process of children, O’Dorisio et al. (2002) studied Substance P plasma levels in
healthy children and adolescents [n = 41] between one month and 21 years [123]. Substance P
levels variated, predominantly in preadolescent children. Therefore, they did not show any
significant alterations in different pediatric and juvenile ages. As transmitter in various
emotional behaviour processes, the variation of Substance P plasma levels might base on
psychological influences. Therefore, Herberth et al. (2008) investigated the heparinized plasma
samples from 6 years old children [n = 234] to identify the influence of stressful life events on
neuropeptides levels [124]. Their results suggested that the impact of psychological factors is
limited on the variation of Substance P levels. In 2010, Wong et al. investigated the alteration
of Substance P plasma levels in healthy neonates during their first two life weeks [n = 142],
resulting in a variation of Substance P levels which was not age-dependent [125]. Besides of
the impact of Substance P levels on the pediatric development process, El-Raziky et al. (2005)
measured the Substance P blood levels of healthy children with a mean age of 6.3 (= SD: 2.5)
years [126]. Theirs determined Substance P levels (mean + SD: 16.2 + 4.6 pg/mL [n = 10])
were similar to the values of Butler et al. (2015) and Brandow et al. (2016), who studied the
Substance P plasma levels of children with 5 — 11 years [n = 18], respectively with 7-19 years
[n = 21] as healthy control cohorts (35 = 20 pg/mL, respectively 21 + 7.1 pg/mL) [122,127].
So, the variability of Substance P blood levels seemed not to be affected by the age moreover

by other factors (Figure 11).

2.3.3 Evaluation of the reliability of Substance P quantification in blood samples

A profound understanding of the metabolism of Substance P in blood is mandatory to determine
accurate Substance P blood levels (see section 1.1). Investigations of Substance P metabolites
were predominantly executed in tissues from the central nervous system, whereby the
metabolomics play an essential role in the modulation of neuronal functions. In peripheral
tissues, Substance P metabolites seem to play a minor role due to the hundred-fold lower
Substance P levels in the blood [107]. Not to be neglectable is the metabolic degradation of

Substance P during blood sampling and analysis may lead to falsified Substance P levels.
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Figure 11: Reported blood levels of Substance P of healthy children plotted against their age.
The points represent the mean blood concentration and their mean age. The standard deviation

of the age (x-axis) and of the blood concentration (y-axis) are shown as error bars [122—-127].

Due to the short metabolic half-life of Substance P, a mixture of different enzyme inhibitors to
the sampling equipment is required for effective inhibition of Substance P degradation. In this
context, Mosher et al. investigated the degradation of Substance P using different enzyme
inhibitors in the sampling equipment and processing the samples at distinct temperature levels
[128]. Aprotinin, a serine protease inhibitor, and ethylene diamine tetra acetic acid (EDTA), a
cation chelator inhibiting metalloproteases, are similarly effective to prevent the degradation of
Substance P than commercial broad-spectrum protease inhibitors, which reflect the major
degrading enzymes of Substance P in the blood. Besides, they concluded that not only the
enzyme inhibitor mix is critical, but also the rapid sample procedure after sample collecting.
With longer holding of the blood samples by ambient temperatures, a substantial loss of

Substance P was observed compared to holding them on ice (approximately 50% in one hour).

Most of the workgroups measuring Substance P were adding either aprotinin or EDTA to the
sampling equipment (Supplementary Table 1). So, it is remarkable that different workgroups
generated distinct Substance P plasma levels regarding similar collectives. Valdemarsson et al.
[86] and Nougué¢ et al. [16] both investigated CHF patients publishing significant different
Substance P plasma levels (mean + SD: 3.1 + 0.4 pg/mL vs. median [IR]: 36 [27 - 44] pg/mL),
measured by a radioimmunoassay. Besides of differences in sample preparation (10 min

centrifugation vs. 15 min centrifugation at 4°C) and sample storage (-20°C vs. -80°C),
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metabolites of Substance P or structure related tachykinins may lead to unprecise Substance P
levels. Furthermore, the comparison of same assay technology (immunoassay) by using
identical samples resulted in distinct Substance P plasma levels for adults with cardiac
infarction (median: 367 pg/mL vs. 215 pg/mL) due to the use of distinct antibodies [129]. The
variability of Substance P blood levels seems to base mainly on the cross-reactivity and

selectivity of the used antibodies.

2.3.4 Quantification of Substance P saliva levels

Focusing on the necessary sensitivity of an analytical assay and the limited access to blood, an
interesting clinical approach to quantify Substance P in a minimal-invasive way would be the
determination of Substance P saliva levels. Through the variability of Substance P levels in
saliva, Jang et al. demonstrated the significant correlation of Substance P in saliva (mean + SD:
236.1 £ 114.1 pg/mL vs. 177.5 + 106.2 pg/mL) and plasma (mean = SD: 168.8 £+ 89.5 pg/mL
vs. 105.0 £ 67.1 pg/mL) samples of adult chronic migraine patients and control subjects [38].
Besides Sato et al. also showed the correlation of Substance P in human saliva (mean area under
the curve (AUC) + SD: 2394 + 864.4 ng*min/mL) and plasma (mean AUC £ SD: 5060 + 1271.3
ng*min/mL) samples [130]. Regarding these promising preliminary results, the correlation
between Substance P saliva and plasma levels needs further investigations potentially providing
a minimal-invasive, painless sampling method to evaluate Substance P levels, especially in

severely cardiovascular-diseased patients.
2.4 Conclusion

Current research into the pathophysiology of cardiomyopathy suggests that Substance P plays
an influent role in adverse cardiac remodeling and cardiac inflammation. The scarcity of
effective treatment of cardiomyopathies leads to the interest to evaluate the role of Substance P
in cardiomyopathy diseased subjects. Existing data of Substance P blood levels in
cardiovascular-diseased humans show high variability, owed by differences in sampling and
analytical methods. Strict standardization of blood sampling and selective determination of
Substance P levels (by e.g. LC-MS) would facilitate the collection of meaningful and reliable

data sets.
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3. A Design of Experiments concept for the minimization of
nonspecific peptide adsorption in the mass spectrometric analysis

of Substance P and related Hemokinin-1

3.1 Background and Aim

The quantification of Substance P blood levels are predominantly executed by immunoassays,
which often lack the required selectivity to differentiate between Substance P and its related
human Hemokinin-1 due to cross-reactivity [90,131]. Furthermore, the high variability of
Substance P blood levels might be caused by distinct analytical techniques and sample
preparation methods [87,128,132]. Consequently, the measurement of Substance P and human
Hemokinin-1 by LC-MS/MS is a promising, highly selective alternative. However, LC-MS/MS
applications were not described for the determination of human Hemokinin-1 or lacked the
sensitivity to determine endogenous blood levels of Substance P [101]. One of the principal
reasons for the lack of sensitivity and a bad reproducibility by measuring biomolecules in LC-
MS/MS applications are adsorption processes to the container material and components of the
analytical system [133,134]. As Substance P and human Hemokinin-1 are positively charged
and moderately hydrophobic peptides (Table 1), they unify the potential to adsorb to glass as
well as plastic surfaces [135—137]. Due to their low concentrations in picomolar ranges in
plasma samples [132], adsorption processes are highly critical and play an essential role during
accurate sample preparation and measurement. Moreover, the phenomenon of adsorption may
lead to an underestimation of peptide levels in the case of biomarker assays and subsequently
results in incorrect conclusions of biomarker levels and poor comparability between different

studies [138,139].

Therefore, the objective of this study was the minimization of nonspecific peptide adsorption
of Substance P and human Hemokinin-1 by modifying (1) the injection solvent composition (2)
in distinct container materials as the most critical influencing parameters in preliminary
experiments and the literature [113,140]. This was accomplished by a Design of Experiments
concept to optimize the composition of the injection solvent and conjointly identifying the most

suitable container material. The study aimed to increase the signal intensities of both peptides,
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which allowed for detection of clinically relevant endogenous levels in blood by minimizing

nonspecific peptide adsorption.

Table 1: Physicochemical characteristics of Substance P and Hemokinin-1.

Substance P Human Hemokinin-1
Molecular weight [g/mol] 1347.63 1185.43
GRAVY Index (Hydrophobicity) -0.70 0.31
Isoelectric Point (GenScript©) 11.66 8.86

3.2 Materials and Methods

3.2.1 Chemicals and materials

Substance P and human Hemokinin-1 were purchased from Sigma-Aldrich (Darmstadt,
Germany) as lyophilized acetic salts in HPLC grade with a purity of 98% for Substance P and
99% for human Hemokinin-1. As recommended by the supplier, stock solutions of 1 mg/mL
Substance P and 0.5 mg/mL human Hemokinin-1 were prepared in water fortified with 0.1%
formic acid (FA) and stored in 100 pL polypropylene aliquots at -80°C until analysis. Water
(MS grade) was supplied by Honeywell (Erkrath, Germany); acetonitrile (ACN), methanol
(MeOH), dimethyl sulfoxide (DMSO), FA (all HPLC grade) were acquired from VWR
chemicals (Langenfeld, Germany); polypropylene tubes (1.5 mL) were obtained from
Eppendorf (Hamburg, Germany) and Sarstedt (Nuembrecht, Germany) in regular and protein
low binding quality; glass vials (1 mL) were supplied by Waters (Eschborn, Germany) in
regular and deactivated glass quality; deep well plates were obtained from Eppendorf, Sarstedt,
Waters, Brandt (Wertheim, Germany) and Corning (Corning, NY, USA) made of
polypropylene and polystyrene in Protein low binding (Eppendorf) and regular quality (others);
low retention tips were supplied from Eppendorf and Sarstedt, regular pipetting tips were

additionally acquired from Sarstedt.
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3.2.2 Instrumentation

LC-MS/MS was performed on an Agilent 1200 series binary pump system (Waldbronn,
Germany) coupled to an AB SCIEX API 4000 triple quadrupole mass spectrometer (Darmstadt,
Germany). Sample handling was executed by a CTC Analytics HTS PAL system (Zwingen,

Switzerland).

3.2.2.1 Chromatographic conditions

Samples were injected in full loop mode (20-uL injection volume). Substance P and
human Hemokinin-1 were separated onto a Waters XSelect CSH™ C18 column (3.5 pum,
3.0x150 mm) at an oven temperature of 60°C using a gradient of mobile phase A
(water:DMSO:FA, 98.9:1:0.1, v/v/v) and mobile phase B (MeOH:DMSO:FA, 98.9:1:0.1,
v/v/v). The gradient started with 5% of mobile phase B for 3 minutes and was linearly changed
to 25% mobile phase B from 3 to 5.5 minutes. It was followed by a further change to 98%
mobile phase B in 0.5 min. The gradient was kept at 98% mobile phase B until another 4
minutes elapsed before being reduced to 5% of mobile phase B again. The total runtime from

injection to injection was 13 min. The flow rate was set to 400 pL/min.

3.2.2.2 Mass spectrometry

The detection of both peptides was performed in positive mode, utilizing electrospray ionization
(ESI). Nitrogen was used as collision and curtain gas. Collision gas was set to 10 psi, curtain
gas to 25 psi, nebulizer gas to 55 psi, heater gas to 75 psi, and ion spray voltage to 5500 V. The
temperature in the SCIEX Turbo V™ ion source was held at 550°C. The dwell times for both
peptides were set to 125 ms. Detection was executed in multiple reaction monitoring (MRM)
mode using ion transitions at 674.6 m/z to 600.5 m/z for Substance P and 1185.7 m/z to 1037.7
m/z for human Hemokinin-1 (Supplementary Table 3). The MRM transitions and ion source
parameters were optimized during the LC-MS/MS method development by flow injection
analysis (Table 2). Data acquisition was performed using Analyst© (SCIEX, version 1.6.2) and
Multiquant© (SCIEX, version 3.0.2).
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Table 2: Mass spectrometric settings of Substance P and Hemokinin-1.

Substance P Human Hemokinin-1
Declustering Potential [V] 86 107
Entrance Potential [V] 7 10
MRM transitions [m/z] 674.6> 674.6 > 1185.7 > 1185.7 >
600.5 254.2 1037.7 287.1
(quantifier) (qualifier) (quantifier) (qualifier)
Collision Energy [V] 33 37 57 77
Collision Exit Potential [V] 16 20 32 22

(V: volt; m/z: mass to charge ratio; MRM: multiple reaction monitoring)

3.2.3 Design of Experiments

In preliminary experiments, the composition of the injection solvent and the used container
material had a critical impact on the MS intensity of Substance P and human Hemokinin-1,
leading to inappropriate limits of detection. Therefore, both critical parameters were jointly
investigated in the Design of Experiments concept. MODDE Pro© (MKS Instruments AB,
Malmoe, Sweden, version 12.0) was used for planning and analyzing the Design of

Experiments. Partial least squares regression was applied to generate the model.

3.2.3.1 D-optimal design

A D-optimal design as a quadratic model was selected to find the optimal composition of the
injection solvent and the most suitable container material. The purpose of the D-optimal design
is the minimizing of the generalized variance of the parameter estimates (here: composition of
the injection solvent and most suitable container material) [141]. The D-optimal design is a
computer-aided design, which is — in contrast to factorial or fractional designs - able to handle
constraints in the factor settings of the here-presented model (see therefore the restrictions in
factor settings in section 3.2.3.2.). Different to a full factorial design, whereby each combination
has to be investigated, a D-optimal design needs only a limited number of experiments, and the
results for the omitted experiments were statistically calculated as predicted peak areas. Thus,
the D-optimal design allowed for the investigation of a larger selection of process and mixture

factors in a limited number of experiments [here: n = 42] (Supplementary Table 4). Since the
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simple addition of an internal standard, which would had mask any increase of mass signal as
the internal standard would also be affected by nonspecific peptide adsorption, appeared not
reasonable, the possible variability due to electrospray ionization or MS detection was
addressed by two aspects: First, each experiment was independently prepared in triplicate and
all experiments ran in random order spread over multiple days to calculate the repeatability of
each peptide. Second, the center point of the D-optimal design, measured in nonaplicate - ran
also in random order - was included to ensure the inter-day repeatability. Substance P and
human Hemokinin-1 were separately investigated to avoid possible adsorption interactions of
the two peptides, resulting in a total of 270 runs for both peptides. The responses were set to
the peak areas of Substance P and human Hemokinin-1, as the aim of this investigation was the

maximization of the MS intensity.

A cross-validation of the obtained model was performed based on the predictive error sum of
squares (PRESS) value. The PRESS value was expressed as Q?, which was reserved as a
parameter for the goodness of prediction. The predefined requirement was a value of at least
0.5 for Q? to generate an appropriate model with a good predictive power [142]. Furthermore,
the difference between R? (coefficient of regression) and Q? should be less than 0.3 for a reliable

model.

3.2.3.2 Investigated parameters and factors

Four quantitative parameters (MeOH, ACN, DMSO, FA) considered as additives to the
injection solvent were investigated in the Design of Experiments concept, based on their ability
to improve the solubility (organic solvents, DMSO) [143] and to reduce ionic interactions (FA)
[113]. The investigated ranges started from the absence of each component (0%) and were
limited to 10% of FA, 75% of DMSO, and 50% of either MeOH or ACN. The resulting injection
solvent consisted of a composition of a maximum of three additives to water, whereby the water
fraction in the injection solvent was set to a minimum of 25% to guarantee sufficient solubility
of Substance P. The organic fraction was restricted to 50% to avoid breakthroughs and peak
distortions in the reversed phase chromatography, while the FA fraction was limited to 10% to
evade corrosive damages in the sensible parts of the HPLC system. The addition of TFA to the
injection solvent was abandoned, as TFA led to strong ion suppression in preliminary

experiments.
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Furthermore, the variable composition of the injection solvent was conjointly examined in
different container materials. Polypropylene tubes from two suppliers, each in distinct quality
(regular and protein low binding) and regular glass vials were included in the Design of
Experiments to investigate the adsorption affinity of Substance P and human Hemokinin-1 to
the material surfaces. Additionally, the benefit of using deactivated glass vials was examined

and compared to the best performing container material of the Design of Experiments approach.

In a next step, various deep well plates were tested utilizing an aqueous injection solvent (water
fortified with 10% FA) and the optimized injection solvent composition to evaluate the
usefulness of the Design of Experiments approach and to find the most suitable deep well plate.
As polystyrene is not resistant to DMSO or organic solvents, these plates were merely
investigated using the aqueous injection solvent (Supplementary Table 5). The tips in different
qualities were analogically tested both using the aqueous injection solvent and the optimized

injection solvent composition (Supplementary Table 6).

3.2.3.3 Preparation of experimental solutions

For analysis, freshly thawed stock solutions were consequently diluted in a generic mixture of
2% FA added to equal parts of ACN and water (50:50 [v/v]) as recommended to avoid
nonspecific peptide adsorption [133]. 10 pL of either 0.1 pg/mL Substance P solution or
I pg/mL human Hemokinin-1 solution was evaporated to dryness in the investigated test
containers for 10 min at 40°C and 300 rpm under a gentle steam of nitrogen. The residual was
reconstituted in 1 mL of the experimental solution to obtain a final concentration of 1 ng/mL
Substance P and 10 ng/mL human Hemokinin-1 and was stored on ice until same-day

measurement by LC-MS/MS.

3.2.3.4 Sweet-spot and setpoint analysis

A sweet-spot was created to find the optimal composition of the injection solvent, which
depends on the best performing container material for Substance P and human Hemokinin-1,
when measuring both peptides simultaneously. Especially in simultaneous determination of
compounds with opposite physicochemical properties, the sweet-spot analysis allows to
identify the intersecting set for optimal quantification in bioanalysis. The focus in the sweet-

spot analysis lied on the predicted peak area of Substance P, as reported endogenous blood
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levels were much lower than blood levels of human Hemokinin-1 [34]. The sweet spot was
defined as injection solvent composition, in which a maximally accepted deviation to the
maximal predicted peak area of both Substance P and human Hemokinin-1 must not exceed the
predefined limits (conjoint optimal conditions for both peptides). Therefore, the predefined
acceptable limits to the maximal predicted peak area were set to -5% for Substance P and -15%

for human Hemokinin-1.

To confirm the accuracy of the sweet-spot as conjoint optimal injection solvent composition, a
minimal-risk analysis was performed. The minimal-risk analysis bases on the Monte-Carlo
simulation and indicates the probability of failing the desired peak area, which is predicted by
the model. By taking into account the response specifications, the standard error of the model
and the factor precision, the predicted peak areas were simulated one million times and the
probability of failure was determined. In the here-presented model, failure was defined as a loss
of more than 15% of the maximal predicted peak area for both peptides. This requirement was
derived from regulatory bioanalytical recommendations [144]. The area with a probability of
failure of less than 0.5% (5,000 defects per million simulations) was defined as the design space,

involving the robust setpoint.

3.2.4 Application of the experimental design

As one of the objectives of this study was the determination of endogenous plasma levels of
both peptides, the chromatographic method was also optimized to facilitate the reduction of the
lower limit of detection of both peptides and to enable the determination of endogenous peptide
levels. First, 5% instead of 1% DMSO were added as supercharger to both mobile phases to
improve the electrospray ionization. Second, 50-pL instead of 20-uL injection volume was used
to increase the signal intensity during the applicability experiments. Under these conditions, the
benefit of using the optimized injection solvent composition in the most suitable container
material was further evaluated in human plasma samples, as the presence of endogenous plasma
matrix components could also affect adsorption processes. The degradation of the endogenous
peptides was induced at ambient temperatures to generate blank plasma (donated by one male
volunteer) [128]. Afterwards, 300 pL of fresh blank plasma was spiked with 1 ng/mL
Substance P and human Hemokinin-1. As endogenous Substance P plasma levels, determined
by immunoassays, were found in the picomolar range (median: 217.8 pg/mL in healthy children

(n=80)[124]; mean = SD: 116.5 + 20.5 pg/mL in healthy adults (n = 110) [145]), blank plasma
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samples were further spiked with 100 pg/mL Substance P and human Hemokinin-1, as low-

concentrated samples are more critically affected by adsorption processes.

Spiked plasma samples were purified with a customized solid-phase extraction protocol using
a mix-mode weak anion exchanger (Oasis WAX pelution, Waters). Substance P and
human Hemokinin-1 were eluted by 125 pL of MeOH fortified with 10% FA evaporated to
dryness at 35°C and 300 RPM under nitrogen and were reconstituted in both (A) the optimized
solvent composition in the most suitable container and (B) the start gradient as injection solvent
(93.9% water, 5% MeOH, 1% DMSO, 0.1% FA) in regular tubes. The mean observed peak
areas of Substance P and human Hemokinin-1 in settings A and B [n = 3] at different
concentration levels (1 ng/mL and 100 pg/mL) were compared to evaluate the benefit of the

experimental design in human plasma samples.

3.3 Results and discussion

3.3.1 Model fit and goodness of prediction

The goodness of fit (R?) was determined by an observed-versus-predicted peak area plot,
resulting in an R? of 0.92 for Substance P and 0.88 for human Hemokinin-1 (Figure 12). The
goodness of prediction is expressed by the Q? value and amounted to 0.68 for Substance P and

0.73 for human Hemokinin-1, fulfilling the predefined requirements for a predictive model.

As the addition of an internal standard was not reasonable, each replicate of an experiment ran
in a random order spread over five days to ensure the robustness of the analytical setting. The
calculated repeatability—based on the variance of the replicates over the whole study period—
amounted to 92.0% and 91.9% for Substance P and human Hemokinin-1, respectively.
Moreover, the evaluation of the center point demonstrated robust mass signals (mean + standard
deviation (SD): 2545.6 + 518.5 counts per second (cps) for Substance P and 2317.9 +310.4 cps
for human Hemokinin-1 [each peptide; n = 9]), indicating stable and repeatable analytical

conditions during the experimental conduct.
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Figure 12: Goodness of fit plot for the statistical evaluation of the Design of Experiments model.
The plot shows the observed versus predicted peak areas of Substance P (blue) and human
Hemokinin-1 (red) with the identity line (solid red line) and the regression lines (dashed black

lines). (cps: counts per second; SE: standard error)

3.3.2 Optimization of the injection solvent composition

3.3.2.1 Impact of the type of organic solvent

The gain of intensity did not only depend on the percentage but, moreover, on the type of
organic solvent. Regardless of the container material, the predicted peak areas for Substance P
and human Hemokinin-1 generally profited from adding organic solvents to the injection
solvent, whereby predominantly adding 25% MeOH led to substantial increases of predicted
peak areas (+69.1% for Substance P and +69.4% for human Hemokinin-1) compared to the
absence of organic solvent. With a higher fraction of 50% MeOH, the increase of intensity was
not as pronounced compared to adding 25% MeOH (+5.7% for Substance P and +0.1% for
human Hemokinin-1). Contrarily, by adding 25% ACN to the injection solvent, the predicted
peak areas were increased by 27.8% for Substance P and by 63.2% for human Hemokinin-1
compared to the absence of organic solvent. Furthermore, by adding 50% ACN to the injection
solvent, the predicted peak areas were decreased by 20.3% for Substance P and 17.4% for
human Hemokinin-1 compared to the addition of 25% ACN. Therefore, ACN was classified as

inferior in this setting for both compounds of interest. Substance P, as a hydrophilic peptide,
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seems to be more soluble in MeOH as a polar protic solvent, leading to less nonspecific
adsorption. For human Hemokinin-1, as a hydrophobic peptide, the benefit of adding MeOH or

ACN to the injection solvent was almost equivalent.

3.3.2.2 Impact of dimethyl sulfoxide

The predicted peak areas of the tachykinins benefited from distinct maximal fractions of DMSO
(45% for Substance P, 60% for human Hemokinin-1). The conjoint investigation of the impact
of DMSO and the used container material led to substantial differences in benefit of adding
DMSO to the injection solvent composition. In regular polypropylene tubes an increase of
91.8% for the predicted peak area of Substance P and 63.9% for the predicted peak area of
human Hemokinin-1 was achieved. In contrast, the predicted peak areas of Substance P and
human Hemokinin-1 were increased by 34.8% and 36.9% respectively, using protein low
binding polypropylene tubes. In glass vials the benefit of adding DMSO was pronounced for
the predicted peak area of Substance P (+209.6%), whereby the benefit for the predicted peak

area of human Hemokinin-1 was limited (+26.0%).

As a strong solubilizer in the injection solvent, DMSO plays a critical role of minimizing
nonspecific adsorption of the tachykinins to the container material (Figure 13). The substantial
differences between the investigated container materials led to the assumption that the principal
function of DMSO in the injection solvent was the reduction of nonspecific peptide adsorption
by improving the peptide solubility. Coherently, the reduction of nonspecific peptide adsorption
by DMSO was previously shown for digested peptides, which underline the here presented
results [143]. On the other hand, the possible impact of DMSO on the electrospray ionization
cannot be ruled out but seems to be inferior with regard to the identified high variability in
distinct container materials (+209.6% in glass vials compared to +34.8% in protein low binding
polypropylene for the predicted peak area of Substance P). If DMSO primarily acted as a super
charger for electrospray ionization, less extent of variability between the different materials
would had been expected. Due to the potential of DMSO to oxidize methionine residuals of
both peptides, the use of DMSO as injection solvent composition requires critical evaluation.
However, no degradation during short-term investigations over 12 hours was observed under

the here presented experiments.
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Figure 13: Polar plot of the overall individual effects of the investigated factors on the predicted
peak area of Substance P and human Hemokinin-1.

The coefficient effects of the investigated factors on the predicted peak area of Substance P
(blue) and human Hemokinin-1 (red) were normalized to the coefficient effect of formic acid
(set to 2) which is indicated by the outer black solid line as maximal response. The inner black
dashed line indicates the reference injection solvent composition (5% methanol, 1% dimethy!

sulfoxide, 0.1% formic acid and 93.9% water) (set to 1).

3.3.2.3 Impact of formic acid

The addition of FA to the injection solvent was one of the essential ways to optimize the signal
intensity of both peptides (Figure 13). Regardless of the container material, the addition of 10%
FA to the injection solvent resulted in a maximum gain of the predicted peak area of
Substance P (+85.8%). The maximum of the predicted peak area of human Hemokinin-1 was
achieved by the addition of 8.5% FA (+58.0%). Contrary to Substance P, a higher FA fraction

showed no further benefit for the gain of the MS intensity of human Hemokinin-1.

The observed peak areas in regular polypropylene and glass containers were reduced by more

than 97% for Substance P in the absence of FA (mean + SD: 16.8 & 29.0 cps in pure aqueous
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injection solvent versus 634.3 £+ 140.1 cps in pure aqueous solvents fortified with 10% FA [n =
9]) and by more than 80% for human Hemokinin-1 in absence of FA (mean + SD: 203.8 + 106.4
cps in pure aqueous injection solvent versus 1088.9 + 206.0 cps in pure aqueous solvents
fortified with 10% FA [n = 9]). In contrast, the comparison in protein low binding
polypropylene led to an increase of 48.2% of observed peak area of Substance P (mean = SD:
2612.3 £ 577.3 cps in pure aqueous solvents fortified with 10% FA versus 1763.2 + 144.4 cps
in pure aqueous injection solvent [n=6]) and 76.8% of observed peak area of
human Hemokinin-1 (mean + SD: 1991 + 274.8 cps in pure aqueous solvents fortified with
10% FA versus 1126.4 £+ 263.2 cps in pure aqueous injection solvent [n=6]), indicating fewer
nonspecific peptide adsorption of Substance P and human Hemokinin-1 in aqueous solvents

using protein low binding polypropylene tubes.

Under acid conditions, the affinity of the positively charged tachykinins to negatively charged
glassware was lower than in neutral solutions probably due to the saturation of the free silanol
groups by protons. Moreover, the building of a more soluble FA cluster with Substance P and
human Hemokinin-1 seemed to avoid further adsorption processes. As an acid building a cluster
with positively charged molecules, FA has a high potential to reduce nonspecific adsorption.
The results of the experimental design suggested that more hydrophilic peptides like

Substance P profit from a higher fraction of FA to adsorb less to the material surfaces.

Although trifluoroacetic acid (TFA) is often used in chromatographic separations due to the
strong cluster building, it also leads to strong ion suppression in MS applications [146]. In
preliminary experiments, the addition of 0.25% TFA to the injection solvent led to a substantial
decrease of peak area of Substance P (-72.2%). Moreover, the ion suppression was not only
observed in runs with TFA added to the injection solvent, but also in consecutive runs without
TFA added to the injection solvent. Since a gain of intensity was the principal objective of the
experimental design, the use of TFA was abolished in the experimental design to avoid

extensive chromatographic wash procedures between each run.

3.3.3 Impact of the container material
Besides the selection of modifiers as well as the optimal composition of the injection solvent,
the container material used played an essential role in the accurate measurement of Substance P

and human Hemokinin-1 (Figure 14 - 16).
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3.3.3.1 Glass vials

As expected from the literature [137], regular glass vials were unsuitable for measuring
Substance P sensitively. It is most likely that the two positive charges of arginine and lysine in
the amino acid sequence of Substance P showed high affinity to the untreated negatively
charged silanol groups of glassware, resulting in a substantial loss of predicted peak area (-
71.6% compared to regular polypropylene tubes). Human Hemokinin-1, as a more hydrophobic
and single-charged peptide, tolerated regular glassware better, which was principally suitable
for the determination of human Hemokinin-1 (+10.8% compared to regular polypropylene

tubes) (Figure 14).

Deactivated glass vials promised less adsorption of positively charged peptides compared to
regular glassware by capping the free negatively charged silanol groups of glass. Therefore, the
use of deactivated glass vials was independently investigated by comparing to untreated glass
vials and regular polypropylene tubes both in the optimized injection solvent in triplicates. The
peak areas of Substance P substantially benefited from the use of deactivated glass vials
compared to untreated glass vials (+66.0%). Nevertheless, the mean observed peak area in
deactivated glass vials were lower with a higher standard deviation than in regular
polypropylene tubes (mean + SD: 4358.7 + 797.3 cps versus 5174.7 + 234.8 cps [n = 3]). On
the other side, the observed peak areas of human Hemokinin-1 showed bare differences in
deactivated glass vials compared to regular polypropylene tubes (mean + SD: 3410.0 + 462.0
cps versus 3519.3 + 136.3 cps [n = 3]). In contrast to regular and deactivated glass vials, regular
polypropylene tubes were the most suitable material to measure Substance P accurately and

sensitively.
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Figure 14: Contour plots of the impact of the injection solvent composition on the predicted
peak areas of Substance P and human Hemokinin-1 in glass vials.

The red area indicates the highest, whereby the blue area the lowest predicted peak area of (4)
Substance P and (B) human Hemokinin-1. Due to the limitation of the organic solvent to 50%,

a Monte-Calo simulation was not possible for the white area. (cps: counts per second)
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3.3.3.2 Regular polypropylene tubes

Regarding regular polypropylene tubes, the composition of the injection solvent played a
critical role to reduce nonspecific adsorption of Substance P and human Hemokinin-1. For both
peptides, regular polypropylene tubes were predominantly unsuitable in pure aqueous solutions
due to the substantial loss of intensity. Without the addition of DMSO, organic solvents, or acid
to the injection solvent, no quantifiable peak signals of 1 ng/mL Substance P or 10 ng/mL
human Hemokinin-1 (mean £+ SD: 25.2 + 61.6 cps and 59.3 £+ 71.0 cps, respectively, [n = 6])
were observed in regular polypropylene tubes. Each investigated modifier added to the injection
solvent continuously increased the predicted peak areas in regular polypropylene tubes. For
Substance P, the benefit of adding MeOH was more pronounced than for human Hemokinin-1
(up to 177.0% versus up to 90.6%) (Figure 15). A composition of the highest MeOH fraction
and 10% FA was necessary to achieve the maximum desired peak areas in regular
polypropylene tubes. As a minimal fraction of 25% water was required to guarantee the

solubility, the addition of DMSO had to be limited to 15%.
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Figure 15: Contour plots of the impact of the injection solvent composition on the predicted
peak areas of Substance P and human Hemokinin-1 in regular polypropylene tubes.

The red area indicates the highest, whereby the blue area the lowest predicted peak area of (A)
Substance P and (B) human Hemokinin-1. Due to the limitation of the organic solvent to 50%,

a Monte-Carlo simulation was not possible for the white area. (cps: counts per second)
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3.3.3.3 Protein low binding polypropylene tubes

Protein low binding polypropylene tubes promise fewer adsorption of peptides and proteins
based on a distinct manufacturing method resulting in high-density, fine-pored polypropylene
with a minimized hydrophobic interaction potential. Protein low binding polypropylene tubes
from both suppliers showed the most considerable advantage in pure aqueous solutions
compared to regular polypropylene tubes (+329.7% and +115.1% for Substance P and
human Hemokinin-1, respectively) (Figure 17). As nonspecific peptide adsorption was
minimized in protein low binding tubes, there was no further profit in the addition of MeOH to
the injection solvent (Figure 16). The predicted peak areas of human Hemokinin-1 profited
from a maximum of 30% MeOH using protein low binding tubes, whereby the advantage was
not as substantial as that in regular polypropylene tubes (+35.2% in protein low binding
polypropylene versus +81.3% in regular polypropylene). The predicted peak areas of both
peptides in protein low binding polypropylene tubes were not much affected by the composition
of the injection solvent as compared to regular polypropylene tubes and were constant over a
considerable range of variable compositions of injection solvent (Figure 16). Contrary to
regular polypropylene tubes, in protein low binding tubes, a maximum of the predicted peak
area of Substance P was predominantly achieved in an injection solvent composition of equal
parts of DMSO and water fortified with 10% FA. For human Hemokinin-1, differences in
predicted peak areas were not distinctive in protein low binding compared to regular

polypropylene tubes.
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Figure 16: Contour plots of the impact of the injection solvent composition on the predicted
peak areas of Substance P and human Hemokinin-1 in protein low binding polypropylene tubes.
The red area indicates the highest, whereby the blue area the lowest predicted peak area of (4)
Substance P and (B) human Hemokinin-1. Due to the limitation of the organic solvent to 50%,

a Monte-Calo simulation was not possible for the white area. (cps: counts per second)
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Figure 17: Impact on the investigated tubes and vials on the observed peak area of Substance P
and human Hemokinin-1.

When using pure aqueous injection solvents, the observed peak area of Substance P (blue) and
human Hemokinin-1 (red) substantially depended on the used container material. (cps: counts

per second [mean =+ standard deviation, n = 3])

3.3.4 Sweet-spot and setpoint analysis

Focusing on the maximum gain of intensity for Substance P and human Hemokinin-1, the
sweet-spot analysis was performed to evaluate the optimal composition of the injection solvent
when measuring both peptides simultaneously. The minimal-risk analysis was executed to
confirm the sweet-spot, resulting in the first design space including a robust setpoint of injection
solvent composition of 50% MeOH, 15% DMSO, 25% water, and 10% FA in regular
polypropylene tubes (Figure 18-A).

As protein low binding tubes were substantially advantageous in non-organic compositions of
injection solvents, an alternative robust setpoint was included to evaluate their benefit compared
to regular polypropylene tubes. On the basis of the alternative setpoint, a separate minimal-risk
analysis was executed resulting in the second design space with an injection solvent
composition consisting of 45% DMSO, 45% water, and 10% FA in protein low binding
polypropylene tubes (Figure 18-B).
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Figure 18: Contour plots of the minimal-risk analysis in regular and protein low binding

polypropylene tubes.

The optimized injection solvent composition depended on the use of (A) regular or (B) protein

low binding polypropylene tubes. The colors represent the probability of failing the maximal

accepted deviation (-15%) to the maximal predicted peak areas of Substance P and human
Hemokinin-1, whereby the design spaces (probability of failure <0.5%) are colored in green.

Due to the limitation of the organic solvent to 50%, a Monte-Calo simulation was not possible

for the white area. (ACN: acetonitrile, DMSO: dimethyl sulfoxide; MeOH: methanol)

The mean values of the observed peak areas of the investigated tachykinins in triplicates
dissolved in (A) the start gradient (93.9% water, 5% MeOH, 1% DMSO, 0.1% FA), (B) the

optimized solvent in regular polypropylene tubes, and (C) the optimized solvent in protein low
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binding polypropylene tubes were compared to evaluate the benefit of the Design of
Experiments. Predominantly, the observed peak areas of Substance P profited from the
optimization and resulted in an approximately 135% higher intensity and lower standard
deviation in both optimized injection solvents (mean + SD: (A) 2,203.5 + 748.4 cps versus (B)
5,174.7 + 234.7 cps and (C) 4,926.7 + 426.0 cps [n = 3]). For human Hemokinin-1, a gain of
intensity of 33% was achieved (mean = SD: (A) 2,628.0 = 216.4 cps versus (B) 3,519.3 +136.3
cps and (C) 3,456.0 £ 72.3 cps [n = 3]). The differences in the hydrophobicity and charge state
seemed to be crucial for the effect of optimization. Substance P, as a more hydrophilic peptide,
was affected by higher adsorption processes in unmodified injection solvents due to stronger
ionic interactions to the material surfaces than human Hemokinin-1. There were no substantial
differences in performance identified by comparing both optimized injection solvents in protein

low binding and regular polypropylene tubes.

As both robust setpoints were equivalent regarding the observed peak areas, the use of the
optimized solvent in regular polypropylene tubes (50% MeOH, 15% DMSO, 25% water, 10%
FA) was abandoned in further experiments to avoid breakthroughs using a 50-uL injection

volume due to high organic fraction.

The sensitivity of the method was investigated under the optimized conditions, which were
obtained by the Design of Experiments. Thus, a dilution series of Substance P and
human Hemokinin-1 was prepared in the optimized solvent composition (45% DMSO, 45%
water, 10% FA) in protein low binding polypropylene tubes and was measured in triplicate.
Limits of quantification of 20 pg/mL for Substance P and of 40 pg/mL for human Hemokinin-
1 in compliance with regulatory guidelines [144] were achieved by using 50-pL injection

volume.

3.3.5 Impact of deep-well plates

As the selection of the used material had a substantial impact on the predicted peak area of
Substance P and human Hemokinin-1, furthermore, various deep well plates made of plastic
(polypropylene and polystyrene) were investigated from different suppliers. Utilizing an
aqueous peptide solution (fortified with 10% FA), the observed peak areas of Substance P and
human Hemokinin-1 strongly varied in polypropylene plates from Brand to polystyrene plates
from the same supplier, indicating the favorite use of deep well plates made of polypropylene.

In contrast, using the optimized injection solvent composition, the observed peak areas of both
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peptides were in similar ranges in each polypropylene dee-well plate from five suppliers
(Figure 19). These results confirmed the successful minimization of unspecific peptide

adsorption to different plates by using the optimized injection solvent composition.
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Figure 19: Impact of the investigated deep well plates on the observed peak area of Substance P
and human Hemokinin-1.

(A) When using an aqueous injection solvent composition (water fortified with 10% formic
acid), the observed peak area of Substance P (blue) and human Hemokinin-1 (red) were
substantially affected by the choice of the material (polypropylene (PP), polystyrene (PS)) and
the supplier. (B) In the optimized injection solvent composition, the differences between the

suppliers were neglectable. (cps: counts per second; [mean + standard deviation; n = 3])
3.3.6 Impact of tips

Besides the selection of the most appropriate container material and deep well plates, the choice
of the tips may also affect by unspecific peptide adsorption. By comparing the use of low
retention and regular polypropylene tips, the use of low retention polypropylene tips was
favorable, when dissolving the peptides in an aqueous solution fortified with 10% FA. These
effects were not significant, when using the optimized injection solvent composition, resulting

in the equivalent use of regular and low retention polypropylene tips (Figure 20).

65



3. A Design of Experiments concept for the minimization of nonspecific peptide adsorption in the mass spectrometric
analysis of Substance P and related Hemokinin-1

1000
@
o
‘2. *
© 500
o
©
®
2 0 H {-?
o
©
(0]
k3]
8 _5007 *%
o
-1000
] ] ] ] ]
Q2
“(\\0\3 \<\<\\<\\a‘\\
60 e\ (\\\08(\60e\ (\\\o’b‘ * ( g\)\’&e\ed \\0 e\ ’\\0@.‘ e?( \)\’b.‘ d
O Ve o @ & o @QQ 0«‘ SN \‘5
po® e ® P

Figure 20: Impact of the investigated tips on the predicted peak areas of Substance P and
human Hemokinin-1.

The effect on the predicted peak area of Substance P (blue) and human Hemokinin-1 (red)
depended on the use of an aqueous solvent (AS: water fortified with 10% formic acid) or the
optimized injection solvent composition (0S). (T: 95% confidence interval; cps: counts per

second, *significant: (p < 0.05), ** highly significant (p < 0.01), based on the students t-test)

3.3.7 Application in human plasma samples

Analogically to the neat solution, the observed peak areas of 1 ng/mL Substance P —spiked in
human plasma samples—predominantly benefited from (A) the optimized solvent in protein
low binding (45% DMSO, 45% water, 10% FA) resulting in an increase of intensity of 74%
compared to (B) the start gradient as the injection solvent in regular tubes (93.9% water, 5%
MeOH, 1% DMSO, 0.1% FA) (mean + SD: (A) 20,943.3 + 2,630.9 cps versus (B) 11,983.0 +
1,835.3 cps [n = 3]). The substantial increase of signal intensity between neat solution and
spiked plasma (2,203.5 cps versus 11,983.0 cps) based on the combined effects of all identified
optimization potentials during the here presented investigations (50-uL injection volume and
optimized chromatographic conditions (e.g. 5% DMSO). The comparison of the observed peak
areas of 1 ng/mL human Hemokinin-1, spiked in human plasma samples, resulted in an
increased intensity of 15% (mean + SD: (A) 3,510.4 + 775.4 cps versus (B) 3,051.3 +216.9 cps

[n = 3]). Plasma matrix components may also reduce adsorption processes by likely concurring
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with the investigated tachykinins, resulting in a lower benefit of observed peak areas compared
to the results in the neat solution (section 3.4). No substantial matrix effect was observed in the

here presented experiments.

In physiological relevant endogenous levels (100 pg/mL) [124,145], the comparison of the
setpoint composition to the start gradient as an injection solvent resulted in an increase of
intensity of 107.5% for Substance P (mean + SD: (A) 2,433.8 + 616.1 cps versus (B) 1,172.8 £
162.0 cps [n =3]) and enabled the determination of 100 pg/mL human Hemokinin-1 (mean =+
SD: (A) 378.4 +100.4 cps versus (B) 177.4 = 94.0 cps (signal to noise < 10:1) [n = 3]) in human
plasma samples (Figure 21). As expected, due to the more pronounced adsorption effects in
low-concentrated samples, the setpoint composition was essential for the sensitive

determination of endogenous tachykinin concentrations.
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Figure 21: Representative stacked chromatogram of spiked Substance P and human
Hemokinin-1 under optimized conditions in human plasma.

Plasma was spiked with 100 pg/mL of Substance P (blue) and human Hemokinin-1 (red) (solid
lines). For comparison, the start gradient composition in standard containers is presented in

dashed lines and non-spiked plasma in dotted lines. (cps: counts per second)
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3.3.8 Reliability of determined Substance P levels

Substance P plasma levels were significantly distinct between diseased and healthy subjects,
and therefore could be a potential biomarker to support a diagnostic or monitor the progress of
pathological events. However, measured Substance P plasma levels showed high variability
between clinical studies [132]. Variability was known to be caused by distinct analytical
methods and different sampling procedures. The results of the Design of Experiments further
indicated that adsorption processes account for another reason for the high variability of
Substance P plasma levels. The used container materials possessed a high impact on the
adsorption extent of Substance P and were rarely mentioned in investigated Substance P plasma
levels. Predominantly, the use of regular glassware in sampling and measuring may result in
significantly lower reported Substance P levels. Therefore, for accurate determination of

Substance P, the pronounced adsorption behavior has to be concerned.

Furthermore, with the discovery of human Hemokinin-1 in 2003, a tachykinin with a similar
amino acid sequence targeting the same receptor as Substance P, more specific analytical
methods than immunoassays are required to differentiate accurately between Substance P and
human Hemokinin-1 levels. The role of both peptides has to be re-evaluated, and therefore the
selective and simultaneous determination is a crucial step to obtain non-biased concentrations

of Substance P and human Hemokinin-1 for a better insight into the complex tachykinin system.

3.4 Conclusion

Nonspecific peptide adsorption as a major reason for a lack of MS intensity of Substance P and
human Hemokinin-1 was successfully addressed by the presented Design of Experiments
concept. The results of the concept should encourage other scientists working with peptides to
implement concepts to investigate and minimize unspecific peptide adsorption for the sensitive
determination of low abundant peptides by LC-MS. For the here investigated peptides, a high
extent of DMSO and FA substantially reduced adsorption processes, resulting in an injection
solvent composition of 45% DMSO, 45% water and 10% FA. By combining the
aforementioned solvent composition with the most suitable container material (protein low
binding polypropylene), low picomolar concentrations of Substance P (20 pg/mL) and of

human Hemokinin-1 (40 pg/mL) were detectable. Thus, the experimental design facilitated the
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simultaneous and sensitive determination of both peptides in human plasma samples by LC-

MS/MS to overcome the current limitations by immunoassay determination.

3.5 Disclosure

Parts of this chapter were previously published as an original publication in the Journal of
Separation Science (doi: 10.1002/jssc.201901038). The author of this thesis was responsible
for the conceptualization, the methodology, the formal analysis, the investigation, the data
curation and visualization and the writing of the original draft of this publication. Due to the

Journal’s style, the results and discussion sections are combined in this chapter.
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4. Validated Mass Spectrometric Assay for the Quantification of
Substance P and human Hemokinin-1 in Plasma Samples: A

Design of Experiments concept for Method Development

4.1 Background and Aim

Besides the described effects of peptide adsorption of Substance P [10], one principal reason
for the high variance of reported tachykinin levels might be caused by the fact that Substance P
plasma levels were measured by immunoassays with limitations in differentiating properly
between Substance P and the related human Hemokinin-1, which may lead to falsified levels.
Recently, most of the manufacturers have begun recommending against the use of these
immunoassays for measuring Substance P plasma levels due to their cross-reactivity with
human Hemokinin-1. Thus, LC-MS/MS could be a promising, selective alternative to measure
the endogenous neuropeptides Substance P and human Hemokinin-1 in plasma. However,
existing LC-MS/MS assays lack the required sensitivity for appropriate limits of detection
(LOD) and have unsatisfactory lower limits of quantification (LLOQ) that cannot allow for the

quantification of endogenous plasma levels in low picomolar ranges [11,12].

Consequently, the development of a sensitive, selective, and robust LC-MS assay is essential
for reliable quantification of Substance P and human Hemokinin-1 in human plasma samples.
In respect to the reliability of a bioanalytical assay, the European Medicine Agency (EMA) and
the US Food and Drug Association (FDA) regulatory guidelines state strict recommendations
for the method validation of compounds of interest in biological matrices [13,14]. In this
context, method development can be a time-consuming effort and may lead to redevelopment
if the method fails the guideline criteria due to a lack of sensitivity and inter-run robustness. A
recent draft of the US Pharmacopeia (USP) Validation and Verification expert panel (USP
1220) proposed the implementation of a Quality by Design approach during method
development for a better method understanding and improved risk control management [15,16].
By applying a chemometric approach and using Design of Experiments, critical method aspects
such as plasma sample preparation, analyte selectivity, and method sensitivity could be
systematically and comprehensively investigated and optimized [17,18], finally resulting in a

robust method for analyzing the neuropeptides.
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Thus, the aims of this study were (1) to develop a comprehensive LC-MS/MS assay using
Designs of Experiments to enhance the sensitivity in order to measure endogenous plasma
neuropeptide levels; (2) to validate this assay utilizing the robust setpoints found in the Designs
of Experiments; and (3) to quantify Substance P, its biologically inactive analog - the carboxylic
acid of Substance P - and human Hemokinin-1 (Table 3) in plasma samples by applying the

validated assay.

Table 3: Physicochemical and biological properties of Substance P, its carboxylic acid, human

Hemokinin-1 and Sar®-Substance P (internal standard).

Analyte SP SP(COOH) hHK-1 (Sar’)-SP
Molecular mass [g/mol] 1347.63 1348.66 1185.43 1361.65
Isoelectric point 11.66 11.00 8.86 11.66
(GeneScript Peptide
Calculator©)
GRAVY Index -0.70 -0.70 0.31 - 0.50
(ExPaSy ProtParam tool©)
Neurokinin-1 receptor yes no yes yes

activation

(hHK-1: human Hemokinin-1; SP: Substance P; SP(COOH): Carboxylic acid of Substance P)

4.2 Materials and Methods

4.2.1 Chemicals and materials

Substance P, human Hemokinin-1, and (Sar9)-Substance P, as internal standard, were
purchased from Sigma-Aldrich (Darmstadt, Germany) as lyophilized acetic salts in HPLC
grade with a purity of 96% for Substance P, 99% for human Hemokinin-1 and 96% for (Sar9)-
Substance P, respectively. The carboxylic acid of Substance P was supplied by VWR chemicals
in HPLC grade as trifluoroacetic salt with a purity of >95%. Water (MS grade) was obtained
from Honeywell (Offenbach, Germany); acetonitrile (ACN) (HPLC grade), dimethyl sulfoxide
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(DMSO) (analytical reagent grade), ethylene glycol (EG) (analytical reagent grade), methanol
(MeOH) (MS grade) and propionic acid (PrA) (analytical reagent grade) were acquired from
Fisher chemicals (Langenfeld, Germany); 4-(2-Aminoethyl)benzenesulfonyl fluoride
(AEBSF), ethylene diamine tetraamine (EDTA), formic acid (FA) and phenanthroline were
purchased from Sigma-Aldrich; polypropylene tubes in protein low binding quality (1.5 mL)
and 1.6 mg/mL EDTA monovettes were obtained from Sarstedt (Nuembrecht, Germany); a
Substance P enzyme-linked immunosorbent assay (ELISA) (EIA 3120) was bought from DRG
(Marburg, Germany).

4.2.2 Sample preparation

For the quantification of endogenous peptide levels, monovettes were pre-spiked with 140 uM
AEBSF (serine protease inhibitor) to stabilize the integrity of the endogenous peptides in blood,
as recommended for Substance P [19]. 75 mM EDTA and 10 mM phenanthroline (both
metalloprotease inhibitors) were additionally pre-spiked to control the metabolism of the
carboxylic acid of Substance P. Blood was drawn on ice by aspiration, immediately centrifuged
for 15 min at 0 °C and 1500 % g, and plasma was stored at -20 °C, when not directly processed.
120 pL thawed or fresh plasma was acidified with 120 pL water fortified with 10% FA and
vortexed for 5 min at 1000 rpm to disrupt the plasma-protein binding of the peptides. The
samples were stored on ice in protein low binding tubes until further purification by micro-solid
phase extraction (u-SPE) using a hydrophilic-lipophilic balance (HLB) exchanger (Oasis Prime
HLB pElution plate, Waters, Eschborn, Germany).

4.2.3 Preparation of peptide solutions

Stock solutions of 1 mg/mL Substance P, 1 mg/mL (Sar9)-Substance P, 4 mg/mL of the
carboxylic acid of Substance P and 0.5 mg/mL human Hemokinin-1 were prepared in water
fortified with 0.1% FA and stored in 100 pL aliquots in protein low binding polypropylene
tubes at -80 °C. For analysis, freshly thawed stock solutions were diluted in a mixture of 10%
FA added to equal parts of DMSO and water (50:50 [v/v]) in protein low binding tubes to avoid
nonspecific peptide adsorption as elsewhere published [10]. Within the Design of Experiments
concept, blank plasma samples were spiked on the bench with the peptide mix to obtain final

concentrations of 1 ng/mL.
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4.2 .4 Instrumentation

Peptide separation and detection were achieved on a UHPLC-MS/MS system (Agilent 1200
series SL binary pump system [Waldbronn, Germany] coupled to a SCIEX API 4000 triple
quadrupole mass spectrometer [Darmstadt, Germany]). Sample handling and injection were
executed by a CTC Analytics HTC PAL system (Zwingen, Switzerland) using a 45 uL injection
volume. Peptide detection was performed in positive mode, utilizing electrospray ionization
and multiple reaction monitoring (MRM). The MRM transitions and potentials are summarized
in Table 4. Data acquisition and evaluation were performed using Analyst© (SCIEX, version

1.6.2) and Multiquant© (SCIEX, version 3.0.2).

Table 4: Mass spectrometric settings of the analytes Substance P, human Hemokinin-1 and the

carboxylic acid of Substance P and the internal standard ((Sar®)-Substance P)

9
SP hHK-1 SP(COOH) (Sgi, )-
Declustering 86 95 100 99
Potential [V]
Entrance 7 8.5 8 8.5

Potential [V]

MRM | 674.6 > | 674.6 > | 5934 > | 5934 > | 6746 > | 674.6 > | 681.6 >
transitions | 600.5 254.3 519.3 505.2 254.3 600.5 607.3
[m/z]
Collision 33 37 23 27 37 33 31
Energy [V]
Collision Exit 16 6 14 14 6 16 18
Potential [V]

(hHK-1: human Hemokinin-1; MRM: multiple reaction monitoring, m/z: mass to charge ratio,

SP: Substance P; SP(COOH): Carboxylic acid of Substance P)

4.2.5 Quality by Design

The method development was embedded in a chemometric approach operating Designs of
Experiments for optimizing plasma extraction, peptide separation, and method sensitivity
(Supplementary Table 7 - 9). The method components investigated, the Design of Experiments

characteristics used, and the selected ranges and limitations of the examined factors are
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presented in Table 5. For planning, analyzing, and calculating the risk of the Design of

Experiments, MODDE Pro© (MKS Instruments AB, Malmoe, Sweden, version 12.0) was used.

Table 5: Outline of the investigated method aspects, characteristics and investigated factors

of the utilized Design of Experiments models.

Method aspect SPE protocol Mobile phase composition
DoE model D-optimal design D-optimal design
Number of experiments 26 26
Center points 6 3
Replicates 3 5
Investigated factors [ranges] Wash volume Supercharger type

*Limit selection

[150 pL — 450 puL*]
*limited by cartridge volume
Organic wash fraction
[0% - 40%* MeOH]
*limited by analyte breakthrough
Elution volume
[50 uL — 400 pL*]
*limited by deep well plate volume
Organic elution fraction
[50%%* - 99% MeOH]
*limited by analyte properties
Acid elution fraction
[1% - 10%* FA]

*[imited by cartridge material

[DMSO, EG, PrA]
Supercharger fraction
[0% - 5%%*]
*limited by HPLC system
Mobile phase B type
[ACN, MeOH]

FA fraction
[0.1% - 1%%*]

*limited by column material
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Method aspects

Chromatographic conditions

Ion source parameters

DoE model D-optimal design Onion D-optimal design
Number of experiments 33 31
Center points 3 3
Replicates 3 3
Investigated factors [ranges] Time of accumulation phase Curtain gas

*Limit selection

[0 min — 5 min]
Time of separation phase
[0.1 min — 3 min]

Time of elution phase
[0.1 min — 3 min]
Elution fraction
[50%%* - 100%]
*limited by analyte properties
Column temperature
[45 °C — 80 °C*]

*[imited by column material

[25 psi— 50 psi*]
Nebulizer gas
[40 psi — 80 psi*]
Heater gas

[40 psi — 80 psi*]

Ion spray voltage
[3500 eV - 5500 eV*]
Ion source temperature

[350 °C — 650 °C*]

*limited by hardware

(ACN: Acetonitrile, DMSO: Dimethyl sulfoxide, DoE: Design of Experiments; EG: Ethylene
glycol, FA: Formic acid, MeOH: Methanol, PrA: Propionic acid; SPE: solid phase extraction)
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4.2.5.1 Design and setpoint characteristics

Within the Design of Experiments concept, D-optimal designs were selected for the
optimization of the investigated method components. Distinct D-optimal designs as quadratic
models were selected to optimize (1) the SPE protocol, (2) the mobile chromatographic phases,

(3) the chromatographic gradient, and (4) the ion source parameters.

Each experiment was independently prepared in at least triplicate and all experiments were run
in random order (if technically appropriate) during multiple days. The experimental runs were
accompanied by a minimum of three center point runs, measured in triplicate, to determine the
repeatability of each model. In each design, a robust setpoint was calculated by performing a
Monte-Carlo simulation (50.000 runs), indicating the probability of failing the preset limits of
specifications. In the case of non-existing guideline criteria, limits of specifications were
principally chosen in order to maximize the predicted peak area, as the improvement of the
method sensitivity was a principal aim of the Design of Experiments concept. Subsequently, a
robust setpoint was expressed as process capability indices (Cpk) for each investigated response.
Based on the USP chapter 1080 Appendix II, a minimum Cpk of 1 was required (Cpk > 1
indicates that less than 0.3% [3 X standard deviation] of the simulated predicted results do not
meet the predefined limits of specification), and a minimum Cpyk of 1.3 (4 x standard deviation)

was desired for a robust setpoint [20].

4.2.5.1.1 Micro-solid phase extraction protocol

For the micro-solid phase extraction protocol, the aim was to use the maximum organic wash
fraction and wash volume possible along with the minimum organic elution fraction and elution
volume possible to obtain sufficient recovery rates while also reducing co-elution of other
compounds, e.g., phospholipids, which may lead to interfering matrix effects. Thus, various
steps in the micro-solid phase extraction protocol were investigated to maximize the recovery
of the peptides and minimize possible plasma matrix effects. First, the HLB sorbent material
was conditioned with 300 uL. MeOH and equilibrated with 300 pL water fortified with 0.1%
FA as recommended by the manufacturer. For each experiment, 240 pL acidified plasma
samples were loaded onto the sorbent material. The first wash step used 300 uL water fortified
with 0.1% FA and was held constant in each experiment, as no peptide elution was detected

using aqueous solutions in preliminary experiments. The second wash step consisted of a
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variable washing volume (150450 pL [maximal cartridge volume]) of a water/MeOH mixture
containing 0—40% MeOH (v/v). As higher concentrations of MeOH likely lead to losses of the
hydrophilic peptides, its proportion in the wash fraction was limited to 40%. Subsequently, the
elution fraction was composed of a water/MeOH/FA mixture containing between 50% MeOH
(minimum expected elution fraction for the lipophilic peptide human Hemokinin-1) and 99%
MeOH (v/v/v). A minimum of 1% FA was added both to acidify the eluate and to increase the
ionic strength of the elution fraction and was limited to 10% FA to avoid the co-elution of
sorbent material. The peptides were eluted in two steps utilizing a minimum elution volume of
50 uL (minimum volume according to the manufacturer) and a maximum of 400 pL (maximum
volume allowed by the applied deep well plates). The eluate was evaporated to dryness at 60
°C and 650 rpm under nitrogen and was reconstituted in the optimized injection solvent
composition to minimize peptide adsorption during the evaporation process [10]. The process
efficiency of each peptide, calculated as the quotient of pre-spiked extracted plasma samples
and the corresponding peptide concentration in the neat solution, was defined as the model

response.

4.2.5.1.2 Chromatographic phases and gradient optimization

The evaluation was subdivided into three groups. First, the optimal mobile phase composition
was investigated using a standard column. Second, the best performing C18 column was
assessed using the optimal mobile phase composition. Lastly, the gradient was optimized using

the optimal mobile phase and the best-performing column.

The compositions of the mobile phases were optimized for the maximum peak intensities of the
peptides by utilizing a C18 column (Waters XSelect CSH, 130 A, 3.5 um, 3.0 x 150 mm). Water
was considered as mobile phase A, and ACN or MeOH was mobile phase B. FA was added to
both mobile phases for a better ionization of the peptides in a range of 0.1-1% (v/v), which was
limited by the column material. As potential superchargers, DMSO, EG, and PrA were added
to both mobile phases in a range of 0-5% (v/v), which was limited to avoid instrumental

corrosion damages to MS optics.

Next, different C18 solid phases were investigated to determine which was most suitable using
the optimized mobile phase compositions. Six C18 columns (XSelect CSH 130 A, 3.5 um, 3.0
x 150 mm; XSelect Peptide CSH 130 A, 3.5 um, 2.1 x 150 mm; Xbridge BEH 130 A, 3.5 um,
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3.0 x 150 mm, Xbridge XP 130 A, 2.5 pm, 2.1 x 150 mm; Cortecs C18+ 90 A, 1.6 pm, 2.1 x
100 mm [all from Waters]; and Kinetex 100 A, 1.7 um, 2.1 x 100 mm [from Phenomenex,
Aschaffenburg, Germany]) were pre-screened for sufficient peak resolution (>2 as
recommended by the FDA [21]) between Substance P and its carboxylic acid, since both
peptides had similar MRM transitions, and adequate peak tailing factor (<1.5), as suggested by
the USP [22].

Utilizing the best-performing column, the gradient was optimized for the peak intensities of the
peptides, the peak resolution between Substance P and its carboxylic acid, and the gradient
time. The gradient consisted of three consecutive phases encompassing (1) the accumulation
phase, in which the peptides were concentrated onto the HPLC column; (2) the separation
phase, in which Substance P and its carboxylic acid were separated; and (3) the elution phase,
in which the most lipophilic peptide (human Hemokinin-1) was eluted. The time varied between
0-5 min in the peptide accumulation phase (5% to 25% mobile phase B, no peptide elution
expected), 0.1-3 min in the separation phase (25% to 45% mobile phase B), and 0.1-3 min in
the elution phase (from 45% up to 50% - 100% mobile phase B, lipophilic peptide elution
expected). The oven temperature was changed from a minimum of 45 °C up to the highest
temperature tolerance of the column (80 °C). The flow rate was fixed to the maximum possible
velocity limited by the backpressure of the LC system (450 pL/min) to obtain sharp peak forms.
As recommended by the FDA, a resolution of >2 between Substance P and its carboxylic acid
was set as the limit of specification. Furthermore, a maximum gradient time of 5 min was set

as a further limit of specification for the development of a fast assay.

4.2.5.1.3 Ion source parameters

Since no gradient-elution—flow-injection analysis was supported by the MS software (only
analysis for isocratic elution), the ion source parameters were optimized by Design of
Experiments to maximize the predicted peak areas of the peptides. The parameters were ranged
and limited based on the operator's guide for the ion source. Therefore, curtain gas pressure was
changed from a minimum of 25 psi to the maximum (50 psi), nebulizer and heater gas pressure
from 40 psi to 80 psi, ion spray voltage from 3500 eV to the maximum (5500 eV), and ion

source temperature from 350 °C to the maximum tolerable temperature (650 °C).
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4.2.6 Method validation

Using the robust setpoints found in the Designs of Experiments during method development,
the method was validated regarding its accuracy, precision, linearity, sensitivity, and carry-over
according to the FDA and EMA bioanalytical guidelines. Nine none-zero calibration standards
were prepared using blank human plasma samples (see section 2.2 for its generation)
encompassing a concentration range from 7.8 pg/mL (LLOQ) to 2000 pg/mL (Upper limit of
quantification: ULOQ). Therefore, 5 uL of a working solution containing Substance P, its
carboxylic acid and human Hemokinin-1 (each 100 ng/mL) was spiked to 245 pL blank plasma
to obtain the ULOQ sample. For the subsequent calibrators, the ULOQ sample was serially
diluted by 1:2 with blank human plasma in protein low binding tubes. Four quality control (QC)
levels (7.8 pg/mL, 15.6 pg/mL, 1000 pg/mL, 2000 pg/mL) were independently prepared
analogically to the calibrators and measured in quintuplicate in three runs over two days to
determine the intra- and inter-run accuracy and precision. The calibrators and QC samples were
freshly prepared for each validation run and were stored on ice until plasma extraction. In line
with the guidelines, the acceptance criteria for relative error (accuracy) and coefficient of
variation (precision) were £15% for all levels, except for the lowest QC (7.8 pg/mL), for which
they were +20%. A one-way ANOVA was applied to evaluate repeatability and inter-day
precision. The LOD was calculated as 3.3 times the quotient of the standard deviation of the y-
intercept and the mean slope of the regression line, utilizing three calibration curves consisting
of ten calibrators from 3.9 pg/mL to 2000 pg/mL. Additionally, blank and zero samples were
measured following the ULOQ sample to determine carry-over effects. A signal-to-noise ratio

of the LLOQ compared to the blank sample higher than 5 was required.

As internal standard, 5 pL of a (Sar®)-Substance P working solution (10 ng/mL) were spiked on
the benchtop to 245 pL of each acidified calibrator, QC, zero sample and analytical sample
before the extraction to obtain a final concentration of 200 pg/mL of (Sar®)-Substance P in all

experiments.

The recovery was calculated as the quotient of an aqueous peptide solution, which was extracted
by u-SPE and an analog unextracted peptide solution. Absolute matrix effects were determined
using blank plasma samples from one human source. Thus, blank human plasma was extracted
by u-SPE and the reconstituted residual was post-spiked with the peptide working solution. The

matrix effect was calculated as the ratio of spiked plasma sample after plasma extraction and
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peptide neat solution. For the stability experiments the peptides were pre-spiked to the plasma
and processed as follows. The benchtop stability of the spiked plasma samples was examined
at two temperature levels (4°C, 20 °C) for 90 min, the autosampler stability (<15°C) for 24 h
and three freeze-thaw cycles (-80°C) were investigated for both plasma samples and the stock
solution. Each experiment for recovery, matrix effects and stability was measured in triplicate

utilizing three levels (20 pg/mL, 1000 pg/mL, 2000 pg/mL, each peptide).

4.2.7 Application of the validated method

Non-spiked fresh plasma samples from five volunteers were measured in triplicate to determine
endogenous plasma concentrations of Substance P, its carboxylic acid and human Hemokinin-
1. Blood draws from male (n = 3) and female (n = 2) volunteers was done by aspiration in
monovettes utilizing a butterfly device. The monovettes were pre-spiked with 140 uM AEBSF
and the freshly collected plasma of the volunteers was immediately processed on ice as
described in section 2.2 to avoid metabolic degradation of the peptides within one hour from
blood collection to sample extraction by u-SPE. EDTA and phenanthroline were not spiked to
allow for the generation of the carboxylic acid of SP. A maximum of one hour elapsed between
taking blood and preparing samples using pu-SPE. Additionally, blood draw from one male
volunteer was done utilizing monovettes spiked with the protease inhibitor mix to obtain blank
plasma samples (AEBSF, EDTA and phenanthroline). The obtained whole blank blood samples
were spiked with 100 pg/mL of each analyte to investigate peptide integrity during sampling
and plasma preparation. Furthermore, plasma samples from one male volunteer were parallelly
measured in triplicate by ELISA following the manufacturer's protocol. The blood sampling
was conducted following the tenets of the Helsinki Declaration and has been approved by the
authors' institutional review committee (ethics commission of the medical faculty, Heinrich

Heine University, study number: 2019-705).

4.3 Results

4.3.1 Method development using Design of Experiments

Utilizing the Design of Experiments concept, robust setpoints were determined with the aim of
developing a final LC-MS method. The identified robust setpoints, including their Cyk values,

are summarized in Table 6. After a total of 106 experiments using four different Designs of
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Experiments, the method sensitivity was profoundly improved to enable the determination of
endogenous low picomolar concentrations of the neuropeptides. Goodness of fit and prediction
was monitored for each Design of Experiments (Figure 22). When a random order of the

experiments was not technically possible, control charts of the center points were used to detect

possible outliers during the experiments (Figure 23).

Table 6: Found robust setpoints of the investigated method aspects with their obtained

process capability indices for each response.

Investigated Found robust setpoints Relative error Cik
method aspects values
Solid phase 190 uL. Wash volume (11% MeOH) +9.8% (SP) 1.75
extraction protocol 2 x 60 uL Elution volume +7.4% (hHK-1) 1.09
(83% MeOH, 7% FA) -9.0% (SP(COOH)) 1.90
Composition of Mobile phase A: -2.8% (SP) 2.34
mobile phases water + 5% DMSO + 0.1% FA -11.7% (hHK-1) 2.67
Mobile phase B:
MeOH + 5% DMSO + 0.1% FA
Column pre- Waters XSelect Peptide CSH 130 A, - -
screening 3 um, 2.1 x 150 mm
Chromatographic Accumulation phase: 2 min -10.8% (SP) 1.64
gradient Separation phase: 1.5 min +13.0% (hHK-1) 1.91
Elution phase: 0.5 min +11.3% (SP(COOR)) 2.05
Organic elution fraction: 50% -6.3% (T) 2.46
Oven temperature: 80°C -0.9% (R) 1.18
Ion source Curtain gas: 40 psi -4.3% (SP) 2.01
parameters Nebulizer gas: 40 psi -0.6% (hHK-1) 1.66
Heater gas: 80 psi
Ion spray voltage: 5000 eV
Ion source temperature: 425°C

The relative error at the robust setpoint was calculated as quotient of predicted vs observed
response. (Cpx: Process capability index; DMSO: dimethyl sulfoxide, FA: formic acid, hHK-1:
human Hemokinin-1, MeOH: methanol, R: Resolution; SP: Substance P (SP), SP(COOH):
Carboxylic acid of Substance P; T: Gradient time)
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Figure 22: Exemplary goodness of fit plot for the statistical evaluation for the optimization of
the composition of the mobile phases.

The plot shows the observed versus predicted peak areas of Substance P (blue) and human
Hemokinin-1 (red) with the identity line (solid red line) and the regression lines (dashed black

lines). (cps: counts per second; SE: standard error)
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Figure 23: Process-control chart of the observed peak areas at the center point for each
response in consecutive run order for the optimization of the mobile phases.

The green lines indicate 2x, red dashed lines 3x and red solid lines 4x the standard deviation
(o) of the process mean peak area at the center point per response ((Substance P (blue), human

Hemokinin-1 (red) [n = 15]
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4.3.1.1 Development of a suitable micro-solid phase extraction protocol

Within the limits of specifications, a maximum organic wash fraction of 12% MeOH was
feasible using up to 220 uLL wash volume (Figure 25-A, design space). As expected, due to the
hydrophilicity of Substance P and its analog, a substantial loss of peptides was observed
utilizing higher organic wash fractions (up to -50.5% predicted recovery for the carboxylic acid
of Substance P when comparing 10% to 40% MeOH fractions) and higher organic wash
volumes (up to -13.0% predicted recovery for Substance P when comparing 200 pL to 450 puL
wash volume). The variance of the elution volume and the addition of a higher FA fraction did
not have a statistically significant effect on the recovery of the peptides (Figure 24). A minimum
of 80% organic elution fraction was necessary to enable sufficient elution of the peptides
(Figure 25-B, design space). Consequently, a robust setpoint (Cpk > 1.09) was found using 190
pL wash volume (11% MeOH) and two 60 pL elution volumes (83% MeOH, 7% FA, 10%
water). Thus, the final protocol was as follows: 300 uL. MeOH for conditioning, 300 puL water
fortified with 0.1% FA for equilibration, loading of 240 pL acidified plasma samples onto the
sorbent material, 300 uL water fortified with 0.1% FA for the first wash, 190 uL water/MeOH
(89/11 [v/v]) for the second wash, and two rounds of 60 uL. MeOH/FA/water (83/7/10 [v/v/v]

for elution.

Organic
elution fraction ‘ ‘
| ‘ |

Elution volume

Formic acid
elution fraction

Organic
wash fraction

Wash volume E

L L T T T
-25 -20 -15 -10 -5 0 5 10 15
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Figure 24: Coefficient plots of the impact of the investigated factors during the solid-phase
protocol.

(Substance P (dark blue); human Hemokinin-1 (red); Carboxylic acid of Substance P (slight
blue); T: 95% confidence interval)
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Figure 25: Robust setpoints of the wash step and the elution step in the solid-phase extraction
protocol calculated by the Monte-Carlo simulation.

The colors and numbers indicate the probability to fail the robust setpoints during (A) the wash
step and (B) the elution step. The design space (green area) denotes a probability of failure
<0.5% and includes the robust setpoint (hair-cross). In graphic B, the white area illustrates the
fixed proportion of formic acid in the elution fraction at the robust setpoint. Thus, a calculation
of the organic elution fraction using Monte Carlo simulation was not possible in this area and

is therefore shown in white.
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4.3.1.2 Chromatographic phases and gradient optimization

The compositions of the mobile phases were optimized for maximum method sensitivity. The
results indicate that the use of a supercharger was mandatory to measure Substance P and
human Hemokinin-1 sensitively (Figure 26; main effects). The addition of 5% DMSO and PrA
both significantly enhanced the predicted peak area of Substance P, whereas the effect of EG
addition was not as pronounced (+138.1% (DMSO); +209.0% (PrA); +68.6% (EQG)). In the case
of human Hemokinin-1, its predicted peak area was substantially increased by the addition of
5% DMSO compared to the other superchargers (+426.1% (DMSO); +79.7% (PrA); +22.3%
(EG)). By the addition of a high FA fraction, the predicted peak areas of both peptides were
also improved, but the magnitude was less compared to the effects of the superchargers (+18.2%
for Substance P; +18.8% for human Hemokinin-1). The most advantageous type of mobile
phase B was dependent on the peptide: the predicted peak area of Substance P was significantly
increased by the use of MeOH, while the predicted peak area of human Hemokinin-1 was
enhanced with ACN. Since the combination of MeOH and DMSO significantly improved the
predicted peak areas of both peptides, MeOH was selected as mobile phase B (Figure 26;
interactive effects). Thus, a conjoint sensitive optimum for both peptides was found resulting
in a robust setpoint (Cpk > 2.34) utilizing water and MeOH as the mobile phases, with 5%
DMSO and 0.1% FA added to both.

Using the optimized mobile phase compositions, the investigated C18 columns were pre-
screened for peak resolution between Substance P and its carboxylic acid and peak tailing
expressed by the USP tailing factor. Three columns demonstrated a peak resolution <2 between
Substance P and its carboxylic acid, which were unsatisfactory according to the FDA
recommendations (Figure 28-A). Two of the remaining columns displayed a tailing factor of
<1.5, as recommended by the USP (Figure 28-B). Owing to the mass resolution of the mass
filter if the triple quadrupole is used in MRM mode (0.7 amu), the mass-to-charge ratio of
Substance P [674.6 m/z] and its carboxylic acid [674.8 m/z] impedes their precise quantification
if they are not sufficiently separated by liquid chromatography. Therefore, the XSelect Peptide
CSH column was finally chosen due to its superior separation power and was further used for

the systematic investigation of the gradient.

85



4. Validated Mass Spectrometric Assay for the Quantification of Substance P and human Hemokinin-1 in Plasma Samples: A
Design of Experiments concept for Method Development

Dimethyl sulfoxide
Ethylene glycol

Propionic acid

Formic acid

Acetonitrile

Methanol Main effects

Dimethyl sulfoxide * i Interactive effects

Acetonitrile |
Dimethy! sulfoxide *
Methanol |

T 1 T T T T ! T T T T 1 T T T T T T
-500 0 500 1000
Predicted peak area [cps]

Figure 26: Coefficient plot of the main and interactive effects of the composition of the mobile
phases on the analytes.
(Substance P (blue); human Hemokinin-1 (ved); T: 95% confidence interval; cps: counts per

second)
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Figure 27: Coefficient plot of the impact of chromatographic settings on the analytes.
(Substance P (dark blue); human Hemokinin-1 (red); Carboxylic acid of Substance P (slight
blue); gradient time (slight grey),; resolution (dark grey); T: 95% confidence interval; cps:

counts per second; STD: normalized to the responses’ standard deviations)
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Figure 28: Polar plots for the evaluation of the most suitable C-18 column.

(A) Peak resolution between Substance P and its carboxylic acid (the red line indicates the
minimal peak resolution recommended by the FDA guidelines,; (B) USP peak tailing factor of
Substance P (blue) and human Hemokinin-1 (red) (the red line indicates the minimal peak

tailing factor recommended by the USP), each experiment n = 3.
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The gradient was investigated and optimized for predicted peak areas, peak resolution, and
gradient time. The most major impact on the investigated responses was due to variance of the
oven temperature (Figure 27). An increased temperature (80 °C) was the principal factor that
significantly increased the predicted peak areas (up to +43.9% for Substance P). Higher organic
elution fractions led to higher predicted peak areas of the more hydrophilic peptides (+15.1%
for Substance P; +6.9% for its carboxylic acid), but to lower predicted peak areas of the more
hydrophobic peptide human Hemokinin-1 (-7.0%) and had no impact on the resolution and
gradient time. A longer accumulation phase led to significantly higher predicted peak areas of
the peptides (up to +12.2% for Substance P). A longer separation phase was necessary for a
sufficient predicted resolution (+0.6), while the impact on the predicted peak areas was not
substantial for Substance P (+8.9%) and not significant for its carboxylic acid) and
human Hemokinin-1. The length of the elution phase had no significant impact on the predicted
peak areas of Substance P or its carboxylic acid, the resolution, or the gradient time, but it did
increase the predicted peak area of human Hemokinin-1 (+26.0%). Within the specification
limits, a robust setpoint (Cpk > 1.18) was found utilizing a 4 min gradient (0—2 min: 5% = 25%
mobile phase B; 2-3.5 min: 25% = 45% mobile phase B; 3.5-4 min: 45% - 50% mobile

phase B) and an 80 °C oven temperature.

4.3.1.3 Optimization of the ion source parameters

Maximum responses were found by setting the curtain gas pressure to 40 psi, resulting in higher
predicted peak areas (up to +7.8% for human Hemokinin-1). A higher nebulizer gas pressure
led to significantly lower predicted peak areas (up to -14.5% for Substance P); whereas a higher
heater gas pressure had no significant impact on the predicted peak areas. Maximum peak areas
were predicted when setting the ion spray voltage to 5000 V, leading to significantly increased
predicted peak areas (up to 23.9% for human Hemokinin-1). Lower ion source temperatures
had major impacts on the predicted peak areas (Figure 29). For the hydrophilic peptide
Substance P and the hydrophobic peptide human Hemokinin-1, the maximum peak areas were
predicted at ion source temperatures of 470 °C and 350 °C, respectively. For simultaneously
determining concentrations of both peptides with high sensitivity, a conjoint robust setpoint
(Cpk > 1.66) was found using 40 psi curtain gas, 40 psi nebulizer gas, 80 psi heater gas, 5000

V ion spray voltage, and a 425 °C ion source temperature.
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Figure 29: Coefficient plot of the impact of the investigated ion source parameters on
Substance P and human Hemokinin-1.
(Substance P (blue); human Hemokinin-1 (ved); T: 95% confidence interval; cps: counts per

second)

4.3.2 Method validation

The final LC-MS/MS method based on the 106 experiments within the Design of Experiments
concept is summarized in Figure 30 and was used for the validation and applicability

experiments.

4.3.2.1 Linearity, LLOQ, LOD, and carry-over

The fit was achieved by linear regression with a 1/x2 weighting for all three analytes (r>0.995).
Linearity was demonstrated from the LLOQ (7.8 pg/mL) to the ULOQ (2000 pg/mL) in three
independent runs on two days (Supplementary Table 13). In these runs, a minimum of seven
non-zero calibration levels including the LLOQ were within the recommended +15% nominal
concentration for all analytes, fulfilling FDA bioanalytical guidelines. Signal to noise ratios of
maximal 5.1 for Substance P, 5.2 for human Hemokinin-1, and 5.3 for the carboxylic acid of
Substance P were achieved, indicating no pronounced carry-over, satisfying FDA bioanalytical
guidelines regarding the LLOQ (Figure 31). Based on the conducted calculations using the
obtained regression, LODs of 5.8 pg/mL for Substance P, 5.3 pg/mL for human Hemokinin-1,

and 6.2 pg/mL for the carboxylic acid of Substance P were determined.
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Figure 31: Representative chromatograms of the blank, the lower and upper limit of

quantification of the validated method.
(A) Blank sample, (B) LLOQ (lower limit of Quantification) sample, (C) ULOQ (upper limit of

Quantification sample) for Substance P, its carboxylic acid (both blue), human Hemokinin-1

(red) and (Sar9)-Substance P (green) (cps: counts per second).
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4.3.2.2 Accuracy and Precision

In three independent runs, the accuracy and precision of four QC levels were determined
(Supplementary Table 10 - 12). Each validation run fulfilled the guideline criteria concerning
intra- and inter-run accuracy (Supplementary Table 14). For the four concentration levels, mean
intra-run accuracy was 93.0-113.8% for Substance P, 89.6-107.6% for human Hemokinin-1,
and 92.2-111.1% for the carboxylic acid. Mean inter-run accuracy was 97.9-109.5% for
Substance P, 98.6—102.2% for human Hemokinin-1, and 101.3—104.7% for the carboxylic acid.
Repeatability (intra-run precision) was calculated as <8.5% for Substance P, <10.2% for
human Hemokinin-1 and <8.4% for the carboxylic acid, respectively. The inter-day precision
was determined as <9.9% for Substance P, <10.2% for human Hemokinin-1 and <11.2% for
the carboxylic acid (Supplementary Table 15). All results for intra-run and inter-run precision

did not exceed the guideline limits of 15%.

4.3.2.3 Recovery, selectivity and matrix effects

Obtained recoveries and absolute matrix effects for the three analytes at three QC levels (20
pg/mL, 1000 pg/mL, 2000 pg/mL) are shown in Supplementary Table 16. Mean recoveries
were 90.4% + 9.8% for Substance P, 110.8% + 13.3% for human Hemokinin-1, and 103.9% =+
6.0 % for the carboxylic acid (+ standard deviation; each n = 3) at the lowest QC level (20
pg/mL). At the middle QC level (1000 pg/mL), the mean recoveries were 106.2% + 2.8% for
Substance P, 97.5% + 4.3% for human Hemokinin-1, and 95.1% + 0.1% for the carboxylic acid.
At the highest QC level (2000 pg/mL), the mean recoveries were 103.3% + 1.1% for
Substance P, 95.0% + 1.5% for human Hemokinin-1, and 95.4% + 2.1% for the carboxylic acid.
The absolute matrix effects were calculated for each QC level, and they resulted in acceptable
ion suppressions through the whole calibration range. The effect was highest at 20 pg/mL for
Substance P (-15.6%), at 20 pg/mL for human Hemokinin-1 (-9.8%), and at 1000 pg/mL for
the carboxylic acid (-19.7%). The mean resolution between Substance P and its carboxylic acid,

which was an indicator of selectivity, was higher than 2.3 in each validation run.

92



4. Validated Mass Spectrometric Assay for the Quantification of Substance P and human Hemokinin-1 in Plasma Samples: A
Design of Experiments concept for Method Development

4.3.2.4 Stability

Benchtop stability of the peptides depended on the storage temperatures (Supplementary Table
16). Whereas the spiked analytes in plasma were stable on ice (4°C) (>96.0% + 10.3%
(Substance P), >93.8% =+ 9.7% (human Hemokinin-1), >95.1% + 0.1% (carboxylic acid),
substantial analyte losses were observed when storing them at room temperature (20°C)
(>59.2% =+ 2.4% (Substance P), >49.7% =+ 3.2% (human Hemokinin-1), >44.5% =+ 7.4%
(SP(COOH) [mean + SD; each n = 3]). The autosampler stability of the peptides pre-spiked in
plasma was tested over 24 h (<15 °C). The samples were stable when using the optimized
injection solvent composition (>94.0% =+ 10.6% (Substance P), >91.5% + 4.9%
(human Hemokinin-1), >88.2% + 5.0% (SP(COOH) [mean + SD; each n = 3]). The
investigation of the freeze-thaw stability of the spiked peptides in plasma over three cycles (-
80°C) demonstrated the labile nature of the three analytes, resulting in recoveries of >70.5% =+
2.3% for Substance P, >67.4% = 2.9% for human Hemokinin-1 and >67.5% =+ 0.8% for
SP(COOH) in the first cycle and >54.9% + 4.2% for Substance P, 39.0% + 3.3% for
human Hemokinin-1 and >44.6% = 8.5% for SP(COOH) in the third cycle [mean = SD; each
n = 3]. A minor degradation was observed in three freeze-thaw cycles of the stock solution
(>82.1% £ 0.9% (Substance P), >79.9% + 2.7% (human Hemokinin-1), >81.6% =+ 1.4%
(SP(COOH)) (Supplementary Table 17).

4.3.3 Applicability

The peptide integrity of exogen spiked neurokinins during sampling was demonstrated by their
mass spectrometric detection (Substance P, its carboxylic acid and human Hemokinin-1, each
100 pg/mL) (Figure 32-A). Neurokinin plasma concentrations from non-spiked samples of five
volunteers (aged 2638 years) were determined using the developed LC-MS/MS assay. In each
non-spiked sample, Substance P and human Hemokinin-1 plasma levels were lower than the
LOD (Figure 32-B-F). Plasma levels of the carboxylic acid of Substance P varied from 202.5
pg/mL to 1024.1 pg/mL between the individuals. Additionally, plasma samples from one
volunteer were parallelly measured by immunoassay, resulting in Substance P plasma
concentrations of 51.2 + 10.5 pg/mL (n = 3), although Substance P levels were not quantifiable

by the mass spectrometric assay.
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Figure 32: Representative chromatograms of spiked and non-spiked plasma samples from five
individuals.

(A): 100 pg/mL of each peptide were spiked to plasma and analyzed. (B-F): Neither
Substance P (blue; retention time: 3.65 min) nor human Hemokinin-1 (red) were found in the
non-spiked samples. The carboxylic acid of Substance P (blue, retention time: 3.75 min) was
observed in each individual. The chromatograms of the internal standard (Sar9)-Substance P

are marked in green. (LOD: limit of detection, SD: standard deviation)
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4.4 Discussion

An accurate and precise LC-MS/MS method for the simultaneous determination of
Substance P, human Hemokinin-1, and the biologically inactive carboxylic Substance P analog
was successfully established using 120 puL human plasma. By utilizing the here-presented
Design of Experiments concept, critical aspects of method development were tackled within
106 experiments. This meticulous approach allowed for the gain of sensitivity, which was
lacking in former LC-MS assays and therefore hindered the determination of Substance P in
plasma. Additionally, to the best of our knowledge, a LC-MS/MS assay for the quantification

of human Hemokinin-1 has not yet been reported.

In peptidomics, enabling a low LLOQ is essential for the determination of endogenous plasma
concentrations. For achieving these low limits of quantification, much time and effort must
usually be invested during method development. In the recent years, chemometric approaches
were successfully applied to optimize the chromatographic separation of diverse analytes in
line with a lean and robust development of LC-UV/VIS methods [17,23]. Additionally, the
Design of Experiments approach has proven its usefulness as a lean tool for method
development of multifactor-dependent settings and contributes to signal increase in LC-
MS/MS. The applied Design of Experiments concept ensured comprehensive evaluation and
optimization of the method using a lean and cost-efficient approach and a manageable number
of experiments. The method is characterized by an appropriate LLOQ (7.8 pg/mL for
Substance P and human Hemokinin-1) that facilitates the reliable detection of described low
picomolar concentrations (12.5-32.9 pg/mL) [9]. The addition of a supercharger to the mobile
phases predominantly contributed to the gain of method sensitivity, which was systematically
evaluated within the applied Design of Experiments concept. In the here presented experiments,
the additives were principally selected based on their ability to enhance the protonation state
towards one specific charge state within multiple-charged peptides (DMSO, EG) or to reduce
ion-suppression effects of co-eluting compounds due to e.g. ion pairing (PrA) [24,25]. In line
with the proteomics recommendations of Hahne et al. [26], the addition of 5% DMSO
superiorly enhanced the signal intensity of both peptides (~3x for Substance P; ~8x for
human Hemokinin-1). The addition of the superchargers was limited to 5% to avoid corrosive
damage to the sensible parts of the LC and the column although the Design of Experiments
results and data in literature suggest that higher fractions would even lead to higher peak

intensities, which may be applicable by post column infusion [24]. However, the usefulness
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also in post column approaches needs careful consideration as ion source and optics might be

negatively affected.

Moreover, during the Design of Experiments, Substance P and human Hemokinin-1
demonstrated distinct setpoint optima due to their different physicochemical characteristics. As
reported [10,18], the statistical experimental design allowed for the determination of a conjoint

optimum, enabling the sensitive quantification of both peptides simultaneously.

The method was successfully validated according to FDA bioanalytical guidelines concerning
linearity, sensitivity, accuracy, precision, and carry-over to obtain reliable results of the
neurokinin levels. Special attention was given to peptide separation, as Substance P (674.3 m/z)
and its carboxylic acid (674.8 m/z) are not distinguishable by tandem MS (mass resolution 0.7
amu) due to their similar fraction patterns. Thus, a peak resolution by liquid chromatography
above 2 was prioritized and achieved to reliably differentiate between these peptides.
Additionally, emphasis was placed on achieving a sufficient LOD to measure endogenous
levels over a wide linear range (7.8-2000 pg/mL) covering most of the neurokinin levels
reported elsewhere from immunoassays (12.3—-397.0 pg/mL in healthy adults) [9]. The ability
to reliably quantify and distinguish between the three similar peptides was proven by pre-spiked

plasma samples with typical concentrations ranges of Substance P in healthy volunteers [27].

However, contrary to expectations, Substance P and human Hemokinin-1 levels could not be
detected in any of the five investigated subjects, despite LODs of 5.8 pg/mL for Substance P
and 5.3 pg/mL for human Hemokinin-1. In each plasma sample, the carboxylic acid of
Substance P was detected instead, which has not yet been described in plasma. As the stability
experiments showed the labile nature of Substance P and human Hemokinin-1 during freeze
and thaw cycles, the volunteers’ plasma samples were freshly drawn and immediately processed
to prevent the peptide integrity. Since a short half-life of Substance P was described (3-10 min),
a highly concentrated protease inhibitor cocktail containing AEBSF, EDTA, and
phenanthroline was added to the monovettes. Moreover, blood sampling and sample
preparation were executed on ice and in a chilled centrifuge (0 °C) to avoid degradation of the
fragile peptides as observed when processing the samples at room temperature. As a strong and
reversible binding of Substance P to plasma proteins was found previously [28], Substance P
could possibly be lost during sample preparation by u-SPE. Thus, 5% FA was added to the

plasma samples before the nu-SPE protocol to avoid loss of bound peptides, as higher levels of
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unbound Substance P were described after plasma acidification (blood pH < 6.5) [29].
Assuming that Substance P and human Hemokinin-1were not bound to plasma proteins and
were stable in the plasma samples, the presence of Substance P and human Hemokinin-1 in
plasma could not be verified by LC-MS analysis. The plasma sample from one individual was
also assessed using a commercially available immunoassay, which reported Substance P
concentrations of about 50 pg/mL, which should be detectable by the here-developed highly
sensitive LC-MS assay. As the previously reported levels of Substance P were exclusively
measured by immunoassays, cross-reactivity of the antibodies to metabolites or analogs of
Substance P could explain why the immunoassays show Substance P concentrations that were
not detected by the LC-MS assay. This hypothesis is consistent with previously published LC-
MS assays, which were also not able to detect distinct endogenous peptides (e.g. apelin) [30].
These findings raise the question about possible cross-reactive Substance P species measured

by immunoassays, which should be further investigated and elucidated.
4.5 Conclusion

By using the here-presented Design of Experiments concept, a highly sensitive LC-MS assay
for the quantification of Substance P and human Hemokinin-1 in plasma was comprehensively
developed, enabling LLOQs that were suitable for the determination of endogenous plasma
concentrations. The successful method validation according to FDA bioanalytical guidelines
concerning linearity, accuracy, precision, sensitivity, and carry-over emphasizes the usefulness
of implementing a Design of Experiments concept to develop robust and reliable LC-MS assays
in a limited number of experiments. This proof-of-concept study enabled the development of
the first validated LC-MS method for the simultaneous and reliable quantification of

Substance P and human Hemokinin-1 utilizing a 120 pL sample of human plasma.
4.6 Disclosure

Parts of this chapter were previously published as an original publication in the Journal of
Pharmaceutical and Biomedical Analysis (doi: 10.1016/j.jpba.2020.113542). The author of this
thesis was responsible for the conceptualization, the methodology, the formal analysis, the
investigation, the validation, the data curation and visualization and the writing of the original

draft of this publication.
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5. Mass spectrometric studies on the peptide integrity of

Substance P and related human tachykinins in human biofluids

5.1 Background and Aim

The amino acid structure of Substance P, the first tachykinin described (in 1931), is highly
conserved in all mammals [1]. First identified as a vasodilatory substance in horse tissue [147],
subsequent attention was given to the physiological and pathological roles of Substance P in
humans. Over the years, Substance P has been found in various human tissues (e.g., brain [ 148])
and biofluids (e.g. plasma, saliva, seminal fluid, and tears [4,104,149,150]), indicating its
widespread presence in the human organism. Its biological effects are predominantly mediated
by the G protein-coupled neurokinin-1 receptor, through which it activates and modulates
inflammatory and immune processes [8]. The amidated C-terminal sequence of Substance P
plays a critical role in receptor binding and activation. By substituting the amide with a
carboxylic acid, the receptor affinity and biological activity of Substance P were almost
completely extinguished [151]. In 2002, human Hemokinin-1 was discovered as an
endogenously present tachykinin in human tissues that possesses an amidated C-terminal
structure identical to that of Substance P [152]. Consequently, human Hemokinin-1 binds to the
NK-1 receptor with a similar affinity as Substance P, resulting in analogous inflammatory and
immunomodulatory effects [30]. In the recent years, human Hemokinin-1 was found to be
involved in various nociceptive and inflammatory pathways as e.g. endotoxin-induced airway
inflammation [153] and the activation of lung mast cells [154]. Similar to Substance P, human
Hemkinin-1 upregulated various interleukins and the tumor necrose factor-o from monocytes
[31]. Furthermore, elevated blood levels of both Substance P and human Hemokinin-1 were
found in subjects with fibromyalgia syndrome, indicating its role in pain modulation [34].
Although Substance P and human Hemokinin-1 were associated with similar inflammatory
reactions, a differentiation of both peptides is mandatory due to additional other signaling
pathways of Hemokinin-1, also leading to opposite effects compared to Substance P as e.g. the
promotion of B-cell precursors or dose-dependent analgesic effects of human Hemokinin-1

[30].

Consequently, the discovery of human Hemokinin-1 led to discussions about the proportional

roles of these tachykinins in NK-1 receptor activation [131,155]. Additionally, the co-presence
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of human Hemokinin-1 complicated the bioanalysis of Substance P in human biosamples, as
levels of Substance P in humans were exclusively measured by immunoassays. Due to the
cross-reactivity of the antibodies to the C-terminal portion of human Hemokinin-1, most of the
manufacturers of these assays could no longer recommend their use for the determination of
Substance P concentrations in human biosamples. The alternative bioanalytical method, LC-
MS/MS, has the potential to overcome the issues of immunoassay cross-reactivity and enables
the selective determination of both peptides, although the mass spectrometric detection of
endogenous levels is quite challenging due to the low concentration of Substance P in, for
example, blood plasma (as low as 12.3 pg/mL) [87]. By utilizing a recently developed and
highly sensitive mass spectrometric assay, neither endogenous Substance P nor
human Hemokinin-1 could be detected in the plasma of five human volunteers, raising
questions about the peptide integrity in the plasma samples [156]. Instead, the biologically

inactive carboxylic acid of Substance P was observed in the human plasma samples.

Several factors were shown to affect the peptide integrity and accurate quantification of
Substance P in bioanalytical samples. The sample extraction process [157,158], metabolic
degradation in bioanalytical samples [128], nonspecific adsorption to materials [159], peptide
binding to plasma proteins [4], and the assay used [129] all demonstrated a substantial impact
on the measured Substance P concentrations. Subsequently, a high variance in Substance P
plasma levels measured in distinct studies with similar populations (e.g., healthy volunteers
exhibiting Substance P plasma concentrations of 12.3-397.0 pg/mL) was attributed to selecting
immunoassays based on the sample processing protocol used, complicating the accurate

determination of plasma Substance P concentration [87].

To address these issues, the objectives of this study were (1) the comprehensive investigation
and optimization of various sampling protocols for the recovery and integrity of Substance P
and human Hemokinin-1 in human plasma samples for LC-MS/MS analysis; (2) the evaluation
of the sample processing protocols developed using various biosources (human blood plasma,
saliva, seminal fluid, and urine and porcine brain tissue) by LC-MS/MS; and (3) the

identification of Substance P cross-reactors using an immunoaffinity—HR-MS/MS approach.
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5.2 Materials and Methods

5.2.1 Chemicals and materials

Substance P, human Hemokinin-1, and (Sar9)-Substance P (internal standard) were purchased
from Sigma-Aldrich (Darmstadt, Germany) as high-performance liquid chromatography
(HPLC)-grade lyophilized acetic salts with a purity of 96% for Substance P, 99% for
human Hemokinin-1, and 96% for (Sar9)-Substance P. The carboxylic acid of Substance P was
supplied by VWR Chemicals (Hannover, Germany) in HPLC grade as a trifluoroacetic salt with
a purity of >95%. Water (MS grade) was obtained from Honeywell (Offenbach, Germany);
acetonitrile (HPLC grade) was acquired from VWR; acetonitrile for tryptic digestion (MS
grade), dichloroacetic acid (DCA; analytical reagent grade), dimethyl sulfoxide (DMSO;
analytical reagent grade), methanol (MeOH; MS grade), and isopropanol (HPLC grade) were
provided by Fisher Chemicals (Langenfeld, Germany); phosphoric acid (PhA; analytical
reagent grade) and trifluoroacetic acid (TFA; analytical reagent grade) were obtained from
AppliChem (Darmstadt, Germany); ammonium bicarbonate, amino ethylene benzene sulfur
fluoride (AEBSF), ethylene diamine tetraamine acetic acid (EDTA), formic acid (FA),
guanidine hydrochloride, leupeptin, phenanthroline, sodium deoxycholate, and urea were
purchased from Sigma-Aldrich; L-(tosylamido-2-phenyl) ethyl chloromethyl ketone (TCPK)-
treated modified trypsin was obtained from Thermo Fisher Scientific (Rockford, IL, USA);
low-protein-binding polypropylene tubes (1.5 mL) and 1.6 mg/mL EDTA monovettes and
salivettes were obtained from Sarstedt (Nuembrecht, Germany); and the Substance P enzyme-
linked immunosorbent assay (ELISA) kit (EIA 3120) was supplied by DRG Diagnostics
(Marburg, Germany).

5.2.2 Preparation of peptide solutions

Stock solutions of 1 mg/mL Substance P, 1 mg/mL (Sar9)-Substance P, 4 mg/mL the
carboxylic acid of Substance P, and 0.5 mg/mL human Hemokinin-1 were prepared in water
fortified with 0.1% FA and stored in 100 pL aliquots in low-protein-binding polypropylene
tubes at -80°C. For analysis, freshly thawed stock solutions were diluted in a mixture of 10%
FA added to equal parts DMSO and water (50:50 [v/v]) in low-protein-binding tubes to avoid
unspecific peptide adsorption, as previously described [159].
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5.2.3 Sample processing

5.2.3.1 Biosample handling

Porcine brain tissue was obtained from a freshly slaughtered animal, homogenized onsite for
10 sec, immediately frozen in a dry ice/MeOH bath, and stored at -80°C within 20 min of
slaughter. For analysis, the brain tissue was weighed and prepared according to the following
protocol modified from Beaudry [103]. A 0.5% TFA solution was added to the brain
homogenate at a ratio of 1:2 (w/v) and the samples were sonicated for 20 min at 20°C. Next,
500 pL sonicated sample was mixed with 500 pL ice-cold acetonitrile, vigorously vortexed for
5 min, and centrifuged at 16,000 x g for 10 min at 0°C. The supernatant was evaporated under
nitrogen and 60°C to a residual volume of approximately 100 pL. A 10% FA solution was
added to the evaporated sample at a ratio of 1:4 (v/v) and further extracted via p-solid phase

extraction (u-SPE; please refer to section 2.3.2).

Blood was collected by aspiration. Blood was drawn on ice and immediately centrifuged at
1500 x g for 15 min at 0°C. Distinct pre-extraction reagents were added to the plasma (section
2.5) and the plasma was stored on ice in low-protein-binding tubes until u-SPE. In contrast to
the invasive blood sampling, which needs trained personal for blood collection, human saliva,
seminal fluid and urine were furthermore investigated on the presence of the tachykinins but
also to screen for potential non-invasive sampling alternatives. Human saliva was obtained
using salivettes® with biocompatible synthetic swabs (Sarstedt, Nuembrecht, Germany).
Following the saliva sampling, the salivettes were centrifuged at 3200 x g for 10 min at 0°C.
The saliva supernatant was mixed with a 10% FA solution at a ratio of 1:1 (v/v), vortexed for
5 min, and stored on ice in low-protein-binding tubes until p-SPE. Fresh human urine was
mixed with a 10% FA solution at a ratio of 1:1 (v/v), vortexed for 5 min, and stored on ice in
low-protein-binding tubes until p-SPE. Fresh human seminal fluid was mixed with a 0.5% TFA

solution at a ratio of 1:2 (w/v) and extracted as described for the porcine brain tissue.

5.2.3.2 Micro-solid phase extraction protocol

Before LC-MS/MS analysis, each porcine and human sample was extracted with a customized
u-SPE protocol using a hydrophilic-lipophilic balance (HLB) exchanger (Oasis PRIME HLB

pelution, Waters, Eschborn, Germany). The HLB sorbent material was conditioned with 300
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pL MeOH and equilibrated with 300 uL water fortified with 0.1% FA. Next, 240 puL of each
sample was loaded onto the sorbent material, then washed with 300 pL water fortified with
0.1% FA and 190 pL of a water-MeOH mixture (87:13 [v/v]). The peptides were eluted in two
steps utilizing 2 x 60 pL of a water-MeOH-FA mixture (10:83:7 [v/v/v]), evaporated to dryness
at 60°C and 650 RPM under nitrogen, and reconstituted in 60 pL of the optimized injection
solvent composition (45% DMSO, 45% water, 10% FA [v/v/v]) to avoid unspecific peptide
adsorption to the deep well plates [159].

5.2.3.3 Ethics

Sample collection was conducted following the Declaration of Helsinki. The sampling has been
approved by the authors’ institutional review committee (ethics commission of the medical
faculty, Heinrich Heine University, study number: 2019—-705). Written informed consent was
obtained from the human volunteer. The porcine brain tissue was acquired as a slaughterhouse
byproduct from an animal intended for consumption as food to avoid unnecessary animal

euthanization.

5.2.4 Plasma extraction recovery studies

Due to the strong and reversible binding of Substance P to plasma proteins [4], which was
thought to contribute to low recoveries of Substance P [158], various MS-compatible pre-
extraction reagents were added to the plasma before the pu-SPE to cleave possible binding with
plasma protein. As one option, the plasma was acidified through the addition of individual acids
(FA, PhA, and DCA) at a ratio of 1:1 (v/v) to final concentrations of 5%. As a chaotropic
reagent, guanidine (final concentration: 2.5 M) alone [1:3 (v/v)] and in combination with 2.5%
sodium deoxycholate and 0.5 M urea [1:1:1:1 (v/v/v/v)] was added to the plasma sample. Each
sample was vigorously vortexed for 5 min and stored on ice until u-SPE. Furthermore, organic
extractors (MeOH, acetonitrile or isopropanol) were individually added to the plasma at a ratio
of 1:1 (v/v) and vortexed for 5 min, followed by restriction of the organic fraction under
nitrogen to avoid breakthroughs of the analytes during u-SPE. As a control, plasma samples
were diluted with water at a ratio of 1:1 (v/v) and were treated identically. Pre-spiked plasma
samples (1 ng/mL per peptide) were measured to quantify the impact of the pre-extraction
reagents on the recovery of Substance P and human Hemokinin-1. Furthermore, the

experiments were performed with non-spiked plasma samples for the determination of
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endogenous tachykinins levels. Each experiment was run at least in triplicate. The time from

sample preparation to pu-SPE was less than one hour.

5.2.5 Sample processing studies

The addition of protease inhibitors to the plasma samples and their processing on ice was
demonstrated to be essential for the preservation of the peptide integrity of Substance P [128].
Thus, diverse protease inhibitors were investigated for the simultaneous recovery of intact
Substance P and human Hemokinin-1, since the metabolic degradational path for
human Hemokinin-1 has not yet been described. Based on the most commonly used protease
inhibitors for Substance P in biofluids, metalloprotease inhibitors (75 mM EDTA combined
with 10 mM phenanthroline), a serine protease inhibitor (140 uM AEBSF), and a serine and
cysteine protease inhibitor (100 uM leupeptin) were spiked alone and in combination into the
blood collection devices before blood sampling. This approach ensured the fastest protease

inhibition in freshly collected blood.

Unspecific peptide adsorption to the collection material may lead to reduced recoveries of the
targeted peptides [159]. Therefore, regular blood sampling by aspiration into monovettes using
a butterfly device was compared to a customized blood collection procedure involving passive
blood dropping in low-protein-binding tubes utilizing a microneedle device to minimize the
contact of the blood with the collection material (Figure 33). Each experiment was run in
triplicate and was performed with non-spiked and pre-spiked samples (1 ng/mL per peptide) in
the blood collection materials in order to quantify the recoveries of intact endogenous or
exogenous Substance P and human Hemokinin-1. Each plasma sample was extracted with the
most suitable pre-extractor from the previous experiments (section 5.2.4) and using a p-SPE.
For the spiking approach, the best performing inhibitor cocktail was added to both the

monovettes and the low-protein-binding tubes before the blood sampling.
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Figure 33: Customized blood draw in protein low binding tubes using a microneedle to avoid

unspecific peptide adsorption to the sampling material.

5.2.6 Comparative immunoassay studies

For the evaluation of diverse sample processing protocols, human plasma samples and porcine
brain tissue samples were analyzed in parallel by the LC-MS/MS assay and a commercially
available ELISA (DRG Diagnostics; EIA 3120), which was conducted according to the
manufacturer's protocol. The used immunoassay was randomly chosen from commercially
available immunoassays, which did not have yet described cross-reactivity to human
Hemokinin-1 in their data sheets (those, demonstrating cross-reactivity to human Hemokinin-
1, were pre-excluded in the selection process). For a better comparison between both assays,
Substance P levels measured by the immunoassay are hereafter referred to as “Substance P-like
immunoreactivity” (Substance P-LI), as cross-reactivity of the antibody to Substance P analogs
or metabolites might affect the results. Various extraction protocols utilizing (1) plasma
inhibited with 140 uM AEBSF or (2) plasma inhibited with 140 uM AEBSF, 75 mM EDTA,
and 10 mM phenanthroline, collected in both monovettes and low-protein-binding tubes, were
evaluated by determining the concentrations of Substance P and human Hemokinin-1 by LC-
MS/MS in parallel to the quantification of Substance P-LI by ELISA. All LC-MS/MS samples
were extracted by pu-SPE, as plasma extraction was mandatory for LC-MS/MS analysis.
Moreover, as various pre-extraction reagents and protease inhibitors (EDTA, FA,
phenanthroline, TFA) interfered with the immunoassay, these samples were also extracted
utilizing the pu-SPE protocol to remove interfering chemicals and to enable better comparison

of the ELISA samples to the samples for LC-MS/MS analysis due to similar sample preparation.
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Furthermore, immunoassays were performed with both unextracted and extracted plasma (using
u-SPE) to compare the impact of extraction on the recovery of Substance P-LI. Additionally,
porcine brain tissue samples and human plasma samples were extracted using the TFA protocol
described (section 2.3) and quantified using both analytical assays. The experiments were

performed at least in triplicate with non-spiked biosamples.

5.2.7 Cross-reactivity studies

As no cross-reactivity data for the investigated tachykinins were available for the immunoassay
used, Substance P, its carboxylic acid and human Hemokinin-1 were analyzed by ELISA. Thus,
1 ng/mL solutions of Substance P, its carboxylic acid and human Hemokinin-1 were prepared
in the assay buffer in low-protein-binding tubes and quantified by ELISA at least in triplicate

according to the manufacturer’s protocol.

5.2.8 Compound discovery by a hybrid immunoaffinity—LC-MS approach

For the compound discovery of Substance P-LI in human blood plasma, a hybrid
immunoaffinity—high-resolution (HR)-MS approach was developed. Thus, 100 pL fresh blood
plasma inhibited with 140 uM AEBSF was loaded into the ELISA wells, captured by the coated
antibodies, and incubated at 500 rpm for 90 min at 20°C. After incubation, the wells were
washed three times with 250 uL phosphate-buffered saline—Tween 20 buffer (0.01% Tween
20). The samples for intact protein analysis were afterward reconstituted in 75 pL of the
injection solvent (45% DMSO/45% water/10% FA [v/v/v]), whereas the samples for tryptic
digestion were reconstituted in 100 pL 0.1% TFA solution, neutralized with 5 pL. ABC-buffer
(800 mM), and transferred onto a plate with 1 pg trypsin. Protein digestion was conducted
through the addition of 100 puL 62% acetonitrile and 38% ABC buffer [v/v] for 60 min at 37°C,
as described by Burdman et al. [160]. Following evaporation of the solvent (60°C, 650 rpm,
under nitrogen), the residue was reconstituted in 75 puL of the injection solvent. As a control,
100 pL fresh plasma without inhibitors that had been incubated for 20 min at 40°C to generate
reference samples and 100 pL assay buffer (blank) were treated analogously and measured by

LC-HR-MS. Each sample was conducted in biological triplicate.

BiopharmaView® (version 3.0.2, SCIEX, Darmstadt, Germany) was used for the in-silico
simulation of intact protein analysis and evaluation of the tryptic digestion. As the structure of
Substance P-LI was unknown, but expected to be related to Substance P or human Hemokinin-
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1, the simulation was conducted based on possible metabolites of the protachykinin-1 and
protachykinin-4 amino acid sequences listed in the UniProt® database (entry numbers P20366
[TKN1 HUMAN] and Q86UU9 [TKN4 HUMAN)]). The assay information was constructed
in BiopharmaView, setting the digest agent as trypsin and allowing zero missed cleavages. By
adjusting the processing setting to a mass-to-charge tolerance of 10 ppm, extracted ion
chromatogram (XIC) was set to 0.025 ppm and MS/MS matching tolerance was adjusted to

0.05 Da, as recommended in the literature [98].

5.2.9 Instrumentation

5.2.9.1 Peptide quantification by LC-MS/MS analysis

Recovery studies and peptide quantification were performed on an ultra-high-performance
liquid chromatography system (Agilent 1200 SL series binary pump system, Waldbronn,
Germany) coupled to a tandem mass spectrometer (SCIEX API 4000). Peptide separation was
achieved using a Waters XSelect Peptide CSH column (130 A, 3.5 pm, 2.1 x 150 mm). Sample
handling and injection were executed by a CTC Analytics HTC PAL system (Zwingen,
Switzerland). A validated LC-MS/MS method was used for the quantification of Substance P,
its carboxylic acid and human Hemokinin-1, as previously published [156]. Using the sensitive
and validated method, limits of detection of 5.8 pg/mL for Substance P, 6.2 pg/mL for its
carboxylic acid and 5.3 pg/mL for human Hemokinin-1 were achieved, which were principally
suitable for the quantification of reported tachykinin levels in human plasma, which were
quantified by immunoassays. Matrix effects due to plasma proteins were investigated and
minimized during method development. Workflows for the used MS assays are presented in

Figure 34.

5.2.9.2 Compound elucidation by LC-HR-MS/MS analysis

Compound elucidation and analyte identification were achieved on an ultra-high-performance
liquid chromatography system (Shimadzu Nexera, Duisburg, Germany) coupled to a
quadrupole time of flight high-resolution mass spectrometer (HR-MS; SCIEX TripleTOF
6600). Samples were injected in full loop mode (40-uL injection volume). Peptide separation

was executed on a Phenomenex Kinetex C18 (100 A, 1.7 um, 2.1 x 100 mm) at an oven
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temperature of 60°C using a gradient of mobile phase A (water:DMSO:FA, 98.9:1:0.1, v/v/v)
and mobile phase B (MeOH:DMSO:FA, 98.9:1:0.1, v/v/v). The gradient started with 5% of
mobile phase B for 3 min and was increased to 25% mobile phase B from 3 to 5.5 min. This
was followed by a further change to 98% mobile phase B within the next 2 min. The gradient
was kept at 98% mobile phase B for another 3 min before being reduced to 5% of mobile phase
B again. The total runtime from injection to injection was 14 min. The flow rate was set to 300
uL/min. Analyte detection was performed in positive mode, utilizing electro spray ionization.
Nitrogen was used as the collision and curtain gas. Curtain gas was set to 40 psi, nebulizer gas
to 40 psi, heater gas to 70 psi, and ion spray voltage to 5500 V. The temperature in the ion
source was held at 425°C. The qualitative profiling of the compounds of interest was conducted
using a sequential window acquisition of all theoretical fragment ion spectra MS (SWATH®).
For the data-independent acquisition experiments, the scan range was set from 400 m/z to 1500
m/z for the digested peptides with 34 independent windows and from 300-20,000 m/z for intact

protein analysis. Workflows for the used MS assays are presented in Figure 34.
5.2.9.3 Data analysis
Data acquisition and evaluation were accomplished using Analyst© (SCIEX, version 1.6.2 and

TF 1.7.1) and Multiquant© (SCIEX, version 3.0.2). MS/MS spectra for structure identification
were analyzed using the Bio Tool Kit of PeakView© (SCIEX, version 2.2).
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5.3 Results

5.3.1 Plasma extraction recovery studies

Whereas full recoveries were observed in aqueous solutions spiked with the peptides, in the
spiked plasma samples, low recoveries of both peptides (mean recovery =+ standard deviation
[SD]: 30.2% + 4.3% for Substance P; 29.6% =+ 1.7% for human Hemokinin-1; n = 3) were
achieved without the addition of an acidic, organic, or chaotropic reagent prior to p-SPE (Figure
35), indicating the need for an appropriate pre-extractor. High recoveries of Substance P and
human Hemokinin-1 were observed with plasma acidification with 5% PhA (mean + SD: 86.0%
+ 14.3% for Substance P; 71.4% + 8.9% for human Hemokinin-1) and 5% FA (mean + SD:
88.0% = 8.3% for Substance P; 73.6% + 3.2% for human Hemokinin-1; n = 3). High recoveries
for both peptides were also accomplished with the addition of the organic extractors’
acetonitrile, MeOH, or isopropanol (mean recoveries: 77.1%—87.3% for Substance P; 73.1%—
76.3% for human Hemokinin-1; n = 3). In contrast, basic extraction utilizing 2.5 M guanidine
or its combination with sodium deoxycholate and urea led to substantially lower recoveries
(mean recoveries: 28.9%—58.1% for Substance P; 24.3%—38.0% for human Hemokinin-1; n =
3). An optimal recovery for both peptides was achieved using either the acidic extraction with
5% FA or the organic extraction utilizing isopropanol (1:1 [v/v]), which yielded equivalent
results. As nonspecific peptide adsorption of Substance P and human Hemokinin-1 complicated
the sensitive determination of both peptides and sample evaporation could be associated with
pronounced adsorption effects [159], further experiments were performed using FA-extracted
samples to avoid the additional evaporation step before the u-SPE utilizing isopropanol. Despite
high recoveries of spiked peptides utilizing acidic and organic modifiers, signals of endogenous
Substance P nor human Hemokinin-1 were under the limits of detection in the non-spiked

extracted plasma samples by LC-MS/MS.
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Figure 35: Polar charts indicating the mean plasma extraction recovery rates of spiked
Substance P and human Hemokinin-1.

Distinct pre-extraction reagents were added to the plasma samples spiked with Substance P

(blue) and human Hemokinin-1 (red) before the u-solid-phase extraction [mean recoveries,

n=23].
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5.3.2 Sample processing studies

As a fast metabolic degradation of Substance P was described in plasma samples (-50%
recovery within one hour) [128] and assumed for human Hemokinin-1 due to their similar
amino acid structures, different protease inhibitor classes were investigated (Figure 36).
Without the addition of inhibitors to the sampling material, a substantially reduced recovery of
intact Substance P and human Hemokinin-1 was observed within the analysis time of
approximately 1 h (mean + SD: 37.4% + 8.7% for Substance P; 25.5% + 8.8% for
human Hemokinin-1; n = 3). Hence, by adding a metalloprotease inhibitor cocktail (EDTA +
phenanthroline) to the collection material, higher recoveries were achieved (mean + SD: 49.2%
+ 2.7% for Substance P; 49.7% + 4.3% for human Hemokinin-1; n = 3). The use of a serine
protease inhibitor (AEBSF) was associated with higher recoveries of intact Substance P (mean
+ SD: 57.4% + 11.2%; n = 3), but led to low recoveries for human Hemokinin-1 (mean + SD:
25.6% £ 4.1%; n =3), similar to the absence of protease inhibitors. The addition of leupeptin as
a cysteine and serine protease inhibitor resulted in profoundly low recoveries for intact
Substance P and human Hemokinin-1 (mean + SD: 3.6% =+ 1.8% for Substance P; 29.0% =+
11.6% for human Hemokinin-1; n = 3), which were even lower than obtained in the absence of
protease inhibitors for Substance P. By combining the protease inhibitors investigated (AEBSF,
EDTA, leupeptin, and phenanthroline), mean recoveries of 35.1% =+ 2.2% for Substance P and
37.8% + 2.4% for human Hemokinin-1 were observed (n = 3). As the addition of leupeptin led
to unexpected losses of Substance P, the combination of AEBSF, EDTA, and phenanthroline
was further tested, resulting in higher recoveries (mean + SD: 72.4% + 5.0% for Substance P;
57.9% =+ 8.0% for human Hemokinin-1; n = 3). The best performing inhibitor cocktail was
added to protein low-protein-binding tubes, which were used to collect blood to minimize
possible peptide adsorption effects. Subsequently, using AEBSF, EDTA, and phenanthroline
as a protease inhibitor cocktail, suitable recoveries were realized (mean + SD: 102.8% + 8.3%

for Substance P; 100.9% + 3.8% for human Hemokinin-1; n = 3).
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Figure 36: Impact of different protease inhibitor classes and sampling devices on the mean
recovery rates of Substance P and human Hemokinin-1.

The recoveries of Substance P (blue) and human Hemokinin-1 (red), which were spiked to the
blood collection material before blood sampling, were monitored. Without the addition of
metalloprotease inhibitors, an interfering substance was observed (observed peak area (light
blue)) [mean £ SD; n = 3]. (AEBSF': 4-(2-Aminoethyl)benzenesulfonyl fluoride; cps: counts per
second; EDTA: ethylene diamine tera acetic acid; LP: leupeptin; Phen: phenanthroline; Prot-

inh: Protease inhibitor, w/o: without)

5.3.3 Protocol evaluation in human biofluids and porcine brain tissue

The best performing sample processing protocol from previous experiments was evaluated for
its use for human biofluids and porcine brain tissue. Utilizing an acidic extraction with FA
before u-SPE and plasma inhibited with AEBSF, EDTA and phenanthroline, 125 pg/mL of
Substance P, its carboxylic acid and human Hemokinin-1 spiked to the collection material

could be accurately separated and quantified by LC-MS/MS analysis (Figure 37-A).

Next, endogenous levels were measured in human samples. The biologically active Substance P
was measured in human acidified (5% FA) saliva (mean + SD: 153.1 + 90.5 pg/mL; n = 3;
Figure 37-C). No Substance P was observed in acidified (5% FA) urine samples (Figure 37-D)

112



5. Mass spectrometric studies on the peptide integrity of Substance P and related human tachykinins in human biofluids

using the same protocol, while, biologically active Substance P was measured in human seminal
fluid (mean + SD: 700.9 + 195.1 pg/g; n = 3; Figure 37-E). The extraction of the porcine brain
tissue resulted in the quantification of 6.07 £ 0.71 ng/g active Substance P by LC-MS/MS
analysis (two independent experiments; n = 3; Figure 37-F). However, no biologically active
Substance P and human Hemokinin-1were found in human acidified (5% FA) plasma by LC-
MS/MS analysis by the given LOD of the LC-MS/MS analysis; instead, the biologically
inactive carboxylic acid of Substance P was quantified (mean = SD: 151.8 + 12.3 pg/mL; n =
3; Figure 37-B). Meanwhile, human Hemokinin-1 could not be detected in any of the

investigated non-spiked samples.
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Figure 37: Representative chromatograms and measured levels of the neuropeptides in
different biofluids and tissues.

Amidated (bioactive) Substance P (SP) (retention time: 3.6 min), the carboxylic acid of
Substance P (SPCOOH) (retention time: 3.7 min) (both blue), human Hemokinin-1 (hHK-1)
(red) and (Sar9)-Substance P as the internal standard (green) were analyzed in (A) human
plasma spiked with 125 pg/mL of each peptide, (B) non-spiked human plasma, (C) human
saliva, (D) human urine (E) human seminal fluid and (F) porcine brain tissue (LC-MSS/MS:
liquid chromatography coupled to tandem mass spectrometry; LOD: limit of detection [mean

+ standard deviation, at least n =3])
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5.3.4 Comparative immunoassay studies

For the further evaluation of the sample processing protocols, human plasma samples and
porcine brain tissue were comparatively analyzed using both the MS assay and ELISA
(Table 7). Using unextracted plasma inhibited with AEBSF, a Substance P-LI concentration of
240.6 + 22.3 pg/mL was measured by ELISA (mean + SD; n = 3). The addition of AEBSF,
EDTA, and phenanthroline to the monovettes resulted in a lack of enzyme reaction of the
ELISA on unextracted plasma, likely due to a lack of activity of the alkaline phosphatase
conjugate, which is dependent on the presence of Mg?* and Zn?* ions. The analysis of AEBSF-
treated, acidified (5% FA), and extracted (u-SPE) plasma, revealed a mean concentration of
50.2 + 29.4 pg/mL Substance P-LI (mean = SD; n = 3) by ELISA. In contrast, mean levels of
95.4 + 17.4 pg/mL of the carboxylic acid of Substance P and no signals for active Substance P
and human Hemokinin-1 were detected by LC-MS/MS analysis when using monovettes for
blood collection (mean + SD; n = 3). With the identical inhibitors and extraction procedure,
using low-protein-binding tubes as collection material instead, a 51.2 + 10.5 pg/mL
concentration of Substance P-LI was quantified by ELISA and 151.8 = 12.3 pg/mL of the
carboxylic acid of Substance P was measured by LC-MS/MS. Using FA-SPE-extracted plasma
inhibited with AEBSF, EDTA, and phenanthroline, 194.4 + 5.1 pg/mL (monovettes) and 175.3
+ 40.0 pg/mL (low-protein-binding tubes) Substance P-LI were measured (mean + SD; n = 3),
while no detectable signals were observed for Substance P, its carboxylic acid, or
human Hemokinin-1 by LC-MS/MS analysis. Using the same protease inhibitor mix spiked
into monovettes, by following the 0.5% TFA-extraction protocol instead, similar levels of
Substance P-LI were quantified by ELISA (mean = SD: 200.4 = 13.3 pg/mL; n = 3), whereas
no MS signals were detected for Substance P, its carboxylic acid and human Hemokinin-1 in
human plasma. By comparing TFA-extracted porcine brain tissue, 6.81 + 0.87 ng/g
Substance P-LI (mean + SD; n = 3) was quantified by ELISA, similar to the porcine brain tissue
levels (6.07 + 0.71 ng/g Substance P) determined by LC-MS/MS.
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Table 7: Comparative studies between the enzyme-linked immunosorbent assay and the mass

spectrometric assay using various sample processing protocols.

Utilized sample processing
protocol

ELISA results

MS results

Unextracted human plasma
inhibited with AEBSF

240.6 + 22.3 pg/mL (SP-LI)

Unextracted human plasma
inhibited with AEBSF, EDTA,
phenanthroline

no enzyme reaction

FA-Extracted human plasma
inhibited with AEBSF

(monovettes)

50.2 + 29.4 pg/mL (SP-LI)

<LOD (SP); < LOD (hHK-1);

95.4 +17.4 pg/mL
(SP(COOH))

FA-Extracted human plasma
inhibited with AEBSF

(protein low binding tubes)

51.2+10.5 pg/mL (SP-LI)

<LOD (SP); < LOD (hHK-1);

151.8 £12.3 pg/mL
(SP(COOH))

FA-Extracted human plasma
inhibited with AEBSF, EDTA,
phenanthroline (monovettes)

194.4 + 5.1 pg/mL (SP-LI)

<LOD (SP); < LOD (hHK-1);
<LOD (SP(COOH))

FA-Extracted human plasma
inhibited with AEBSF, EDTA,
phenanthroline (protein low
binding tubes)

175.3 + 40.0 pg/mL (SP-LI)

<LOD (SP); < LOD (hHK-1);
<LOD (SP(COOH))

TFA-Extracted human plasma
inhibited with AEBSF, EDTA,
phenanthroline

200.4 + 13.3 pg/mL (SP-LI)

<LOD (SP); < LOD (hHK-1);
<LOD (SP(COOH))

TFA-Extracted porcine brain
tissue

6.81 + 0.87 ng/g (SP-LI)

6.07 = 0.71 ng/g (SP)

(AEBSF': 4-(2-Aminoethyl)benzenesulfonyl fluoride; EDTA: ethylene diamine tetraamine

acetic acid;, ELISA: enzyme-linked immunosorbent assay; FA: formic acid; hHK-1: human

Hemokinin-1; LOD: limit of detection;, MS: mass spectrometry; SP: Substance P; SP(COOH):

Substance P (carboxylic acid); SP-LI: Substance P-like immunoreactivity; TFA: trifluoroacetic

acid) [mean + standard deviation; at least n = 3] !Plasma extraction was mandatory for MS

analysis

5.3.5 Cross-reactivity studies

As the carboxylic acid of Substance P may have contributed to the observed discrepancy

between the ELISA and LC-MS/MS analyses, the cross-reactivity with human Hemokinin-1
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and the carboxylic acid of Substance P was tested for the ELISA kit used. The MS standard of
Substance P (Sigma-Aldrich) was used as the positive control, resulting in an observed cross-
reactivity of 99.2% (n = 3). As expected from results using kits by other ELISA manufacturers,
a cross-reactivity of 104.4% was found for human Hemokinin-1 (n = 6). Despite the high
structural similarity of the carboxylic acid of Substance P to its biologically active form, no
cross-reactivity was observed for the carboxylic acid of Substance P (0%; n = 3), with the

ELISA kit used in this study (EIA 3120).

5.3.6 Compound discovery by LC-HR-MS/MS analysis

5.3.6.1 Confirmation of the carboxylic acid of Substance P

During the sample processing experiments (section 3.2), an interfering substance was observed.
It had the same multiple reaction monitoring transitions as Substance P (674.3 m/z to 600.6 m/z
and 674.3 m/z to 254.3 m/z) but appeared at a different chromatographic retention time (3.6
min for Substance P and 3.7 min for the interfering substance). Signals of the observed
substance observed were more pronounced with the addition of AEBSF compared to the
absence of protease inhibitors (mean peak areas: 180.633 counts per second [cps] vs. 66.330
cps; n = 3). When metalloprotease inhibitors (EDTA + phenanthroline) were added to the

collection material, no interfering substance was detected (Figure 35 — light blue bars).

For the elucidation of the compound structure of the interfering substance, which was expected
to be the carboxylic acid of Substance P, plasma samples with the protease-inhibitor mixes
investigated were analyzed by HR-MS. In plasma samples spiked with AEBSF and without
protease inhibitors, the precursor ion of the interfering substance was identified as a two-fold
positively charged ion of 674.8567 m/z by a time of flight scan (Figure 38-B). Its peptide
fragment pattern by MS/MS scan was similar to spiked Substance P but was distinguished by a
distinct precursor ion of Substance P (674.3649 m/z; Figure 38-A). Due to its precursor mass-
to-charge ratio and its fragmentation pattern, the interfering substance matched the MS/MS
signal of the carboxylic acid of Substance P calculated by the Bio Tool Kit of PeakView (mass
error: 0.0043 Da).
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5.3.6.2 Compound discovery of immunoreactive Substance P in plasma

As the carboxylic acid did not show cross-reactivity, a hybrid immunoaffinity LC-HRMS
approach involving a bottom-up and top-down approach was used for the identification of
Substance P-LI. For the top-down approach, the total ion counts (TICs) of the protease-
inhibited plasma samples were compared to the TICs of the incubated (blank) plasma sample
to reveal any differences in the intact protein analysis. The TICs of the protease-inhibited
samples demonstrated one additional signal at 8.17 min retention time, which was further
investigated (Figure 39-A). The MS spectra of the peak revealed a 4-fold charged protein with
an average precursor mass of 6243.42 Da (Figure 39-B). The MS/MS fragmentation of this
protein by SWATH analysis showed three dominant signals of 464.2486 m/z, 614.2251 m/z,
and 745.3363 m/z (Figure 39-C). The MS and subsequent MS/MS signals found were aligned
to possible precursors and metabolites of Substance P and human Hemokinin-1, resulting in a
possible match to an acetylated precursor of Substance P (20. — 70. amino acid of UniProtKB -
P20366 [TKN1 HUMAN]; Figure 39-D). For verification, the protease-inhibited samples were
digested with trypsin in a bottom-up approach, which led to three fragmented peptides depicted
by in silico digestion (Figure 39-E). Two of these were found in the HR-MS analysis, resulting
in a coverage of 70.4%. The peptides identified were confirmed by MS/MS analysis, indicated
by several b" and y* fragments (Figure 39-F).
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Figure 38: High-resolution MS/MS spectra of spiked Substance P in human plasma and the

interfering substance.

(A) Precursor ion and fragmentation pattern of Substance P to plasma. (B) The interfering

substance demonstrated a similar fragmentation pattern as Substance P, but the precursor ion

was different to spiked Substance P (both shown in red). Using the Bio tool kit of PeakView®

the interfering substance was identified as the carboxylic acid of Substance P in human plasma.

The fragmentation pattern of Substance P is shown in the one-letter amino acid code.
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(A) Representative, overlaid total ion counts (TIC) of the protease-inhibited sample (blue)
showing an additional peak at the retention time of 8.17 min compared to the blank sample
incubated at 40°C (red); (B) HR-MS spectra of the found protein at the retention time of
8.17 min; (C) HR-MS/MS spectra of the CID-fragmented protein (SWATH® scan), (D)
Amino acid structure of the precursor of Substance P in the one-letter code, which matched
the MS/MS data of the found protein [Substance P is shown in red]; (E) In silico digestion
by trypsin, (F) After tryptic digestion, two digested peptides were found in HR-MS/MS
spectra; (cps: counts per second, CID: collision induced dissociation; LC-HR-MS/MS:

liquid chromatography coupled to high-resolution tandem mass spectrometry)
5.4 Discussion

As the former determinations of Substance P in human plasma were affected by the cross-
reactivity of the applied immunoassays, a suitable sample processing protocol for the selective
quantification of Substance P and its related human tachykinins by LC-MS/MS should be
established in the here-presented studies. Using a recently developed validated LC-MS/MS
assay, plasma sample processing was comprehensively investigated, covering the entire
workflow from blood collection to final sample preparation for LC-MS/MS, thereby achieving
the complete recovery of intact Substance P and human Hemokinin-1 in spiked human plasma.
While endogenous Substance P concentrations were measured in human saliva and seminal
fluid and porcine brain tissue, the active form was not detectable in endogenous human plasma.
Instead, the inactive carboxylic acid of SP was previously reported and confirmed in human
plasma samples by LC-MS/MS analysis. Remarkably, the evaluation of endogenous levels in
plasma via ELISA found a high variance in Substance P-LI concentrations (50.2—240.6 pg/mL).
These different results from the two methods used were followed by a compound discovery

using a hybrid approach to identify the substance captured in the immunoassay.

Since metabolic degradation and plasma protein binding severely affect the integrity of
tachykinins, leading to their loss during sample processing, a special focus was placed on
developing a suitable sample processing protocol [4,128]. Both plasma acidification and
precipitation by organic extractors were associated with high recoveries of spiked Substance P
(=72%) and human Hemokinin-1 (>71%), leading to full recovery if unspecific absorption was
further controlled by using low-protein-binding material. Furthermore, the main degradation
path of Substance P described in the literature suggests the addition of a combination of

metalloprotease and serine inhibitors, which was in line with the findings on Substance P
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presented here [128]. Unlike Substance P, no degrading enzymes have yet been described for
human Hemokinin-1 in biosamples. However, the results demonstrate that the addition of
metalloproteases seemed to be more efficient than the addition of serine protease inhibitors in

preserving the peptide integrity of the tachykinin human Hemokinin-1.

When endogenous biofluids and tissues were investigated, Substance P was successfully
detected in porcine brain tissue by LC-MS/MS (6.07 + 0.71 ng/g). The results obtained were
confirmed by the commercial ELISA (6.81 + 0.87 ng/g). Active Substance P was quantified in
lower levels, as previously reported for Substance P in mouse brain tissue (185.1-348.2 ng/g)
[161,162], likely due to degradation of the intact peptide during the slaughtering process (within
20 min). Substance P concentrations in human saliva and seminal fluid were determined by LC-
MS/MS for the first time, and the levels obtained for saliva were in line with reported
Substance P-LI concentrations determined by immunoassay (153 =91 pg/mL [LC-MS/MS] vs.
235 £ 137 pg/mL [ELISA]) [150]. No Substance P levels were observed in urine, which could

be based on a dilution effect with the need of an even more sensitive method.

Although Substance P-LI concentrations in human plasma were quantified by ELISA, this
finding was not confirmed by LC-MS/MS. As only biased values of Substance P levels in
human plasma were reported due to the possible cross-reactivity, the true concentrations of
Substance P and human Hemokinin-1 might be present in femtomolar ranges and so might be
even under the LOD of the here-presented highly optimized LC-MS/MS assay and
consequently needs a more sensitive bioanalytical assay. Instead, the unknown compound
detected in the chromatogram was identified as a carboxylic acid of Substance P via
downstream HR-MS analysis. The results of the experiments conducted suggested the possible
degradation of the carboxylic acid of Substance P by serine proteases. Moreover, no carboxylic
acid of Substance P was quantified in samples spiked with EDTA and/or phenanthroline,
suggesting that an artificial ex vivo generation of the carboxylic acid of Substance P by a

metalloprotease may have occurred.

Remarkably, the carboxylic acid of Substance P did not show cross-reactivity in the
immunoassay and did not contribute to the discrepancy in concentrations between ELISA and
mass spectrometric analysis. As human Hemokinin-1 demonstrated a cross-reactivity of 100%,
the antibodies of the immunoassay used seem to bind to the C-terminal portion of active

Substance P. Binding to the carboxylic acid of Substance P was not observed, likely due to the
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negative charge of the carboxylic acid in the neutral buffered ELISA protocol, which would
impede the generation of hydrogen bonds. Concentrations of the carboxylic acid of Substance P
in human plasma measured by LC-MS/MS were dependent on the collection material used,
indicating that the use of low-protein-binding tubes was favorable for higher recoveries of the
carboxylic acid of Substance P from blood plasma (151.8 pg/mL [low-protein-binding tubes]
vs. 95.4 pg/mL [monovettes]). In contrast, Substance P-LI concentrations analyzed by the
ELISA were not affected by the collection material used (51.2 pg/mL [low-protein-binding
tubes] vs. 50.2 pg/mL [monovettes]). This different behavior in the context of nonspecific
peptide absorption underlined that the compound captured in the ELISA was not the carboxylic
acid of Substance P. This finding was further strengthened by experiments performed to
elucidate the possible degradation pathway. The concentrations of Substance P-LI were
dependent on the protease inhibitors used, with the highest concentrations observed when using
AEBSF, EDTA, and phenanthroline as protease inhibitors, indicating that Substance P-LI
seems also to be degraded by serine and metalloproteases. Moreover, substantially lower
Substance P-LI concentrations were found in extracted plasma samples compared to
unextracted plasma samples (50.2 pg/mL vs. 240.6 pg/mL), which is consistent with previous
findings that reported substantial losses of Substance P-LI after plasma extraction [87]. Since
the concentrations of Substance P-LI diminished in the absence of protease inhibitors and with
plasma extraction, a protein-like structure of Substance P-LI seems to be very likely, as plasma
protein precipitation and solid-phase extraction are among the methods indicated for the
separation of undesired plasma proteins from the targeted analytes. Presuming a protein-like
structure of Substance P-LI, both top-down and bottom-up approaches were used for
elucidation of its structure, as recommended for proteomic research by MS [94]. By comparing
HR-MS data of from stabilized (protease inhibited, on ice) and degraded (no protease inhibitors,
40°C) plasma samples, an antibody-captured proteomic analyte that cross-reacted with the
ELISA used was found. This could be the propeptide of Substance P. This falsify detection is
not unlikely as investigation with the amino acid sequence PQQFFGLM showed 85.9% cross-
reactivity of this peptide hapten concerning its data sheet. Assuming the propeptide of
Substance P is measured by the ELISA, the highest concentrations were found in plasma
samples stabilized with a combination of AEBSF, EDTA, and phenanthroline, indicating its
degradation by several proteases. Its present and stability in saliva and seminal fluid was not
investigated within this study. The carboxylic acid of Substance P, which was not found in
samples stabilized with EDTA and phenanthroline, seems to be an artificial degradation product

of the pro-peptide in samples that were not sufficiently stabilized. This is more likely, as direct
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conversion of active Substance P to its carboxylic acid was not observed for exogenous spiked

Substance P in plasma samples.

This is not the first time that LC-MS analysis has revealed an unexpected structure of a
tachykinin. Recently, the structure of the related mouse hemokinin-1 was found to be present
as a decapeptide instead of the expected undecapeptide in murine brain tissue, as revealed by
an immunoaffinity mass spectrometric assay [163]. Analogically, human Hemokinin-1, which
was expected to be the main cross-reactor in human plasma, may also be present in another
structural form, which was not detectable by the targeted LC-MS/MS analysis. Since human
Hemokinin-1 was reported to be involved in the activation of immune cells in human blood as
well as in the modulation of sperm motility, the absence of human Hemokinin-1 in plasma and
seminal fluid samples was unexpected [30]. However, human Hemokinin-1 was merely
quantified in only one study in human blood, utilizing an immunoassay, which is not available
anymore [34]. To the best of the author’s knowledge, currently there do not exist any
commercially available immunoassay to quantify human Hemokinin-1 in biosamples and to
assess cross-reactivity of these assays. So, based on distinct antibodies used in different ELISA
kits, extended hemokinin forms as endokinin A/B or other tachykinins as endokinin C/D may
also theoretically interact in these biosamples [131,164]. This requires further investigations on
the selectivity of the antibodies and further elucidation on the presence of Substance P and

related tachykinins in human plasma and other biofluids.

5.5 Conclusion

Utilizing a recently developed validated LC-MS/MS assay, plasma sample processing was
comprehensively investigated in order to preserve the integrity of intact Substance P and
human Hemokinin-1 from blood collection to final extraction. While endogenous
concentrations of Substance P were measured in human saliva and seminal fluid and porcine
brain tissue, the active form was not detectable in endogenous human plasma. Instead, the
inactive carboxylic acid of Substance P was identified in human plasma samples. As the
carboxylic acid of Substance P did not contribute to the cross-reactivity of the immunoassay
used, the captured Substance P-LI was analyzed by LC-HR-MS/MS, revealing a precursor of
Substance P as a possible cross-reactor. These findings raise the question about the presence of
active Substance P in human plasma samples and should be more elucidated for its role in

human plasma.
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5.6 Disclosure

Parts of this chapter were previously accepted for publication in Peptides (18" November
2020). The author of this thesis was responsible for the conceptualization, the methodology, the
formal analysis, the investigation, the data curation and visualization and the writing of the

original draft of this publication.
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6. Overall conclusion and future prospects

Recent publications have underlined the emerging role of Substance P in the development and
progress of inflammatory cardiovascular diseases [42,43,45,59,165], leading to its promising
use as a biomarker in plasma samples. However, comprehensive investigations of the reported
blood levels of Substance P in subjects with cardiovascular disease have demonstrated high
variability owing to the bioanalytical assays used [132]. As human Hemokinin-1, also reported
in human blood, interferes with most commercially available immunoassays, a reliable
bioanalytical procedure is not available; therefore, a bioanalytical alternative to immunoassay
is required. Selective quantification of Substance P is achievable with LC-MS/MS; moreover,
its application allows simultaneous measurement of Substance P and human Hemokinin-1. For
the latter, no LC-MS/MS assay has hitherto been published, and existing LC-MS/MS assays

for Substance P lack the sensitivity to quantify endogenous plasma concentrations [166].

This thesis presents the first sensitive LC-MS/MS assay for simultaneous quantification of
Substance P and human Hemokinin-1. It was validated according to international bioanalytical
guidelines requiring a small volume of human blood plasma (120 pL). Maximum sensitivity
and robustness were achieved by a customized and innovative Design of Experiments concept
for bioanalytical peptide quantification, addressing each critical aspect of the method. By
applying the concept, nonspecific peptide adsorption was substantially minimized by
concordantly optimizing the composition of the injection solvent and the container material
used. Furthermore, the application of this assay led to primary description of Substance P
concentrations in human saliva and seminal fluid by MS analysis. The author did not expect
bioactive Substance P to be absent in human plasma because measured Substance P plasma
levels are widely described in previous studies [88,100]. However, as immunoassays were used
only for quantification of human Substance P plasma levels, these findings underline the issues
of selectivity of immunoassays due to cross-reactivity and the enormous advantage of using
MS analysis for selective bioanalytical questions. As only immunoassay-based, and, therefore,
cross-reactivity-affected, human plasma Substance P levels have been reported in the literature,
the true concentrations of Substance P may still be under the established limit of detection of
the LC-MS/MS assay presented in this study; consequently, an even more sensitive
bioanalytical assay may be necessary. With the LC-MS/MS components available to this thesis,

maximum sensitivity was achieved using the described Design of Experiments concept. Each
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aspect—from nonstandard blood sampling in low protein binding tubes, minimization of
nonspecific peptide adsorption to optimal conditions in LC-MS/MS settings—was
comprehensively investigated and optimized, resulting in a method of the highest sensitivity
achievable with the available technique. By using MS systems with ion mobility cells and ultra-
performance liquid chromatography (with feasible pressure up to 1200 bar), higher
methodological sensitivity may be reached, which could eventually reveal the presence of
bioactive Substance P at femtomolar concentrations. Successful detection of Substance P in
porcine brain tissue, human saliva, and seminal fluid by LC-MS/MS analysis demonstrated that

this technique is mainly suitable for bioanalysis of Substance P in biofluids and tissue.

Unexpectedly, neither Substance P nor human Hemokinin-1 was detected in any of the human
plasma samples investigated, although the limits of detection were feasible according to the
Substance P levels measured by the immunoassays. In contrast, the carboxylic acid of
Substance P was identified in human plasma. However, it did not show cross-reactivity in the
immunoassay and did not contribute to the observed divergence between the two bioanalytical
assays. Therefore, immunoreactive Substance P bound by the immunoassay antibodies was
analyzed by LC-HRMS to identify the structure of the captured substance. This approach
uncovered the presence of a precursor of Substance P in human plasma as a possible cross-
reactor of the immunoassay. This untargeted approach, which led to the identification of the
precursor, underlines the possible future prospects of bioanalytical MS assay of Substance P.
Using MS, it is possible to identify and quantify whole peptide systems rather than defined
single analytes. Since most biomolecules are embedded in a complex bioregulatory system, the
application of MS analysis to these biosystems would be a beneficial alternative to the
traditional approach of analyzing single defined peptides or proteins. Moreover, precursors of
bioactive analytes are often more stable and are present in higher concentrations compared to
their bioactive metabolites (e.g. prorenin and renin [167]), which would make them more

accessible biomarkers.

For Substance P in particular, it would be advantageous to additionally monitor its precursors
and metabolites, since the complex tachykinin system in peripheral tissue, such as blood cells,
is not yet fully understood. Based on the findings of this study, the previously described
Substance P concentrations and its postulated role as a potential blood biomarker of
inflammatory diseases have to be reevaluated. By using the chemometric tools developed in

this thesis and adopting the approaches it has demonstrated to overcome critical issues in sample

127



6. Overall conclusion and future prospects

preparation, such as nonspecific peptide adsorption and biosample instability, future studies
may discover potential biomarkers within the tachykinin system, e.g., the precursor of
Substance P identified in this study, which could be valuable and reliable clinical markers of

cardiac inflammatory diseases.
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Supplementary Table 1: Summary of Substance P blood levels in

cardiovascular-diseased

adults.
Author (year) Cardiovascular disease SP mean value* Analytical | Matrix +
[subject number] (= SD or IQR) assay Sampling
[pg/mL] additives
Valdemarsson et Severe CHF under ACEI 5.5 (1.1) RIA Plasma
al. (1991) [n=15] + EDTA
[86] Severe CHF without ACEI | 3.1 (+0.4) (1 mg/mL)
[n=17]
Mild CHF without ACEI 4.1 (+0.4)*
[n=10]
Controls [n = 31] 1.7 (£0.2)*
Wang et al. Diabetes [n = 46] 35 (£5)* RIA Serum
(2012) CAD [n=44] 37.5 (£6)* without
[118] Controls [n =44] 65 (£15)* additives
Diabetes + CAD [n = 50] 15 (£5)°
Han et al. Cardiac infarction [n =30] | 191 (£141) ELISA Serum
(2014) Unstable angina [n = 21] 103 (£111) + Aprotinin
[119] Angina pectoris [n = 30] 31 (= 80) (0.6
Controls [n = 29] 70 (= 131) TIU/mL)
Han et al. Cardiac infarction [n=16] | 215 (median) ELISA Serum
(2014) (100 - 400)* + Aprotinin
[129] Controls [n = 30] 99 (median) (0.6
(75-125)° TIU/mL)
Cardiac infarction [n=16] | 367 (median) SQSLISA | Serum
(250 —475)° + Aprotinin
Controls [n = 30] 95 (median) (0.6
(50-100)* TIU/mL)
Vodovar et al. ADHF/CHF: RIA EDTA
(2015) With irBNP < 916 pg/mL 43 (median) Plasma
[16] [n=440] (37-49)
With irBNP > 916 pg/mL 59 (median)
[n=224] (57-64)
Nougué et al. CHF 36 (median) RIA EDTA
(2018) Baseline [n = 73] (27 - 44) Plasma
[120] Under low dose of 75 (median)
Sacubitril/Valsartan (25 -275)*
(49/51 mg) [n = 86]
Under high dose of 100 (median) (50 -
Sacubitril/Valsartan 300)

(97/103 mg) [n = 56]
After 30 days of treatment
[n=30]

After 90 days of treatment
[n=30]

75 (median)

(50 - 100)*

175 (median) (75 -
400)*
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(ACEI: Angiotensin converting enzyme inhibition, ADHF: acute decompensated heart failure,
CAD: coronary arterial disease, CHF: chronic heart failure, EDTA: ethylene diamine tetra
acetic acid, ELISA: enzyme-linked-immunosorbent assay, IQR: interquartile range, irBNP:
immunoreactive B-type natriuretic peptide, RIA: radioimmunoassay, SD: standard deviation,
SP: Substance P, SQOSLISA: silica spheres encapsulating a quantum dot layer-linked
immunosorbent assay, TIU: thrombin-inhibition unit; *unless otherwise mentioned, “estimated

values) [16,86,118-120,129]
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Supplementary Table 2: Overview of Substance P blood levels in healthy children.

Author (year) | Children’s age Mean value Analytical | Matrix +

[subject number] (ESDorIQR) | 2%%% Additives

[pg/mL]

O'Dorisio et al. | 0 - 11 months [n = 2] 81 (+ 7 [range]) RIA EDTA
(2002) 12 - 35 months [n = 3] 94 (£ 49) Plasma
[123] 3 -5 years [n=10] 108 (+ 50)

6 - 11 years [n = 15] 110 (+ 65)

12 - 21 years [n = 11] 55 (£ 38)
El-Raziky et al. | 6.3 £ 2.5 years 16.2 (= 4.6) RIA Blood
(2005) (mean + SD) (not
[126] [n=10] specified)
Herberth et al. | 6 years ELISA Heparin
(2008) - without stressful life events 217.8 (median) Plasma
[124] [n = 80] (141.4 - 260.6)

- with stressful life events 201.7-214.5

[n=187] (medians)
Wong et al. Neonates [n = 142] 2.3 (median) RIA Plasma +
(2010) thereof on (1.3-15.1) Aprotinin
[125] Day 1 [n=70] 1.5 (median) +EDTA

Day 2 [n = 76] 2.1 (median)

Day 3 [n = 142] 2.7 (median)

Day 7 [n=115] 2.4 (median)

Day 14 [n = 82] 1.8 (median)
Butler et al. 5 - 11 years [n = 18] 35 (£20) MSIA EDTA
(2015) Plasma
[122]
Brandow etal. | 7-19 years [n=21] 21 (£7.1) ELISA Citrate
(2016) Plasma
[127]

(EDTA: ethylene diamine tetra acetic acid, ELISA: enzyme-linked immunosorbent assay, IQR:

interquartile range; IQR: interquartile range; MSIA: magnetic beads supported immunoassay,

RIA: radioimmunoassay, SD: standard deviation) [122—127]
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Supplementary Table 3: Calculated mass spectrometric peptide fragment pattern of
Substance P and human Hemokinin-1

(A)

b b*? AA AA AA y y*?
Fragment | Fragment | Position Position | Fragment | Fragment
[m/z] [m/z] [m/z] [m/z]
--- --- 1 R 11 --- ---
254.1612 127.5842 2 P 10 1191.6343 | 596.3208
382.2561 191.6317 3 K 9 1094.5815 | 547.7944

479.3089 240.1581 4 P 8 966.4866 ---
607.3675 304.1874 5 Q 7 869.4338 ---
735.4260 368.2167 6 Q 6 741.3752 ---
882.4944 441.7509 7 F 5 613.3167 ---
1029.5629 | 515.2851 8 F 4 466.2483 -
1086.5843 | 543.7958 9 G 3 319.1798 ---
1199.6684 | 600.3378 10 L 2 262.1584 -

--- --- 11 M 1 149.0743 ---

Amidated
(B)

b b*? AA AA AA y y*?
Fragment | Fragment | Position Position | Fragment | Fragment
[m/z] [m/z] [m/z] [m/z]
- --- 1 T 11 --- ---

159.0764 --- 2 G 10 1084.5608 542.7840
287.1714 144.0893 | 3 K 9 1027.5393 514.2733

358.2085 179.6079 | 4 A 8 899.4444 -
445.2405 223.1239 | 5 S 7 828.4073 ---
573.2991 287.1532 | 6 Q 6 741.3752 ---
720.3675 360.6874 | 7 F 5 613.3167 ---
867.4359 434.2216 | 8 F 4 466.2483 -
924.4574 462.7323 | 9 G 3 319.1798 ---
1037.5415 519.2744 | 10 L 2 262.1584 -
- --- 11 M 1 149.0743 ---
Amidated

The amino acid sequences of (A) Substance P and (B) human Hemokinin-1 are shown in the

one-letter code. Source: Protein Prospector (ExPaSy, SIB Swiss Institute of Bioinformatics)

(AA: Amino acid; m/z: mass to charge ratio)
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Supplementary Table 4: Worksheet for the optimization of the injection solvent composition
within the Design of Experiments concept.

Experiment | Run Material Type of DMSO | Water | Formic | Organic
Order Organic | fraction | fraction acid fraction
fraction
1 45 LB Eppendorf MeOH 0 1 0 0
2 23 LB Eppendorf MeOH 0.25 0.25 0 0.5
3 38 LB Eppendorf MeOH 0 0.4 0.1 0.5
4 32 LB Eppendorf MeOH 0.7 0.25 0.05 0
5 114 LB Eppendorf MeOH 0.325 0.575 0.1 0
6 100 LB Sarstedt MeOH 0 1 0 0
7 133 LB Sarstedt MeOH 0.65 0.25 0.1 0
8 132 LB Sarstedt MeOH 0.25 0.25 0 0.5
9 36 LB Sarstedt MeOH 0 0.4 0.1 0.5
10 31 Eppendorf MeOH 0 0.9 0.1
11 76 Eppendorf MeOH 0.65 0.25 0.1
12 125 Eppendorf MeOH 0.375 0.625 0
13 1 Eppendorf MeOH 0.2 0.25 0.05 0.5
14 104 Sarstedt MeOH 0.75 0.25 0
15 106 Sarstedt MeOH 0 0.9 0.1
16 81 Sarstedt MeOH 0 0.5 0 0.5
17 98 Sarstedt MeOH 0.4 0.25 0.1 0.25
18 124 Glass vial MeOH 0.75 0.25 0 0
19 119 Glass vial MeOH 0 0.9 0.1 0
20 29 Glass vial MeOH 0.15 0.25 0.1 0.5
21 78 Glass vial MeOH 0 0.75 0 0.25
22 34 LB Eppendorf ACN 0 0.9 0.1 0
23 107 LB Eppendorf ACN 0.65 0.25 0.1 0
24 41 LB Eppendorf ACN 0 0.45 0.05 0.5
25 4 LB Eppendorf ACN 0.375 0.625 0
26 112 LB Sarstedt ACN 0.75 0.25 0
27 123 LB Sarstedt ACN 0 0.9 0.1
28 87 LB Sarstedt ACN 0 0.5 0 0.5
29 99 LB Sarstedt ACN 0.15 0.25 0.1 0.5
30 90 Eppendorf ACN 0 1
31 27 Eppendorf ACN 0.75 0.25
32 28 Eppendorf ACN 0 0.5 0 0.5
33 26 Eppendorf ACN 0.15 0.25 0.1 0.5
34 64 Eppendorf ACN 0.35 0.6 0.05
35 135 Sarstedt ACN 0 1 0
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36 113 Sarstedt ACN 0.65 0.25 0.1 0
37 105 Sarstedt ACN 0 0.4 0.1 0.5
38 129 Sarstedt ACN 0.5 0.25 0.25
39 70 Glass vial ACN 0 1 0
40 93 Glass vial ACN 0.65 0.25 0.1 0
41 6 Glass vial ACN 0.25 0.25 0 0.5
42 71 Glass vial ACN 0 0.65 0.1 0.25
43 60 Glass vial ACN 0.225 0.475 0.05 0.25
44 80 Glass vial ACN 0.225 0.475 0.05 0.25
45 127 Glass vial ACN 0.225 0.475 0.05 0.25
46 94 LB Eppendorf MeOH 0 1 0 0
47 21 LB Eppendorf MeOH 0.25 0.25 0 0.5
48 11 LB Eppendorf MeOH 0 0.4 0.1 0.5
49 79 LB Eppendorf MeOH 0.7 0.25 0.05 0
50 97 LB Eppendorf MeOH 0.325 0.575 0.1 0
51 96 LB Sarstedt MeOH 0 1 0 0
52 48 LB Sarstedt MeOH 0.65 0.25 0.1 0
53 12 LB Sarstedt MeOH 0.25 0.25 0 0.5
54 68 LB Sarstedt MeOH 0 0.4 0.1 0.5
55 89 Eppendorf MeOH 0 0.9 0.1

56 128 Eppendorf MeOH 0.65 0.25 0.1

57 30 Eppendorf MeOH 0.375 0.625 0

58 53 Eppendorf MeOH 0.2 0.25 0.05 0.5
59 35 Sarstedt MeOH 0.75 0.25 0

60 95 Sarstedt MeOH 0 0.9 0.1

61 13 Sarstedt MeOH 0 0.5 0 0.5
62 25 Sarstedt MeOH 0.4 0.25 0.1 0.25
63 115 Glass vial MeOH 0.75 0.25 0 0
64 67 Glass vial MeOH 0 0.9 0.1 0
65 88 Glass vial MeOH 0.15 0.25 0.1 0.5
66 102 Glass vial MeOH 0 0.75 0 0.25
67 16 LB Eppendorf ACN 0 0.9 0.1 0
68 116 LB Eppendorf ACN 0.65 0.25 0.1 0
69 77 LB Eppendorf ACN 0 0.45 0.05 0.5
70 91 LB Eppendorf ACN 0.375 0.625 0

71 131 LB Sarstedt ACN 0.75 0.25 0

72 37 LB Sarstedt ACN 0 0.9 0.1

73 2 LB Sarstedt ACN 0 0.5 0 0.5
74 14 LB Sarstedt ACN 0.15 0.25 0.1 0.5
75 82 Eppendorf ACN 0 1 0 0
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76 74 Eppendorf ACN 0.75 0.25 0
77 51 Eppendorf ACN 0 0.5 0.5
78 92 Eppendorf ACN 0.15 0.25 0.1 0.5
79 56 Eppendorf ACN 0.35 0.6 0.05

80 61 Sarstedt ACN 0 1 0

81 57 Sarstedt ACN 0.65 0.25 0.1

82 130 Sarstedt ACN 0 0.4 0.1 0.5
83 86 Sarstedt ACN 0.5 0.25 0.25
84 49 Glass vial ACN 0 1 0
85 8 Glass vial ACN 0.65 0.25 0.1 0
86 55 Glass vial ACN 0.25 0.25 0 0.5
87 108 Glass vial ACN 0 0.65 0.1 0.25
88 83 Glass vial ACN 0.225 0.475 0.05 0.25
89 54 Glass vial ACN 0.225 0.475 0.05 0.25
90 121 Glass vial ACN 0.225 0.475 0.05 0.25
91 66 LB Eppendorf MeOH 0 1 0 0
92 122 LB Eppendorf MeOH 0.25 0.25 0 0.5
93 10 LB Eppendorf MeOH 0 0.4 0.1 0.5
94 126 LB Eppendorf MeOH 0.7 0.25 0.05 0
95 19 LB Eppendorf MeOH 0.325 0.575 0.1 0
96 46 LB Sarstedt MeOH 0 1 0 0
97 42 LB Sarstedt MeOH 0.65 0.25 0.1 0
98 120 LB Sarstedt MeOH 0.25 0.25 0 0.5
99 39 LB Sarstedt MeOH 0 0.4 0.1 0.5
100 117 Eppendorf MeOH 0 0.9 0.1

101 44 Eppendorf MeOH 0.65 0.25 0.1

102 85 Eppendorf MeOH 0.375 0.625 0

103 111 Eppendorf MeOH 0.2 0.25 0.05 0.5
104 59 Sarstedt MeOH 0.75 0.25 0

105 33 Sarstedt MeOH 0 0.9 0.1

106 69 Sarstedt MeOH 0 0.5 0 0.5
107 109 Sarstedt MeOH 0.4 0.25 0.1 0.25
108 9 Glass vial MeOH 0.75 0.25 0 0
109 15 Glass vial MeOH 0 0.9 0.1 0
110 5 Glass vial MeOH 0.15 0.25 0.1 0.5
111 17 Glass vial MeOH 0 0.75 0 0.25
112 101 LB Eppendorf ACN 0 0.9 0.1 0
113 43 LB Eppendorf ACN 0.65 0.25 0.1 0
114 52 LB Eppendorf ACN 0 0.45 0.05 0.5
115 58 LB Eppendorf ACN 0.375 0.625 0 0
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116 50 LB Sarstedt ACN 0.75 0.25 0

117 63 LB Sarstedt ACN 0 0.9 0.1

118 72 LB Sarstedt ACN 0 0.5 0 0.5
119 18 LB Sarstedt ACN 0.15 0.25 0.1 0.5
120 65 Eppendorf ACN 0 1

121 75 Eppendorf ACN 0.75 0.25

122 103 Eppendorf ACN 0 0.5 0 0.5
123 7 Eppendorf ACN 0.15 0.25 0.1 0.5
124 22 Eppendorf ACN 0.35 0.6 0.05

125 134 Sarstedt ACN 0 1 0

126 24 Sarstedt ACN 0.65 0.25 0.1

127 62 Sarstedt ACN 0 0.4 0.1 0.5
128 84 Sarstedt ACN 0.5 0.25 0 0.25
129 20 Glass vial ACN 0 1 0 0
130 40 Glass vial ACN 0.65 0.25 0.1 0
131 3 Glass vial ACN 0.25 0.25 0 0.5
132 118 Glass vial ACN 0 0.65 0.1 0.25
133 73 Glass vial ACN 0.225 0.475 0.05 0.25
134 47 Glass vial ACN 0.225 0.475 0.05 0.25
135 110 Glass vial ACN 0.225 0.475 0.05 0.25

(ACN: acetonitrile, DMSO: dimethyl sulfoxide, LB: protein low binding, MeOH: methanol)
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Supplementary Table 5:Worksheet for the selection of the most appropriate deep-well plates
within the Design of Experiments concept.

Experiment Run Order Material Solution
1 1 Eppendorf LB-PP aqueous
2 45 Sarstedt PP aqueous
3 48 Sarstedt PS aqueous
4 11 Brand PP aqueous
5 66 Brand PS aqueous
6 41 Corning PP aqueous
7 7 Waters PP aqueous
22 22 Eppendorf LB-PP aqueous
23 16 Eppendorf LB-PP aqueous
24 68 Eppendorf LB-PP aqueous
25 72 Eppendorf LB-PP aqueous
26 17 Sarstedt PP aqueous
27 37 Sarstedt PS aqueous
28 46 Brand PP aqueous
29 34 Brand PS aqueous
30 14 Corning PP aqueous
31 63 Waters PP aqueous
46 27 Eppendorf LB-PP aqueous
47 50 Eppendorf LB-PP aqueous
48 13 Eppendorf LB-PP aqueous
49 9 Eppendorf LB-PP aqueous
50 10 Sarstedt PP aqueous
51 5 Sarstedt PS aqueous
52 67 Brand PP aqueous
53 35 Brand PS aqueous
54 51 Corning PP aqueous
55 29 Waters PP aqueous
70 70 Eppendorf LB-PP aqueous
71 20 Eppendorf LB-PP aqueous
72 56 Eppendorf LB-PP aqueous

39 Eppendorf LB-PP sweet spot LowBind

54 Sarstedt PP sweet spot LowBind

10 53 Sarstedt PS sweet spot LowBind

11 26 Brand PP sweet spot LowBind

12 8 Brand PS sweet spot LowBind
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13 58 Corning PP sweet spot LowBind
14 65 Waters PP sweet spot LowBind
32 59 Eppendorf LB-PP sweet spot LowBind
33 60 Sarstedt PP sweet spot LowBind
34 57 Sarstedt PS sweet spot LowBind
35 32 Brand PP sweet spot LowBind
36 12 Brand PS sweet spot LowBind
37 71 Corning PP sweet spot LowBind
38 44 Waters PP sweet spot LowBind
56 55 Eppendorf LB-PP sweet spot LowBind
57 62 Sarstedt PP sweet spot LowBind
58 47 Sarstedt PS sweet spot LowBind
59 23 Brand PP sweet spot LowBind
60 19 Brand PS sweet spot LowBind
61 64 Corning PP sweet spot LowBind
62 3 Waters PP sweet spot LowBind
15 31 Eppendorf LB-PP sweet spot regular
16 4 Sarstedt PP sweet spot regular
17 40 Sarstedt PS sweet spot regular
18 61 Brand PP sweet spot regular
19 33 Brand PS sweet spot regular
20 43 Corning PP sweet spot regular
21 49 Waters PP sweet spot regular
39 25 Eppendorf LB-PP sweet spot regular
40 21 Sarstedt PP sweet spot regular
41 38 Sarstedt PS sweet spot regular
42 69 Brand PP sweet spot regular
43 36 Brand PS sweet spot regular
44 15 Corning PP sweet spot regular
45 2 Waters PP sweet spot regular
63 28 Eppendorf LB-PP sweet spot regular
64 18 Sarstedt PP sweet spot regular
65 30 Sarstedt PS sweet spot regular
66 24 Brand PP sweet spot regular
67 52 Brand PS sweet spot regular
68 42 Corning PP sweet spot regular
69 6 Waters PP sweet spot regular

The compositions of the solutions were as follows: aqueous (water:formic acid (90/10 [v/v])),

sweet spot LowBind (water:dimethyl sulfoxide:formic acid (45/45/10 [v/v/v])), sweet spot
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regular (water:methanol:dimethyl sulfoxide:formic acid (25/50/15/10 [v/v/iW])). (LB: low
binding, PP: polypropylene, PS: polystyrene)
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Supplementary Table 6: Worksheet for the selection of the most appropriate tips within the
Design of Experiments concept.

Experiment | Run Order Plates Solution Pipette tips
1 61 LowBind PP aqueous LowBind tips
2 31 regular PP aqueous LowBind tips
3 69 regular PP sweet spot LowBind LowBind tips
4 54 LowBind PP sweet spot regular LowBind tips
5 80 LowBind PP aqueous Low Retention tips
6 48 LowBind PP sweet spot LowBind | Low Retention tips
7 30 regular PP sweet spot LowBind | Low Retention tips
8 27 regular PP sweet spot regular | Low Retention tips
9 28 regular PP aqueous regular tips
10 25 LowBind PP sweet spot LowBind regular tips
11 9 LowBind PP sweet spot regular regular tips
12 72 regular PP sweet spot regular regular tips
13 12 LowBind PP aqueous LowBind tips
14 3 regular PP aqueous LowBind tips
15 26 LowBind PP sweet spot LowBind LowBind tips
16 65 regular PP sweet spot regular LowBind tips
17 11 regular PP aqueous Low Retention tips
18 35 LowBind PP sweet spot LowBind | Low Retention tips
19 50 regular PP sweet spot LowBind | Low Retention tips
20 42 LowBind PP sweet spot regular | Low Retention tips
21 53 LowBind PP aqueous regular tips
22 36 regular PP sweet spot LowBind regular tips
23 57 LowBind PP sweet spot regular regular tips
24 62 regular PP sweet spot regular regular tips
25 66 regular PP sweet spot regular regular tips
26 24 regular PP sweet spot regular regular tips
27 55 regular PP sweet spot regular regular tips
28 67 LowBind PP aqueous LowBind tips
29 70 regular PP aqueous LowBind tips
30 46 regular PP sweet spot LowBind LowBind tips
31 7 LowBind PP sweet spot regular LowBind tips
32 59 LowBind PP aqueous Low Retention tips
33 76 LowBind PP sweet spot LowBind | Low Retention tips
34 73 regular PP sweet spot LowBind | Low Retention tips
35 71 regular PP sweet spot regular | Low Retention tips
36 75 regular PP aqueous regular tips
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37 43 LowBind PP sweet spot LowBind regular tips

38 52 LowBind PP sweet spot regular regular tips

39 51 regular PP sweet spot regular regular tips

40 56 LowBind PP aqueous LowBind tips
41 10 regular PP aqueous LowBind tips
42 18 LowBind PP sweet spot LowBind LowBind tips
43 78 regular PP sweet spot regular LowBind tips
44 19 regular PP aqueous Low Retention tips
45 40 LowBind PP sweet spot LowBind | Low Retention tips
46 16 regular PP sweet spot LowBind | Low Retention tips
47 2 LowBind Eppendorf PP | sweet spot regular | Low Retention tips
48 45 LowBind PP aqueous regular tips

49 79 regular PP sweet spot LowBind regular tips

50 44 LowBind PP sweet spot regular regular tips

51 34 regular PP sweet spot regular regular tips

52 29 regular PP sweet spot regular regular tips

53 8 regular PP sweet spot regular regular tips

54 21 regular PP sweet spot regular regular tips

55 22 LowBind PP aqueous LowBind tips
56 14 regular PP aqueous LowBind tips
57 41 regular PP sweet spot LowBind LowBind tips
58 64 LowBind PP sweet spot regular LowBind tips
59 63 LowBind PP aqueous Low Retention tips
60 58 LowBind PP sweet spot LowBind | Low Retention tips
61 47 regular PP sweet spot LowBind | Low Retention tips
62 77 regular PP sweet spot regular | Low Retention tips
63 32 regular PP aqueous regular tips

64 1 LowBind PP sweet spot LowBind regular tips

65 49 LowBind PP sweet spot regular regular tips

66 20 regular PP sweet spot regular regular tips

67 39 LowBind PP aqueous LowBind tips
68 4 regular PP aqueous LowBind tips
69 38 LowBind PP sweet spot LowBind LowBind tips
70 37 regular PP sweet spot regular LowBind tips
71 6 regular PP aqueous Low Retention tips
72 68 LowBind PP sweet spot LowBind | Low Retention tips
73 60 regular PP sweet spot LowBind | Low Retention tips
74 81 LowBind PP sweet spot regular | Low Retention tips
75 15 LowBind PP aqueous regular tips

76 74 regular PP sweet spot LowBind regular tips
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77 33 LowBind PP sweet spot regular regular tips
78 23 regular PP sweet spot regular regular tips
79 5 regular PP sweet spot regular regular tips
80 17 regular PP sweet spot regular regular tips
81 13 regular PP sweet spot regular regular tips

The compositions of the solutions were as follows: aqueous (water.formic acid (90/10 [v/v])),
sweet spot LowBind (water:dimethyl sulfoxide:formic acid (45/45/10 [v/v/v])), sweet spot
regular (water:methanol:dimethyl sulfoxide:formic acid (25/50/15/10 [v/v/v/v])); PP:

polypropylene
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Supplementary Table 7: Worksheet for the solid phase extraction protocol within the Design of

Experiments concept.

Experiment Run Organic | Elution Formic | Organic Wash Block
Order elution volume acid wash volume
fraction [pL] fraction | fraction [pL]
[%o] [%0] [%o]
1 15 50 400 0 150 | Bl
2 44 50 50 40 150 | Bl
3 10 50 400 10 40 150 | Bl
4 12 50 50 450 | BI
5 45 100 400 450 | B1
6 34 50 400 10 450 | B1
7 25 100 50 40 450 | B1
8 40 50 400 40 450 | BI
9 27 50 50 10 40 450 | B1
10 4 90 166.667 10 0 150 | Bl
11 72.5 50 5 20 300 | B1
12 20 75 225 0 20 300 | B1
13 21 72.5 225 5 40 300 | B1
14 13 72.5 225 5 20 450 | BI
15 18 72.5 225 5 20 300 | B1
16 17 72.5 225 5 20 300 | B1
17 1 72.5 225 5 20 300 | B1
18 43 50 400 0 0 150 | Bl
19 16 50 50 0 40 150 | Bl
20 49 50 400 10 40 150 | Bl
21 6 50 50 450 | B1
22 29 100 400 450 | BI
23 14 50 400 10 450 | B1
24 38 100 50 40 450 | B1
25 9 50 400 40 450 | B1
26 33 50 50 10 40 450 | B1
27 37 90 166.667 10 0 150 | Bl
28 47 72.5 50 5 20 300 | B1
29 8 75 225 0 20 300 | B1
30 28 72.5 225 5 40 300 | B1
31 30 72.5 225 5 20 450 | B1
32 7 72.5 225 5 20 300 | B1
33 48 72.5 225 5 20 300 | B1
34 2 72.5 225 5 20 300 | B1
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35 32 50 400 0 150 | Bl
36 24 50 50 40 150 | Bl
37 46 50 400 10 40 150 | Bl
38 26 50 50 450 | Bl
39 42 100 400 450 | Bl
40 19 50 400 10 450 | Bl
41 5 100 50 40 450 | Bl
42 22 50 400 40 450 | Bl
43 11 50 50 10 40 450 | Bl
44 23 90 166.667 10 0 150 | Bl
45 41 72.5 50 5 20 300 | Bl
46 39 75 225 0 20 300 | Bl
47 35 72.5 225 5 40 300 | Bl
48 51 72.5 225 5 20 450 | Bl
49 36 72.5 225 5 20 300 | Bl
50 31 72.5 225 5 20 300 | Bl
51 50 72.5 225 5 20 300 | Bl
52 69 100 50 0 150 | B2
53 59 50 50 10 150 | B2
54 72 100 400 0 40 150 | B2
55 84 90 400 10 0 150 | B2
56 77 90 50 10 40 150 | B2
57 78 90 50 10 0 450 | B2
58 55 90 400 10 40 450 | B2
59 74| 66.6667 50 0 40 450 | B2
60 60 | 66.6667 400 0 0 450 | B2
61 56 50 225 5 20 300 | B2
62 86 72.5 225 5 20 300 | B2
63 80 72.5 225 5 20 300 | B2
64 70 72.5 225 5 20 300 | B2
65 88 100 50 0 150 | B2
66 79 50 50 10 150 | B2
67 81 100 400 0 40 150 | B2
68 57 90 400 10 0 150 | B2
69 52 90 50 10 40 150 | B2
70 76 90 50 10 0 450 | B2
71 87 90 400 10 40 450 | B2
72 89 | 66.6667 50 40 450 | B2
73 66 | 66.6667 400 0 450 | B2
74 62 50 225 20 300 | B2

161



9. Appendix

75 85 72.5 225 5 20 300 | B2
76 73 72.5 225 5 20 300 | B2
77 54 72.5 225 5 20 300 | B2
78 90 100 50 0 150 | B2
79 64 50 50 10 150 | B2
80 75 100 400 0 40 150 | B2
81 83 90 400 10 0 150 | B2
82 63 90 50 10 40 150 | B2
83 53 90 50 10 0 450 | B2
84 68 90 400 10 40 450 | B2
85 82| 66.6667 50 0 40 450 | B2
86 65| 66.6667 400 0 0 450 | B2
87 61 50 225 5 20 300 | B2
88 58 72.5 225 5 20 300 | B2
89 71 72.5 225 5 20 300 | B2
90 67 72.5 225 5 20 300 | B2
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Supplementary Table 8: Worksheet for the chromatographic gradient within the Design of
Experiments concept.

Experiment Run Oven Organic Gradient | Gradient | Gradient
Order temperature elution phase 1 phase 2 phase 3
[°C] fraction [min] [min] [min]
[%o]

1 12 45 50 5 0.1 0.1
4 67 45 100 5 3 0.1
5 90 45 100 0 3 3
6 31 45 50 5 3 3
7 6 45 50 0 0.1 2.03333
8 97 45 50 0 3 1.06667
9 19 45 50 0 1.06667 3
10 62 45 50 3.33333 3 0.1
11 1 45 100 0 2.03333 0.1
12 75 45 100 5 0.1 1.06667
13 101 45 100 1.66667 0.1 3
14 22 45 83.3333 0 0.1 0.1
15 37 45 83.3333 5 0.1 3
38 68 45 50 5 0.1 0.1
41 30 45 100 5 3 0.1
42 33 45 100 0 3 3
43 21 45 50 5 3 3
44 9 45 50 0 0.1 2.03333
45 48 45 50 0 3 1.06667
46 26 45 50 0 1.06667 3
47 23 45 50 3.33333 3 0.1
48 29 45 100 0 2.03333 0.1
49 83 45 100 5 0.1 1.06667
50 80 45 100 1.66667 0.1 3
51 58 45 83.3333 0 0.1 0.1
52 100 45 83.3333 5 0.1 3
75 45 45 50 5 0.1 0.1
78 63 45 100 5 3 0.1
79 25 45 100 0 3 3
80 56 45 50 5 3 3
81 66 45 50 0 0.1 2.03333
82 84 45 50 0 3 1.06667
83 34 45 50 0 1.06667 3
84 74 45 50 3.33333 3 0.1
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85 99 45 100 0 2.03333 0.1
86 89 45 100 5 0.1 1.06667
87 109 45 100 1.66667 0.1 3
88 57 45 83.3333 0 0.1 0.1
89 41 45 83.3333 5 0.1 3
29 53 56.6667 50 0 3 0.1
30 103 56.6667 50 5 0.1 3
66 73 56.6667 50 0 3 0.1
67 43 56.6667 50 5 0.1 3
103 50 56.6667 50 0 3 0.1
104 28 56.6667 50 5 0.1 3
34 106 62.5 75 25 1.55 1.55
35 10 62.5 75 25 1.55 1.55
36 51 62.5 75 25 1.55 1.55
37 64 62.5 75 25 1.55 1.55
71 36 62.5 75 25 1.55 1.55
72 54 62.5 75 25 1.55 1.55
73 17 62.5 75 25 1.55 1.55
74 85 62.5 75 25 1.55 1.55
108 70 62.5 75 25 1.55 1.55
109 20 62.5 75 25 1.55 1.55
110 76 62.5 75 25 1.55 1.55
111 110 62.5 75 25 1.55 1.55
31 24 68.3333 100 0 0.1 3
32 61 68.3333 100 5 0.1 0.1
33 46 68.3333 100 5 3 3
68 59 68.3333 100 0 0.1 3
69 38 68.3333 100 5 0.1 0.1
70 5 68.3333 100 5 3 3
105 77 68.3333 100 0 0.1 3
106 2 68.3333 100 5 0.1 0.1
107 13 68.3333 100 5 3 3
2 94 80 100 0 3 0.1

3 40 80 50 5 3 0.1
16 86 80 50 0 1.06667 0.1
17 7 80 50 0 2.03333 3
18 8 80 50 5 0.1 1.06667
19 104 80 50 1.66667 0.1 3
20 71 80 50 3.33333 3 3
21 18 80 100 0 0.1 2.03333
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22 107 80 100 5 1.06667 3
23 96 80 100 3.33333 0.1 0.1
24 32 80 100 1.66667 3 3
25 39 80 66.6667 0 0.1 0.1
26 14 80 66.6667 0 3 3
27 91 80 66.6667 5 0.1 3
28 98 80 83.3333 5 3 0.1
39 60 80 100 0 3 0.1
40 42 80 50 5 3 0.1
53 69 80 50 0 1.06667 0.1
54 88 80 50 0 2.03333 3
55 82 80 50 5 0.1 1.06667
56 52 80 50 1.66667 0.1 3
57 111 80 50 3.33333 3 3
58 78 80 100 0 0.1 2.03333
59 108 80 100 5 1.06667 3
60 102 80 100 3.33333 0.1 0.1
61 4 80 100 1.66667 3 3
62 15 80 66.6667 0 0.1 0.1
63 87 80 66.6667 0 3 3
64 55 80 66.6667 5 0.1 3
65 72 80 83.3333 5 3 0.1
76 79 80 100 0 3 0.1
77 11 80 50 5 3 0.1
90 105 80 50 0 1.06667 0.1
91 16 80 50 0 2.03333 3
92 81 80 50 5 0.1 1.06667
93 92 80 50 1.66667 0.1 3
94 47 80 50 3.33333 3 3
95 3 80 100 0 0.1 2.03333
96 49 80 100 5 1.06667 3
97 35 80 100 3.33333 0.1 0.1
98 95 80 100 1.66667 3 3
99 93 80 66.6667 0 0.1 0.1
100 27 80 66.6667 0 3 3
101 44 80 66.6667 5 0.1 3
102 65 80 83.3333 5 3 0.1
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Supplementary Table 9: Worksheet for the ion source parameters within the Design of
Experiments concept.

Experiment Run Curtain Nebulizer Heater Ion spray Ion source
Order gas [psi] gas [psi] gas [psi] voltage temperature
[eV] [°C]

1 3 31.25 50 50 4000 425

2 80 43.75 70 70 5000 425

3 33 43.75 70 70 4000 575

4 46 43.75 70 50 5000 575

5 68 43.75 50 70 5000 575

6 96 31.25 70 70 5000 575

7 34 31.25 50 50 4000 425

8 22 43.75 70 70 5000 425

9 84 43.75 70 70 4000 575
10 92 43.75 70 50 5000 575
11 89 43.75 50 70 5000 575
12 82 31.25 70 70 5000 575
13 50 31.25 50 50 4000 425
14 31 43.75 70 70 5000 425
15 7 43.75 70 70 4000 575
16 12 43.75 70 50 5000 575
17 23 43.75 50 70 5000 575
18 25 31.25 70 70 5000 575
19 91 25 40 80 3500 350
20 20 50 80 80 3500 350
21 45 25 40 40 5500 350
22 17 50 80 40 5500 350
23 15 50 40 80 5500 350
24 19 25 80 80 5500 350
25 25 40 40 3500 650
26 6 50 40 80 3500 650
27 8 50 40 40 5500 650
28 10 25 80 40 5500 650
29 24 25 40 80 5500 650
30 62 50 80 80 5500 650
31 21 25 80 40 4166.67 350
32 69 25 80 66.6667 3500 650
33 42 25 53.3333 40 3500 350
34 52 25 66.6667 80 3500 650
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35 86 50 40 40 4166.67 350
36 55 50 80 40 3500 550
37 79 50 80 40 4833.33 650
38 74 50 66.6667 40 3500 650
39 28 41.6667 40 40 3500 350
40 4 50 60 60 4500 500
41 14 37.5 60 80 4500 500
42 59 37.5 60 60 4500 650
43 11 37.5 60 60 4500 500
44 58 37.5 60 60 4500 500
45 36 37.5 60 60 4500 500
46 76 25 40 80 3500 350
47 26 50 80 80 3500 350
48 67 25 40 40 5500 350
49 71 50 80 40 5500 350
50 38 50 40 80 5500 350
51 66 25 80 80 5500 350
52 44 25 40 40 3500 650
53 78 50 40 80 3500 650
54 70 50 40 40 5500 650
55 85 25 80 40 5500 650
56 61 25 40 80 5500 650
57 47 50 80 80 5500 650
58 73 25 80 40 4166.67 350
59 32 25 80 66.6667 3500 650
60 51 25 53.3333 40 3500 350
61 77 25 66.6667 80 3500 650
62 53 50 40 40 4166.67 350
63 27 50 80 40 3500 550
64 95 50 80 40 4833.33 650
65 88 50 66.6667 40 3500 650
66 &3 41.6667 40 40 3500 350
67 2 50 60 60 4500 500
68 57 37.5 60 80 4500 500
69 90 37.5 60 60 4500 650
70 97 37.5 60 60 4500 500
71 35 37.5 60 60 4500 500
72 1 37.5 60 60 4500 500
73 16 25 40 80 3500 350
74 39 50 80 80 3500 350
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75 64 25 40 40 5500 350
76 18 50 80 40 5500 350
77 41 50 40 80 5500 350
78 40 25 80 80 5500 350
79 81 25 40 40 3500 650
80 37 50 40 80 3500 650
81 87 50 40 40 5500 650
82 43 25 80 40 5500 650
83 65 25 40 80 5500 650
84 60 50 80 80 5500 650
85 29 25 80 40 4166.67 350
86 56 25 80 66.6667 3500 650
87 72 25 53.3333 40 3500 350
88 63 25 66.6667 80 3500 650
89 48 50 40 40 4166.67 350
90 93 50 80 40 3500 550
91 94 50 80 40 4833.33 650
92 49 50 66.6667 40 3500 650
93 54 41.6667 40 40 3500 350
94 30 50 60 60 4500 500
95 98 37.5 60 80 4500 500
96 75 37.5 60 60 4500 650
97 99 37.5 60 60 4500 500
98 13 37.5 60 60 4500 500
99 9 37.5 60 60 4500 500
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Supplementary Table 10: Multiquant Data of the 1. run to determine the accuracy and precision

of the method.

Sample Sample Analyte | Actual Area Used | Calculated | Accuracy

Name Type Conc. Ratio Conc.

K9 Standard SP 7.8 0.15 | True 7.67 98.28

K8 Standard SP 15.6 0.35 | True 16.88 108.21

K7 Standard SP 31.25 0.60 | True 28.30 90.56

K6 Standard SP 62.5 0.97 | False 45.14 72.22

K5 Standard SP 125 2.68 | True 123.10 98.47

K4 Standard SP 250 3.69 | False 169.00 67.61

K3 Standard SP 500 11.30 | True 515.70 103.13

K2 Standard SP 1000 22.27 | True 1015.00 101.48

K1 Standard SP 2000 43.85 | True 1997.00 99.85

Blank Double SP N/A 2.77 | True N/A N/A
Blank

Zero Blank SP N/A 0.03 | True 2.49 | N/A

QC4 1 Quality SP 7.8 0.17 | True 8.85 113.43
Control

QC4 2 Quality SP 7.8 0.16 | True 8.29 106.3
Control

QC4 3 Quality SP 7.8 0.14 | True 7.28 93.34
Control

QC4 4 Quality SP 7.8 0.14 | True 7.59 97.33
Control

QC4 5 Quality SP 7.8 0.17 | True 8.93 114.46
Control

QC3 1 Quality SP 15.6 0.37 | True 17.94 114.98
Control

QC3 2 Quality SP 15.6 0.34 | True 16.56 106.14
Control

QC3 3 Quality SP 15.6 0.35 | True 17.18 110.11
Control

QC3 4 Quality SP 15.6 0.29 | True 14.40 92.3
Control

QC3 5 Quality SP 15.6 0.35 | True 17.11 109.7
Control

QC2 1 Quality SP 1000 23.42 | True 1067.00 106.71
Control

QC2 2 Quality SP 1000 24.56 | True 1119.00 111.91
Control

QC2 3 Quality SP 1000 24,76 | True 1128.00 112.8
Control

QC2 4 Quality SP 1000 2497 | True 1138.00 113.75
Control
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QC2 5 Quality SP 1000 23.33 | True 1063.00 106.29
Control

QC1. 1 Quality SP 2000 49.96 | True 2275.00 113.76
Control

QC1. 2 Quality SP 2000 49.59 | True 2258.00 112.92
Control

QC1_ 3 Quality SP 2000 52.45 | True 2389.00 119.43
Control

QC1 4 Quality SP 2000 48.26 | True 2198.00 109.89
Control

QC1 5 Quality SP 2000 49.64 | True 2261.00 113.04
Control

Sample Sample Analyte | Actual Area Used | Calculated | Accuracy

Name Type Conc. Ratio Conc.

K9 Standard hHK1 7.8 0.35 | True 7.64 97.96

K8 Standard hHK1 15.6 0.80 | False 20.55 131.75

K7 Standard hHK1 31.25 1.29 | True 34.62 110.78

K6 Standard hHK1 62.5 2.10 | True 57.85 92.56

K5 Standard hHK1 125 4.69 | True 131.90 105.49

K4 Standard hHK1 250 6.32 | False 178.50 71.39

K3 Standard hHK1 500 17.30 | True 492.50 98.5

K2 Standard hHK1 1000 33.54 | True 957.00 95.7

K1 Standard hHK1 2000 69.32 | True 1980.00 99.01

Blank Double hHK1 N/A 5.53 | True N/A N/A
Blank

Zero Blank hHK1 N/A 0.49 | True 11.72 | N/A

QC4 1 Quality hHK1 7.8 0.35 | True 7.70 98.73
Control

QC4 2 Quality hHK1 7.8 0.37 | True 8.34 106.95
Control

QC4 3 Quality hHK1 7.8 0.31 | True 6.69 85.76
Control

QC4 4 Quality hHK1 7.8 0.38 | True 8.45 108.26
Control

QC4 5 Quality hHK1 7.8 0.39 | True 8.88 113.84
Control

QC3 1 Quality hHK1 15.6 0.56 | True 13.65 87.49
Control

QC3 2 Quality hHK1 15.6 0.67 | True 17.00 108.96
Control

QC3 3 Quality hHK1 15.6 0.71 | True 17.89 114.7
Control

QC3 4 Quality hHK1 15.6 0.56 | True 13.62 87.33
Control

QC3 5 Quality hHK1 15.6 0.61 | True 15.17 97.27
Control
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QC2 1 Quality hHK1 1000 30.19 | True 861.00 86.1
Control

QC2 2 Quality hHK1 1000 31.20 | True 889.90 88.99
Control

QC2 3 Quality hHK1 1000 33.11 | True 944.60 94.46
Control

QC2 4 Quality hHK1 1000 32.07 | True 914.80 91.48
Control

QC2 5 Quality hHK1 1000 30.50 | True 869.90 86.99
Control

QC1_1 Quality hHK1 2000 77.43 | True 2212.00 110.6
Control

QC1 2 Quality hHK1 2000 74.66 | True 2133.00 106.64
Control

QC1 3 Quality hHK1 2000 82.27 | True 2350.00 117.52
Control

QC1 4 Quality hHK1 2000 66.40 | True 1897.00 94.83
Control

QC1 5 Quality hHK1 2000 66.91 | True 1911.00 95.55
Control

Sample Sample Analyte | Actual Area Used | Calculated | Accuracy

Name Type conc. Ratio conc.

K9 Standard caSP 7.8 0.23 | True 7.90 101.26

K8 Standard caSP 15.6 0.56 | False 21.00 134.6

K7 Standard caSP 31.25 0.79 | True 30.37 97.2

K6 Standard caSP 62.5 1.49 | True 58.20 93.13

K5 Standard caSP 125 3.31 | True 130.40 104.35

K4 Standard caSP 250 4.27 | False 168.60 67.44

K3 Standard caSP 500 12.58 | True 499.10 99.81

K2 Standard caSP 1000 26.19 | True 1040.00 104.01

K1 Standard caSP 2000 50.45 | True 2005.00 100.25

Blank Double caSP N/A 0.79 | True N/A N/A
Blank

Zero Blank caSP N/A 0.06 | True 1.42 | N/A

QC4 1 Quality caSP 7.8 0.28 | True 9.90 126.93
Control

QC4 2 Quality caSP 7.8 0.23 | True 8.18 104.83
Control

QC4 3 Quality caSP 7.8 0.24 | True 8.43 108.1
Control

QC4 4 Quality caSP 7.8 0.24 | True 8.57 109.88
Control

QC4 5 Quality caSP 7.8 0.24 | True 8.26 105.91
Control

QC3 1 Quality caSP 15.6 0.39 | True 14.40 92.32
Control
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QC3 2 Quality caSP 15.6 0.40 | True 14.65 93.94
Control

QC3 3 Quality caSP 15.6 0.48 | True 17.85 114.39
Control

QC3 4 Quality caSP 15.6 0.44 | True 16.29 104.41
Control

QC3 5 Quality caSP 15.6 0.37 | True 13.56 86.93
Control

QC2 1 Quality caSP 1000 24.97 | True 991.60 99.16
Control

QC2 2 Quality caSP 1000 23.97 | True 951.80 95.18
Control

QC2 3 Quality caSP 1000 25.98 | True 1032.00 103.19
Control

QC2 4 Quality caSP 1000 26.08 | True 1036.00 103.6
Control

QC2 5 Quality caSP 1000 25.05 | True 994.80 99.48
Control

QC1. 1 Quality caSP 2000 56.69 | True 2253.00 112.65
Control

QC1. 2 Quality caSP 2000 54.50 | True 2166.00 108.3
Control

QC1_ 3 Quality caSP 2000 61.31 | True 2437.00 121.84
Control

QC1 4 Quality caSP 2000 54.43 | True 2163.00 108.15
Control

QC1 5 Quality caSP 2000 51.48 | True 2046.00 102.29
Control

Concentration is expressed in pg/mL and the accuracy in %. (caSP: Carboxylic acid of
Substance P, conc: concentration; hHK-1: human Hemokinin-1; N/A: not available; SP:

Substance P)
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Supplementary Table 11: Multiquant Data of the 2. run to determine the accuracy and precision
of the method.

Sample Sample Analyte | Actual Area Used | Calculated | Accuracy

Name Type Conc. Ratio Conc.

K9 Standard SP 7.8 0.21 | True 8.07 103.43

K8 Standard SP 15.6 0.28 | True 15.01 96.2

K7 Standard SP 31.25 0.44 | True 29.64 94.85

K6 Standard SP 62.5 0.73 | True 57.13 91.4

K5 Standard SP 125 1.60 | True 140.00 112.03

K4 Standard SP 250 2.92 | True 264.30 105.71

K3 Standard SP 500 4.80 | True 443.10 88.61

K2 Standard SP 1000 11.88 | True 1113.00 111.29

K1 Standard SP 2000 20.50 | True 1929.00 96.47

Blank Double SP N/A 0.29 | True | N/A N/A
Blank

Zero Blank SP N/A 0.08 | True | <0 N/A

QC4 1 Quality SP 7.8 0.19 | True 6.38 81.73
Control

QC4 2 Quality SP 7.8 0.20 | True 7.21 92.4
Control

QC4 3 Quality SP 7.8 0.21 | True 8.37 107.32
Control

QC4 4 Quality SP 7.8 0.20 | True 6.78 86.95
Control

QC4 5 Quality SP 7.8 0.20 | True 7.53 96.59
Control

QC3 1 Quality SP 15.6 0.31 | True 17.33 111.11
Control

QC3 2 Quality SP 15.6 0.29 | True 15.67 100.45
Control

QC3 3 Quality SP 15.6 0.27 | True 13.55 86.86
Control

QC3 4 Quality SP 15.6 0.31 | True 17.22 110.42
Control

QC3 5 Quality SP 15.6 0.31 | True 17.93 114.96
Control

QC2 1 Quality SP 1000 12.18 | True 1142.00 114.15
Control

QC2 2 Quality SP 1000 11.09 | True 1038.00 103.8
Control

QC2 3 Quality SP 1000 11.94 | True 1119.00 111.9
Control

QC2 4 Quality SP 1000 11.95 | True 1119.00 111.94
Control
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QC2 5 Quality SP 1000 12.47 | True 1169.00 116.88
Control

QC1. 1 Quality SP 2000 24.01 | True 2262.00 113.09
Control

QC1. 2 Quality SP 2000 21.07 | True 1983.00 99.17
Control

QC1_ 3 Quality SP 2000 23.94 | True 2255.00 112.75
Control

QC1 4 Quality SP 2000 24.84 | True 2340.00 117
Control

QC1 5 Quality SP 2000 25.16 | True 2371.00 118.53
Control

Sample Sample Analyte | Actual Area Used | Calculated | Accuracy

Name Type Conc. Ratio Conc.

K9 Standard hHK1 7.8 0.20 | True 8.18 104.9

K8 Standard hHK1 15.6 0.28 | True 13.84 88.69

K7 Standard hHK1 31.25 0.42 | False 24.32 77.82

K6 Standard hHK1 62.5 0.94 | True 62.80 100.47

K5 Standard hHK1 125 1.94 | True 136.10 108.88

K4 Standard hHK1 250 3.73 | True 267.80 107.11

K3 Standard hHK1 500 6.39 | True 463.60 92.72

K2 Standard hHK1 1000 14.97 | True 1095.00 109.52

K1 Standard hHK1 2000 23.92 | True 1754.00 87.69

Blank Double hHK1 N/A 0.28 | True | N/A N/A
Blank

Zero Blank hHK1 N/A 0.02 | True | <0 N/A

QC4 1 Quality hHK1 7.8 0.21 | True 8.63 110.66
Control

QC4 2 Quality hHK1 7.8 0.19 | True 7.57 97.01
Control

QC4 3 Quality hHK1 7.8 0.19 | True 7.01 89.86
Control

QC4 4 Quality hHK1 7.8 0.19 | True 7.21 92.45
Control

QC4 5 Quality hHK1 7.8 0.21 | True 8.57 109.87
Control

QC3 1 Quality hHK1 15.6 0.30 | True 15.26 97.83
Control

QC3 2 Quality hHK1 15.6 0.30 | True 15.15 97.09
Control

QC3 3 Quality hHK1 15.6 0.33 | True 17.25 110.57
Control

QC3 4 Quality hHK1 15.6 0.31 | True 15.89 101.89
Control

QC3 5 Quality hHK1 15.6 0.33 | True 17.64 113.09
Control
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QC2 1 Quality hHK 1 1000 15.29 | True 1118.00 111.83
Control

QC2 2 Quality hHK 1 1000 13.26 | True 969.20 96.92
Control

QC2 3 Quality hHK 1 1000 14.57 | True 1066.00 106.58
Control

QC2 4 Quality hHK 1 1000 15.10 | True 1105.00 110.5
Control

QC2 5 Quality hHK 1 1000 15.31 | True 1120.00 112.02
Control

QC1_1 Quality hHK 1 2000 28.83 | True 2115.00 105.77
Control

QC1 2 Quality hHK 1 2000 25.44 | True 1866.00 93.29
Control

QC1 3 Quality hHK 1 2000 29.04 | True 2131.00 106.54
Control

QC1 4 Quality hHK 1 2000 29.10 | True 2135.00 106.73
Control

QC1 5 Quality hHK 1 2000 30.33 | True 2226.00 111.28
Control

Sample Sample Analyte | Actual Area Used | Calculated | Accuracy

Name Type Conc. Ratio Conc.

K9 Standard caSP 7.8 0.17 | True 7.18 92.03

K8 Standard caSP 15.6 0.29 | True 17.46 111.94

K7 Standard caSP 31.25 0.48 | True 33.74 107.96

K6 Standard caSP 62.5 0.81 | True 61.49 98.38

K5 Standard caSP 125 1.62 | True 129.80 103.82

K4 Standard caSP 250 3.15 | True 260.10 104.04

K3 Standard caSP 500 5.59 | True 466.50 93.29

K2 Standard caSP 1000 11.86 | True 997.60 99.76

K1 Standard caSP 2000 21.04 | True 1776.00 88.78

Blank Double caSP N/A N/A True | N/A N/A
Blank

Zero Blank caSP N/A 0.01 | True | <0 N/A

QC4 1 Quality caSP 7.8 0.17 | True 7.49 96.02
Control

QC4 2 Quality caSP 7.8 0.18 | True 8.38 107.47
Control

QC4 3 Quality caSP 7.8 0.17 | True 7.20 92.29
Control

QC4 4 Quality caSP 7.8 0.17 | True 7.24 92.76
Control

QC4 5 Quality caSP 7.8 0.18 | True 8.12 104.07
Control

QC3 1 Quality caSP 15.6 0.28 | True 16.80 107.72
Control
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QC3 2 Quality caSP 15.6 0.27 | True 15.78 101.19
Control

QC3 3 Quality caSP 15.6 0.29 | True 17.48 112.07
Control

QC3 4 Quality caSP 15.6 0.28 | True 16.91 108.38
Control

QC3 5 Quality caSP 15.6 0.25 | True 13.81 88.54
Control

QC2 1 Quality caSP 1000 12.99 | True 1094.00 109.38
Control

QC2 2 Quality caSP 1000 11.48 | True 965.60 96.56
Control

QC2 3 Quality caSP 1000 12.40 | True 1044.00 104.36
Control

QC2 4 Quality caSP 1000 12.92 | True 1088.00 108.78
Control

QC2 5 Quality caSP 1000 13.52 | True 1138.00 113.82
Control

QC1. 1 Quality caSP 2000 26.21 | True 2214.00 110.68
Control

QC1. 2 Quality caSP 2000 22.26 | True 1879.00 93.95
Control

QC1_ 3 Quality caSP 2000 24.84 | True 2097.00 104.87
Control

QC1 4 Quality caSP 2000 26.31 | True 2223.00 111.13
Control

QC1 5 Quality caSP 2000 24.50 | True 2069.00 103.43
Control

Concentration is expressed in pg/mL and the accuracy in %. (caSP: Carboxylic acid of
Substance P, conc: concentration; hHK-1: human Hemokinin-1; N/A: not available; SP:

Substance P)
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Supplementary Table 12: Multiquant Data of the 3. Run to determine the accuracy and
precision of the method.

Sample Name | Sample Type | Analyte | Actual | Area | Used | Calculated | Accuracy
Conc. | Ratio Conc.

K9 Standard SP 7.8 0.98 | True 7.79 99.82
K8 Standard SP 15.6 2.20 | False 96.88 621
K7 Standard SP 31.25 2.73 | False 135.60 433.96
K6 Standard SP 62.5 1.80 | True 67.76 108.41
K5 Standard SP 125 2.33 | True 106.60 85.31
K4 Standard SP 250 437 | True 255.10 102.03
K3 Standard SP 500 7.37 | True 473.60 94.71
K2 Standard SP 1000 | 15.77 | True 1085.00 108.53
K1 Standard SP 2000 | 28.65 | True 2024.00 101.19
Blank Double Blank | SP N/A 519.90 | True | N/A N/A

Zero Blank SP N/A 0.13 | True | <0 N/A

QC4 1 Quality Control | SP 7.8 0.98 | True 7.97 102.23
QC4 2 Quality Control | SP 7.8 0.97 | True 7.50 96.12
QC4 3 Quality Control | SP 7.8 0.97 | True 7.55 96.79
QC4 4 Quality Control | SP 7.8 0.97 | True 7.13 91.4
QC3 1 Quality Control | SP 15.6 1.08 | True 15.53 99.58
QC3 2 Quality Control | SP 15.6 1.08 | True 15.06 96.56
QC3 3 Quality Control | SP 15.6 1.06 | True 13.84 88.72
QC3 4 Quality Control | SP 15.6 1.08 | True 15.13 97
QC3 5 Quality Control | SP 15.6 1.09 | True 16.11 103.26
QC2_1 Quality Control | SP 1000 | 15.35 | True 1055.00 105.49
QC2 2 Quality Control | SP 1000 | 14.28 | True 976.80 97.68
QC2_3 Quality Control | SP 1000 | 16.01 | True 1103.00 110.32
QC2 4 Quality Control | SP 1000 | 15.74 | True 1083.00 108.29
QC2 5 Quality Control | SP 1000 | 15.89 | True 1094.00 109.44
QC1_1 Quality Control | SP 2000 | 26.45 | True 1863.00 93.17
QC1_2 Quality Control | SP 2000 | 30.64 | True 2169.00 108.43
QC1_3 Quality Control | SP 2000 | 30.97 | True 2193.00 109.64
QC1 4 Quality Control | SP 2000 | 30.44 | True 2154.00 107.71
QC1.5 Quality Control | SP 2000 | 26.57 | True 1873.00 93.63
QC4 5 Quality Control | SP 7.8 0.97 | True 7.21 92.47
Sample Name | Sample Type Analyte | Actual | Area | Used | Calculated | Accuracy

Conc. | Ratio Conc.

K9 Standard hHK1 7.8 0.11 | True 7.32 93.83
K8 Standard hHK1 15.6 0.30 | True 17.71 113.54
K7 Standard hHK1 31.25 0.51 | True 28.98 92.74
K6 Standard hHK1 62.5 1.20 | True 65.99 105.58
K5 Standard hHK1 125 2.53 | True 137.50 110.03
K4 Standard hHK1 250 4.68 | True 253.20 101.3
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K3 Standard hHK1 500 8.60 | True 464.30 92.87
K2 Standard hHK1 1000 | 18.74 | True 1010.00 101.03
K1 Standard hHK1 2000 | 33.08 | True 1782.00 89.1
Blank Double Blank | hHK1 N/A 103.30 | True | N/A N/A

Zero Blank hHK1 N/A 0.04 | True 3.60 | N/A

QC4 1 Quality Control | hHK1 7.8 0.12 | True 8.02 102.86
QC4 2 Quality Control | hHK1 7.8 0.13 | True 8.37 107.25
QC4 3 Quality Control | hHK1 7.8 0.12 | True 7.97 102.11
QC4 4 Quality Control | hHK1 7.8 0.12 | True 7.65 98.13
QC3 1 Quality Control | hHK1 15.6 0.29 | True 17.16 109.98
QC3 2 Quality Control | hHK1 15.6 0.28 | True 16.19 103.79
QC3 3 Quality Control | hHK1 15.6 0.23 | True 13.67 87.6
QC3 4 Quality Control | hHK1 15.6 0.30 | True 17.23 110.45
QC3 5 Quality Control | hHK1 15.6 0.31 | True 18.17 116.46
QC2_1 Quality Control | hHK1 1000 | 17.89 | True 964.40 96.44
QC2 2 Quality Control | hHK1 1000 | 17.87 | True 963.40 96.34
QC2_3 Quality Control | hHK1 1000 | 18.18 | True 980.10 98.01
QC2 4 Quality Control | hHK1 1000 | 18.37 | True 990.10 99.01
QC2 5 Quality Control | hHK1 1000 | 19.29 | True 1040.00 103.97
QC1_1 Quality Control | hHK1 2000 | 32.23 | True 1736.00 86.81
QC1_2 Quality Control | hHK1 2000 | 35.93 | True 1936.00 96.78
QC1_3 Quality Control | hHK1 2000 | 39.26 | True 2115.00 105.75
QC1 4 Quality Control | hHK1 2000 | 36.02 | True 1940.00 97
QC1_ 5 Quality Control | hHK1 2000 | 32.34 | True 1742.00 87.1
QC4 5 Quality Control | hHK1 7.8 0.13 | True 8.56 109.72
Sample Name | Sample Type Analyte | Actual | Area | Used | Calculated | Accuracy

Conc. | Ratio Conc.

K9 Standard caSP 7.8 0.13 | True 7.65 98.01
K8 Standard caSP 15.6 1.41 | False 85.84 550.25
K7 Standard caSP 31.25 1.46 | False 88.82 284.22
K6 Standard caSP 62.5 1.16 | True 70.84 113.34
K5 Standard caSP 125 2.17 | True 132.90 106.28
K4 Standard caSP 250 4.32 | True 264.60 105.85
K3 Standard caSP 500 7.05 | True 432.20 86.44
K2 Standard caSP 1000 | 16.39 | True 1005.00 100.52
K1 Standard caSP 2000 | 29.20 | True 1791.00 89.57
Blank Double Blank | caSP N/A 125.80 | True | N/A N/A

Zero Blank caSP N/A 0.02 | True 0.95 | N/A

QC4 1 Quality Control | caSP 7.8 0.13 | True 7.67 98.33
QC4 2 Quality Control | caSP 7.8 0.13 | True 7.28 93.37
QC4 3 Quality Control | caSP 7.8 0.15 | True 8.95 114.77
QC4 4 Quality Control | caSP 7.8 0.13 | True 7.79 99.86
QC3 1 Quality Control | caSP 15.6 0.31 | True 18.53 118.77
QC3 2 Quality Control | caSP 15.6 0.28 | True 16.80 107.71
QC3 3 Quality Control | caSP 15.6 0.30 | True 17.73 113.64
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QC3 4 Quality Control | caSP 15.6 0.29 | True 17.61 112.89
QC3 5 Quality Control | caSP 15.6 0.28 | True 16.71 107.14
QC2 1 Quality Control | caSP 1000 | 16.84 | True 1033.00 103.27
QC2 2 Quality Control | caSP 1000 | 15.09 | True 925.10 92.51
QC2 3 Quality Control | caSP 1000 | 15.15 | True 929.20 92.92
QC2 4 Quality Control | caSP 1000 | 15.93 | True 976.70 97.67
QC2 5 Quality Control | caSP 1000 | 16.16 | True 990.90 99.09
QC1_1 Quality Control | caSP 2000 | 27.55 | True 1690.00 84.48
QC1_2 Quality Control | caSP 2000 | 31.34 | True 1922.00 96.11
QC1.3 Quality Control | caSP 2000 | 33.61 | True 2062.00 103.09
QC1 4 Quality Control | caSP 2000 | 30.25 | True 1855.00 92.77
QC1.5 Quality Control | caSP 2000 | 27.61 | True 1693.00 84.67
QC4 5 Quality Control | caSP 7.8 0.13 | True 7.41 94.93

Concentration is expressed in pg/mL and the accuracy in %. (caSP: Carboxylic acid of
Substance P, conc: concentration; hHK-1: human Hemokinin-1; N/A: not available; SP:

Substance P)
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Supplementary Table 13: Linearity and sensitivity of the three validation runs for each analyte.

Analyte Run LLOQ/blank ratio Regression (r)
1. run 6.89240506 0.99804
Substance P 2. run 5.13984298 0.99526
3. run 7.34887218 0.99643
1. run 7.09005514 0.99774
human Hemokinin-1 2. run 12.3020706 0.99489
3. 1un 5.22796353 0.99523
Carboxylic acid 1. run 5.35426858 0.99909
of Substance P 2. run 14.4168096 0.99608
3. run 5.8003518 0.99503

The sensitivity is expressed as the LLOQ/blank ratio. The regression of the obtained calibration
curves was used to determine the linearity of the defined calibration range (LLOQ: lower limit
of quantification).
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Supplementary Table 14: Intra-run accuracy of three validation runs within two days of four
concentration levels of Substance P, its carboxylic acid and human Hemokinin-1 in human
plasma samples.

Intra-run accuracy Intra-run accuracy Intra-run accuracy
(1. run) [n = 5] (2. run) [n = 5] (3. run) [n = 5]
Analyte | Nominal Mean ACC Mean ACC Mean ACC
conc. measured [%] measured [%] measured [%]
[pg/mL] conc. conc. conc.
[pg/mL] [pg/mL] [pg/mL]

SP 7.8 8.2 104.97 7.3 93.00 7.5 95.80
15.6 16.6 106.65 16.3 104.74 15.1 97.01
1000 1103.0 110.30 1117.4 111.74 1062.4 106.23
2000 2276.2 113.81 2242.2 112.11 2050.4 102.52
hHK-1 7.8 8.0 102.71 7.8 99.97 8.1 104.02
15.6 15.5 99.14 16.2 104.09 16.5 105.67

1000 896.0 89.60 1075.6 107.56 987.6 98.76

2000 2100.6 105.03 2094.6 104.73 1893.8 94.69
caSP 7.8 8.7 111.13 7.7 98.52 7.8 100.25
15.6 15.4 98.40 16.2 103.56 17.5 112.03

1000 1001.2 100.12 1065.9 106.59 971.0 97.10

2000 2213.0 110.65 2096.4 104.82 1844.4 92.22

(LLOQ [7.8 pg/mL]; low QC [15.6 pg/mL]; middle QC [1000 pg/mL]; high QC [2000 pg/mL])
(ACC: accuracy; caSP: The carboxylic acid of Substance P; conc: concentration; CV:

coefficient of variation; hHK-1: human Hemokinin-1; SP: Substance P)
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Supplementary Table 15: Inter-run accuracy and precision of three validation runs within two
days of four concentration levels of Substance P, its carboxylic acid and human Hemokinin-1
in human plasma samples.

Inter-run accuracy [n = 15]

Precision [n = 15]

Analyte Nominal Mean measured conc. ACC [%] Repeatability | Day-different
conc. [pg/mL] [CV%] intermediate
[pg/mL] precision [%]
SP 7.8 7.6 97.92 8.4 9.9
15.6 16 102.8 8.5 9.1
1000 1094.3 109.42 4.2 4.6
2000 2189.6 109.48 6.3 7.9
hHK-1 7.8 8 102.23 8.7 8.7
15.6 16 102.97 10.2 10.2
1000 986.4 98.64 4.6 10
2000 2029.7 101.48 8.1 9.3
caSP 7.8 8.1 103.3 7.9 9.7
15.6 16.3 104.66 8.4 10
1000 1012.7 101.27 4.9 6.5
2000 2051.3 102.56 7.2 11.2

(LLOQ [7.8 pg/mL]; low QC [15.6 pg/mL]; middle QC [1000 pg/mL]; high QC [2000 pg/mL])
(ACC: accuracy; caSP: The carboxylic acid of Substance P; conc: concentration; CV:

coefficient of variation; hHK-1: human Hemokinin-1; SP: Substance P)
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Supplementary Table 16: Recovery, absolute matrix effects and stability data for Substance P,
its carboxylic acid and human Hemokinin-1 in human plasma samples at three quality control

levels.
Analyte QC Recovery | Matrix | Benchtop stability (90 min) [%] Autosampler
level [%o] effects 4°C 20°C stability (24 h;
[pg/mL] [%o] <15 °C) [%]
SP 20 904+ | -15.6=+ 105.8+2.1 59.2+24 94.0 +10.6
9.8 7.8
1000 1062+ | -14.1+ 101.8+3.8 66.7+ 0.8 98.3+5.7
2.8 6.0
2000 1033+ | 93+ 96.0+10.3 74.2 £ 8.5 101.8+6.9
1.1 0.7
hHK-1 20 110.8+ | -9.8+ 94.0+£8.3 50.5+3.0 91.5+4.9
13.3 34
1000 97.5+ +9.8 = 93.8+1.0 49.7+£3.2 922+1.7
43 4.9
2000 95.0 + +5.5+ 93.8+9.7 56.2+11.8 94.0+1.9
1.5 0.2
caSP 20 1039+ | +6.3 =+ 91.0£29 445+74 100.3+£2.1
6.0 53
1000 951+ | -19.7+ 88.2+2.1 50.9+4.1 88.2+5.0
0.1 3.2
2000 954+ | -129+ 97.8+11.2 57.8+20.7 952+14
2.1 1.4

The stability is expressed in % by comparing the obtained results to reference values

(immediately processed, spiked plasma samples). (caSP: Carboxylic acid of Substance P;

hHK-1: human Hemokinin-1; QC: quality control; SP: Substance P) [mean =+ standard

deviation; each n = 3]
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Supplementary Table 17: Freeze-thaw stability data for Substance P, its carboxylic acid and
human Hemokinin-1 in human plasma samples at three quality control levels.

Analyte | QC level Freeze-thaw stability [%]
[pg/mL] 1* cycle (plasma) 2" cycle 3" cycle 3" cycle
(plasma) (plasma) (stock
solution)
SP 20 70.5+£2.3 64.5+6.4 60.6 5.6 85.8+13.7
1000 78.4+10.1 63.4+£438 549+42 82.1+£0.9
2000 71.2+3.0 55.6£3.6 71.45+23.0 929+0.5
hHK-1 20 67.4+2.9 44.7+2.7 39.0£3.3 89.3+94
1000 69.5+4.6 489+ 1.2 455+3.4 799 £2.7
2000 74.5+2.6 447+2.5 54.1+12.1 945+1.6
caSP 20 772+2.6 62.8+4.1 44.6 £ 8.5 94.9 +£30.2
1000 67.5+0.8 550+ 1.9 50.23£3.0 8l.6+t1.4
2000 78.8+2.4 51.2+49 52.5+2.1 91.8 =19

The stability is expressed in % by comparing the obtained results to reference values
(immediately processed, spiked plasma samples). (caSP: Carboxylic acid of Substance P;
hHK-1: human Hemokinin-1; QC: quality control; SP: Substance P) [mean =+ standard

deviation; each n = 3]
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