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Abstract

Polyphenols, bioactive molecules present in plants and fungi, have been known for
centuries to positively influence human wellbeing. Besides impacting human health
directly, polyphenols can have an indirect effect either through modulating the microbiome
by promoting or inhibiting the growth of certain microbes, or through combinatory effects,
both synergistic and antagonistic, with other exogenous compounds that humans are
exposed to. Studying polyphenols poses a challenge as they are an immensely diverse
chemical class, containing a variety of isomers and biotransformation products originating
from both human and microbial metabolism. Therefore, innovative workflows based on
liquid chromatography coupled with mass spectrometry (LC-MS) were developed and
benchmarked to better investigate polyphenols in biological matrices and gain insight
into their impact on human health. Firstly, a sensitive targeted LC-MS method and a
high-throughput sample preparation for 90 distinct polyphenols, that represent all the
major chemical sub-classes, was developed. The method was then validated in-house for
three different human matrices (urine, serum, and plasma). Secondly, using the targeted
method as reference, an untargeted LC-MS workflow was developed and benchmarked.
This workflow showed the potential and suitability of untargeted approaches to investigate
polyphenols present in humans beyond those with readily available reference standards.
Thirdly, the applicability of the developed workflows was demonstrated in two separate
studies. The interchangeability of the workflows between different biological matrices
was demonstrated by applying them to nine different plant and mushroom species.
This allowed the comprehensive profiling of polyphenols present in these samples in
order to better understand the selectivity of polyphenol oxidases found naturally in the
samples. The workflows were then applied in a pilot study involving mother-infant pairs to
investigate changes in infant exposure to dietary xenobiotics when complementary foods
are introduced to their diet. Additionally, correlations between xenobiotics and the infant
gut microbiome were explored. The results of the developed workflows demonstrated
their potential, especially the untargeted platform, to gain a better understanding of the
high variety of polyphenols present in different biological matrices, and their potential
link to human health.
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Kurzfassung

Seit Jahrhunderten ist bekannt, dass gewisse Pflanzen heilende Wirkung aufweisen. Der
Grund dafür sind unter anderem Polyphenole, bioaktive Moleküle, die in den meisten
pflanzlichen Lebensmitteln vorhanden sind. Deshalb ist die Erforschung der wirksamen
Eigenschaften dieser Moleküle und deren Potenzial, die Gesundheit der Menschen zu
beeinflussen, von großem Interesse. Neben einer direkten Wirkung können Polyphenole
auch indirekte Effekte erzielen, indem sie das Mikrobiom beeinflussen und dadurch das
Wachstum bestimmter Mikroben fördern oder hemmen; oder es entstehen kombinat-
orische Effekte, sowohl synergistische als auch antagonistische, mit anderen exogenen
Verbindungen, denen Menschen ausgesetzt sind. Polyphenole sind eine variantenreiche
chemische Klasse mit einer Vielfalt von Isomeren und verschiedenen Metaboliten, die beim
menschlichen und mikrobiellen Stoffwechsel entstehen. Dies stellt für die Erforschung von
Polyphenolen eine Herausforderung dar und erfordert modernste analytische Verfahren,
wie die Flüssigchromatographie in Verbindung mit Massenspektrometrie (LC-MS). Ziel
dieser Arbeit war es, neue LC-MS-basierte Methoden für die Erforschung von Polyphen-
olen zu entwickeln und zu bewerten. Das erste Ziel war, eine hochempfindliche und
gerichtete LC-MS Methode mit einer Hochdurchsatz-Probenvorbereitung für 90 Referen-
zstandards, die alle wichtigen Klassen von Polyphenolen repräsentieren, zu optimieren.
Die Methode wurde intern für drei verschiedene menschliche Matrices (Urin, Serum
und Plasma) validiert. Zweitens wurde mit Hilfe der gerichteten Methode als Referenz
ein ungerichteter LC-MS-Arbeitsablauf entwickelt und einem Benchmarking unterzogen.
Dieser Arbeitsablauf zeigte das Potenzial und die Eignung von ungerichteten Workflows,
um weitere Polyphenole zu entdecken, als in den verfügbaren Referenzstandards zu finden
sind. Drittens wurde die Anwendbarkeit der entwickelten Workflows in zwei separaten
Studien nachgewiesen. Die Austauschbarkeit der Workflows zwischen verschiedenen biolo-
gischen Matrices wurde durch ihre Anwendung auf neun verschiedene Pflanzen und Pilze
Spezies nachgewiesen. Dies ermöglichte eine umfassende Darstellung der vorhandenen
Polyphenole und führte zu einem besseren Verständnis der Selektivität von natürlich
vorkommenden Polyphenoloxidasen in diesen proben. Die Arbeitsabläufe wurden dann in
einer Pilotstudie mit Mutter-Kind-Paaren angewandt, um Veränderungen in der Exposi-
tion von Säuglingen gegenüber ernährungsbedingten Xenobiotika zu untersuchen, wenn
Beikost in ihre Ernährung aufgenommen wird. Außerdem wurden die Zusammenhänge
zwischen Xenobiotika und dem Darmmikrobiom des Säuglings untersucht. Die Ergebnisse
der entwickelten Workflows zeigten ihr Potenzial, insbesondere die nicht gezielte Platt-
form, um ein besseres Verständnis der großen Vielfalt von Polyphenolen in verschiedenen
biologischen Matrices und ihre potenziellen Auswirkungen auf die menschliche Gesundheit
zu erlangen.
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1. Structure of the Thesis

This thesis is written as a cumulative dissertation made up of the four main parts described
below.

The first part constitutes of the introduction, which outlines and describes the basis for
this thesis. The background of polyphenols, such as their structure, classifications, and
occurrence in nature is explained. Moreover, the human biotransformation and meta-
bolism of polyphenols and their impact on human health is reviewed. This consequently
leads to the presentation and explanation of the field of exposomics.

The second part discusses and describes the methodologies used in this thesis. The
theory for liquid chromatography and mass spectrometry are described, such as dis-
cussing different relevant types of mass analyzers. Furthermore, the various techniques
for data acquisition and evaluation used during this thesis are also explained and compared.

The subsequent third section presents the review article and four original research
works that were either published in peer-reviewed journals or submitted for publication
as a result of this dissertation.

The final fourth section summarizes the main conclusion and major breakthroughs from
the research presented in this dissertation. Remaining questions and future endeavours
are also presented.
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2. Scope and Aims

Polyphenols are a class of molecules which gain a growing interest due to their poten-
tial in both clinical and nutritional settings such as personalized medicine. They are
abundant secondary plant metabolites [1], and the interest in these chemicals stems from
protective effects they exhibit in humans for various chronic diseases, such as antioxidant
or antibacterial properties [2], [3]. The microbiome, a key modulator in human health,
can also be influenced by polyphenols through, e.g., promoting the growth of beneficial
bacterial species [4]. However, polyphenols can also potentially have a negative impact on
health, such as the phytoestrogenic effects of isoflavones [5]. In addition, polyphenols are
intertwined with the wide-range of xenobiotics that humans are exposed to, influencing
their health implications, as seen with the ability of polyphenols to potentially reduce
the negative health effects of mycotoxins [6]. Therefore, being able to investigate and
quantify polyphenol exposure holistically, both short and long term, in humans would be
valuable. Moreover, studying polyphenol exposure during early-life and their influence on
chronic disease development would be relevant, especially from the Developmental Origin
of Health and Disease perspective [7].

Besides studying human exposure to polyphenols, exploring the polyphenols present
in various plants and fungi is also important. This would allow to adjust the different
plant-based foods in one’s diet to modulate for specific polyphenol exposure, and it
would help the investigation of polyphenol oxidases (PPOs), a key enzyme responsible for
enzymatic browning of plants and fungi [8]. PPOs are type-III dicopper metalloproteins
that catalyze the o-hydroxylation of monophenols into o-diphenols, and the oxidation
of o-diphenols to o-quinones [9]. Though their function in vivo is still not yet fully
understood, these enzymes are involved in converting polyphenols into o-quinones that
can then polymerize to melanin [10]. PPO activity is currently believed to be a plant
defense mechanism by creating reactive oxygen species [11]. Therefore, comprehensive
polyphenolic profiling of plants and fungi that contain PPOs would aid in understanding
their specificity and reactivity [12].

Investigating polyphenols in both plants and humans is a challenging task. It is currently
hypothesized that over 8’000 dietary polyphenols exist [13] with a plethora of isomers,
especially as polyphenols can easily be conjugated due to the available hydroxyl groups
[14]. Therefore, innovative methods based on liquid chromatography coupled to mass
spectrometry (LC-MS) are required. Various methods analyzing polyphenols in a targeted
manner exist, yet they mainly focus on a limited number of polyphenols and typically on
only a couple of related classes [15]. Very few methods that involve a comprehensive look
at all the different polyphenol classes exist. Even fewer include conjugated polyphenols,
such as biotransformation products, even though the majority of polyphenols previously
found in humans were conjugated [16]. Similarly, untargeted analytical workflows for
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CHAPTER 2. SCOPE AND AIMS

investigating polyphenols, especially in humans, are scarce, though it is an advantageous
technique as it allows to study analytes beyond those that reference standards are readily
available [15].

Therefore, the work performed within the framework of this thesis was to develop and
benchmark new pioneering workflows, using both targeted and untargeted approaches, to
investigate polyphenols and their metabolites in humans. The main aims of the thesis are
listed as follows:

• Development and in-house validation of a targeted LC-MS/MS method in human
bio-fluids for 90 different polyphenols that represent all of the main chemical
sub-classes [17].

• Establishing an untargeted workflow (LC-HRMS method and data analysis) using the
targeted method as a reference, in order to more comprehensively study polyphenols
and their metabolites [18].

• Apply the workflows to study polyphenol exposure in humans and investigate their
potential effects on the gut microbiome and with other xenobiotics humans are
exposed to [19].

• Apply the workflows on plants and fungi to show the transferability of the methods
and to aid in understanding PPO specificity by investigating the natural polyphenols
present [20].
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3. Key Outcomes

The key outcomes achieved from the research of the presented thesis are as follows:

• Wrote and published a review paper discussing the current state of human bio-
monitoring of polyphenols and the challenges required to overcome in this field of
research.

• Developed a targeted LC-MS/MS method for 90 polyphenol analytes representing
the thirteen main polyphenol sub-classes and validated the method in-house for
human urine, serum, and plasma.

• Even though the targeted LC-MS/MS sample preparation used low sample volumes
(40 µL) and was high-throughput, it showed high sensitivity, and its suitability was
proved in a pilot study.

• Successfully established an untargeted LC-HRMS platform based on the targeted LC-
MS/MS approach, and quantified the gap in sensitivity between the two approaches.

• The untargeted platform was developed to also include suspect screening of poly-
phenols and biomarkers of environmental exposure, and it tested and benchmarked
various non-targeted tools to find additional polyphenol related features.

• The untargeted workflow was applied in a longitudinal pilot study involving mother-
infant pairs to investigate the change in dietary exposure as complementary foods
are introduced in the infant’s diet.

• Potential correlations between xenobiotic exposure and the infant gut microbiome
were investigated in the mother-infant pairs.

• The developed workflows were applied to nine plant and mushroom species to
investigate the polyphenols naturally present and better understand polyphenol
oxidases, and to show the interchangeability of the workflows between different
biological matrices.

5





4. Introduction

Different plants and fungi, thought to be beneficial, have been used for centuries in
traditional medicine [21]. Modern research has shown that the phytochemicals present
and their bioactive properties may be responsible for the effects on human health [22].
One major group of phytochemicals are polyphenols. Their presence in various plants
and fungi makes them common in human nutrition and may have an influence on the
wellbeing of people. Therefore, the interest in this chemical group has been growing since
the use of certain plants in traditional medicine has shown to have numerous beneficial
properties for humans [23]. Being able to investigate human exposure to these chemicals
will allow a more comprehensive understanding of their physiological impact and aid in
various aspects such as personalized medicine.

4.1. Polyphenols

Polyphenols are an immensely large family of chemicals. It is currently presumed that
over 8’000 dietary polyphenols exist [13]. This chemical family can be separated into two
main classes: flavonoids and non-flavonoids, which are subsequently broken down into
several sub-classes. The major polyphenol classes and sub-classes, along with their main
chemical structures are depicted in Figure 4.1.

4.1.1. Flavonoids

The first main class of polyphenols are flavonoids. Molecules part of this class all
contain a similar backbone with two phenyl rings and one heterocyclic ring (C6-C3-C6).
These molecules can be further divided into seven different sub-classes depending on
the saturation of the heterocyclic ring and the position of the secondary phenyl ring
(Figure 4.1) [23], [24]. From the backbone, polyphenols can have a variety of substitutions
on the different available carbon atoms, as shown by the "R" positions in Figure 4.1.
These substitutions are mainly hydroxyl groups, which easily allow for conjugations to
occur, as can be seen in plants and fungi where the majority of polyphenols are naturally
conjugated with one or more sugar moieties [14].

• Anthocyanidins

Anthocyanidins are the only sub-class of polyphenols that contain a natural positive
charge, found on the oxygen present in the heterocyclic ring. Anthocyanidins are
prevalent in many fruits and vegetables, especially colored fruits such as berries or
grapes. They are pigments giving colors namely purple, blue, or red, depending on
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CHAPTER 4. INTRODUCTION

Figure 4.1.: A diagram of the main polyphenol classes and sub-classes. For each sub-class,
the basic backbone of the structure is shown, where "R" represents a possible
location for a functional group, typically a hydroxyl group.

the pH. They are often found naturally in conjugated forms with sugar moieties,
and the most common anthocyanidins are cyanidins, e.g. cyanidin-3-glucoside [25].

• Flavanols

Flavanols can either exist as monomers (catechins) or polymers (proanthocyanidins)
[26]. As the heterocyclic ring of flavanols is saturated and substituted, many
different stereoisomers are possible. Moreover, catechins are commonly found
esterified to gallic acid. Catechins are present in high abundance in green tea [27]
and chocolate [28], with the most prevalent being (-)-epigallocatechin-3-gallate
[29]. While proanthocyanidins are mainly found in berries and fruits, and the most
prevalent proanthocyanidins are proanthocyanidin Bs [30].

• Flavonols

The most ubiquitous sub-class of flavonoids are flavonols, which are found in the
majority of plants. Besides glycosylation, flavonols readily undergo hydroxylation
and methylation [23]. Foods high in flavonols include onions, leek, and blueberries
[26]. The main and most common flavonols are quercetin, kaempferol, and rutin,
which is quercetin conjugated with a rutinoside.

• Flavones
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4.1. POLYPHENOLS

Flavones are not as prevalent as flavonols, and are typically found conjugated as
7-O-glucosides [31]. They are found in a variety of plants, especially herbs. For
example, chamomile and parsley contain high concentrations of flavones [31]. The
most common flavones include apigenin and luteolin [26].

• Isoflavones

Isoflavones are similar to flavones, but the position of the secondary phenyl ring
is changed. Isoflavones are distinct as they are not as commonly found as other
flavonoids, rather they are found in leguminous plants, especially in soybeans [24].
The most popular and well-known isoflavones are daidzein, genistein, and glycitein.

• Flavanones

Flavanones are similar to flavanols, but the only difference is that the heterocyclic
ring is fully saturated. They are present in several herbs and vegetables, with the
highest concentrations found in citrus fruits [32], where they are responsible for
the bitter taste [26]. The most common examples of flavanones are hesperetin,
eriodictyol and naringenin [24].

• Chalcones

The last sub-class of flavonoids are chalcones, a unique class, as they are the only
sub-class with no heterocyclic ring. Therefore, they are typically referred to as
"open-chain" flavonoids [23]. Chalcones are commonly found in various plants,
notably tomatoes and licorice [33]. Examples of chalcones include phloridzin,
phloretin, and naringenin chalcone [24].

4.1.2. Non-Flavonoids

The second main class of polyphenols are non-flavonoids. These include a wide range
of polyphenols that do not have the general backbone of flavonoids. Non-flavonoids can
be broken down into five main sub-classes. Again, these polyphenols can be found in
conjugated forms.

• Phenolic acids

The largest sub-class of non-flavonoids are phenolic acids. Molecules in this sub-class
contain one phenol ring and can be split into two main groups: hydroxybenzoic
acids and hydroxycinnamic acids. In addition, the molecules can exist in their
free or esterified forms [26]. Hydroxybenzoic acids are present in various plants
but in low concentrations, except for gallic acid that is found abundantly in tea
and fruits such as pomegranate and raspberry [34]. Hydrolyzable tannins, such
as ellagitannin, are made from hydroxybenzoic acids [26]. Unlike hydroxybenzoic
acids, hydroxycinnamic acids are more prevalent and found in a variety of plants
and fungi. Common examples of these acids include ferulic acid, coumaric acid,
and chlorogenic acid [26]. Chlorogenic acid is most likely the most well known
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CHAPTER 4. INTRODUCTION

hydroxycinnamic acid, as it is the esterification product of cinnamic acid and quinic
acid, and found in high concentrations in coffee [35].

• Lignans

Lignans are formed by two phenylpropane units, and depending on the structure
can again be split into eight groups, e.g. furofuran, thus many different types exist
[36]. Lignans are found in a variety of plants, and common sources of dietary lignans
include flaxseed and sesame seeds [36]. Examples of lignans include matairesinol
and secoisolariciresinol [26].

• Stilbenes

The next sub-class that is present in limited concentrations in dietary foods are
stilbenes. Molecules in this sub-class contain two phenyl rings connected by an
ethylene moiety (C6-C2-C6). Stilbenes can be found in a variety of foods, notably
grapes and wine [37]. The most popular and commonly found stilbene is resveratrol
[26]. Stilbenes can also be found naturally as oligomers, such as viniferin [38].

• Coumarins

Coumarins are based on a benzopyrone structure and thus have a similar backbone
to flavonoids, except there is no second phenyl ring [23]. Currently it is thought that
at least 800 different types of coumarins exist, which can be further divided into four
different groups, such as furanocoumarins or pyranocoumarins [39]. Coumarins are
present in a variety of plants, whereupon one prevalent source of dietary coumarins
is cinnamon [40]. Common coumarins include umbelliferone and aescultin [41].

• Others

Finally, the last sub-class of non-flavonoids includes all the other polyphenols
that do not pertain to any of the other sub-classes. One example is curcumin,
a diarylheptanoid prevalent in tumeric [42]. Another example is capsaicin, a
polyphenolic amide found in chili peppers [43].

4.1.3. Polyphenols in Plants and Fungi

Not only do many different polyphenols exist, they are also highly prevalent in plants
and fungi, as exhibited on Phenol-Explorer, a database containing the phenolic profile
for over 400 foodstuffs [44]. Polyphenols are secondary metabolites of plants and fungi,
mainly derived from the shikimate and phenylpropanoid pathways. The main steps of
the shikimate pathway consists of converting phosphoenolpyruvic acid and D-erythrose-
4-phosphate into shikimic acid, which is then converted into chorismic acid. Chorismic
acid can then be converted into hydroxybenzoic acids or into L-phenylalanine and L-
tyrosine that are the building blocks for polyphenols [45]. Whereas the phenylpropanoid
pathway involves converting phosphoenolpyruvic acid and D-erythose-4-phosphate into
dihydroshikimate. Dihydroshikimate can then either be converted into gallic acid to
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4.2. BIOTRANSFORMATION OF POLYPHENOLS

produce tannins, or into shikimate that is then converted into phenylalanine to produce
different polyphenols [46].

As polyphenols are secondary metabolites, they play various functions in plants and
fungi. Their production is related to both biotic and abiotic stresses that the plants
and fungi experience [45]. For example, polyphenols are produced to protect organisms
from ultraviolet radiation or herbivores [47]. Moreover, it is thought that certain defense
mechanisms can involve the conversion of polyphenols into reactive oxygen species that
trigger additional defense pathways [11]. Additionally, in the case of polyphenols, these
reactive species can polymerize into melanins, which is the cause of enzymatic browning
in plants and fungi [8]. The conversion of polyphenols into reactive oxygen species is
catalyzed by polyphenol oxidases, a family of type-III dicopper enzymes [9]. This family
can be divided into two main groups: tyrosinases (TYRs) (EC 1.14.18.1) and catechol
oxidases (COs) (EC 1.10.3.1). TYRs can convert monophenols into o-diphenols through
o-hydroxylation while reducing O2. Then, both TYRs and COs can convert o-diphenols
into o-quinones, again by reducing O2 [12].

4.2. Biotransformation of Polyphenols

Once ingested, polyphenols, like many other exogenous molecules, undergo a variety of
biotransformation processes, further expanding and complexifying this chemical class.
In humans, an array of biotransformation processes occur, mainly at the liver, in order
to make the chemicals more polar to ease their excretion [48]. These processes can be
broken down into three phases: phase I, II, and III, which can occur either sequentially or
simultaneously [49]. Phase I involves increasing the polarity by functionalization reactions,
such as introducing or revealing a polar group. Several different reactions are part of this
phase, and the main reaction is oxidation with the aid of cytochrome P450 [50]. Other
reactions that take place include hydrolysis, reduction, or dehydrogenation. Phase II
reactions involve conjugation reactions with a polar conjugate. These conjugation reactions
occur either on the functional groups already present on the chemical or to function groups
introduced from phase I metabolism. The main types of reactions include conjugations with
sulfates (sulfation), methyls (methylation), acetyls (acetylation), glutathiones, amino acids,
and, most importantly, glucuronic acids (glucuronidation) [51], [52]. In these reactions, a
variety of enzymes are involved, for example uridine-5’-diphospho-glucuronosyltransferases
for glucuronidation [53]. Moreover, multiple conjugation reactions can occur depending
on the available functional groups, such as introducing two glucuronide conjugates or one
glucuronide and one sulfate conjugate. The last phase (phase III) occurs after phase II and
includes further metabolism of the phase II products and transporter-mediated excretion
from the body typically via bile, sweat, or urine [49]. The two major transporters used for
elimination are adenosine triphosphate-binding cassette proteins [54] and solute carrier
transporters [55].

Besides human biotransformation processes, biotransformations from the microbiome
also occur. The microbiome is a complex ecosystem composed of all bacteria, archaea, and
viruses found in the human body [56]. It is estimated that there are 10 times more cells
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CHAPTER 4. INTRODUCTION

Figure 4.2.: An overview of the biotransformation processes from both human and micro-
bial origin. The biotransformation of epigallocatechin gallate is shown as an
example.

from the microbiome than human cells, originating from more than 1’000 different species,
with the major species being Bacteroidetes and Firmicutes [57], [58]. The microbiome
changes during an individual’s lifetime, especially in the first few years of life [59], and
it is influenced by various factors such as age, diet, environment and medication [60].
Depending on the bacterial species present, a variety of biotransformation processes can
occur, typically producing smaller and more bio-active molecules [61]. These processes
include reactions such as hydrolysis, cyclization, methylation, or redox [62].

Dietary polyphenols undergo both human and microbial biotransformations, yielding a
plethora of metabolites. As natural polyphenols are typically found either conjugated
with sugars, esterified, or as polymers (e.g. proanthocyanidins), they are not readily
absorbed, with only about 5-10% absorbed in the intestine [63]. Therefore, polyphenols are
first broken down either during phase I metabolism or through the microbiome. In both
processes, the sugar conjugates are readily removed, but with microbial biotransformation,
the aglycones are easily further digested [26]. For example, certain Eubacterium strains can
produce chalcones from flavonoids and certain Bifidobacterium strains produce phenolic
acids, such as hydrolyzing chlorogenic acid into caffeic acid [62]. The aglycones and
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products from microbial biotransformation then readily undergo phase II metabolism,
mainly glucuronidation, sulfation, and methylation reactions [64], [65]. For instance, one
study reported that over 60% of the isoflavone metabolites detected were conjugated with
a glucuronide moiety [16]. Moreover, due to the availability of various functional groups
on polyphenols, multiple phase II reactions can occur, producing metabolites such as
di-glucuronides [66]. Finally, the numerous polyphenol metabolites are then excreted from
the body, mainly through urine and feces. An overview of both human and microbial
biotransformation processes with epigallocatechin gallate as an example is depicted in
Figure 4.2 [67].

4.3. The Impact of Polyphenols on the Microbiome and
Human Health

Besides the high prevalence of polyphenols in an individual’s diet, the interest in these
molecules arises from their bio-active properties. Polyphenols show a wide range of
beneficial health effects, such as anticancer, anti-inflammatory, and antimicrobial proper-
ties [66], [68]. The main mode of actions for these beneficial properties stems from the
fact that polyphenols reduce oxidative stress by both, acting as free radical scavengers
and producing hydrogen peroxide [1]. However, polyphenols can also exhibit adverse
effects on health such as pro-oxidative effects in high concentrations [69]. In addition,
certain polyphenols, e.g. isoflavones, are also phytoestrogens, meaning that they have
an estrogen-like structure, and therefore can exhibit estrogenic and antiestrogenic-like
activity [5].

Human health is also closely intertwined with the microbiome, for instance, a dysbiosis
in the gut microbiome is linked to irritable bowel syndrome [70]. Since polyphenols are
metabolized extensively by the microbiome, exposure to polyphenols can thus have an
impact on human health through modulating the microbiome. For instance, polyphenols
can induce the growth of the Akkermansia species, which can potentially reduce inflam-
mation [71]. Additionally, polyphenols have shown antimicrobial properties [72], namely
they can inhibit the growth of pathogens, as illustrated by the consumption of catechins
from green tea which inhibit the Candida genus, or the intake of flavanones from citrus
fruits, which inhibit Helicobacter pylori [73].

During their lifetime, humans are exposed to a variety of xenobiotics that can have
adverse effects on health. One prominent example of such a xenobiotic is bisphenol A,
which was found to be an endocrine disrupting chemical [74]. These xenobiotics can not
only have a direct influence on human health but also indirect effects through impacting
the microbiome [75]. Moreover, mixture toxicological effects can occur, such as drug-drug
interactions or interactions between xenobiotics and drugs [76]. Polyphenols therefore
play a key role in mixture toxicological effects among polyphenols and other xenobiotics.
For instance, flavonoids from hops were found to have a synergistic estrogenic effect with
endocrine disrupting pesticides [77]. In contrast, certain polyphenols can help prevent
the negative health impact of mycotoxins [6].

Exposure to xenobiotics, as previously discussed, can have profound effects on human
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health. In addition, it is believed that chronic diseases may have their roots in early-life
[78], [79], which has led to the concept of Developmental Origins of Health and Disease [7],
[80]. Given that early exposure to certain xenobiotics can influence the development of
chronic diseases [81], polyphenol exposure of infants, as well as of the mother and father,
during early life is assumed to have a profound impact on future health development [82].
Moreover, during early life, the microbiome is still in the process of being colonized, and
the composition of the gut microbiome, which is fully developed after about three years of
age, can then have important health implications [59]. As mentioned before polyphenols
can modulate the microbiome, making exposure to polyphenols during early life a key
factor for the healthy development of humans.

4.4. The Role of Polyphenols in the Context of Human
Biomonitoring and Exposome Research

As previously discussed, exposure to various xenobiotics may have profound health
implications, especially during early-life [83], leading to the term "exposome", which
was first introduced by Christopher Wild in 2005 [84]. The exposome can be defined as
the total exposure to exogenous chemicals, e.g. through diet or environment, and their
corresponding biological impact during an individual’s lifetime [85]. This represents an
expansion of the metabolome, that is defined as all low molecular weight molecules and
metabolites that are present in a biological specimen [86]. Hence, the goal of exposomics
is to investigate xenobiotics and their corresponding biotransformation products that
an individual is exposed to, as well as finding biomarkers that link exposure to health
outcomes [87]. The interaction and role of the microbiome with the exposome is also
included [88].

Conventionally, dietary exposure to xenobiotics was investigated and related to health
outcomes through food frequency questionnaires. However, this method has multiple
limitations such as not providing accurate quantitative data or being subject to biases
[89]. Therefore, more precise and advanced human biomonitoring approaches are required
to investigate the exposome, especially as measuring exogenous and endogenous chem-
icals is challenging since they are chemically diverse and are found in a wide range of
concentrations. For example, median blood concentrations of endogenous molecules were
at 0.94 µM, while pharmaceutical drugs were at 0.34 µM and pollutants at 2.4 x 10-4 µM
[90]. Besides varying concentrations depending on the type of xenobiotic investigated,
the chemicals that will be detected are subject to the type of biological matrix chosen.
Typically, blood or urine are chosen as biological matrices as their collection is minimally
[91]. Urine is a method of excretion, thus contains mainly waste and by-products, such as
phase II conjugation products [92]. In contrast, blood is a dynamic biological matrix that
is used by a variety of metabolomic pathways, thus diverse metabolites can be detected
[91]. Besides selecting the biological matrix, the sampling time is also key, e.g. there are
large variances in urine depending on the time of the day it was collected [93].

The majority of polyphenols have similar structures, which makes them advantageous
over other xenobiotics for investigation. Previous research has also shown that polyphenols
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are detected in measurable concentrations between 0.3 and 1800 nM in plasma [94] and
between 0.02 and 1000 µM in urine [95]. Depending on the biological matrix chosen,
different polyphenols are observed. For instance, in urine mainly phenolic microbial
metabolites and conjugated polyphenols are present [96], while in breast milk, mainly
flavonols, catechins, and flavanones are observed [97]. Furthermore, polyphenols can also
be detected in a variety of other biological matrices, such as in healthy and malignant
tissue [98] or bones [99].

As mentioned previously, food frequency questionnaires were a traditional method to
measure dietary exposure, especially in the context of human exposure of polyphenols.
However, not only do the types of polyphenols present and their quantities vary depending
on the plant or fungi, but there are also variances of the same plant species, based on
factors such as the location they are grown [100]. Therefore, food frequency questionnaires
can not give an adequate representation of the quantities of polyphenols a person is
exposed to. Another conventional technique that can be employed is to approximate
polyphenol intake by measuring the total phenol content of certain foods, giving a more
quantitative value on the amount of polyphenols ingested, but the drawback is that
information on the type of polyphenols present is missing [101], [102]. As a plethora
of polyphenols exist, knowing which types of polyphenols have a beneficial impact on
human well being is of great significance. Therefore, novel metabolomic and exposomic
approaches with cutting-edge instruments, such as mass spectrometry, are required to
measure human polyphenol exposure and its impact on health [15].
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5. Methodology

Determining the different chemicals present in a sample matrix is a challenging endeavor
because of the complexity and the multitude of compounds present, especially in the ever
changing human bio-fluids. The determination of chemicals of interest, or analytes, in a
sample can be broken down into three main steps. The first step is to prepare and extract
the analytes from the sample. The second step is to separate the different analytes in the
extracted mixture, and the third and final step is to determine and potentially quantify
the separated analytes.

Sample preparation is a key step as careful preparation simplifies the separation step and
ameliorates the detection step by reducing interferences with other compounds present.
Moreover, depending on the sample type, thorough sample preparation is required to
allow the extraction of analytes, e.g. extracting them out of cells. An assortment of
sample preparation techniques exist [103], for example solid-phase extraction, which is
typically a time consuming procedure, but it selectively isolates analytes from complex
samples [104]. Overall, the sample preparation procedure used depends on the analytical
goals of the workflow, such as being high-throughput if a large number of samples will
be analyzed, or on the techniques used in the rest of the workflow, such as the type of
chromatography.

A fundamental technique in analytical chemistry is chromatography, a process for
separating different constituents in a mixture. A variety of chromatographic methods
exist, but they all work with the same principle. The basic working principle is exemplified
in Figure 5.1, where a mixture is carried by a mobile phase through a stationary phase.
The components in this mixture will interact with both the stationary and mobile phases.
From these interactions, they pass through the stationary phase at different speeds, thus
allowing for a separation of the initial mixture. The stationary phase can be in either
solid or liquid phase, while the mobile phase is either a gas or liquid phase [105], yielding
a variety of chromatographic techniques.

Following the separation of components in a mixture by chromatography, various
detectors can be used for the qualification and quantification of the components. The type
of detector to use depends on the analytes that are investigated, and on the requirements
of the analytical procedure. For example, fluorescent chemicals can easily be analyzed with
a fluorescence detector, but this detector will obviously not function with non-fluorescent
chemicals [106]. Non-specific and more commonly used detectors include flame ionization
or thermal conductivity [107]. Nowadays though, nuclear magnetic resonance (NMR) and
mass spectrometry (MS) are becoming increasingly popular, especially the latter due to
its high versatility and sensitivity [108].
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Figure 5.1.: The basic working principle of chromatography. A) A mixture of X+Y is
placed on the stationary phase (gray). B) As the mobile phase (blue) moves
through the stationary phase (grey), the mixture is then separated into its
components X and Y as these components travel with different speeds through
the stationary phase due to their interactions with both the stationary and
mobile phases.

5.1. Liquid Chromatography

Liquid chromatography (LC) is one of the most widely used chromatographic techniques
to separate analytes in a liquid mixture. Contrary to gas chromatography (GC), in LC,
the mobile phase is in a liquid state rather than a gas state, offering the advantage to
separate a wider range of molecules [109]. Additionally, in LC, the stationary phase is
typically a solid phase placed on a solid support, mainly beads, that are packed in a
column.

The mobile phase in LC can be made up of a single solvent, such as water, acetonitrile,
or methanol, but, typically, a mixture of at least two different solvents is used. Mixing
two or more solvents at different ratios allows for a better control over the polarity of the
mobile phase, and thus control over the analytes’ interactions with both the stationary
and mobile phases. Depending on the types of phases used, the analytes will have varying
affinities to the phases and pass through the stationary phase at different times. The time
required for an analyte to pass through the entire stationary phase is known as elution
time, or retention time [109]. Moreover, a gradient is usually applied to the mobile phase,
meaning that the percentages among two or more solvents are varied over time, which
allows even more control over the elution of the analytes. For example, the change in
polarity of the mobile phase over time can avoid a peak broadening effect that occurs for
later eluting analytes when the mobile phase is isocratic [109]. The solvents of the mobile
phase, also called eluents, can be further modified by adding various additives such as
ammonium fluoride or formic acid. These additives are used for two main reasons: to aid
in the ionization of the analytes in the detector, and to control the pH of the mobile phase
[110]. The pH of the mobile phase is critical, as depending on the pH, the analytes can be
either fully or partially protonated or deprotonated, thus producing different interactions
with the stationary phase and impacting retention times [111].
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As previously mentioned, a variety of different LC techniques exists, for instance
normal-phase, size-exclusion, or hydrophilic interaction; and the choice depends on the
type of stationary and mobile phases used [109]. One common technique is reverse-phase
(RP) [112], meaning the stationary phase is non-polar, typically made from alkyl chain
groups, namely C18. The mobile phase is then composed of polar solvents, usually water.
Thus, non-polar analytes will elute later than polar analytes due to their higher affinity to
the non-polar stationary phase rather than the polar mobile phase. As mentioned earlier,
separation and peak shapes can be improved by employing a gradient on the mobile
phase. In RP chromatography, this involves making the mobile phase more non-polar
over time by reducing the percentage of the polar solvent (ex. water), and increasing
the quantity of a more non-polar solvent (ex. acetonitrile). Thus, the non-polar analytes
that are interacting with the stationary phase start having a higher affinity to the mobile
phase and elute more quickly. Additionally, the mobile phase can also be set to pass
through the stationary phase at different flow rates, thereby affecting the separation of
the mixture as the analytes will have more or less time to interact with the stationary
phase.

Besides controlling the type of LC system, type of stationary phase, and the constitution
and flow rate of the mobile phase, a variety of other parameters, especially for the stationary
phase, can be chosen in order to fine-tune the chromatographic separation [113]. For
example, the size of the particles on which the stationary phase is attached to in the
column can be changed, with the result: the smaller the size, the higher the efficiency
and so the resolution, i.e. the separation between two analytes. Similarly, resolution and
efficiency can be increased by lengthening the column, with the draw-back that a longer
column increases elution times. Besides these two parameters, column radius, flow rate,
and viscosity of the mobile phase have an effect on the column back pressure. Column
back pressure is an important parameter to consider as it will impact the pump system
used and columns are only stable within certain pressure ranges. Heating the column can
decrease back pressure, but also has an impact on selectivity and retention [114]. Overall,
based on the sample used and the desired goals, all of these parameters are optimized,
and compromises among them are typically needed.

An overview of a general LC system with the different parts is depicted in Figure 5.2.
To start, the mobile phase is created by mixing different eluents together. The eluents
needed are filled in bottles and attached to a pump system, which delivers a precise
flow of eluents to the whole system. The different eluents first flow into a mixer, or
gradient valve, where they are mixed at different compositions, depending on the desired
constitution or gradient used to create the mobile phase. Then, the mobile phase continues
through an injection chamber and into the column, which contains the stationary phase.
In the injection chamber, the sample or mixture to separate is introduced. The column is
typically placed in a column oven so that a specific temperature can be set. While the
mobile phase, including the sample, flows through the column, the analytes in the sample
move at different speeds through the stationary phase causing a separation among them.
The separated analytes then elute out of the column and enter the detector.
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Figure 5.2.: The overview of a LC system with its different components, such as the mixing
of different eluents to create the mobile phase, the column that contains the
stationary phase, and the sample introduction (autosampler).

5.2. Mass Spectrometry

After separation by LC, the objective is to determine the analytes present by using a
detector. A wide-range of detectors are available, and the type of detector used in a
set-up depends on the analytical goals, and on the chromatographic technique. Moreover,
if desired, multiple detectors can be set in parallel to increase the range of analytes to
be detected. For example, one of the most common detectors used is an ultraviolet-
visible light (UV-Vis) spectrometer, because of its convenience and reliability. Its basic
working principle involves measuring the amount of ultraviolet or visible light absorbed
or transmitted through the exit flow of an LC system, given that the amount absorbed at
various wavelengths changes when different analytes elute [115]. Another common detector
is a mass spectrometer. This type of detector is extremely useful due to its high sensitivity
and selectivity compared to other detectors [108]. Moreover, mass spectrometers allow
for better confirmation of the analytes that elute, especially if several analytes elute at
the same time.

Mass spectrometers are detectors that function through the application of electric or
magnetic fields. These detectors can be broken down into three different sections. The
first section is an ionization source, as typically analytes entering the mass spectrometer
are neutral, and thus need to become charged in order for the electric or magnetic fields to
apply a force on the analytes. The second section is a mass analyzer which separates the
analytes by their mass-to-charge ratios (m/z ). The third and final section is a detector
which measures the number of ions that reach the detector.

20



5.2. MASS SPECTROMETRY

Figure 5.3.: The polarity and m/z range of analytes that can be ionized by the different
ionization techniques. The techniques displayed are: electron ionization
(EI), chemical ionization (CI), electron capture negative ionization (ECNI),
atmospheric pressure photoionization (APPI), atmospheric pressure chemical
ionization (APCI), electrospray ionization (ESI).

5.2.1. Ionization Source

An assortment of ionization techniques currently exists, with many more being developed
all the time. The type of ionization will depend on both the chromatographic technique
used and on the analytes of interest [116]. Figure 5.3 displays some of the most commonly
used ionization techniques and the range of m/z and polarity that each technique works
for. Moreover, ionization techniques differ in the number of fragments they create when
ionizing an analyte, thus its selection again depends on the objective of the analytical
method [117].

Figure 5.4.: The basic working principle of an electrospray ionization source.

One of the main ionization techniques used with LC for xenobiotics such as polyphenols
is electrospray ionization (ESI) [118]. ESI is a soft ionization technique, meaning that it
creates little to no fragments, and its basic working principle is displayed in Figure 5.4.
ESI works by having the exit flow of the LC pass through a narrow capillary where a
voltage is applied. This creates a Taylor cone that leads to a spray of charged droplets.
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The solvent of these droplets is evaporated as they flow towards the mass analyzer.
During evaporation, the droplets reach their Rayleigh limit, and the surface becomes
unstable, causing Coulomb fission and creating smaller charged droplets. This process
continues and is repeated until single ions remain. The voltage applied, temperature
and flow of the heating gas, and the distance between the capillary and the orifice of
the mass analyzer are all optimized to improve the ionization efficiency of the analytes
investigated. Moreover, at the orifice of the mass analyzer, a curtain gas can be utilized
to reduce contamination by repulsing non-evaporated solvent droplets [119]. Similarly, a
declustering potential can be applied at the orifice to prevent clustering of the ions as
they enter the mass analyzer. The declustering potential again is optimized depending on
the analytes investigated [120].

5.2.2. Mass Analyzers

A variety of mass analyzers exists, including quadrupoles, cyclotrons or ion traps, that
can either be used by themselves or in different combinations with each other depending
on the need. Each type of mass analyzer contributes to the mass spectrometers’ resolution
and sensitivity in its own way [121], [122]. Sensitivity can be defined as the signal-to-noise
(S/N) ratio for a specific concentration of analyte, while resolution is the ability to separate
two m/z s. Typically, there is a trade off between resolution and sensitivity, thus each
type of mass analyzer has its own advantages and disadvantages. In the context of this
thesis, three relevant types of mass analyzers are described: quadrupoles, time-of-flight
(TOF), and orbitrap. These analyzers are the main types used in metabolomics and
exposomics due to the state-of-the art sensitivity achieved by triple quadrupoles required
for targeted workflows, and the high resolution attained by TOFs and orbitraps, which is
essential in untargeted workflows [123].

Figure 5.5.: The working principle of a time-of-flight mass analyzer with the trajectory of
an ion depicted in green.

A TOF is the most basic type of mass spectrometer, and its basic working principle
is shown in Figure 5.5 [124]. Ions leaving the ion source enter the first part of the mass
analyzer, an acceleration zone. In this zone, a potential is applied so that the ions are
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accelerated with a certain kinetic energy. Given that the kinetic energy (Ek) is related to
the mass (m) and velocity (v) of an object, as shown in Equation 5.1, the ions entering
the TOF that are given the same kinetic energy, will have different velocities depending
on the mass of the ions. Therefore, the ions will take different times to travel through the
TOF chamber and reach the detector. To increase the resolution of a TOF, mainly for
ions with larger masses, a reflectron can be added, which is a series of electrodes that
reflect the ions in order to increase the trajectory length, as depicted in Figure 5.5 [124].
The detector used in a TOF is typically a microchannel plate or an electron multiplier,
such as a channeltron. Both of these types of detectors work the same way: when an
ion hits the detector, it creates a cascade of electrons that is multiplied until a signal is
detected [125].

Ek =
1

2
∗m ∗ v2 (5.1)

Figure 5.6.: The working principle of a quadrupole mass analyzer showing the stable
trajectory of an ion (green) and the unstable trajectory of an ion (red). The
two pairs of opposite electrodes are applied the same but opposite voltage
with the equation shown where U is the amplitude of the direct current
applied, V is the amplitude of the alternating current, w is the frequency of
the alternating current, and t is the time.

The most commonly used mass analyzer is a quadrupole, and its basic working principle
is depicted in Figure 5.6 [126]. A quadrupole consists of four parallel metal rods that
theoretically are of hyperbolic shape. In reality though, cylinders are typically used instead
because they are easier and cheaper to produce and approximate well the hyperbolic
electric field required. The two pairs of opposing rods are applied with a direct current (U)
and an alternating current (V) of equal and opposite amplitude. The alternating current
is used in a sinusoidal manner with frequency w. The full equation of the voltages applied
to the rods is shown in Equation 5.2. Because equal but oppositely charged voltages
are utilized to each pair of electrodes, a saddle-type electric field is formed. Within this
electric field, an ion is attracted to one pair of electrodes, while being reflected by the
other pair of electrodes. Moreover, by applying a sinusoidal voltage, each pair of electrodes
is constantly changing between a positive and negative charge at the specified frequency,
thus constantly changing the electric field. Therefore, the rods that were once attracting
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the ions are then reflecting them, and so forth, moving the ions in a corkscrew manner.
Depending on the amplitude of the U and V voltages applied, only ions with a certain
m/z value have a stable trajectory inside the quadrupole without either hitting one of the
rods or spinning out of the mass analyzer. If the m/z is too large for the voltages applied,
the electric forces acting on the ions from the rods are too weak to change the momentum
of the ion; while if the m/z is too small, the electric forces are too strong causing the ion
to accelerate too quickly. In both cases, this leads to an unstable trajectory of the ion
through the quadrupole. Therefore, only ions with a stable trajectory will pass through
the quadrupole and reach the detector. The detectors used are usually the same type as
those previously mentioned with TOF mass analyzers. Also, a quadrupole can have only
an alternating current applied, allowing it to act as an ion guide instead of a mass filter,
thus all ions can pass through it [126].

U + V ∗ cos(w ∗ t) (5.2)

Figure 5.7.: The working principle of an orbitrap mass analyzer with the trajectory of an
ion shown in green.

Orbitraps have been growing in popularity since their invention in the 1990s [127]. As
shown in Figure 5.7, this mass analyzer has a more complex working mechanism than
a quadrupole [128]. An orbitrap is made up of three electrodes: two outer electrodes
and one central inner electrode. Ions that enter the orbitrap are trapped between the
two outer electrodes and oscillate around the central electrode. Ions of different m/z
values oscillate at different frequencies. Therefore, the voltages can be applied in a way
to either select only ions of a specific m/z to separate or to remain trapped inside of the
orbitrap; or to detect all ions that are inside the orbitrap. When used as a detector, no
voltage is applied on the outer electrodes, and the ions oscillating inside the orbitrap
then induce frequencies onto the outer electrodes due to their motion. These induced
frequencies can be measured and then related back to the m/z values of the ions by
Fourier Transformation.

To improve the capabilities of mass spectrometry, two or more mass analyzers can be
combined, also known as tandem mass spectrometry (MS/MS or MS2) [129], [130]. Differ-
ent combinations are possible, but the three most common types are: quadrupole-orbitrap,
quadrupole-TOF, and triple quadrupole. A triple quadrupole is a mass spectrometer
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that has three quadrupoles in series. The first one filters a specific m/z (precursor or
parent ion), while the second one can either allow all m/z to pass through or act as a
collision-induced dissociation cell. If the second quadrupole is used as a collision-induced
dissociation cell, a neutral gas is introduced at a certain energy, known as collision energy,
causing the ions within to fragment into smaller ions [129]. As fragmentation is an energy
based process, the bonds that create more stable fragments are more easily broken, thus
a fragmentation pattern based on the relative intensities among the fragments can be
created for each molecular structure [131]. The third quadrupole then acts again as
a mass filter for specific fragments m/z (product ion). The quadrupole-orbitrap and
quadrupole-TOF mass spectrometers both work similarly as a triple quadrupole, but
rather than having a third quadrupole at the end, an orbitrap or TOF is used instead
[130].

Tandem mass spectrometers are useful as they can be employed in a variety of modes,
with the five main modes displayed in Figure 5.8 [129], [132], [133]. The first mode, called
full scan, is where the first quadrupole of the MS/MS is in scanning mode, meaning that
it acts as a mass filter cycling through a variety of m/z over time, while the other mass
analyzers simply allow the ions to pass through. The next mode is called neutral loss ion
scan and where the first and third mass analyzers are in scanning mode, and the second
mass analyzer acts as a collision cell. The two scanning mass analyzers scan with an offset
to see when a certain fragment is lost for all ions entering the instrument, such as a water
or sulfate moiety loss. A precursor ion scan again involves the first mass analyzer being
in scan mode and the second mass analyzer acting as a collision cell. The third mass
analyzer is then set as a mass filter for only specific fragment ions, therefore allowing it to
detect only ions with specific fragments. Selected reaction monitoring (SRM), or multiple
reaction monitoring (MRM) if more than one SRMs is used at the same time, involves
the first and third mass analyzers acting as mass filters for specific ions, while the second
mass analyzer acts as a collision chamber. The choice of a parent ion for the first mass
analyzer and product ion for the third mass analyzer is also known as a transition. The
next mode called product ion scan or data-dependent acquisition (DDA) is where the
first mass analyzer filters a specific m/z, the second acts as a collision cell, and the third
is in scan mode. Product ion scan allows to see all fragment ions produced from a specific
parent ion and their relative intensities to one another enabling to build a fragmentation
pattern or MS2 spectra for the parent ion. The last mode is data-independent acquisition
(DIA) where the first and third mass analyzers are in scan mode, and the second mass
analyzer acts as a collision cell, allowing to see all fragment ions produced from all ions.

5.3. Types of Data Acquisition and its Analysis

Two different approaches can be used to acquire data from detectors: targeted and
untargeted. Each kind has its own advantages and disadvantages, as shown in 5.9, and
each requires its own data evaluation procedure.
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Figure 5.8.: Different acquisition modes that can be used with tandem mass spectrometers.

5.3.1. Targeted Approach

A targeted approach is the more traditional and classical method as it involves the use
of authentic reference standards. These standards are applied to develop an analytical
workflow, allowing to know the retention times of the analytes in the chromatography
step and to compare the signals acquired in the detection step. As the retention times are
known, a variety of detectors can be utilized depending on the type and complexity of the
sample analyzed. Mass spectrometry can easily be used as a detector for this approach,
and the type used typically favors selectivity and sensitivity over resolution as only a
certain number of known analytes are investigated, which will ideally be separated in
the chromatography step [134]. Currently, triple quadrupole is one of the most sensitive
mass spectrometers [122] making it the most commonly used in targeted workflows. The
triple quadrupole is typically run in MRM mode with two transitions for each analyte.
Both transitions of each analyte have the same parent ion mass, but different product ion
masses, whereby one transition is labeled as the quantifier while the other as the qualifier.
Multiple transitions for the same analyte are selected to improve selectivity since for a
certain molecular mass, different chemical formulas are possible, especially as the mass
becomes larger. Moreover, different molecules of the same mass can have one or more
similar fragments. Therefore, using multiple transitions allows to increase the certainty
that the desired analyte is observed, because it is unlikely that different molecules have
similar fragments with the same ratios among the fragment intensities, unless they are
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Figure 5.9.: The advantages and disadvantages summarized and compared between tar-
geted and untargeted approaches. Reproduced with permission from the
Annual Review of Food Science and Technology, Volume 12 © 2021 by
Annual Reviews, http://www.annualreviews.org [15].

isomers. Thus, the ion ratio, meaning the intensity ratio between the two transitions for
an analyte, is an important factor to consider. This ratio is a means of confirming the
presence of an analyte. Additionally, for each transition, a variety of parameters of the
triple quadrupole, e.g. collision energy, can be optimized to improve sensitivity.

In a targeted workflow, the different parameters, e.g. retention times, ion ratios, or
MRM transitions, are determined and optimized with reference standards. Once the
targeted method is optimized, the method is validated in order to evaluate other key
criteria. These criteria prove the stability and suitability of the method, and are used
to correct quantification results. They can be calculated in different ways depending on
the established guidelines followed during method validation [135]. The first criteria was
already previously mentioned and involves determining the selectivity and sensitivity of
the method. The selectivity is determined by comparing blank samples with samples
enriched with the analyte of interest to observe the difference in signal. Then, the
sensitivity, typically defined by the limit of detection, is calculated to find the minimum
concentration needed of an analyte to make it detectable. A further criterion is the limit
of quantification, which is the minimum concentration needed to be able to quantify
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the analyte, as even though a signal and the presence of an analyte can be observed, it
is not always feasible to quantify the analyte properly. The next criteria is the signal
suppression and enhancement effect. This is the impact interferents present in the sample
have on the analyte ionization efficiency, and it is usually determined by comparing the
signal of the analyte in a neat solvent to its signal in the sample matrix. Another criteria
is extraction efficiency, which involves determining the percentage of the analytes lost
during the sample preparation. The last key criteria is the precision of the measurements,
which is usually determined by multiple replicate measurements of the same sample and
of samples prepared the same way.

5.3.2. Untargeted Approach

The other data acquisition approach is called untargeted, and it is a broader and more
complex approach that allows to investigate a larger variety, including potentially unknown,
molecules. In an untargeted approach, rather than looking at only a few specific standards,
everything ionizable in a sample is measured during the entire chromatography run.
Therefore, the complexity of analyzing the data is greatly increased as three dimensions
are investigated: m/z, retention time, and intensity of the m/z. In addition, it is
unknown from which molecules the signals originate from, as analytes beyond those with
reference standards readily available are investigated. Therefore, increasing the accuracy
of the determined m/z s is vital to aid in identification, thus mass spectrometers with
high-resolution are employed such as quadrupole-TOF or quadrupole-orbitrap [136].

In untargeted workflows, the first step is to acquire a full scan, or MS1 scan, in order
to detect which parent masses are present, and at what intensity and retention time.
Then, the mass spectrometer is run in one of two modes, DIA or DDA, to acquire
fragmentation spectras which is needed for molecular identification [137], [138]. In DDA,
a specific parent mass is selected by the first mass analyzer to be fragmented; while in
DIA everything is fragmented. DIA has the advantage that once the data is acquired, no
matter which feature is of interest, the fragmentation spectra can always be investigated
retrospectively without having to re-acquire the samples. The drawback of DIA is that
data deconvolution is complex, and the fragmentation spectra typically have more noise.
In contrast, fragmentation spectra in DDA can be acquired either where a certain number
of the most intense ions of each MS1 scan is fragmented, or in case the parent masses
are already known, with an inclusion list. An inclusion list is a list of parent masses and
when the relevant masses are detected in a MS1 scan, they are selected and acquired for
fragmentation. The retention times of the relevant masses can also be given if they are
known. The disadvantage of an inclusion list is that the parent masses need to be known
beforehand. Thus, if features of interest are determined after sample acquisition, the
samples would need to be re-acquired to get their fragmentation spectra. During the first
acquisition of the samples, certain molecules of interest can be screened for their presence
by including their parent masses in the inclusion list. For most mass spectrometers, the
top most intense ions and inclusion list can be acquired at the same time if desired.

Untargeted approaches can be further broken down into two main types of workflows:
suspect screening and non-targeted analysis [139]. In suspect screening, molecules that
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are suspected to be present in a sample are searched for. Fragmentation spectra for
suspects can either be done by creating an inclusion list with the suspects, as mentioned
previously, or by other untargeted data acquisition techniques. For annotation of these
molecules, their experimentally acquired fragmentation spectra is matched with reference
spectra available in a spectral library. In non-targeted analysis, everything is studied, in
order to, e.g., discover new biomarkers of exposure. Different techniques are available
such as deploying statistical analysis to find features of interest or molecular networking
to find similar features.

5.3.3. Evaluation of Targeted MS/MS Data

Data analysis with results from targeted acquisition is comparatively straight forward.
The MRM transitions are imported along with the raw data files in a program, such as
Skyline [140], and the chromatographic peaks are integrated. To confirm the presence
of an analyte in unknown samples, the retention time, intensities of the transitions and
ion ratio between the transitions are examined and compared to samples enriched with
the standards. Moreover, quantification of unknown samples can be applied using both
internal and external calibration curves [135]. Typically, an internal standard is utilized
to normalize for any variations that can occur between the individual samples. Then,
quantification of the analytes in the unknown samples is done with an external calibration
curve that involves enriching a blank sample at different concentrations. Overall, targeted
workflows are useful when specific molecules to investigate have been determined, such as
biomarkers for polyphenol exposure, and the goal is to characterize and quantify these
analytes in samples of interest with high confidence and sensitivity.

5.3.4. Bioinformatic Data Processing of HRMS Data

The acquired data from untargeted workflows is complex and usually quite large, containing
lots of information. Therefore, in order to solve the desired analytical goals, several steps
are required. The first step involves extracting features from the raw data [141]. The
raw data needs to be pre-processed, by converting to the right file format depending
on the program used, and the noise level needs to be set. Choosing the right noise
level is complicated, because when setting a high level, it is more certain that the
signal comes from actual analytes and not noise, though only abundant analytes will be
retained. However, if a low noise level is selected, more analytes are included, especially
lower abundant analytes, but also more noise [142]. Next, all the features are extracted
from the raw data by building extracted ion chromatograms for each mass to detect
chromatographic peaks [143], [144]. A variety of algorithms can be used, e.g. continuous
wavelet transformation [145]. In addition, as co-elution occurs or detected features can
overlap, the features need to be resolved in order to separate these co-eluting features.
Redundant features, such as those created from isotopes, also need to be removed. These
steps will result in a feature list for each acquired sample. However, as there may be slight
variations in both detected masses and retention times between each sample, in order
to combine together the individual feature lists of the different samples, they need to be

29



CHAPTER 5. METHODOLOGY

aligned [146]. Lastly, the aligned feature list should be gap-filled to correct for certain
features that are absent in various samples from the data processing steps [143]. A variety
of parameters can be fine-tuned at each step when extracting the features, whereby the
number and types of parameters that can be modified will depend on the software used.
Moreover, stringent parameters will create features from only highly abundant analytes
with ideal chromatographic peak shapes. In case less strict parameters are selected, lower
abundant analytes with less ideal peak shapes are also extracted, but with the drawback
that a higher number of the features created are in reality noise. Hence a compromise
needs to be found among all the parameters depending on the overall objective.

In a typical untargeted workflow, thousands of features can be extracted as all ionizable
molecules entering the detector are acquired. Thus, the next step involves applying quality
assurance and control techniques. This will allow to, for example, remove features that
originate from the background, such as those arising from the solvents used or chemical
residues from the sample preparation [147]. Moreover, during quality control, features
are corrected for different variations, e.g. inter-batch effects [148]. Typically, this still
leaves an abundant number of features, thus depending on the experimental set-up and
objectives, different approaches can be applied to extract features of interest. The most
common approach is statistical analysis as commonly an experiment is set-up so that the
samples acquired have some different conditions, e.g. one group of participants receiving
medication and the other a placebo. Various statistical tests can be applied depending on
the experimental set-up and the number of variables, such as analysis of variance to find
features which show statistical significance [149].

While features of interest have now been extracted, their identity is yet unknown, and
feature identification is still a challenge. As mentioned previously, knowing only the
parent mass is not sufficient to determine the analyte´s formula or structure because
multiple possibilities exist, especially as the mass becomes larger. Therefore, at least the
fragmentation spectra (MS2) of the features need to be acquired. Ideally, a reference
standard is available to compare the retention time and the MS2 spectra with the
acquired feature. Unfortunately, this is usually not the case as obtaining a lot of reference
standards is costly and the objective of untargeted analysis is to screen for all possibilities.
Therefore, two other techniques are typically used to determine the analyte from the
MS2 spectra [150]. The first is spectral library matching, which involves matching the
acquired MS2 spectra with a database containing MS2 spectra. These databases contain
experimentally acquired spectra of standards from a variety of sources and instruments,
such as from other research groups. The second technique is in silico fragmentation, which
involves using computational tools based on different principles, e.g. machine learning or
quantum chemistry [150], to determine the analyte from the acquired spectra. Usually,
spectral library matching gives more confidence in the analyte annotation than in silico
fragmentation, but one thing to note is that each mass spectrometer and/or brand comes
with slight differences in their design so the MS2 spectra may vary between instruments.
Therefore, the most reliable results are obtained when matching the acquired spectra
with spectral library spectras from the same instrument. The complexity of feature
annotation has led to an accepted system that defines five different levels of confidence
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for the structural identification of a feature depending on criteria met [151]. Level 1 is
the most confident identification, meaning that a reference standard was used. Level 2 is
for a probable structure through, e.g. annotation using spectral libraries. Level 3 is then
a tentative structural candidate based on experimental data. Lastly, if no structure can
be proposed, the feature is identified either as Level 4 if a molecular formula is known
and Level 5 if only the exact mass is known.

Unlike in targeted workflows, quantification of the features extracted is a key impediment
of untargeted workflows because molecules beyond those that reference standards are
available on hand are investigated. Therefore, for the features that do not have a
reference standard available, building a calibration curve is nearly impossible. Relative
quantification can be used to overcome this problem [152]. In relative quantification, a
feature’s chromatographic peak area is compared among samples (as used during statistical
analysis). Similarly, a calibration curve can be created from a reference standard and
used to quantify analytes with similar structures as the reference standard.

5.4. Current Challenges in Investigating Polyphenol Exposure

Though LC-MS is currently the best technique to investigate polyphenols, there are still
many obstacles that need to be overcome, especially as polyphenols are a vast chemical
class that produces numerous metabolites. Therefore, having reference standards for
a large selection of polyphenols is difficult because for many polyphenols, notably for
conjugated polyphenols, reference standards are either not available or expensive [15].
Hence, a move from targeted methods to untargeted platforms is a must in order to
comprehensively investigate polyphenols.

Previously, polyphenols present in plants or fungi were analyzed with targeted methods
utilizing available reference standards that mainly consisted of phenolic acids or several
flavonoid aglycones. Targeted methods with the standards for the polyphenols known to
be present in the foods of one’s diet were utilized to study human polyphenol exposure.
Comprehensively investigating polyphenols present in both food and humans was not
as common. With recent advances in technology and growing interest in polyphenols
for human wellbeing, new targeted and untargeted workflows have been and are being
developed. However, investigating polyphenols with untargeted workflows is complicated
as a vast number of isomers exists and their MS2 spectra are relatively similar, making
annotation challenging [18]. This is especially true for conjugated polyphenols where
a variety of positional isomers are possible, all having extremely similar MS2 spectra.
Moreover, as mentioned before, there is still an insufficiency of available polyphenol
reference standards, making their quantification a challenge, meaning there would also
be a lack in available MS2 spectra in spectral libraries. Therefore, there is a need to
further develop both targeted and untargeted workflows that investigate all different types
of polyphenols such that it can easily be applied and transferred to various biological
matrices, coming from both human and plant origin, to better study their presence and
potential impact.
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Abstract

Polyphenols are generally known for their health benefits and estimating
actual exposure levels in health-related studies can be improved by hu-
man biomonitoring. Here, the application of newly available exposomic and
metabolomic technology, notably high-resolution mass spectrometry, in the
context of polyphenols and their biotransformation products, is reviewed.
Comprehensive workflows for investigating these important bioactives in bi-
ological fluids or microbiome-related experiments are scarce. Consequently,
this new era of nontargeted analysis and omic-scale exposure assessment of-
fers a unique chance for better assessing exposure to, as well as metabolism
of, polyphenols. In clinical and nutritional trials, polyphenols can be inves-
tigated simultaneously with the plethora of other chemicals to which we
are exposed, i.e., the exposome, which may interact abundantly and mod-
ulate bioactivity. This research direction aims at ultimately eluting into a
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true systems biology/toxicology evaluation of health effects associated with polyphenol exposure,
especially during early life, to unravel their potential for preventing chronic diseases.

INTRODUCTION

Polyphenols are a large class of bioactive compounds present in plant-based foods that each con-
tains at least one phenyl ring and one hydroxyl group. These molecules can be divided into two
main classes, flavonoids and nonflavonoids, with either of these two classes containing a variety of
subclasses, as shown in Figure 1, such as flavonols, anthocyanins, and isoflavones (Crozier et al.
2009, del Rio et al. 2012).

The presence of dietary polyphenols has been described in numerous plants, vegetables, and
other food sources, such as coffee or chocolate, each having a different polyphenolic profile. No-
tably, 452 food items containing a total of 502 different polyphenols can be found in the Phenol-
Explorer database, an important resource for polyphenol content in foods, metabolism, and fate
during food processing (Neveu et al. 2010). For instance, in leaves of Moringa oleifera up to 291
different polyphenols have been annotated (Rocchetti et al. 2020). The phenolic profile may vary
slightly for the same food item depending on factors such as region, climate, and soil. This was,
for example, demonstrated in theM. oleifera leaves from trees that were grown in different regions
of China (Zhu et al. 2020).

Polyphenols have been described as protective agents for neurodegenerative and other chronic
diseases, mainly via their antibacterial, anticancer, and anti-inflammatory properties (Shahidi &
Yeo 2018). The health and protective effects of polyphenols are related to not only their antioxi-
dant activity but also a variety of other modes of action, such as modulatory interaction with en-
zymes or receptors (Figueira et al. 2017). For instance, ferulic acid may induce anticancer activity
by affecting the behavior of cells in a human pancreatic cancer cell line by changing the expression
of certain apoptosis and cell cycle genes (Fahrioğlu et al. 2016). Another example is kaempferol,
which displays antioxidant activity by reducing reactive oxygen species and anti-inflammatory ac-
tivity by inhibiting proinflammatory enzymes such as cyclooxygenase-1 and -2 enzymes (Devi
et al. 2015).

However, polyphenols can also have prooxidant activity, especially when high amounts of cer-
tain polyphenols are present, e.g., when complementing a diet with concentrated polyphenols
(Granato et al. 2020, Martin 2009). The prooxidant activity of polyphenols is also shown to oc-
cur when redox-active metals are present (Sulpizio et al. 2018) and can increase the formation
of reactive oxygen species, leading to potential DNA damage (Anantharaju et al. 2016, Kyselova
2011). However, the prooxidant effect of polyphenols can in turn help activate and increase the
production of enzymes and proteins that protect against the damaging effects of reactive oxygen
species (Roos & Duthie 2015).

The traditional approach of human biomonitoring (HBM), i.e., measuring a dietary or en-
vironmental exposure in a biological fluid, is currently being extended by so-called exposomic
approaches. Here, the intention is to go beyond single biomarkers and assess chemical exposures
at the omic scale. Thus, exposomic research involves studying a vast number of biomarkers from
human matrices to assess and better understand complex exposures and their impact on health
and disease (Dennis et al. 2017). Importantly, newer definitions of the exposome, i.e., the total-
ity of lifetime exposures, include the measurable biological response to these exposures. Hence,
the metabolome (here defined as the totality of endogenous human metabolites) is a relevant part
of the exposome for studying the various chemical pathways and processes as a response that
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Flow chart depicting polyphenol classes and selected examples of each class.
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can help to understand bioactivity and toxicity. According to the Human Metabolome Database
(HMDB), there are more than 110,000 different metabolites found in the human body, including
those formed by the microbiota (Wishart et al. 2018). Therefore, due to the numerous poten-
tial effects of polyphenols, both beneficial and adverse, and the copious amount of at least 50,000
polyphenols present in plants, of which 8,000 were identified as dietary polyphenols (Ziaullah &
Rupasinghe 2015), research initiatives for better characterization of exposure and health impact
are warranted.

HBM typically applies targeted analytical approaches utilizing authentic reference standards
for accurate quantification,whereas in exposomics,mostly untargeted workflows, often referred to
as nontargeted analysis/screening (NTA/NTS), are developed and applied. A targeted approach
involves analyzing specific biomarkers,which are oftenmetabolites that represent exposure and/or
effect. Contrarily, the untargeted approach involves studying all measurable metabolites present
in a sample (Dennis et al. 2017). Both analytical approaches are currently applied in polyphenol
research, and clearly both come with prospects and challenges that are discussed in this article.
Moreover, a variety of analytical techniques can be utilized for both these approaches. The tech-
niques typically involve using either liquid or gas chromatography for separation, followed by
measuring the analytes by a connected detector. Diode array or ultraviolet/visible-light detectors
were previously used extensively, despite challenges in metabolite identification (Scalbert et al.
2009). However, with the advancement of mass spectrometry (MS) and nuclear magnetic reso-
nance (NMR), these detectors have become more common. Even though NMR detectors have
the advantages of being nondestructive, highly reproducible, and require almost no sample prepa-
ration, NMR is less selective and sensitive and can detect a lower number of metabolites simulta-
neously compared to MS detectors (Emwas 2015). Thus, the focus in this article is on MS-based
detectors, mainly those with liquid chromatography (LC) separation because of its high sensitiv-
ity and ability to analyze a variety of compounds (Shao et al. 2019). In addition, the application
of new analytical methods and the impact of polyphenols on the gut microbiome are reviewed.
Finally, future perspectives for polyphenol research, especially in the context of infant health and
early-life exposure, are highlighted.

BIOMONITORING OF POLYPHENOLS IN HUMAN SPECIMENS

The metabolism of polyphenols is an intricate process, as an array of dietary polyphenols are
found in various food sources, and, once ingested, they undergo a range of metabolic processes.
This is, for example, reflected in the Phenol-Explorer database, where 375 different polyphenol
metabolites found in urine and plasma from humans and animals are currently listed (Rothwell
et al. 2013). Therefore, choosing the right biomarkers, if possible representing absorption and the
effect of different polyphenols in the human body, is a critical endeavor.

As depicted in Figure 2, ingested dietary polyphenols can undergo two main types of biotrans-
formations: phase I,which includes functionalization reactions such as hydrolysis or oxidation, and
phase II, which includes detoxifying conjugation reactions such as glucuronidation. These trans-
formations occur mainly in organs such as the liver or small intestine either before or after their
tissue absorption or are caused by the gut microbiota found in the large intestine, yielding an
assortment of microbial metabolites (Scalbert et al. 2014). For instance, ellagitannins are first par-
tially metabolized by acid hydrolysis in the stomach or proximal small intestine, forming ellagic
acid. Then, in the small intestine or colon, the gut microbiota further metabolizes the ellagitan-
nins and ellagic acid into urolithins, which are absorbed and can undergo phase II transformations
by glucuronosyltransferases and/or methyltransferases (Crozier et al. 2009).Other biotransforma-
tion reactions that may modify phenolic acids, such as cinnamic acids, are methylation in the small
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Figure 2 (Figure appears on preceding page)

Scheme of human polyphenol metabolism and biotransformation reactions, such as sulfation and methylation, that can occur,
exemplified by the deconjugation and transformation of the flavonoid quercetin (Almeida et al. 2018, Heleno et al. 2015, Marín et al.
2015).

intestine and sulfation in the liver (Heleno et al. 2015). Generally, deciphering the full degree of
polyphenol metabolism in the body is a complex task.

Targeted Analytical Approaches

There are two main ways targeted approaches have been used with polyphenols in HBM. First,
because each foodstuff has its own polyphenolic profile, the exposure to a certain food source can
be studied by looking at the biotransformation products of the polyphenols that are present in
higher concentrations in that specific food source. Second, certain biotransformation products
or unmetabolized polyphenols can be targeted to analyze how different types of exposures may
change their concentrations in the body. An example of a targeted polyphenol metabolomics ap-
proach would be to measure levels of certain phenolic acid metabolites, such as isoferulic acid, to
quantify the intake of tea or coffee (Hodgson et al. 2004). This approach can be used to better
evaluate the validity of self-reported food intake data from study participants via food frequency
questionnaires or food diaries, as these are often erroneous and do not provide quantitative data.
Typically, for targeted approaches, reference standards are used for the unambiguous identifica-
tion and quantification of either the parent molecule (typically after enzymatic deconjugation) or
the respective metabolic products (frequently glucuronide and/or sulfate conjugates). However,
because of a lack of commercially available reference standards for the conjugated forms, often
only the aglycones are measured or used as reference standards for (semi)quantification in urine,
although it is known that many compounds are fully conjugated. Also, if enzymatic deconjuga-
tion is applied, certain limitations apply. Frequently, the enzymatic conversion is incomplete, and
the efficiency of deconjugation may differ between different polyphenols or even for the same
polyphenol if it is conjugated at different positions. This can result in inaccurate quantification
(Ottaviani et al. 2018). Furthermore, because of the choice of biomarkers, certain metabolites
might not be detected by certain targeted methods, making the calculation of factors such as the
bioavailability of polyphenols more difficult (Manach et al. 2005). Estimation errors can occur
and certain metabolites can be missed because, even though polyphenols exist in a range of food
sources, they are sometimes present at low concentrations, and as a consequence, their respective
concentrations in human plasma or urine are even lower, typically below 1 nmol/L (Gleichenhagen
& Schieber 2016).

Many methods for investigating polyphenol metabolites in human matrices have been pub-
lished and are reported in Table 1 (targeted) and Table 2 (untargeted). Most of these apply a
targeted approach with 2–50 different analytes included, and only a limited number of studies
investigated more than 30 polyphenol metabolites, with the current highest number investigated
being 54 metabolites (Zhong et al. 2017). However, this method also highlights some typical lim-
itations that exist in quantification and can occur in targeted approaches. It employs neither de-
conjugation nor any reference standards for conjugated metabolites. Therefore, as mentioned
above, it is very likely to severely underestimate exposure because most polyphenol metabolites
are present in their conjugated forms following ingestion and biotransformation. Currently, the
method with the highest number of quantifiable metabolites determines 46 analytes, including
several glucuronide and sulfate conjugates; however, these metabolites were selected, as they are
potential marker molecules for orange juice consumption (Ordóñez et al. 2018).Thus, there is still

466 Oesterle et al.

A
nn

u.
 R

ev
. F

oo
d 

Sc
i. 

Te
ch

no
l. 

20
21

.1
2:

46
1-

48
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 2
00

1:
4b

b8
:2

d1
:b

29
d:

54
61

:9
e8

b:
9b

31
:3

51
c 

on
 0

4/
23

/2
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

6.2. PUBLICATION #1 (REVIEW): OESTERLE ET AL. 2021

41



T
ab

le
1

Se
le
ct
ed

M
S-

ba
se
d
m
et
ho

ds
fo
r
th
e
ta
rg
et
ed

an
al
ys
is
of

po
ly
ph

en
ol
s
an

d
th
ei
r
m
et
ab

ol
it
es

in
hu

m
an

-d
er
iv
ed

m
at
ri
ce

s

M
at
ri
x

N
um

be
r
of

po
ly
ph

en
ol

an
al
yt
es

N
um

be
r
of

po
ly
ph

en
ol
s

qu
an

ti
fie

d
Sa

m
pl
e

pr
ep

ar
at
io
n

E
nz

ym
e
tr
ea
tm

en
t

C
hr

om
at
og

ra
ph

y
D
et
ec

ti
on

T
im

e
(m

in
)

L
O
Q

(n
g/
m
L
)

L
O
Q

(n
M
)

R
ef
er
en

ce

P
la
sm

a
10

5
P
ro
te
in

pr
ec
ip
ita

tio
n

N
on

e
U
H
P
L
C

E
SI

(n
eg
at
iv
e)
–Q

-
O
rb
itr

ap
–M

S/
M
S

(P
R
M
)

19
1.
38

–5
.4
8

6–
24

Sv
ila

r
et

al
.

20
19

P
la
sm

a
21

18
SP

E
N
on

e
U
H
P
L
C

E
SI

(p
os
iti
ve

an
d

ne
ga
tiv

e)
–Q

qQ
–

M
S/
M
S

(M
R
M
)

22
(a
nt
ho

-
cy
an

in
m
et
ab
o-

lit
es

an
d

ur
ol
ith

in
s)

an
d
16

(p
he

no
-

lic
ac
id

m
et
ab
o-

lit
es
)

N
A

N
A

Sa
nd

hu
et

al
.

20
18

P
la
sm

a
38

38
E
nz
ym

at
ic

hy
dr
ol
ys
is
,

fo
llo

w
ed

by
so
lv
en

t
ex
tr
ac
tio

n
an

d
13
C

an
d
12
C

da
ns
yl
at
io
n

β
-G

lu
cu
ro
ni
da
se

ty
pe

H
-1

(E
C

3.
2.
1.
31

)f
ro
m

H
el
ix
po
m
at
ia

U
H
P
L
C

E
SI

(p
os
iti
ve
)–

Q
T
ra
p–

M
S/
M
S

(M
R
M
)

20
.5

0.
03

–1
3.
9

0.
11

–4
4

A
ch
ai
nt
re

et
al
.

20
18

P
la
sm

a
54

20
SP

E
th
en

ce
nt
ri
fu
ga
tio

n
N
on

e
U
H
P
L
C

E
SI

(p
os
iti
ve

an
d

ne
ga
tiv

e)
–

Q
T
O
F–

M
S/
M
S

52
(a
nt
ho

-
cy
an

in
m
et
ab
o-

lit
es
)a

nd
16

(p
he

-
no

lic
ac
id

m
et
ab
o-

lit
es
)

N
A

N
A

Z
ho

ng et
al
.

20
17

U
ri
ne

11
0

E
nz
ym

at
ic

hy
dr
ol
ys
is
,S

P
E
,

an
d
si
ly
la
tio

n

β
-G

lu
cu
ro
ni
da
se

ty
pe

H
-3

(E
C

3.
2.
1.
31

)a
nd

su
lfa

ta
se

ty
pe

V
(E

C
3.
1.
6.
1)

G
C

E
I–
M
S

70
N
A

N
A

R
io
s
et

al
.

20
03

U
ri
ne

11
11

E
nz
ym

at
ic

hy
dr
ol
ys
is
,

so
lv
en

t
ex
tr
ac
tio

n,
an
d

ce
nt
ri
fu
ga
tio

n

β
-G

lu
cu
ro
ni
da
se

an
d
su
lfa

ta
se

fr
om

H
.p
om
at
ia

H
P
L
C

E
SI

(n
eg
at
iv
e)
–

Q
qQ

–M
S/
M
S

(M
R
M
)a

nd
D
A
D

(f
or

hi
pp

ur
ic
ac
id
)

15
N
A

N
A

R
io
s
et

al
.

20
03

U
ri
ne

15
15

E
nz
ym

at
ic

hy
dr
ol
ys
is
,

so
lv
en

t
ex
tr
ac
tio

n,
an
d

ce
nt
ri
fu
ga
tio

n

β
-G

lu
cu
ro
ni
da
se

ty
pe

H
-2

fr
om

H
.p
om
at
ia

H
P
L
C

E
SI

(n
eg
at
iv
e)
–

Q
qQ

–M
S/
M
S

(M
R
M
)

6
5.
97

–1
,4
50

20
–5

×
10

3
It
o
et

al
.

20
05

(C
on
tin
ue
d)

www.annualreviews.org • Polyphenol Exposomics and Metabolism 467

A
nn

u.
 R

ev
. F

oo
d 

Sc
i. 

Te
ch

no
l. 

20
21

.1
2:

46
1-

48
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 2
00

1:
4b

b8
:2

d1
:b

29
d:

54
61

:9
e8

b:
9b

31
:3

51
c 

on
 0

4/
23

/2
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

CHAPTER 6. ORIGINAL WORKS

42



T
ab

le
1

(C
on

ti
nu

ed
)

M
at
ri
x

N
um

be
r
of

po
ly
ph

en
ol

an
al
yt
es

N
um

be
r
of

po
ly
ph

en
ol
s

qu
an

ti
fie

d
Sa

m
pl
e

pr
ep

ar
at
io
n

E
nz

ym
e
tr
ea
tm

en
t

C
hr

om
at
og

ra
ph

y
D
et
ec

ti
on

T
im

e
(m

in
)

L
O
Q

(n
g/
m
L
)

L
O
Q

(n
M
)

R
ef
er
en

ce

U
ri
ne

21
21

E
nz
ym

at
ic

hy
dr
ol
ys
is
,S

P
E

β
-G

lu
cu
ro
ni
da
se

an
d
su
lfa

ta
se

fr
om

H
.p
om
at
ia

H
P
L
C

E
SI

(n
eg
at
iv
e)
–

Q
qQ

–M
S/
M
S

(M
R
M
)

10
0.
5–

10
0

1.
68

–5
58

U
rp
i-
Sa
rd
a

et
al
.

20
09

U
ri
ne

28
28

SP
E
(w

ith
SD

B
-L

or
H
L
B

ca
rt
ri
dg

es
)a

nd
si
ly
la
tio

n

N
on

e
Sp

lit
G
C

E
I–
M
S

44
40

0– 15
,6
00

2,
21

0– 79
,9
00

O
rd
óñ

ez
et

al
.

20
18

U
ri
ne

41
18

SP
E

N
on

e
H
P
L
C

E
SI

(p
os
iti
ve
)–

Q
T
ra
p–

M
S/
M
S

(M
R
M
)

52
N
A

N
A

K
al
te

ta
l.

20
17

U
ri
ne

43
24

P
ro
te
in

pr
ec
ip
ita

tio
n,

en
zy
m
at
ic

hy
dr
ol
ys
is
,a
nd

m
em

br
an
e

fil
tr
at
io
n

β
-G

lu
cu
ro
ni
da
se

an
d
su
lfa

ta
se

ty
pe

H
-2

fr
om

H
.p
om
at
ia

U
H
P
L
C

E
SI

(p
os
iti
ve

an
d

ne
ga
tiv

e)
–

Q
T
ra
p–

M
S/
M
S

(S
R
M
)

10
0.
05

–4
0.
0

0.
13

–2
63

M
ag
ie
ra

et
al
.

20
12

U
ri
ne

46
46

SP
E
w
ith

SD
B
-L

or
H
L
B
ca
rt
ri
dg

es
,

or
di
re
ct

in
je
ct
io
n

N
on

e
U
H
P
L
C

E
SI

(n
eg
at
iv
e)
–Q

-
O
rb
itr
ap

45
9.
87

–8
07

27
–5

,9
20

O
rd
óñ

ez
et

al
.

20
18

In
vi
tr
o
fe
ca
l

fe
rm

en
ta
-

tio
n

(u
si
ng

pi
g

sa
m
pl
es
)

6
6

C
en

tr
ifu

ga
tio

n
an

d
ce
llu

lo
se

sy
ri
ng

e
fil
tr
at
io
n

N
on

e
U
H
P
L
C

E
SI

(p
os
iti
ve
)–
Q
-

O
rb
itr
ap

13
N
A

N
A

R
oc
ch

et
ti

et
al
.

20
19

In
vi
tr
o

fe
rm

en
ta
-

tio
n
by

hu
m
an

gu
tm

i-
cr
ob

io
ta

18
18

So
lv
en

te
xt
ra
ct
io
n

by
ce
nt
ri
fu
ga
tio

n
N
on

e
U
H
P
L
C

E
SI

(n
eg
at
iv
e)
–

Q
qQ

–M
S/
M
S

(d
M
R
M
)

18
0.
69

–8
.1
1

4.
2–

60
Z
ha

o
et

al
.

20
18

In
vi
tr
o
fe
ca
l

fe
rm

en
ta
-

tio
n

18
18

So
lv
en

te
xt
ra
ct
io
n

an
d
si
ly
la
tio

n
N
on

e
Sp

lit
G
C

Q
qQ

–M
S/
M
S

(M
R
M
)

38
0.
48

–1
2.
4

3.
48

–6
9.
0

C
ar
ry

et
al
.

20
18

In
vi
tr
o
fe
ca
l

fe
rm

en
ta
-

tio
n

27
3

So
lv
en

te
xt
ra
ct
io
n

by
ce
nt
ri
fu
ga
tio

n
N
on

e
H
P
L
C

E
SI

(n
eg
at
iv
e)
–

Q
T
ra
p–

M
S/
M
S

(M
R
M
)

38
N
A

N
A

de
Sa

nt
i-

ag
o

et
al
.

20
19

B
at
ch
-

cu
ltu

re
fe
ca
l

fe
rm

en
ta
-

tio
n

30
6

C
en

tr
ifu

ga
tio

n
an

d
P
V
D
F
fil
tr
at
io
n

N
on

e
U
H
P
L
C

D
A
D
–E

SI
(n
eg
at
iv
e)
–Q

qQ
–

M
S

(M
R
M
)

18
9–

20
0

15
.6
–2

31
Sá
nc
he

z-
P
at
án

et
al
.

20
12

(C
on
tin
ue
d)

468 Oesterle et al.

A
nn

u.
 R

ev
. F

oo
d 

Sc
i. 

Te
ch

no
l. 

20
21

.1
2:

46
1-

48
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 2
00

1:
4b

b8
:2

d1
:b

29
d:

54
61

:9
e8

b:
9b

31
:3

51
c 

on
 0

4/
23

/2
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

6.2. PUBLICATION #1 (REVIEW): OESTERLE ET AL. 2021

43



T
ab

le
1

(C
on

ti
nu

ed
)

M
at
ri
x

N
um

be
r
of

po
ly
ph

en
ol

an
al
yt
es

N
um

be
r
of

po
ly
ph

en
ol
s

qu
an

ti
fie

d
Sa

m
pl
e

pr
ep

ar
at
io
n

E
nz

ym
e
tr
ea
tm

en
t

C
hr

om
at
og

ra
ph

y
D
et
ec

ti
on

T
im

e
(m

in
)

L
O
Q

(n
g/
m
L
)

L
O
Q

(n
M
)

R
ef
er
en

ce

P
la
sm

a
an
d

ur
in
e

6
3

SP
E
an

d
lip

id
re
m
ov

al
fo
r

pl
as
m
a
sa
m
pl
es

N
on

e
H
P
L
C

E
SI

(p
os
iti
ve
)–

Q
T
ra
p–

M
S

68
N
A

N
A

W
u
et

al
.

20
02

P
la
sm

a
an
d

ur
in
e

8
1

SP
E
an
d
en

zy
m
at
ic

hy
dr
ol
ys
is
fo
r

qu
an

tifi
ca
tio

n

β
-G

lu
cu
ro
ni
da
se

ty
pe

V
II
-A

an
d

su
lfa

ta
se
st
yp

e
V
II
I
an
d
H
-5

H
P
L
C

E
SI

(n
eg
at
iv
e)
–

Q
qQ

–M
S/
M
S

(M
R
M
)

9
13

.3
45

.8
R
ou

ra et
al
.

20
05

P
la
sm

a
an
d

ur
in
e

14
5

SP
E

N
on

e
H
P
L
C

E
SI

(p
os
iti
ve

an
d

ne
ga
tiv

e)
–

Q
T
ra
p–

M
S/
M
S

(f
ul
ls
ca
n)

an
d

E
SI

(n
eg
at
iv
e)
–

Q
T
O
F–

M
S
(f
ul
l

sc
an

)

45
N
A

N
A

Te
ix
ei
ra

et
al
.

20
17

P
la
sm

a
an
d

ur
in
e

15
9
(8

st
an
da
rd
s

w
er
e

sy
nt
he

si
ze
d

in
-h
ou

se
)

P
ro
te
in

an
d

ph
os
ph

ol
ip
id

re
m
ov
al
an
d

fil
tr
at
io
n;

ha
lf
of

th
e
sa
m
pl
es

th
en

w
en

tt
hr
ou

gh
en

zy
m
at
ic

hy
dr
ol
ys
is

β
-G

lu
cu
ro
ni
da
se

ty
pe

H
-1

an
d

su
lfa

ta
se
sf
ro
m

H
.p
om
at
ia

U
H
P
L
C

E
SI

(n
eg
at
iv
e)
–

Q
qQ

–M
S/
M
S

(M
R
M
)

8
5.
6–

14 (p
la
sm

a)
an
d

22
2–

42
0
pg

(u
ri
ne

)

12
–3

0
(p
la
sm

a)
an
d

0.
6–

0.
9

pm
ol

(u
ri
ne

)

A
ct
is
-

G
or
et
ta

et
al
.

20
12

P
la
sm

a,
ur
in
e,
an

d
in

vi
tr
o

fe
ca
l

fe
rm

en
ta
-

tio
n

11
(u
ri
ne

),
6
(p
la
sm

a)
,

an
d

15
(f
ec
es
)

0
E
nz
ym

at
ic

hy
dr
ol
ys
is
(f
or

al
ls
am

pl
es

bu
t

fe
ce
s)
an

d
si
ly
la
tio

n

β
-d

-g
lu
cu
ro
ni
da
se

ty
pe

H
-5

fr
om

H
.p
om
at
ia

Sp
lit

G
C

E
I–
T
O
F–

M
S

35
N
A

N
A

G
rü
n
et

al
.

20
08

P
la
sm

a,
ur
in
e,
an

d
fe
ce
s

45
45

(1
0

st
an

da
rd
s

w
er
e
m
ad
e

in
-h
ou

se
)

SP
E

N
on

e
H
P
L
C

E
SI

(p
os
iti
ve

an
d

ne
ga
tiv

e)
–

Q
T
ra
p–

M
S/
M
S

(M
R
M
)

28
N
A

N
A

de
Fe

rr
ar
s

et
al
.

20
14

N
or
m
al
an
d

m
al
ig
na
nt

br
ea
st

tis
su
e

15
15

H
om

og
en

iz
at
io
n,

ce
nt
ri
fu
ga
tio

n,
fil
tr
at
io
n

th
ro
ug

h
a
P
V
D
F

fil
te
r,
en

zy
m
at
ic

hy
dr
ol
ys
is
,a
nd

so
lv
en

t
ex
tr
ac
tio

n

β
-G

lu
cu
ro
ni
da
se

an
d
su
lfa

ta
se

fr
om

H
.p
om
at
ia

fo
r
br
ea
st
tis
su
e

sa
m
pl
es

U
H
P
L
C

E
SI

(p
os
iti
ve

an
d

ne
ga
tiv

e)
–Q

T
O
F

–
M
S/
M
S
(f
ul
l

sc
an

)

22
0.
18

–2
9.
7

0.
6–

13
0

Áv
ila

-
G
ál
ve
z

et
al
.

20
19

A
bb

re
vi
at
io
ns
:E

C
,E

nz
ym

e
C
om

m
is
si
on

;D
A
D
,d

io
de

ar
ra
y
de
te
ct
or
;d

M
R
M
,d

yn
am

ic
m
ul
tip

le
re
ac
tio

n
m
on

ito
ri
ng

;E
I,
el
ec
tr
on

im
pa
ct
;E

SI
,e
le
ct
ro
sp
ra
y
io
ni
za
tio

n;
G
C
,g

as
ch
ro
m
at
og

ra
ph

y;
H
L
B
,h

yd
ro
ph

ili
c-
lip

op
hi
lic
-b
al
an
ce
d;

H
P
L
C
,h

ig
h-
pe
rf
or
m
an
ce

liq
ui
d
ch
ro
m
at
og

ra
ph

y;
L
O
Q
,l
im

it
of

qu
an
tifi

ca
tio

n;
M
R
M
,m

ul
tip

le
re
ac
tio

n
m
on

ito
ri
ng

;M
S,

m
as
s

sp
ec
tr
om

et
er
;N

A
,n

ot
ap
pl
ic
ab
le
;P

R
M
,p

ar
al
le
lr
ea
ct
io
n
m
on

ito
ri
ng

;P
V
D
F,
po

ly
vi
ny

lid
en

e
flu

or
id
e;
Q
-O

rb
itr
ap
,h

yb
ri
d
qu

ad
ru
po

le
O
rb
itr
ap

m
as
ss
pe
ct
ro
m
et
er
;Q

qQ
,t
ri
pl
e
qu

ad
ru
po

le
m
as
s

sp
ec
tr
om

et
er
;Q

T
O
F,
qu

ad
ru
po

le
tim

e-
of
-fl
ig
ht

m
as
s
sp
ec
tr
om

et
er
;Q

T
ra
p,

tr
ip
le

qu
ad
ru
po

le
io
n
tr
ap

m
as
s
sp
ec
tr
om

et
er
;S

D
B
-L

,s
ty
re
ne

di
vi
ny

lb
en

ze
ne

;S
P
E
,s
ol
id

ph
as
e
ex
tr
ac
tio

n;
SR

M
,

si
ng

le
re
ac
tio

n
m
on

ito
ri
ng

;T
O
F,
tim

e-
of
-fl
ig
ht

m
as
s
sp
ec
tr
om

et
er
;U

H
P
L
C
,u

ltr
a-
hi
gh

-p
er
fo
rm

an
ce

liq
ui
d
ch
ro
m
at
og

ra
ph

y.

www.annualreviews.org • Polyphenol Exposomics and Metabolism 469

A
nn

u.
 R

ev
. F

oo
d 

Sc
i. 

Te
ch

no
l. 

20
21

.1
2:

46
1-

48
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 2
00

1:
4b

b8
:2

d1
:b

29
d:

54
61

:9
e8

b:
9b

31
:3

51
c 

on
 0

4/
23

/2
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

CHAPTER 6. ORIGINAL WORKS

44



T
ab

le
2

Se
le
ct
ed

M
S-

ba
se
d
m
et
ho

ds
fo
r
th
e
un

ta
rg
et
ed

an
al
ys
is
of

po
ly
ph

en
ol
s
an

d
th
ei
r
m
et
ab

ol
it
es

in
hu

m
an

-d
er
iv
ed

m
at
ri
ce

s

M
at
ri
x

N
um

be
r
of

an
no

ta
te
d

po
ly
ph

en
ol

m
et
ab

ol
it
es

N
um

be
r
of

id
en

ti
fie

d
po

ly
ph

en
ol

m
et
ab

ol
it
es

Id
en

ti
fic

at
io
n

st
ra
te
gy

an
d

co
nfi

de
nc

e
le
ve
l

Sa
m
pl
e

pr
ep

ar
at
io
n

E
nz

ym
e

tr
ea

t-
m
en

t
C
hr

om
at
og

ra
ph

y
D
et
ec

ti
on

T
im

e
(m

in
)

R
ef
er
en

ce
U
ri
ne

N
A

35
(2
3
no

t
in
cl
ud

in
g

is
om

er
s)

M
S-
ba
se
d

m
ol
ec
ul
ar

ne
tw

or
ki
ng

us
in
g
a
co
si
ne

-
si
m
ila
ri
ty

sc
or
e

be
tw

ee
n
0.
7

an
d
1

SP
E
an
d
P
T
FE

H
P
L
C

fil
tr
at
io
n

N
on

e
U
H
P
L
C

E
SI

(p
os
iti
ve

an
d

ne
ga
tiv

e)
–

Q
T
O
F–

M
S/
M
S

(a
ut
o
m
od

e)

55
H
ak
ee
m

Sa
id

et
al
.

20
20

U
ri
ne

N
A

31
B
y
co
m
pa
ri
ng

th
e
ex
ac
tm

as
s

(±
5
m
D
a)

to
th
e
va
lu
es

in
fr
ee

da
ta
ba
se
s

su
ch

as
th
e

H
um

an
M
et
ab
ol
om

e
D
at
ab
as
e

C
en

tr
ifu

ga
tio

n
an

d
di
lu
tio

n
in

M
ill
i-
Q

w
at
er

N
on

e
H
P
L
C

E
SI

(p
os
iti
ve

an
d

ne
ga
tiv

e)
–

Q
T
O
F–

M
S/
M
S

(f
ul
ls
ca
n)

12
G
ar
ci
a-
A
lo
y

et
al
.

20
15

U
ri
ne

a
65

46
W

ith
re
fe
re
nc
e

st
an

da
rd
s;
M
SI

le
ve
l1

SP
E
w
ith

SD
B
-L

or
H
L
B

ca
rt
ri
dg

es
,o

r
di
re
ct

in
je
ct
io
n

N
on

e
U
H
P
L
C

E
SI (n

eg
at
iv
e)
–

Q
-

O
rb
itr
ap

45
O
rd
óñ

ez
et

al
.

20
18

U
ri
ne

62
9

83
M
on

oi
so
to
pi
c

an
d
st
an
da
rd

M
S–

M
S

m
at
ch
in
g
w
ith

da
ta
ba
se
s
or

lit
er
at
ur
e

D
ilu

tio
n
un

til
al
l

ur
in
e
sa
m
pl
es

ha
d
th
e
sa
m
e

sp
ec
ifi
c
gr
av
ity

(m
ea
su
re
d
by

a
di
gi
ta
l

re
fr
ac
to
m
et
er
)

an
d

ce
nt
ri
fu
ga
tio

n

N
on

e
U
H
P
L
C

E
SI (n

eg
at
iv
e)
–

Q
T
O
F–

M
S/
M
S

12
E
dm

an
ds

et
al
.

20
15 (C
on
tin
ue
d)

470 Oesterle et al.

A
nn

u.
 R

ev
. F

oo
d 

Sc
i. 

Te
ch

no
l. 

20
21

.1
2:

46
1-

48
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 2
00

1:
4b

b8
:2

d1
:b

29
d:

54
61

:9
e8

b:
9b

31
:3

51
c 

on
 0

4/
23

/2
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

6.2. PUBLICATION #1 (REVIEW): OESTERLE ET AL. 2021

45



T
ab

le
2

(C
on

ti
nu

ed
)

M
at
ri
x

N
um

be
r
of

an
no

ta
te
d

po
ly
ph

en
ol

m
et
ab

ol
it
es

N
um

be
r
of

id
en

ti
fie

d
po

ly
ph

en
ol

m
et
ab

ol
it
es

Id
en

ti
fic

at
io
n

st
ra
te
gy

an
d

co
nfi

de
nc

e
le
ve
l

Sa
m
pl
e

pr
ep

ar
at
io
n

E
nz

ym
e

tr
ea

t-
m
en

t
C
hr

om
at
og

ra
ph

y
D
et
ec

ti
on

T
im

e
(m

in
)

R
ef
er
en

ce
In

vi
tr
o
fe
ca
l

fe
rm

en
ta
-

tio
n

(u
si
ng

pi
g

sa
m
pl
es
)b

75
N
A

A
nn

ot
at
io
n
us
in
g

da
ta

fr
om

P
he

no
l-

E
xp
lo
re
r;

C
O
SM

O
S

M
SI

le
ve
l2

C
en

tr
ifu

ga
tio

n
fo
llo

w
ed

by
ce
llu

lo
se

sy
ri
ng

e
fil
tr
at
io
n

N
on

e
U
H
P
L
C

E
SI (p

os
iti
ve
)–

Q
T
O
F–

M
S
(s
ca
n

m
od

e)

35
R
oc
ch
et
ti

et
al
.

20
19

P
la
sm

a
an

d
ur
in
e

61
(u
ri
ne

)
an
d
9

(p
la
sm

a)

6
(u
ri
ne

)a
nd

3
(p
la
sm

a)
M
at
ch

in
g
m
as
se
s

an
d
re
te
nt
io
n

tim
es

w
ith

au
th
en

tic
st
an

da
rd
s
us
in
g

th
e
sa
m
e

an
al
yt
ic
al

m
et
ho

d

M
ill
ip
or
e
P
V
D
F

SP
E
ex
tr
ac
tio

n
N
on

e
H
P
L
C

E
SI

(p
os
iti
ve

an
d

ne
ga
tiv

e)
–

Q
-F

T
-

O
rb
itr

ap
–

M
S/
M
S

(D
D
A
)

13
U
la
sz
ew

sk
a

et
al
.

20
20

P
la
sm

a,
ur
in
e,
an
d

no
rm

al
an
d

m
al
ig
na
nt

br
ea
st

tis
su
e

90
(u
ri
ne

),
60

(p
la
sm

a)
,

31
(n
or
m
al

br
ea
st

tis
su
e)
,a
nd

27 (m
al
ig
na
nt

br
ea
st

tis
su
e)

33
W

ith
re
fe
re
nc
e

st
an

da
rd
s;
M
SI

le
ve
l1

H
om

og
en

iz
at
io
n

fo
r
br
ea
st

tis
su
e
sa
m
pl
es
;

ce
nt
ri
fu
ga
tio

n
an
d
fil
tr
at
io
n

th
ro
ug

h
a

P
V
D
F
fil
te
r

fo
r
al
ls
am

pl
es

N
on

e
U
H
P
L
C

E
SI

(p
os
iti
ve

an
d

ne
ga
tiv

e)
–

Q
T
O
F–

M
S/
M
S

22
Á
vi
la
-

G
ál
ve
z

et
al
.

20
19

a A
ta
rg
et
ed

sc
re
en

in
g
m
et
ho

d
w
as

al
so

de
ve
lo
pe

d
an

d
ap
pl
ie
d
(s
ee

T
ab

le
1)
.

b
A
ta
rg
et
ed

m
et
ho

d
w
as

al
so

de
ve
lo
pe

d
an

d
us
ed

(s
ee

T
ab

le
1)
.

A
bb

re
vi
at
io
ns
:E

SI
,e
le
ct
ro
sp
ra
y
io
ni
za
tio

n;
H
L
B
,h

yd
ro
ph

ili
c-
lip

op
hi
lic
-b
al
an
ce
d;

H
P
L
C
,h

ig
h-
pe
rf
or
m
an
ce

liq
ui
d
ch
ro
m
at
og

ra
ph

y;
M
S,

m
as
s
sp
ec
tr
om

et
ry
;M

SI
,M

et
ab
ol
om

ic
s
St
an
da
rd
s

In
iti
at
iv
e;
N
A
,n

ot
ap
pl
ic
ab
le
;P

T
FE

,p
ol
yt
et
ra
flu

or
et
hy

le
ne

;P
V
D
F,
po

ly
vi
ny

lid
en

e
flu

or
id
e;
Q
-F
T
-O

rb
itr
ap
,h

yb
ri
d
lin

ea
r
io
n
tr
ap

Fo
ur
ie
r
tr
an
sf
or
m

O
rb
itr
ap

m
as
s
sp
ec
tr
om

et
er
;Q

-O
rb
itr
ap
,

hy
br
id

qu
ad
ru
po

le
O
rb
itr
ap

m
as
s
sp
ec
tr
om

et
er
;Q

T
O
F,
qu

ad
ru
po

le
tim

e-
of
-fl
ig
ht

m
as
s
sp
ec
tr
om

et
er
;S

D
B
-L

,s
ty
re
ne

di
vi
ny

lb
en

ze
ne

;S
P
E
,s
ol
id

ph
as
e
ex
tr
ac
tio

n;
U
H
P
L
C
,

ul
tr
a-
hi
gh

-p
er
fo
rm

an
ce

liq
ui
d
ch
ro
m
at
og

ra
ph

y.

www.annualreviews.org • Polyphenol Exposomics and Metabolism 471

A
nn

u.
 R

ev
. F

oo
d 

Sc
i. 

Te
ch

no
l. 

20
21

.1
2:

46
1-

48
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lre
vi

ew
s.o

rg
 A

cc
es

s p
ro

vi
de

d 
by

 2
00

1:
4b

b8
:2

d1
:b

29
d:

54
61

:9
e8

b:
9b

31
:3

51
c 

on
 0

4/
23

/2
3.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

CHAPTER 6. ORIGINAL WORKS

46



a vast potential and need to develop broader and more comprehensive methods for the accurate
quantification of polyphenols and their human metabolites.

Most studies tend to develop methods for a limited number of related subclasses of polyphe-
nols to address a specific biological question. Thus, the methods are optimized to have favorable
separation for one chemical class or similar subclasses. This narrow focus can be a necessity to
detect polyphenol metabolites where concentrations are very low. However, a method that was
optimized for a subclass of polyphenols may not be optimal for another, thus making it difficult
to study chemically diverse polyphenols simultaneously. Therefore, such a method is appropri-
ate only for looking at a few desired subclasses of polyphenols but is not ideal to gain a broader
and more complete picture, which would be required to assess the real impact of food bioac-
tives on human health in a systems-wide manner. Creating such a quantitative multiclass assay
would allow for studying exposure via a variety of food sources in-depth for more holistic cohort
studies. Moreover, having such an extensive and broad multi-analyte LC-MS/MS method could
support benchmarking and standardization initiatives for NTA. For such a method, both targeted
and untargeted LC-MS-based methods can be applied, with the untargeted approach having the
advantage of involving potential unknown molecules (Bocato et al. 2019).

Untargeted Liquid Chromatography–High-Resolution Mass
Spectrometry–Based Metabolomics

With the advent of more affordable and easier to use high-resolution mass spectrometric instru-
mentation during the past two decades, untargeted approaches have emerged as an alternative to
strictly targeted assays in many fields. This includes the screening (and, partly, quantification) of
known and unknown chemical exposures in the food and exposure sciences. An untargeted ap-
proach requires high-resolution MS (HRMS) for full scan capacities, which thus creates massive
data files that consequently require advanced bioinformatic solutions to extract relevant infor-
mation from the obtained metabolic features (Bocato et al. 2019). For polyphenol metabolites
in human matrices, relatively little research utilizing the power of untargeted methods has been
performed to date because of the complexity of this methodology. However, there is considerable
usefulness in this approach, illustrated in Figure 3, as it screens numerous polyphenol metabo-
lites, allowing the identification of as yet unknown metabolites and finding metabolites that can
act as better biomarkers in subsequent targeted approaches. For example, a study demonstrated
that following consumption of six different polyphenol-rich foods, 83 different metabolites were
annotated and used as potential dietary biomarkers (Edmands et al. 2015). Similarly, in another
experiment, out of 187 potential polyphenol metabolites, 90 were annotated, of which 33 were
identified with reference standards (Ávila-Gálvez et al. 2019). These are two of the methods with
the highest number of annotated metabolites. However, confident identification of polyphenols
and metabolites is still a major challenge. According to the Metabolomics Standards Initiative
(MSI), authentic reference standards are required for confidently identifying a certain molecule
(Sumner et al. 2007). This again underlines the importance of reference standard availability, no-
tably of the conjugated metabolites. Currently, the method with the highest number of identified
polyphenol metabolites that have a reference standard for each metabolite quantitatively assesses
46 polyphenols and metabolites (Ordóñez et al. 2018). Clearly, there is ample potential in further
expanding the untargeted toolbox,whether it involves annotating or identifyingmoremetabolites,
looking at exposure and its correlation with environmental and food factors, developing bioin-
formatic pipelines, or observing other human sample matrices. Table 2 presents an overview of
published untargeted MS-based methods for the analysis of polyphenols and their metabolites in
human samples.
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Nontargeted analysis (NTA)
Quantitative data
High confidence in chemical
identification
High sensitivity
Reduced data volume
No retrospective data analysis
Restricted to specific
known biomarkers

Targeted analysis

Exposome

Metabolome

Microbiome

Chemical space
of (un)known

molecules

Chemical space
of (un)known

molecules

Chemical space
of (un)known

molecules

No a priori selection of metabolites
Annotation of unknowns
Investigate molecular interactions
Retrospective data analysis feasible
High-throughput capacity
More cost intensive
Complex data handling and analysis

Figure 3

The exposome comprises xenobiotic exposures, including food bioactives such as polyphenols, and associated biological responses that
may be reflected in the endogenous metabolome. Contrary to the selective targeted analysis of food/environmental exposures for
biomonitoring purposes (symbolized by the laser), nontargeted analysis (symbolized by the floodlight) allows the more holistic
investigation of chemical exposure and endogenous as well as microbial metabolites.

Polyphenol Metabolites in Human Matrices

As stated above, polyphenols tend to bemetabolized by biotransformation, and variousmetabolites
can be determined in different biological samples.As reported inTables 1 and 2, themainmatrices
investigated for HBM purposes were plasma and urine. Plasma is often available in HBM and
clinical studies and has an advantage in that it interacts with all living cells in the body; thus, a
broad range of metabolites may be present (Wallace et al. 2016). Urine is frequently used in HBM
studies, as the majority of absorbed metabolites are excreted via the kidneys, it is noninvasive,
and large volumes can be collected. Moreover, it can easily be used in routine sample collection,
and longitudinal experimental designs are easier to perform than with other matrices (Smolders
et al. 2009). However, polyphenol metabolites can also be present in other sample types, e.g.,
39 different metabolites were found in breast tissue (Ávila-Gálvez et al. 2019). Studying rather
uncommon sample matrices holds special potential for novel insights. For instance, few studies use
saliva as a matrix, even though various metabolites have been detected. One study, for example,
examined the intake of red wine by studying associated metabolites found in saliva, although it
only measured the levels of melatonin and 11 phenylpropanoids (Varoni et al. 2013).
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Even less research has been performed on polyphenol metabolism in matrices other than
biofluids or stool. An interesting optionmight be the investigation of biomarkers in bones, as it has
recently been shown that various polyphenols, such as urolithins, from pigs fed with plant-based
diets were detectable in their bones. This may be applied to humans’ postmortem for assessing
life-long exposure (Alldritt et al. 2019). Another possible matrix could involve teeth, as one study
has found that it is possible to measure a variety of compounds, from metals to organic molecules
such as pollutants like bisphenol A, in primary teeth, indicating prenatal exposure (Andra et al.
2015). The advantage of such an approach for exposure assessment is derived from the fact that
organic compounds are likely more stable in the inorganic tooth matrix than in organic matrices,
thus allowing better storage and cumulative exposure over a period of time. Hair is another po-
tentially interesting matrix for the analysis of polyphenol metabolomics, as it is readily available,
can be sampled noninvasively, and has the potential to deliver longitudinal exposure monitoring.

MICROBIAL POLYPHENOL METABOLITES AND MICROBIOME
STUDIES

The microbiome is a vital, yet still incompletely understood, component of the human body. The
composition and the metabolic activities of the microbiome can be modified by diverse factors
including diet, drug treatment, and lifestyle (Moco et al. 2012). Each person harbors a unique
microbiota, and the variation in microbiota composition can have dramatic effects on the extent
of polyphenol metabolism. For example, soy isoflavones can be transformed into equol, an estro-
gen receptor agonist, by a restricted number of low-abundance intestinal bacteria, most notably
Adlercreutzia species (Clavel et al. 2014). As not everyone has Adlercreutzia in their gut microbiota,
there is dramatic interindividual variability in the production of equol (Setchell & Clerici 2010). It
is likely that variation in the microbiota is a key underlying determinant in the observed variabil-
ity between individuals in the metabolism of many polyphenols. Because of the high complexity
of the microbiome, most studies exploring microbial polyphenol metabolism and its impact are
performed either in vivo in mice, by in vitro models in which stool samples or derived fecal water
is fermented, or in single-species bacterial culture.

Consumption of certain polyphenols has been shown to act as a prebiotic and promote the
growth of specific microorganisms and thereby modulate the gut microbiome (Han&Xiao 2020),
resulting in several reported effects. For example, in mice consuming a diet supplemented with
bioactive dietary polyphenols, the gutmicrobiota was changed in a way that led to an improvement
in sleep-deprived induced cognitive impairment (Frolinger et al. 2019). Conversely, polyphenols
may be inhibitory to some microorganisms and reduce their activity or abundance and thereby
produce a positive health effect. For example, an increase in consumption of procyanidins has been
shown to reduce the amount of Lachnospiraceae species and thereby elicit an antiobesity effect
(Gowd et al. 2019). Moreover, the effects of polyphenols, whether inhibiting or promoting, on
different species in the gut microbiota depends on the polyphenols’ backbone and its conjugation.
For instance, the flavanol (+)-catechin promoted the growth of Eubacterium rectale (Etxeberria
et al. 2013). For flavonols and flavanone aglycones to inhibit the activity of gut microbiota, they
require a 4-carbonyl group attached to the C-ring in their backbone; this activity transpires only
with aglycones and is not present in the glycosides (Duda-Chodak et al. 2015).

Examples of potential metabolic pathways for the biotransformation of polyphenols are out-
lined in Table 3. Some main mechanisms for polyphenol metabolism by the microbiota involve
cleavage of various bonds in their heterocyclic carbon ring mediated by dioxygenases, hydro-
genations of alkene moieties, or dehydroxylation (Stevens & Maier 2016). As an example, proan-
thocyanidins are cleaved into smaller phenolic acids such as 2-(p-hydroxyphenyl)-propionic acid
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(Déprez et al. 2000). Quercetin, as another example, was shown to be transformed into homop-
rocatechuic acid or 4-hydroxybenzoic acid by species such as Bifidiobacterium B-9 and Streptococcus
S-2 (Santangelo et al. 2019).

Because of the extreme chemical diversity of polyphenol metabolites formed by the gut micro-
biota, untargeted HRMS techniques offer a unique chance for the discovery of microbial metabo-
lites in a similar manner as described above for human metabolic products. However, distinguish-
ing metabolites derived from human or microbial transformation activity is not straightforward.
Dissecting the origin of a specific microbial metabolite to a bacterial species is even more chal-
lenging. However, it is expected that novel technologies based on stable isotopes will, in the near
future, provide new avenues for approaching this topic (Flasch et al. 2020).

As mentioned above, the common technique to better understand the processes of polyphe-
nol metabolism by the gut microbiota is to mimic the large intestine in vitro. A specific method
was developed to analyze 19 different metabolites from the biotransformation of grape polyphe-
nols by the gut microbiota (Zhao et al. 2018). Another study used an untargeted approach to
annotate 75 polyphenol metabolites during fecal fermentation (Rocchetti et al. 2019). However,
certain biotransformation reactions that occur in other organs or during digestion can be missed
when using this in vitro model. A polyphenol could be absorbed and transformed in the liver and
then released back to the small intestine with the bile and finally reach the gut microbes for fur-
ther transformation. To date, a limited number of studies have used untargeted LC-HRMS for
polyphenol metabolomics in gut microbiome research. This results in knowledge gaps that could
be highly relevant when systematically investigating the impact of polyphenol exposure on health
parameters in clinical trials.

EARLY-LIFE EXPOSURE AND IMPACT ON HUMAN HEALTH

Following the developmental origin of health and disease hypothesis (Wadhwa et al. 2009), study-
ing early-life exposure is vital, and studying polyphenols more holistically by untargeted LC-
HRMS workflows would certainly be of high interest because of their reported bioactive proper-
ties. Exposure to environmental factors, including bioactives, contaminants, and toxins, especially
during gestation and the first 1,000 days of life, is believed to often result in chronic health is-
sues later in life. However, because of limitations in measuring the thousands of (low-dose) expo-
sures and the complexity of toxicological interactions, hard evidence is currently lacking for many
pathologies. In the case of undernourished human fetuses, changes in metabolism and decreased
growth rates were demonstrated to ultimately lead to health issues such as hypertension or heart
disease (Osmond & Barker 2000). In addition, during embryonic and fetal development there
are critical windows of susceptibility during which exposure is particularly detrimental (Selevan
et al. 2000); for example, pregnant mothers that were exposed to air pollution during the second
trimester gave birth to children who later in life had a higher risk of developing asthma (Hsu et al.
2015). Because polyphenols are able to reduce certain toxic effects, there is a clear rationale to
coinvestigate them in future exposomic-scale environmental health studies.

Current research in early-life exposomics is usually done in animal models, as it is challenging
to assess fetal exposure to xenobiotics because various biomarkers in plasma and urine have a short
half-life.Numerous studies in animal models have shown the benefits of polyphenols in protecting
against chronic diseases. Silva et al. (2019) showed that consuming resveratrol from gestation until
postnatal day 21 helped reduce hypertension development in rats; however, as a side effect, post-
natal growth was restricted (Care et al. 2016, Silva et al. 2019). Studies investigating the impact of
polyphenol exposure in human early-life models are rare, and those that have been done tend to
look at short-term effects (Silva et al. 2019). Furthermore, some studies have also shown negative
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effects of consuming polyphenols during pregnancy, e.g., consumption of polyphenol-rich foods
during the third trimester could have a negative impact on the fetus by causing ductal constric-
tion, which can increase the risk of neonatal pulmonary hypertension (Zielinsky et al. 2010, 2013).
However, in this work, polyphenol exposure was estimated based on food frequency question-
naires rather than biomonitoring. Polyphenols can also be used as chemosensors for various ions
that can have negative or positive impacts on health, such as using curcumin as the complexing
agent against ions like Hg2+ or F− (Khorasani et al. 2019). Similarly, polyphenol oxidases can be
used as chemosensors to detect polyphenols in, for example, urine; however, issues have arisen
because of their lack of specificity (Gul et al. 2017). Clearly, investigating polyphenol exposure
and metabolism during early life using novel high-end technology offers unique opportunities for
attaining a better picture of the combinatory impact of diverse environmental exposures.

Importantly, the composition of the early-life gut microbiome is thought to be of relevance for
chronic disease development, especially with regard to inflammatory and autoimmune disorders
(Kelly et al. 2007, Stiemsma &Michels 2018). Because polyphenols have been shown to influence
the gut microbiome, it would be beneficial to study the associated effect in larger and more sys-
tematic multi-omic studies during early life. Research in Asian women consuming a high soy diet
indicated a reduced risk of breast cancer (Wu et al. 2008). These protective properties are believed
to follow exposure to soy-related isoflavones and their effect on the gut microbiome occurs during
early life (Warri et al. 2008). The protective effects of genistein could be due to a change in the
composition of the gut microbiota (Paul et al. 2017) or the microbial metabolites formed (Hullar
et al. 2014).

CONCLUSION AND OUTLOOK

The field of polyphenol research and analysis is clearly of high relevance in the context of novel
omic-scale exposure assessment and systems toxicology approaches. Recent advances in analytical
instrumentation, namely HRMS, bioinformatic capacities, and tailored structural and biological
databases allow for a more holistic and in-depth investigation of polyphenols and their abundant
human and microbial metabolites.

Future research efforts should include the development of a very broad (targeted) reference
method to analyze >100 polyphenols and key metabolites simultaneously to get a more com-
plete understanding of the various food bioactives present. Investigating only a limited number
of subclasses is not sufficient, as mixture effects are likely to occur. Developing methods to ana-
lyze polyphenols in matrices other than blood, urine, or feces, and continuing the development
of untargeted methods along with tailored bioinformatic solutions for the resulting big data will
pave the way for identifying potential new biomarkers of exposure and effect. In addition, possibly
new correlations between metabolites from the consumption of specific polyphenol-rich foods or
different influential factors may be derived.

Other research areas of interest may include the investigation of polyphenol-related enzymes,
e.g., the polyphenol oxidases from various sources such as apples (Kampatsikas et al. 2019),walnuts
(Panis et al. 2020), and mushrooms (Pretzler et al. 2017). These enzymes can exhibit bioactivity,
as quinones can be derived via polyphenol transformation by these enzymes (Queiroz et al. 2008)
or lignans such as nordihydroguaiaretic acid, which is a powerful antioxidant, can show antiviral
properties, and is derived from larreatricin with the help of polyphenol oxidases (Martin et al.
2018). The bioactivity of these enzymes may also aid the development of polyphenol chemosen-
sors with higher specificity. Finally, we encourage better investigation of polyphenol exposure
during different stages of development from early to late life and the potential correlations with
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the etiology and/or prevention of chronic disease in the perspective of the expanding exposome
paradigm.
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Exposome method for 90 polyphenol 
analytes developed. 

• Low sample volumes of 40 μL feasible. 
• Validated for human urine, serum, and 

plasma. 
• High sensitivity despite high-throughput 

sample preparation.  
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A B S T R A C T   

Establishing a method for human biomonitoring (HBM) of polyphenols enables the assessment of internal con-
centrations of these food bio-actives and the correlation with potential health effects such as antioxidant or anti- 
inflammatory properties. Thus, a targeted LC-MS/MS method for quantifying up to 90 analytes, representing the 
main polyphenol classes including flavanones, isoflavones, stilbenes, and phenolic acids, was developed for 
human urine, serum, and plasma. The method was established for low sample volumes and with a cost and time 
efficient sample preparation protocol for high-throughput, which is critical for its application in large cohort and 
exposome-wide association studies. On average, the sample preparation yielded extraction efficiencies of 98% for 
urine, 98% for serum, and 87% for plasma. Limits of detection were between 0.11 ng mL−1 and 300 ng mL−1 for 
urine, 0.12 ng mL−1 and 190 ng mL−1 for serum, and 0.12 ng mL−1 and 340 ng mL−1 for plasma, excluding one 
analyte. In-house validation revealed that 66, 49, and 64 analytes for urine, serum, and plasma, respectively, 
fulfilled all stringent requirements, that are usually utilized for tailored single analyte methods, at all evaluated 
concentration levels. After validation, this method was applied in a proof-of-principle study that detected 39 
polyphenols in urine. Changes in the concentrations of the analytes after the ingestion of a high polyphenol 
smoothie was examined over 24 h. The study further confirmed that the majority of polyphenols detected were 
phenolic acids, and phase II conjugated metabolites were more abundant than their respective non-conjugated 
forms.  
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1. Introduction 

In recent years, interest in polyphenols has increased due to their 
various health benefits, such as anti-inflammatory and antibacterial 
properties [1–5], and their interaction with the gut microbiome [6]. 
Even if not supplemented, humans are frequently exposed to significant 
concentrations of polyphenols as they are present in the majority of 
plant-based foodstuff [3,7,8]. This is displayed in the “Phenol-Explorer” 
database, where currently 502 different polyphenols from 452 different 
food items are listed [9]. However, significantly more polyphenols exist, 
with over 8′000 polyphenols having been identified [10]. The vast 
number of polyphenols is just one of the complexities of this class of 
molecules. 

Polyphenols are typically separated into two main families: flavo-
noids and non-flavonoids. These two families can be separated into 
several subfamilies, or classes, such as isoflavones, anthocyanidins, and 
lignans, depending on the molecular structure, as depicted in Fig. 1 
[11–13]. Due to the available hydroxyl groups, polyphenols are often 
conjugated, yielding numerous structural possibilities. In foodstuffs, 
glycoside structures are frequently present, with the sugar moiety 
quickly cleaved off once ingested. In the human body, glucuronidated 
and sulfated conjugates are mainly formed through phase II biotrans-
formation [14,15]. Other processes in humans involving polyphenols 
occur, many involving the gut microbiome, yielding a plethora of me-
tabolites [16,17]. 

Successfully quantifying polyphenols in humans would be valuable 
because of how common they are in one’s diet and their effect on health, 
both positive and negative, like the estrogenic effects of isoflavones 
[18–20]. To be able to analyze such a complex family of molecules, 
sensitive state-of-the-art techniques are required. LC-MS/MS offers the 
possibility to separate complex mixtures using liquid chromatography 
(LC), and the opportunity to analyze multiple compounds together 
through mass spectrometry (MS) due to its high sensitivity and 

resolution [21,22]. 
Multiple methods targeting specific polyphenol analytes for human 

biomonitoring (HBM) purposes have been established. However, these 
techniques typically either focus on less than 50 polyphenol analytes or 
on only a few specific polyphenol classes as reviewed by Oesterle et al. 
[23]. Therefore, developing a method that is broader in scope and in-
cludes a larger number of analytes from all the main polyphenol classes 
would be instrumental to aid in the development of more comprehensive 
targeted methods. Such a method could also be used as a reference 
method for developing non-targeted analysis (NTA) workflow, an 
approach investigating all the analytes present rather than targeting 
selected analytes [24]. 

Consequently, we developed an in-house validated LC-MS/MS 
method that focuses on 90 different polyphenols from the following 
polyphenol classes: anthocyanins, lignans, dihydrochalcones, flavones, 
flavanones, proanthocyanidins, stilbenes, flavonols, hydroxybenzoic 
acids, hydroxyphenylacetic acids, catechins, hydroxycinnamic acid, 
isoflavones, and some other polyphenols. To date, the majority of pub-
lished HBM methods focused on one human matrix exclusively, typically 
urine as it is the most easily acquired human matrix, while the method 
here was developed and validated for urine, serum and plasma simul-
taneously. Finally, the newly developed method was applied in a pilot 
study where urine was sampled after the consumption of polyphenols 
from a fruit smoothie rich in polyphenols to investigate the concentra-
tion change of the polyphenols and prove the method is fit-for-purpose. 

2. Experimental section 

2.1. Reagents, solvents, and chemicals 

Information regarding the chemicals, reagents and solvents used, 
where they were acquired, and the preparation of stock and working 
solutions is listed in detail in the Supplementary Information (page 1 

Fig. 1. Molecular structures of the analytes included in this study derived from 14 polyphenol classes, highlighting the high chemical diversity covered. Flavonoid 
classes are framed in blue and non-flavonoids classes in orange. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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and Table S1). 

2.2. Sample preparation 

A sample aliquot (either plasma, urine, or serum) was gently thawed 
and 40 μL was transferred into a 0.5 mL clear micro-reaction tube. 160 
μL extraction solvent (acetonitrile (ACN): methanol (MeOH): formic 
acid (FA); 49.5:49.5:1; v:v:v) was added. The tube was shortly vortexed 
and sonicated in an ice bath for 10 min. After a freeze-out step (−20 ◦C, 
2 h), the tube was centrifuged at 4 ◦C and 18′000×g for 10 min. The 
supernatant (75 μL) was transferred to a 1.5 mL amber LC glass vial with 
a 300 μL glass insert. 225 μL of the reconstitution solvent (ACN: water 
(H2O): FA; 33:66:1; v:v:v) was added. 

2.3. LC-MS/MS instrumentation and parameters 

The neat solvent and matrix samples were analyzed on a UHPLC-ESI- 
QTrap-MS/MS system consisting of a 1290 Infinity II LC (Agilent) con-
nected to a QTrap 6500+ MS (Sciex, Vienna, Austria) equipped with a 
heated electrospray ionization source (ESI). Data was acquired using fast 
polarity switching and scheduled multiple reaction monitoring (sMRM) 
mode. The optimized LC method utilized an Acquity UPLC HSS T3 col-
umn (1.8 μm, 2.1 × 100 mm, Waters, Vienna, Austria) attached to a 
VanGuard precolumn (1.8 μm, Waters, Vienna, Austria). The mobile 
phase was composed of 0.1% v/v FA in H2O (eluent A) and 0.1% v/v FA 
in ACN (eluent B). The column oven and autosampler temperatures were 
set to 30 ◦C and 7 ◦C, respectively. The flow rate was set to 0.6 mL min−1, 
and the injection volume was 5 μL. The gradient started with 5% eluent 
B, which after a 2-min hold was raised linearly to 64% within 10 min. 
Eluent B was then directly increased to 95% for a 2-min hold, and then 
decreased to 5% for a final 2-min re-equilibration. 

MS parameters were optimized for each analyte individually by 
direct infusion experiments at concentrations ranging from 0.2 to 1 mg 
L−1 and a flow rate of 10 μL min−1 to optimize eight transitions, of which 
the two (in some cases three) with the highest signal-to-noise (S/N) 
ratios were selected for method development. The optimized MS and 
MS/MS parameters are reported in Table S2. Following flow-injection 
analysis and optimization, the final ESI operation parameters were set 
as follows: source temperature 550 ◦C, curtain gas 35 arb, sheath gas 
(GS1) 90 arb, drying gas (GS2) 90 arb, collision gas set to medium, and 
entrance potential of −10 V in negative mode and 10 V in positive mode. 
The ion capillary voltage was set to −4500 V in negative mode and 5500 
V in positive mode. 

2.4. Validation experiments 

The LC-MS/MS method was validated in-house following the 
guidelines set by the EU commission decision 2002/657/EC [25] and 
Eurachem [26]. A detailed description on the analytical parameters and 
their calculation is discussed in the Supplementary Information (page 
3). The criteria for successfully validating the parameters were as fol-
lows: a regression coefficient of at least 0.95, an extraction efficiency 
between 50 and 120%, and an intermediate precision and repeatability 
less than 25%, 30%, and 45% for the high, middle, and low spiking 
levels, respectively. The intermediate precision and repeatability limits 
were determined using the Horwitz equation [25]. 

2.5. Biological samples and case study 

Pooled human urine, serum, and Li-heparin plasma were used for 
method optimization and validation. Information regarding the sup-
pliers for serum and plasma is listed in Table S1, while pooled human 
urine was acquired from a female volunteer after two days of a low 
polyphenol diet. The purchased and acquired matrices were aliquoted 
into 1 mL samples and stored at −80 ◦C. For method validation, a new 
aliquot of each matrix was gently thawed for each individual 

experiment. 
In a proof-of-principle study, four volunteers (2 male and 2 female), 

all healthy, non-smokers, and between 26 and 31 years old, provided 
urine samples. Following a 2-day polyphenol washout phase, the par-
ticipants consumed a high polyphenol smoothie in the morning within 
15 min. The smoothie composed of 250 mL of gunpowder green tea, 125 
g of soy yoghurt, 125 g of frozen berry mix, 125 g of fresh strawberries, 
and 1/4 of a fresh pomelo. More information regarding the ingredients 
of the smoothie is listed in Table S1. The participants continued to follow 
a low polyphenol diet for the rest of the day. The following and last day, 
the participants were told to consume a high polyphenol diet of their 
choice. 

Individual spot urine samples were collected on the 2nd day of the 
washout phase with the time and total volume urinated noted. Urine at 
each time point was aliquoted into individual 15 mL tube. Based on the 
total volume urinated at each sampling, a 24-h urine sample was pre-
pared retrospectively. On the third day, morning urine was sampled 
(around 7 a.m.), and following the ingestion of the above-mentioned 
smoothie (8 a.m.), urine was acquired at the following time points: 9 
a.m., 10 a.m., 11 a.m., 12 p.m., 2 p.m., 4 p.m., 6 p.m., 8 p.m., 10 p.m., 7 
a.m. of the next day, and at any time during the night if needed, again 
with the total volume urinated noted at each time point. For each 
participant, another mixed 24-h urine was created for this day based on 
the recorded volume urinated at each sampling point. Finally, the urine 
from the high polyphenol day was collected in the same manner as 
during the wash-out such that another 24-h urine was prepared for each 
participant. All urine samples were stored at 4 ◦C after their acquisition. 
Aliquots and the 24-h urines were made at the end of the study and all 
samples were stored at −80 ◦C until needed. The acquisition of the urine 
samples was taken following signed informed consent of the participants 
and approval by the University of Vienna ethics committee under the 
authorization number #00650. 

3. Results and discussion 

3.1. Method optimization 

As polyphenols are a vast and complex group of bio-active molecules 
with different physico-chemical behavior for each class, choosing the 
best compromise on LC conditions is a critical endeavor. Preferable 
conditions that are ideal for one class may not necessarily be suitable for 
another. Therefore, many factors were tested, including three frequently 
utilized columns: an Acquity UPLC HSS T3 column (1.8 μm, 2.1 × 100 
mm, Waters, Vienna, Austria), a Kinetex Biphenyl column (2.6 μm, 3.0 
× 150 mm Phenomenex, Aschaffenburg, Germany), and an Acquity BEH 
C18 column (1.7 μm, 2.1 × 100 mm, Waters, Vienna, Austria). Three 
different eluent systems were tested: 0.1% v/v FA in both H2O and ACN, 
0.5% v/v FA in both H2O and ACN, and 0.1% v/v acetic acid with 5 mM 
ammonium acetate in H2O and 0.1% v/v acetic acid with 5 mM 
ammonium acetate and 13% MeOH in ACN, the MeOH was added to 
prevent precipitation of the ammonium acetate in ACN. Different flow 
rates between 0.2 and 0.6 mL min−1, column temperatures between 25 
and 40 ◦C, and gradients were explored. The final method parameters 
and components were chosen based on comparing the S/N values and 
peak shapes for 28 representative analytes listed in the Supplementary 
Information (page 2). These analytes were deemed the most relevant 
and represented the different polyphenol subclasses [11]. 

Initially, the MRM transitions were acquired during the entire run 
due to retention time shifts with different LC parameters, but after the 
final LC method selection, a fixed scheduled MRM window was set. Up 
to three MRM transitions were used for certain analytes during the 
optimization process, to both further verify the selectivity of the tran-
sitions while changing matrices (e.g. urine to plasma) and to determine 
the best performing transitions. For the final method the two transitions 
with the highest S/N values in all three matrices were chosen. The 
optimization of the ion source parameters is described in the 
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Supplementary Information (page 2). The inclusion of several internal 
standards would have been beneficial but was omitted due to their high 
cost and a partial lack of availably. This limitation might influence the 
extent of matrix effects in individual samples. 

In pre-experiments, different sample preparation procedures were 
tested, e.g. an evaporation step using a vacuum concentrator at 4 ◦C 
after the centrifugation step. The samples were then reconstituted in the 
initial LC starting conditions to achieve an overall dilution of 1:50. This 
time-consuming step did not significantly enhance sensitivity for most 
analytes, and consequently was omitted. Similarly, two other dilution 
factors were tested (1:10 and 1:20) to evaluate possible differences in 
sensitivity and in signal suppression and enhancement (SSE) effects. As 
expected, higher dilution resulted in lower SSE effects and better S/N 
ratios but also in less favorable limits of detection (LODs), and vice 
versa. Therefore, the final sample preparation involved an overall 1:20 
dilution as this was deemed the best compromise between SSE and 
sensitive detection and quantitation. 

During method development, carryover was observed for a couple 

analytes, notably the anthocyanins. This might arise from the anthocy-
anin having a positively charged oxygen atom requiring a more acidic 
LC method. However, when more acidic eluents were tested, other 
analytes yielded less favorable results. As a compromise, the carryover 
was reduced to <2% for most analytes by injecting twice a “cleaning” 
blank, consisting of isopropanol:H2O:FA (25:70:5), after samples with 
high concentrations in the sequence, such as after the highest calibration 
standards. 

3.2. Validation experiments 

Overall, the in-house method validation was majoritarily successful, 
especially when bearing in mind that the guidelines and criteria used 
were established for tailored assays and not for highly-sensitive, multi- 
analyte assays in complex biological matrices for HBM purpose. For 
urine, 66 out of the 90 polyphenols analytes met all validation criteria at 
all spiking levels, while for serum and plasma this number was 49 and 
64, respectively. For plasma, and most notably serum, fewer analytes 

Fig. 2. Analytical figures of merit of six selected polyphenol classes for the three biological matrices as determined during method validation reported as average 
values. The individual values for all analytes of the class of isoflavones are additionally singled out as a representative example to showcase the underlying data. 
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were successfully validated because the concentrations chosen for 
spiking and calibration were based on preliminary results for urine, 
meaning that certain analytes had spiking levels that were too low. 

The criteria which were not met for the different analytes are shown 
in Table S5. The analytes that were not successfully validated were 
mainly anthocyanins, and some flavonols, catechins, and hydrox-
ybenzoic acids. This could be attributed to the aforementioned carry-
over observed for anthocyanins, and a couple of flavonols and catechins. 
While, the hydroxybenzoic acids that failed either had a non-ideal MRM 
transitions, e.g. ellagic acid which only showed a chromatographic peak 
in one transition at high concentrations; or had a large contamination in 
the matrix, such as for hippuric acid. Standard addition was used for 
evaluation of the analytes that had matrix contaminations. In contrast, 
several classes performed very well such as stilbenes, flavones, and 
flavanones, which had all their analytes fulfill the validation criteria. 

The selectivity, evaluated by comparing the matrix-matched cali-
bration standards to blanks and solvent calibrations, showed no inter-
ference for all analytes. However, two separate chromatographic peaks 
were observed for six analytes, and both of these peaks were analyzed 
and validated separately, hence the A and B nomination in Tables S2–5. 
The two peaks likely arise from potential impurities, e.g. an isomer, of 
the reference standards. In addition, isoferulic and ferulic acid both had 
the same MRM transitions and retention time, but were acquired indi-
vidually in the method. 

All calculated analytical parameters for each individual analyte are 
listed in Tables S3 and S4 with the averages for each polyphenol class are 
reported in Figs. 2 and S1. Moreover, the chromatograms for each an-
alyte in the three different matrices are shown in Fig. S3. As apparent 
from Figs. 2 and S1, the polyphenol classes, except for those previously 
mentioned, yield similar average results for all analytical parameters, 
apart from their LODs. Moreover, the three different matrices yielded 
resembling results, with urine performing best as expected. As exem-
plified in Fig. 2 for the isoflavones, most analytes in one class behave 
comparably to each other. 

The extraction efficiency of the different analytes had averages of 
98%, 98%, and 87%, and were in the range of 27%–150%, 42%–190%, 
and 22%–160%, for urine, serum, and plasma, respectively. Moreover, 
88% of the analytes had an extraction efficiency between 80% and 120% 
for urine at the lowest spiking level and excluding the analytes that are 
not feasible to calculate at this spiking level. For serum and plasma, it 
was 78% and 73% of the analytes, respectively. The average extraction 
efficiency is near 100% due to the sample preparation procedure 
involving few other steps besides dilution. The SSE for urine is in the 
range of 23%–460% with an average of 110%, for serum in a range of 
31%–250% with an average of 94%, and for plasma between 30% and 
230% with an average of 98%. Again, the average SSE effect is near 
100% meaning that for the majority of analytes, the matrix does not 
have a pronounced effect on the chromatographic peak. The linearity of 
the analytes in the calibration range was represented by regression co-
efficients that were on average 0.97 for urine, 0.95 for serum, and 0.96 
for plasma. The developed method showed adequate precision, 
measured from sequences run on different days (intermediate precision) 
and on the same day (repeatability). The repeatability averages for 
urine, serum, and plasma were: 20%, 22%, and 24%, respectively, while 
the intermediate precision for the three matrices were: 23%, 23%, and 
22%. 

The LOD values varied greatly between the different analytes and 
polyphenols classes. In urine, the LODs were between 0.11 ng mL−1 and 
300 ng mL−1 with a median of 4.8 ng mL−1. While for serum, in a range 
of 0.12 ng mL−1 and 190 ng mL−1 with a median of 5.9 ng mL−1; and for 
plasma between 0.12 ng mL−1 and 340 ng mL−1 with a median of 5.8 ng 
mL−1. It is seen that the lower limits and the medians of the LODs were 
similar for the three matrices. 

In general, it is difficult to compare this method to other published 
assays as the majority of these other assays either focus on fewer ana-
lytes or on only a few specific polyphenol families, so only a limited 
number of LC-MS/MS methods actually cover such a broad range of 
polyphenols. The sensitivity for urine in the method presented here re-
sembles to those of other published methods, with around half of the 
analytes being more sensitive [27–29]. Moreover, a recently developed 
method targeted 119 different analytes, including numerous conjugates, 
but it mainly focused on phenolic acids [30]. Though, when comparing 
the sensitivity, roughly half of the analytes that were in common had 
higher LODs than the method developed here. 

In contrast to urine, fewer LC-MS methods for polyphenols in plasma 
and serum have been published. Sensitivity for plasma in this method is 
typically lower compared to other published assays, while comparable 
for serum [29–31]. Again, it should be considered that our method 
optimization was rather focused on urine while aiming to keep a solid 
balance between matrices and polyphenol classes. 

3.3. Applicability in urine samples 

The newly developed method was successfully applied in a proof-of- 
principle study investigating 56 urine samples obtained at different time 
points from four subjects. The mean, minimum, and maximum of the 
results from this study are shown in Table 1. The table also shows the 
concentrations of the analytes found in the three mixed 24-h urine 
samples: from the “washout” day, from the day where only a 
polyphenol-rich smoothie was ingested, and from the day where a high 
polyphenol diet was consumed. An example of chromatographic peaks 
from a solvent blank, matrix-matched blank, one matrix-matched cali-
brant, and one of the proof-of-principle sample for urolithin A and 
hippuric acid are shown in Fig. 3a. Only the samples which had both 
quantifier and qualifier ions observed and a deviation of less than 20% 
from the matrix-matched calibration for the ion ratio were included. For 
certain analytes, the concentrations were close to the LOD, thus an ion 
ratio of up to 50% was allowed as at these concentration levels, noise 
had a strong impact on the ion ratios. Moreover, only samples with 
minimal retention time deviations (±0.05 min) to the matrix-matched 
calibration standards were included. 

A total of 39 analytes (listed in Table 1) out of the 90 included were 
observed, and several analytes had more than one chromatographic 
peak in the MRM window observed, even though only one peak was 
present in the matrix-matched calibration standards (e.g. Fig. 3d). Four 
peaks were observed for genistein-7-O-glucuronide and kaempferol-3-O- 
glucuronide, three peaks for quercetin-7-O-β-D-glucuronide and vanillic 
acid, and two peaks were found for (−)-epicatechin, (+)-catechin, 3-(3- 
hydroxyphenyl)propionic acid, dihydrocaffeic acid, ethyl gallate, 
resveratrol, and sinapic acid. These other peaks might be isomers that 
are present in the urine samples, such as the glucuronide conjugated on 
position C-5 instead of C-7 for genistein or cis-rather than trans-isomer 
for resveratrol. However, as no reference standards were available, 
confirmation is difficult. 

As reported in Table 1 and exemplified in Fig. 3e, glucuronidated 
metabolites were quantitated in higher concentrations than their un-
conjugated or sulfated forms. Ingested polyphenols readily undergo 
phase II biotransformation, and it was previously observed that roughly 
70% of isoflavone metabolites detected in urine were glucuronidated 
[15,32,33]. The higher concentration of glucuronidated metabolites 
compared to non-glucuronidated metabolites is also observed for caffeic 
acid. This is illustrated in Fig. S2 and in Table 1, where it is seen that 
caffeic-acid-3-β-D-glucuronide has a higher concentration. 

In addition, Fig. 3e depicts a clear change in isoflavone concentration 
over time with an increase from 4-8 h after the consumption of the 
smoothie, followed by a 10 h decrease to its initial level. In Figs. 3c and 
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Table 1 
Average concentrations (n = 4) of the 39 polyphenol analytes that were identified and quantitated in the proof-of-principle study in urine using the newly established 
LC-MS/MS multi-class polyphenol method.  

Analyte LOQ (ng 
mL−1) 

Min (ng 
mL−1) 

Max (ng 
mL−1) 

Mean (ng 
mL−1) 

24 h urine “washout” 
(ng mL−1) 

24 h urine after smoothie 
(ng mL−1) 

24 h urine high diet 
(ng mL−1) 

Dihydrochalcones 
Phloretin 0.70 <LOQ 2.7 0.90 ± 0.93 – <LOQ <LOQ 

Flavanones 
(+/−)-Naringenin 1.5 <LOQ 65 12 ± 16 – 6.0 2.2 

Flavonols 
Kaempferol-3-O-glucuronide 3.5 8.9 180 66 ± 54 – 44 54 

Quercetin 15 <LOQ 56 <LOQ <LOQ <LOQ <LOQ 
Quercetin-7-O-β-D- 
glucuronide 

48 <LOQ 220 69 ± 69 <LOQ <LOQ <LOQ 

Hydroxybenzoic Acids 
4-Hydroxybenzoic acid 27 180 1300 490 ± 300 500 410 890 

Ethyl gallate 1.4 <LOQ <LOQ <LOQ – – 7.0 
Gallic acid 5.2 12 27 19 ± 6.3 – – 18 
Hippuric acid 410 1400 41000 14000 ±

9500 
13000 11000 29000 

Protocatechuic acid 6.9 14 130 52 ± 32 28 18 97 
Salicylic acid 6.5 <LOQ 180 25 ± 41 13 17 28 
Syrngic acid 5.8 17 650 100 ± 120 56 67 380 
Vanillic acid 11 31 710 210 ± 160 120 210 760 

Hydroxycinnamic Acids 
Caffeic acid 30 <LOQ <LOQ <LOQ – – – 

Caffeic acid-3-β-D- 
glucuronide 

1.1 <LOQ 160 22 ± 32 <LOQ 14 32 

Chlorogenic acid 4.4 10 84 35 ± 34 – – 89 
Dihydroferulic acid 4.6 14 730 130 ± 140 86 130 390 

Ferulic acid 7.6 <LOQ 60 18 ± 11 10 18 57 
Sinapic acid 9.5 <LOQ 600 120 ± 140 14 110 130 

trans-O-Coumaric acid 5.9 8.3 8.3 8.3 ± 0 – – 21 
Hydroxyphenylacetic Acids 

3-(3-Hydroxyphenyl) 
propionic acid 

4.0 <LOQ 50 21 ± 14 6.9 8.3 63 

3-Hydroxyphenylacetic acid 91 510 9800 2600 ±
1900 

3100 1900 3100 

4-Hydroxyphenylacetic acid 290 2400 20000 7800 ±
4100 

13000 6300 8100 

Homovanillic acid 140 460 8900 2700 ±
1900 

3000 1900 3500 

Homoprotocatechuic acid 29 67 2500 600 ± 520 580 420 880 
Isoflavones 

Daidzein 1.5 <LOQ 390 43 ± 80 1.8 32 50 
Daidzein-7-β-D-glucuronide 3.6 29 29000 3200 ±

5000 
61 2500 4800 

Genistein 2.7 <LOQ 230 26 ± 48 – 19 17 
Genistein-7-β-D-glucuronide 5.1 17 18000 1500 ±

2900 
24 1100 1200 

Genistein-7-sulfate 2.0 <LOQ 670 76 ± 120 – 45 33 
Lignans 

Enterolactone 2.6 <LOQ 4.2 2.0 ± 0.83 <LOQ <LOQ <LOQ 
Others 

4-Methylcatechol 21 <LOQ 240 80 ± 53 77 55 74 
Catechol 83 <LOQ 750 330 ± 230 – 310 540 
Guaiacol 940a 10000 28000 21000 ±

8100 
– – 25000 

Pyrogallol 11 12 1500 290 ± 400 41 100 140 
Tyrosol 3500 <LOQ 10000 5200 ±

3100 
– – – 

Urolithin A 3.9 <LOQ 750 92 ± 190 140 41 65 
Stilbenes 

Polydatin 3.2 – – – – – <LOQ 
Resveratrol 4.0 – – – – – <LOQ  

a The value presented here is calculated using the medium spiking level results as no signal was detected in the low spiking level. 
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S2, similar curves for the concentration over time following the 
smoothie ingestion were observed for other detected analytes. One 
exception is urolithin A where the increase starts after 16 h rather than 
2–6 h for the other detected analytes. This might be due to urolithin A 
being a metabolite produced by the gut microbiota. Another exception is 
sinapic acid (Fig. S2), where the increase in concentration happens very 
rapidly within the first 3 h and then returns to background concentration 
after 15 h. 

Besides the phase II conjugated metabolites, the majority of poly-
phenols observed were hydroxybenzoic, hydroxycinnamic, and 
hydroxyphenylacetic acids, or other small molecules such as urolithin A 
or catechol. They might arise from phenolic acids and other small 
molecules being degradation products of other larger polyphenols, such 
as proanthocyanidins [34–36]. Table 1 also depicts that the concentra-
tion for the majority of the detected polyphenols increased from the 24-h 
urine taken at the end of the “washout” to the 24-h urine after con-
sumption of the high polyphenol smoothie. This concentration then 
increased even more in the 24-h urine from the high polyphenol diet 
day, even though not all polyphenols had their concentration return to 
baseline 24-h after having ingested the smoothie. The increase in 

concentration following each subsequent day is due to an increase in 
polyphenols included in the diet for each day. 

4. Conclusion and outlook 

We report the development of an LC-MS/MS method to identify and 
quantify up to 90 polyphenols from a variety of different chemical 
classes in three complex biological matrices. This comprehensive 
method was optimized and successfully validated for the majority of the 
analytes in urine, serum, and plasma. Compared to other currently 
validated methods, the assay developed here had similar sensitivity, 
although it involved a broader scope and simplified sample preparation. 
Moreover, several phase II conjugated metabolites were included in the 
method presented here. 

The method developed and validated here presented several ad-
vantages, notably in the sample preparation. The sample preparation is 
simple as it is composed of only a few dilution steps, cheap as low vol-
umes of both reagents and human sample are used, and fast because no 
evaporation, purification, or other enrichment steps, e.g. SPE, were 
included. The method is by far more reliable and quantitative than food 

Fig. 3. A) MRM chromatograms in a solvent blank, a non-spiked matrix sample (‘matrix blank’), a matrix-matched calibrant (1600 ng mL−1 for hippuric acid and 
0.88 ng mL−1 for urolithin A), and a sample analyzed during the proof-of-principle study. B) Visual representation of the urine collection time points during the 
proof-of-principle study. C) Concentration for one participant over time plots for four selected polyphenols with their respective concentration found in the 24-h 
urine in the pilot study. D) MRM chromatogram for sinapic acid showing a second peak in the pilot study samples. E) Two graphs showing the change of the 
isoflavone analytes’ concentration average of the four participants over time after the ingestion of a high polyphenol smoothie during the pilot study. 
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frequency questionnaires/diaries or food recalls, and will therefore be 
beneficial for use in conjunction with these questionnaires in nutritional 
studies. Thus, this method offers high throughput and is scalable, easily 
allowing its use in various applications such as large cohort studies. 

Finally, this method will serve as a reference method to establish and 
benchmark non-targeted LC-HRMS approaches [24] which might serve 
in offering more holistic insights into human exposure of polyphenols in 
the context of exposome research. These exposomic applications can 
involve drug-exposome interactions [37] or the potentially protective or 
harmful effects of polyphenols during food contaminant exposure [38]. 
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[18] D. Granato, A. Mocan, J.S. Câmara, Is a higher ingestion of phenolic compounds 
the best dietary strategy? A scientific opinion on the deleterious effects of 
polyphenols in vivo, Trends Food Sci. Technol. 98 (2020) 162–166, https://doi. 
org/10.1016/j.tifs.2020.01.010. 

[19] D.C. Vitale, C. Piazza, B. Melilli, F. Drago, S. Salomone, Isoflavones: estrogenic 
activity, biological effect and bioavailability, Eur. J. Drug Metab. Pharmacokinet. 
38 (1) (2013) 15–25, https://doi.org/10.1007/s13318-012-0112-y. 

[20] X. Zhong, J. Ge, S. Chen, Y. Xiong, S. Ma, Q. Chen, Association between dietary 
isoflavones in soy and legumes and endometrial cancer: a systematic review and 
meta-analysis, J. Acad. Nutr. Diet. 118 (4) (2018) 637–651, https://doi.org/ 
10.1016/j.jand.2016.09.036. 

[21] A.-H.M. Emwas, The strengths and weaknesses of NMR spectroscopy and mass 
spectrometry with particular focus on metabolomics research, in: J.T. Bjerrum 
(Ed.), Metabonomics: Methods and Protocols, Methods in Molecular Biology, 
Springer, New York, NY, 2015, pp. 161–193, https://doi.org/10.1007/978-1- 
4939-2377-9_13. 

[22] B. Shao, H. Li, J. Shen, Y. Wu, Nontargeted detection methods for food safety and 
integrity, Annu. Rev. Food Sci. Technol. 10 (1) (2019) 429–455, https://doi.org/ 
10.1146/annurev-food-032818-121233. 

[23] I. Oesterle, D. Braun, D. Berry, L. Wisgrill, A. Rompel, B. Warth, Polyphenol 
exposure, metabolism, and analysis: a global exposomics perspective, Annu. Rev. 
Food Sci. Technol. 12 (1) (2021) 461–484, https://doi.org/10.1146/annurev-food- 
062220-090807. 

[24] B.J. Place, E.M. Ulrich, J.K. Challis, A. Chao, B. Du, K. Favela, Y.-L. Feng, C. 
M. Fisher, P. Gardinali, A. Hood, A.M. Knolhoff, A.D. McEachran, S.L. Nason, S. 
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ABSTRACT: Polyphenols, prevalent in plants and fungi, are
investigated intensively in nutritional and clinical settings because
of their beneficial bioactive properties. Due to their complexity,
analysis with untargeted approaches is favorable, which typically
use high-resolution mass spectrometry (HRMS) rather than low-
resolution mass spectrometry (LRMS). Here, the advantages of
HRMS were evaluated by thoroughly testing untargeted techniques
and available online resources. By applying data-dependent
acquisition on real-life urine samples, 27 features were annotated
with spectral libraries, 88 with in silico fragmentation, and 113 by
MS1 matching with PhytoHub, an online database containing
>2000 polyphenols. Moreover, other exogenous and endogenous molecules were screened to measure chemical exposure and
potential metabolic effects using the Exposome-Explorer database, further annotating 144 features. Additional polyphenol-related
features were explored using various non-targeted analysis techniques including MassQL for glucuronide and sulfate neutral losses,
and MetaboAnalyst for statistical analysis. As HRMS typically suffers a sensitivity loss compared to state-of-the-art LRMS used in
targeted workflows, the gap between the two instrumental approaches was quantified in three spiked human matrices (urine, serum,
plasma) as well as real-life urine samples. Both instruments showed feasible sensitivity, with median limits of detection in the spiked
samples being 10−18 ng/mL for HRMS and 4.8−5.8 ng/mL for LRMS. The results demonstrate that, despite its intrinsic
limitations, HRMS can readily be used for comprehensively investigating human polyphenol exposure. In the future, this work is
expected to allow for linking human health effects with exposure patterns and toxicological mixture effects with other xenobiotics.

A large class of phytochemicals known as polyphenols has
been of great interest because they are highly prevalent in

plants and fungi and are associated with a variety of beneficial
and protective properties in humans, for example, antioxidant1

and antibacterial2 effects. Moreover, the gut microbiome,
known for its impact on numerous health conditions, is
affected and modulated by polyphenols.3 Polyphenols also
hold the potential for negative health impacts, such as
exhibiting estrogen-like activity4 that might be of relevance
in mixture toxicology.5 Thus, investigating polyphenols and
their metabolites in humans would aid in understanding the
correlation between diet and diseases.2

As exogenous compounds to the human body, polyphenols
are included in the exposome, that is, the total burden of
exposure of an individual in a lifetime and its health related
effects.6 Currently, different exposomic approaches are used7

to better understand and quantify the complex exposure of
xenobiotics in humans. These approaches often utilize liquid
chromatography coupled with mass spectrometry (LC-MS) in
two distinct acquisition strategies.8 The first, called traditional
human biomonitoring or targeted, focuses on acquiring LC-MS
data for only specific known analytes of interest using available
reference standards.9 The second strategy, known as

untargeted, involves acquiring spectrometric data on all
compounds that can be ionized and are sufficiently abundant.10

The untargeted approach can be split into suspect screening,
which involves identifying the unknown chemical features by
matching different parameters (e.g., monoisotopic mass) with
compounds of interest present in databases; and into non-
targeted analysis, which includes various techniques such as
annotation by in silico fragmentation and/or finding relevant
features by statistical analysis.8,9

Identifying the chemical features in untargeted datasets is a
complex endeavor. Since several chemical formulas can have
similar monoisotopic masses, especially for larger masses, at
least the fragmentation spectra of the features (MS2) are
needed for tentative compound identification. Data-dependent
acquisition (DDA) is one of the main strategies to acquire MS2
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spectra. In this strategy, either a certain number of the most
intense ions from the MS1 scan or ions with defined mass-to-
charge ratio (m/z) are fragmented.11

Different types of mass spectrometers are used depending on
the analytical strategy and the objectives of a certain study, as
there is a tradeoff between sensitivity and resolution of the
instruments. Targeted workflows typically use sensitive instru-
ments equipped with low-resolution mass analyzers, for
example, triple quadrupole. In contrast, untargeted workflows
use instruments with lower sensitivity but high resolution,
achieved with mass analyzers such as quadrupole-orbitrap or
quadrupole-time-of-flight, leading to increased accuracy of the
measured m/z values, which is critical in aiding identification.
However, with recent developments in mass spectrometry, the
sensitivity of HRMS is nearing that of LRMS, notably for low
molecular weight compounds such as xenobiotics.12,13

Both of these approaches have been applied to investigate
polyphenols, however, they were mainly applied on food-
stuffs14 rather than human matrices,15 especially for untargeted
workflows.16 Thus, the aim of this study was to transfer a
previously validated method for a vast set of polyphenol
standards17 from a targeted LRMS to an untargeted HRMS
platform. The HRMS workflow was developed using suspect
screening and four different non-targeted analysis approaches
on urine samples from a pilot study. This allowed for a
thorough test of untargeted data analysis techniques,
evaluation of available online resources, and exploration of
potential limitations. As HRMS is known to be less sensitive
than LRMS, this gap was quantified to better characterize the
applicability of HRMS on polyphenol analysis in human
biofluids. This was achieved by comparing the limits of
detection (LODs) of both workflows for 90 polyphenol
reference standards from a variety of classes. Finally, both
workflows were applied to case study samples to compare their
performance at naturally occurring concentrations.

■ EXPERIMENTAL SECTION
Reagents, Solvents, and Chemicals. Authentic reference

standards, reagents, and solvents were purchased from various
sources and are provided in Table S1. The reference
compounds were diluted in pure methanol to a concentration
of 1 mg/mL, considering the purity and density at 20 °C. The
individual reference analyte solutions were diluted and mixed
together in methanol at various concentrations to prepare
working mixes for spiking.
Sample Preparation. The urine samples from the case

study and the spiked urine, plasma, and serum samples for the
LOD comparison were prepared using the optimized protocol
by Oesterle et al.17 The samples were stored at −80 °C until
analysis. The concentrations of the spiked samples are reported
in Table S2. Enzymatic hydrolysis of glucuronides and sulfates
was intentionally not performed in this work to be able to
perform neutral loss queries of the features.
LC-HRMS Instrumentation and Parameters. A Van-

quish UHPLC (Thermo Fisher) coupled to a QExactive HF
quadrupole-Orbitrap (Thermo Fisher) with a heated electro-
spray ionization source was used for the LC-HRMS measure-
ments. The same LC conditions were used as described in
Oesterle et al.17 to best compare the high- and low-resolution
measurements, except that eluent B consisted of 0.1% v/v
formic acid and 3% v/v water in acetonitrile. Thus, the
gradient was adapted and started at 5.2% B, after a 2 min hold,
it increased linearly to 66% B within 10 min. B was then set to

97.9% and held for 2 min, before being decreased to 5.2% for a
final 2 min hold.
MS1 and MS2 data of the case study samples were acquired

with DDA of the top 10 most intense peaks in negative
polarity. The parameters were set with a scan window of 100 to
1100 Da, a full scan resolution of 60,000, MS2 resolution of
30,000, a stepped normalized collision energy of 10, 30, and 50
eV, and the additional parameters listed in Table S3. For each
biological sample, an iterative exclusion list was prepared with
IE-Omics,18 until either five injections or the maximum length
of the exclusion list (5000 features) was reached.
For the LOD comparison, full scan mode from 62 to 900 Da

at a resolution of 120,000 was used. Data was acquired for both
positive and negative polarities, separately. Additional MS
parameters are listed in Table S3. A total of 10 technical
replicates were acquired in each polarity at three concentration
levels over the linear range: low, medium, and high,
corresponding to levels 3, 5, and 7, respectively in Table S2.

Data Analysis. The acquired DDA data was first converted
from raw files into MGF files using MSConvert
(v3.0.22067).19 MZMine (v3.1.0)20 was used for feature
preprocessing and extraction of the MS2 data from the MGF
files, for MS1 screening of the features with the PhytoHub21

and Exposome-Explorer22 databases, and for spectral library
matching with a library from MS-DIAL composed of databases
such as MassBank, ReSpect, and GNPS.23 To determine
molecular formulas and predict structures, in silico fragmenta-
tion was performed in SIRIUS (v5.5.7)24 with CSI/FingerID,25

COSMIC,26 and ZODIAC.27 Features of interest from MS1
matching or in silico fragmentation were further matched for
annotation with METLIN Gen2 spectral library.28 All
parameters selected for MZMine, METLIN, and SIRIUS are
listed in Table S3. The features with MS2 spectra were
additionally screened for sulfate or glucuronide neutral losses
with MassQL29 on GNPS, as described in Table S3. The
MassQL queries are also listed in Table S3. MetaboAnalyst
(v5.0) was used for statistical analysis.30 The programming
language R (v4.2.0) was used for making plots and performing
Van Krevelen analysis.31 The NTA Study Reporting Tool
(SRT) was used as a guideline for reporting the various
components of the developed workflow.32,33

The MS1 data acquired for the LOD value comparison was
analyzed and evaluated with Skyline (v21.2).34 The actual
concentrations of the analytes were calculated using the area of
their chromatographic peaks and a 1/x weighted calibration
curve. Standard addition was applied and evaluated in Excel if a
chromatographic peak was present in the blank samples of the
calibration curve. The concentrations of the detected analytes
in the case study samples were corrected for extraction
efficiency using values previously determined17 and dilution
factor.
The LOD was calculated by first dividing the standard

deviation of the concentration of the 10 spiked technical
replicates with the square root of the number of replicates and
multiplying this value by 3, as advised in the Eurachem
guideline35 (Table S3). The LODs were then multiplied by 20,
the dilution factor of the sample preparation.

Biological Samples, Case Study, and Approval to Use
Human Matrices. The case study samples were collected as
individual 24 h pool from four volunteers at three different
time points. The 3 days were: after a polyphenol washout, after
consuming a high polyphenol smoothie in the morning, and
after a day following a high polyphenol diet, as described in
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Oesterle et al.17 The sources of pooled human serum and Li-
heparin plasma used for the LOD value comparison are listed
in Table S1. The urine used for the matrix matched calibration
curve and LOD comparison originated from 24 h pooled urine
acquired from a female volunteer after following a low
polyphenol diet for two days. The University of Vienna ethics
committee, under authorization number #00650, approved the
collection and measurement of samples from the participants
following receiving their signed consent.

■ RESULTS AND DISCUSSION
Suspect Screening of Polyphenols and the Exposome

in Real-Life Urine Samples. To detect polyphenols and
other xenobiotics along with their biotransformation products
present in human urine, a suspect screening workflow was
developed. However, as urine is an extremely complex and
dynamically changing biofluid, these analytes are likely not the
most abundant features present. Thus, iterative exclusion DDA
was applied to get better coverage of all the features present.18

While the focus of this work was on polyphenols, the
additional screening for other xenobiotics and endogenous
metabolites, should highlight the potential of the HRMS
approach for comprehensive exposure and effect analysis.
A total of 6060 features were detected, of which 3742 had

MS2 data. To assess which features were potentially
polyphenols, the 6060 features were matched by their
monoisotopic mass with the PhytoHub database, one of the
largest online databases on polyphenols containing currently
2268 analytes.21 To screen for additional exposome-related
features, the features were matched by MS1 with the
Exposome-Explorer database, which contains currently 1212

biomarkers for environmental exposure.22 Features that were
MS1 matched and had MS2 data were then annotated by
matching to several open and online spectral libraries, or by in
silico fragmentation.
Feature annotation was based on the identification levels

from Schymanski et al.36 but with level 3 split into four
sublevels. Features with a library match but for which the
correct isomer structure was unknown were labeled as level 3a.
Features annotated using in silico fragmentation were assigned
as level 3b if a tentative structure was known, and level 3c if the
elucidated isomer was unknown. Finally, features that were
putatively annotated by monoisotopic matching only were
assigned a level 3d. For polyphenolic features, a total of 8, 18,
70, and 112 features were assigned to levels 3a−d, respectively.
Additionally, 26 features were annotated as level 2a and 11
features could be fully identify at level 1. All of the identified
and annotated polyphenolic features are listed in Table S4.
From these 245 features, 89 were assigned to phenolic acids,
24 to flavonoids, and 132 to non-flavonoids. These results are
displayed in Figure 1d.
When investigating the full range of exposure and effect

markers, rather than only polyphenol related features, four
additional features were identified as level 1 and 19 annotated
as level 2a. Moreover, 6, 23, 13, and 79 additional features were
assigned as levels 3a−d, respectively. These features annotated
using the Exposome-Explorer database are listed in Table S5.
As a large number of the annotated features were matched

with conjugated analytes, the new MassQL algorithm29 was
used to aid in confirming if the features had a glucuronide
(176.0321 Da) or sulfate (79.9573 Da) moiety. From the 245
polyphenolic features, 74 features indicated a sulfate

Figure 1. (A) Van Krevelen plot of all >2000 entries in the PhytoHub database. (B) Van Krevelen plot of the features not annotated from the case
study samples acquired by DDA which had a molecular formula generated by SIRIUS with a Zodiac score >0.8. (C) A pie chart with the number of
unknown features that are potentially polyphenols and classification based on the region they were located on the Van Krevelen plot as shown in
(A,B). (D) Pie charts representing the features extracted and the types of polyphenols found from suspect screening.
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conjugation and 35 a glucuronide conjugate. For the non-
polyphenolic features, six indicated glucuronide conjugation
and 12 a sulfate conjugate. These results complement a
previous study by Jarmusch et al.29 in which seven metabolites
were identified with MassQL to have a sulfate moiety.
Suspect screening of polyphenols in human biofluids is

typically employed to determine association between poly-
phenols and the intake of a certain food.37 The results here are
similar to previous research, with the majority of the
polyphenol metabolites found in human urine being phenolic
acids, including many that are either glucuronidated or
sulfated. These results further emphasize the importance of
biotransformation products, notably conjugated metabolites,
when investigating human urine and potentially other
biofluids,38 which many targeted methods still omit.6

Exploring Additional Potential Polyphenol-Related
Features through Non-Targeted Analysis. Untargeted
data acquisition leads to a considerable number of features,
which not only complicates data analysis but many features are
a result of noise or of non-pertinent analytes. Therefore,
different approaches are used to simplify the data sets and
extract unknown features of relevance. Here, four separate
approaches were tested and evaluated to extract features that
may be polyphenolic but were not able to be annotated
previously by in silico fragmentation, MS1 or MS2 matching.
These features are thus labeled as level 4 if a molecular formula
was predicted and level 5 if nothing else is known about the
feature.
The first approach involved plotting the ratio of hydrogens

to carbons (H/C) versus the ratio of oxygens to carbons (O/
C) in a compound’s molecular formula, also known as a Van

Krevelen plot.31 As seen in previous research,39 polyphenols
tend to aggregate in specific regions of the plot. This
aggregation was further exemplified when plotting the entries
of PhytoHub (Figure 1a). This region can be split into three
parts: phenolic acids, flavonoids, or non-flavonoids. The
unknown features which had a molecular formula with a
Zodiac score of at least 0.8 were then plotted (Figure 1b).
Features were labeled as phenolic acids if they had a H/C
between 0.7 and 1.4 and an O/C between 0.13 and 0.9. They
were labeled as non-flavonoids if H/C was between 0.5 and 1.4
and O/C between 0.06 and 0.7. Finally, they were labelled as
flavonoids if H/C was between 0.6 and 1.3, and O/C between
0.25 and 0.8. This resulted in 224 features listed in Table S6
and depicted in Figure 1c. The issue with this approach is that
due to the similarity of the formulas for each of these three
groups, the three sections overlap, for example, 199 of the
features may be a flavonoid or a non-flavonoid due to this
overlap. Moreover, as the entire region of flavonoids overlaps
with the other classes, no feature could be indicated as purely
flavonoid. Other issues with this approach are that other
molecules than polyphenols can fall in the same region of the
plot, and it is highly dependent on the accuracy of the
molecular formula annotation of the features. Therefore, Van
Krevelen plots can be used to easily exclude non-relevant
features.
The second approach involved statistical analysis with

MetaboAnalyst,30 which allows to easily filter for relevant
features. To apply this approach, the pilot study samples were
divided into three groups: 24 h urine following washout, 24 h
urine following the ingestion of a high polyphenol smoothie,
and 24 h urine following a day of a high polyphenol diet.

Figure 2. (A) Volcano plot showing the features acquired by iterative DDA of the case study samples which show fold change (FC) versus T-test
(p), with significance if p < 0.1 and FC > 2, between the 24 h urine samples after a washout and after a day of high polyphenol diet. (B) Similar
volcano plot as part (A), but between the 24 h urine samples after a washout and after a high polyphenol smoothie. (C) Extracted ion
chromatogram from apigenin-7-O-glucuronide (m/z 445.077, RT 6.4), a feature showing significance. (D) Mirror plot of the experimental and
spectral library match MS2 for the selected feature from (C). (E) Box plot showing the change in peak area between the three different time points
for the selected feature from (C).
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Missing values in the data set were imputed with 1/5 of the
minimum positive values. Volcano plots were prepared
showing fold change (FC) versus T-test (p) between these
groups, with significance if FC > 2 and p < 0.1 (Figure 2a,b).
This allowed the detection of 446 significant features (Table
S7). Moreover, as for some features no chromatographic peaks
were detected in the washout urine samples, unique features
from the other two sample groups were screened for, which
yielded 226 features (Table S8). It is important to highlight
though that from the 672 features, not all of them are expected
to be polyphenolic features. These statistical analysis
techniques were also applied to the annotated features
(Table S4), which would improve confidence of level 3d
matched features as significant features should be polyphenol
related. For example, the annotated feature apigenin-7-O-
glucuronide (level 2a) showed a high fold change of 25 from
the washout to the 24 h urine following the consumption of a
polyphenol smoothie, and of 44 from the washout to the urine
after following a high-polyphenol diet (Table S4 and Figure
2e). Moreover, the extracted ion chromatogram for this feature
is shown in Figure 2c, and the MS2 spectra with the library
match in Figure 2d.
The third approach to filter for polyphenol-related features

involved CANOPUS, a useful tool that allows for compound
class annotation from the fragmentation spectra.40 Features
that were labeled with phenol class were filtered, yielding 222
features (Table S9). The advantage of CANOPUS is that
structural reference data is not required, but it is prone to
errors due to being a computational approximation.
MassQL can be a powerful tool for polyphenols, as specific

fragments can be queried, such as backbones of certain
polyphenol classes. Additionally, MassQL can be used for
neutral loss queries, such as sulfate and glucuronide loss as
done here on the 24 h urine samples. These two
biotransformation products were chosen because the suspect
screening revealed that a large percentage of the features
annotated were conjugated xenobiotics. The two queries
yielded 502 features with a sulfate loss (Table S10) and 160
features with a glucuronide loss (Table S11). The relationship
between the features detected from MassQL, suspect screen-
ing, and the other non-targeted analysis techniques is shown in
Figure 3. The same queries were then applied to the raw
mzML data to find potentially analytes lost during feature
processing, for example, with “non-ideal” peak shapes. These
queries yielded an additional 1025 hits (Table S12) for
glucuronide loss and 10208 hits (Table S13) for sulfate loss
that were not previously determined. It has to be noted that
the high number of hits is because these are not features yet
but rather refer to an MS2 scan. The number of hits were
reduced by clustering and grouping the hits by their m/z and
retention times. Another problem with MassQL are identi-
fication errors, for example, false positive results, which depend
on the selected parameters, such as the ppm deviation.
Limitations of Untargeted HRMS. A general obstacle

with polyphenols that complicates feature annotation is that
they are a chemical class that contains a vast number of
positional, constitutional and stereoisomers, which is com-
plexified if human biotransformation products are included.
For example, for many features in Table S4 it is difficult to tell
which position the conjugation occurs as MS2 spectra are
extremely similar. Additionally, different unique features were
matched with the same analyte, for example, two features with
retention times 4.5 and 5.1 min both had a spectral library

match with either m-, p-, or o-cresol (Table S4). Chromato-
graphic separation of isomers is a challenging endeavor, as seen
here where apigenin and genistein both have the same
monoisotopic mass and their retention times are both 8.33
(Table S4). Therefore, they will have the same chromato-
graphic peak and their MS2 spectra will be acquired together.
This is not an issue in targeted workflows as these two
compounds will have distinct quantifier/qualifier ions. This
may be overcome in untargeted workflows by adding ion
mobility as a complementary dimension to HRMS to separate
co-eluting compounds and increase the confidence of
structural elucidation.41

The main challenge in untargeted approaches is compound
annotation and identification. One limitation with this is the
size and quality of spectral libraries, especially as different types
of mass spectrometers or collision energies yield different MS2
spectra. Other techniques can be used for structural annotation
of more features, such as in silico fragmentation, as seen here
with more features annotated at levels 3b and 3c than levels 2a
and 3a. However, in silico fragmentation has its own pitfalls as
it is a computational prediction of MS2 spectra. Moreover, in
silico fragmentation techniques require reference structures as
an input and thus would not be suitable for analytes which no
structure has been previously described. Being able to elucidate
structures from features of completely unknown analytes is
extremely difficult, but combining various approaches, such as
those described here, can yield valuable insight into the nature
of these unknown features. Moreover, the use of comple-
mentary approaches can increase the confidence in their
results.
Finally, one intrinsic limitation of untargeted workflows is

that the HRMS instruments used typically trade-off sensitivity

Figure 3. Sankey diagram displaying the number of features extracted
from the 24 h urine samples with the various non-targeted analysis
techniques and suspect screening.
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for having higher resolution. Though as not all analytes and
instruments perform the same, it is valuable to know the
sensitivity of an HRMS workflow to better consider its ́
applicability in a specific study.
Comparing the Sensitivity of HRMS and LRMS

Platforms Using Spiked Samples. To quantitatively
evaluate the difference between the LRMS and HRMS
workflows for polyphenols, a sensitivity comparison was
performed by calculating the LODs of reference standards
(Table S14) in HRMS spiked at a low level (level 2, Table S2)
in the three matrices. To keep conditions as similar as possible,
the same concentrations were used as in the LRMS method.
However, due to the different sensitivities of the instruments, a
chromatographic peak could not be integrated for certain
analytes. Thus, the LOD calculations were adapted to the
number of replicates, or if less than three replicates were
available, medium or high spiked samples were used instead.
There are various techniques to calculate LODs. One

common technique is to use the signal-to-noise ratio and

calculate at which concentration this ratio would equal to 3.
However, in both LRMS and HRMS, there is not always a
defined background noise level. Therefore, another approach
was used which involves calculating the LOD from standard
deviation of multiple technical replicates, as recommended in
the Eurachem guideline35 and used in the LRMS workflow.
Though different HRMS acquisition modes are available, such
as product ion scan, data were acquired in full scan as it is the
most commonly used data acquisition mode and typically one
of the first steps in untargeted workflows.
The majority of the 90 model analytes listed in Table S14

were detected in the HRMS measurements with only 16, eight,
and nine analytes not found at any spiked concentration in
urine, serum, and plasma, respectively (reported as “n.d.” in
Table S14). Several analytes had background contamination in
the matrix matched “blank”, thus standard addition was
applied. The analytes were 3-methylcatechol, 4-hydroxyben-
zoic acid, enterolactone, and hippuric acid for urine; 3,3-
hydroxyphenylpropanoic acid, hippuric acid, and salicylic acid

Figure 4. Spider and box plots of the LODs of 90 polyphenols depicting the difference in sensitivity between the HRMS (orange) and LRMS
(green) workflows in three different human biofluids: (a) urine, (b) serum, and (c) plasma. LRMS data were reported before by Oesterle et al.17
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for serum; and 3,3-hydroxyphenylpropanoic acid, benzoic acid,
hippuric acid, and salicylic acid for plasma.
Figure 4 and Table S14 illustrate that for urine, 12 out of 90

analytes (13%) displayed a higher sensitivity in HRMS than in
LRMS. This value is 29 (32%) for serum and 22 (24%) for
plasma. Moreover, the plots in Figure 4 show that the majority
of the polyphenol classes have similar average LODs between
the two instruments. The median of the LODs of urine, serum,
and plasma in the HRMS instrument were 18, 10, and 11 ng/
mL, respectively, compared to 4.8, 5.8, and 5.2 ng/mL,
respectively, in LRMS. However, the box plots of Figure 4
show that HRMS has a larger variance between the different
analytes in each polyphenol class than LRMS.
It is reported in literature that depending on the analytes and

instruments chosen, HRMS may perform better or worse than
LRMS.42 In one study comparing HRMS and LRMS for a
multi-class xenobiotic method,12 the authors concluded that
LRMS would be more suited and the preferred platform for
quantification of such compounds. Different from those small
molecules, polyphenols are a more homogenous class, present
in higher concentrations and with overall better ionization
efficiency due to stabilization of proton loss by their aromatic
rings and lower background noise in negative ESI mode.43

Therefore, as shown here, the sensitivity of HRMS is similar to
that of LRMS for many polyphenols, with the additional
potential of a broader screening that includes their secondary
metabolites (e.g., sulfates and glucuronides).
Qualitative and Quantitative Comparison in Real-Life

Urine Samples. Samples spiked with authentic reference
standards are useful when developing workflows. However,
comparing the results of HRMS and LRMS platforms in real-
life samples yields additional information of the sensitivity gap
between LRMS and HRMS.
With the HRMS instrument, 23 out of the 90 selected model

polyphenols were detected, while 37 analytes were detected
with LRMS.17 From these analytes, 18 were detected in both
platforms, with their concentrations around a factor 3 lower in
HRMS than in LRMS (Table S15). Thus, the 5 analytes that
were detected with HRMS but not LRMS could be from the
analyte having a better LOD in the HRMS, such as is the case
for caffeic acid. Alternatively, it could be a false positive or
interference with another analyte of the same MS1 mass since
in HRMS only a MS1 scan was acquired and no fragmentation
data.
A difference in determined concentrations between HRMS

and LRMS workflows is normal, for example, up to a 20%
difference was found for pesticides in various foodstuffs by del
Mar Go ́mez-Ramos et al.44 Though here the difference
between the two workflows was a factor of 3, most likely
due to human biofluids being more complex matrices than
foodstuffs and having more interferences. Although the
difference here being larger than in previous research, the
majority of the analytes are still detected, showing that HRMS
is suitable for the qualitative and semi-quantitative analysis of
polyphenols and their metabolites in human samples.

■ CONCLUSION AND OUTLOOK
Despite several limitations of untargeted approaches, HRMS
can successfully be utilized for investigating the exposome,
notably polyphenols and their metabolites in human samples
besides many other exogenous and endogenous small
molecules. For polyphenols, although HRMS has shown to
have lower sensitivity for most of them, the differences are still

in the range where HRMS is able to detect�and better
characterize�the vast majority of polyphenols. Due to their
higher naturally occurring concentration, for example,
concentrations ranging from 0.01 μM to over 1000 μM in
human urine,15 and the more in-depth knowledge about these
molecules compared to many other xenobiotics,12 HRMS can
readily be used instead of LRMS for qualitative and semi-
quantitative analysis of polyphenols with a great gain of
information. Although targeted LRMS methods are still desired
for benchmarking, HRMS has the advantage that it allows to
study the exposome agnostically. Currently, polyphenols are
frequently under-investigated in human matrices, but work-
flows such as the one presented here would allow to better
investigate both positive and negative effects of these
xenobiotics. For example, this workflow can be applied to
investigate toxicological and pharmacological mixture effects of
polyphenols with other xenobiotics, such as decreasing the
potency of potentially harmful xenobiotics or interfering with
drug treatment.45 Therefore, the authors strongly recommend
the use of HRMS in complement to LRMS in the future
investigation of exposure and effects of polyphenols and other
xenobiotics in human nutritional and health studies.
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(35) Magnusson, B.; Örnemark, U. Eurachem Guide: The Fitness for
Purpose of Analytical Methods�A Laboratory Guide to Method
Validation and Related Topics, 2nd ed., 2014.
(36) Schymanski, E. L.; Jeon, J.; Gulde, R.; Fenner, K.; Ruff, M.;
Singer, H. P.; Hollender, J. Environ. Sci. Technol. 2014, 48, 2097−
2098.
(37) Zhu, Y.; Wang, P.; Sha, W.; Sang, S. Sci. Rep. 2016, 6, 36278.
(38) Fareed, Y.; Braun, D.; Flasch, M.; Globisch, D.; Warth, B.
Exposome 2022, 2, osac008.
(39) Roullier-Gall, C.; Lucio, M.; Noret, L.; Schmitt-Kopplin, P.;
Gougeon, R. D. PLoS One 2014, 9, No. e97615.
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Abstract 

Early-life exposure to natural and/or synthetic chemicals can impact acute and chronic health 
conditions. Here, a suspect screening workflow anchored on high-resolution mass spectrometry was applied 
to elucidate xenobiotics in breast milk and matching stool samples collected from Nigerian mother-infant 
pairs (n = 11) at three-time points. Potential correlations between xenobiotics and the gut microbiome, as 
determined by 16S rRNA gene amplicon sequencing, were subsequently explored. Overall, 12,192 and 
16,461 features were acquired in the breast milk and stool samples, respectively. Following quality control 
and suspect screening, 562 and 864 features remained, respectively, with 149 of these features present in 
both matrices. Taking advantage of 242 authentic reference standards measured for confirmatory purposes 
of both, potentially beneficial and adverse xenobiotics, 34 features in breast milk and 68 features in stool 
were unambiguously identified and subsequently semi-quantified. Moreover, 51 and 78 features were 
annotated with spectral library matching, as well as 416 and 652 with in silico fragmentation in breast milk 
and stool, respectively. Despite that the workflow was originally optimized for polyphenols, a diverse range 
of other chemical classes were simultaneously identified including mycotoxins, endocrine-disrupting 
chemicals (EDCs), antibiotics, plasticizers, perfluorinated alkylated substances, and pesticides. Spearman 
rank correlation of the identified features revealed significant correlations between chemicals of the same 
classification such as polyphenols. One-way ANOVA and differential abundance analysis of the data 
obtained from stool samples revealed that features of plant-based origin were elevated when complementary 
foods were introduced to the infants’ diets. Features in the stool deemed significant by ANOVA, such as 
tricetin, positively correlated with the genus Blautia. Moreover, vulgaxanthin negatively correlated with 
Escherichia-Shigella. Despite the limited sample size, this exploratory study provides high-quality 
exposure data of matched biospecimens obtained from mother-infant pairs in sub-Saharan Africa, and 
showed potential correlations between the chemical exposome and the gut microbiome. 

Keywords 

Non-targeted screening/analysis, Exposomics, Infant stool, Human breast milk, Food bioactives, Toxicants 
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1. Introduction 

In 2005, the “exposome”, an idea that 
expands and brings together the already 
established “-ome” research fields, was 
introduced by Wild (2005). The concept can be 
summarized as investigating the totality of 
chemicals that an individual is exposed to during 
their lifetime, and the consequent health-related 
effects (Miller and Jones 2014). The main focus 
of current exposome research lies on xenobiotics 
and their biotransformation products, and can be 
further complemented with other -omic 
techniques, e.g. proteomics or metagenomics, to 
characterize the biological impact of these 
exogenous chemicals (Vitale et al. 2021, Kalia et 
al. 2022). 

Exposure to various xenobiotics during one´s 
lifetime, especially during the first thousand days, 
significantly influences human health and the 
development of chronic diseases (Heindel et al. 
2015). For example, exposure to endocrine 
disrupting chemicals, such as bisphenol A, have 
been associated with an increased risk of diseases 
like obesity and neurodevelopmental disorders 
(Braun 2017). Early-life exposure to mycotoxins, 
such as aflatoxins and fumonisins, can adversely 
influence child growth (IARC 2015, Rasheed et 
al. 2021). Conversely, exposure to other 
xenobiotic classes, for instance polyphenols, can 
have potentially beneficial health effects such as 
reduced risk for breast cancer due to soy 
isoflavones consumption in early life (Wu et al. 
2008). The diet of infants is a major source of 
exposure to both potentially toxic or beneficial 
xenobiotics. For example, consumption of 
complementary foods rather than breast milk can 
expose infants to higher levels of mycotoxins 
(Krausová et al. 2023). 

Exposome research has mainly focused on 
adverse exposures and often does not include 
molecules that might be able to mitigate these 
actions. One vital class of natural xenobiotics is 

polyphenols, which are prevalent in plant- and 
fungi-based foods. They can impact the 
microbiome by, for example, promoting the 
growth of beneficial bacteria (Gowd et al. 2019). 
Additionally, polyphenols are bioactive 
compounds in humans, exhibiting properties that 
have shown to be either positive, like 
antimicrobial or anti-inflammatory properties 
(Pandey and Rizvi 2009), or potentially negative, 
such as estrogenic effects of isoflavones (Křížová 
2019). Polyphenols can also reduce the toxicity 
of other xenobiotics, as seen with mycotoxins 
(Rasouli et al. 2022). Therefore, assessing human 
exposure to polyphenols is essential. However, 
this is a challenging task as polyphenols are an 
immense class of molecules that, once ingested, 
yield a variety of biotransformation products, 
from both human and microbial metabolism 
(Oesterle et al. 2021). 

Since xenobiotics, including polyphenols, 
contain chemically diverse molecules, assessing 
human exposure to these chemicals requires 
holistic and cutting-edge exposomic workflows 
anchored on mass spectrometry (MS) (Bocato et 
al. 2019, Flasch et al. 2022b, Gu et al. 2023). 
Untargeted approaches, compared to targeted 
approaches, are advantageous as they allow the 
exploration of a broader spectrum of analytes 
rather than simply those with an available 
reference standard (Oesterle et al. 2021). 
However, identification of the analytes in 
untargeted approaches is challenging as only 
features, defined as a detected signal intensity and 
an associated m/z and retention time value, are 
acquired. Therefore, at least the fragmentation 
spectra of the features are required. One 
untargeted approach to acquire both features and 
their fragmentation spectra simultaneously is 
sequential window acquisition theoretical hold 
(SWATH) data-independent acquisition (DIA), 
which involves fragmenting all ions in sequential 
windows of monoisotopic masses (Bonner and 
Hopfgartner 2019). Though deconvolution of the 
acquired data is more complex than data-
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dependent acquisition (DDA), SWATH DIA 
yields fragmentation spectra for all features 
present rather than specified features (Guo and 
Huan 2020), allowing retrospective feature 
annotation. As untargeted approaches generate a 
very high number of features, suspect screening 
can be employed to filter the features for analytes 
of interest thought to be present in the samples 
(Pourchet et al. 2020). 

Besides xenobiotics, the gut microbiome has 
a major and highly complex impact on human 
health (Hou et al. 2022). The composition of the 
gut microbiome can be modulated through diet 
(Claesson et al. 2012, David et al. 2014, Wilson 
et al. 2020) and environmental exposures (Claus 
et al. 2016). Conversely, the microbiome can 
influence xenobiotics (Collins and Patterson 
2020), leading to a bi-directional relationship 
between the gut microbiome and xenobiotics 
(Clarke et al. 2019). Xenobiotics can contribute 
to, or drive, dysbiosis during early-life (Chi et al. 
2021, Ayeni et al. 2022), especially as the 
microbiome of infants is not yet fully established 
(Wopereis et al. 2014). Thus, research efforts 
have been geared towards understanding 
xenobiotic and early-life microbiome 
interactions.  

Several studies have reported on 
metabolomic profiles of healthy children (Chen et 
al. 2019, Holzhausen et al. 2023), children with 
severe acute malnutrition (McMillan et al. 2016), 
or comparing breastfed infants with infants fed 
formula (Brink et al. 2020, Silner et al. 2021). 
However, to our knowledge, there is limited data 
on the longitudinal exposomic/metabolomic 
profiles of neonates and infants via breast milk 
and matching stool samples, which is necessary 
for making correlations with the gut microbiome. 
Thus, the objectives of this study were to apply a 
recently developed untargeted exposomic 
biomonitoring workflow (Oesterle et al. 2023) 
with SWATH DIA on breast milk and matching 
stool collected longitudinally from Nigerian 

mother-infant pairs. This workflow allowed us to 
1) elucidate exposure profiles of polyphenols and 
other potential beneficial or toxic xenobiotics 
present in the samples, 2) investigate changes and 
correlations of xenobiotics as complementary 
foods are introduced in the diet, and 3) correlate 
the xenobiotics detected in the infants’ stool to 
the gut microbiome. 

2. Materials and methods 

2.1. Study design, sampling, and ethical 

approval 

The longitudinal pilot study involved human 
breast milk and matched infant stool samples. 
Details of study location and sample collection 
were previously described by Ayeni et al. (under 
review). The same set of samples was used before 
to investigate specific exposure classes: 
polyphenols in the breast milk samples (Berger et 
al. submitted), and mycotoxins in the stool 
samples (Krausová et al. 2022) and breast milk 
samples (Ayeni et al. under review). Briefly, 
samples were provided by eleven Nigerian infant-
mother pairs from Ilishan-Remo, Ogun state. 
Breast milk and infant stool samples were 
collected at the same time point by the mothers, 
and temporarily stored at 4°C prior to further cold 
storage. Samples were then stored at -20°C until 
analysis. Food frequency questionnaires were 
administered to the mothers to ascertain dietary 
patterns and health status of the infants 
(unpublished data). Ethical approval was 
obtained from the Ethical Committee of Babcock 
University (BUHREC 421/21R, BUHREC 
466/23). All mothers were properly informed 
before providing their written consent to be 
included in the study. 

2.2. Reagents and chemicals 

A total of 242 authentic reference standards 
were used in this study, allowing for Level 1 
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identifications of relevant xenobiotics, 
benchmarking the approach, and enabling 
absolute quantitation for a high number of 
relevant environmental and food-related 
exposures. The selection represented different 
xenobiotics, both synthetic and natural, 
containing, for example, mycotoxins, 
plasticizers, antibiotics, and all the main 
polyphenol classes. These standards were 
acquired at the highest possible purity and their 
acquisition information and molecular class are 
listed in Table A.1. Acetonitrile (ACN) and 
methanol (MeOH), LC-MS grade, were acquired 
from Honeywell. Water (H2O), LC-MS grade, 
was acquired from VWR, and formic acid (FA), 
UPLC-MS Optigrade, was acquired from Bartelt. 
Anhydrous magnesium sulfate (MgSO4) and 
sodium chloride (NaCl) were acquired from 
Sigma-Aldrich. The stock solutions were 
prepared by diluting the solid standards (Table 
A.1) in either MeOH (polyphenols) or ACN 
(other standards) and used to make various 
working mixes to enrich the samples. 

2.3. Sample preparation 

The breast milk samples were prepared 
following a protocol optimized by Berger et al. 
(submitted) for diverse polyphenols. In brief, 200 
µL aliquots of breast milk were diluted 1:2 with 
acidified ACN (1% v/v FA) in a micro-reaction 
tube. The samples were vortexed for 3 min. Then, 
4 mg of MgSO4 and 1 mg of NaCl per 10 µL of 
matrix were added and the samples were again 
vortexed for 3 min. Next, the samples were 
centrifuged for 10 min at 4°C and 2,000 x g, and 
the supernatant was transferred to a new micro-
reaction tube and placed at -20°C for 2 h. 
Following protein precipitation, the samples were 
centrifuged for 2 min at 4°C and 18,000 x g. The 
supernatant was transferred again to a new micro-
reaction tube and diluted 1:1 with acidified H2O 
(1% v/v FA). Lastly, the samples were 
centrifuged again for 5 min at 4°C and 18,000 x 

g, and the supernatant was transferred to an amber 
LC vial. 

The infant stool samples were prepared 
following the method of Krausová et al. (2022) 
with minor modifications. In brief, approximately 
80 mg of the wet infant stool was weighed in a 
micro-reaction tube and dried in a vacuum 
concentrator (Labconco). H2O was then added to 
the samples at 40 µL per 20 mg of dried stool, 
followed by 160 µL per 20 mg of dried stool of 
ACN:MeOH (1:1) + 1% v/v FA. The samples 
were then vortexed and ultrasonicated on ice for 
15 min, and subsequently placed at -20°C 
overnight to allow for protein precipitation. After, 
they were centrifuged for 10 min at 4°C and 
18,000 x g. The supernatant was transferred to a 
new micro-reaction tube and diluted 10 times 
with ACN:H2O (1:1) + 1% v/v FA, and finally the 
samples were passed through a PTFE filter into 
an amber LC vial. The quantities of wet stool and 
dry stool for each sample is listed in Table A.2. 

2.4. LC-HRMS instrumentation and 

parameters 

A UHPLC-ESI-QTOF-HRMS system 
consisting of an Agilent 1290 Infinity II UHPLC 
and a Sciex ZenoTOF 7600 MS was used to 
analyze the samples. The LC parameters used 
were previously optimized (Oesterle et al. 2022). 
In brief, a Waters Acquity HSS T3 (2.1 x 100 

mm, 1.8 m) column with a Waters Vanguard 
precolumn at a temperature of 30°C, an 
autosampler temperature of 4°C, and an injection 
volume of 5 µL was used. The eluents were 
composed of H2O with 0.1% v/v FA as eluent A 
and ACN with 0.1% v/v FA as eluent B, at a flow 
rate of 0.6 mL/min, and the gradient given in 
Table A.3. 

The MS was operated in negative polarity, 
and the source parameters consisted of a CAD gas 
of 9 arb. unit, a curtain gas of 35 psi, an ion source 
gas 1 and 2 of 50 psi, a source temperature of 
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550°C, and a spray voltage of -4500 V. The TOF 
MS was operated with a scan window of m/z 100 
to 1000, an accumulation time of 0.25 s, a 
declustering potential of -70 V, and a collision 
energy of -10 V. The SWATH parameters used 
involved scanning for fragments from m/z 100 to 
1000 with 10 windows, a declustering potential 
of -70 V, an accumulation time of 0.05 s, and 
different collision energies for each window. The 
SWATH windows were optimized for each 
matrix separately using the total ion 
chromatogram from the injection of a pooled 
quality control and are listed in Table A.4 along 
with the collision energies applied to each 
window. 

2.5. Data processing of the acquired LC-

HRMS data 

The acquired raw data files were first 
converted to ABF file format with Reifycs 
Analysis Base File Converter (v2011-2020), 
before they were further processed in MS-Dial 
(v4.9.221218) (Tsugawa et al. 2015). MS-Dial 
was used for feature pre-processing, e.g., building 
extracted ion chromatograms, and for feature 
annotation with a spectral library created by MS-
Dial that combines various databases such as 
GNPS and MassBank (Tsugawa et al. 2015). The 
parameters used in MS-Dial for the two 
biological matrices are listed in Table A.4. 
Features were further annotated with in silico 
fragmentation using MS-Finder (v3.52) 
(Tsugawa et al. 2016). Prior to feature annotation, 
the feature lists were filtered by MS1 matching 
with the Exposome-Explorer (Neveu et al. 2020) 
and Phytohub (Giacomoni et al. 2017) databases. 
R (v4.3.1) (R Core Team 2023) was used for MS1 
matching and feature clean-up with the process 
blank and pooled quality control (QC) samples. 

The identification levels of the feature 
annotation were given based on the levels 
previously defined by Schymanski et al. (2014). 
In brief, features identified with authentic 

reference standards were labeled as Level 1 and 
features annotated with spectral libraries as Level 
2a. Level 3 was then split in a similar manner as 
described in Oesterle et al. (2023), and features 
annotated by in silico fragmentation were labeled 
as Level 3a, and features putatively annotated by 
their MS1 with the two databases as Level 3b. The 
chemical classes of the features were also 
determined using the ChemRICH MeSH 
prediction tool (Barupal and Fiehn 2017), the 
classes listed in MS-Finder and MS-Dial, and the 
classes listed in the entries of the two online 
databases (PhytoHub and Exposome-Explorer). 

2.6. Quality control of the LC-HRMS 

measurements 

QC samples were prepared for each 
biological matrix. The stool QC was prepared by 
pooling aliquots of each infants’ wet stool in 
respective quantities (Table A.2). The breast milk 
QC was prepared by combining 10 µL of each 
sample. The QC samples were processed 
following the same procedure as the experimental 
samples. For each biological matrix, the 
respective QC was used to condition the LC 
column prior to the acquisition of the 
experimental samples. Moreover, after column 
conditioning, three technical replicates of the 
QCs were measured. The QCs were routinely 
analyzed after every five experimental samples to 
continuously check the reliability of the 
instrument as well as to correct for any signal 
drifts that may occur within the acquisition batch. 
In addition, for each QC, a five-point serial 
dilution series with a constant dilution factor of 
four was prepared with the respective dilution 
solvent of the biological matrix’s sample 
preparation procedure. Moreover, matrix-
matched calibration curves for the 242 reference 
standards were created with the QCs (Table A.5). 
For each biological matrix, along with the 
samples, a process blank was prepared by leaving 
the micro-reaction tube empty rather than taking 
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an aliquot of the biological matrix. For the stool 
protocol, the process blank was assumed to 
contain 20 mg of dry weight, therefore 40 µL of 
H2O and 160µL of ACN:MeOH (1:1) + 1% v/v 
FA were added. Both process blanks were 
measured in triplicates. 

Features with an average chromatographic 
peak area in the process blank measurements 
greater than one-third of the average in the 
samples were removed (Kirwan et al. 2014). In 
addition, features were removed unless they were 
detected in at least two of the triplicate 
measurements of the QCs and their peak area in 
the QC triplicate measurements had a relative 
standard deviation <30% (Dudzik et al. 2018). 
Features with an average signal-to-noise value of 
less than three, as calculated by MS-Dial, were 
also removed. Finally, the QC dilution series was 
developed to assess the reliability of extracted 
features, meaning a feature's signal in the QCs 
should decrease as the QC is diluted. Therefore, 
Spearman rank correlation was applied to the QC 
dilution series for assessing the association 
between a feature´s signal and the overall dilution 
factor, whereby features with a correlation value 
less than 0 were removed. 

2.7. 16S rRNA gene amplicon sequencing 

of the infant stool 

Gut microbiome data of the infants’ stool 
samples obtained at month 1, 6 and 12 post-
delivery were retrieved from Ayeni et al. (under 
review). Detailed procedure of DNA extraction, 
polymerase chain reaction and 16S rRNA gene 
amplicon sequencing applied to the infants’ stool 
was previously published (Pjevac at al. 2021). 
Sequencing was done at the Joint Microbiome 
Facility of the University of Vienna and the 
Medical University of Vienna. Raw sequence 
reads of the infants’ microbiome are available 
under the BioProject accession number 
PRJNA1013123. 

2.8. Statistical analysis 

Following data pre-processing and 
annotation, MetaboAnalyst (v5.0) (Pang et al. 
2022) was used for statistical analysis. Prior to 
analysis in MetaboAnalyst, the chromatographic 
peak areas of the features extracted from the stool 
samples were normalized by their sample dry 
weight (Table S2). After importing the data into 
MetaboAnalyst, the features in each matrix were 
both normalized by median and applied log10 
transformation. Principal Component Analysis 
(PCA) of the features in the breast milk and stool 
was applied to investigate clustering of the 
samples. Then, for the stool samples, one-way 
Analysis of Variance (ANOVA) was applied to 
determine significant features over time, while 
volcano plots (fold change versus T-tests) were 
used to determine fold changes between the time 
points. Heatmaps with Ward hierarchical 
clustering of the annotated features were created 
to compare the distribution in each matrix. 

ChemRICH (v4.0) (Barupal and Fiehn 2017) 
was used to generate chemical enrichment plots 
of the stool samples with the statistical analysis 
results from MetaboAnalyst. Boxplots of the 
quantification results were made with the ggplot2 
(v3.4.3) (Wickham 2016) and cowplot (v1.1.1) 
(Wilke 2020) packages. Spearman rank 
correlation between the features in both matrices 
was calculated using stats (v3.6.2) package in R 
(v4.3.1) (R Core Team 2023). The pheatmap 
package (v1.0.12) (Kolde 2018) was applied to 
generate heatmaps of the correlation results. 
Benjamini-Hochberg was applied for multiple 
testing (Benjamini and Hochberg 1995).  

Microbiome data were loaded into R (v4.3.1) 
and filtered using the ampvis2 package (v2.8.3) 
(Andersen et al. 2018). Spearman rank 
correlations with Benjamini-Hochberg correction 
between features and the microbiome was done 
using the stats (v3.6.2) package and visualized as 
heatmaps with the pheatmap (v1.0.12) package. 
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To further visualize the correlations between the 
features and the microbiome, a network was 
created in Cytoscape (v3.9.1) (Shannon et al. 
2003). 

3. Results and discussion 

3.1. Suspect screening of breast milk and 

stool samples 

Overall, the utilization of the LC-HRMS 
methods in negative mode yielded a total of 
12192 features acquired in the breast milk 
samples and 16461 features in the stool samples. 
After quality control, 4347 and 6905 features 
remained in breast milk and stool, respectively. A 
suspect screening workflow optimized for 
polyphenols but also capable of covering many 
other xenobiotics and endogenous metabolites 
(Oesterle et al. 2023) was then used to extract 
features of interest in the biological matrices. 
This workflow involved a suspect list from two 
databases: PhytoHub, an online database 
containing 2268 phytochemicals, mainly 
polyphenols (Giacomoni et al. 2017), and 
Exposome-Explorer, a database containing 1262 
chemicals known to be biomarkers for exposure 
to environmental and lifestyle factors such as 
diet, pollutants, or contaminants (Neveu et al. 
2020). The application of this workflow resulted 
in a total of 542 matched features in the breast 
milk and 864 in the stool samples. From the 542 
breast milk features, 34 were identified as Level 
1, 51 annotated as Level 2a, 416 as Level 3a, and 
41 as Level 3b. While from the 864 features in the 
stool, 68 were identified as Level 1, 78 annotated 
as Level 2a, 652 as Level 3a, and 66 putatively 
annotated as Level 3b. The annotated features are 
listed in Table A.6 for breast milk and Table A.7 
for stool. 

In the breast milk, many of the features 
detected were fatty acids, peptides, saccharides, 
or amino acids (Figure 1a). This was expected as 

breast milk is rich in nutrients, especially lipids, 
proteins, and carbohydrates, required for infant 
growth and development (Boudry et al. 2021). 
The breast milk also contained polyphenols such 
as flavonols, flavones, and isoflavones. Several 
studies have shown that polyphenols are 
abundant in human breast milk and they could be 
beneficial to the infants (Lu et al. 2021, Song et 
al. 2013, Carregosa et al. 2023). In contrast, toxic 
xenobiotics, such as mycotoxins, were detected at 
a low prevalence in breast milk. This class of 
xenobiotics are typically found at low 
concentrations in breast milk (Adejumo et al. 
2013, Braun et al. 2020, Braun et al. 2022). 
Moreover, the heatmap of the features detected in 
the breast milk (Figure 1b) depicts that the 
features cluster in two main groups, though there 
is no clear separation of the types of features in 
each of the two groups. 

More diverse chemical classes, 
predominantly of plant-based origin, were 
present in the stool (Figure 2a). One of the main 
chemical classes detected were polyphenols, 
which was expected as the LC-MS method was 
originally optimized for these analytes (Oesterle 
et al. 2022, Oesterle et al. 2023). A wide range of 
different polyphenol classes were detected, 
including 55 flavonols, 32 flavones, 29 
isoflavones, four chalcones, and 27 
hydroxycinnamic acids. Besides polyphenols, 
several potentially toxic xenobiotics were also 
detected. For instance, one feature (m/z 254.952, 
retention time: 5.8 min, Level 3b) was putatively 
annotated as a polychlorinated biphenyl-16. It 
was previously reported that prenatal exposure to 
PCBs were associated with adverse effects on 
birth weight (Govarts et al. 2020). In addition, 
naphthalene epoxide (Level 3a), a metabolite 
of naphthalene, was detected. Naphthalene 
exposure has been associated with various 
negative health implications, especially for 
respiratory health (Cakmak et al. 2014). Several 
fatty acids were also detected in the stool 
samples, including arachidonic acid (Level 2a)  
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Figure 1. A) Pie chart representing the major chemical classes of the features identified and annotated in the breast 
milk samples obtained from Nigerian mothers at three different time points. B) Heatmap with Ward clustering 
displaying the features detected in all the breast milk samples. C) Box plots showing quantitative differences (Table 
A.8) over time for selected analytes identified at Level 1 that represent both potentially beneficial and toxic xenobiotics 
in the breast milk samples. The boxplots of all the identified features are shown in Figure B.2. 
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Figure 2. A) Pie chart representing the major chemical classes of the features identified and annotated in the stool 
samples from Nigerian infants at three different time points. B) Heatmap with Ward clustering displaying the features
detected with the suspect screening workflow in the stool samples. C) Box plots of the semi-quantification (Table 
A.8) at the three distinct infant ages of several identified features (Level 1) that represent both potentially beneficial 
and toxic xenobiotics in the stool samples. These plots show that complementary foods increase exposure to various 
xenobiotics, and breast feeding keeps exposure levels low, despite potential lactational transfer. The box plots of all 
the identified features are shown in Figure B.3.  
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and eicosapentanaenoic acid (Level 3a). The 
levels of these two fatty acids were previously 
reported to be higher in stool of infants that were 
breastfed compared to infants fed that were 
formula-fed (Sillner et al. 2021). 

Similar to the breast milk heatmap, the 
features in the stool (Figure 2b) also form two 
clusters, with one cluster from the samples during 
the time of breastfeeding (month 1) and the other 
for those acquired after the introduction of 
complementary foods (months 6 and 12). In 
addition, many of the features detected in the 
stool samples were conjugated with sugar 
moieties. This could be attributed to phase II 
metabolism, as it was previously reported that 
metabolites of genistein included hexose and 
pentose conjugates in cells (Flasch et al. 2022a); 
or to their low intestinal absorption, as, for 
example, seen with the bioavailability of large 
polyphenols like proanthocyanidins (Scalbert et 
al. 2002). Moreover, the bioavailability in infants 
may be further reduced as metabolic pathways, 
e.g. phase I and II metabolism (Lu and 
Rosenbaum 2014), or their microbiome 
(Wopereis et al. 2014) are not yet fully 
developed. 

The features from each biological matrix 
were then compared with each other with a 
retention time deviation of 0.1 min and a mass 
error of 20 ppm. This resulted in a total of 149 
features that were detected in both matrices, of 
which 32, 24, 91, and four were annotated as 
Levels 1, 2a, 3a, and 3b, respectively.  One of the 
most prevalent chemical classes in both 
biological matrices was phenolic acids. Phenolic 
acids are a polyphenol class comprising of many 
human and microbial metabolites, including 
metabolites from other larger polyphenols such as 
anthocyanins (de Ferrars et al. 2014). Besides 
phenolic acids, several other biotransformation 
products were detected in both matrices including 
caffeic acid-3-ß-D-glucuronide, daidzein-7-ß-D-
glucuronide (Figure 3b), and genistein-7-ß-D-

glucuronide. This observation suggests that the 
chemicals were either transferred directly from 
the breast milk to the infant and the 
corresponding stool samples or that the infant’s 
metabolism conjugated the parent compounds in 
the colon or liver by UDP-
glucuronosyltransferases (Rowland et al. 2013). 
The overlap in features between the two matrices 
showed that xenobiotics, for example 
polyphenols, are transferred from the mother to 
the infant. Though scant data exist, the lactational 
transfer of various xenobiotics have been 
previously described in humans. This includes 
persistent organic pollutants (Haddad et al. 2015), 
ellagitannins and their metabolites (Henning et al. 
2022), and pharmaceutical drugs and 
environmental pollutants (Dubbelboer et al. 
2023). In addition, the heatmap (Figure B.1) of all 
the features detected in both matrices showed that 
the two matrices are highly different, as only 149 
from the 1259 total features are present in both 
matrices. This further underscores the differences 
previously seen in the types of chemical classes 
found in each matrix (Figure 1a and 2a). 

3.2. Semi-quantification of Level 1 

identified features in breast milk and stool 

A total of 242 authentic reference standards 
representing different xenobiotics were utilized 
for identification purposes. These standards 
included air pollutants, disinfection by-products, 
endogenous estrogens, food processing by-
products, industrial side-products, pesticides, 
mycotoxins, perfluorinated alkylated substances, 
personal care product / pharmaceuticals, 
phytotoxins, plasticizer / plastic components, 
antibiotics, and polyphenols (Table A.1). In the 
breast milk, 34 features were identified that 
consisted of one antibiotic, one estrogen, one 
mycotoxin, one personal care product / 
pharmaceutical, and 30 polyphenols. While in the 
stool samples, 68 features were identified that 
consisted of five antibiotics, three mycotoxins, 
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one perfluorinated alkylated substance, one 
pesticide, one plasticizer / plastic component, 
three personal care product / pharmaceuticals, 
and 54 polyphenols. Polyphenols were more 
abundantly detected in the samples as they are 
typically found in higher concentrations than 
other xenobiotics in human biofluids (Rappaport 
et al. 2014, Achaintre et al. 2018) and also the 
applied workflow was originally optimized 
towards the balanced and decent performance in 
detection of polyphenols. 

The identified features (Level 1) in the breast 
milk (34) and stool (68) were semi-quantified 
(Table A.8) with calibration curves created from 
the reference standards (Table A.5). To 
approximate signal suppression and enhancement 
effects, the calibration curves were matrix-
matched with the pooled QC of the respective 
biological matrix. However, standard addition 
was required for quantification since all the Level 
1 identified features already had a 
chromatographic peak present in the pooled QCs. 
Each identified feature in breast milk and stool 
samples at the three different time points was 
represented in (Figure 1 and B.2) and (Figure 2 
and B.3), respectively. 

Overall, there was no clear pattern in the 
concentration of features detected in the breast 
milk at the three time points, but a decrease over 
time was observed for daidzein, daidzein 7-ß-D-
glucoronide, estradiol 17-glucuronide, 
isobutylparaben and naringenin (Figure 1c). For 
instance, daidzein was detected at concentration 
ranges between 0.0035 to 12 ng/mL (Table A.8, 
Figure 1c). The concentration of daidzein was 
similar to the reported concentrations from a 
longitudinal study of an Austrian mother (Jamnik 
et al. 2022). Moreover, compared to the Austrian 
study, higher concentrations were recorded for of 
other polyphenols including enterodiol (range: 
0.024 - 23 ng/mL) and enterolactone (range: 
0.0079 to 0.41 ng/mL) (Table A.8). In addition, 
the breast milk samples from this cohort were 

previously analyzed with a targeted LC-MS/MS 
workflow focusing on polyphenols (Berger et al. 
submitted). Despite the targeted assay detecting 
higher quantities, similar analytes and patterns 
were observed with both assays. Besides 
polyphenols, only two potentially toxic 
xenobiotics, alternariol monomethyl ether and 
isobutylparaben, were identified at Level 1 in the 
breast milk samples. Alternariol monomethyl 
ether was previously reported as a prevalent 
mycotoxin in breast milk from a Nigerian cohort 
(Braun et al. 2022, Ezekiel et al. 2022). While 
there is scarce reported data on parabens in breast 
milk from Nigeria, these xenobiotics have been 
reported in breast milk from other regions (Fisher 
et al. 2017, Kim et al. 2023). Lastly, in the breast 
milk samples, an antibiotic, azithromycin, was 
detected in only one sample at a concentration of 
1100 ng/mL (Table A.8). Interestingly, the 
participant who donated this sample used 
azithromycin for medical treatment purposes 
(unpublished data). Moreover, azithromycin was 
detected at a high concentration (140000 ng/mg 
of dry weight) in the corresponding infant stool 
sample (Table A.8). It should be noted that the 
concentrations are semi-quantitative and would 
therefore require absolute quantification with 
targeted assays. However, this observation 
suggests that azithromycin can be transferred 
from mother’s breast milk to infant (Roca et al. 
2015). 

In contrast, patterns could be observed in the 
features identified and subsequently quantified in 
the stool samples. Many of the features belonging 
to catechins, chalcones, flavanones, flavones, 
flavonols, isoflavones, phenolic acids, stilbenes, 
and mycotoxins increased in concentration from 
month 1 to 12. Moreover, the concentrations of 
the identified features in stool changed when 
complementary foods were introduced to the 
infants at 6 months showing a substantially 
higher quantity at month 6 compared to month 1 
(Figure 3). This observation suggests that 
complementary foods have a considerable  
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influence on the features in stool. Moreover, the 
presence of various features when the infants 
were one-month old showed that bioactive 
compounds, e.g. polyphenols, are transferred 
from the breast milk to the infants. For instance, 
one analyte that is most likely transferred via 
breast milk due to its stable concentrations over 
time (Figure B.3) is urolithin A, a microbial 
metabolite that showed properties beneficial to 
health (D’Amico et al. 2021). 

Some of the features detected in the infant stool 
were toxic xenobiotics, such as the mycotoxins 
fumonisin B1 (Figure 4a) and nivalenol. 
Fumonisin B1 has been previously associated 
with neural tube defects and the etiology of 
esophageal cancer in humans (Marasas et al. 
2004, Missmer et al. 2006). Moreover, this 
mycotoxin was previously found in stool of the 
same cohort using a targeted LC-MS/MS-based 
assay (Krausová et al. 2022, Ayeni et al. under 
review), and the longitudinal pattern of 
occurrence was comparable (Ayeni et al., under 
review). These observations add an extra layer of 
confidence to the results herein and highlight that 
targeted and non-targeted LC-MS/MS 
approaches can be complementary (Flasch et al. 
2023). The detection of antibiotics such as 
amoxicillin, azithromycin, oxytetracycline and 
trimethoprim in the stool (Figure B.3) can be 
attributed to the infants taking these antibiotics 
for medical treatment, or transferred via 
breastmilk. Florfenicol, a veterinary drug, 
decreased in concentration in the stool from 
month 1 to 12, suggesting exposure to the drug 
was from breast milk. Other xenobiotics 
exclusively detected in the stool were personal 
care products (e.g., methylparaben, 
propylparaben and triclosan), pesticides (e.g., p-
nitrophenol), and plasticizer (e.g., mono-2-
ethylhexyl phthalate). In addition, 
perfluorooctanesulfonic acid, a toxic 
perfluorinated alkylated substance, was detected 
(Figure 2c and 4b). For all infants, except one, the 
concentrations were lower during exclusive 

breastfeeding (month 1 to months 6) compared to 
when complementary foods were introduced 
(months 6 to 12). Moreover, 
perfluorooctanesulfonic acid was detected in 
Ogun river (>10 ng/L) (Ololade et al. 2018), a 
river in the region were the samples were 
collected. While many of the identified toxicants 
came from dietary sources, others may be 
attributed to other routes of exposure such as air, 
water, or cosmetics. 

3.3. Correlating xenobiotics within and 

between each biological matrix 

As xenobiotics can exhibit synergistic or 
antagonistic effects, correlations of the features in 
the breast milk and stool samples were explored. 
Hence, Spearman rank correlation (p. adj < 0.05) 
was applied among the 34 identified features in 
the breast milk (Table A.9, Figure 5a), and the 68 
in the stool (Table A.10, Figure 5b). In the breast 
milk samples, many of the polyphenols showed 

moderate to strong correlations ( = 0.37 - 0.88) 
(Table A.9). For example, the two microbial 
metabolites of matairesinol, enterolactone and 
enterodiol, strongly correlated with each other as 

expected ( = 0.67). Additionally, polyphenols 
also correlated with other xenobiotics, e.g. ellagic 
acid and dihydrocaffeic acid showed moderate 

correlation with alternariol monomethyl ether ( 
= 0.38 and 0.38, respectively). Estradiol-17-
glucuronide also showed moderate to strong 
correlations with numerous polyphenols, 

including enterolactone ( = 0.41), 4-

hydroxybenzoic acid ( = 0.58), and salicylic 

acid ( = 0.70). It was previously observed in 
mice that enterolactone activates estrogen-
sensitive reporter gene expression (Penttinen et 
al. 2007). Hippuric acid showed negative 
correlation with other phenolic acids, such as 

benzoic acid ( = -0.73), which is most likely due 
to hippuric acid being a metabolite of benzoic 
acid (Lees et al. 2013).  
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Figure 5. A) Spearman rank correlation (p. adj < 0.05) heatmap between the 34 identified features (Level 1) in the 
breast milk samples. B) Spearman rank correlation (p. adj < 0.05) heatmap between the 67 identified features (Level 
1) in the stool samples. 
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All the identified features in the stool, except 
for one combination, positively correlated with 
one another, especially features within the same 
chemical class. For example, two lignan 
metabolites, enterodiol and enterolactone, 

moderately correlated with each other ( = 0.52); 
and two isoflavone metabolites, daidzein 7-ß-D-
glucuronide and genistein 7-ß-D-glucuronide, 

showed strong correlation ( = 0.82). 
Additionally, phloretin strongly correlated with 

diosmetin ( = 0.87), kaempferol ( = 0.81), and 

quercetin ( = 0.81). Besides polyphenols, the 
potentially toxic xenobiotics: nivalenol, 
amoxicillin, mono-2-ethylhexyl-phthalate, 
alternariol monomethyl ether, trimethoprim, p-
nitrophenol, and florfenicol, showed moderate to 

strong correlations with one another ( = 0.40 - 
0.90) (Table A.10). Of the xenobiotics, the 
highest correlation was recorded between mono-

2-ethylhexyl phthalate and p-nitrophenol ( = 
0.90). Apart from individual effects, mixture 
toxicity of these xenobiotics can lead to more 
severe health consequences especially during 
early-life (Hamid et al. 2021, Krausová et al. 
2023). The only negative correlation was 
between alternariol monomethyl ether, an 
Alternaria mycotoxin, and genistein-7-sulfate, a 

metabolite of genistein ( = -0.41). Previously, it 
was observed in vitro that genistein had 
antagonistic effects on the genotoxicity of 
alternariol, another Alternaria mycotoxin 
(Aichinger et al. 2017). 

Spearman rank correlation was further 
applied to explore possible correlations between 
the identified features in breast milk and infant 
stool. Only samples obtained at month 1 were 
selected because the infants predominantly 
consumed breast milk at this time point. No 
significant correlations were found (p. adj > 0.05) 
(Table A.11 and Figure B.4) which may be 
attributed to the low sample size (n = 10). 
However, with the raw p-value (p < 0.05), many 
of the polyphenols in the breast milk positively 

correlated with polyphenols in the stool, 
especially between phenolic acids. For example, 
benzoic acid in breast milk strongly correlated 

with 4-hydroxybenzoic acid ( = 0.79) in the 
infant stool. Alternariol monomethyl ether in the 
breast milk did not correlate with alternariol 
monomethyl ether in the stool, but showed strong 

negative correlation with nivalenol ( = -0.72). 
Interestingly, alternariol monomethyl ether in the 
breast milk had strong negative correlations with 
several polyphenols in the stool. For example, 
alternariol monomethyl ether strongly negatively 

correlated with (-)-epicatechin ( = -0.98) and 

urolithin A ( = -0.69). Urolithin C, also a 
metabolite of ellagitannins and structurally 
similar to urolithin A, was shown to influence the 
metabolism of alternariol in vitro (Crudo et al. 
2021). Overall, further investigations are 
necessary to access the toxicological potentials of 
many of the observed correlations in in vitro 
models. 

3.4. The impact of age and diet on the 

infants’ chemical exposome 

The influence of age on the features detected 
in breast milk and stool was investigated by PCA 
plots (Figures 6a and b). The breast milk samples 
showed no clear grouping at the three different 
time points (Figure 6a). On the contrary, the 
infant stool samples showed clear grouping, 
though there was some overlap between the 
clusters at months six and twelve (Figure 6b). The 
results of both PCAs are in agreement with the 
hierarchical clustering in the feature heatmaps 
(Figure 1b and 2b). 

One-way ANOVA was applied on the 
features detected in the infant stool, yielding 325 
features that showed significance across all time 
points (Table A.7). To further investigate the 
changes between each time point, volcano plots 
(fold change versus t-test p values) were 
generated (Figure 6c-e), with the significant 
features (fold change > 2, p < 0.05) of each  
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Figure 6. A) Principal component analysis (PCA) plot of the breast milk samples demonstrates that the milk 
composition did not cluster, indicating no major overall changes of the breast milk composition over time. This makes 
the study design suitable to explore the impact of solid food intake introduced during early life. B) PCA plot of the 
infant stool samples shows grouping by age with a clear separation of the first month after delivery. C) Volcano plot 
(p < 0.05, fold change > 2) of the features between the samples from infants at one month old and six months old. D)

Volcano plot (p < 0.05, fold change > 2) of the features between the samples from infants at one month old and twelve 
months old. E) Volcano plot (p < 0.05, fold change > 2) of the features between the samples from infants at six months 
old and twelve months old. F) Chemical enrichment (ChemRICH) plot of the significant features from ANOVA G)

ChemRICH plot of the significant features from C) with the chemical classes in blue are down-regulated and those in 
red are up-regulated. H) ChemRICH plot of the significant features from D). I) ChemRICH plot of the significant 
features from E). J) The overlapping extracted ion chromatograms from 6,8-Di-C-ß-D-arabinopyranosylapigenin 
which showed high fold change and significance in E). K) Mirror plot of the experimental MS2 and the MS2 from the 
spectral library match of the feature from J). 
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volcano plots listed in Table A.7. A total of 
303 features were significant between months 
one and six, with 151 showing an increase and 
153 a decrease. Then from six to twelve months, 
118 were significant of which 48 increased and 
70 decreased. Finally, from one to twelve months, 
there were 388 significant features, with 197 
increasing and 191 decreasing. A greater number 
of features were significant between the ages of 
one to six months and one to twelve months than 
from six to twelve months, showing the impact of 
complementary foods. Overall, significant 
features from ANOVA were similar to the 
majority of the significant features from the 
volcano plots, especially between months one 
and twelve. 

ChemRICH plots generated from the volcano 
plot and ANOVA results (Figure 6f-i) depicted 
clusters of chemical classes that were either up- 
or down-regulated. Months one to six and months 
one to twelve showed up-regulation in chemical 
classes from plant-origin such as polyphenols, 
e.g. flavonols or flavones (Figure 6f-h). 
Additionally, a down-regulation of chemical 
classes, such as amino acids and fatty acids, were 
observed. Fatty acids that were down-regulated 
over time included arachidonic and 
eicosapentanaenoic acid, which is most likely 
related to the infants' reduced consumption of 
breast milk (Sillner et al. 2021). Conversely, no 
clear pattern with the chemical classes were 
observed for months six to twelve (Figure 6i), 
which may be due to the large variance of 
phytochemicals in foods. These variances may be 
based on several factors, such as duration of food 
storage and/or cooking practices (Arfaoui 2021). 

3.5. Correlations between significant 

features and the developing infant gut 

microbiome 

Spearman rank correlation was applied to 
explore correlations between the features that 
showed significance through ANOVA and the 

stool microbiome. It should be noted that samples 
from all the time points were included, thus other 
confounding factors, such as age and dietary 
changes, may influence the correlations. Besides 
creating a heatmap from the correlation matrix 
(Figure 7a), a network was generated to better 
visualize the correlations (Figure 7b). Several 
significant correlations between some taxa and 
features in the stool (p. adj < 0.05) were found 
(Table A.12, Figure 7). Specifically, 58 microbe-
feature pairs had positive correlations, while 12 
microbe-feature pairs had negative correlations.  
The correlated features consisted mainly of 
phytochemicals, such as polyphenols and 
terpenoids. For example, the flavone tricetin 
showed a strong positive correlation with Blautia 

( = 0.69). Blautia has been shown to 
biotransform flavonoids e.g., 
polymethoxyflavones into several demethylated 
flavones (Kim et al. 2014, Liu et al. 2021). 
Flavonols, e.g. kaempferol-4’-methylether and 
quercetin-3-arabinoside, showed strong 

correlations with Clostridium sensu stricto 1 ( = 
0.69 and 0.67, respectively) (Figure 7). Members 
of Clostridium are known to degrade flavonols 
(Zhang et al. 2014, Steed et al. 2017). Fumonisin 
B1 showed strong correlation with Streptococcus 

( = 0.75). Previously, it was observed that 
Streptococcus can bind to fumonisin B1 
(Niderkorn et al. 2006). Several flavonoids, 
including kaempferol and biochanin A, strongly 

correlated with Romboutsia ( = 0.70 and 0.68, 
respectively). An extract containing flavonoids 
was previously shown to increase relative 
abundance of Romboutsia in mice (Wang et al. 
2022). 

Vulgaxanthin I showed a strong negative 

correlation with Escherichia-Shigella ( = -0.70). 
Extracts containing vulgaxanthin I exhibited 
antibacterial activities against Gram-negative 
bacteria including Escherichia (Vulić et al. 
2013). The alkaloid, 1,3-dimethylurate, had 
strong negative correlations with Clostridioides 
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Figure 7. A) Spearman rank correlation (p.adj < 0.05) heatmap between the microbes detected by 16S rRNA gene 
amplicon sequencing (with their species and ASV identifier given) and the features that showed significance by
ANOVA (with their m/z, retention time, and identification level given). B) A network of the Spearman rank correlation 
results with microbes (with their genus-level classification and ASV identifier given) colored in green and features 
(with their m/z, retention time, and identification level given) in orange. 
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 ( = -0.73) and Eggerthella ( = -0.69). 
Similarly, the terpenoids (+)-khusitene 

negatively correlated with Romboutsia ( = -
0.68) and pseudolaric acid H with Streptococcus 

( = -0.72). The negative correlations observed 
for alkaloids and terpenoids may be attributed to 
their antibacterial properties (Yang et al. 2020, 
Cushnie et al. 2014). While the causal link 
between the features derived from xenobiotics 
and members of the infant gut microbiome 
remains to be elucidated, the results highlight the 
need to explore xenobiotic-microbiome 
interactions in less complex in-vitro models and 
its consequent health implications. 

3.6. Limitations 

Several limitations that are essential to 
consider have become apparent in the applied 
analytical workflow and the overall study design. 
Many of the analytes investigated, especially 
polyphenols, have a wide range of isomers, 
making annotation of the features a complex task. 
This is reflected in the suspect screening results 
where many features (Table A.6 and A.7) have 
the same annotation though they were distinct 
analytes. Additionally, DIA MS2 spectra 
typically have more noise than DDA MS2 spectra 
(Guo and Huan 2020), further complicating 
annotation. The MS2 spectra with increased noise 
have a strong influence on in silico 
fragmentation, hence a high number of features 
annotated at level 3a is reported. The uncertainty 
in feature annotation also impacts the biological 
relevance of the statistical and correlation 
analyses. In addition, the number of participants 
in the study was small (n = 11) and as such, the 
correlation results must be interpreted with 
caution. Moreover, due to the low sample size, all 
time points were included in the correlations 
between the infant stool and gut microbiome. 
Therefore, the correlations may reflect indirect 
drivers such as the dynamic development of the 
microbiome in early life or changes in diet with 

age. A larger sample size and comparison among 
cohorts from other geographical settings would 
be needed for a more comprehensive analysis. 
Data is sparse on longitudinal 
metabolomic/exposomic profiles of healthy 
Nigerian mother-infant pairs anchored on high-
resolution mass spectrometric analysis of breast 
milk and matching stool samples. Thus, the data 
herein gives an important snapshot of the 
chemical exposome in biofluids of a selected 
population that has been considered to be at a 
relatively high exposure levels to many beneficial 
and adverse xenobiotics. 

4. Conclusion 

The influence of natural and/or synthetic 
chemicals in early life is known to have a consid-
erable impact on the development of humans. 
This study provides a comprehensive overview of 
potentially beneficial as well as potentially toxic 
xenobiotics in breast milk and stool from Nige-
rian mother-infant pairs. Several xenobiotics de-
tected in the breast milk were also present in the 
corresponding stool samples, although the stool 
samples contained, as expected, a higher number 
of different xenobiotics. Correlations were ob-
served between xenobiotics and certain members 
of the gut microbiome of the infants. Exposure to 
xenobiotics and their impact on the health of the 
infants significantly increased with the introduc-
tion of complementary foods. However, the toxi-
cological relevance of these correlations needs to 
be further explored in larger cohorts and vali-
dated in in vitro models. Despite the limited sam-
ple size, the longitudinally study design and the 
advanced exposomic/metabolomic workflow ap-
plied allowed for the detailed assessment of the 
chemical exposome in breast milk and stool. The 
next steps should be the application of such work-
flows in larger cohorts and in different popula-
tions, especially in long-term studies, to better 
characterize the influence that exposure to 
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various chemicals and their impact on health and 
microbiome development have. 
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Highlights 13 

- Suspect screening identified polyphenol profiles in nine plant and fungi species. 14 

- Overall, 401 features were annotated with 221 flavonoids and 180 non-flavonoids. 15 

- 64% of flavonoids and 17% of non-flavonoids were conjugated with a sugar moiety. 16 

- Quantitative analysis with 90 polyphenol standards was applied to the samples. 17 

- The most abundant class was flavanones, mainly conjugated with sugar moieties. 18 

Abstract 19 

Polyphenol oxidases are important metalloenzymes that catalyze the oxidation of polyphenols. Organisms 20 

can contain multiple isoenzymes whose possible different functionality is not understood. Moreover, their 21 

substrate preference is still unexplored, and a working hypothesis assumes their specificity is tailored to the 22 

substrates naturally present. Polyphenols are a broad molecular class whose presence in an organism is 23 

frequently unknown. Therefore, nine different mushrooms and plants were applied a LC-HRMS-based 24 

suspect screening workflow to investigate the polyphenols present. Overall, 401 features were annotated, 25 

composed of 221 flavonoids and 180 non-flavonoids. As 64% of the flavonoids were conjugated with a 26 
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glycone, (semi-)quantification was applied when a reference standard of the aglycone was available. 27 

Isomers of hesperetin-O-glucoside were ubiquitous in all investigated samples. Additionally, a targeted LC-28 

MS/MS assay covering 90 polyphenols was applied, showing phenolic acids as prevalent. This study 29 

provides new insights into the complex polyphenol profiles of nine mushroom and plant species. 30 

Keywords 31 

tyrosinase, catechol oxidase, nontargeted analysis, suspect screening, mass spectrometry, food bio-actives  32 
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1. Introduction 33 

Polyphenols are a complex molecular family that can be separated into multiple chemical classes based 34 

on their structure (Figure 1a) (Pietta et al. 2003). They are derived from the secondary metabolite pathway, 35 

e.g. the shikimate pathway (Santos-Sánchez et al. 2019), which is not completely understood yet. 36 

Polyphenols are involved in various processes such as protecting against UV light (Donkin and Martin 37 

1981) or producing melanin, the end result of enzymatic browning (Derardja et al. 2022). Additionally, 38 

secondary metabolites, including polyphenols, can beneficially influence human health (Weigmann and 39 

Hoensch 2022). 40 

Enzymatic browning is a process catalyzed by polyphenol oxidases (PPOs), a family of 41 

metalloenzymes. PPOs are type-III dicopper enzymes, mainly consisting of tyrosinases (TYRs) and 42 

catechol oxidases (COs). TYRs (Scheme S1) reduce O2 to catalyze the o-hydroxylation of monophenols 43 

and the subsequent oxidation of the intermediate (or exogenous) o-diphenols to o-quinones (EC 1.14.18.1) 44 

(Mason and Wright 1949, Molitor et al. 2016), referred to as monophenolase activity. COs (Scheme S1) 45 

show only the latter reaction, referred to as diphenolase activity (EC 1.10.3.1). One theory proposes that 46 

PPOs are involved in a defense mechanism by creating reactive oxygen species that both trigger defense 47 

pathways and reduce the nutritional value of the affected tissue (Boeckx et al. 2015). Understanding a 48 

PPO’s function requires understanding its substrate scope. It is assumed that the amino acids surrounding 49 

the active site of PPOs differ and therefore the enzymes accept different substrates (Derardja et al. 2022). 50 

Thus, knowing which polyphenols are present in specific species would assist in better understanding PPOs 51 

and their involvement in biological pathways (Pretzler and Rompel 2018, Kampatsikas and Rompel 2021). 52 

As numerous polyphenols exist (Figure 1a), methods based on liquid chromatography (LC) coupled to 53 

mass spectrometry (MS) are the analytical platform of choice for measuring a multitude of polyphenols 54 

simultaneously. Furthermore, untargeted LC-MS workflows allow to investigate analytes for which 55 

reference standards are not (or hardly) commercially available (Oesterle et al. 2021). However, analyte 56 

annotation/identification in untargeted LC-MS is a challenging endeavor, and fragmentation spectra (MS2) 57 
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are important for gaining structural information (Aydoğan 2020). One MS2 acquisition technique is data-58 

dependent acquisition (DDA) and it involves selecting specific parent mass-to-charge (m/z) ratios for 59 

fragmentation (Guo and Huan 2020). Moreover, suspect screening, an intermediate approach between 60 

targeted and untargeted methods, allows to screen for analytes with known structures that may be present 61 

in the samples (Pourchet et al. 2020). Therefore, suspect screening can be combined with DDA to 62 

selectively investigate polyphenols in biological matrices. 63 

In this work, nine different plants and fungi containing PPOs were subjected to a suspect screening 64 

DDA LC-HRMS workflow and a targeted LC-MS/MS workflow to assess polyphenols present. These 65 

diverse samples and the types of PPOs present included oyster mushroom (Pleurotus ostreatus, TYRs), 66 

white button mushroom (Agaricus bisporus, TYRs (Pretzler et al. 2017)), brown button mushroom 67 

(Agaricus bisporus, TYRs), moringa leaves (Moringa oleifera, TYRs and COs), enoki mushroom 68 

(Flammulina filiformis, TYRs), tickseed petals (Coreopsis grandiflora, TYRs, COs and aurone synthase 69 

(Kaintz et al. 2014, Molitor et al. 2016)), shiitake mushroom (Lentinula edodes, TYRs), king trumpet 70 

mushroom (Pleurotus eryngii, TYRs), and chanterelle mushroom (Cantharellus cibarius, TYRs). 71 

2. Materials and method 72 

2.1. Reagents, solvents, and chemicals 73 

90 authentic polyphenol reference standards were deployed for identification and (semi-)quantitation 74 

purposes. The commercial sources and purity of the reference standards and the used solvents are listed in 75 

Table S1. The standards were prepared with methanol to create stock solutions and working mixtures at 76 

various concentrations to spike the samples and create calibration curves (Table S2). 77 

2.2. Sample acquisition and preparation 78 

The mushroom and plant samples were purchased from local stores (Table S3). After acquisition, each 79 

sample was freeze-dried, and approximately 1 g was ground to a fine powder in a mortar and pestle. Then, 80 

roughly 50 mg was weighed into a 2 mL micro reaction tube (Table S3), and 500 µL extraction solvent 81 
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(water:acetonitrile:methanol, 1:1:1, with 1% v/v formic acid) was added. The sample was briefly vortexed, 82 

placed in a thermoshaker (1 h, 75°C, 500 rpm), and centrifuged (10 min, 22°C, 18000 x g). The supernatant 83 

was subsequently transferred to an LC vial. The extraction procedure was repeated a second time, and the 84 

supernatants combined. For the untargeted workflow, approximately 11 mg of Moringa leaves were 85 

extracted with 300 µL of extraction solvent since a higher dilution was needed as this sample contained 86 

elevated levels of polyphenols compared to the other organic material. The samples were prepared 87 

independently a second time for the targeted measurements (Table S3), with a 7-point calibration curve in 88 

neat solvent (Table S2). Two additional samples (50.5 and 50.1 mg, respectively) of white button mushroom 89 

were prepared and spiked with the reference standards (spike matrix-matched, Table S2) to estimate 90 

extraction efficiencies and signal suppression and enhancement (SSE) effects. 91 

2.3. LC-(HR)MS(/MS) instrumentation and parameters 92 

Both, the LC-HRMS and the LC-MS/MS system were connected to a 1290 Infinity II UHPLC 93 

(Agilent), with chromatographic parameters previously optimized by Oesterle et al. 2022 (Table S4). The 94 

LC-HRMS system consisted of an ESI source and a ZenoTOF 7600 (SCIEX) MS, with the source and MS 95 

parameters listed in Table S5. Data was acquired in DDA mode with the 10 most intense ions selected for 96 

fragmentation and an MS2 inclusion list comprised of the combined 3223 entries from PhytoHub 97 

(Giacomoni et al. 2017) and Exposome-Explorer (Neveu et al. 2020). The LC-MS/MS system consisted of 98 

an ESI source and a QTrap 6500+ (SCIEX) MS, with the source and MS parameters listed in Table S6. 99 

Data was acquired in scheduled multiple reaction monitoring mode (MRM) as previously described by 100 

Oesterle et al. 2022. 101 

2.4. Data analysis 102 

The LC-HRMS data analysis followed a workflow adapted from Oesterle et al. 2023. Briefly, the raw 103 

files were converted to MGF files with MSConvert (v3.0.22067) (Chambers et al. 2012), and then imported 104 

into MZMine (v3.3.0) (Schmid et al. 2023) for feature processing. Suspect screening was done in MZMine 105 
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by monoisotopic mass matching of the features with the entries in PhytoHub (Giacomoni et al. 2017) and 106 

Exposome-Explorer (Neveu et al. 2020). MZMine was used for annotation with a spectral library from MS-107 

DIAL Metabolomics (Tsugawa et al. 2015) using a minimum cosine score (normalized dot-product) of 0.7. 108 

SIRIUS (v5.5.7) (Dührkop et al. 2019) was used for in silico fragmentation (minimum score of -50). All 109 

the steps and parameters applied are listed in Table S7. Conversely, the LC-MS/MS results were analyzed 110 

with Skyline (v21.2) (MacLean et al. 2010). 111 

2.5. Quality control 112 

A process blank and a pooled quality control (QC) were prepared following the sample preparation 113 

procedure. The process blank sample was left empty while the QC sample consisted of combining 114 

approximately 5 mg of each sample (Table S3). During each extraction step of the QC, the supernatant was 115 

split by transferring 150 µL into two separate vials. One of these samples was spiked with the reference 116 

standard mixture (Table S2) and the other was used for a three-point dilution series with a constant dilution 117 

factor of two and diluting with the extraction solvent. The QCs and process blank were measured in 118 

triplicates. Features were removed during data analysis if they were not present in all three replicates of the 119 

QC, had a relative standard deviation greater than 30% in the QC measurements, or had an average 120 

chromatographic peak area in the process blank sample greater than 1/3 of the average area in the QC 121 

(Kirwan et al. 2014). Finally, features that did not have a Spearman correlation coefficient greater than 0 122 

in the QC dilution series were removed. 123 

3. Results and discussion 124 

From all nine samples, a total of 401 features were annotated with the described workflow (Table S8). 125 

As polyphenols are a molecular class rich in isomers, establishing structural annotation confidence is not 126 

straightforward. Therefore, the annotation of the relevant features was split into different confidence levels 127 

adapted from Schymanski et al. 2014 and described in detail by Oesterle et al. 2023. From the 401 features, 128 

39 were identified with reference standards (level 1) and 81 were annotated by spectral libraries (level 2a). 129 
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An additional 163 features had a spectral library match, but it was unknown which isomer was the correct 130 

structure (level 3a). Utilizing in silico fragmentation, an additional six features with a known structure were 131 

annotated (level 3b) and 112 features with the isomeric structure unknown (level 3c). A heatmap was 132 

generated to show all the features following log10 normalization (Figure S3). Moreover, 170 (42%) of the 133 

features were conjugated with one or multiple sugar moieties contributing to the difficulty in identifying 134 

the correct isomeric structure (Table S8). Following feature annotation, the polyphenol class of each feature 135 

(Figure 1b) was determined resulting in 221 (55%) flavonoids and 180 (45%) non-flavonoids overall. 136 

Quantitation in untargeted workflows is challenging as reference standards are typically lacking. As 137 

42% of the features were conjugated with a glycone (Figure 2a-c and S4), the concentration of these 138 

conjugated features (Table S9) was approximated based on the relative chromatographic peak area to their 139 

corresponding aglycone if a reference standard was available (Table S2). Standard addition was applied as 140 

the reference standards were spiked in the QC sample (Table S2). For certain analytes, the calibration curve 141 

in neat solvent was used as no change in peak area was observed after spiking due to high natural 142 

concentrations in the QC. The samples were then quantified with a targeted LC-MS/MS method (Table 143 

S10). In this method, extraction efficiency and SSE were approximated by spiking extra samples of white 144 

button mushrooms. Table S11 lists the five features of each sample from the untargeted workflow that had 145 

the largest chromatographic peak areas, the largest relative concentration, and the five analytes with the 146 

highest concentration from the targeted analysis. It is not unexpected, that the most intense/concentrated 147 

polyphenols determined by the two alternative approaches often do not match while some of the 148 

concentrations are in line with each other. This is caused by the far broader chemical space of the untargeted 149 

method but also its limited capacity for delivering full quantitative results. 150 

The seven mushroom samples had similar polyphenolic profiles (Table S8 and Figures 1b, 2a-c, S3, 151 

and S4) with 191, 171, 211, 175, 211, 188, and 272 features determined in the white button, brown button, 152 

oyster, king trumpet, shiitake, enoki, and chanterelle mushroom samples, respectively. In all mushroom 153 

samples, features were on average as follows: 28% flavanones, 15% hydroxycinnamic acids, 13% 154 

hydroxybenzoic acids, 9% flavones, and 6% flavonols. Moreover, on average 50% of the features were 155 
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conjugated with a sugar moiety (Figure S4), which included 74% of the flavanones, 87% of the flavones, 156 

18% of the hydroxybenzoic acids, and 15% of the hydroxycinnamic acids. Various flavanones, notably 157 

isomers of hesperetin-O-glucoside (Figures 2d-e, and S5), were among the most abundant polyphenols 158 

determined in the samples (Table S8 and S11). For example, an isomer of hesperetin-O-glucoside (7.0 min, 159 

level 3c), had concentrations between 26 and 110 µg/g of dry weight. Besides flavanones, mainly phenolic 160 

acids, e.g. homoprotocatechuic acid and tyrosol (Figure S5), were highly prevalent, especially by targeted 161 

LC-MS/MS. 162 

Some minor differences between the mushroom species was observed. For example, shiitake was the 163 

only mushroom sample with urolithin M5 (level 3c) (Figure S5) detected. Moreover, only two flavonols 164 

(1%) were detected in the king trumpet mushroom, while more was detected in the other mushrooms, e.g. 165 

enoki had 16 (9%) flavonols. A prevalent analyte of white and brown button mushrooms was γ-L-166 

gluatminyl-4-hydroxybenzene (Figure S5) with concentrations of 16 and 25 µg/g of dry weight, 167 

respectively. This analyte was previously observed as prevalent in white button mushroom (Weijn et al. 168 

2013). 169 

Previous studies utilizing targeted methods focusing on phenolic acids have been applied to some of 170 

the tested species (Gąsecka et al. 2018, Reis et al. 2012). In the work at hand, phenolic acids were also 171 

prevalent, and in similar concentrations as described previously. Besides phenolic acids, the other 172 

polyphenol classes have not been investigated as thoroughly by LC-MS. One study investigated catechins 173 

in king trumpet mushrooms (Calabretti et al. 2021), but these polyphenols were not detected here, which 174 

could be from the non-optimal nature of the workflow this polyphenol class. Untargeted methods were 175 

previously applied to mushrooms to study the general composition (Uffelman et al. 2023) or changes, e.g. 176 

during browning (Fu et al. 2022). However, studies focusing on polyphenols are scarce. For example, 177 

untargeted analysis of shiitake mushrooms revealed 17 metabolites that included phenolic acids, e.g. gallic 178 

acid or syringic acid, flavones, e.g. apigenin, and catechins (Nam et al. 2021). Some of the annotated 179 

polyphenols were also detected in our study, e.g. gallic acid, but others, e.g. catechin, were not detected 180 
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even with the targeted method which raises concerns on the identification confidence of previous work not 181 

Figure 1. A) Diagram of polyphenol classes based on their structure, along with their backbone (Pietta et al. 2003). 

B) Stacked bar chart indicating the number of features detected in each polyphenol class for the nine tested species. 
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relying on a high number of authentic reference standards. 182 

Contrary to the mushroom samples, more polyphenols were detected and at higher concentrations in 183 

the two plant samples. 244 features were detected in moringa leaves, and the main classes were again 184 

flavanones (24%), hydroxycinnamic acids (20%), hydroxybenzoic acids (13%), flavones (10%), and 185 

flavonols (10%). Tickseed flower petals showed the greatest number of polyphenol-related signals with 380 186 

features detected, mainly flavanones (26%), hydroxycinnamic acids (14%), flavones (10%), 187 

hydroxybenzoic aids (9%), and flavonols (8%). Moreover, 55% of the features in moringa leaves were 188 

conjugated with a glycone while 42% of the features in tickseed flower petals were conjugated. Similar to 189 

the mushroom samples, phenolic acids were prevalent in moringa leave, but it also showed high 190 

concentrations of flavonols including rutin (Table S11). The most prevalent features in tickseed flowers 191 

were flavanones, especially various isomers of hesperetin-O-glucoside. Moreover, targeted LC-MS 192 

revealed flavanones and flavonols in high concentrations, while in the other samples phenolic acids 193 

predominated. 194 

To the best of our knowledge, no previous investigation of polyphenols in tickseed flower petals exists, 195 

either targeted or untargeted. Contrarily, multiple studies of polyphenols in moringa leaves exist. For 196 

example, 291 polyphenols were previously annotated, of which 39 were anthocyanins (Rocchetti et al. 197 

2020). A higher number of anthocyanins was assigned than here (5 analytes), most likely due to the LC 198 

conditions used here not being optimized for anthocyanins (Oesterle et al. 2022). Similar to our work (Table 199 

S11), previous research found that moringa leaves contain high concentrations of caffeoylquinic isomers, 200 

gallic acid glucoside, and quercetin and kaempferol with sugar moieties (Rocchetti et al. 2020, Oldoni et 201 

al. 2019). 202 

How differences in the polyphenol profiles of the species relate to their respective PPOs is challenging 203 

to establish as comprehensive information on PPOs is still limited (Table S3). Genomic data for moringa 204 

leaves, and enoki, king trumpet, and chanterelle mushrooms are only available at the assembly level. 205 

Moreover, no genomic data for tickseed flower petals exists, however, sequences for two isoforms of aurone 206 

synthases are available (Table S3) (Kaintz et al. 2014). For the remaining mushroom species, partial 207 
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information on the TYRs present is available (Table S3), with two isoforms found in oyster mushrooms, 208 

Figure 2. Stacked bar chart illustrating the number of features conjugated with a glycone versus unconjugated in white 

button mushroom (A), tickseed flower (B), and over the nine different samples (C). D) The extracted ion chromatogram 

of m/z 463.124 in king trumpet mushroom. E) MS2 spectra and fragment structures of hesperetin-7-glucoside (m/z 

463.124) at 7.0 min. 
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three in shiitake mushrooms, and six in button mushrooms. 209 

The active center of PPOs contains two copper ions that activate molecular oxygen and catalyze the 210 

reaction (Scheme S1). The metal ions are chelated by three histidine residues each (Figures S1 and S2). 211 

Substrate access to the active site is regulated by the amino acids lining the entrance to the cavity holding 212 

the copper ions (Figure S2) (Bijelic et al. 2015), and the most prominent are the two residues located 213 

immediately after the second and third histidine of copper B, the activity controllers (Kampatsikas et al. 214 

2017). All the fungal enzymes feature either aspartic acid or asparagine at the first activity controller 215 

position, while for the two plant enzymes it is a threonine. The second activity controller involves a more 216 

diverse set of amino acids, and the most common in the fungal enzymes are the small and uncharged valine 217 

and leucine. Moreover, the even smaller glycine, the slightly bigger methionine, and the bulky 218 

phenylalanine exist in one enzyme each. While for the two plant enzymes, CgAUS1 and CgAUS2, the 219 

bulky and positively charged arginine is featured, most likely to restrict their activity on monophenolic 220 

substrates (Kampatsikas et al. 2020). A similar picture is seen at the gatekeeper position (Bijelic et al. 221 

2015), which is occupied by small amino acids (proline, valine, alanine, leucine and glycine) for most of 222 

the fungal enzymes. Additionally, in a set of isoenzymes that contain small amino acids at this position, 223 

one fungal enzyme exists with the polar asparagine and arginine in each. As typical for plant PPOs, the two 224 

enzymes from tickseed exhibit a bulky phenylalanine at this position (Tran et al. 2012). While this seemed 225 

to interfere with the spatial needs of the hydroxylation reaction on monophenols, structural investigations 226 

on walnut tyrosinase (Bijelic et al. 2015) showed that this residue is, in fact, flexible enough to not only 227 

allow the passage of substrate but may even enhance the binding of incoming phenols via interactions with 228 

their aromatic ring. From the limited available data on PPOs in the sampled fungi and plants, the isoenzymes 229 

present in any one organism seem to complement each other in the accessibility of their active center for 230 

substrates. Therefore, further investigations are required, especially among isolated isoenzymes and the 231 

different polyphenols found naturally. 232 

 233 
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5. Conclusion 234 

A suspect screening LC-HRMS workflow for polyphenols was successfully applied to seven 235 

mushroom and two plant species known to contain polyphenol oxidases. This allowed for the 236 

comprehensive identification and annotation of polyphenols present in these samples. Moreover, (semi-237 

)quantification was performed on conjugated and unconjugated polyphenols from the untargeted data, and 238 

the samples were additionally quantified with a targeted LC-MS/MS assay covering a wide range of 239 

polyphenol standards. Overall, a similar number of flavonoids and non-flavonoids were detected, with 240 

roughly two-thirds of the flavonoids conjugated to a sugar moiety. Tickseed flower petals showed a higher 241 

total number of polyphenols and their respective concentrations compared to moringa leaves. The 242 

mushroom species exhibited similar polyphenol profiles, especially the two button mushrooms. Besides 243 

yielding insights on the polyphenols naturally present in these species, the comprehensive profiling is 244 

intended to aid in defining and interpreting the selectivity of PPOs in the future. 245 
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7. Conclusion and Outlook

Polyphenols and their metabolites have a significant impact on human health and well-
being. Therefore, it is vital to better understand human exposure to these xenobiotics.
Typically, methods for analyzing polyphenols only focused on a limited number of analytes
from a few specific sub-classes rather than attempting to study their totality. Thus, a
targeted LC-MS method was developed for 90 polyphenol analytes representing all the
main sub-classes, including human polyphenol metabolites. This analytical procedure
allowed to investigate numerous chemically diverse polyphenols simultaneously, and in a
manner that the assay can easily be adapted to different applications, such as for different
human and plant matrices. As the focus of this thesis was on the comprehensive study
of human polyphenol exposure, this targeted LC-MS method was optimized for three
different biological matrices: urine, serum, and plasma. Through in-house validation
for these three biological matrices, the method showed its suitability and stability. In
addition, the LC-MS method showed high sensitivity with optimal extraction efficiency
and minimal signal suppression and enhancement effect, despite using low sample volumes
and a high-throughput sample preparation. Thus, overall, the method showed its readiness
to be applied in future large cohorts.

Compared to targeted workflows, untargeted workflows allow to go beyond analytes
for which reference standards are commercially available. In the context of polyphenols,
this is crucial as diverse analytes exist, and reference standards, especially for conjugated
polyphenols, are expensive or non-existent. Therefore, an untargeted workflow was
developed using the targeted LC-MS method as a benchmark. As untargeted workflows
use high-resolution mass spectrometers, they typically suffer from lower sensitivity than
targeted workflows. Therefore, the sensitivity gap between the two workflows was
quantified for polyphenols, with the untargeted workflow showing feasible sensitivity in
comparison to the targeted method. Moreover, the untargeted workflow was applied to
real-life samples, and showed comparable performance with the targeted workflow for
polyphenols at naturally occurring concentrations. As numerous non-targeted analysis
tools exist, various tools, such as in silico fragmentation or neutral loss querying, were
benchmarked, allowing to better understand their advantages and limitations to find
features that are potentially polyphenol-related. Lastly, the workflow was also developed to
include suspect screening of polyphenols and other biomarkers of environmental exposure.
This allowed to investigate the presence of a variety of known polyphenols whose reference
standards were not readily available. In addition, it demonstrated the workflow’s potential
to simultaneously study other xenobiotics and their metabolites. Therefore, in the future,
the workflow can be applied to investigate co-exposure effects between polyphenols and
other xenobiotics.

Following their development, the suitability and applicability of the targeted and

139



CHAPTER 7. CONCLUSION AND OUTLOOK

untargeted workflows were tested in two individual studies. Firstly, both workflows
were applied for the polyphenolic profiling of nine distinct plant and fungi species.
Consequently, the sample preparation procedure was adapted for these types of samples.
This demonstrated that the workflows can be easily transferred among different human,
microbial, and plant matrices. Moreover, the obtained results provides in-depth insights
into the polyphenol profiles of important plant and fungi species. In addition, this allows
to further investigate the selectivity of polyphenol oxidases and their involvement in
biological pathways. Secondly, the untargeted workflow was adapted and applied in a
longitudinal study involving samples collected at three distinct time points from mother-
infant pairs. This allowed to investigate polyphenols, as well as other xenobiotics, in
matching breast milk and stool samples from a highly exposed population. Different
xenobiotic classes, including polyphenols, antibiotics, plasticizers, and mycotoxins were
detected in the samples. Moreover, an increase in exposure to both potentially beneficial
and adverse xenobiotics was observed as complementary foods were introduced in the
infant’s diet.

In summary, thoroughly investigating human exposure to polyphenols and their meta-
bolites is a complex task. As numerous diverse polyphenols exist, cutting-edge analytical
techniques are required. The development of the LC-MS workflows and their applications
in different pilot studies showed their significant potential. Though, intrinsic limitations
still exist such as the need to improve the sensitivity of high-resolution instruments used
in untargeted approaches or the feature annotation tools used, e.g. expanding spectral
libraries. The mother-infant pilot study showed correlations between xenobiotics with
each other and with the gut microbiome, displaying the capacity of these workflows to
gain potential insights on the impact of xenobiotics with future health development. This
is key as exposures during early life and a healthy evolution of the microbiome has an
impact on the development of chronic diseases. Therefore future research with applying
these workflows to larger cohorts, especially long-term longitudinal studies, is vital to
better understand the influence of polyphenols on human health.
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SOP #1 - Extraction of Polyphenols in Human Urine, Serum, and Plasma 

Version 1 

By Ian Oesterle 

09.11.2023 

• This workflow is used for the article 

Ian Oesterle, Dominik Braun, Annette Rompel, Benedikt Warth. "Quantifying up to 90 polyphenols 

simultaneously in human bio-fluids by LC-MS/MS", Analytica Chimica Acta, 2022, Vol. 1216:339977 

 

• General extraction procedure 

1. Gently thaw a 1 mL aliquot of either urine, serum, or plasma, and vortex briefly to homogenize. 

2. Transfer 40 µL to a 0.5 mL clear micro-reaction tube. 

3. Add 160 µL of extraction solvent (acetonitrile: methanol (1:1) with 1% v/v formic acid). 

4. Briefly vortex. 

5. Sonicate on ice for 10 min. 

6. Place at -20°C for at least 2 h. 

7. Centrifuge at 4°C and 18’000 x g for 10 min. 

8. Transfer 75 µL of the supernatant to a 1.5 mL amber LC glass vial with a 300 µL glass insert. 

9. Add 225 µL dilution solvent (acetonitrile: water (1:2) with 1% v/v formic acid). 

10. Cap the amber HPLC vial. 

11. Analyze by LC-MS directly, ideally, or store at -20°C until analysis. 
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 SOP #2 - Extraction of Polyphenols in Infant Stool 

Version 1 

By Ian Oesterle 

09.11.2023 

• This workflow is used for the article 

Ian Oesterle, Kolawole I. Ayeni, Chibundu N. Ezekiel, David Berry, Annette Rompel, Benedikt Warth. 

"Insights into the early-life chemical exposome of Nigerian infants and potential correlations with the 

developing gut microbiome", bioRxiv, 2023 

 

• General extraction procedure 

1. Weigh in around 100 mg of wet infant stool into a 2 mL clear micro-reaction tube. 

2. Dry the sample in a vacuum concentrator at 10°C overnight. 

3. Weigh the dried sample. 

4. Add water at a ratio of 40 µL per 20 mg of dry weight. 

5. Add acetonitrile: methanol (1:1) with 1% v/v formic acid at a ratio of 160 µL per 20 mg of dry weight. 

6. Vortex the sample. 

7. Ultrasonicate for 15 min on ice. 

8. If the pellet is not dissolved, repeat steps 6 and 7 as necessary. 

9. Place the sample at 20°C overnight. 

10. Centrifuge at 4°C and 18’000 x g for 10 min. 

11. Transfer 50 µL of the supernatant into a new 2 mL clear micro-reaction tube. 

12. Dilute by a factor of 10 by adding 450 µL of reconstitution solvent (composed of: 200 µL acetonitrile, 245.5 

µL water, and 4.5 µL formic acid). 

13. Filter the sample through a PTFE filter into an amber HPLC vial. 

14. Cap the amber HPLC vial. 

15. Analyze by LC-MS directly, ideally, or store at -20°C until analysis. 
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 SOP #3 - Extraction of Polyphenols in Plants and Mushrooms 

Version 1 

By Ian Oesterle 

09.11.2023 

• This workflow is used for the article 

Ian Oesterle, Mathias Pretzler, Annette Rompel, Benedikt Warth. "Polyphenolic Profiling of Plants and 

Edible Mushrooms to Aid Characterizing Polyphenol Oxidase Selectivity", ChemRxiv, 2023 

 

• General extraction procedure 

1. Freeze-dry the freshly acquired plant or mushroom samples. 

2. Take roughly 1 g of the freeze-dried sample into a mortar and pestle, and grind into a fine powder. 

3. Weigh 50 mg of the powdered sample into a 2 mL clear micro-reaction tube. 

4. Add 500 µL of extraction solvent (water: acetonitrile: methanol (1:1:1) with 1% v/v formic acid). 

5. Briefly vortex the sample. 

6. Place the sample in a thermoshaker at 75°C and 500 rpm for 1 h. 

7. Centrifuge the sample at 22°C and 18’000 x g for 10 min. 

8. Transfer the supernatant into an amber HPLC vial. 

9. Repeat steps 4 to 7 with the remaining solid sample in the micro-reaction tube, and add the supernatant to 

the amber HPLC vial. 

10. Cap the amber HPLC vial and briefly vortex it. 

11. Analyze by LC-MS directly, ideally, or store at -20°C until analysis. 

 

A.7. SOPS OF THE DEVELOPED WORKFLOWS

169



SOP #4, 1 | 3 

 

 SOP #4 - Analysis of Polyphenols by Targeted LC-MS/MS in MRM Mode on a 

QTrap 6500+ 

Version 1 

By Ian Oesterle 

09.11.2023 

• This workflow is used for the article 

Ian Oesterle, Dominik Braun, Annette Rompel, Benedikt Warth. "Quantifying up to 90 polyphenols 

simultaneously in human bio-fluids by LC-MS/MS", Analytica Chimica Acta, 2022, Vol. 1216:339977 

 

• Prepare the standard working mixes 

o Use the individual stock solutions at the different concentrations to make Mix A (8Z), B (8X), C 8R, D 8Y, E 

8S, F 8T, and G 8U (see file: 231109_Targeted_Working_Solutions_Urine_Serum_Plasma_v1.xlsx, located 

at: lmch\12 AK Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. 

Workflows\Documents). 

▪ The stock solutions were prepared at different dates (see file: 231109_Stock_Solutions_v1.xlsx, located 

at: lmch\12 AK Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. 

Workflows\Documents) at concentrations of 1 mg/mL and then serially diluted to make stocks with 

concentrations of: 100 µg/mL, 10 µg/mL, and 1 µg/mL. All stock solutions were created by diluting the 

compounds in methanol, and they were continuously stored at -20°C. 

▪ The stability of the individual stocks will depend on the compound, and the lifetimes can be determined 

with their respective Certificate of Analysis. Information to attain the Certificates of Analysis for each 

compound can be found in Table S1 of the relevant article. In addition, it will depend on the type of 

vial used and the location for storage. 

o With mixes A to G, prepare the seven working solutions by serial dilution as follows: 

o The concentrations of the different analytes in the seven different working mixes is listed in the Excel: 

231109_Targeted_Working_Solutions_Urine_Serum_Plasma_v1.xlsx, located at: lmch\12 AK Benedikt 

Warth\4 PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\Documents. 

 

 

 

• Sample preparation procedure 

o For urine, serum, or plasma samples (which this method was originally optimized for), “SOP #1: Extraction 

of Polyphenols in Urine, Serum, and Plasma” should be followed. 

 

Working Mix Quantity and Which Mix Quantity of Methanol added 

Working Mix 7 (highest 
concentrated) 

200 µL of all 7 different mix 8s 100 µL 

Working Mix 6 750 µL of working mix 7 750 µL 

Working Mix 5 750 µL of working mix 6 750 µL 

Working Mix 4 750 µL of working mix 5 750 µL 

Working Mix 3 750 µL of working mix 4 750 µL 

Working Mix 2 500 µL of working mix 3 1000 µL 

Working Mix 1 (lowest 
concentrated) 

500 µL of working mix 2 1000 µL 
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• Quality control 

o It is recommended that triplicates at three different spiking levels (low, middle, high) are created along with 

the unknown samples in order to monitor the sample preparation for the various analytes and check for 

variances in extraction efficiencies compared to the validated method. 

▪ If it is not feasible to make all three different spiking levels, then it is suggested to make at least the 

middle level. 

▪ If variances in the extraction efficiencies are greater than 20% for individual analytes, it is suggested to 

investigate the cause of these variances. 

o These samples should be prepared in the same manner as the other unknown samples. However, instead 

of adding the extraction solvent from the SOP, the samples should be spiked with 52 µL of the working 

mixes listed below, and the extraction solvent should be adapted accordingly to retain the same ratios of 

formic acid, acetonitrile, and methanol. 

▪ Low level: working mix 2 

▪ Middle level: working mix 5 

▪ High level: working mix 7 

 

• Calibration curves 

o In the best-case scenario, a neat solvent calibration curve and a matrix-matched calibration curve should 

be created. 

▪ The matrix-matched calibration curve would allow to account for signal suppression and enhancement 

effects directly, and it would allow to compare the chromatographic peak shapes in matrix to neat 

solvent. 

▪ If no matrix-matched calibration curve can be created, it is recommended to create triplicates of a 

sample enriched with the standard mixes at least in one concentration (ideally in three different 

concentrations). The sample enrichment should be done at the end of the sample preparation 

procedure, similarly to creating the calibrants. This will allow to monitor peak shapes and signal 

suppression and enhancement effects. 

o For creating the matrix-matched calibration, it is recommended to use a “blank matrix” that is minimally 

contaminated with polyphenols. During the method validation, “Day 3 Urine Blank” by MF was utilized 

(stored in the -80°C freezer). 

o For creating the neat solvent calibration, acetonitrile: methanol (1:1) with 1% v/v formic acid should be 

used instead of biological matrix. 

o The samples for the calibration curve should be prepared following the extraction procedure SOP, but after 

transferring the supernatant to an amber LC vial, 19.5 µL of the working mixes should be added according 

to the list below with 205.5 µL of the dilution solvent. 

▪ Standard blank: pure methanol 

▪ Standard level 1 (STD1) (lowest concentration): working mix 1 

▪ Standard level 2 (STD2): working mix 2 

▪ Standard level 3 (STD3): working mix 3 

▪ Standard level 4 (STD4): working mix 4 

▪ Standard level 5 (STD5): working mix 5 

▪ Standard level 6 (STD6): working mix 6 

▪ Standard level 7 (STD7) (highest concentration): working mix 7 

 

• LC-MS/MS Measurements 

o Once the samples are prepared, the following LC-MS/MS method should be followed: 

Instrument Agilent Infinity 1290 II UHPLC with SCIEX QTrap 6500+ 
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Acquisition method 220307_PoPhe_final_method and 220307_PoPhe_final_method_blank for blank 
samples to reduce carryover (a copy is located at: lmch\12 AK Benedikt Warth\4 
PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\Acquisition 
Methods) 

Injection volume 5 µL 

Autosampler temperature 7°C 

Column temperature 30°C 

Column Acquity UPLC HSS T3 (2.1 x 100 mm, 1.8 µM, Waters)  
with a VanGuard precolumn (1.8 µM, Waters) 

Flow rate 0.6 mL/min 

Needle wash Water: methanol: acetonitrile: isopropanol (1:1:1:1) with 1% v/v formic acid 

Eluent A Water with 0.1% v/v formic acid 

Eluent B Acetonitrile with 0.1% v/v formic acid 

Gradient Time (min) Eluent A (%) Eluent B (%) 

0 95 5 

2 95 5 

12 37 63 

12.01 5 95 

14 5 95 

14 95 5 

16 95 5 

Curtain gas 35 arb 

Ion source gas 1 90 arb 

Ion source gas 2 90 arb 

CAD gas Medium 

Source temperature 550°C 

Entrance potential +/- 10 V 

Ion spray voltage +5500/-4500 V 

MRM Transitions See Table S2 in the supplementary information of the article: Oesterle et al. 2022 
(Analytica Chimica Acta) 

• Data analysis and reporting 

o The data analysis software during method validation was SciexOS 2.0q, and the quantitation methods can 

be found under lmch\12 AK Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. 

Workflows\Quantitation Methods. 

o The quality controls should be compared with the neat solvent and matrix-matched calibrations to monitor 

the sample preparation. 

o The neat solvent and matrix-matched calibration curves should be compared to monitor the influence of 

the matrix to the analytes investigated. 

o Unknown samples should be deemed positive if the ion ratios between the quantifier and qualifier ions in 

the unknown samples differ by less than 20% compared to the matrix-matched calibrants. In addition, a 

retention time deviation of +/- 0.1 min is allowed. 
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 SOP #5 - Untargeted LC-HRMS Workflow with Data-Dependent Acquisition 

(Iterative Exclusion) and Suspect Screening on a QExactive HF 

Version 1 

By Ian Oesterle 

09.11.2023 

• This workflow is used for the article 

Ian Oesterle, Manuel Pristner, Sabrina Berger, Mingxun Wang, Vinicius Verri Hernandes, Annette Rompel, 

Benedikt Warth. "Exposomic Biomonitoring of Polyphenols by Non-Targeted Analysis and Suspect Screening", 

Analytical Chemistry, 2023, Vol. 95(28):10686-10694 

 

• If using urine, serum, or plasma samples (as in the article), then the samples should be prepared following “SOP 

#1: Extraction of Polyphenols in Urine, Serum, and Plasma”. 

 

• LC-HRMS Measurements 

Instrument Thermo-Fisher Vanquish UHPLC with a Thermo-Fisher QExactive HF 

LC 
parameters 

Injection 
volume 

5 µL 

Autosampler 
temperature 

4°C 

Column 
temperature 

30°C 

Column Acquity UPLC HSS T3 (2.1 x 100 mm, 1.8 µM, Waters)  
with a VanGuard precolumn (1.8 µM, Waters) 

Flow rate 0.6 mL/min 

Needle wash Water: methanol: acetonitrile: isopropanol (1:1:1:1) with 1% v/v formic acid 

Eluent A Water with 0.1% v/v formic acid 

Eluent B Acetonitrile with 3% v/v water and 0.1% v/v formic acid 

Gradient 

Time (min) Eluent A (%) Eluent B (%) 

0 94.8 5.2 

2 94.8 5.2 

12 34 66 

12.01 2.1 97.9 

14 2.1 97.9 

14 94.8 5.2 

16 94.8 5.2 

MS method 

Acquisition file 20220713_HSST3_FA_0_6mLmin_Grad_16min_MS2_DDA_Neg_stepNCE 
(20220713 to 20220722, smp 1 to 12, run 1 to 5, in Neg and Pos) 
(a copy is located at: lmch\12 AK Benedikt Warth\4 PhD and MSc\01_PhD\05. 
Ian Oesterle - PoPhe\11. Workflows\Acquisition Methods) 

Acquisition 
Mode 

DDA with top 10 and iterative exclusion list (from IE-Omics, DOI: 
10.1007/s13361-017-1608-0) (a copy of the script is located at: lmch\12 AK 
Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. 
Workflows\R Scripts) 
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Scan range m/z 100 to 1000 

Polarity Negative and positive separately 

MS1 resolution 60’000 

MS2 resolution 30’000 

Normalized 
collision 
energy 

Stepped of 10, 30, and 50 eV 

AGC of full 
scan 

1E6 

Max. injection 
time of full 
scan 

100 ms 

AGC of MS2 5E5 

Max. injection 
time of MS2 

120 ms 

Isolation 
window 

1.0 m/z 

Minimum AGC 4E3 

Dynamic 
exclusion 

10 s 

• Data evaluation 

1. Convert raw files into MGF files with MSConvert (v3.0.22067) (a copy of the software is located in: lmch\12 

AK Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\Softwares). 

2. Use MZMine (v3.1.0) for feature extraction and pre-processing with the parameters given in Table S3 of the 

supplementary information in Oesterle et al. 2023 (Analytical Chemistry). 

a. A copy of the software is located in: lmch\12 AK Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian 

Oesterle - PoPhe\11. Workflows\Softwares. 

3. For suspect screening, two online databases were used: PhytoHub (https://phytohub.eu/) and Exposome-

Explorer (http://exposome-explorer.iarc.fr/). 

a. An excel file containing all of the entries was created: 

231109_Databases_Combined_PhytoHub_ExposomeExplorer_v2.xlsx and is located in: lmch\12 

AK Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\Documents 

b. From the excel file of the database, a csv file was created with [M-H]- masses (file: 

231109_Databases_Combined_for_Suspect_Screening_v1.csv, located in: lmch\12 AK Benedikt 

Warth\4 PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\Documents).  This file can 

then be imported into MZMine in order to extract the features of interest by MS1 matching. It is 

assumed in this case that the analytes will only undergo [M-H]- fragmentation, as it is the likely 

fragmentation of polyphenols due to their hydroxy groups. 

4. MZMine was then used for spectral library matching with a library curated by MS-DIAL 

(http://prime.psc.riken.jp/compms/msdial/main.html#MSP) called ESI(-)-MS/MS from Authentic Standards 

was used. 

a. A copy of the spectral library is located in: lmch\12 AK Benedikt Warth\4 PhD and MSc\01_PhD\05. 

Ian Oesterle - PoPhe\11. Workflows\Documents. For the parameters used, see Table S3 of the 

supplementary information in Oesterle et al. 2023 (Analytical Chemistry). 

5. The aligned feature list was exported from MZMine into SIRIUS (v5.5.7) for in silico fragmentation. See Table 

S3 of the supplementary information in Oesterle et al. 2023 (Analytical Chemistry) for the parameters 

selected for in silico fragmentation. 
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a. A copy of the software is located in: lmch\12 AK Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian 

Oesterle - PoPhe\11. Workflows\Softwares. 

6. The aligned feature list exported from MZMine or raw acquisition files were imported into MassQL on the 

GNPS server for sulfate or glucuronide neutral loss queries. See Table S3 of the supplementary information 

in Oesterle et al. 2023 (Analytical Chemistry) for parameters and queries. 

7. Import the aligned feature list exported from MZMine into MetaboAnalyst (v5.0) 

(https://www.metaboanalyst.ca/) for statistical analysis. 

8. Use R (v4.2.0) for Van Krevelen analysis with the exported aligned feature list. The code: 

VanKrevelen_Analysis.R, can be found under: lmch\12 AK Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian 

Oesterle - PoPhe\11. Workflows\R Scripts. 
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SOP #6 - Untargeted LC-HRMS Workflow with Data-Independent Acquisition 

using SWATH and Suspect Screening on a ZenoTOF 7600 

Version 1 

By Ian Oesterle 

09.11.2023 

• This workflow is used for the article 

Ian Oesterle, Kolawole I. Ayeni, Chibundu N. Ezekiel, David Berry, Annette Rompel, Benedikt Warth. 

"Insights into the early-life chemical exposome of Nigerian infants and potential correlations with the 

developing gut microbiome", bioRxiv, 2023 

 

• If using stool samples (as in the article), then the samples should be prepared following “SOP #2: Extraction of 

Polyphenols in Infant Stool”. 
1. Besides preparing the “unknown” samples, several other samples should be prepared: 

• Pooled quality control (QC) 

1. This sample is prepared by mixing together small aliquots of each biological sample. This is used 

for quality control and assurance of the measurements. 

• QC dilution series 

1. Taking the pooled QC and create several serial dilutions using the same factor each time. This 

allows to check if features extracted decrease in peak intensity/area as the QC is diluted. If it 

does not, then the feature is most likely due to background noise. 

2. Example: QC -> 4x diluted QC -> 16x diluted QC -> 64x diluted QC -> 256x diluted QC 

• Neat solvent and QC enriched with reference standards 

1. See Table A.5 of Supplementary Information from Oesterle et al. 2023 (bioRxiv) 

2. This allows for identification of features and for semi-quantification (especially if enriched at 

multiple concentrations). 

• Process blank 

1. This allows to control for and remove features that arise during sample preparation, e.g. from 

the solvents used. 

 

• LC-HRMS measurements 

1. The batch for each individual biological matrix should be set-up as follows: 

a. The process blank sample, acquired in triplicate measurements. 

b. Neat solvent enriched with reference standards 

c. Several injections of the QC to condition the column, recommended 5-10 injections depending on the 

matrix used. 

d. QC dilution series samples measured from most diluted to the original (least diluted). 

e. QC enriched with reference standards. 

f. QC measured in triplicate measurements. 

g. Unknown samples with a QC injected between every five samples to check stability and see if there is 

any drift. 

2. The process blank and QCs for conditioning were acquired with only MS1 scans. After conditioning the 

column, a QC was injected with MS1 scan in order to optimized the SWATH windows using the TIC based 

on the Excel given by SCIEX. All subsequent measurements were measured with the SWATH method. 

3. The LC-HRMS parameters were as follows: 
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Instrument Agilent Infinity 1290 II UHPLC with SCIEX ZenoTOF 7600 

Acquisition method 

Breast Milk MS: 20230421_Swath_Optimized_Neg_10win, LC: 
230222_PoPhe_Final_Method_v2 
(a copy is located at: lmch\12 AK Benedikt Warth\4 PhD and 
MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\Acquisition 
Methods) 

Stool MS: 20230424_Feces_Swath_Optimized_Neg_10win, LC: 
230222_PoPhe_Final_Method_v2 
(a copy is located at: lmch\12 AK Benedikt Warth\4 PhD and 
MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\Acquisition 
Methods) 

Injection volume 5 µL 

Autosampler temperature 4°C 

Column temperature 30°C 

Column Acquity UPLC HSS T3 (2.1 x 100 mm, 1.8 µM, Waters)  
with a VanGuard precolumn (1.8 µM, Waters) 

Flow rate 0.6 mL/min 

Needle wash Water: methanol: acetonitrile: isopropanol (1:1:1:1) with 1% v/v formic acid 

Eluent A Water with 0.1% v/v formic acid 

Eluent B Acetonitrile with 0.1% v/v formic acid 

Gradient 

Time (min) Eluent A (%) Eluent B (%) 

0 95 5 

2 95 5 

12 37 63 

12.01 5 95 

14 5 95 

14 95 5 

16 95 5 

Curtain gas 35 psi 

Ion source gas 1 50 psi 

Ion source gas 2 50 psi 

CAD gas 9 arb 

Source temperature 550°C 

Ion spray voltage -4500 V 

TOF MS 

Scan window m/z 100 to 1000 

Accumulation 
time 

0.25 s 

Declustering 
potential 

-70 V 

Collision 
energy 

-10 V 

TOF MS/MS 
(with 
SWATH) 

Scan window m/z 100 to 1000 

Accumulation 
time 

0.05 s 

Declustering 
potential 

-70 V 
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SWATH windows for the Stool 
samples 

Start m/z 
End 
m/z Collision energy (V) 

Collision energy 
spread (V) 

99.5 194.5 -15 5 

193.5 262.5 -15 5 

261.5 312.4 -20 10 

311.4 368.2 -20 10 

367.2 417.7 -35 15 

416.7 461.8 -35 15 

460.8 507.3 -35 15 

506.3 581.5 -35 15 

580.5 714.3 -35 15 

713.3 999.6 -35 15 

SWATH windows for the 
Breast Milk samples 

Start m/z 
End 
m/z Collision energy (V) 

Collision energy 
spread (V) 

99.5 164.4 -15 5 

163.4 217.5 -15 5 

216.5 256.2 -15 5 

255.2 294.4 -20 10 

293.4 329.5 -20 10 

328.5 378.6 -20 10 

377.6 454.2 -35 15 

453.2 562.6 -35 15 

561.6 717.9 -35 15 

716.9 999.6 -35 15 

 

• Data evaluation 

1. The raw data files were then converted to ABF files using ABFConverter (a copy of the software is located 

in: lmch\12 AK Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. 

Workflows\Softwares). 

2. The files were then processed using MSDial (v4.9) with the parameters given in Table A.4 of the 

supplementary information in Oesterle et al. 2023 (bioRxiv). 

a. A copy of the software is located in: lmch\12 AK Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian 

Oesterle - PoPhe\11. Workflows\Softwares. 

b. Not so stringent parameters were used in order to get more features which are then filtered later by 

suspect screening (see future steps). 

3. Besides pre-processing, MSDial was also used for spectral library matching. For this, a spectral library made 

by MSDial (http://prime.psc.riken.jp/compms/msdial/main.html#MSP) called ESI(-)-MS/MS from Authentic 

Standards was used. The parameters for spectral library matching are given in the identification row of the 

tables above. 

a. A copy of the spectral library is located in: lmch\12 AK Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian 

Oesterle - PoPhe\11. Workflows\Documents. 

b. For the parameters used, see Table A.4 of the supplementary information in Oesterle et al. 2023 

(bioRxiv). 
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4. A txt file (230428_MSDIAL_PostidentificationSTDs_XenoPoPhe_v3.txt, located at: lmch\12 AK Benedikt 

Warth\4 PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\Documents) was used to match 

features based on m/z and retention time with known reference standards. 

5. After processing with MSDial, the entire alignment file was exported to MSFinder (v3.52) for in silico 

fragmentation (formula and structure elucidation) using “Compound annotation (batch analysis)” for the 

top 5 hits.  

a. These results were saved and then exported, this gave a file called “Structure result-2077.txt” which 

was opened in Excel and then saved as a csv after the following modifications: 

b. Deleting the column: File path 

c. Converting the column “File name” into three columns which are ID (feature ID), RT (retention time of 

the feature), and MZ (m/z of the feature). For ID, the letters ID were removed. 

d. A copy of the software is located in: lmch\12 AK Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian 

Oesterle - PoPhe\11. Workflows\Softwares. 

6. After processing with MSDial, the alignment file was exported as “Raw data matrix (Area)”. This gave an txt 

file which was then opened with Excel for modification and then saved as a csv. The file was then modified 

as follows: 

a. The following columns were deleted: Fill %, MS/MS assigned, Reference RT, Annotation tag, RT 

matched, m/z matched, MS/MS matched, Comment, Manually modified for quantification, Manually 

modified for annotation, Isotope tracking parent ID, Isotope tracking weight number, RT similarity, 

Fragment presence %, Spectrum reference file name, MS1 isotopic spectrum, MS/MS spectrum. 

b. The rows were modified: 

1. The first four rows for the sample results were:  

a. Sample names. 

b. Class -> ProcessBlank (if process blank), Dilution Series (if QC used for dilution series), QC rep 

(if triplicate QC measurements), QC Spiked (if spiked QCs with reference standards), Sample 

timepoints (month 1, 6 or 12), QC (if regular QC used for checking stability during entire 

sequence). 

c. File Type -> blank (if process blank), QC, or sample. 

d. Matrix -> feces or breast milk depending on which results file was being modified. 

2. The first four rows for the feature information were:  

a. name of each parameter -> ex. avg RT, avg m/z, adduct type. 

b. Just NAs. 

c. Just NAs. 

d. Matrix -> feces or breast milk depending on which results file was being modified. 

c. Then new columns were added which calculated the relative standard deviation based on the standard 

deviation and average area columns given automatically by MSDial. 

7. The feature area results file for each matrix and their in silico fragmentation results were then imported 

into R for feature cleaning and suspect screening.  

a. This script cleaned up the features based on different aspects (see script) and filtered features if they 

had hits with the suspect screening list based on MS1 mass. For suspect screening, the list of suspects 

was prepared from two online databases: PhytoHub (https://phytohub.eu/) and Exposome-Explorer 

(http://exposome-explorer.iarc.fr/)  

1. An excel file containing all of the entries was created: 

231109_Databases_Combined_PhytoHub_ExposomeExplorer_v2.xlsx and is located in: lmch\12 

AK Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\Documents 

2. From the excel file of the database, a csv file was created with [M-H]- masses (file: 

231109_Databases_Combined_for_Suspect_Screening_v1.csv, located in: lmch\12 AK Benedikt 

Warth\4 PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\Documents).  This file can 

then be imported into MZMine in order to extract the features of interest by MS1 matching. It is 
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assumed in this case that the analytes will only undergo [M-H]- fragmentation, as it is the likely 

fragmentation of polyphenols due to their hydroxy groups. 

b. The code: 231109_Feature_Cleaning_and_Suspect_Screening_v1.R, can be found under: lmch\12 AK 

Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\R Scripts. 

8. The feature annotation was then manually curated as follows: 

a. Features that had reference standards had the MS2 of reference standards in the spiked pooled QCs 

compared to the MS2 of the feature in unknown samples. 

b. Features that had a spectral library match were checked in MSDial to see if the annotation is correct. 

c. Features that did not have a spectral library match or had a bad spectral library match were then 

checked with their in silico fragmentation results in MSFinder. 

d. Features that did not have a good (or no) spectral library match and that did not have a good (or no) in 

silico results were simply labelled by their MS1 match for putative annotation. 

9. After feature annotation, several different workflows were or can be applied. For each workflow, it´s 

recommended to create new excels as they need to have the data prepared differently and this way there 

is always a “mother” datafile saved with all the information. Different workflows can include: 

a. Preparing the data to upload to MetaboAnalyst (v5.0) (https://www.metaboanalyst.ca/) for statistical 

analysis.  

1. If volcano plots/ANOVA analysis was used, the results downloaded from MetaboAnalyst giving the 

p-Values, fold changes, etc. can be matched with the full results file of the features in the following 

R markdown: 231109_Statistical_Combine_v1.Rmd (located in lmch\12 AK Benedikt Warth\4 PhD 

and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\R Scripts). 

b. Correlation studies with microbiome data.  

1. See 231109_Microbiome_Exposome_Correlations_v1.R located in lmch\12 AK Benedikt Warth\4 

PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\R Scripts  

c. Annotating the features so that they all have CAS, PubChemIDs, INCHIKEYs, and SMILES.  

1. See 231109_Annotation_MeSH_v1.Rmd file located in lmch\12 AK Benedikt Warth\4 PhD and 

MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\R Scripts 

d. Chemical enrichment plots (https://www.nature.com/articles/s41598-017-15231-w) can be made (if 

INCHIKEYs, PubChemIDs, and SMILES are available for the features, otherwise it doesn’t work).  

1. See paper or 231109_ChemRich_Chemical_Class_v1.Rmd file located in lmch\12 AK Benedikt 

Warth\4 PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\R Scripts. 

e. Features annotated with reference standards were quantified using the calibration curves made (QC 

spiked series) simply in Excel. Moreover, these features were then correlated with one another and 

between the various matrices.  

1. See 231109_Exposure_Correlation_v1.R file located in lmch\12 AK Benedikt Warth\4 PhD and 

MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\R Scripts 
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SOP #7 - Untargeted LC-HRMS Workflow with Data-Dependent Acquisition and 

Suspect Screening on a ZenoTOF 7600 

Version 1 

By Ian Oesterle 

09.11.2023 

• This workflow is used for the article 

• Ian Oesterle, Mathias Pretzler, Annette Rompel, Benedikt Warth. "Polyphenolic Profiling of Plants and 

Edible Mushrooms to Aid Characterizing Polyphenol Oxidase Selectivity", ChemRxiv, 2023 

 

• If using plant or mushrooms samples (as in the article), then the samples should be prepared following “SOP #3: 

Extraction of Polyphenols in Plants and Mushrooms”. 

a. Besides preparing the “unknown” samples, several other samples should be prepared: 

• Pooled quality control (QC) 

a. This sample is prepared by mixing together small aliquots of each biological sample. This is used 

for quality control and assurance of the measurements. 

• QC dilution series 

a. Taking the pooled QC and create several serial dilutions using the same factor each time. This 

allows to check if features extracted decrease in peak intensity/area as the QC is diluted. If it 

does not, then the feature is most likely due to background noise. 

b. Example: QC -> 4x diluted QC -> 16x diluted QC 

• Neat solvent and QC enriched with reference standards 

a. See Table S2 of Supplementary Information from Oesterle et al. 2023 (ChemRxiv) 

b. This allows for identification of features and for semi-quantification (especially if enriched at 

multiple concentrations). 

• Process blank 

a. This allows to control for and remove features that arise during sample preparation, e.g. from 

the solvents used. 

 

• LC-HRMS measurements 

a. The batch should be set-up as follows: 

i. The process blank sample, acquired in triplicate measurements. 

ii. Neat solvent enriched with reference standards 

iii. Several injections of the QC to condition the column, recommended 5-10 injections depending on the 

matrix used. 

iv. QC dilution series samples measured from most diluted to the original (least diluted). 

v. QC enriched with reference standards. 

vi. QC measured in triplicate measurements. 

vii. Unknown samples with a QC injected between every five samples to check stability and see if there is 

any drift. 

b. The LC-HRMS parameters were as follows: 

Instrument Agilent Infinity 1290 II UHPLC with SCIEX ZenoTOF 7600 

Acquisition method MS: 20230222_IDA_Top10_wIncl_neg_0.05Acc_DP70_CE30sp15_v2, 
LC: 2302222_PoPhe_Final_Method_v2 
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(a copy is located at: lmch\12 AK Benedikt Warth\4 PhD and 
MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\Acquisition 
Methods) 

Injection volume 5 µL 

Autosampler temperature 4°C 

Column temperature 30°C 

Column Acquity UPLC HSS T3 (2.1 x 100 mm, 1.8 µM, Waters)  
with a VanGuard precolumn (1.8 µM, Waters) 

Flow rate 0.6 mL/min 

Needle wash Water: methanol: acetonitrile: isopropanol (1:1:1:1) with 1% v/v 
formic acid 

Eluent A Water with 0.1% v/v formic acid 

Eluent B Acetonitrile with 0.1% v/v formic acid 

Gradient 

Time (min) Eluent A (%) Eluent B (%) 

0 95 5 

2 95 5 

12 37 63 

12.01 5 95 

14 5 95 

14 95 5 

16 95 5 

Curtain gas 35 psi 

Ion source gas 1 50 psi 

Ion source gas 2 50 psi 

CAD gas 9 arb 

Source temperature 550°C 

Ion spray voltage -4500 V 

TOF MS 

Scan window m/z 100 to 1000 

Accumulation time 0.25 s 

Declustering potential -70 V 

Collision energy -10 V 

TOF MS/MS 
(with IDA) 

Scan window m/z 100 to 1000 

Accumulation time 0.05 s 

Declustering potential -70 V 

Collision energy -30 V with 15 V spread 

Zeno trap pulsing On with threshold of 20000 counts 

IDA Criteria Top 10 with inclusion list (prepared from entries of PhytoHub and 
Exposome-Explorer) 

Minimum threshold IDA 
acquisition 

50 counts 

Exclusion of candidate ions 6 s and after 1 occurrence 

Dynamic background 
substraction 

On 
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• Data evaluation 

1. Convert raw files into MGF files with MSConvert (v3.0.22067) (a copy of the software is located in: 

lmch\12 AK Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\Softwares). 

2. Use MZMine (v3.1.0) for feature extraction and pre-processing with the parameters given in Table S7 of the 

supplementary information in Oesterle et al. 2023 (ChemRxiv). 

a. A copy of the software is located in: lmch\12 AK Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian 

Oesterle - PoPhe\11. Workflows\Softwares. 

3. For suspect screening, two online databases were used: PhytoHub (https://phytohub.eu/) and Exposome-

Explorer (http://exposome-explorer.iarc.fr/). 

a. An excel file containing all of the entries was created: 

231109_Databases_Combined_PhytoHub_ExposomeExplorer_v2.xlsx and is located in: lmch\12 

AK Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\Documents 

b. From the excel file of the database, a csv file was created with [M-H]- masses (file: 

231109_Databases_Combined_for_Suspect_Screening_v1.csv, located in: lmch\12 AK Benedikt 

Warth\4 PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\Documents).  This file can 

then be imported into MZMine in order to extract the features of interest by MS1 matching. It is 

assumed in this case that the analytes will only undergo [M-H]- fragmentation, as it is the likely 

fragmentation of polyphenols due to their hydroxy groups. 

4. MZMine was then used for spectral library matching with a library curated by MS-DIAL 

(http://prime.psc.riken.jp/compms/msdial/main.html#MSP) called ESI(-)-MS/MS from Authentic Standards 

was used.  

a. A copy of the spectral library is located in: lmch\12 AK Benedikt Warth\4 PhD and MSc\01_PhD\05. 

Ian Oesterle - PoPhe\11. Workflows\Documents. 

b. For the parameters used, see Table S7 of the supplementary information in Oesterle et al. 2023 

(ChemRxiv). 

5. The aligned feature list was exported from MZMine into SIRIUS (v5.5.7) for in silico fragmentation. See Table 

S7 of the supplementary information in Oesterle et al. 2023 (ChemRxiv) for the parameters selected for in 

silico fragmentation. 

a. A copy of the software is located in: lmch\12 AK Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian 

Oesterle - PoPhe\11. Workflows\Softwares. 

6. The feature results file and the in silico fragmentation results were then imported into R for feature 

cleaning.  

a. This script cleaned up the features based on different aspects (see script). 

b. The code: 231109_Feature_Cleaning_Mushrooms_v1.R, can be found under: lmch\12 AK 

Benedikt Warth\4 PhD and MSc\01_PhD\05. Ian Oesterle - PoPhe\11. Workflows\R Scripts. 
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