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SUMMARY

Summary

Human health is one of the most important things in life. A balanced and varied nutrition is the
basis for a healthy lifestyle because it contributes significantly to one’s own well-being, can
prevent diseases and promotes growth and development. In recent years, there is a growing
interest in so-called “clean-labelling products”, meaning food products that are promoted to be
free of additives, because the consumption of such products is associated with a healthy
lifestyle. However, food additives like coloring agents, sweeteners and flavour enhancers are
often used in premixtures and food products due to their functional properties. This implies the
risk of misleading the consumer by advertising products as “clean-labelling products” despite
the usage of food additives. Consequently, there is a need to rapidly determine food additives
in foodstuff. For the analysis of thickening agents in food products, the officially accepted §64
LFGB method L 00.00-13 is often applied which is based on many time-consuming preparation
steps and the cleavage of thickeners into their monosaccharide units. Furthermore, procedures
that are based on a similar principle are described in the literature. However, these methods

seem to be only partially suitable for a screening.

Therefore, protocols which enable a fast identification of thickening agents in premixtures and
food products by NMR spectroscopy without time-consuming sample preparation were
developed in the present work. For this purpose, characteristic marker signals in the '"H-NMR
spectrum and typical diffusions coefficients in the DOSY spectrum of the thickeners gum
arabic, kappa-carrageenan, agar-agar, locust bean gum, guar gum and pectin were
determined. The assignment of the signals was done using two-dimensional spectra ('H,'H-
COSY, H,"™®*C-HSQC, 'H,"C-HMBC) and data from the literature. Consequently, a screening-
method was developed which allowed the unequivocally identification of various thickening
agents in different premixtures and food matrices (i.a. dairy drinks, cake glaze, pastilles)
without previous sample preparation by using a combination of '"H-NMR spectroscopy and
DOSY. However, not all thickening agents could be determined with this method due to matrix
effects and low application rates. Thus, a method for a simple and fast concentration of
thickeners was developed which allowed the separation of high molecular weight thickening
agents from low molecular weight substances (e.g. sucrose, glucose) in various premixtures
by using centrifugal concentrators (cut-of 100 kDa). This method is characterized by a simple
sample preparation in contrast to the §64 LFGB method. The application on different
premixtures (i.a. bakery mix, milk powder, instant flavored drink) demonstrated that the
declared thickening agents could be unequivocally identified in the "H-NMR spectrum of the
filter residue after separation using centrifugal concentrators whereas a large amount of low

molecular weight substances was detected in the proton spectrum of the filtrate. However, it
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SUMMARY

should be noted that a successful identification is strongly influenced by the composition of the

analysed sample.

Although not all labelled thickening agents could be determined due to matrix effects and low
application rates, the developed protocols can be used in addition to the officially accepted §64

LFGB method as well as other well-established methods.

Beside the nutrition, the presence of bacteria (i.a. in the gut and on the skin) plays an important
role for human well-being, because they beneficially contribute to a functioning digestion,
protect the body from diseases and strengthen the immune system. In contrast to “harmless”
bacteria, the contact with harmful bacteria (e.g. salmonellae, legionella, staphylococcus) might
lead to diverse acute and chronical diseases and organ failure. The Gram-negative obligate
bacterium Chlamydia trachomatis belongs to these pathogens, because an infection can lead
to numerous diseases like conjunctivitis, cervicitis, urethritis or pneumonitis. For the successful
treatment of a chlamydial infection, the knowledge about the bacterial metabolism is of vital
importance. Nowadays, the “metabolic flux analysis” is increasingly used for the analysis of
intracellular metabolic pathways. For this purpose, an isotopically enriched substance is added
to the bacterial culture and the synthesized metabolites are analyzed at a specific time-point.
Thereafter, activities and flows in different metabolic pathways can be discovered on the basis
of the isotopologue composition. Labelling experiments with [U-"3C¢]glucose, [U-'3Cs]malate
and [U-"3Cs]glutamate in various host cells (i.a. Caco-2 and HelLa-cells) as well as in axenic
culture demonstrated that Chlamydia trachomatis is able to metabolize different substrates in
a biphasic lifestyle. In order to guaranty a sufficient supply with essential nutrients and thus
survival, the metabolism of the host is further manipulated. Although recent studies focused
on the investigation of the intracellular metabolism of Chlamydia trachomatis, little is known

about the metabolic adaptation of primary cells during an infection.

Therefore, metabolic fluxes of uninfected and with Chlamydia trachomatis infected human M1
and M2 polarized macrophages as well as human fallopian tube cells were analyzed in the
present work. For this purpose, host cells were cultivated in RPMI-1640 medium for 30 hours
with [U-'3Cg]glucose as “tracer” and the metabolites (protein-derived amino acids, TCA
intermediates and fatty acids) as well as the supernatants were analyzed by GC-MS and NMR

spectroscopy.

The "*C-profiles of uninfected human fallopian tube cells demonstrated that glucose was
efficiently metabolized via glycolysis (approx. 9.6% enrichment in alanine), whereas only small
amounts were used to feed the TCA cycle and for the synthesis of fatty acids. Isotopic labelling

of infected fallopian tube cells showed a similar pattern for the protein-derived amino acids as

\
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well as for the metabolites of the TCA cycle. Furthermore, the glucose amounts in the
supernatants were in the same order of magnitude. The increased '*C-enrichment in the
arachidic acid (C20:0) and the detection of the bacterial-specific fatty acids anteiso- and iso-
C15:0 in the infected host cell indicated that human fallopian tube cells seem to be suitable to

serve as host cells for the replication of Chlamydia trachomatis.

In contrast to the fallopian tube cells, the uninfected M2 polarized macrophages contained
substantially smaller *C-enrichment rates in alanine (approx. 1.5%), whereas the excess
values in the metabolites of the TCA cycle and in the fatty acids were in the same order of
magnitude. Isotopologue distributions of the infected M2 polarized macrophages displayed
similar patterns for the protein-derived amino acids as well as for the metabolites of the TCA
cycle. Again, the fatty acid C20:0 in the infected host cell contained a significant higher
enrichment (approx. 15%) in contrast to the uninfected M2 macrophages (approx. 4%).
Furthermore, the bacterial-specific cell wall component meso-diaminopimelic acid (approx.
33% enrichment) could be detected and a significant utilization of glucose in the supernatants
were observed. Therefore, it has been assumed that M2 polarized macrophages seem to be

suitable to serve as host cells for Chlamydia trachomatis.

The uninfected M1 polarized macrophages showed similar *C-enrichments in the amino acids
(except alanine), TCA intermediates and fatty acids as the M2 polarized macrophages.
Moreover, the labelling rates in the uninfected and infected M1 macrophages were in the same
order of magnitude. Additionally, no bacterial-specific metabolites could be detected and no
significant differences in the utilization of glucose in the supernatants of the infected M1
polarized macrophages were determined. Thus, it has been assumed that M1 polarized

macrophages seem to be inappropriate to serve as host cells for Chlamydia trachomatis.

VI
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Zusammenfassung

Die Gesundheit zahlt zu den héchsten Gitern des Menschen. Eine ausgewogene und
abwechslungsreiche Ernahrung bildet dabei den Grundstock flir eine gesunde Lebensweise,
da sie maligeblich zum eigenen Wohlbefinden beitragt, der Entstehung von Krankheiten
vorbeugen kann sowie das Wachstum und die Entwicklung fordert. In den letzten Jahren ist
die Nachfrage nach sogenannten ,clean labelling-Produkten®, also Lebensmitteln, welche auf
der Verpackung mit dem Verzicht von bestimmten Zusatzstoffen beworben werden, stark
angestiegen, da der Konsum solcher Produkte mit einer gesunden Lebensweise in Verbindung
gebracht wird. Dennoch werden Zusatzstoffe wie Farbstoffe, SiRungsmittel oder
Geschmacksverstarker aufgrund ihrer technologischen Wirkung haufig in Vormischungen und
Lebensmitteln eingesetzt. Dies birgt die Gefahr, dass Produkte trotz Verwendung von
Zusatzstoffen als ,clean labelling-Produkte® beworben und Verbraucher somit getauscht
werden. Demzufolge besteht die Notwendigkeit, Zusatzstoffe schnell in Lebensmitteln
nachweisen zu kdénnen. Fur die Analyse von Verdickungsmittel in Lebensmitteln wird haufig
die §64 LFGB Methode L 00.00-13 angewandt, welche auf zahlreichen langwierigen
Aufarbeitungsschritten sowie anschlieRender Spaltung der Verdickungsmittel in ihre
Monosaccharid-Einheiten beruht. Auch in der Literatur sind Verfahren beschrieben, welche auf
einem ahnlichen Prinzip beruhen. Diese Methoden sind fur ein Screening jedoch nur bedingt

geeignet.

Aus diesem Grund wurden in der vorliegenden Arbeit Protokolle entwickelt, welche eine
schnelle ldentifizierung von Verdickungsmittel in Vormischungen und Lebensmitteln mittels
NMR-Spektroskopie ohne zeitaufwendige Probenvorbereitung erméglichen. Dazu wurden
charakteristische Marker-Signale im 'H-NMR-Spektrum sowie typische Diffusionskoeffizienten
im DOSY-Spektrum fiir die Verdickungsmittel Gummi arabicum, kappa-Carrageen, Agar-Agar,
Johannisbrotkernmehl, Guarkernmehl und Pektin bestimmt. Die Zuordnung der jeweiligen
Signale erfolgte mit Hilfe von zweidimensionalen Spektren ('H,"H-COSY, 'H,"*C-HSQC,
'H,"3C-HMBC) und Daten aus der Literatur. AnschlieRend wurde eine Screening-Methode
entwickelt, welche durch die kombinierte Anwendung von "H-NMR-Spektroskopie und DOSY
eine eindeutige Identifizierung von verschiedenen Verdickungsmittel in unterschiedlichen
Vormischungen und Lebensmittelmatrices (u.a. Milchgetranke, Tortengusspulver, Pastillen)
ohne vorherige Probenaufarbeitung ermoglichte. Aufgrund von Matrixeffekten und geringen
Einsatzmengen lieken sich mit dieser Methode jedoch nicht alle Verdickungsmittel
nachweisen. Um Verdickungsmittel mdglichst einfach und schnell aufzukonzentrieren, wurde
daher eine Aufarbeitungsmethode entwickelt, bei der durch die Verwendung von Zentrifugen-
Filtereinheiten (cut-off 100 kDa) eine Trennung der hochmolekularen Verdickungsmittel von

den niedermolekularen Bestandteilen (z.B. Saccharose, Glucose) in unterschiedlichen
VIII
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Vormischungen erreicht wurde. Diese Methode zeichnet sich im Gegensatz zur §64 LFGB
Methode durch eine einfache Probenaufarbeitung aus. Anhand von unterschiedlichen
Vormischungen (u.a. Backmischung, Milchpulver, Instant-Getrankepulver) konnte gezeigt
werden, dass sich die deklarierten Verdickungsmittel nach Isolierung mittels Zentrifugen-
Filtereinheiten im "H-NMR-Spektrum des Riickstandes eindeutig nachweisen lielen, wahrend
ein Groliteil der niedermolekularen Substanzen im Protonenspektrum vom Filtrat detektiert
wurde. Es gilt jedoch zu beachten, dass eine erfolgreiche Identifizierung stark von der

Zusammensetzung der untersuchten Probe abhangig ist.

Obwohl sich aufgrund von Matrixeffekten und geringen Einsatzmengen nicht alle deklarierten
Verdickungsmittel nachweisen lassen, konnen die erarbeiteten Protokolle dennoch als
Erganzung zur amtlich anerkannten §64 LFGB Methode sowie anderen etablierten Methoden

verwendet werden.

Fur das menschliche Wohlbefinden spielt neben der Erndhrung auch das Vorhandensein von
Bakterien (u.a. im Darm und auf der Haut) eine wichtige Rolle, da diese nicht nur zu einer
funktionierenden Verdauung beitragen, sondern den Kdrper auch vor Krankheiten schitzen
und das Immunsystem stéarken. Im Gegensatz zu den ,gutartigen” Bakterien kann der Kontakt
mit gesundheitsschadlichen Bakterien (z.B. Salmonellen, Legionellen, Staphylokokken) zu
diversen akuten und chronischen Krankheiten sowie Organversagen fihren. Zu den
Pathogenen zahlt auch das gramnegative, obligat intrazellulare Bakterium Chlamydia
trachomatis, da eine Infektion zahlreiche Krankheiten wie Konjunktivitis, Zervizitis, Urethritis
oder Pneumonitis hervorrufen kann. Um eine Chlamydien-Infektion erfolgreich behandeln zu
koénnen, ist das Verstandnis des bakteriellen Stoffwechsels von entscheidender Bedeutung.
Fir die Analyse von intrazellularen Stoffwechselwegen findet die ,metabolic flux analysis®
heutzutage immer haufiger Anwendung. Dazu wird eine isotopenmarkierte Substanz zur
Bakterienkultur zugesetzt und die entstandenen Stoffwechselprodukte zu einem bestimmten
Zeitpunkt analysiert. Anhand der Isotopenzusammensetzung kénnen anschlieend Aktivitaten
und Flisse in verschiedenen Stoffwechselwegen aufgedeckt werden.
Markierungsexperimente mit [U-'3Ce]Glucose, [U-'*Cs]Malat sowie [U-"3Cs]Glutamat in
verschiedenen Wirtszellen (u.a. Caco-2 und HelLa-Zellen) sowie in axenischer Kultur zeigten,
dass Chlamydia trachomatis in der Lage ist, unterschiedliche Substrate in einer biphasischen
Lebensweise zu verstoffwechseln. Um eine ausreichende Versorgung mit essentiellen
Nahrstoffen und somit ein Uberleben zu gewahrleisten, wird zudem der Stoffwechsel der
Wirtszelle manipuliert. Obwohl sich bereits mehrere Studien mit Untersuchungen zum
intrazellularen Stoffwechsel von Chlamydia trachomatis befasst haben, ist wenig Uber die

Anpassung des Stoffwechsels von Primarzellen wahrend einer Infektion bekannt.
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Aus diesem Grund wurden in der vorliegenden Arbeit Stoffwechselflisse von nicht-infizierten
sowie mit Chlamydia trachomatis infizierten humanen M1- und M2-Makrophagen sowie
humanen Eileiterzellen untersucht. Dazu wurden die Wirtszellen in RPMI-1640 Medium mit
[U-"3C¢]Glucose als ,Tracer* 30 Stunden kultiviert und die Stoffwechselprodukte (aus
Proteinen gewonnene Aminosauren, Metabolite vom Citrat-Zyklus und Fettsauren) sowie die

Uberstande anschlieRend mittels GC-MS und NMR-Spektroskopie analysiert.

Die ®C-Profile der nicht-infizierten humanen Eileiterzellen zeigten, dass Glucose effizient Giber
die Glykolyse (ca. 9,6% Anreicherung in Alanin) verstoffwechselt wurde, wahrend geringere
Mengen in den Citrat-Zyklus und in die Fettsdure-Synthese einflossen. Die
Isotopenmarkierungen der infizierten Eileiterzellen zeigten ein ahnliches Muster fur die
Aminosauren sowie Metabolite vom Citrat-Zyklus. Des Weiteren lagen die Glucose-Mengen in
den Uberstanden in der gleichen GréRenordnung. Die erhdhte '*C-Anreicherung in der
Arachinsaure (C20:0) sowie die Detektion der bakterien-spezifischen Fettsduren anteiso- und
iso-C15:0 in der infizierten Wirtszelle deuteten zudem darauf hin, dass Eileiterzellen als

Wirtszellen flr eine Replikation von Chlamydia trachomatis geeignet sind.

Im Gegensatz zu den Eileiterzellen wiesen die nicht-infizierten M2-Makrophagen deutlich
geringere *C-Anreicherungsraten in Alanin (ca. 1,5%) auf, wahrend die Markierungen in den
Metaboliten vom Citrat-Zyklus sowie in den Fettsduren in der gleichen GréRenordnung lagen.
Die Isotopenmarkierungen der infizierten M2-Makrophagen zeigten ein ahnliches Muster flr
die aus Proteinen gewonnenen Aminosauren sowie fir die Metabolite vom Citrat-Zyklus.
Erneut wies die Fettsdure C20:0 in der infizierten Wirtszelle eine deutliche hdhere Markierung
(ca. 15%) auf als in der nicht-infizierten Zelle (ca. 4%). Zudem konnte die bakterien-spezifische
Zellwandkomponente meso-Diaminopimelinsaure (ca. 33% Anreicherung) detektiert sowie ein
signifikanter Glucose-Verbrauch in den Uberstanden festgestellt werden. Es wurde daher
angenommen, dass M2-Makrophagen als Wirtszellen fur Chlamydia trachomatis geeignet

sind.

Die nicht-infizierten M1-Makrophagen wiesen &hnliche '3C-Anreicherungen in den
Aminosauren (aufler Alanin), Metaboliten vom Citrat-Zyklus und Fettsduren wie die M2-
Makrophagen auf. Zudem lagen die Markierungsraten in den nicht-infizierten und infizierten
M1-Makrophagen in der gleichen GréRenordnung. Des Weiteren konnten keine bakterien-
spezifischen Metabolite sowie keine signifikanten Unterschiede im Glucose-Verbrauch in den
Uberstanden der infizierten M1-Makrophagen festgestellt werden. Es wurde daher
angenommen, dass M1-Makrophagen als Wirtszelle fir Chlamydia trachomatis nicht geeignet

sind.



INTRODUCTION

1. Introduction

One of the most important things in life is the human health as it is directly correlated to the
quality of life (Kaplan and Ries, 2007). It is well known that a balanced and healthy nutrition
including carbohydrates, proteins, fats, vitamins and minerals plays a crucial role for the
maintenance of human health (Cena and Calder, 2020). For example, the intake of dietary
fiber beneficially effects the condition by reducing the risk of cardiovascular diseases, diabetes
and hypertension (Anderson et al., 2009). In the food industry, the application of food additives
for the production of foodstuff is difficult to avoid due to their ability of achieving specific quality
attributes and ensuring food safety (Wu et al., 2022). Beside their technological functions, food
additives can further positively contribute to human health while affecting the gut microbiome
or helping to control body weight (Blanco-Pérez et al., 2021; Mooradian et al., 2017). However,
the intake of high amounts of various additives might lead to health-related consequences like
allergic reactions, autoimmune diseases, hyperactivity and neuropsychiatric reactions
(Carocho et al., 2014; Csaki, 2011; Czarnecka et al., 2021; Simon, 2003).

Human health is not only influenced by the nutritional lifestyle, but might also be affected by
viral and bacterial infections causing different diseases or even mortality. Bacterial infections
can be spread either directly from person to person through aerosols, respiratory secretions
and direct contact or indirectly from contaminated objects like food or household items (Doron
and Gorbach, 2008). Depending on infection type and illness progression, different
antibacterial agents are prescribed for the prevention or treatment of diseases caused by
bacteria (Bush and Macielag, 2000). The mode of actions contain the inhibition of
deoxyribonucleic acid (DNA) synthesis, ribonucleic acid (RNA) synthesis, cell wall synthesis
or protein synthesis (Kohanski et al., 2010). Nevertheless, bacterial pathogens develop
resistance to antibiotics over time leading to diseases that cannot be medicated with
conventional drugs. The main causes for resistance are natural mutations in the genetic
material of the bacteria, the excessive consumption of antibiotics, travelling through different
countries and poor sanitary conditions (Mancuso et al., 2021; Ramay et al., 2020; Schwartz
and Morris, 2018). Resistance of bacteria is based on the ability to decrease the efficiency of
the antibiotic uptake, to modify cell target components so that antibiotics can no longer bind to
these, to inactivate the drug by enzymatic degradation or transfer of chemical groups and to
increase the capability of efflux pumps in order to release the antibiotic from the bacterial cell
(Eisenreich et al., 2022; Reygaert, 2018). Therefore, the constant further development of novel
antibiotics and the detection of new therapy targets are urgently needed in order to efficiently

treat bacterial infections.
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1.1  Food thickeners and their applications

The addition of different food additives to premixtures or food products for the enhancement
of food taste, texture and other qualities is becoming an increasing trend in recent decades
(Cox et al., 2021). There are more than 330 food additives that are registered for the usage in
various premixtures and food in the European Union (Chazelas et al., 2020). As defined in
Art. 3 (2a) of the regulation (EC) No. 1333/2008, a food additive is “any substance not normally
consumed as a food in itself and not normally used as a characteristic ingredient of food,
whether or not it has nutritive value, the intentional addition of which to food for a technological
purpose in the manufacture, processing, preparation, treatment, packaging, transport or
storage of such food results, or may be reasonably expected to result, in it or its by-products
becoming directly or indirectly a component of such foods”. Although the addition and labelling
of food additives are strictly regulated in the regulation (EU) No. 1333/2008, food fraud
scandals including mislabelling of products occurred in the past years (Moreira et al., 2021).
Food fraud is defined as an international act of “deliberate and international substitution,
addition, tampering, or misrepresentation of food, food ingredients, or food packaging; or false
or misleading statements made about a product, for economic gain” (Spink and Moyer, 2011).
For example, Sudan | — IV dyes are not allowed to be used as colouring agent in foodstuff in
the European Union due to their genotoxic and cancerogenic properties. However, these
substances are regularly found in different food products like chilli spices, palm oil and meat
products (Adjei et al., 2020; Fonovich, 2013; Genualdi et al., 2016). Therefore, food monitoring
concerning food safety, quality and declaration is very important to discover and prevent food
fraud (Pacholczyk-Sienicka et al., 2021). Due to their different chemical properties, food
additives are categorised in functional classes (Partridge et al., 2019). One example for an
important functional class are the thickening agents which are increasingly used in different
food applications (Saha and Bhattacharya, 2010). Different raw materials like plants or
microorganisms are used for the production of food-grade thickeners (Himashree et al., 2022).
Thickening agents are defined in the regulation (EC) No. 1333/2008 as “substances which
increase the viscosity of a foodstuff’. Additionally, the specification of these additives is
regulated in the regulation (EU) No. 231/2012. Due to their ability of binding water, thickeners
are able to modify the rheology by increasing the viscosity and adjusting the food texture which
is important for a specific mouth feeling (Saha and Bhattacharya, 2010). Furthermore, the
shelf-life of a product can be extended by using thickener based edible coatings (Rohasmizah
and Azizah, 2022). For the therapeutically treatment of dysphagia, the addition of thickening
agents helps people with difficulty swallowing to safely swallow liquids by increasing the
viscosity of the product (Cichero, 2013). In the following the chemical structure, the application

field and health benefits of some commonly used food thickeners are described in more detail.
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Carrageenan (E407) and Agar-Agar (E406)

Carrageenans are extracted from the cell wall of red seaweeds (Rhodophyceae) and belong
to the group of sulphated polygalactans with a molecular weight above 100 kDa (du Preez et
al., 2020). The main structure of carrageenan contains repeating units of D-galactose and 3,6-
anhydro-D-galactose with a-1,3 and [3-1,4 linkages (Chauhan and Saxena, 2016). A distinction
is made between the three major types kappa-carrageenan, iota-carrageenan and lambda-
carrageenan (Figure 1) which differ in their composition, molecular weight, number and

position of sulphate groups (Liu et al., 2021).
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Figure 1: Representative moieties of kappa-carrageenan, iota-carrageenan and lambda-carrageenan.

Because of their ability to bind water and build gels, carrageenans are often used as thickening,
gelling and stabilizing agents in a wide range of applications (Liao et al., 2021). The viscosity
and strength of the gels depend on different factors like the number of sulphate groups, the
temperature, the association with cations (sodium, calcium, kalium) and the concentration
(Hilliou, 2021; Lai et al., 2000). Synergistic effects could be observed when kappa-carrageenan
was mixed with locust bean gum leading to an improvement of mechanical properties (Martins
et al., 2012). In the food industry, this combination is often used in cooked meats (Saha and
Bhattacharya, 2010). Additionally, many other processed food products contain carrageenan
as a stabilizer or thickening agent (McKim, 2014). In dairy products like ice cream and
chocolate milks, carrageenans are used to prevent separations by interacting with milk proteins
and forming networks (Langendorff et al., 2000). Furthermore, they are added to low-fat or fat-
free meat and cheese products to improve the texture (Btaszak et al., 2018; Trius and
Sebranek, 1996). Although food-grade carrageenans were classified to be safe for consumers
by different authorities worldwide, the effect on human health is controversial discussed in the
literature (Liu et al., 2021). Recent studies with mice showed that an intake of kappa-
carrageenan for a longer period of time has an influence on the insulin sensitivity and inhibits
the insulin signalling pathway (Bhattacharyya et al., 2012; Zhou et al., 2021). Furthermore,
clinical trials suggested that the consumption of carrageenan might contribute to inflammatory
bowel diseases by interacting with gut microbiome (Borsani et al., 2021). Nevertheless, many
benefits concerning carrageenan intake are described. One example is the antiviral activity of
carrageenan on different virus types like hepatitis A or SARS-CoV-2 (Frediansyah, 2021;
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Girond et al.,, 1991; Valado et al.,, 2019). Moreover, an increasing number of studies
demonstrated the effectiveness of carrageenans against cancer by regulating the immune
response (Liu et al., 2019). However, further research is needed to get more information about

the effect of carrageenan on benefits and risk factors of human health (Liu et al., 2021).

Another hydrocolloid is agar-agar — a mixture of the two polysaccharides agarose and
agaropectin — which is obtained from red macroalgae by a long-term extraction procedure
(Goémez Barrio et al., 2022). The main structure of agarose (Figure 2) consists of alternating
(1,3)-R-D-galactopyranose and (1,4)-3,6-anhydro-a-L-galactopyranose units, whereas

agaropectin has additionally sulphate groups (Gu et al., 2017; Wang et al., 2012).
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Figure 2. Representative moieties of agarose and agaropectin, the typical components of agar-agar.

Agar-Agar is mainly used as growth medium for multiple microorganisms in cell culture
(Petrovski and Tillett, 2012). Furthermore, it is often applied in pharmaceuticals, cosmetics and
foodstuffs due to its thickening, gelling and stabilising properties (Lee et al., 2017). Common
application fields include dairy products like yoghurt and cream cheese, beverages like wine
and beer as well as confectionary and desserts like jellies and donuts (Leandro et al., 2020).
Agar-Agar is also known for its anti-inflammatory, anti-diabetic and antioxidant activities
(Louala and Lamri-Senhadji, 2019). Furthermore, it was hypothesized that the consumption
might help to reduce body weight by increasing the bulk of food and delaying the gastric
emptying, to supply the prevention and treatment of obesity and to inhibit the proliferation of
colon cancer cells (Clegg and Shafat, 2014; Louala and Lamri-Senhadji, 2019; Yun et al.,
2021). Nevertheless, additional investigations concerning beneficial effects of agar-agar are

required.
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Locust bean gum (E410), guar gum (E412) and tara gum (E417)

Locust bean gum is usually obtained from seed endosperms of carob trees (Ceratonia siliqua),
whereas guar gum is extracted from the endosperm of cluster beans (Cyamopsis
tetragonoloba) and tara gum is produced from seed endosperms of the Caesalpinia spinosa
tree (Barak and Mudgil, 2014; Mudgil et al., 2014; Wu et al.,, 2015). These three
polysaccharides belong to the galactomannans and only differ in the ratio of mannose and
galactose unit (Xu et al., 2022). In particular, guar gum has a mannose/galactose ratio of 2/1;
tara gum shows a characteristic ratio of 3/1 and the mannose/galactose ratio in locust bean

gum is 4/1 (Dionisio and Grenha, 2012). The typical structures are shown in Figure 3.
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Figure 3. Representative moieties of the galactomannans guar gum, tara gum and locust bean gum.

In the food industry, galactomannans are applied in products like beverages for phase
stabilization, bakery products for the increase of volume and viscosity, noodles for the
enhancement of strengthening effects, ice creams for inhibition of ice crystallization and low-
fat yoghurts for texture improvements (Barak and Mudgil, 2014). Furthermore, combinations
of locust bean gum with guar gum, xanthan gum or kappa-carrageenan are often used due to
synergistic effects (Martins et al., 2012; Schorsch et al., 1997). The consumption of guar gum
helps to control body weight by decreasing the appetite and slowing gastric emptying, lowers
the total and LDL-cholesterol and contributes to a better mineral absorption (Mudgil et al.,
2014). Locust bean gum also shows beneficial effects like preventing cardiovascular diseases,
reducing inflammatory bowel diseases and influencing the rate of carbohydrate degradation
(Barak and Mudgil, 2014).
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Gum arabic (E414)

The hydrocolloid gum arabic is exudated from Acacia senegal or Acacia seyal trees (Patel and
Goyal, 2015). Although different branched structures have been proposed, the exact
conformation of gum arabic depends on various factors like source, climate conditions and
processing methods (Jarrar et al., 2021; Swenson et al., 1968). Hence, the molecular weight
of gum arabic shows variations from 60 to 580 kDa (Duvallet et al., 1989). Arabinogalactan
(Figure 4) — the main substructure of gum arabic — contains a linear backbone of (1,3)- and
(1,6)-B-D-galactopyranosyl units with linked a-L-arabinofuranoses, a-L-rhamnopyranoses, 3-
D-glucuronic acids and 4-O-methyl-R-D-glucuronic acids (Ashour et al., 2022; Churms et al.,
1983).
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Figure 4. Representative moiety of arabinogalactan, a typical substructure of gum arabic.

Gum arabic is able to stabilize oil-in water interfaces and is therefore often applied as an
emulsifier in the food industry (Yadav et al., 2007). Due to its low viscosity formation in aqueous
solutions, it is often used in high concentrations as thickening and stabilizing agent in a wide
range of foodstuff like bakery products or soft beverages (Barak et al., 2020). Furthermore, the
usage of gum arabic as a composite for edible coatings helps to increase the shelf-life and
quality of fruits and vegetables like strawberries or tomatoes (Mahfoudhi et al., 2014; Tahir et
al., 2018). A large number of studies showed that the consumption of gum arabic has biological
effects on human health like increasing nitrogen extraction in patients with chronic renal failure,
decreasing blood pressure and increasing plasma short-chain fatty acids (Phillips and Phillips,
2011).
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Pectin (E440)

Pectin is a plant cell wall component with complex construction that is extracted from different
raw materials like citrus peels, apple pomace or sugar beet pulp (Thakur et al., 1997). It is
composed of the polysaccharides homogalacturonan, rhamnogalacturonan |,
rhamnogalacturonan Il and xylogalacturonan (Xiao and Anderson, 2013). Although all four
substructures contain a linear chain of (1,4)-a-D-galacturonic acid, the exact composition
depends on the source, the extraction method and the environment (Thakur et al., 1997). The
residues of homogalacturonan can be methylated or acetylated, whereas the other types are
even more complex and contain different other sugars like xylose, rhamnose or arabinose

(Mohnen, 2008). The typical moiety of rhamnogalacturonan | is shown in Figure 5.
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Figure 5. Representative moiety of rhamnogalacturonan |, a typical substructure of pectin.

According to its degree of methylation (DM), pectin can be divided into high methoxy pectin
(more than 50% DM) and low methoxy pectin (less than 50% DM) showing different chemical
features (Chan et al., 2017). Therefore, it is commonly standardized with sucrose or glucose
in order to guaranty consistent attributes (Naseri et al., 2008). Furthermore, this polysaccharide
is often modified (e.g. substitution, chain elongation, depolymerisation) in order to adjust
specific functional properties (Chen et al., 2015). In the food industry, pectin is applied as a
gelling and thickening agent in various products like jams, desserts or dairy products, but also
in coatings and films to extend the shelf-life of foodstuff (Freitas et al., 2021). Although it has
been proven that pectin beneficially affects human health by interacting with the gut
microbiome, modulating the immune response directly or indirectly and inhibiting
hypersensitivity reactions, further studies are required to elucidate the exact mechanism
(Blanco-Pérez et al., 2021).
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1.2 NMR spectroscopy as powerful tool for targeted and untargeted

analysis

Nuclear magnetic resonance (NMR) spectroscopy is becoming more and more important in
various fields (Gerothanassis et al., 2002). Developed in 1946 by Felix Bloch and Edward
Purcell and optimized by Richard R. Ernst while designing a pulse fourier transform NMR
spectrometer in order to increase the sensitivity, the main application of NMR spectroscopy is
the structure elucidation (Ernst, 1992; Thomas, 1991). By recording one- and two-dimensional
NMR spectra like correlated spectroscopy (COSY), heteronuclear single quantum coherence
(HSQC) or heteronuclear multiple bond correlation (HMBC), correlations between protons and
carbon atoms can support the determination of the exact structure from measured components
(Kwan and Huang, 2008). Furthermore, the diffusion ordered spectroscopy (DOSY) allows the
measurement of diffusion coefficients from substances with different molecular weight by using
pulse sequences like the stimulated echo (STE) or longitudinal eddy current delay (LED) pulse
sequence (Johnson, 1999; Thrippleton et al., 2003). For the determination of the molecular
weight from linear and dispersed polymers, DOSY measurements with standards of known
molecular weight can replace classical gel permeations chromatography measurements (Li et
al., 2012). The DOSY technology is also applied in food science. For example, the self-diffusion
of different aroma components in a food matrix of jota-carrageenan in low concentration could
be easily observed by using DOSY experiments (Gostan et al., 2004). Additionally, the purity
and the molecular weight of polysaccharides in the crude extract of various mushrooms was

unequivocally determined in the DOSY spectra (Politi et al., 2006).

Nowadays, proton NMR spectroscopy is also an appropriate analytical tool for impurity
analyses, degradation and quantification of various compounds in chemicals, pharmaceuticals
and natural products (Jaki et al., 2021). Due to the direct proportionality of signal intensity to
number of nuclei, absolute concentrations can be calculated by using an internal standard
(Barding et al., 2012). Quantitative NMR (gNMR) measurement is of great interest for food
analysis as it enables an easy, fast and simultaneous determination of different compounds in
complex matrices (Simmler et al., 2014). For example, the fatty acid chain composition in
different meat products and fish oils could be directly verified by using gNMR spectroscopy
(Gottstein et al., 2019; Siciliano et al., 2013). Furthermore, food additives like sweeteners
(acesulfame potassium) or preservatives (benzoic acid, sorbic acid and their salts) were
quantitatively determined in processed foods by proton NMR spectroscopy after solvent
extraction. The results demonstrated robustness, good linearity and high precision of the
studies (Ohtsuki et al., 2015; Ohtsuki et al., 2012b; Ohtsuki et al., 2012a).
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These days consumer pay more attention to food labelling because high quality food products
are associated with health benefits and food safety (Petrescu et al., 2019). However, in the
past various food products were fraudulently labelled concerning geographical origin due to
economic reasons (Zhao et al., 2022). Therefore, targeted and untargeted NMR spectroscopy
is more frequently used in combination with multivariate statistical analysis for the investigation
of authenticity and geographical origin (Hong et al., 2017). For example, extra native olive olil
is well known for its high beneficial effects like reducing the risk of cardiovascular diseases
(Yubero-Serrano et al., 2019). However, it is often diluted with oil of lower quality for the expand
of profit (Lozano-Castellén et al., 2022). In order to determine the geographical origin, NMR
data of olive oils obtained from various geographical areas are frequently coupled with
multivariate statistical analysis like the principal component analysis (Rongai et al., 2017). This
combination is also applied for the geographical determination of other food categories like
beverages (e.g. wine, coffee, fruit juices), animal origin food products (e.g. meat, fish, milk) or
walnuts (Arana et al., 2015; Godelmann et al., 2013; Hassoun et al., 2020; Marchetti et al.,
2019; Schmitt et al., 2020).

Taken together, one- and two-dimensional NMR spectroscopy is a powerful tool for targeted
and untargeted analysis in various research areas (e.g. chemistry, biology, food science) as it
enables the structure elucidation of unknown substances as well as a fast and precise

identification and quantification of compounds in different matrices.
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1.3 Review of analytical methods for the determination of thickeners

Many different well-established procedures for the identification and quantification of food-
grade thickeners in various matrices are described in the literature. The most common

methods are summarized in the following section.

Gas chromatography and high performance liguid chromatography

For the determination of food thickeners, food authorities in Germany use the officially
accepted §64 Lebensmittel- und Futtermittelgesetzbuch (LFGB) method L 00.00-13 which is
based on the protocol from Gliick and Thier (1980). The method comprises the removal of fat,
starch, proteins, sugars and salts, the precipitation of the food thickeners, the acid hydrolysis
into sugar monosaccharides, the derivatization and the measurement by gas chromatography
with flame ionization detection. It enables the identification and simultaneously quantification
of nine different polysaccharides like locust bean gum, carrageenan and xanthan in food
products. Furthermore, recovery values of 80 - 90% can be achieved in dairy products like
skim milk, ice cream mixtures and pudding products. Nevertheless, it should be noted that this
method lacks sensitivity. In complex matrices with two or more thickening agents, it might be
difficult to assign the signals in the chromatogram to the residual monosaccharides and
determine the amount of the thickeners because the acid hydrolysis can lead to similar sugar
composition. For example, the thickening agents carrageenan and agar-agar cannot be
distinguished from each other with this method due to their comparable structural units (Gllick
and Thier, 1980).

Furthermore, the concentration of the thickening agents alginate, xanthan gum and pectin in
complex foodstuff like milk products can be determined by high performance liquid
chromatography (HPLC) after freeze-drying and direct methanolysis. Even though high
reproducibility and recovery can be achieved, the presence of other thickening agents like gum

arabic may reduce the precision (Quemener et al., 2000).

Size exclusion chromatography

Food thickeners can also be separated and identified using gel permeations chromatography
or gel filtration chromatography (Gaborieau and Castignolles, 2011). For example, gum arabic
was qualitative and semi-quantitative analysed in wines by gas chromatography mass
spectroscopy (GC-MS) after precipitation of the polysaccharides and isolation of the pure gum
arabic by size-exclusion chromatography although the evolved method is based on many
challenging preparation steps and lacks accuracy due to the natural variation of gum arabic
(Gallina et al., 2004).
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Capillary electrophoretic determination

Schneider et al. (1999) presented a capillary electrophoretic method which is based on the
hydrolysis of thickening agents into their monosaccharide units, derivatization with 2-
aminoanthracene and fluorescence detection. This method allowed the fast identification of
food thickeners in food systems like cherry jams and lyophilized pasta sauce although the
monosaccharides arabinose and mannose could not be separated (Schneider et al., 1999). In
another study of Hassan et al. (2002), carrageenans were analysed in different food matrices
(e.g. tart cream, salad dressing and ice cream) by potentiometric titration using the titrants
protamine or poly-L-arginine and polyanion carrageenan or polycation protamine sensors.
Spiking experiments demonstrated the robustness and high accuracy of the developed method
(Hassan et al., 2002). More recently, a DNA biosensor for the direct determination of
carrageenans was developed. The electrostatical interaction of the DNA-methylene blue
solution with carrageenans led to a realise of the colouring agent resulting in a decreased

electrochemical signal (Hassan et al., 2019).

Polymerase chain reactions

Meyer et al. (2001) and Urdiain et al. (2004) developed a DNA-based method for the qualitative
discrimination of locust bean gum and guar gum. By using specific designed primers for the
polymerase chain reaction (PCR), the two food additives could be fast and simple identified in
processed food like milk products, salad dressing and meat, although this method seemed to
be inappropriate for a quantification and could only be used as an indirect verification of the
polysaccharides according to the specific DNA sequence of the plants (Meyer et al., 2001;
Urdiain et al., 2004).

Enzyme-linked immunosorbent assays

Different enzyme-based binding protein assays can also be applied for a fast and sensitive
screening and quantification of thickening agents in food products. For example, the enzyme-
linked immunosorbent assay (ELISA) uses antigens or antibodies that are bound on a solid
phase and are specific for the target substances. After having added a second antibody which
is bound to an enzyme, the enzyme activity can be measured by a microplate reader (Aydin,
2015). By using this technique, food-grade thickeners like xanthan gum, carrageenan and gum
arabic in concentrations of 0.001% — 0.01% (w/w) could be simple and rapid determined in
food samples like jelly or pudding without any observed cross-reactions except for tragacanth
and galactomannans in a gum arabic assay (Arakawa et al., 1991; Haines and Patel, 1997).
Guar gum and locust bean gum could further be quantitatively determined using inhibition

curves of reference material (Pettolino et al., 2002).
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Colorimetric reactions

Soedjak (1994) showed that anionic hydrocolloids like carrageenan could also be determined
using colorimetric methods. After reaction with methylene blue, the absorbance maximum of
the purple complex was increased at 559 nm whereas the methylene blue solution showed
decreased absorbance maxima at 610 nm and 664 nm. Although the applicability of the assay
to determine carrageenan in milk solutions was demonstrated, it should be noted that various
components like phosphate or milk proteins might influence the measurement by rivalling with
carrageenan for the binding site of the dye (Soedjak, 1994). Additionally, a similar method
using alacian blue for the complex formation enabled a simple determination of carrageenan
in different food products like jellies and salad dressing even though variations depending on
the carrageenan type were observed (Yabe et al., 1991). Pechanek et al. (1982) demonstrated
that gelling and thickening agents could also be analysed by electrophoretic methods. After
removal of fat, starch and protein components from the food product, the polysaccharides were
electrophoretic separated using polyacrylamide gels, agarose gels or cellulose acetate
membranes. The colour reaction with fuchsin or methylene blue enabled the unequivocally
identification of low concentrated food thickeners in food products like vanilla pudding cream,
ice cream or ketchup, although the galactomannans guar gum and locust bean gum showed

similar migration behaviour making a differentiation impossible (Pechanek et al., 2020).

NMR spectroscopy

More recently, there has been a growing interest in the detection of food thickeners by NMR
spectroscopy. For the quantification of carrageenans in blends, the polysaccharides were
precipitated with ethanol, dissolved in water and measured by proton NMR spectroscopy. This
protocol enabled a fast and simple determination of intact carrageenan types even if the exact
composition had a significant influence on the precision of the results (Tojo and Prado, 2003).
Additionally, Grilin et al. (2015) established a protocol for the isolation and purification of non-
starch polysaccharides in gelled foodstuff. After dissolving in hot water, enzymatic removal of
fat, starch and proteins, precipitation in ethanol and centrifugation, the thickening agents in the
dry final product could be unequivocally identified by non-targeted NMR spectroscopy (Griin
et al., 2015). This method was further optimised and validated by Merkx et al. (2018). By fitting
"H-NMR spectra of reference materials into the NMR spectrum of the isolated product, the
components could be discovered according to their specific signature. Furthermore, the food
thickeners were hydrolysed using the Saeman procedure and quantitatively determined
according to their monomeric units by gNMR. Although a good precision and accuracy could
be achieved, a degradation factor should be considered for a precise quantification of the

monosaccharide content (Merkx et al., 2018).
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1.4 The intracellular pathogen Chlamydia trachomatis

Not only the consumption of valuable food plays an important role for a beneficial lifestyle, but
also the right balance of probiotic and prebiotic bacteria in the gut microbiome is essential for
human health (Lenoir-Wijnkoop et al., 2007). However, infections with pathogenic bacteria
(e.g. Neisseria meningitidis, Staphylococcus aureus, Mycobacterium tuberculosis) can also
occur leading to various human diseases like meningitis, pneumonia, tuberculosis or even to
multiorgan failure and death (Doron and Gorbach, 2008). According to a recent research
analysis, 1.27 million deaths associated with antimicrobial resistance of bacteria were
estimated for 2019 (Antimicrobial Resistance Collaborators, 2022). A prominent example for
an intracellular bacterial pathogen (IBP) is Chlamydia trachomatis (C. trachomatis), a Gram-
negative bacterium (Witkin et al., 2017). It is the most common cause of sexually transmitted
bacterial infections worldwide with over 130 million cases each year and infects eyes, lungs,
cervix, urethra and rectum leading to trachoma, inclusion conjunctivitis, cervicitis, urethritis,
infant pneumonitis, spontaneous abortion and infertility (Barnes, 1989; Mishori et al., 2012;
Newman et al., 2015). For the treatment of uncomplicated chlamydial infections, antibiotics like
azithromycin, doxycycline or ofloxacin are recommended, whereas erythromycin base or
amoxicillin are prescribed for pregnant women (Jones, 1991; Miller, 2006; O'Connell and
Ferone, 2016).

Life cycle of C. trachomatis

The developmental cycle of C. frachomatis (Figure 6) is characterized by two different
morphologically stages, the infectious non-replicative elementary body (EB) form and the
replicative non-infectious reticulate body (RB) form (Witkin et al., 2017). It is initiated by the
following steps: attachment of the EB form on host cells by forming a complex of host receptors
(e.g. FGFR, PDGFR, EPHA2), chlamydia adhesion (e.g. CT017, Hsp70, Pmps) and heparan
sulphate-like glycosaminoglycan. Once inside the host, a membrane-bound compartment —
the inclusion — is formed and the EBs start to differentiate into the replicative RB form. Cells
begin rapidly to divide using various nutrients like amino acids or adenosine triphosphate (ATP)
from the host. During the second differentiation back into the EB form, a large number of gene
expressions of proteins with unknown function can be observed. At the end of the cycle, EBs
are released from the host by extrusion or cell lysis activated by cysteine proteases and new
host cells can be occupied (AbdelRahman and Belland, 2005; Bastidas et al., 2013; Gitsels et
al., 2019; Omsland et al., 2012). Under stress conditions like treatment with interferon-gamma
(IFN-y), azithromycin, nutrient deficiency or herpes virus infections, C. frachomatis is able to
convert from the RB form into the persistent, non-dividing aberrant reticulate body (ARB) form
(Witkin et al., 2017; Xue et al., 2017). In general, persistence is a survival strategy of bacterial

cells to overcome the critical situation by reducing their metabolism to a minimum, slowing
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down DNA replication and stopping cell division. Furthermore, persister formation might be a
main cause for chronic bacterial infections even if the clinical significance has not been
elucidated so far. Upon removal of the unfavorable growth conditions, ARBs start to reconvert
into the RB form and divide again in normal growth rates (AbdelRahman and Belland, 2005;
Eisenreich et al., 2020; Wood et al., 2013). Recent in-vitro studies showed that the response
of C. trachomatis depends on the specific inducement, although the exact mechanism of

persistent formation is poorly understood (Panzetta et al., 2018).

Legend:
® EBform @ RBform &  ARB form @ Inclusion @ Nucleus of host

Figure 6.  The life cycle of C. trachomatis. 1) Attachment and entry of the infectious, non-replicative
EB form. 2) Building of an inclusion. 3) Differentiation of the EB form into the replicative,
non-infectious RB form. 4) Replication of the RB form. 5) Differentiation of the RB form back
into the EB form. 6) Continued reorganization into the EB form. 7) Release and extrusion
of the EB form. 1V) Under stress conditions: conversion of the RB form into the persistent
ARB form. V) Reconversion of the ARB form back into the RB form. VI) Remaining in the
ARB form leading to chronical infections. Based on (Corsaro and Venditti, 2004;

Hammerschlag, 2004).
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General metabolism of C. trachomatis

C. trachomatis is a strict obligate intracellular pathogen that assimilates different carbon
sources from the host for an efficient replication (Nicholson et al., 2004). Its central carbon
metabolism is shown in Figure 7. One major source for energy production is the Embden-
Meyerhof pathway. Due to a lack of the enzyme hexokinase in C. frachomatis, glucose-6-
phosphate produced from glucose by the host cell is directly imported via an UhpC transporter
and further converted into glyceraldehyde-3-phosphate (GAP). The intermediate is then
oxidized to pyruvate, an important precursor for the production of amino acids (e.g. alanine,
glycine, serine), acetyl-coenzyme A (acetyl-CoA) as well as lactate (Ende and Derré, 2020;
liffe-Lee and McClarty, 1999). Interestingly, the utilization of carbon sources for the
biosynthesis of metabolites strongly depends on the development stage of C. trachomatis. In
the EB form, glucose-6-phosphate is required for the protein synthesis whereas glycogen
serves as energy supplier for the intracellular growth. In contrast, the RB form seems to import
ATP and nicotinamide adenine dinucleotide (NAD) acquired from the host via the nucleotide
transporter ATP/ADP translocase Npt1. ATP is then used for the biosynthesis of proteins
because glucose-6-phosphate does not serve as a precursor, whereas NAD functions as

universal electron carrier (Fisher et al., 2013; N'Gadjaga et al., 2022)

For the initiation of the fatty acid and lipid synthesis, the intermediate acetyl-CoA is
carboxylated to malonyl-CoA via the acetyl-CoA carboxylase. Consequently, the enzyme
malonyl-CoA-ACP transacylase converts malonyl-CoA into malonyl-ACP which is used for the
elongation of the acyl-CoA chain, an important intermediate for the production of phospholipids
(Yao and Rock, 2018). Furthermore, C. trachomatis encodes the genes for the type Il fatty acid
synthesis (FASII). This pathway enables the de novo synthesis of bacterial specific branched-
chain fatty acids like iso-C15:0 and anteiso-C15:0 - two essential substrates for the efficient
growth and replication - from the precursors isoleucine, leucine, valine and acetyl-CoA
(provided from host or pathogen) via a branched-chain fatty acid synthetase (Wylie et al., 1997;
Yao et al., 2014; Yao and Rock, 2018).

An essential structure element of bacterial cell walls for the maintenance of cell morphology is
peptidoglycan, a macromolecule containing a linear [3-1,4-linked polysaccharide chain with N-
acetylglucosamine, N-acetylmuramic acid, meso-diaminopimelic acid (mDAP), D-alanine and
D-glutamate (Otten et al., 2018). Although it was not possible to identify peptidoglycan in C.
trachomatis for a long time, new labelling techniques enabled the analysis of the biosynthesis,
modification and degradation of peptidoglycan in this bacterium (Liechti et al., 2014). Because
mammalian cells do not synthesize mDAP, the enzymes involved in the synthesis pathway
have gained attention as drug targets for the treatment of bacterial infections. For the

biosynthesis of mMDAP, the amino acid aspartate is utilized in a condensation reaction with the
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precursor pyruvate via the enzymes lysC, asd, dapA, dapB and dapF (McCoy et al., 2006). It
was further demonstrated that the enzyme dapF can act as an epimerase and racemase
depending on the availability of the substrates mDAP or L-glutamate. Therefore, the growth of
C. trachomatis can be influenced by supressing one of both activities (Singh et al., 2020).
Although mDAP does not only serve as a precursor for the synthesis of peptidoglycan but also
for the lysine biosynthesis in various bacterial strains, the /ysA gene which is responsible for
the decarboxylation of mMDAP to lysine seems to be missing in C. trachomatis (McCoy et al.,
2006).

Another main important carbon pathway is the pentose phosphate pathway (PPP) which was
discovered in the 1930s. It comprised the oxidative and non-oxidative part and is mainly
responsible for the production of nicotinamide adenine dinucleotide phosphate (NADPH).
Similar to the Embden-Meyerhof pathway, the oxidative PPP uses glucose-6-phosphate at the
beginning. After conversion to 6-phosphogluconate, this intermediate is further decarboxylated
to ribulose-5-phosphate generating one reducing equivalent of NADPH. This step is also very
important for the maintenance of the redox status under stress situations and for the “Warburg
effect” of cancer cells. In the non-oxidative part of the PPP, different sugars are interconverted
by exchanging C2 and C3 units via transaldolases and transketolases. Therefore, the end
product of the oxidative PPP, ribulose-5-phosphate, serves as a precursor in the non-oxidative
PPP for the production of ribose-5-phosphate and xylulose-5-phosphate which can further be
converted to sedoheptulose-7-phosphate, erythrose-4-phosphate, xylulose-5-phosshate,
fructose-6-phosphate and GAP, which in turn play a key role in the glycolytic pathway as well
as for the production of energy and various metabolites (Alfarouk et al., 2020; Stincone et al.,
2015). For example, the reaction of fructose-6-phosphate with ammonia from the amino acid
glutamate leads to the formation of glucosamine-6-phosphate, an important intermediate for

the peptidoglycan synthesis in bacteria (Barreteau et al., 2008).

The lipopolysaccharide (LPS) is a further characteristic cell wall component of Gram-negative
bacteria with various functions like the protection of bacteria cells from harmful substances by
forming an effective permeability barrier, contributing to the infection process by activating
different signalling cascades and modulating host responses (Bertani and Ruiz, 2018; Di
Lorenzo et al., 2022; Matsuura, 2013). It is composed of the hydrophobic lipid A, different
polysaccharides and repeating units of O-antigens. Although the exact LPS structure depends
on the specific pathogen, the biosynthetic pathway seems to be similar in all Gram-negative
bacteria (Wang and Quinn, 2010). The initial step in the biosynthesis of LPS is the conversion
of the PPP intermediate seduheptulose-7-phosphate into D-glycerro-D-manno-heptose-7-
phosphate via the enzyme GmhA (Taylor et al., 2008). Furthermore, the PPP intermediate

ribulose-5-phosphate and phosphoenolpyruvate (PEP), an important intermediate built from
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GAP, serve as precursors for the synthesis of 3-deoxy-D-manno-octulosonic acid (KDO) which
is then incorporated into chlamydial LPS via the KDO transferases KdtA or GseA (Cipolla et
al., 2010; Gronow and Brade, 2001). Because LPS is necessary for the regeneration of the
infectious chlamydial EB form, there has been a growing interest in discovering the chemical
structure of the lipid A moiety (Nguyen et al., 2011). The analysis of a purified LPS from C.
trachomatis type L2 by NMR spectroscopy and matrix-assisted laser desorption/ionization
(MALDI) MS revealed that the LPS of this Chlamydia species is a trisaccharide built of KDO
and lipid A (Fadel and Eley, 2008; Kosma, 1999; Rund et al., 1999). More specifically, the lipid
A moiety in this subtype seems to be composed of D-glucosamine, phosphate and various
fatty acids like tetradecanoic, iso- and anteiso-tetradecanoic, hexadecanoic and 3-
hydroxyeicosanoic acids (Nurminen et al., 1985). Furthermore, the results from experiments
of mouse bone marrow-derived macrophages (BMDM) transfected with chlamydial LPS
revealed minimal properties of activating canonical and noncanonical inflammatory pathways
(Yang et al., 2019a). According to a study by Fadel and Eley (2008), LPS is not only a major
component of the cell wall in C. trachomatis, but might also serve as adhesin for the attachment
to receptors of human epithelial cells. However, further research is required to elucidate the
role of LPS in bacterial infectivity (Fadel and Eley, 2008).

The tricarboxylic acid (TCA) cycle in C. frachomatis is incomplete because the enzymes citrate
synthase, aconitase and isocitrate dehydrogenase are missing as shown by genome sequence
analysis. Moreover, fatty acids and acetate do not serve as carbon sources since C.
trachomatis does not encode genes for glyoxylate-bypass enzymes. However, exogenous
substrates like glutamate or oxoglutarate can be scavenged to fulfil the TCA cycle (Stephens
et al.,, 1998). The simultaneously usage of different substances (e.g. glucose, malate,
glutamate) as carbon substrates during colonization of the host cells is termed “bipartite
metabolism” (Eisenreich et al., 2017). Generally, this concept includes the catabolic part which
is fed by C3 substrates (e.g. pyruvate, serine, glycerol) for the production of essential
metabolites of the TCA cycle and the generation of energy as well as the anabolic part which
is fed by important intermediates from the glycolytic pathway and PPP for the biosynthesis of
cell wall components. The interaction of these two different networks depends on the state of
the host cell and seems to be a common survival strategy of IBPs like C. trachomatis to

overcome the lack of specific nutrients (Eisenreich et al., 2020; Eisenreich et al., 2017).
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Figure 7:  Model of the central carbon metabolism of C. trachomatis. The import of exogenous
substrates via transporters is indicated by green arrows; the synthesis of metabolites is
indicated by blue arrows; the bipartite metabolism is indicated by the red dashed line. TCA
tricarboxylic acid cycle, PPP pentose phosphate pathway. Based on (Eisenreich et al.,

2017; Mehlitz et al., 2017).
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Reprogramming of host cell metabolism during infection with C. trachomatis

The constant supply of essential host-derived nutrients that cannot be produced by IBPs is
crucial for the survival/persistence and efficient replication of these species in host cells.
However, mammalian cells react on bacterial intrusions with different defence mechanisms
like producing reactive oxygen species or inducing autophagy (Eisenreich et al., 2019). One
example for an antimicrobial response to bacterial infections is the production of neutrophils.
These host-produced immune cells invade pathogens in order to limit bacterial spread.
However, pathogens try to counteract the intrusion by secreting/releasing specific substances.
For example, the obligate intracellular human pathogen C. frachomatis secrets a protease-like
activating factor that prevents the activation of neutrophils by interacting with their formyl
peptide receptors. This leads to an inhibition of the signalling pathway downstream and
enables the intracellular survival of these pathogens by preventing the generation of neutrophil
extracellular traps (Rajeeve et al., 2018). Furthermore, bacteria try to manipulate the
metabolism of host cells in order to fulfil their specific substrate requirements (Eisenreich et
al., 2019). Although the detailed mechanism of metabolic reprogramming in host cells is still
poorly understood, infections caused by C. frachomatis often lead to an enhanced glucose
uptake by the host and hence also to an upregulated production of different metabolites (e.g.
glucose-6-phosphate, pyruvate, lactate), whereas an observed downregulation in protein
biosynthesis seems to be a cellular stress response of the host cells (Ohmer et al., 2019;
Rother et al., 2019). Interestingly, no significant changes in the ATP consumption at different
time-points after infection were detected in epithelial cells, even if glycolysis and oxidative
phosphorylation are two essential pathways required for chlamydial proliferation (N'Gadjaga
et al., 2022). Additionally, an upregulation of the glutamate transporter genes ASCT2/SLC1AS5,
glutaminase 1 and the amino acid transporters SLC43A1, SLC7A11 and SLC7A1 during
infection could be observed using western blots and RNA-sequencing analysis. These results
suggested a modulation of the glutamine metabolism in host cells and further demonstrated
that host-derived glutamine is an essential metabolite for chlamydial growth (Rajeeve et al.,
2020). Furthermore, a significant enrichment of the host enzymes aldolase A, pyruvate kinase
and lactate dehydrogenase in the inclusion membrane of C. trachomatis and a decreased
inclusion size after depletion of aldolase A indicated that the mentioned host glycolytic
enzymes beneficially support the intracellular growth and replication of this bacterium (Ende
and Derré, 2020). Moreover, fluorescence measurements demonstrated the ability of C.
trachomatis to suppress the store-opened Ca?* entry of host cells, which is an important
regulator for Ca?* homeostasis, by interacting with the endoplasmic reticulum, resulting in an
inhibition of the signalling pathway (Chamberlain et al., 2022). Even if genes encoding
enzymes for the generation of ATP are present in chlamydiae, the proliferation through the
different life stages strongly depends on the supply of nucleotides (e.g. ATP, GTP, UTP) from
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the host. Therefore, C. trachomatis influences the mitochondrial morphology while inducing a
mitochondrial elongation which is activated by phosphorylation of the dynamin-related protein
1. This elongation results in an upregulation of mitochondrial oxygen consumption and higher
amounts of ATP (Kurihara et al., 2019).

Although C. trachomatis is able to synthesise some fatty acids on its own, host-derived lipids
(e.g. sphingomyelin, phosphatidylcholine (PC), cholesterol) and acyl-CoA-synthetases from
the host are incorporated into the inclusion in order to guaranty the survival of this bacterium.
Because genes encoding for the synthesis of unsaturated fatty acids like oleate are absent in
C. trachomatis, these lipids are efficiently utilized from the host cells, whereas saturated fatty
acids may be derived from host or pathogen for the biosynthesis of phospholipids (Yao et al.,
2015a). According to a recent finding, chlamydial growth also depends on the direct import of
host-produced lipid droplets containing cholesteryl esters into the chlamydial membrane-
bound compartment which can further be converted by bacterial-specific enzymes into
cholesterol and free fatty acids for additional usage as carbon nutrients. Therefore, eukaryotic
acyl-CoA:cholesterol acyltransferases seem to be essential enzymes for the replication of C.
trachomatis as they catalyze the esterification of cholesterol in the lumen of the endoplasmic
reticulum of the host (Peters and Byrne, 2015). Moreover, gene microarray analysis
demonstrated that C. trachomatis manipulates the lipid metabolism of cervical epithelial cells
in order to provide favourable conditions for its intracellular growth. During infection, several
effects like the release of arachidonic acid from host membrane-bound phospholipids, a higher
expression of cyclooxygenases which in turn catalyse the conversion of arachidonic acid into
prostaglandins leading to inflammatory reactions, as well as the stimulation of cervical
epithelial cells to produce and release interleukin-8 could be observed (Fukuda et al., 2005).
According to different studies, there is evidence that these microorganisms seem to regulate
the exact composition of phospholipids by replacing host-specific unsaturated fatty acids with
bacterial-specific branched-chain fatty acids (Hatch and McClarty, 1998; Recuero-Checa et
al., 2016; Wylie et al., 1997). However, results of labelling experiments from other research
groups did not verify the suggestion of modifying host phospholipids with branched-chain fatty
acids during infection with C. trachomatis, even if an increase of the phospholipids
phosphatidylglycerol (PG), phosphatidylethanolamine (PE) and cardiolipin in infected host
cells could be detected (Yao et al., 2015b). Additionally, PC — a mammalian specific
phospholipid essential for bacterial growth — seems to be incorporated into the bacterial
inclusion membrane using host-specific transporters without any previous modification (Cox et
al., 2016). Taken together, further research analysis is required to shed more insight into

metabolically changes in the pathways of mammalian host cells during chlamydial infections.
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1.5 Isotopologue profiling as powerful tool for metabolic flux analysis

Antimicrobial resistance of bacteria is an ubiquitous issue as it causes several hundred
thousand of human deaths each year (Mancuso et al., 2021). Interestingly, only few cases of
antimicrobial resistance associated with clinical treatment failure of C. trachomatis infections
are documented in the literature, whereas no resistance could be determined in strains from
human isolates (Sandoz and Rockey, 2010; Somani et al., 2000). Nevertheless, a detailed
characterisation of the central carbon metabolism of pathogen and its host cells is urgently
needed as it might open new possibilities to avoid antibiotic resistance and to evolve new

suitable drug targets for the treatment of bacterial infections.

The first flux analyses for discovering metabolic pathways were performed in the early 1990’s
using *C-NMR and MS measurements. Further improvements regarding experimental setting,
measurement possibilities and mathematical data analysis enabled its application in various
fields like cancer research, drug discovery, food science and nutrition research (Beger, 2013;
Wiechert, 2001; Wishart, 2008; Wishart, 2016). Nowadays, *C-metabolic flux analysis ('*C-
MFA) using stable isotope tracers has become an important mathematical approach for the
detection of unknown pathways and reconstruction of the general metabolic network from
different species especially in biological systems (Antoniewicz, 2021). Generally, *C-MFA is
performed under the assumption that the amount of utilization and production of metabolites
are in the same order of magnitude; meaning metabolic fluxes and incorporations of isotopes
are constant in time which is termed metabolic and isotopic steady state (de Falco et al., 2022).
Further assumptions are: no distinction between unlabelled and labelled carbon atoms during
enzymatic conversions, no direct transformation of metabolites between different enzymes, no
contamination of '3C-tracers with other substances, an ideally composited intracellular
surrounding in a homogenous cell culture, no turnover of metabolites and a complete
metabolomic network model (Long and Antoniewicz, 2019). Because the nucleus *C has a
low natural abundance of 1.1%, isotopic labelling is often used in order to increase sensitivity
while producing more "*C nuclei (Clendinen et al., 2015). By performing labelling experiments
with different '*C-tracers like [U-"3Cs]glucose, [U-"*C4]malate or [U-'3Cs]glutamate, the labelled
carbons are distributed into various intermediates and metabolites of an organism leading to
different isotopologues. The synthesis and consumption rates can then be quantitatively
analysed by NMR, LC-MS or GC-MS (Antoniewicz, 2021; Wiechert, 2001). Basically,
isotopologues are “molecules with identical chemical structures but differences in mass due to
the presence of different isotopes” (Langenhan et al., 2022), such as CH;-CO-CoA and "*CHs-
CO-CoA. Isotopomers are a subcategory of isotopologues and are defined as “molecules of
the same chemical species showing a specific labelling pattern” (Schmidt et al., 1997), such
as CHs-"3CO-CoA and CH;-CO-CoA. The molecule consisting only of '2C atoms is called M,
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whereas the isotopomers of this molecule containing *C labelled atoms are prescribed with
M+1, M+2, M+3, et cetera (Hellerstein and Neese, 1999).

The application of GC-MS is the most widely used technique for metabolomic profiling as it
enables an efficient separation of substances in a complex mixture, a sensitive and selective
identification as well as a precise and accurate quantification of compounds (Fiehn, 2016;
Wittmann, 2007). Additionally, commercially available mass spectra libraries (e.g. NIST, Wiley
MSforID, Massbank) with a large number of data including compound name, molecular weight,
retention time and fragmentation pattern from various references can simplify and verify the

identification of unknown substances easily and quickly (Kind et al., 2018).

For the calculation of the relative isotopologue distribution of a metabolite, the absolute mass
isotopomer patterns measured by GC-MS are corrected by subtracting the natural abundance
of the characteristic distributions M, M+1, M+2, M+3, et cetera of unlabelled references from
the analysed metabolite (Hellerstein and Neese, 1999). The total excess value — defined as
the percentage of overall enrichment — for a specific isotope within a molecule can then be

calculated from the isotopologue data with the following formula (Lee et al., 1991).

(M+D)x1]+[M+2)x2]+[(M+3)x3]+ -+ [(M+n)xn]
n

13C — Excess =

with n = number of carbon atoms

The beneficial characteristics of NMR spectroscopy like the simultaneously identification of
unknown metabolites, the usage of only one internal standard for the quantitative analysis of
many substances in a single NMR spectrum, the high reproducibility and the easy sample
processing without any previous time-consuming preparation steps (e.g. harsh chemical
treatment, separation, derivatization) make this analytical method an attractive alternative tool
for metabolomic research (Nagana Gowda and Raftery, 2021). According to a summary of
published review and research articles, the interest in metabolomics using NMR spectroscopy
has gained more attention since the year 2000 in various fields like cells, plants and food
(Larive et al., 2015). Although the nuclei *'P, "N and '°F are more and more frequently applied
for the quantification of metabolites, one-dimensional '"H-NMR and "*C-NMR spectra are the
most common used applications for metabolomic analyses (Crook and Powers, 2020). By
recording a proton NMR spectrum, the integrated satellite signals from *C atoms that are

directly bound to the proton of a specific metabolite provide informations about the labelling
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enrichment beyond its natural abundance. The *C-excess of a specific metabolite can

therefore be determined using the following formula (Strauss et al., 1992).

1(13C — satellites)
[(13C — satellites) + I(metabolite)

13C — Excess =

with I = integral of signals from *C-satellites; I = integral of signal from metabolite

Taken together, the combination of GC-MS and NMR spectroscopy enables a precise and
reproducible flux analysis in various research areas by providing comprehensive informations
of 3C-marked positions in a metabolite acquired by NMR spectra as well as mass isotopologue
distributions obtained from MS spectra (de Falco et al., 2022). In the following, some results
of flux analyses from labelling experiments in the context with the pathogen C. trachomatis are

described in more detail.

Reconstruction of C. trachomatis general metabolism and discovery of interactions with host

cells by performing labelling experiments

Due to its high clinical relevance, metabolic adaption of C. trachomatis to different host cells
was intensively studied in the past decades. For example, a flux modelling of the common
pathways in C. frachomatis was reconstructed based on data obtained from proteomic and
quantitative real-time PCR experiments at different time-points during infection. By comparing
MRNA expression rates of selected enzymes, a higher activity of the pathways in the RB form
could be determined in contrast to the EB form. Thus, the constructed model of the metabolism
describe pathway activity changes during infections and might build a foundation for further
detailed research studies (Yang et al., 2019b). In order to get more information about how C.
trachomatis influences host lipid metabolism and which specific host-derived nutrients are
constantly utilized for chlamydial lipid biosynthesis, experiments using [U-'*Clisoleucine and
[U-"“C]glucose were performed. The highest enrichment was detected in PE of infected HelLa
cells, followed by PC and PG, whereas other phospholipids (e.g. phosphatidylserine,
phosphatidylinositol, sphingomyelin) contained only minor incorporations of radioactivity
(Wylie et al., 1997). Radiolabelled glucose was efficiently metabolized for the fatty acid
biosynthesis in bacterial and host cells. It was further suggested that only a small amount from
the conversion of labelled isoleucine into acetyl-CoA, the precursor for the biosynthesis of fatty

acids, was incorporated into the lipid fraction of uninfected host cells. In contrast, isoleucine
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incorporation into fatty acids of infected cells was associated with the FASII pathway of C.
trachomatis, as mammalian cells do not have the ability to produce branched-chain fatty acids
from the precursor isoleucine (Yao et al., 2014). The analysis of uninfected and infected HelLa
cells which were pre-labelled with [*H]arachidonic acid, demonstrated a higher release of this
fatty acid into the medium and a smaller incorporation in PE of infected host cells. Hence, host-
derived polyunsaturated fatty acids from PE were selectively cleaved in order to adjust the PE
composition in host cells infected with C. trachomatis (Yao et al., 2015b). Furthermore,
isotopologue labelling of lauric acid, myristic acid and ethanolamine in the medium revealed
that exogenous fatty acids can be elongated and incorporated into phospholipids by C.
trachomatis, whereas ethanolamine does not serve as a precursor for the biosynthesis of PE
in this pathogen, but is used for the production of host specific phospholipids (Yao and Rock,
2018). Labelling experiments of infected HeLa and CaCo-2 cells with *C-marked glucose,
malate and glutamine revealed a de novo synthesis of the amino acids alanine, aspartate and
glutamate from host-derived metabolites whereas other amino acids and nutrients were
directly scavenged from the host cell. Additionally, ESI-FT-ICR-MS analysis of bacteria pellets
revealed that C. trachomatis is able to assimilate host produced glucose-6-phosphate
efficiently into LPS (Mehlitz et al., 2017). Furthermore, a recent study using [U-"3*Cs]glutamine
in axenic cultures demonstrated its efficient metabolization via glutaminolysis into the TCA
intermediates, the amino acid alanine as well as the peptidoglycan component mDAP. Hence,
the glutamine metabolism of host cells seems to play an important role for chlamydial
replication, as upregulations of glutamine transporters and glutaminase during infection were
observed (Rajeeve et al., 2020). Taken together, the incorporation of different labelled tracers
demonstrated that C. trachomatis is able to utilize various carbon substrates and metabolites
in a bipartite-like metabolism for the synthesis of cell wall components, LPS, fatty acids and

the production of energy (Mehlitz et al., 2017).
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2. Material and Methods

2.1 Materials
2.1.1 Laboratory equipment

Table 1: Overview of laboratory equipment

Item Description

Manufacturer

Centrifuges A-14

Biofuge primo R
Sigma Type 2-16KL

Beckman Coulter Life Sciences
System Allegra X.30R

Drying oven
Freeze-dryer Christ Alpha 2-4 LD
Pfeiffer Vacuum Duoline pump Duo3
GC-MS Gas Chromatograph GC-2010 Mass
Spectrometer QP-2010
Auto Injector: AOC-20i
Auto Sampler: AOC-20s
GC Column: EquityTM-5, FUSED
SILICA Capillary Column, 30 m x
0.25 mm x 0.25 pm film thickness
Heating block Techne DRI-Block® DB 2A
Micro scales VWR-503B

Model SBC 31

Typ MSX (SD EE)

NMR spectrometer | Bruker AVANCE Il 400 MHz, 500 MHz,
600 MHz

NMR tubes NORELL®; LOT: PD101614C

Pear shaped flask 25 ml, 50 ml

pH meter 780 pH Meter (Metrohm)

Jouan GmbH (Unterhaching,
Germany)

Heraeus (Traunstein, Germany)
Sigma GmbH (Osterode am Harz,
Germany)

Beckman Coulter GmbH (Krefeld,
Germany)

Binder GmbH (Tuttlingen, Germany)

Christ (Osterrode am Harz, Germany)
Vacuubrand GmbH & Co. KG
(Staufen, Germany)

Pfeiffer Vacuum GmbH (Asslar,
Germany)

Shimadzu (Neufahrn, Germany)
Shimadzu (Neufahrn, Germany)

Shimadzu (Neufahrn, Germany)

(
(
(
Shimadzu (Neufahrn, Germany)
SUPELCO (Bellefonte, USA)

Thermo-DUX GmbH (Wertheim,
Germany)

VWR (Radnor, USA)

Scaltec Instruments GmbH
(Goettingen, Germany)

Sartorius AG (Goettingen, Germany)
Bruker GmbH (Rheinstetten, Germany)

NORELL (Morganton, USA)
Carl Roth GmbH (Karlsruhe, Germany)

Mettler Toledo GmbH (Gielen,

Germany)
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Table 1 (continued): Overview of laboratory equipment

Item Description Manufacturer
Pipettes Eppendorf Research® (0.5ul - 10 pl; Eppendorf AG (Hamburg, Germany)
10 pl - 200 pl, 100 pl - 1000 pl, 1 ml -
10 ml)
MICROMAN® (100 pl - 1000 pl) Gilson Inc. (Middleton,USA)
Ribolyser Hybaid (Kalletal, Germany)

Ultrasonic bath USC 300T

Thermostat IKATRON® ETS-D4 fuzzy

Vortex mixer Vortex-Gene®?2

2.1.2 Software

Table 2: Overview of software used

Software

VWR (Radnor, USA)

IKA-Werke GmbH & Co. KG (Staufen,
Germany)
Scientific Industries (New York, USA)

Manufacturer

ChemDraw Professional (Version 17.0)
EndNote (Version 20.0.1)
GC-MS LabSolution (Version 4.11)

MestreNova (Version 12.0.0)

Microsoft Office 2016

TopSpin (Version 3.6.1)

2.1.3 Chemicals

CambridgeSoft (Massachusetts, USA)
Clarivate Analytics (New York, USA)
Shimadzu Corporation (Kyoto, Japan)

Mestrelab Research (Santiago de
Compostela, Spain)
Microsoft (Redmond, USA)

Bruker Biospin GmbH (Rheinstetten,

Germany)

Chemicals used in this work were obtained from Acros organics (New Jersey, USA), Alfa Aesar
(Karlsruhe, Germany), Carl Roth GmbH & Co. KG (Karlsruhe, Germany), Deutero GmbH
(Kastellaun, Germany), Mast Group (Reinfeld, Germany), Merck KGaA (Darmstadt, Germany),
MP Biomedicals (lllkirch, France), Sigma Aldrich Chemie GmbH (Steinheim, Germany),
Supelco (Pennsylvania, USA), ThermoFisher GmbH (Kandel, Germany), Tokyo Chemical
Industry TCI (Tokyo, Japan), Vitanatur GmbH (Stockstadt am Rhein, Germany), VWR

(Pennsylvania, USA). Distilled water was obtained from an in-house purity water system.
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2.2 Methods

2.2.1 Experiments with Chlamydia trachomatis

Isolation of human monocytes, differentiation to macrophages, infection of human fallopian
tube cells as well as M1 and M2 polarized macrophages with C. frachomatis, labelling
experiments with [U-'3Cg]glucose and sample collection were performed by Dr. Adriana
Moldovan at the Chair of Microbiology at the Julius Maximilians University of Wiirzburg under
the supervision of Prof. Dr. Thomas Rudel. Sample preparation for the analysis of protein-
derived amino acids, TCA intermediates, fatty acids and supernatants, GC-MS and NMR
measurements, isotopologue analysis and calculation were performed by Sandra Radziej at

the Technical University of Munich under the supervision of Prof. Dr. Wolfgang Eisenreich.

2.2.2 Experiments with Neisseria meningitidis

Bacterial cultivation of N. meningitidis wildtype, cas9 and scaRNA, labelling experiments with
[U-"3Cg]glucose, NH4Cl and '°N-Glutamine and heat-inactivation of the samples were
performed by Denise Miuller at the Institute for Hygiene and Microbiology at the Julius
Maximilians University of Wirzburg under the supervision of Prof. Dr. Dr. Christoph Schoen.
Sample preparation for the analysis of protein-derived amino acids and methanol-soluble polar
metabolites, GC-MS measurements, isotopologue analysis and calculation were performed by
Sandra Radziej at the Technical University of Munich under the supervision of Prof. Dr.

Wolfgang Eisenreich.

2.2.3 Experiments with Coxiella burnetii

Bacterial cultivation, labelling experiment with [U-*Cs]glucose and heat-inactivation of the
samples were performed by Martha Olke at the Medical University of Erlangen under the
supervision of Prof. Dr. Anja Lihrmann and Prof. Dr. Roland Lang. Sample preparation for the
analysis of protein-derived amino acids, methanol-soluble polar metabolites and supernatants,
GC-MS measurements, isotopologue analysis and calculation were performed by Sandra
Radziej at the Technical University of Munich under the supervision of Prof. Dr. Wolfgang

Eisenreich.
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2.2.4 Sample preparation

2.2.4.1 Sample preparation for the analysis of thickening agents in food products and

their premixtures (sections 4.1 and 4.2)

Detailed informations can be found in “Radziej, S.; Scherb-Forster, J.; Schlicht, C. and
Eisenreich, W. Fast Identification of Food Thickeners by Nontargeted NMR-Spectroscopy. J
Agric Food Chem, 2021, 69 (12), 3761 — 3775.” and “Radziej, S.; Scherb-Forster, J.; Schlicht,
C. and Eisenreich, W. NMR-based identification of thickeners in membrane-filtered food
premixtures. Eur Food Res Technol, 2022, 248, 1715 - 1720.”

2.2.4.2 Sample preparation and derivatization for isotopologue profiling (section 4.3)

2.2.4.2.1 Infection of host cells

Human fallopian tube cells and human M1 and M2 polarized macrophages were infected with
C. trachomatis (MOI=1) and grown on RPMI-1640 medium. The medium was supplemented
with HEPES (25 mM), FCS (10%; v/v) and [U-"3C¢]glucose (2 g/l; 11.11 mM). Plated containing
cells (infected and uninfected) were washed with cold PBS 30h post infection and snap-frozen
in liquid N2. Supernatants were likewise collected, sterile-filtered with 0.2 um-pore filters and
snap-frozen. Plates were thawed on ice. The material was collected by washing and scraping
with ice-cold methanol/H20 (80/20; v/v) and the samples were immediately transferred to
- 80°C. The samples were dried under a gentle stream of nitrogen gas and lyophilized over-

night.

2.2.4.2.2 Sample preparation for the analysis of polar metabolites

The sample preparation was done as described earlier (Hauslein et al., 2017b). In brief, a part
of the freeze-dried cell pellet was dissolved in 1 ml cold MeOH. 800 mg of glass beads were
added. Cell lysis was done with a ribolyser system (1 x 20 sec. at 4.5 m/s; 2 x 20 sec. at 6 m/s).
Then, the samples were centrifuged for 10 min at 7.000 rpom. The supernatants were dried
under a gentle stream of nitrogen gas. The derivatization was done with 25 ul ACN (anhydrous)
and 25 yl MTBSTFA for 1h at 70°C.

2.2.4.2.3 Sample preparation for the analysis of fatty acid methyl ester

The sample preparation was done as described earlier (Keymer et al., 2018). In brief, a part of
the freeze-dried cell pellet was derivatized with 500 ul methanolic HCI (3N) at 80°C over-night.
The solution was then dried under a gentle stream of nitrogen and dissolved in 50 pl hexane

(anhydrous).

28



MATERIAL AND METHODS

2.2.4.2.4 Sample preparation for the analysis of protein-derived amino acids and
mDAP

The sample preparation was done as described earlier (Kunze et al., 2021). In brief, a part of
the freeze-dried cell pellet was hydrolysed with 500 ul HCI (6M) at 105°C over-night. The
solution was then dried under a gentle stream of nitrogen gas and the residue was dissolved
in 200 pl acetic acid (50%). For purification, a cation exchange column of DOWEX 50WX5
(400 mesh, 5 x 10 mM) was prepared which was previously washed with 1 ml MeOH (70%)
and 1 ml distilled water. After having added the dissolved amino acid solution, the column was
washed twice with 800 pl distilled water. For elution of the amino acids, 1 ml ammonium
hydroxide (4M) was used. The eluates were dried under a gentle stream of nitrogen gas. The
derivatization was done with 25 yl ACN (anhydrous) and 25 yl MTBSTFA for 30 min at 70°C.

2.2.4.2.5 Sample preparation for the analysis of supernatants

1 ml of supernatant was lyophilized over-night. The freeze-dried residue was dissolved in 50 pl
TSP solution (c = 2 mg/ml), 100 yl maleic acid solution (c = 1 mg/ml) and 450 ul D2O. 550 pl

of the solution was transferred to a 5-mm NMR tube.

2.2.5 GC-MS measurement parameters

All GC-MS spectra were recorded on a QP2010 Plus gas chromatograph mass spectrometer
(Shimadzu) which was equipped with a fused silica capillary column (30m x 0.25 mm; 0.25 ym
film thickness, SUPELCO) and a quadrupole detector (with electron impact ionization at
70 eV). The derivatized samples were measured three times (technical replicates) in selected
ion monitoring (rate 0.5 s) at an interface temperature of 260°C and a helium inlet pressure of
70 kPa in split mode (1:5). For the analysis of polar metabolites, the column was heated to
100°C and held for 2 min. Then, the following temperature gradients were used: the first
temperature gradient was 3°C/min to a final temperature of 234°C, the second gradient was
1°C/min to a final temperature of 237°C, the third gradient was 3°C/min to a final temperature
of 260°C and the forth gradient was 10°C/min to a final temperature of 300°C, which was held
for 2 min. For the analysis of protein-derived amino acids and mDAP, the column was heated
to 150°C and held for 3 min. Then, a temperature gradient of 7°C/min was used to a final
temperature of 280°C which was held for 3 min. For the analysis of fatty acids, the column was
heated to 150°C and held for 3 min. Then, the following temperature gradients were used: the
first gradient was 1°C/min to a final temperature of 187°C, the second gradient was 2°C/min
to a final temperature of 220°C and the third gradient was 10°C/min to a final temperature of

300°C, which was held for 2 min. Data were processed with LabSolution Version 4.11
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(Shimdazu, Duisburg, Germany). The calculation of 'C-enrichment and distribution of

isotopologues was done as previously described (Steffens et al., 2021).

2.2.6 NMR measurement parameters

2.2.6.1 NMR measurement parameters for the analysis of thickening agents in food

products and their premixtures (sections 4.1 and 4.2)

Detailed informations can be found in “Radziej, S.; Scherb-Forster, J.; Schlicht, C. and
Eisenreich, W. Fast Identification of Food Thickeners by Nontargeted NMR-Spectroscopy. J
Agric Food Chem, 2021, 69 (12), 3761 — 3775.” and “Radziej, S.; Scherb-Forster, J.; Schlicht,
C. and Eisenreich, W. NMR-based identification of thickeners in membrane-filtered food
premixtures. Eur Food Res Technol, 2022, 248, 1715 - 1720.”

2.2.6.2 NMR measurement parameters for the analysis of supernatants (section 4.3)

All NMR spectra were recorded with a Bruker AVANCE Il 500 MHz spectrometer equipped
with a SEI probe using TopSpin Version 2.1 (Bruker Biospin GmbH, Rheinstetten, Germany).
"H-NMR spectra were recorded with the Bruker pulse program “noesygppr1d” for suppression
of the water signal during the relaxation period applying a narrow saturation pulse with a
linewidth of about 25 Hz. The parameters were ns =64, ds = 4, TE = 27°C, aq = 5.45 sec,
td = 65536, si = 65536, sw = 12.0 ppm, p1 = 8.20 ysec. Prior to Fourier-transformation, the
FIDs were multiplied with a mild Gaussian function (Ib = -0.10; gb = 1.66). Chemical shifts were
reported relative to the internal standard TSP at O ppm. The internal standard maleic acid was
used for the quantification of glucose amount. Data were processed with MestreNova Version

12.0.0 (Mestrelab Research, Santiago de Compostela, Spain).
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3. Aims of this work

Human health and well-being are influenced by several aspects like social and physical
environment, individual personality and consumption behaviour (Hood et al., 2016). One
important factor that affects the nutrient selection of customers is the labelling and presentation
of the food product (Cecchini and Warin, 2016). Because of many mislabeled foodstuffs in the
past decades, food monitoring is an essential tool for protecting consumers from food fraud
and potential health risks (Pacholczyk-Sienicka et al., 2021). Therefore, the first part of this
work focusses on the detection of thickening agents, a functional class of food additives that
is increasingly used in various food products due to its stabilizing and water-binding properties.
The ‘gold standard’ for the identification and quantification of food thickeners in different
matrices is the officially accepted §64 LFGB method L 00.00-13 which is based on divers
preparation steps and the measurement by GC-FID. More recently, several approaches are
presented using NMR spectroscopy for untargeted and targeted analysis in complex mixtures.
However, the detection and content determination of different food thickeners in various
matrices is only enabled by combination of numerous (often time-consuming) sample-
processing steps. Therefore, one aim of this work is the development of protocols containing
simple and fast preparation steps that allow the unequivocally identification of thickening
agents in different premixtures and food products according to their specific chemical shifts

and correlation coefficients by performing NMR measurements.

Another factor influencing human health is the contact with pathogens. Bacterial infections
often cause diseases like acute respiratory infections, diarrhoea and fever (Doron and
Gorbach, 2008). Because bacteria develop mechanisms to become resistant to medicaments
over time, the treatment of infections with prescribed conventional drug therapies might be less
effective or even ineffective. Consequently, the detailed knowledge of the central metabolism
is necessary for the determination of new potential drug targets (Eisenreich et al., 2022).
Therefore, the second chapter of this work focusses on the detection of metabolic changes in
the pathways of human host cells during infection with the Gram-negative obligate intracellular
bacterium C. trachomatis. One of the most frequently applied techniques for the disclosure of
carbon pathways is the "*C-MFA which is based on feeding the pathogens with *C-marked
tracers, performing labelling measurements at metabolic steady state and calculating the
relative amount of C-enrichment in metabolic products. Based on the generated data,
adaptations of host cells to chlamydial infections can be determined. Thus, the second part of
this work aims to get more insight into the interplay of C. trachomatis and its host cells (human
M1 and M2 polarized macrophages, human fallopian tubes) by performing NMR and GC-MS

measurements of protein-derived amino acids, TCA intermediates and fatty acids for "*C-MFA.
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4. Results
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Summary:

Nowadays, the officially accepted §64 LFGB method L 00.00-13 and other well-established
procedures from the literature are used for the analysis of thickening agents in food products
and their premixtures. Because the methods are based on many time-consuming preparation
steps, the aim of this study was to develop an easy protocol that allows a fast and simple

screening of thickeners in different premixtures and food matrices by NMR spectroscopy.

Therefore, characteristic marker signals and diffusion coefficients for the thickeners gum
arabic, carrageenan, agar-agar, locust bean gum, guar gum and pectin were determined by
using one- and two-dimensional NMR spectroscopy and compared with data from the
literature. The development of the presented protocol enabled the unequivocally identification
of intact food thickeners in different premixtures and food systems using proton NMR
spectroscopy and DOSY. In contrast to the §64 LFBG method, carrageenan and agar-agar
could be distinguished from each other in the 'TH-NMR spectrum, whereas locust bean gum
and guar gum were differentiated in the DOSY spectra. Although not all declared thickeners
could be identified in all analyzed premixtures or food products with this protocol due to the
complexity of food matrices and different concentrations of individual components, the
combination of "H-NMR and DOSY spectroscopy might support standardized methods to

determine thickening agents in food products and their premixtures.
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ABSTRACT: Food thickeners are carbohydrate additives that can only be determined by long-term, multistep analysis. Fast
methods to directly determine thickeners in food matrixes are therefore welcome. In this study, a rapid procedure based on the direct
'"H NMR analysis of food samples dissolved in deuterated water was developed. Individual thickeners were assigned due to specific
marker signals gleaned from two-dimensional NMR analyses. The combination of one-dimensional 'H NMR and DOSY
experiments enabled unequivocal assignments of thickeners even in complex matrixes. Using this approach, gum arabic, carrageenan,
agar—agar, galactomannans, and pectin could be identified in pastille, glaze, and fruit spread. Because of low concentrations (<0.5%—
1%, w/w), the same thickeners and others such as xanthan gum and alginate could not be determined directly by NMR in curry
sauce, rice pudding, choco milk drink, and lemon peel flavor. Moreover, NMR analyses of the hydrolysate did not reveal the specific
monomeric units of the thickeners under study, as shown for the hydrolysate of lemon peel flavor. Nevertheless, the NMR approach

could provide welcome means in the future to directly determine intact thickeners in food.

KEYWORDS: food thickeners, NMR spectroscopy, gum arabic, carrageenan, agar—agar, locust bean gum, guar gum, pectin

H INTRODUCTION example due to variable soil, temperature, and moisture, as well
as different extraction methods.” Therefore, sugars such as
sucrose, fructose, or glucose are often added to thickeners before
their usage in the food industry in order to guarantee a constant
gelling behavior.””*

For the analysis of natural thickeners in food, in Germany, the
officially accepted method given in § 64 of the “Lebensmittel-
und Futtermittelgesetzbuch” (LFGB) L 00.00-13 is usually
applied. It is based on a multistep procedure including the
removal of fat, starch, and proteins, precipitation of the
thickeners, hydrolysis into individual sugar components, and
subsequent measurement of the resultant monosaccharides by
gas chromatography with flame ionization detection (GC-FID)
after trimethylsilylation. As this method is time-consuming due
to numerous individual steps during sample preparation, it is not
appropriate for a fast screening. Furthermore, the thickeners
agar—agar and carrageenan cannot be differed on this basis, as
mentioned in the § 64 LEGB method (L 00.00-13 No. 8.2),
since both thickeners contain the same monosaccharide units.

Nowadays, NMR spectroscopy has been established as a
powerful analytical method in food chemistry.” Its main
application is the structure elucidation of purified food

In recent years, more and more consumers prefer food that is
free of additives, so-called “clean labelling products".] Never-
theless, food additives such as antioxidants, antimicrobials, or
colorants are still often used because of their diverse functions.”
Thickeners—another class of food additives—are also increas-
ingly applied. As defined in regulation (EC) No. 1333/2008,
thickeners are compounds that increase the viscosity of a
foodstuff. Therefore, thickeners are widely used in foods to
thicken these products, to adjust their texture, to attain a specific
mouth feeling, to stabilize formulations, and to produce a
consistent quality. Because of their ability to bind water, they
often find application in foods like ice cream, desserts, cakes,
jams, soups, and salad dressings in concentrations between 0.1%
and $%.>" In 2014, the global market for thickeners used in food
products was estimated as 2.1 million tons and 5.5 billion US$.*
Thickeners are usually produced by a manufacturer and sold
from business to business or directly to the final consumer.
Therefore, premixtures containing thickeners represent another
field of application. Typical thickeners are gum arabic, agar—
agar, carrageenan, galactomannans (locust bean gum, guar gum,
and tara gum), pectin, xanthan gum, and alginate. All of these

components in a targeted approach. However, more recently,
carbohydrates are extracted from algae, plants, or trees, except .
L. ; NMR spectroscopy has also been applied for the untargeted
for xanthan gum, which is obtained from extracts of the

. . analysis of complex liquid mixtures, such as wine, juice, and beer.
bacterium Xanthomonas campestrls.“’(' Y plexliq ) ) Juice,

Because of their large number of sugar units, thickeners
belong to polysaccharides. The chemical structures (Figure 1)
vary from linear chains with steady repeating units to alternating
units with strongly branched side chains containing different
sugars.” As the mentioned thickeners are natural products, the
exact compositions frequently differ with their natural source,
i.e, the structures can reflect different growth conditions for
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Figure 1. Chemical structures of thickeners. (A) Typical substructure of gum arabic (arabinose in green, galactopyranose in blue). (B) Typical moiety
of k-carrageenan (galactose-4-sulfate in green and 3,6-anhydrogalactose in blue). (C) Typical moiety of agar—agar (galactose in green and 3,6-
anhydrogalactose in blue). (D) Typical moiety of the galactomannans locust bean gum and guar gum (mannose in blue and galactose in green). (E)
Rhamnogalacturonan I, a typical substructure of pectin (galacturonic acid in blue, rhamnose in red, and galactose in green).

By combining it with different chemometric tools, for example,
the authenticity, geographical origin, and ripeness of the applied
raw materials could be defined by NMR following the concepts
of metabolic footprinting.'’™"? In these protocols, two-dimen-
sional diffusion ordered NMR spectroscopy (DOSY) has also
been introduced for improving the identification of individual
components in complex mixtures on the basis of different
diffusion constants related to the molecular sizes of the
components. 1314

The aim of this study was to develop a nontargeted "H NMR
method for the fast identification of thickeners in foods and
premixes for food manufacturing without time-consuming
sample processing.

W MATERIALS AND METHODS

Chemicals. Trifluoroacetic acid was obtained from Tokyo
Chemical Industry TCI (Tokyo, Japan). Sodium hydroxide was
purchased from Merck KGaA (Darmstadt, Germany). Galactose,
rhamnose, arabinose, and glucuronic acid were obtained from Alfa
Aesar ThermoFisher GmbH (Kandel, Germany). Deuterium oxide
99.9% with 0.03% TMSP-d, was purchased from Deutero GmbH
(Kastellaun, Germany).

Alginic acid, gum arabic, and k-carrageenan were obtained from
Acros organics. The sodium salt of carboxymethyl cellulose (high
viscosity) and xanthan gum were purchased from MP Biomedicals
(Ilikirch, France). Guar gum ~5000 cP was obtained from Carl Roth
GmbH & Co. (Karlsruhe, Germany). Locust bean gum was purchased
from Vitanatur GmbH (Stockstadt am Rhein, Germany). Lipase from
porcine pancreas type II (100—500 units/mg), pectin apple, and
Phytagel were obtained from Sigma-Aldrich Chemie GmbH
(Steinheim, Germany). Agar—agar was obtained from Mast Group
(Reinfeld, Germany).

Samples. Commercially available pastilles (Bachbliitenpastillen),
cream pudding powder (Crémepuddingpulver), egg replacer powder

3762

(Pflanzlicher Ei-Ersatz), fruit spread strawberry (Fruchtaufstrich
Erdbeere), ice cream stabilizer (Speiseeis Stabilizator), almond milk
(Mandeldrink), fitness whey (Fitnessmolke), fruit whey (Frucht-
molke), whey product (Molkenmischerzeugnis), milk (H-Vollmilch
3.5% Fett ultrahocherhitzt homogeniziert), whey (Reine Molke), milk
drink (Milchdrink mit Bananen-Geschmack), clear cake glaze
(Tortengusspulver klar ungezuckert), clear cake glaze (Tortenguss-
pulver vegan and bio), curry sauce (Curry Sauce), dessert cream
pudding powder with vanilla flavor (Dessert-Crémepulver mit Vanille-
Geschmack), dessert sauce with vanilla flavor (Dessertsofle mit Vanille-
Geschmack), ice cream binding agent (Eisbindemittel fiir Milch- and
Sahneeis), ice dessert strawberry (Erdbeere Eisdessert vegan and bio),
low-calorie drink with mandarin flavor (kalorienarmes Erfrischungsge-
trank mit Mandarinen-Geschmack), cream pudding powder (Creme-
puddingpulver mit Vanille-Geschmack), semolina pudding less sweet
(Griebrei weniger siif8), bio oat drink chocolate (Haferdrink Schoko),
yoghurt with 13.5% gooseberries-apple preparation (Joghurt Stachel-
beere-Apfel), cream pudding powder for lemon-yoghurt dessert
(Cremespeisepulver), curry ketchup spicy (Curry Gewiirz Ketchup
scharf), coconut drink with rice (Kokosnussdrink mit Reis), rice
pudding (Milchreis), cream pudding powder with lemon flavor
(Crémepuddingpulver mit Zitronen-Geschmack), milk drink with
chocolate flavor 3.5% milk fat heat treated (Schokodrink), lemon peel
flavor (Zitronenschalen-Aroma), premixtures for vitamin D3 prepara-
tion, meat preparation, emulsion type sausage, sauerkraut, stabilization
of boiled sausages, and barbecue sauce were used as received unless
otherwise stated.

Sample Preparation. Preparing of Reference Thickener
Samples. Approximately 10 mg of a reference thickener was dissolved
in 1 mL of D,O with 0.03% trimethylsilylpropanoic acid (TMSP) and
warmed up for 10 min at 80 °C for complete solving while stirring.

Solid Food or Premixture Samples. The premixture or food (10—
300 mg) was dissolved in 1 mL of D,O containing 0.03% TMSP and
centrifuged at 14 000 rpm for 10 min at room temperature using a
Beckman Coulter Allegra X.30R laboratory centrifuge. A volume of 550
pL was then transferred to a $ mm NMR glass tube.

https://doi.org/10.1021/acs jafc.0c07760
J. Agric. Food Chem. 2021, 69, 37613775
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Table 1. Overview of Detected Thickener Signals in Different Foods and Premixtures by Nontargeted NMR Spectroscopy

thickener/gelling agent (according to the
manufacturers specification )

E440 pectin
E414 gum arabic

name of the food product
apple jelly (self-made)
pastiiie (Bachbiiitenpastiiie)

cream pudding powder

E407 carrageenan
(Cremepuddingpulver)

E410 locust bean gum

fruit spread strawber:
(Fruchtaufstrich Erdbeere)

ice cream stabilizer (Speiseeis
Stabilizator)

E440 pectin
E410 locust bean gum

E412 guar gum
E401 sodium alginate
E406 agar—agar

almond milk (Mandeldrink) E410 locust bean gum

milk drinks:
o fitness whey (Fitnessmolke)
o fruit whey (Fruchtmolke)

© whey product (Molkenmisch-
erzeugnis)

E440 pectin

clear cake glaze (Tortengusspulver, klar E407 carrageenan
ungezuckert)
clear cake giaze, vegan and bio

(Tortengusspulver, vegan and bio)
premixture (for meat preparation)

E406 agar—agar
E412 guar gum

premixture (vitamin D3) E414 gum arabic

comment on ‘H NMR spectrum
at a concentration of 150 mg/mL: pectin-signal at 5.08 ppm detectable
at a concentration of 30 mg/mL: gum arabic-signais at 5.30, 5.03, 4.74, 4.52, 4.42,
and 4.30 ppm detectable

at a concentration of 300 mg/mL: k-carrageenan-signals at 5.11, 4.87, and 4.54
ppm detectable

at a concentration of 20 mg/mL: galactomannan-signal at 5.03 ppm detectable
at a concentration of 60 mg/mLs: pectin-signal at 5.08 ppm detectable

at a concentration of 20 mg/mL: galactomannan-signals at 5.03 and 4.14 ppm
detectable

after treatment of 1 mL almond milk with lipase, lyophilization and dissolving in
1 mL D,0: galactomannan-signal at 5.03 ppm detectable

at a concentration of 500 y#L/ml: pectin-signals at 5.08 and 4.96 ppm detectable

ata concentration of 20 mg/mL: k-carrageenan-signals at 5.11, 4.87, 4.66, 4.54, and
4.15 ppm detectable

at a concentration of 20 mg/mL: agar—agar-signals at 5.16, 4.57, and 4.14 ppm
detectable

ata ation of S mg/mL: gal ignals at 5.03 and 4.14 ppm
detectable

at a concentration of 10 mg/mL: gum arabic-signals at 5.30, 5.03, 4.52, 4.42, and
4.30 ppm detectable

For spiking, similarly, 10—300 mg of the premixture or food was
dissolved in 800 uL of D,O with 0.03% TMSP. After having added 200
UL of the reference thickener sample, the mixture was centrifuged at
14000 rpm for 10 min at room temperature using a Beckman Coulter
Allegra X.30R laboratory centrifuge. A volume of 550 uL was
transferred to a 5 mm NMR glass tube.

Liquid Samples. A volume of 500 yL of liquid food was diluted with
500 uL of D,O containing 0.03% TMSP and centrifuged at 14 000 rpm
for 10 min at room temperature using a Beckman Coulter Allegra X.30R
laboratory centrifuge. A volume of 550 L was then transferred to a 5
mm NMR glass tube.

For spiking, a volume of 500 uL of liquid food was diluted with 200
UL of the reference thickener sample and 300 uL of D,0O containing
0.03% TMSP and the mixture was centrifuged at 14 000 rpm for 10 min
atroom temperature using a Beckman Coulter Allegra X.30R laboratory
centrifuge. A volume of 550 uL was then transferred to a S mm NMR
glass tube.

Hydrolysis of Reference Thickeners and Food. Ten milligrams
of the reference thickener or 10—300 mg of food were dissolved in 70
UL of D,0 and 30 uL of trifluoroacetic acid (TFA). The mixtures were
stirred for 3 h at 80 °C. After cooling, the samples were neutralized with
1 M NaOH and centrifuged at 14000 rpm for 10 min at room
temperature using a Beckman Coulter Allegra X.30R laboratory
centrifuge. A volume of 550 uL was transferred to a S mm NMR
glass tube.

NMR Measurement Parameters. The apparent pH values of the
NMR samples (dissolved in unbuffered D,0) were determined
(uncorrected values, see Tables S1 and S2) prior to NMR analysis.
Al NMR spectra were recorded with Bruker AVANCE III 400 and 600
MHz spectrometers equipped with a BBO and a cryo-TXO probehead,
respectively, using TopSpin Version 3.6.1 (Bruker Biospin GmbH,
Rheinstetten, Germany). "H NMR spectra were recorded with the
Bruker pulse program “noesygpprld” for the suppression of the water
signal during the relaxation period, applying a narrow saturation pulse
with a line width of about 25 Hz. The parameters were ns = 64 or 512,
ds=4,d1=4.0s, TE=27°C,aq =3.98s,td = 65536, si = 131072, sw =

20.5 ppm, and p1 = 7.65 us. Prior to Fourier-transformation, the FIDs
were multiplied with a mild Gaussian function (Ib = —0.10; gb = 1.76).
DOSY spectra were recorded with the pulse program “stebpgpls” or
“ledbpgp2s”. The parameters for DOSY were ns = 16 or 32, ds = 4,d1 =
10.0's, d16 = 0.0002 s, d20 = 0.3 s, and d21 = 0.00S s. Chemical shifts
were reported relative to the internal standard trimethylsilylpropanoic
acid at 0 ppm. Data were processed with MestreNova Version 12.0.0
(Mestrelab Research, Santiago de Compostela, Spain) or TopSpin
Version 3.6.1 (Bruker Biospin GmbH, Rheinstetten, Germany).

B RESULTS AND DISCUSSION

Although foods are usually complex mixtures containing fats,
proteins, and sugars (e.g., sucrose, glucose, and fructose) as main
d vitamins, phenolic compon and o as
minor components, the untargeted NMR method described
here was suitable to identify additives and especially thickeners
in these complex matrixes without any previous sample
preparation. To establish the method, the characteristic NMR
signals of the pure thickeners under study (as obtained in pure
form from commercial suppliers) were first assigned by one-
dimensional and two-dimensional NMR experiments (‘H—'H
COSY, 'H-"3C HSQC, 'H-'3C HMBC) and diffusion
spectroscopy (DOSY). Using the same NMR protocols, these
thickeners were then identified in commercial premixtures
according to the manufacturers’ specifications. Finally, the
method was exploited for the analysis of complex food matrixes,
such as cream pudding powder, glaze, and pastille (see Table 1).
In a typical setting, the combination of a one-dimensional 'H
NMR experiment and a DOSY experiment was sufficient to
determine the thickeners. For a considerable number of
examples, but not for all (see below), the NMR method turned
out to be a rapid and useful alternative to the officially accepted

components
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methods, such as in Germany given in § 64 of the “Lebensmittel-
und Futtermittelgesetzbuch” (LFGB) L 00.00-13.

In the following, the experimental approach with its benefits
and limitations is illustrated with specific examples.

Gum Arabic (E414). Gum arabic is a complex poly-
saccharide extracted from the exudate of Acacia senegal. NMR
experiments in the past few years indicated that the linear main
chain consists of 8-(1 — 3)- and 8-(1 — 6)-galactopyranosyl
residues with linked arabinose, rhamnose, and uronic acid
moieties.">'® Figure 1A shows part of the arabinogalactan
structure, a typical substructure found in gum arabic.

The '"H NMR spectrum of a reference sample of this
carbohydrate (Figure S1) revealed broad signals, as expected for
amacromolecule with a typical molecular mass of 350 kDa. With
the help of two-dimensional NMR-spectra (‘H-'"H COSY,
'H-"3C HSQC, '"H-"*C HMBC) and by comparing with data
from the literature,'” the detected signals could be assigned to
protons of the rhamnose moieties, the arabinose units, and the
galactopyranose units of the polymer (Table S3). Small
deviations from the published chemical shift values'” within
ca. 0.03 ppm could be due to different temperature settings or
calibration procedures. The characteristic signals at 5.42, 5.30
(H-1 in arabinose units), 5.03, 4.52 (H-1 in galactopyranose
units), 4.74 (H-1 in rhamnose units), 4.42 (H-2 in arabinose
units), 4.30 (H-4 in galactopyranose units), and 1.27 ppm
(methyl H-6 in rhamnose units) served as a highly specific signal
pattern for the detection of gum arabic in premixes and food
samples under study (see below).

Carrageenan (E407) and Agar—Agar (E406). Carra-
geenan and agar—agar are polysaccharides that are extracted
from red seaweeds (Rhodophyta). The chemical structures
(Figure 1B,C) are characterized by linear chains of galactanes
that contain galactopyranose residues with a-(1 — 3)- and f-(1
— 4)-glycosidic bonds and 3,6-anhydrogalactose residues linked
to the 4-O-position of the galactose moiety."® Carrageenans
contain sulfate residues at the galactopyranose units, and k-
carrageenan, I-carrageenan, and A-carrageenan differ in the
numbers and the positions of these sulfate groups.'’

In the 'H NMR spectrum of the reference sample of k-
carrageenan (Figure 52)—as a representative of the carrageenan
family—broad signals were assigned to the 3,6-anhydrogalac-
tose units and galactose units according to the literature”” and
using the correlation patterns observed in the two-dimensional
spectra. For the identification of carrageenan in food, the signals
at 5.11 (H-1), 4.66 (H-4), 4.54 (H-3), and 4.15 ppm (H-2) of
the 3,6-anhydrogalactose unit as well as the signal at 4.87 ppm
(H-4 in the galactose unit) turned out to be useful marker signals
(Table $4). Agar—agar—another red seaweed polysaccharide—
showed a signal at 5.16 ppm belonging to H-1 of the 3,6-
anhydrogalactopyranose unit."®*" In the 'TH NMR spectrum of
the reference agar—agar (Figure S3), broad signals at $.16, 4.57,
and 4.14 ppm were defined as characteristic marker signals
(Table SS).

Locust Bean Gum (E410) and Guar Gum (E412). Locust
bean gum and guar gum are polysaccharides that contain a f-p-
mannan backbone where galactose is linked at the O-6 position
of the mannosyl residue (Figure 1D). Therefore, they both
belong to the galactomannans and only differ in the ratio
between the numbers of mannose and galactose. Locust bean
gum usually shows a characteristic mannose/galactose ratio of
3.5/1, whereas the mannose/galactose ratio in guar gum is ca. 2/
1.>> The 'H NMR spectrum of locust bean gum as a
representative for the galactomannans (Figure S4) revealed

3764

broad signals that were assigned to the protons of the galactose
units and mannose units by the procedures described above.”®
Due to signal overlap, the fraction of the mannose and galactose
units could not be determined unequivocally.

The viscosity of the galactomannans can be increased by
adding sugars like sucrose and glucose.® Thus, sucrose is often
added to locust bean gum and guar gum before being used in the
food industry to ensure a constant behavior in gel building. The
sharp signals in the "H NMR spectra of many samples containing
galactomannans including the ones shown in Figure S4 indeed
indicated the presence of free sucrose. In many samples, the
sucrose signals hampered the detection of most galactomannan
signals. However, the signal at 5.03 ppm belonging to H-1 of the
galactose unit as well as the broad and partially overlapping
signal at 4.14 ppm belonging to H-2 of the mannose unit could
be used as characteristic marker signals (Table S6) for the
identification of galactomannans in premixtures and food.
Because of their similar chemical structures, locust bean gum
and guar gum could not be distinguished by the 'H NMR
approach.

Pectin (E440). Pectin (Figure 1E) is a complex class of
heterogenic polysaccharides that are mainly found in cell walls of
plants and classified in high-methoxy-pectin (>50% carboxyl
groups are methylated) or low-methoxy-pectin (<50% carboxyl
groups are methylated).”*>° The three main motives in the core
structure are described as homogalacturonan, rhamnogalactur-
onan I, and rhamnogalacturonan II. The homogalacturonan
moiety is characterized by a linear chain of a-(1 - 4)-p-
galacturonic acids whereby the carboxyl groups are eventually
methylated and the hydroxyl groups are eventually acetylated. In
contrast to the homogalacturonan moiety, the main chain of the
rhamnogalacturonan I unit is interrupted by rhamnose residues
with sugars like arabinose, galactose, and xylose as side chains.
The rhamnogalacturonan II moiety also consists of a linear chain
of a-(1 — 4)-p-galacturonic acids with branched side chains.”’

By being compared with data from the literature*® and two-
dimensional NMR spectra (*H-"H COSY and '"H-"*C HSQC)
being used, the broad signals in the 'H NMR spectrum of the
intact pectin (Figure SS) were assigned to the galacturonic acid
units, the rhamnose units, and the galactose units. The signals at
5.08 (H-1 of galacturonic acid) and 4.96 ppm (H-1 from
galactose) were assigned as specific marker signals (Table S7)
for pectin in food (see below).

Effect of the Temperature on the Quality of the 'H
NMR Spectra. The NMR analysis described above was
performed at a temperature of 27 °C. Because of their high
molecular weight, thickeners have the ability to build viscous
solutions, also reflected by the broad signals in their 'H NMR
spectra. Cheng and Neiss in 2012 proposed to measure
thickeners by "H NMR spectroscopy at higher temperatures in
order to get better resolved spectra.” Therefore, we compared
the "H NMR spectra of the reference thickeners described above
also at temperatures up to 40 °C.

As an example, the effect of different temperatures is
illustrated with the reference sample of gum arabic (Figure
S6). As expected, at lower temperatures (i.e., < 25 °C), the
signals were significantly broadened. Similar temperature effects
could be observed for the spectra of the other thickeners.
However, and disappointingly, at temperatures > 27 °C no
further improvement of the spectral resolution could be
achieved, and we therefore decided to identify the thickeners
in premixtures and food at 27 °C (300 K), which is the default
setting in many NMR applications.

https://doi.org/10.1021/acs jafc.0c07760
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Figure 2. "H NMR spectra of (A) standard gum arabic, (B) the premixture vitamin D3, and (C) the premixture vitamin D3 spiked with standard gum
arabic in D,0. Measurement with 'H NMR spectroscopy with water suppression (400 MHz, ns 64, ds 4, TE 27 °C). Gum arabic signals at 5.30, 5.03,
4.52, 442, and 4.30 ppm are indicated by black arrows. (D) DOSY spectrum of the premixture vitamin D3 in D,0. Measurement with DOSY

spectroscopy (400 MHz, ns 16, ds 4, TE 25 °C).

Identification of Thickeners in Premixtures and Food.
To demonstrate the benefits and limits of the nontargeted NMR
method for identifying thickeners in premixtures and food, some
examples are now described in detail.

Gum Arabic in a Premixture (for vitamin D3 preparation)
and in Pastilles. An amount of 10 mg of a premixture
containing, according to the manufacturer, about 0.25% vitamin
D3 and 20%—40% gum arabic was dissolved in 1 mL of D,0 and
analyzed by the NMR protocol described above. The '"H NMR
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spectrum (Figure 2B) displayed broad signals at 5.30, 5.03, 4.52,
4.42, and 4.30 ppm (indicated by the arrows) among others,
which are characteristic for gum arabic (see also Figure 2A for
the "H NMR spectrum of the reference sample). After spiking
the sample with the reference, these signals increased (Figure
2C). In further support of these assignments, the DOSY
spectrum of the premixture (Figure 2D) showed the same
signals at 5.03, 4.52, 4.42, and 4.30 ppm with a diffusion
coefficient of —10.82 log(m?*/s) (indicated by the straight line in

https://doi.org/10.1021/acs jafc.0c07760
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Figure 3. '"H NMR spectra of (A) standard gum arabic, (B) the pastille, and (C) the pastille spiked with standard gum arabic in D,0. Measurement
with "H NMR spectroscopy with water suppression (400 MHz, ns 64, ds 4, TE 27 °C). Gum arabic signals at 5.30, 5.03, 4.74, 4.52, 4.42, and 4.30 ppm
are indicated by black arrows. (D) DOSY spectrum of the pastille in D,0. Measurement with DOSY spectroscopy (400 MHz, ns 32, ds 4, TE 25 °C).

the figure), which closely matched the corresponding value for
the reference sample of gum arabic at —11.01 log(m?*/s). Thus,
the DOSY spectrum verified that the detected signal pattern at
5.30,5.03, 4.52, 4.42, and 4.30 ppm in the "H NMR spectrum of
the premixture indeed belonged to the declared thickener gum
arabic in this sample.

The food industry uses gum arabic not only as a thickening
agent in premixtures but also in foods. The main application for
gum arabic is its usage in pastilles, marshmallows, and toffees
with concentrations of up to 55%.”
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As a model food containing gum arabic, 30 mg of pastilles
(Bach flowers) was dissolved in 1 mL of D,0O and measured by
'"H NMR and DOSY spectroscopy, again following the
established protocol. The 'H NMR spectrum (Figure 3B)
displayed the characteristic signals at 5.30, 5.03, 4.74, 4.52, 4.42,
and 4.30 ppm (cf. Figure 3A for the reference), which increased
after being spiked with gum arabic (Figure 3C). Furthermore,
the DOSY spectrum of the pastille revealed a diffusion
coefficient of —10.91 log(m?/s) for the signals at 5.30, 5.03,
4.74, 4.52, 4.42, and 4.30 ppm (Figure 3D), again similar to the

https://doi.org/10.1021/acs jafc.0c07760
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Figure 4. 'H NMR spectra of (A) standard k-carrageenan, (B) the clear cake glaze, (C) the clear cake glaze spiked with standard k-carrageenan, (D)
standard agar—agar, (E) the clear cake glaze, and (F) the clear cake glaze spiked with standard agar—agar in D,0. Measurement with 'H NMR
spectroscopy with water suppression (400 MHz, ns $12, ds 4, TE 27 °C). k-carrageenan signals at 5.11, 4.87, 4.66, 4.54, and 4.15 ppm as well as agar—

agar signals at 5.16, 4.57, and 4.14 ppm are indicated by black arrows.

value of —11.01 log(m?/s) for the reference. Thus, the chemical
shifts of the marker signals and the diffusion coefficient provided
solid evidence that the detected signals were indeed due to the
declared thickener gum arabic.

Carrageenan and Agar—Agar in Clear Cake Glazes.
Because of their thickening behavior, both polysaccharides are
often used in food products like desserts, milk drinks and
puddings.*

As an example, a clear cake glaze containing carrageenan as a
thickening agent and another clear cake glaze containing the
thickener agar—agar were analyzed by the NMR approach
described above. Figure 4 shows the "H NMR spectra of both
clear cake glazes with signals belonging to k-carrageenan (Figure
4A) and agar—agar (Figure 4D). In the "H NMR spectrum of
the glaze containing carrageenan (Figure 4B), among others,
signals at 5.11, 4.87, 4.66, 4.54, and 4.15 ppm were detected,
which were the characteristic marker signals for k-carrageenan
(Table S4). The same signals were increased after being spiked
with the k-carrageenan reference (Figure 4C). In contrast, the
'H NMR spectrum of the other glaze (Figure 4E) showed the
characteristic marker signals for agar—agar at 5.16,4.57, and 4.14
ppm. Expectedly, spiking the glaze sample with the standard
agar—agar led to increased signals at 5.16, 4.57, and 4.14 ppm
(Figure 4F).

Galactomannans in Premixture (for meat preparation)
and Ice Cream Stabilizer. Because of their gelling behavior,
galactomannans are often applied as additives to ice cream,
puddings, and soups in concentrations between 0.1% and 2%.>*
Before their usage in food, they are also often blended with other
components. These so-called premixtures contain thickeners at
higher concentrations than foods.

One example is a premixture for meat preparation that
contains guar gum as a thickener. The '"H NMR spectrum
(Figure SB) revealed, among others, two broad signals at 5.03
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and 4.14 ppm, which are indeed characteristic for the
galactomannans (Figure SA and Table S6). These signals
increased after the sample was spiked with the reference sample
of guar gum (Figure SC). Furthermore, the DOSY spectrum of
this sample showed a diffusion coefficient of —11.60 log(m?*/s)
for the broad signals at 5.03 and 4.14 ppm (Figure SD), which
exactly matched the value for the guar gum reference, whereas
the diffusion coefficient for the signals of the standard locust
bean gum was significantly higher [i.e,, —11.31 log(m?/s)].

The ice cream stabilizer containing the thickeners locust bean
gum, guar gum, sodium alginate, and agar—agar was then
subjected to NMR analysis. The 'H NMR spectrum (Figure 6B)
showed, among other sharp signals belonging to other
ingredients, two broad weak signals at 5.03 and 4.14 ppm,
which were in line with the chemical shifts of the characteristic
galactomannan signals (Figure 6A and Table S6). Spiking the
sample with standard locust bean gum or guar gum led to
increased intensities of these signals (Figure 6C). Notably, the
characteristic signals for agar—agar and alginate were not
detected. Obviously, the concentrations of these thickeners were
too low and therefore under the detection limit of the NMR
method. Furthermore, the DOSY spectrum (Figure 6D) of the
ice cream stabilizer revealed a diffusion coefficient of —11.31
log(m?/s) for the galactomannan signals at 5.03 and 4.14 ppm,
in line with the value for the standard locust bean gum. For the
other declared thickeners guar gum, sodium alginate, and agar—
agar, no characteristic DOSY signals or specific diffusion
coefficients were detected.

Pectin in Milk Drinks. Because of its gelling behavior, pectin is
often used in marmalades, bakery fillings, and ultrahigh
temperature milk products.”*>

As a model food product, different commercially available
milk drinks (fitness whey, fruit whey, and whey product) with
declared pectin additives were analyzed. For this purpose, S00

https://doi.org/10.1021/acs jafc.0c07760
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Figure 5. "H NMR spectra of (A) standard guar gum, (B) the premixture for meat preparation, and (C) the premixture for meat preparation spiked
with standard guar gum in D,0. Measurement with "H NMR spectroscopy with water suppression (400 MHz, ns 64, ds 4, TE 27 °C). Galactomannan
signals at 5.03 and 4.14 ppm are indicated by black arrows. (D) DOSY spectrum of the premixture for meat preparation in D,0O. Measurement with

DOSY spectroscopy (400 MHz, ns 16, ds 4, TE 25 °C).

ML of each drink was diluted with 500 uL of D,O, and after
centrifugation, they were directly subjected to 'H NMR
spectroscopy. As a negative control, commercially available
milk drinks, which—according to the ingredients list—did not
contain pectin, were also measured by "H NMR spectroscopy
following the same protocol. Figure 7 shows the 'H NMR
spectra of the different milk drinks (with and without declared
pectin as a thickening agent) and of the pectin reference on top.
The 'H NMR spectra of the fitness whey (Figure 7B) and the
whey product (Figure 7F) displayed, apart from numerous sharp
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signals at high intensities, small broad signals at 5.08 and 4.96
ppm, which are indeed characteristic for pectin (Figure 7A and
Table S7), as confirmed by spiking experiments with the pectin
reference (Figure 7C,E,G). On the contrary, the fruit whey
showed a significant signal at 5.08 ppm and a small signal at 4.96
ppm, however, at different intensities (Figure 7D), which was in
contrast to the pectin standard displaying these signals at similar
intensities. According to the ingredients list, the fruit whey
contained not only pectin but also guar gum and locust bean
gum as thickeners. As the two galactomannan standards showed

https://doi.org/10.1021/acs jafc.0c07760
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40



RESULTS

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

A locust bean gum
(B= 1.8 mg/ml)

A

B ice cream stabiliser

I

C ice cream stabiliser
+ locust bean gum

8 46
f1 (ppm)

0 .JW

4.4 4.2 4.0 3.8 3.6 3.4 3.2

ice cream stabiliser - E
[ E
FD
re
locust bean / A o . FiE
gum < v \YJ Le
<
\ re
\ Fo
} re
q &/ o
]
S
F =]
. , Fo
HOD Eﬁ Jl E
— — T T T T T T s e — 1T e e e L r
6.0 55 5.0 45 4.0 F2 [ppm]

Figure 6. 'H NMR spectra of (A) standard locust bean gum, (B) the ice cream stabilizer, and (C) the ice cream stabilizer spiked with standard locust
bean gum in D,0. Measurement with "H NMR spectroscopy with water suppression (400 MHz, ns 64, ds 4, TE 27 °C). Galactomannan signals at 5.03
and 4.14 ppm are indicated by black arrows. (D) DOSY spectrum of the ice cream stabilizer in D,0. Measurement with DOSY spectroscopy (400

MHz, ns 32, ds 4, TE 25 °C).

characteristic signals at 5.03 ppm in the 'H NMR spectra (Table
S6), the broad signal at 5.08 ppm in the spectrum of the fruit
whey could reflect an overlapping signal for pectin, locust bean
gum, and guar gum. The characteristic galactomannan signal at
4.14 ppm was not detectable because of overlapping intense
signals belonging to other ingredients. In the "H NMR spectra of
milk, whey, and milk drink (Figure 7H,J,L), characteristic pectin
signals at 5.08 and 4.96 ppm could not be detected. Therefore,
these samples either did not contain any pectin or the
concentration of pectin was below the detection limit. This
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was supported by the observation that spiking the samples with
standard pectin (final concentration of 2.1 mg/mL correspond-
ing to about 0.4%, w/w) led to resolved signals at 5.08 and 4.96
ppm (Figure 7LK,M).

Carrageenan in Cream Pudding Powders and in Choco
Milk Drinks. Shops often offer a wide product range of cream
pudding powders with various ingredients and flavors. The 'H
NMR spectrum of the cream pudding powder (Figure 8B)
showed characteristic k-carrageenan signals at 5.11, 4.87, and
4.54 ppm (Figure 8A), which increased after being spiked with

https://doi.org/10.1021/acs jafc.0c07760
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Figure 7. 'H NMR spectra of (A) standard pectin, (B) the fitness whey, (C) the fitness whey spiked with standard pectin, (D) the fruit whey, (E) the
fruit whey spiked with standard pectin, (F) the whey product, (G) the whey product spiked with standard pectin, (H) milk, (I) milk spiked with
standard pectin, (J) whey, (K) whey spiked with standard pectin, (L) the milk drink, and (M) the milk drink spiked with standard pectin in D,O.
Measurement with 'H NMR spectroscopy with water suppression (400 MHz, ns 64, ds 4, TE 27 °C). Pectin signals at 5.08 and 4.96 ppm are indicated

by black arrows.

standard k-carrageenan (Figure 8C). In contrast, k-carrageenan
signals at 5.11, 4.87, and 4.54 ppm were not identified in the 'H
NMR spectrum of another cream pudding powder (Figure 8D).
This was due to other signals at high intensities in the area from
4.50 to 5.20 ppm that belonged to other major ingredients of this
powder.

Unfortunately, no characteristic k-carrageenan signals were
detected in the DOSY spectrum (Figure S7). However, spiking
the sample with k-carrageenan (final concentration of 1.9 mg/
mL corresponding to about 1%, w/w) led to some signals at the
expected chemical shifts (Figure 8E). It can be concluded that
the cream pudding powder under study did not contain
carrageenan at a concentration >19%.

Carrageenan is used not only in solid food but also in liquid
products. As an example, the choco milk drink, which
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contains—according to the manufacturer’s specification—
carrageenan as a stabilizer, is described.

Figure 8F shows the '"H NMR spectrum of the choco milk
drink showing sharp signals at high intensities belonging to free
sugars as well as broadened signals at 5.30 and 4.30 ppm
probably belonging to the glycerolipids of the milk fat.
Characteristic marker signals for k-carrageenan at S5.11 and
4.87 ppm in the anomeric sugar region were missing.
Furthermore, a large overlapping region from 3.52 to 4.16
ppm prevented the detection of the other characteristic k-
carrageenan signals in the "H NMR spectrum. In addition, the
DOSY spectrum did not reveal significant marker signals (Figure
S8A). Spiking the choco milk drink with k-carrageenan (final
concentration of 1.9 mg/mL) resulted in a highly viscous
solution and precipitates resulting in a poor resolution of the 'H
NMR signals (Figure 8G). Although the standard k-carrageenan

https://doi.org/10.1021/acs jafc.0c07760
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Figure 8. "H NMR spectra of (A) standard k-carrageenan, (B) the cream pudding powder, (C) the cream pudding powder spiked with standard k-
carrageenan, (D) the cream pudding powder, (E) the cream pudding powder spiked with k-carrageenan, (F) the choco milk drink, and (G) the choco
milk drink spiked with k-carrageenan in D,0. Measurement with '"H NMR spectroscopy with water suppression (400 MHz, ns $12, ds 4, TE 27 °C). k-
carrageenan signals at 5.11, 4.87, 4.66, 4.54, and 4.15 ppm are indicated by black arrows.

was added in an otherwise detectable amount (1.9 mg/mL), no
marker signals were detected in the proton spectrum (Figure
S8B) of the spiked sample. Because of its conformation, -
carrageenan can interact with milk proteins, thereby forming
ge:ls.3 Thus, it seemed that the added k-carrageenan reference
interacted with the protein from the milk in the choco milk drink
and led to 'H NMR data with worsened resolution. Therefore,
the NMR method was unsuitable for the identification of
carrageenan in milk drinks. It seems that the analysis of this
matrix still has to rely on the classical methods, for example using
GC-FID.”

Some limits of the NMR method became also clear when
analyzing other premixtures and foods, where low concen-
trations (<0.5%—1%, w/w) prevented the NMR-based identi-
fication of the declared thickeners, at least with the NMR
equipment used in this study. For these negative examples
(summarized in Table 2), we therefore evaluated whether the
hydrolysis of the polymers and subsequent NMR analysis of the
resulting monomeric sugars could help to identify the
thickeners.

Hydrolysis of Reference Thickeners and Food Products. In
contrast to polysaccharides that usually show broad signals in
their "H NMR spectra, monosaccharides like rhamnose, glucose,
and arabinose result in sharp NMR signals and therefore in a
spectral resolution that should facilitate unequivocal assign-
ments.>>? Capitalizing on this possibility, the standard
thickeners and some food products were hydrolyzed with
trifluoroacetic acid (TFA) to break the glycosidic bonds in
polysaccharides with reference to Merkx et al.** As an example
for this approach, the spectrum of the hydrolyzed gum arabic is
described in more detail. Parts A and B of Figure 9 show the 'H
NMR spectra of the polymeric gum arabic and its hydrolysate,
respectively. The spectra of galactose (Figure 9C), rhamnose
(Figure 9D), arabinose (Figure 9E), and glucuronic acid (Figure
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9F) are shown for comparison. In contrast to the 'H NMR
spectrum of the intact gum arabic, the "H NMR spectrum of the
hydrolyzed compound showed, as expected, sharp signals in the
spectral region for anomeric protons from 5.28 to 4.52 ppm at
high intensities and excellent resolution. Comparing the
chemical shifts of the reference monosaccharides, the detected
signals of the hydrolysate could be assigned as follows: H-1 of
galactose at 527 (a-form) and 4.60 ppm (f-form), H-1 of
arabinose at 524 (a-form) and 4.52 ppm (f-form), H-1 of
rhamnose at 5.12 ppm, and H-6 of rhamnose at 1.29 ppm
(Figure 10). Signals belonging to glucuronic acid were not
detectable. Therefore, only the sharp signals in the anomeric
region and the signal at 1.29 ppm belonging to H-6 of rhamnose
could be used for the identification in food products.
Nevertheless, in principle, the hydrolysis of the reference sample
clearly enabled the detection of the expected monosaccharide
units from the thickener.

As a food model (listed as a negative example for the direct
NMR detection of thickeners, see Table 2), lemon peel flavor
containing gum arabic as a stabilizer was hydrolyzed under harsh
conditions, and the resulting hydrolysate was measured by 'H
NMR, DOSY, 'H-'H COSY, 'H-"3C HSQC, and 'H-'3C
HMBC spectroscopy. In contrast to the polymeric gum arabic,
the '"H NMR spectrum of the hydrolysate (Figure 9G) now
showed many sharp signals reflecting low-molecular weight
products of the hydrolysis. By comparing with the "H NMR
spectra of glucose, maltodextrin, and sucrose, the signals at 5.41,
5.25, and 4.67 ppm were assigned to the anomeric protons of
maltodextrin and glucose (Figure S9). Furthermore, the "H—"H
COSY, 'H-"3C HSQC, and 'H-"*C HMBC NMR spectra of
the hydrolysate were consistent with the respective two-
dimensional spectra of the glucose reference (Figures S10,
S11, and S12 and Table S8). In further support of these
assignments, the DOSY spectrum of the hydrolysate (Figure
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Table 2. Overview of Analyzed Premixtures and Foods Where Thickener Signals Were Not Detectable by the "H NMR Method

name of the food product

curry sauce (Curry Sauce)

dessert-cream powder with vanilla flavor (Dessert-
Cremepuddingpulver mit Vanille-Geschmack)

dessert sauce with vanilla flavor (Dessertsofle mit
Vanille-Geschmack)

ice cream binding agent (Eisbindemittel fiir Milch-
and Sahneeis

ice dessert strawberry (Erdbeere Eisdessert vegan
and bio)

low-calorie drink with mandarin flavor
(kalorienarmes Erfrischungsgetrink mit
Mandarinen-Geschmack)

cream pudding powder vanilla flavor
(Cremepuddingpulver mit Vanille-Geschmack)

semolina pudding less sweet (Grieflbrei weniger
s

bio oat drink chocolate (Haferdrink Schoko)

yoghurt with 13,5% gooseberries-apple
preparation (Joghurt Stachelbeere-Apfel)

cream powder for lemon-yoghurt dessert
(Cremespeisepulver)

curry ketchup spicy (Curry Gewiirz Ketchup
scharf)

coconut drink with rice (Kokosnussdrink mit Reis)

rice pudding (Milchreis)
cream pudding powder with lemon flavor
(Cremepuddingpulver mit Zitronen-Geschmack)

“choco milk drink” milk drink with chocolate
flavor, 3,5% milk fat, heat-treated (Schokodrink)

lemon peel flavor (Zitronenschalen-Aroma)

premixture (for emulsion type sausage)

premixture (for sauerkraut)
premixture (for stabilization of boiled sausages)
premixture (for barbecue sauce)

thickener/gelling agent

(according to the manufacturers

specification)
E415 xanthan gum

E407 carrageenan
E407 carrageenan

E412 guar gum
E466 carboxymethyl cellulose

E417 tara gum
E401 sodium alginate
E440 pectin

E412 guar gum

E415 xanthan gum
E410 locust bean gum
E410 locust bean gum

E407 carrageenan
E415 xanthan gum
E412 guar gum

E440 pectin

E412 guar gum

E412 guar gum

E410 locust bean gum

E412 guar gum

E418 gellan gum

E415 xanthan gum
E415 xanthan gum
E415 xanthan gum

E410 locust bean gum

E407 carrageenan

E414 gum arabic

E412 guar gum

E410 locust bean gum

E415 xanthan gum

E466 carboxymethyl cellulose
E415 xanthan gum

comment on '"H NMR spectrum

at a concentration of 200 mg/mL: xanthan gum signals not detectable

at a concentration of 100 mg/mL: carrageenan signals not detectable

at a concentration of 30 mg/mL: carrageenan and galactomannan signals not
detectable

at a concentration of 50 mg/mL: carboxymethyl cellulose, galactomannan, and
sodium alginate signals not detectable

at a concentration of 100 mg/mL: pectin, galactomannan, and xanthan signals
not detectable

at a volume of 20 mL, lyophilization and dissolving in 2 mL D,O:
galactomannan signals not detectable

at a concentration of 200 mg/mL: carrageenan signals not detectable
at a concentration of 100 mg/mL: xanthan gum signals not detectable

atavolume of 1 mL, lyophilization and dissolving in 1 mL D,O: galactomannan
signals not detectable

After weighing S g, extraction with dichloromethane, lyophilization and
dissolving in 1 mL D,O: pectin signals not detectable

at a concentration of 100 mg/mL: galactomannan signals not detectable

at a concentration of 200 mg/mL: galactomannan signals not detectable

after treatment of 1 mL coconut drink with lipase, lyophilization and dissolving
in 1 mL D,0: galactomannan, xanthan gum, and gellan gum signal not
detectable

at a concentration of 20 mg/mL: xanthan gum signals not detectable

at a concentration of 50 mg/mL: xanthan gum and galactomannan signals not
detectable

at a concentration of 500 y#L/mL: carrageenan signals not detectable

at a concentration of 100 mg/mL: gum arabic signals not detectable

at a concentration of 300 mg/mL: galactomannan signals not detectable

at a concentration of 10 mg/mL: xanthan gum signals not detectable
ata concentration of 20 mg/mL: carboxymethyl cellulose signals not detectable
at a concentration of 10 mg/mL: xanthan gum signals not detectable

S13) showed the same signals at 5.25 and 4.67 ppm with a
diffusion coefficient of —9.36 log(m?/s), which closely matched
the corresponding value for the reference sample of glucose at
—9.29 log(m?/s). Furthermore, a diffusion coefficient of —9.56
log(m?/s) for the signals at 5.41, 4.94, and from 4.00 to 3.17
ppm could be assigned to maltodextrin (diffusion coefficient in
the reference sample at —9.96 log(m?/s)). Disappointingly,
anomeric protons from monosaccharides released by the
hydrolysis of the thickener gum arabic could not be
unequivocally assigned. It is important to note that treatment
with TFA and heating the samples leads not only to the
hydrolysis of the polymeric thickeners but also to the hydrolysis
of other components like sucrose and maltodextrin as well as the
denaturation and partial hydrolysis of proteins. Together, this

3772

mixture could also result in additional reactions and afford
multiple products such as Maillard products. Since other trials
for an indirect NMR identification of thickeners after hydrolysis
also failed, we abandoned this approach but rather focused on
those thickeners and matrixes that could directly be analyzed by
the nontargeted NMR approach, as shown above.

Benefits of the Method. Although thickeners are often
used at low concentrations in food, the NMR method enabled
their detection at approximate concentrations >0.5%—1%
(w/w) in some premixtures and food. In contrast to the § 64
LFGB method and multistep procedures described in the
literature,**** we were able to identify the declared thickeners in
their intact forms in the presence of other ingredients, as shown
with premixtures for vitamin D3 formulations and for meat

https://doi.org/10.1021/acs jafc.0c07760
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flavor after hydrolysis in D,O/TFA (70/30; w/w) for 3 h at 80 °C and after neutralization with 1 M NaOH in D,0. Measurement with 'H NMR
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Figure 10. "H NMR spectrum of standard gum arabic after hydrolysis in D,0/TFA (70/30; w/w) for 3 h at 80 °C and after neutralization with 1 M
NaOH in D,0. Measurement with "H NMR spectroscopy with water suppression (400 MHz, ns 64, ds 4, TE 27 °C). Protons and chemical structure of

the monosaccharide units from gum arabic are shown in the insets. Signals are

numbered according to the protons in the a-galactose moiety (in green),

B-galactose moiety (in blue), a-arabinose moiety (in orange), -arabinose moiety (in red), and a-rhamnose moiety (in magenta).

preparations. More examples comprise pastilles, clear cake
glazes, ice cream stabilizer, and some milk drinks, without any
previous time-consuming sample preparation such as a removal
of major components like fat, proteins, and starch. We conclude
that the novel protocol is superior to the established procedures
considering the short time demand for the NMR measurements,
which could even be done in full automation enabling high
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through-put. Therefore, the NMR approach is especially
attractive for the fast screening of premixtures and food.
Although thickeners in their natural state show broad NMR
signals and at lower concentrations small intensities, they could
be clearly identified by characteristic marker signals or patterns
of characteristic signals in their '"H NMR spectra (see Table 3).
As the method enables the detection of intact thickeners, they

https://doi.org/10.1021/acs jafc.0c07760
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Table 3. Overview of Marker Signals from Different
Thickeners Used for the Identification in Premixtures and
Foods

chemical shifts ¢ of marker signals
used for the identification

542, 5.30, 5.03, 4.74, 4.52, 4.42,
4.30, and 1.27 ppm

5.11, 4.87, 4.66, 4.54, and 4.15 ppm

5.16,4.57, and 4.14 ppm

5.03 and 4.14 ppm

name of thickener

gum arabic (E414)

K-carrageenan (E407)

agar—agar (E406)

galactomannans locust bean gum
(E410) and guar gum (E412)

pectin (E440) 5.08 and 4.96 ppm

could also be distinguished from other components because of
their high molecular weight and small diffusion constants as
gleaned from DOSY. Because thickeners are built from
monosaccharides like rhamnose, galactose, and arabinose,
their chemical structures are often similar. Nevertheless, the
method was able to even distinguish between the two
galactomannans locust bean gum and guar gum in the described
premixture and food by their specific diffusion constants, as
revealed from the DOSY spectra. Due to the different chemical
shifts of the characteristic marker signals for x-carrageenan and
agar—agar, the "H NMR method was also able to distinguish
between these thickeners, as shown for glazes. This is superior in
comparison to the established protocol described in § 64 LEGB
method L 00.00-13. Together, the novel NMR method provides
substantial progress and advantages in identifying thickeners in
premixes and food.

Limitations of the Method. Even though thickeners could
be clearly identified in different premixtures and food products
by the NMR method, it is important to note that not all declared
thickeners in the analyzed foods could be detected by this
method (see Table 2 for negative results). Depending on the
food class, many matrixes contain different components at
varying quantities. This can also lead to a different solubility
behavior as referred to the defined solvent volume of 1 mL of
D,O for the NMR analysis. At concentrations of thickeners
below 0.5%—1% (w/w), these additives cannot be detected by
the fast method. However, it should be noted that the detection
limit can be lowered by the usage of high-field NMR magnets or
sensitivity-improved “cryo-probes”. Another problem could
arise by differences in the concentration of the ingredients
that could result in rather unpredictable conditions for the NMR
analysis even within one food category. Thus, the novel method
appears to be not generally applicable for any food matrix, and
the failure to detect thickeners in these complex samples cannot
be taken as evidence for the complete absence of these additives.
However, whenever specific NMR signatures for thickeners can
be observed, the benefits of the methods are obvious and
significant.
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Summary:

Food thickeners are broadly used in different premixtures due to their ability of increasing the
viscosity and shelf-life of products. In our previous work, an easy and fast protocol was
developed which enabled the identification of intact thickening agents without any time-
consuming sample preparation. Although the combination of 'TH-NMR spectroscopy and DOSY
allowed a separation of high molecular weight food thickeners and low molecular weight
substances like sucrose or glucose in different premixtures and food matrices, not all labelled

thickening agents could be unequivocally determined.

Therefore, this work focused on the development of a simple sample preparation. By using
centrifugal concentrators (cut-off 100 kDa), the declared food thickeners guar gum, locust bean
gum, kappa-carrageenan, gum arabic and pectin could be fast and easy concentrated.
According to their characteristic marker signals, these polysaccharides were unequivocally
identified in the "H-NMR spectra of the filter residue from different premixtures (e.g. bakery
mix, first infant milk powder, instant flavored drink), whereas the filtrates contained substances
with molecular weight below 100 kDa like sucrose and glucose. Although a successful
thickener concentration always depends on the exact composition of the premixture, the

application of centrifugal concentrators might accomplish standardized methods.
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Abstract

Premixtures for food production are complex mixtures typically containing thickeners due to their water binding capacity.
Here, we report an improved protocol for the fast identification of food thickeners by "H-NMR spectroscopy. The method
is based on four steps: (i) dissolving of the dry premixture in water, (ii) centrifugation of the solution using centrifugal con-
centrators with a cut-off of 100 kDa, (iii) re-dissolving of the freeze-dried filtrate and the filter residue in small volumes of
deuterated water, respectively, and (iv) 'H-NMR analysis of these fractions focusing on specific marker signals. Using this
procedure, the high molecular weight thickeners (above 100 kDa) k-carrageenan, galactomannans, gum arabic and pectin
were unequivocally identified in the NMR spectra of the filter residues from different premixtures, whereas low molecular
substances (below 100 kDa) including sucrose and glucose were determined in the filtrates.
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Introduction

In recent years, food fortification using supplements of vita-
mins and minerals has become an increasing trend in an
attempt to provide health benefits for the consumers [1]. In
the food industry, the application of formulations or blend-
ings is a simple and cheap technology for the production of
foodstuft [2]. Fine powders can be produced using different
methods like pressure agglomeration, extrusion agglom-
eration or steam jet agglomeration [3]. The composition
of these so-called premixtures differs and depends on the
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intended use in the food product. For instance, a formulation
of different multiple components like soy protein isolates
and wheat gluten is often used for the production of meat
analogs, whereas sucrose, wheat flour and fats are impor-
tant for the texture, volume and conservation of bakery
products [4, 5]. Final consumers are also able to purchase
premixtures like clear cake glaze powder, cake mix, spice
mixture or sauce thickener in the supermarket. Further on,
thickening agents containing starch or gums are offered for
sale to increase the viscosity of liquids or food, which is
especially important for persons with dysphagia [6]. All
of these mentioned mixtures often contain food thickeners
like carrageenan, guar gum or locust bean gum which are
considered as food additives |3, 6]. The aiiowed usage and
concentration of food additives in premixtures and food are
defined in regulation (EC) No. 1333/2008 [7], whereas the
specification—containing definition, purity and identifica-
tion—of these substances is described in regulation (EU)
No. 231/2012 [8]. In general, food thickeners are natural
high molecular weight polysaccharides carrying various
monosaccharide units [9]. The exact structures and hence
the molecular weights depend on their biological source, the
extraction method and the ripening point of the raw material
[10]. For instance, modifications of pectin like alkylation of
carboxyl and hydroxyl groups, amidation, thiolation and sul-
fation are often used to increase the molecular size [11]. The
chemical composition and molecular weight from different
food thickeners (locust bean gum, guar gum, k-carrageenan,
pectin and gum arabic) are listed in Table 1.

Because of their thickening, stabilizing and emulsifying
characteristics, food thickeners are often used in emulsion
food (e.g. dairy products, salad dressing), restructured food
and frozen food [12]. In Germany, the compulsory method
for the official food control is the so-called §64 LFGB

method (here L 00.00-13), which has to be used in case of
legal disputes [13]. This procedure is based on degradation
of the polysaccharides and the determination of the resulting
sugar units. Further time-consuming methods are described
in the literature to analyse food thickeners in food products.
Nevertheless, all of these methods are not appropriate for
a fast screening, as they include numerous steps [14—16].
In our earlier study [17], a fast determination of some
intact thickeners could be achieved by a combination of
"H-NMR spectroscopy and Diffusion Ordered Spectros-
copy (DOSY) without time-consuming sample preparation.
However, this rapid procedure was not suitable for all ana-
lysed matrices mainly because of the low concentration of
we describe a simple addition to our eatlier protocol which
allowed to concentrate and to detect galactomannans, pectin,
K-carrageenan and gum arabic in premixtures.

Materials and methods
Chemicals

Deuterium oxide 99.9% with 0.03% trimethylsilylpropa-
noic acid (TMSP) was purchased from Deutero GmbH
(Kastellaun, Germany). k-Carrageenan and gum arabic
were obtained from Acros organics (New Jersey, USA).
Guar gum~ 5000 cP was obtained from Carl Roth GmbH
& Co. KG (Karlsruhe, Germany). Locust bean gum was
purchased from Vitanatur GmbH (Stockstadt am Rhein,
Germany). Apple pectin was obtained from Sigma Aldrich
Chemie GmbH (Steinheim, Germany). Vivaspin Turbo
15, Membrane 100.000 MWCO Ultrafiltration Centrifugal

Table 1 Food thickeners with typical molecular weights and chemical composition

Name of thickener Chemical composition

Molecular weight

Galactomannan locust bean gum (E410) Mannose and galactose (ratio 4:1) [23]

Galactomannan guar gum (E412)

K-carrageenan (E407)

Pectin (E440)
Homogalacturonan
Rhamnogalacturonan I
Rhamnogalacturonan II

Mannose and galactose (ratio 2:1) [24]
Galactose-4-sulfate, 3,6-anhydrogalactose [25]
Three polysaccharide structures isolated from primary cell walls:

50-1000 kDa [23]
2000-3000 kDa [24]
200-800 kDa [25]
50-150 kDa [27]

containing galacturonic acid as main chain and rhamnose, arabinose, galactose,
xylose as side chains; carboxyl groups can be methylated, hydroxyl groups

can be acetylated [26]
Gum arabic (E414) Three fractions:

Arabinooa
Arabmnoga!

Arabinogalactan-protein complex

Glycoprotein

n (main comnonent)
n (main compeonent),

~380 kDa (from
Acacia senegal)

~850 kDa (from
Acacia seyal) [21]

containing galactose, rhamnose, arabinose, glucoronic acid and proteins [21,

28]
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Concentrators were obtained from Sartorius Stedim Bion-
tech GmbH (Goettingen, Germany).

Bakery mix, premixture for compound sauce, premixture
for brine supplement, premixture for ice dessert strawberry,
gelling agent, standardized thickening agent, first infant milk
powder, ice cream mix and instant flavored drink.

Sample preparation

e Preparing of reference thickener samples:

o Approx. 10 mg of a reference thickener were dis-
solved in 1 ml D,O with 0.03% TMSP and warmed
up for 10 min at 80 °C for complete solving while
stirring.

e Premixture samples:

o 50—300 mg of the premixture were dissolved in
2 ml H,O and centrifuged with ultrafiltration centrif-
ugal concentrators (cut-off 100 kDa) at 2.000 rpm
for 1 h at room temperature. The filter residue was
resolved in approx. 3 ml H,O and quantitatively
transferred to a pear-shaped flask. The filter residue
and the filtrate were placed in a freezer for 1 h and
freeze-dried overnight. The dry samples were dis-
solved in 1 ml D,O containing 0.03% TMSP and a
volume of 550 pl was transferred to a 5-mm NMR
glass tube.

o Spiking: Similarly, 50—300 mg of the premixture
were dissolved in 2 ml H,O. After having added
200 l of the reference thickener sample, the mix-
ture was centrifuged with ultrafiltration centrifugal
concentrators (cut off 100 kDa) at 2.000 rpm for 1 h
at room temperature. The filter residue was resolved
in approx. 3 ml H,O and quantitatively transferred
to a pear-shaped flask. The filter residue and the
filtrate were placed in a freezer for 1 h and freeze-
dried overnight. The dry samples were dissolved in
1 ml D,0O containing 0.03% TMSP and a volume of
550 pl was transferred to a 5-mm NMR glass tube.

NMR acquisition parameters

All NMR spectra were recorded with a Bruker AVANCE I1I
400 MHz spectrometer equipped with a BBO probe using
TopSpin Version 3.6.1 (Bruker Biospin GmbH, Rhein-
stetten, Germany). "H-NMR spectra were recorded applying
the Bruker pulse program “noesygpprld” for suppression
of the HDO signal during the relaxation period applying a
narrow saturation pulse with a bandwidth of about 25 Hz.
The parameters were number of scans (ns)=512, number of
dummy scans (ds)=4, relaxation delay (d1)=4.0 s, tempera-
ture (TE) =27 °C, acquisition time (aq)=3.98 s, data points
size of fid (td) = 65,536, data points size of real spectrum
(si)=131,072, spectral width (sw)=20.50 ppm, 90 degree
pulse (p1)=7.65 psec. Prior to Fourier-transformation, the
free induction decays (FIDs) were multiplied with a mild
Gaussian function (line broadening 1b=— 0.10; gaussian
maximal position gb=1.76). Chemical shifts were reported
relative to the internal standard TMSP at 0.00 ppm. Data
were processed with MestreNova Version 12.0.0 (Mestrelab
Research, Santiago de Compostela, Spain).

Results

Food thickeners are polysaccharides with high molecular
weight. In food or food premixtures, they are typically used
in low concentrations between 0.1 and 5% [18]. The method
presented here enables the simple and fast concentrating
of these polysaccharides from food premixtures followed
by NMR analysis. By ultrafiltration using centrifugal con-
centrators with a cut-off of 100 kDa, low molecular con-
stituents like sucrose, glucose and vitamins pass through
the filter, whereas substances with high molecular weight
(above 100 kDa) remain in the filter and are subsequently
dissolved in deuterated water for NMR analysis. Starting
from different premixtures (e.g. compound sauce, gelling
agent, instant flavored drink), the declared food thickeners
could be unequivocally identified in the 'H-NMR spectra
based on their characteristic marker signals (Table 2). This
procedure was successful for the identification of the thick-
eners gum arabic, pectin and k-carrageenan. In the follow-
ing, the method is illustrated with the specific example of a

Table2 Overview of marker

Name of thickener
signals from food thickeners

Chemical shifts & of marker signals used for the identification

used for the identification in
premixtures [17] and guar gum (E412)
K-carrageenan (E407)
Pectin (E440)

Gum arabic (E414)

Galactomannans locust bean gum (E410)

4.14 ppm and 5.03 ppm

4.15 ppm, 4.54 ppm, 4.66 ppm, 4.87 ppm and 5.11 ppm
4.96 ppm and 5.08 ppm

1.27 ppm, 4.30 ppm, 4.42 ppm, 4.52 ppm, 5.03 ppm,
5.30 ppm and 5.42 ppm
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bakery mix containing guar gum. For other examples, see
Supporting information.

Bakery products often contain guar gum as an additive
due to its ability to improve mixing tolerance and to pre-
vent syneresis in frozen products [19]. For the NMR-based
identification of the galactomannan guar gum, characteristic
marker signals at 5.03 ppm (H1 of the galactose unit) and
at 4.14 ppm (H2 of the mannose unit) can be used, as previ-
ously described [17].

To identify the declared thickener guar gum in a bak-
ery mix, an amount of 100 mg of this premixture was dis-
solved in 1 ml D,O and directly measured by "H-NMR
spectroscopy. In the 'H-NMR spectrum (Fig. 1B) many
signals belonging to ingredients like sucrose, dextrose and
malt extract were detected. The characteristic marker signal
for galactomannans at 5.03 ppm could hardly be identified
due to signal overlap with a sharp doublet signal belong-
ing to another substance. To enable the detection of guar
gum in this premixture, 100 mg were dissolved in 2 ml
H,O0, centrifuged with ultrafiltration centrifugal concentra-
tors (cut-off 100 kDa) and freeze-dried. The filter residue
was then dissolved in 1 ml D,0 and analysed by 'H-NMR
spectroscopy. The spectrum (Fig. 1C) now revealed a broad
signal at 5.03 ppm which is a characteristic marker signal
for galactomannans like guar gum [17]. Spiking this sample

Guar gum
A (B=2.1 mg/ml)

Bakery mix
B ry

C Bakery mix
Filter residue

D Bakery mix + guar gum
Filter residue

E Bakery mix
Filtrate

1 A
F Bakery mix + guar gum
Filtrate

L 1 AL

R,
= Nl
UG
WL
WAV

with standard guar gum indeed led to an increase of the
5.03 ppm signal in the "H-NMR spectrum of the filter resi-
due (Fig. 1C). As expected, the 'H-NMR spectra of the fil-
trates (Fig. 1D, E) showed many sharp signals belonging to
low molecular weight substances (e.g. sucrose). The char-
acteristic NMR signals of the galactomannan guar gum at
5.03 ppm and 4.14 ppm were missing.

feriscaia
RDLUDIIVII

Centrifugal concentrators are often used for biological sam-
ple preparation like desalting or concentration of proteins in
cell lysates, serum and tissue homogenates [20]. However,
they are also suitable for the separation of high molecu-
lar weight food thickeners from substances with molecular
weight below 100 kDa. In contrast to the §64 LFGB method
L 00.00-13 [13] and previously described methods in the
literature [14-16], the sample preparation presented here
seems to be especially appropriate for a fast screening of
thickeners in food premixtures by means of NMR spectros-
copy when the direct identification of these additives is not
possible due to their low concentration [17]. We here show
with various examples that high molecular weight thickeners
predominantly remained in the filter residues as no broad

v

_ = @ <
——— =
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Fig. 1 'H-NMR spectra of standard guar gum (A), bakery mix (B),
the filter residue of the bakery mix (C), the filter residue of the bak-
ery mix spiked with guar gum (D), the filtrate of the bakery mix (E)
and the filtrate of the bakery mix spiked with guar gum (F) in D,0.

@ Springer

Measurement with '"H-NMR spectroscopy with water suppression
(400 MHz, ns 512, ds 4, TE 27 °C). Guar gum signals at 5.03 ppm
and 4.14 ppm are indicated by black arrows
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signals were detected in the 'H-NMR spectra of the filtrates.
Although the declared food thickeners were unequivocally
identified in the '"H-NMR spectra of the filter residues, it
seemed that the high molecular weight substances were
not completely separated from low molecular weight sub-
stances as the 'H-NMR spectra of the filter residues also
contained some residual sharp signals albeit at small intensi-
ties. It should also be noted that premixtures could contain
other ingredients with high molecular weight like starch and
maltodextrin or additives like herbs or cocoa powder which
could make the separation of the thickeners as well as their
NMR detection more difficult. Furthermore, the molecular
weight of food thickeners varies depending on seed source,
production process and climatic conditions [21, 22]. Using
food thickeners with molecular weight smaller 100 kDa
for the production of premixtures, the polysaccharides will
pass through the filter and no separation will be achieved.
In this case, centrifugal filters with a different cut-off (e.g.
30 kDa) have to be used to guaranty a successful thickener
concentration. Nevertheless, the application of centrifugal
concentrators appeared to be a highly useful tool for concen-
trating food thickeners from premixtures allowing for their
fast identification by NMR spectroscopy.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00217-022-03998-w.
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4.3 “Dual Isotopologue Profiling of Bacterial Pathogens and their Host
Cells: Metabolic Adaptation of Human Macrophages and Fallopian

Tube Cells to Intracellular Chlamydia trachomatis”

4.3.1 Abstract

The obligate intracellular human pathogen C. frachomatis uses multiple host-derived
substrates for its growth and survival. While the intracellular metabolism of this bacterium has
been extensively studied in recent decades, very little is known about the general carbon
metabolism of primary host cells and their metabolic adaptation during infection. Therefore,
uninfected and with C. frachomatis infected human fallopian tube cells as well as M1 and M2
polarized human macrophages were cultivated for 30h in RPMI-1640 medium (supplemented
with 10% fetal calf serum and 11 mM [U-"*C¢]glucose) and analysed without previous
separation of bacteria and host cells. By performing GC-MS and NMR measurements, the
relative '*C-enrichments and isotopologue distributions in different metabolites (protein-
derived amino acids, cell wall components, TCA intermediates and fatty acids) were
determined. The '*C-excess values of uninfected and infected host cells revealed a higher
utilization of labelled glucose via glycolysis, whereas only a minor part was used to feed the
TCA cycle in infected human fallopian tube cells and the human M2 polarized macrophages.
Furthermore, more lactate was secreted during infection and the bacterial specific metabolites
anteiso-C15:0, iso-C15:0 and mDAP could be detected in the infected host cells. In contrast,
no significant differences in the *C-excess values between uninfected and infected human M1
polarized macrophages could be determined. Additionally, characteristic bacterial specific
metabolites were missing in the infected M1 phenotype. Thus, the human fallopian tube cells
and the human M2 polarized macrophages seemed to allow an efficient replication of C.
trachomatis, whereas the human M1 polarized macrophages seemed to be inappropriate to

serve as host cells for this pathogen.
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4.3.2 Introduction

The human pathogen C. trachomatis is a Gram-negative, obligate intracellular bacterium which
causes trachoma, urinary tract infections and rectum infections (O'Connell and Ferone, 2016).
The life cycle of C. trachomatis is characterized by two morphologically different phases, the
infectious non-replicative EB and the non-infectious metabolically active RB form. At the
beginning of the cycle, EBs bind on the host cells by forming a trimolecular bridging of bacterial
adhesins, host heparan sulfate-like glycosaminoglycans and different host receptors like
CFTR, ITGB1 and 3'SGL. Upon invasion, an inclusion is formed, where EBs convert into RBs
and start to replicate. After reorganization back to the EB stage, the bacteria are extruded or
released from the host cells and might infect new ones (Corsaro and Venditti, 2004; Gitsels et
al., 2019; Sun et al., 2012). Under stress conditions (e.g. amino acid starvation, treatment with
interferon-gamma), C. frachomatis is able to convert from the RB form into a persistent
aberrant reticulate body (ARB) form (Wyrick, 2010). In this “persistent state”, the bacteria are
viable, but not replicating. When the unfavourable conditions change into better ones, a
transition back to the RB form can be observed (Panzetta et al., 2018). Due to the lack of
isocitrate dehydrogenase, aconitase and citrate synthase, the TCA cycle of C. trachomatis is
incomplete (Stephens et al., 1998). Although substrates like malate or glutamine can directly
fill the TCA cycle, survival and growth strongly depend on the supply of multiple nutrient
sources from the host cells (Bastidas et al., 2013; Mehlitz et al., 2017; Rajeeve et al., 2020).
Due to its fast proliferation rate, the cervical epithelial HeLa cell line is often used to study cell
response during infection with C. trachomatis (Lin et al., 2019; Tang et al., 2021). However,
also human macrophages can serve as primary host cells for this pathogen (Herweg and
Rudel, 2016). Human macrophages can be divided into two main forms, the M1 and M2
polarized macrophages. The M1 phenotype is activated by bacterial lipopolysaccharides and
cytokines like interferon-gamma or tumour necrosis factor-alpha. This pro-inflammatory
subtype is involved in the activation of NADPH oxidase and, thus, in the production of reactive
oxygen species (Castoldi et al., 2015; Shapouri-Moghaddam et al., 2018). In contrast, the anti-
inflammatory M2 macrophages - activated by interleukin 4 as well as interleukin 13 - promote
cell proliferation and tissue repair (Atri et al., 2018; Shapouri-Moghaddam et al., 2018). Another
suitable primary host cells for studying cellular responses upon infections with C. trachomatis
are human fallopian tube (HFT) cells (McQueen et al., 2020). In this study, human M1 and M2
polarized macrophages as well as HFT cells were infected with C. frachomatis and
subsequently labelled with [U-"*C¢]glucose. Without prior separation of the cell pellet into host
and bacteria fraction, *C-labelling patterns of specific key metabolites either from the host
cells or the bacteria served to reconstruct crucial metabolic fluxes in the bacteria, and also in

the host cells in response to the bacterial infection.
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RESULTS

4.3.3 Results

In order to guaranty survival, C. trachomatis optimizes the supply of nutrients by modulating
the metabolism of its host (Rother et al., 2019). Although recent studies focused on the
investigation of the intracellular metabolism of Chlamydia, very little is known about the
metabolic reprogramming of primary host cells during infection (Eisenreich et al., 2017). For a
better understanding of how C. trachomatis affects the metabolism of primary hosts, labelling
experiments with HFT cells as well as human M1 and M2 polarized macrophages were

performed. The samples were analysed by GC-MS and NMR spectroscopy.

Carbon fluxes in HFT cells

To study the carbon metabolism of HFT cells, labelling experiments with [U-"*C¢]glucose were
performed. In the following, the results of the protein-derived amino acids, the TCA
intermediates, the fatty acids and the supernatants of uninfected and with C. trachomatis

infected HFT cells are discussed in more detail.
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