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Abstract 

This thesis focused on simplifying the identification of organic Fe(III)-ligands, so-called sidero-

phores, by means of a new affinity chromatography approach using titanium dioxide (TiO2). Si-

derophores are generally produced by microorganisms as a response to iron limiting growth 

conditions. The biological need for iron is based on the fact that this element is an essential mi-

cronutrient since a variety of enzymatic processes relay on its unique redox potential. This class 

of metabolites is known to occur in a variety of habitats and is expected to be one of the key 

factors to microbial iron uptake processes as well as to pathogenic and mutualistic relationships 

involving micro- and multicellular organisms. Siderophores are characterized by their specific 

and inherent affinity for Fe(III) caused by the typical functional groups present in siderophore 

structures: Hydroxamates, catecholates and α-hydroxycarboxylates. Since siderophores are 

paramount to the general iron bioavailability, independent of the habitat, the identification and 

characterization of such compounds is of special interest. However, their detection in natural 

samples like soil and seawater poses several difficulties and is often limited by low concentra-

tions and high sample complexity. 

Therefore, this thesis aimed to develop a new approach on how to facilitate the detection of si-

derophores in crude natural samples to mirror the natural iron ligand composition and therefore 

shed light on the iron speciation in habitats like the world’s oceans. TiO2 was investigated as a 

possible affinity chromatography sorbent since strong adsorption of siderophore characteristic 

functional groups on this particular metal oxide are well documented and even employed in ap-

plications like solar panels or photocatalysts. 

This thesis describes for the first time a TiO2 based extraction approach for the targeted isola-

tion of siderophores from apolar as well as polar and highly complex sample matrices. The 

proof of concept was provided using commercially available TiO2 nanoparticles and performed 

as disperse solid phase extraction showing remarkably high recoveries of the hydroxamate-type 

siderophore desferrioxamine B (DFOB). To allow faster processing and large volume extraction 

this approach was evolved to the commonly used solid phase extraction (SPE) cartridge setup 

employing self-prepared TiO2 micron powder (Figure 1). By means of this developed TiO2 affini-

ty chromatography (TDAC) it was possible to extract and purify all siderophore types independ-

ent of their functional group from bacteria culture supernatants as well as from marine water 

extracts, posing one of the most complex types of sample. However, it was shown that depend-

ing on the functional group of the siderophores, the maximum recoveries were obtained at dif-

ferent elution conditions. In addition, it was also described that the adjustment of solution condi-

tions prior to extraction via TDAC resulted in suppressed adsorption of dissolved organic matter 

(DOM) while siderophore adsorption remained unchanged. These adjustments in pH, anion 



  

 

 

concentration and type of anion led to depleted sample complexity in TDAC eluates and thus to 

a simplified identification of siderophores. The potential of TDAC to unravel natural siderophore 

compositions was highlighted since by means of TDAC two putative siderophores were identi-

fied in DOM extracts from cruise HE533 to the arctic fjords of Norway. 

 

Figure 1. Schematic representation of TiO2 affinity chromatography (TDAC) for the tar-
geted isolation of siderophores, characterized by the presence of functional groups like 
hydroxamates (blue), catecholates (green) and α-hydroxycarboxylates (red). Total ion 
chromatograms of the crude sample (A), TDAC permeate (B) and TDAC eluate (C) are 
displayed to highlight the depletion in sample complexity by TDAC. 
  



  

 

 

Zusammenfassung 

Im Mittelpunkt dieser Arbeit stand die Vereinfachung der Identifizierung organischer Fe(III)-

Liganden, so genannter Siderophore, durch einen neuen affinitätschromatographischen Ansatz 

mit Titandioxid (TiO2). Siderophore werden im Allgemeinen von Mikroorganismen als Reaktion 

auf eisenlimitierende Wachstumsbedingungen gebildet. Der biologische Bedarf an Eisen beruht 

auf der Tatsache, dass dieses Element ein essentieller Mikronährstoff ist, da eine Vielzahl von 

enzymatischen Prozessen auf sein einzigartiges Redoxpotential angewiesen sind. Es ist be-

kannt, dass diese Klasse von Metaboliten in einer Vielzahl von Lebensräumen vorkommt, und 

es wird erwartet, dass sie einer der Schlüsselfaktoren für mikrobielle Eisenaufnahmeprozesse 

sowie für pathogene und mutualistische Beziehungen zwischen mikro- und multizellulären Or-

ganismen sind. Siderophore zeichnen sich durch ihre spezifische und inhärente Affinität für 

Fe(III) aus, die durch die typischen funktionellen Gruppen in deren Strukturen verursacht wird: 

Hydroxamate, Catecholate und α-Hydroxycarboxylate. Da Siderophore unabhängig vom Le-

bensraum an der allgemeinen Bioverfügbarkeit von Eisen beteiligt sind, ist die Identifizierung 

und Charakterisierung solcher Verbindungen von besonderem Interesse. Ihr Nachweis in natür-

lichen Proben wie Boden und Meerwasser ist jedoch mit einigen Schwierigkeiten verbunden 

und wird oft durch niedrige Konzentrationen und hohe Komplexität der Proben eingeschränkt. 

Ziel dieser Arbeit war es daher, einen neuen Ansatz zu entwickeln, der den Nachweis von 

Siderophoren in natürlichen Rohproben erleichtert, um die natürliche Eisenligandenzusammen-

setzung widerzuspiegeln und somit Licht in die Eisenspeziation in Lebensräumen wie den 

Weltmeeren zu bringen. TiO2 wurde als mögliches Sorptionsmittel für die Affinitätschromatogra-

phie untersucht, da die starke Adsorption von für Siderophore charakteristischen funktionellen 

Gruppen an dieses spezielle Metalloxid gut dokumentiert ist und sogar in Anwendungen wie 

Solarzellen oder Photokatalysatoren eingesetzt wird. 

In dieser Arbeit wurde erstmals ein TiO2-basierter Extraktionsansatz für die gezielte Isolierung 

von Siderophoren aus apolaren sowie polaren und hochkomplexen Probenmatrices beschrie-

ben. Der Nachweis des Konzepts wurde mit kommerziell erhältlichen TiO2-Nanopartikeln er-

bracht und als disperse Festphasenextraktion durchgeführt, die bemerkenswert hohe Wieder-

findungsraten des Siderophors Desferrioxamin B (DFOB) zeigte, welches zu den Hydroxamat-

Typ Siderophoren gehört. Um eine schnellere Verarbeitung und eine großvolumige Extraktion 

zu ermöglichen, wurde dieser Ansatz zu der üblicherweise verwendeten Festphasenextraktion 

(SPE) mit selbst hergestelltem TiO2-Mikronpulver weiterentwickelt (Abbildung 1). Mit Hilfe dieser 

entwickelten TiO2-Affinitätschromatographie (TDAC) war es möglich, alle Siderophor-Typen 

unabhängig von ihrer funktionellen Gruppe aus Überständen von Bakterienkulturen sowie aus 

Meerwasserextrakten, was eine der komplexesten Probenarten darstellt, zu extrahieren. Es 



  

 

 

wurde jedoch gezeigt, dass je nach funktioneller Gruppe der Siderophore die maximalen Wie-

derfindungen bei unterschiedlichen Elutionsbedingungen erzielt wurden. Darüber hinaus wurde 

beschrieben, dass die Anpassung der Lösungsbedingungen vor der Extraktion mittels TDAC zu 

einer unterdrückten Adsorption von gelöster organischer Materie (dissolved organic matter = 

DOM) führte, während die Siderophor-Adsorption unverändert blieb. Diese Anpassungen des 

pH-Werts, der Anionen Konzentration und des Anionentyps führten zu einer verringerten Kom-

plexität der Proben in den TDAC-Eluaten und damit zu einer vereinfachten Identifizierung der 

Siderophore. Das Potenzial von TDAC zur Entschlüsselung der Zusammensetzung natürlicher 

Siderophore wurde hervorgehoben, da mit Hilfe von TDAC zwei mutmaßliche Siderophore in 

DOM-Extrakten von der Kreuzfahrt HE533 in den arktischen Fjorden Norwegens identifiziert 

wurden. 

 

Abbildung 1. Schematische Darstellung der TiO2-Affinitätschromatographie (TDAC) für 
die gezielte Isolierung von Siderophoren, die durch das Vorhandensein von funktionellen 
Gruppen wie Hydroxamaten (blau), Catecholaten (grün) und α-Hydroxycarboxylaten (rot) 
gekennzeichnet sind. Die Gesamtionenstromchromatogramme der ursprünglichen Probe 
(A), des TDAC-Permeats (B) und des TDAC-Eluats (C) zeigen die Verarmung der Komple-
xität der Probe durch TDAC. 
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1. General Introduction 

1.1 Importance of iron in the environment 

Iron is an essential nutrient to almost all life on earth (Johnson 2008). The biological importance 

of iron lies in its ability to cycle between the two oxidation states Fe(II) and Fe(III) via an one-

electron oxidation-reduction reaction (Hentze et al. 2004). The standard potential of this redox 

reaction is E° = +0.77 V at 25 °C (Hoffmann 2005). Iron is functioning as an indispensable co-

factor or redox catalyst for a variety of cellular processes such as oxygen transport, respiration, 

tricarboxylic acid cycle, lipid metabolism, gene regulation and DNA synthesis (Cairo et al. 2006). 

Furthermore, phototrophic organisms require iron for the synthesis of chlorophyll and the reduc-

tion of nitrate as well as sulphate during the photosynthetic production of organic compounds 

(Glover 1977; Rueler and Ades. 1987). Therefore, iron scarcity has dramatic effects on virtually 

all organisms. For example, iron deficiency is the primary nutritional disorder in the world, affect-

ing roughly two billion people (2006) (Cairo et al. 2006). Contrary, an excess of free iron is also 

resulting in severe biological damage caused by the exact same redox chemistry making it so 

valuable for all life (Winterbourn 1995). Under cytoplasm conditions its redox activity leads to 

the generation of hydroxyl or lipid radicals (Fenton reaction) which in turn are responsible for the 

destruction of proteins or membrane lipids. It is assumed that the majority of reactive oxygen 

species causing oxidative stress are a result of Fenton-like reactions. Since both - cellular iron 

overload and iron deficiency - lead to cell death, reactive iron levels must be carefully controlled. 

Iron is often the limiting growth factor in various habitats (Rue and Bruland 1995), even though it 

is the fourth most abundant element and the most abundant transition metal in the Earth's crust 

(Taylor 1964; Rout and Sahoo 2015). Therefore in most environments iron deficiency is not 

caused by low total iron concentrations but by low iron bioavailability (Kraemer 2004). The bioa-

vailability of iron is mainly determined by its aqueous chemistry and the slow dissolution kinetics 

of iron-bearing minerals like hematite (Fe2O3), limonite (FeO(OH)) and siderite (FeCO3) 

(Kraemer 2004; Hoffmann 2005). In general, Fe(II) salts are more soluble than Fe(III) salts and 

it has also been shown that dissolved Fe(II) is usually more bioavailable than Fe(III) (Hoffmann 

2005). However, under aerobic and not strongly acidic conditions Fe(III) is the thermodynami-

cally most stable oxidation state of iron (Boukhalfa and Crumbliss 2002; Sandy and Butler 

2009), resulting in the oxidation of Fe(II) to Fe(III) (Butler et al. 2021). Therefore, the bioavaila-

bility of iron is largely characterized by the solubility of its Fe(III) species. The speciation of 

Fe(III) in aqueous solutions can be described as a function of pH. Increasing pH (pH > 6) leads 

to the formation of highly insoluble oxohydroxides at neutral pH conditions. The formation of 

such oxohydroxides like Fe(OH)3 leads to precipitation and consequently to a decrease in dis-

solved Fe(III) (Figure 2). 
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Figure 2. Effect of pH on solubility of Fe(III) in 0.7 M NaCl at 25°C. Figure is adapted from 
(Liu and Millero 1999). 

With further increasing pH, [Fe(OH)4]- is formed and the solubility of Fe(III) increases again (Liu 

and Millero 1999; Millero 2001), but this increase in solubility is irrelevant to most natural habi-

tats such as the oceans and soils. This decrease in solubility leads ultimately to a reduced bioa-

vailability of iron at neutral or slightly alkaline pH conditions (Boukhalfa and Crumbliss 2002; 

Sandy and Butler 2009). Such reduced iron bioavailability is well documented for marine waters 

as well as for agriculturally used soils (Römheld and Marschner 1986; Martin and Fitzwater 

1988). To satisfy their iron demands despite the low bioavailability of iron, microorganisms have 

evolved sophisticated strategies to scavenge, adsorb or dissolve iron from the surrounding envi-

ronment, depending on the molecular constraints of the iron pool (Hider and Kong 2010). The 

central role in microbial ferric iron uptake strategies is played by high-affinity Fe(III)-specific 

binding compounds, so called siderophores. 

1.2 Siderophores 

Siderophores are low-molecular weight, secondary metabolites that are often produced by mi-

croorganisms and plants as a response to iron deficiency (Hider and Kong 2010; Kramer et al. 

2020). Since almost all known bacterial phyla produce siderophores, this iron accumulation 

pathway is the most prevalent mechanism in the bacterial world (Guerinot 1994; Ratledge and 

Dover 2000; Kramer et al. 2020). 
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Figure 3. Overview of prominent siderophores and their characteristic Fe(III)-binding 
groups. To illustrate that siderophores with only one type of functional group and mixed 
siderophores exist, catechols (green), hydroxamic acids (blue) and α-hydroxycarboxylic 
acids (red) are highlighted in color. 

Different fungi are also known for their ability to synthesize siderophores, whereas gramina-

ceous plants like grasses and related cereals secrete phytosiderophores into the rhizosphere. 

The fact that plants can suffer from iron deficiency, which causes the production of siderophores 

as a strategic response, is counterintuitive since most soil types are composed of iron-rich min-

erals, but can be attributed to the poor solubility of iron under neutral/basic conditions. Phyto-

siderophores differ in the type and composition of iron binding groups from microbial sidero-

phores by the presence of two α-aminocarboxylate binding centers together with a single α-

hydroxycarboxylate unit (Hider and Kong 2010). Taking all known siderophores together, re-

gardless of their microbial or plant origin, more than 500 siderophores have been identified in 

the last 60 years. (Hider and Kong 2010). The first siderophore that has been isolated and de-
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scribed for its high affinity towards iron was mycobactin, making it the first representative of this 

substance class (Francis et al. 1949). The most predominant metal cation binding groups found 

among those hundreds of molecules are hydroxamates, catecholates and α-

hydroxycarboxylates, resulting in four different classes of microbial siderophores namely: Tris-

hydroxamates, tris-catecholates, tris-α-hydroxycarboxylates and mixed type siderophores 

(Figure 3). An exception to this general description of the functional groups of siderophores is 

the recently discovered gramibactin, which has a diazeniumdiolate ligand (Hermenau et al. 

2018, 2019). 

1.2.1 Metal cation affinity and classification of siderophores 

Although the term siderophore is derived from Greek and translates to ‘iron carrier’, sidero-

phores do not exhibit the same behavior towards all oxidation states of iron. Without any known 

exception, siderophores show a higher affinity towards Fe(III) than to oxidation states like Fe(0), 

Fe(II) or Fe(IV) (Hider and Kong 2010). The reason for the different affinities lies in the number 

of donor atoms and favored geometry of siderophores. In general siderophores have three func-

tional groups with two donor atoms per group, adding up to a total of six donor atoms per sider-

ophore molecule. 

 

Figure 4. Representation of d-orbital occupancies of high- and low spin Fe(III) and Fe(II) 
complexes. In the high-spin state, all five d-electrons of Fe(III) are unpaired and since the 
energy required to overcome the electrostatic repulsion between pairs of electrons in the 
same d-orbital is greater than the energy difference between the eg and t2g d-orbitals in 
the octahedral field (Δoct), this geometry is preferred for Fe(III) complexes. Figure is 
adapted from (Halcrow 2008). 

Six donor atoms are most easily arranged around one central atom in an octahedral geometry, 

leading to minimal electrostatic repulsion between the donor atoms. Those donor atoms, able to 

form coordinative bonds with the central metal cation, are described as ligands. Such an octa-

hedral field thermodynamically favors in turn the complex formation with the high-spin Fe(III) 

(Halcrow 2008; Hider and Kong 2010) (Figure 4). The most common donor atom in sidero-

phores is negatively charged oxygen, but nitrogen and sulfur are also known to function as do-

nor atoms in siderophores. The affinity towards Fe(III) tends to be reduced if such donor atoms 
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are incorporated instead of oxygen, since negatively charged oxygen is the hardest Lewis base 

among those donor atoms and interacts the strongest with the hard Lewis acid Fe(III). This 

change in affinity is in accordance with the Pearson concept, which essentially describes that 

soft acids react faster and form stronger bonds with soft bases, whereas hard acids react faster 

and form stronger bonds with hard bases if all other factors being equal. In general, the affinity 

of siderophores towards any cation is determined by the charge-to-ion radius ratio. Metal cati-

ons like Al(III), Ga(III) and Th(IV) are also known to form complexes with siderophores, but 

which do not meet the stability of the corresponding Fe(III) complex (Keith-Roach et al. 2005; 

Jain et al. 2017) (Figure 5). 

 

Figure 5. Correlation of the affinity constants (log K) of desferrioxamine B (DFOB) and 
hydroxide ions (log K) with various metal ions. Figure is taken from (Jones 2017). 

Siderophore complexes with Ti(IV) or Pu(IV) were found to be even more stable (Jones et al. 

2017). However, it is assumed that other environmental metal siderophore complexes than iron 

complexes do not play an important role. As stated in Chapter 1.2, siderophores can be classi-

fied by the bidentate functional group incorporated into their molecular structure, namely hy-

droxamates, catecholates and α-hydroxycarboxylates. Hydroxamates can be defined as N-

hydroxy amides with two mesomeric forms, one of which produces a high charge density at the 

carbonyl oxygen (Table 1). 
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Table 1. Most prominent functional groups in siderophores with typical corresponding 
values of the acid dissociation constant pKa. 

Name Structure pKa
 

Catecholate O
–

O
–

R  

9.2 and 13 

α-Hydroxycarboxylate 

O

O
–

O
–

R  

3.0 and 14.5 

Hydroxamate 
N

R

OO
–

R
N

+

R

O
–

O
–

R  

9.0 

pKa values taken from (Hider and Kong 2010). 

Desferrioxamines are a well-known group of tris-hydroxamate siderophores, including linear and 

cyclic ligands like desferrioxamine B (DFOB) and desferrioxamine E (DFOE). The most promi-

nent representative of the tris-catecholate siderophores is enterobactin, due to the highest doc-

umented affinity constant, Kf, of any known Fe(III)-siderophore complex (logKf = 49.0 (Loomis 

and Raymond 1991)). The affinity constant Kf is defined by the following equation (i) (Hider and 

Kong 2010): 

(i)    Fe + L ⇌ FeL  Kf = [FeL]/ [Fe][L]  

Enterobactin is a trilactone of 2,3-dihydroxybenzoyl-L-serine (Raymond et al. 2003) and there-

fore belongs to the predominant type of catechol siderophores, containing the 2,3-

dihydroxybenzoic acid (2,3-DHBA) group (Maier and Butler 2017). In addition to this group, 3,4-

DHBA as well as the sulfonated derivatives of 3,4-DHBA have also been observed in the mixed 

type siderophore petrobactin (Hickford et al. 2004; Pfleger et al. 2007). Both 2,3- and 3,4-DBHA 

groups are labile to oxidation into orthoquinones in aqueous solutions. The oxidation kinetics 

are positively correlated to pH, which means that catechols tend to oxidize under neutral or al-

kaline conditions (Danner et al. 2012). The loss of the catecholate functionality results in de-

creased affinity towards metal cations. Siderophores containing the α-hydroxycarboxylate group 

are also subdivided into the following three minor classes: central α-hydroxycarboxylates, termi-

nal α-hydroxycarboxylates and α-hydroxycarboxylates present as β-hydroxyaspartates (Butler 

et al. 2021). All α-hydroxycarboxylate siderophores share the characteristic property that the 

corresponding Fe(III) complexes exhibit photoactivity. This photoactivity is usually accompanied 

by photooxidation of the siderophore ligand with simultaneous reduction of Fe(III) to Fe(II) 

(Butler et al. 2021).Tris-α-hydroxycarboxylates, such as achromobactin (Franza et al. 2005), or 

bis-α-hydroxycarboxylates, like vibrioferrin and rhizoferrin, belong to the minority of α-



General Introduction 7 
 

 

hydroxycarboxylates siderophores compared to the plethora of mixed siderophores, which con-

tain at least one α-hydroxycarboxylate group and one of the other two functional groups, like the 

catecholate containing petrobactin. Remarkably, siderophores produced by marine microbes 

often exhibit the α-hydroxycarboxylate group and therefore the associated photoactivity of the 

Fe(III) complex. In addition to this seemingly characteristic trait, marine siderophores also show 

a certain degree of amphiphilicity. These two structural features dominate the majority of dis-

covered marine siderophores (Butler 2005; Vraspir and Butler 2009). The differences in am-

phiphilicity arise from the molecular composition of the Fe(III)-binding head group relative to the 

length of the fatty acid chain. With an increasing fatty acid chain length or number of fatty acid 

chains those siderophore become more cell-associated. In addition to the property of cell asso-

ciation, the investigation of marinobactins also showed that these amphiphilic molecules tend to 

self-assemble and form micelles or other vesicles (Martinez et al. 2000). Above the critical mi-

celle concentration of about 50 μM and 75 μM, respectively, both the free siderophore and the 

corresponding Fe(III) complex form micelles (Martinez et al. 2000). 

1.2.2 Stability and photochemistry of Fe(III)-siderophore complexes 

The stability of Fe(III)-siderophore complexes is mainly determined by the interaction of the 

binding group with Fe(III). However, the denticity of the siderophore has also a considerable 

impact on the stability of the formed complex. As stated in Chapter 1.2.1, most siderophores are 

hexadentate ligands, meaning that one siderophore displaces six coordinated water molecules 

during the complex formation. This substitution increases the number of freely moving mole-

cules during the reaction, leading to an increase in entropy. Consequently, the higher the den-

ticity of the siderophore, the higher the stability of the complex when bidentate ligands are com-

pared with the corresponding hexadentate ligands containing the same functional group. 

In addition, the lower the denticity of the ligand, the more kinetically labile the ligand, which 

means that the replacement of the ligand by protons is increasing (Liu and Hider 2002). The 

proton induced dissociation of hexadentate siderophore complexes is therefore much lower 

compared to the corresponding bi- or tridentate ligands. At neutral pH hexadentate Fe(III)-

siderophore complexes are very stable and show almost no dissociation, resulting in a hindered 

exchange of Fe(III) between two siderophores. However, the dissociation rate of siderophore 

complexes increases with decreasing pH, due to the stronger competition by protons. But de-

pending on the functional group, different pH sensitivities of the Fe(III)-siderophore complexes 

are observed. Catecholate and α-hydroxycarboxylate complexes are more labile under acidic 

conditions than hydroxamate complexes, due to the higher acid dissociation constant (pKa) val-

ues of the two o-phenolate oxygens or alkoxide oxygen compared to the hydroxamate oxygen 

(Table 1). The second reason for the higher stability of hydroxamate complexes at low pH val-

ues is the smaller number of protons substituted during complex formation. In terms of cate-
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cholates and α-hydroxycarboxylate two protons compete with one functional group whereas 

only one proton competes with the coordinated hydroxamate group (Hider and Kong 2010), 

lowering therefore the proton concentration dependency of hydroxamate complexes. 

Fe(III)-siderophore complexes are mainly characterized by their high complex stability but a 

unique subset of complexes poses another specific feature – photoactivity. All known photoac-

tive Fe(III)-siderophore complexes have the presence of an α-hydroxy acid group in common. 

Photoactive complexes can be further subdivided into α-hydroxycarboxylates, terminal citrates 

and β-hydroxyaspartates (Butler et al. 2021). The photoactivity of such complexes relies on the 

light induced electron transfer from the α-hydroxy acid ligand to the Fe(III), resulting in the re-

duction of Fe(III) to Fe(II) and the formation of a carboxylic radical complex. The formed radical 

reacts further to a C-centered radical by releasing CO2, which in turn undergoes a variety of 

reactions. Depending on the structure of the intact siderophore, stereochemistry and pH during 

light exposure, different ketones and hydroxyl photoproducts can be observed (Abrahamson et 

al. 1994; Butler and Theisen 2010; Glebov et al. 2011; Pozdnyakov et al. 2013). 

1.2.3 Biosynthesis and uptake mechanisms of siderophores 

Siderophores are produced by different organisms in a vast structural variety but their biosyn-

thesis can be divided into just two major pathways: The non-ribosomal peptide synthetase 

(NRPS) or the NRPS-independent (NIS) pathway (Barry and Challis 2009; Hider and Kong 

2010). Peptide-based siderophores are synthesized by the NRPS-dependent pathway involving 

the formation of thioester intermediates (Frueh et al. 2008). In contrast to peptide-based sidero-

phores, the biosynthesis of many citrate-containing siderophores and all known phytosidero-

phores is following the NIS pathway (Schmelz et al. 2009; Hider and Kong 2010). 

Not only the biosynthesis and release of siderophores is activated under iron deficiency but also 

the uptake mechanisms. The most common transcriptional repressor in bacteria is the ferric 

uptake regulator (Fur) protein (Kramer et al. 2020) . Fur limits the expression of genes involved 

in the iron acquisition by blocking their promoter regions as a function of the iron concentration 

in the cytosol. The protein itself cannot bind to the promoter regions, but by forming a complex 

with Fe(II) its conformation changes allowing docking to these specific DNA sequences (Troxell 

and Hassan 2013). Similar to Fur proteins in bacteria, there are also such transcription factors 

in fungi and graminaceous plants, typical examples being the group of GATA (Scazzocchio 

2000) and bHLH-type factors (Giehl et al. 2009). Several different iron uptake strategies involv-

ing siderophores are known. Bacteria use specific receptor proteins to either strip the iron from 

the siderophore complex or import in the intact complex into the cell where the Fe(III) is re-

leased upon reduction. The uptake mechanisms differ drastically between Gram-negative and 

Gram-positive, since Gram-positive bacteria have no outer membrane. It was also observed 
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that some siderophores release Fe(III) in the external surface of the cell involving reduction of 

Fe(III) to Fe(II). Fungi uptake mechanisms of siderophore complexes relay on the presence of 

membrane potentials and ion gradients, plasma membrane transporters or the release of the 

iron in the external of the cell membrane (Hider and Kong 2010). The Fe(III)-siderophore uptake 

strategy in plants is governed by a proton symport mechanism, transporting the phytosidero-

phore complex across the cytoplasmic membrane where it is reduced and the released Fe(II) is 

captured by the nicotianamine. 

1.2.4 Siderophore ecology 

Fe(III)-siderophore complexes can only be taken up if they are located in the direct vicinity of 

the cell. Therefore, from an evolutionary point of view, it is surprising that the majority of all 

known siderophores are highly diffusible which could result in the siderophore solubilizing iron 

but not diffusing back to the producer.. Hence, siderophores could make iron available not only 

to the producer but also to other individuals with matching receptors (Figure 6). 

 

Figure 6. Siderophore-mediated bacterial interaction: (A) Uptake among clonal cells, (B) 
Cheating, (C) Competition by locking iron away from opponents that lack the matching 
siderophore receptors and (D) Competition by the segregation of specific siderophores. 
Figure is adapted from (Kramer et al. 2020). 
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Alternatively, the binding of iron to siderophores may lead to iron deficiency in microorganisms 

that lack the appropriate receptor for uptake. In addition, there is the possibility that cheaters, 

who cannot produce siderophores themselves, gain an evolutionary advantage by ensuring iron 

uptake and conserving energy through the possession of suitable receptors. Accordingly, sider-

ophores play not only an important role in the composition of microbial communities but also in 

the interaction of such microbial communities with multicellular organisms. In general it is ex-

pected that the environmental concentrations of siderophores increase with increasing cell den-

sities under iron limiting conditions (Völker and Wolf-Gladrow 1999). This positive correlation is 

underlined by the determined siderophore concentrations in biofilms and rhizospheres (>1 mM), 

in bulk soil (<10 µM) and in marine waters (<2 nM) (Gledhill and van den Berg 1994; Rue and 

Bruland 1995; Gledhill et al. 1998; Kraemer 2004; Essén et al. 2006). 

1.2.4.1 Habitat: Soil 

That the composition and siderophore activity of microbial communities could have an influence 

on higher organisms became clear when iron deficiency in plants and the counteracting pro-

cesses in the rhizospheres were studied (Römheld and Marschner 1986; Loper and Buyer 

1991). It was shown that microbial siderophores can not only increase the iron bioavailability to 

plants through mineral dissolution (Kraemer 2004), but can also inhibit the iron supply to plant 

pathogens and thus provide additional support to the plant (Raaijmakers et al. 1995). This rela-

tionship is of global importance and particularly relevant for plants that do not produce sidero-

phores, since one third of the world’s farmland is characterized as calcareous soil in which the 

pH is buffered in the neutral, slightly alkaline range, thus reducing the dissolution of iron-bearing 

minerals and therefore decreasing its bioavailability (Guerinot and Yi 1994). Soil pH is also 

thought to influence microbial community composition, as different siderophore classes show 

different pH stabilities of the corresponding Fe(III) complexes (Hider and Kong 2010). Thus, it 

has been postulated that catecholate siderophore-producing and metabolizing microorganisms 

are restricted to neutral or alkaline soils, whereas hydroxamate-producing bacteria or fungi can 

also thrive under acidic conditions, since such Fe(III)-complexes exhibit higher stabilities under 

acidic conditions compared to catecholates (Chapter 1.2.2). Regardless of the functional 

groups, siderophore-based mineral dissolution can be divided into the following three steps: 

surface complex formation, detachment of the surface metal center and regeneration of the 

mineral surface (Holmén and Casey 1996; Kraemer 2004). It is assumed that the formation of 

the oxo-bonds during surface complexation increases the electron density and thus destabilizes 

the surface metal center (Wehrli et al. 1990). However, the nature and stability of the formed 

surface complex depends on the functional groups and the denticity of the siderophore as well 

as on the elemental composition, structural defects and lattice energy of the mineral (Kraemer 

2004; Akafia et al. 2014). 
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1.2.4.2 Habitat: Host 

Another example of interaction between microorganisms and multicellular organisms influenced 

by siderophores are infection processes. Since iron is bound and transported within the host by 

molecules like nicotianamine and citrate in case of plants (Von Wirén et al. 1999) or proteins 

like transferrin or ferritin in case of animals (Crichton 2001), pathogens have evolved the bio-

synthesis of strong-binding siderophores like enterobactin to scavenge iron from host tissues. In 

the course of evolution, mammals have developed infection-fighting mechanisms in addition to 

the aforementioned protein classes that reduce the availability of iron to pathogens in the first 

place (Ratledge and Dover 2000). For example, mammals produce the protein siderochelin, 

which is able to bind various Fe(III)-complexes of tris-catechols, as an infection response to 

prevent iron supply to the parasite (Flower et al. 2000). 

1.2.4.3 Habitat: Seawater 

The largest habitats where iron deficiency is prevalent, and therefore iron complexation with 

organic ligands like siderophores is of particular importance, are the world’s oceans (Vraspir 

and Butler 2009). In particular, the subarctic Pacific, the equatorial Pacific and the Southern 

Ocean are characterized by high nutrient concentration but low levels of chlorophyll or phyto-

plankton growth, presumably caused by low iron concentration (de Baar et al. 1995; Behrenfeld 

et al. 1996). The evidence for this conclusion and the ultimate confirmation of the so-called iron 

hypothesis was provided by ten large-scale fertilization experiments in which Fe(II) solutions 

were introduced into the three major high nutrient low chlorophyll (HNLC) regions on a hundred 

kilogram scale (Martin et al. 1994; Coale et al. 1996, 2004; Boyd et al. 2000, 2004; Gervais and 

Riebesell 2002; Tsuda et al. 2003; Hoffmann et al. 2006; Roy et al. 2008). Subsequently to the 

addition of iron, chlorophyll concentration increased in all experiments. As chlorophyll concen-

tration increased, an increase in weak and strong ligand concentrations was also observed 

(Rue and Bruland 1997; Hogle et al. 2016). Those strong Fe(III)-ligands showed a similar affini-

ty to Fe(III) compared to siderophores (Rue and Bruland 1995). The increase in siderophore-like 

ligands seemed to be counterintuitive since microbial siderophore production is expected to be 

downregulated under iron-replete conditions. However, Rue and Bruland emphasized that this 

observation could be interpreted as a conditioned response of the ambient iron-deficient micro-

bial population to an iron input and therefore as a link between ligands and phytoplankton 

growth. But since eukaryotic phytoplankton is not thought to be able to produce siderophores 

themselves or to take up Fe(III)-siderophore complexes, but show genomic evidence for ferrire-

ductases and associated Fe(II) transporters (Maldonado and Price 2001; Morel and Price 2003; 

Kustka et al. 2007; Kazamia et al. 2018; Coale et al. 2019), the relationship between phyto-

plankton and siderophore-producing bacteria has become the focus of ecological chemistry in 

recent years. 
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Figure 7. Schematic display of bacterial-algae mutualism based on the siderophore vibri-
oferrin and its photolabile Fe(III)-complexes. Figure is taken from (Amin et al. 2009a). 

A particular example of the postulated mutualism between phytoplankton and siderophore-

producing bacteria is the vibrioferrin system (Figure 7). Vibrioferrin is an α-hydroxycarboxylate 

siderophore (Yamamoto et al. 1992, 1994) and therefore forms photolabile Fe(III)-complexes 

(Amin et al. 2009b). This property suggests that vibrioferrin in the dark only supports iron uptake 

by microorganisms that have a specific and light-independent uptake mechanism (Amin et al. 

2012). However, when the complex is exposed to sunlight, photolysis of the vibrioferrin-iron 

complex occurs within minutes, releasing inorganic soluble iron. This labile form of iron is then 

rapidly taken up by the bacteria and also the phytoplankton host, which releases dissolved or-

ganic carbon (DOC) to support bacterial growth (Amin et al. 2009a; Seymour et al. 2017). This 

mutualistic coexistence of bacteria and phytoplankton can be summarized as the carbon-for-

iron hypothesis. 

1.2.5 Alternative functions of siderophores and their applications 

In addition to their best-known role in iron uptake processes, siderophores also play a central 

role in other mechanisms such as toxic metal sequestration, signaling or antibiotic activity 

(Kramer et al. 2020). Siderophores bind a wide variety of toxic heavy metals in addition to iron. 

However, the resulting complexes are sterically very distinct from Fe(III) compounds that they 

are not transported into the cells (Braud et al. 2010; Schalk et al. 2011). This complexation thus 

reduces the toxicity of such metals, not only for the siderophore producers, but also in general 

and can be described as a cooperative behavior (O’Brien et al. 2014). Siderophores can not 

only directly help with iron uptake, but also indirectly by acting as a signal and regulating further 

siderophore production as well as influencing other processes that are also involved in iron up-

take (Lamont et al. 2002). This signaling effect of siderophores can be observed not only within 

a species but also across species (Guan et al. 2001; Grandcham et al. 2017). 
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As already listed at the beginning of this chapter, there are also siderophores, namely sidero-

mycins, which are characterized by their antibiotic activity. These compounds consist of sidero-

phore backbones and a bactericidal unit, which act as a “Trojan Horse” (Budzikiewicz 2005). 

The specificity and efficiency of this class of antibiotics is largely determined by the presence of 

the corresponding siderophore receptor (Braun et al. 2009; Sassone-Corsi et al. 2016). Based 

on the properties of those naturally occurring siderophore antibiotics, a number of pharmaceuti-

cals have been developed. In particular, some progress has been made in the fields of “Trojan 

Horse” antibiotics, metal chelate therapy, cancer therapy, diagnostics and vaccine systems 

based on siderophores and their metal compounds (Swayambhu et al. 2021). The “Trojan 

Horse” antibiotics and some cancer therapy drugs either relay on the insertion of metal ions 

similar to Fe(III) like Al(III) and Ga(III) via siderophore uptake mechanism (Gokarn and Pal 

2017; Telfer et al. 2017) or on a structural feature added to the siderophore backbone, similar to 

the naturally occurring sideromycins (Liu et al. 2016). 

1.3 Chemical detection, characterization and identification of siderophores 

1.3.1 Assays 

The most common and ‘universal’ functional assay for the detection of siderophores in crude 

liquid samples is the CAS assay. This assay was developed by Schwyn and Neilands in 1987 

and is based on the high affinity of siderophores for Fe(III) (Schwyn and Neilands 1987). The 

dye used for this test is a ternary complex composed of the components chrome azurol S, 

Fe(III) and the surfactant hexadecyltrimethylammonium bromide (HDTMA). If a strong complex-

ing agent is added to this dye, Fe(III) is removed from the ternary complex, leading to a change 

in color from blue to orange. This test has the advantage that the net chelating activity can be 

determined independently of the structure or number of different ligands in a sample. The color 

change thus provides general information about the activity of strong Fe(III) complexing agents. 

With this assay Fe(III) ligand activity can be monitored at concentrations down to 2 μM by using 

a conventional 1 cm path length spectrometric cell. However, this test also has several disad-

vantages that affect the application or require prior sample preparation. First, the test only works 

in a narrow pH range of about pH 5.6 - 6.8 (Schwyn and Neilands 1987). If the pH is outside this 

range, the ternary complex decomposes, resulting in a color change from blue to purple or yel-

low. Second, this test is also susceptible to weak ligands, such as phosphate or citrate, which 

are regularly used in growth media. The CAS assay is only capable of tolerating phosphate 

concentrations below 20 mM. To avoid such drawbacks, samples have to be buffered and che-

lating agents in growth media have to be substituted. As stated, the CAS assay is the most 

common and universal assay applicable to siderophores. However, this test does not allow any 

further information except for the net chelating activity of the sample. To distinguish which type 

of siderophore is present in the sample different specific assays need to be performed. To de-
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tect siderophores containing hydroxamate groups as Fe(III) binding sides, the Atkins and Csaky 

assay is used. The Atkins assay relies, similar to the CAS assay, on the strong affinity of sider-

ophores towards Fe(III). But in contrast to the CAS assay, the Atkins assay detects the red color 

of the formed Fe(III)-hydroxamate complexes. To achieve the formation of Fe(III) complexes the 

crude sample is mixed with Fe(ClO4)3 in HClO4. If hydroxamates are present in the sample the 

change in color is immediate. The detected color of the Fe(III) complex formed depends on the 

hydroxamate-type siderophore present. This means that the wavelength of maximum absorp-

tion changes from siderophore to siderophore. Furthermore, it has to be taken into account, that 

the added assay solution interacts with remaining growth medium components leading to a yel-

low coloration in the blanks, suppressing the overall sensitivity of this assay (Atkin et al. 1970). 

The second hydroxamate specific colorimetric assay, the Csaky assay, does not target the 

Fe(III) binding ability of siderophores. In contrast to the Atkins assay, the Csaky assay involves 

hydrolysis of the hydroxamate containing siderophore, followed by oxidation of hydroxylamine 

and formation of nitrite. The occurring nitrite is detected using sulfanilamide and N-(1-

naphthyl)ethylendiamine, leading to the formation of a strongly colored azo-complex (Csaky 

1948; Glllam et al. 1981; Velasquez et al. 2011). 

Colorimetric assays, namely the Arnow and Rioux Assay, are performed to detect catecholates 

(Arnow 1937; Rioux et al. 1983). The Arnow test, like the hydroxamate assays, is not based on 

the ligand property of this functional group. The assay is conducted by adding HCl and nitrite-

molybdate reagent to the sample solution, followed by the addition of NaOH after 5 min. The 

observed color change from colorless over yellow to red or pink is based on the nitration of the 

aromatic ring, present in catecholates, and the deprotonation under alkaline conditions. The 

Rioux assay is based on the reducing capabilities of the catecholate group. Under acidic condi-

tions and excess of Fe(III), catecholates are oxidized to o-benzoquinone and Fe(III) is reduced 

to Fe(II). The Fe(II) produced is detected by complexation with 1,10-phenanthroline or specific 

Fe(II) ligands. 

1.3.2 Siderophore identification and structural elucidation 

After the presence of siderophores in a sample solution is confirmed via liquid assays, further 

experiments are carried out to verify the Fe(III)-complexing properties as well as to elucidate the 

structure of the possible ligand. Using a mass spectrometer, equipped with a soft ionization 

source like the electron spray ionization source (ESI), allows the detection of the free as well as 

the corresponding metal complexes of the siderophore. Depending on the resolution of the used 

mass spectrometer, exact masses of the different ions can be measured and matching molecu-

lar formulas are suggested. In addition to the measured masses, isotopic patterns are also ob-

served. Especially the isotopic pattern of iron facilitates the detection of siderophores (Baars et 

al. 2014; Baumeister et al. 2018; Aron et al. 2022). Iron occurs naturally as four different stable 
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isotopes with the following abundance: 54Fe (5.845%), 56Fe (91.754%), 57Fe (2.119%) and 58Fe 

(0.282%) (Hoffmann 2005). Due to the low abundance of 57Fe and 58Fe, the Δm/z of 1.9954 

between 54Fe and 56Fe in combination with an intensity ratio of 6.37/100 (De Hoffmann and 

Stroobant 1991; Taylor et al. 1992) is the characteristic feature for the presence of an iron con-

taining molecule. Mass spectrometry in combination with liquid chromatography (LC-MS), is 

capable of detecting different siderophores simultaneously since interfering compounds are 

separated and signal suppression decreased (Gledhill 2001; Boiteau et al. 2019a). In addition, 

LC-MS measurements allow additional verification of Fe(III)-complexes via retention time com-

parison (Figure 8). 

 

Figure 8. Schematic representation of the mass spectrum of an iron complex and the cor-
responding coherence in the chromatographic behavior of the different species. Figure is 
adapted from (Baars et al. 2014; Aron et al. 2022). 

False positives showing the characteristic Δm/z and intensity ratio can be detected and exclud-

ed via the missing coherence between chromatographic and isotopic features (Baars et al. 

2014; Aron et al. 2022), meaning that the extracted ion chromatograms (EICs) of both iron 

complexes, 54Fe and 56Fe, have to show chromatographic peaks at the same retention time with 

the same peak shape. In addition, the corresponding free ligand is detected at the same reten-

tion time than the iron complexes, either since the free ligand is present in the sample and partly 

complex formation occurs after separation on the LC or already present complexes dissociated 

in the source during ionization. Novel computational tools like the ion identity molecular net-

working approach (Schmid et al. 2021), similar to CAMERA (Kuhl et al. 2012) and RAMClust 

(Broeckling et al. 2014), are not only capable of linking the iron-bound ions to the free ligands or 

to adducts that occur during ionization but also to check for fragmentation similarity (Aron et al. 

2022). Information about structural similarity is gained using mass spectrometers with collision 

cells that are able to perform collision induced fragmentation experiments (MS2). These experi-

ments provide not only information about the structure of the precursor ion but also additional 

confirmation about the presence of iron complexes, since the iron isotope pattern is still observ-

able after fragmentation. Masses that fulfill all chromatographic and isotopic requirements are 

compared with available siderophore data bases in terms of exact masses of the precursor ions, 

fragments and neutral losses (Lehner et al. 2013; Baars et al. 2014; Bundy et al. 2018). 
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Iron binding capabilities can also be investigated using methods such as inductively coupled 

plasma-mass spectrometry (ICP-MS) (Boiteau et al. 2013; Boiteau and Repeta 2022), X-ray 

fluorescence spectroscopy (XRF) (Aschner et al. 2017), UV-visible absorption spectroscopy and 

nuclear magnetic resonance (NMR) spectroscopy (Neilands 1995). NMR is also a powerful tool 

for further structural elucidation, especially if no matches for any fragments or neutral losses 

were obtained. However, NMR requires large quantities of analyte and additional purification 

prior to analysis to meet the instruments threshold and to overcome signal overlapping. In addi-

tion, the analysis of Fe(III)-siderophore complexes is not possible due to the paramagnetic 

properties of iron (Hoffmann 2005), which is therefore often replaced by Ga(III) (Stephan et al. 

1993). 

1.3.3 Extraction and detection of siderophores in natural samples 

The detection of siderophores as well as the investigation of their distribution in natural habitats 

like ocean waters is often complicated due to their low concentrations in such complex samples. 

Seawater as a sample matrix is defined by high salt concentration and a plethora of dissolved 

organic compounds in concentrations ranging from fM up to mM levels. To meet thresholds for 

instrumental analysis or even siderophore assays like CAS, a concentration and desalting step 

must be performed from large volumes. The most common techniques to achieve concentration 

of siderophores from aqueous saline matrices are solid phase extraction (SPE) approaches 

using different types of sorbent materials. However, the salinity of seawater and complexity of 

dissolved organic matter often lead to reduced recoveries of the analytes and highly complex 

extracts hampering easy identification of single compounds. Nonpolar sorbents like polystyrene-

divinylbenzene polymers or bonded silica are one class of sorbents regularly used for the ex-

traction of siderophores from complex aqueous samples (Mills et al. 1982; Donat et al. 1986; 

Elbaz-Poulichet et al. 1994; Macrellis et al. 2001; Mawji et al. 2011; Velasquez et al. 2011; 

Waska et al. 2015). Especially, the non-ionic polystyrene adsorbent XAD-16 has become the 

standard sorbent for the isolation of siderophores from laboratory cultures (Trick 1989; Reid et 

al. 1993). The hydroxylated polystyrene-divinylbenzene polymer ENV+ is regularly used for the 

extraction of siderophores from natural waters (McCormack et al. 2003; Mawji et al. 2008; 

Boiteau et al. 2013; Manck et al. 2021). Although both of these sorbent types, polystyrene-

divinylbenzene polymers and bonded silica, are hydrophobic, their extraction mechanisms dif-

fer. Extraction with bonded silica sorbents, especially C18, relies mainly on the retention via van 

der Waals forces and hydrogen bonding. Retention on polystyrene polymers, such as XAD-16, 

ENV+ or PPL, occurs not only via van der Waals forces but also via π-π interactions between 

the aromatic structures of the analytes and the sorbents. This leads to a better retention of aro-

matic and often more polar compounds on those crosslinked polystyrene polymers, compared 

to bonded silica sorbents (Ferrer and Barceloè 1999). The extraction efficiency of siderophores 

with hydrophobic sorbents depends also on the siderophore speciation, meaning if the sidero-
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phore is present as the free ligand or as the corresponding metal complex. The polarity of the 

free ligand compared to its Fe(III)-complex often differ causing different chromatographic reten-

tion behaviors. In general, siderophores are retained best on hydrophobic resins at acidic condi-

tions, due to the protonation of the functional groups present in the siderophores structure. Ion 

exchange resins have also been investigated as a sorbent type for the extraction of sidero-

phores. In case of the two model siderophores rhodotorulic acid and DFOB only poor retention 

effectiveness from UV-treated seawater were observed (Macrellis et al. 2001). However, purifi-

cation of the catecholate type siderophore corynebactin from bacterial culture supernatants was 

achieved by sequential anion-exchange chromatography (Zajdowicz et al. 2012). All of these 

techniques, reversed-phase as well as ion exchange approaches, often show poor recoveries 

as well as no specific enrichment of siderophores, leading to concentrated yet very complex 

extracts, since the extraction is based on rather general properties like polarity or charge. Fur-

thermore, it is assumed that by using nonpolar resins for the extraction of siderophores from 

aqueous natural samples, the extraction efficiency for nonpolar siderophores is higher than for 

polar ones – creating a possible bias in the distribution of siderophores in natural habitats with a 

possible overrepresentation of nonpolar ligands. Nonetheless, with the currently available 

methodologies, known siderophores are detected in complex environmental samples like sea-

water extracts (Boiteau et al. 2016, 2019b; Bundy et al. 2018; Manck et al. 2021). The identifica-

tion of siderophores in such extracts remains difficult despite the use of ultra-high-resolution 

mass spectrometry (Boiteau et al. 2019a). In some cases, it was possible to detect unknown 

ligands (Velasquez et al. 2011; Boiteau et al. 2019b) by examining the characteristic Fe isotope 

fingerprint and associated chromatographic behavior (Baars et al. 2014), but this approach is 

limited only to those siderophores whose Fe(III)-complexes are stable under the chromato-

graphic conditions used and do not dissociate during ionization. Non-targeted reversed-phase 

LC-ESI-MS analysis of small molecules like siderophores usually involve low pH, high percent-

ages of organic solvent and low iron concentrations, which lowers complex formation (Waska et 

al. 2016; Aron et al. 2022). Especially catecholate type Fe(III)-siderophore complexes undergo 

hydrolysis at low pH and are thus undetectable (Loomis and Raymond 1991), as confirmed for 

petrobactin, whose Fe(III)-complexes were not detected in natural extracts while the apo-form 

(apo = unbound ligand) of petrobactin was (Manck et al. 2021). Therefore, siderophore analysis 

in environmental extracts is often based on database-driven targeted analysis using high-

resolution soft-ionization mass spectrometry, excluding possible new siderophores whose cor-

responding complexes were not detected under applied conditions or which show no MS/MS 

similarity to already known ligands. One solution to the problem of dissociating Fe(III)-

complexes during soft ionization is using split-flow LC approaches which offer innovative strate-

gies for simultaneously analyzing metal content (ICP-MS) and structures (ESI-MS) (Boiteau et 

al. 2016). However, this approach requires expensive and specialized equipment as well as 

customized set-ups. Another possible solution approach to overcome insufficient complex for-
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mation is the recently published native ESI-MS method with post-column pH adjustment and 

metal infusion (Aron et al. 2022). 

1.3.3.1 Untargeted identification of siderophores 

Thus, an untargeted approach to detected and quantify siderophores in natural samples is still 

lacking that does not rely solely on the identification of the iron isotope pattern in complex 

chromatograms, but minimizes the overall sample complexity, and thus automatically the num-

ber of false positives, in other ways, allowing the simplified identification of unknown sidero-

phores in environmental extracts. 

To reduce the sample complexity of natural extracts, additional purification steps need to be 

performed prior to analysis. However, subsequent reduction of complexity of such extracts may 

not be possible because siderophore concentrations are below the detection limit of the CAS 

assay and thus no fractionation by ligand activity can be performed. The purification of seawater 

extracts is a special case. The extracted dissolved organic matter (DOM) can no longer be sep-

arated chromatographically using established techniques (Sandron et al. 2015), which leads to 

an “unresolved hump” in LC-MS analyses (Sandron et al. 2018). This problem demonstrates the 

need to adjust the SPE step to keep sample complexity as low as possible from sampling to 

analysis, while still ensuring high recoveries of the targeted analyte class. 

Immobilized metal affinity chromatography (IMAC) is one technique for a selective extraction, 

targeting the functional groups present in chelating molecules. IMAC was developed as a purifi-

cation technique for recombinant histidine-tagged (His-tag) proteins (Porath et al. 1975) but it 

was shown that the underlying affinity principle can be transferred to the extraction of a variety 

of different ligands even from marine waters (Ross et al. 2003; Gu and Codd 2012; Nixon and 

Ross 2016). The retention of ligands on IMAC resins is caused by the interaction of the chelat-

ing groups with free binding sites of the immobilized metal cation. In case of siderophores, this 

purification approach seems to be limited to hydroxamate-type siderophores or to siderophores 

not exceeding a certain affinity towards the immobilized cation (Ni(II) or Fe(III)) (Braich and 

Codd 2008; Ejje et al. 2013; Gu and Codd 2015), since the catecholate-type siderophore bacilli-

bactin and the mixed-type siderophore pyoverdine were not concentrated using IMAC (Heine et 

al. 2017; Li et al. 2018). In case of bacillibactin it was observed that only the corresponding 

monomer, containing only one catecholate group, was retained and eluted. Another drawback 

of the IMAC approach is the need to adjust the pH prior to adsorption, limiting its potential to 

mirror the actual conditions since any addition could render the natural ratio of complexed to 

free ligands in the sample. Due to these disadvantages, IMAC is not suitable for the targeted 
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extraction of all siderophore species from environmental samples and the representation of the 

natural state without bias. 

However, since the affinity chromatography approach holds promising advantages for analyzing 

complexed samples by reducing the amount of interfering compounds prior to analysis, there 

continues to be great interest in a less sensitive affinity chromatography method. Such a meth-

od should, above all, be able to exploit the characteristic high affinity of siderophores for metal 

cations, but be sufficiently robust that the affinity binding sites are even more tightly bound to 

the sorbent, thus ensuring siderophore retention. A possible candidate for such a siderophore-

compatible affinity chromatography sorbent could be titanium dioxide (TiO2), since this material 

forms very stable surface complexes with a number of functional groups including the typical 

siderophore metal binding groups. TiO2 is also characterized by its chemical stability and insol-

ubility under a variety of harsh conditions. Since TiO2 appears to combine both necessary prop-

erties, formation of stable surface complexes and resistance to dissolution, it can be hypothe-

sized that this material is suitable for the targeted extraction of siderophores. 

1.4 Titanium dioxide 

The transition metal titanium is the ninth most abundant element in the Earth’s crust (Emsley 

1989). Most of the titanium occurs naturally in the Ti(IV) oxidation state in three different oxide 

forms, namely rutile, anatase and brookite (Jones 2001; Chen and Mao 2007; Kabata-Pendias 

and Mukherjee 2007) or in mixed oxides like ilmenite (FeTiO3) (Correns 1969). Rutile, anatase 

and brookite (Figure 9) can all be described as titanium dioxides (TiO2) but differ in parameters 

like crystal structure and density (Samsonov 1982; Esch et al. 2014). TiO2 is a white, chemically 

and biologically inert solid with a variety of technically interesting properties (Sundgren et al. 

1986; Jones 2001; Kang et al. 2019). 

 

Figure 9. The primitive cells of the three naturally occurring TiO2 modifications rutile, an-
atase and brookite (Ti4+in grey, O2-in red). Figure is adapted from (Esch et al. 2014).  
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1.4.1 Applications of TiO2 

Due to its brilliant color and outstanding opacity, nano-TiO2 is commonly used as a pigment in a 

variety of different products ranging from paints and lacquer to cosmetics and food products 

(Dunford et al. 1997; Phillips and Barbano 1997; Diebold 2003; Yuan et al. 2005). Due to the 

wide field of pigment application and high demand of such products, the annual production of 

TiO2 pigments is estimated to be 8.4 million tons worldwide (2021) (U.S. Geological Survey 

2022). But in the last two years laws were changed leading to stricter regularities concerning the 

use of TiO2 as the food additive E171. After France and Switzerland banned E171 from all food 

products, the EU adapted these regulations in May 2021, changing the status of E171 to unsafe 

(Younes et al. 2021). In contrast, the use of TiO2 in pharmaceuticals is still permitted. 

Besides the widespread use as a color agent, TiO2 is also used in heterogeneous catalysis. In 

addition to vanadate, mixed metal oxide catalysts for selective oxidation reactions often contain 

TiO2 (Sambi et al. 1996; Biener et al. 1999; Guo et al. 1999). TiO2 also has applications in elec-

trical engineering as polycrystalline TiO2 or as a ceramics component because of its high non-

linearity between current density and electric field. This characteristic allows it to be used as a 

varistor to suppress large transient voltages (Sambrano et al. 1997). Furthermore, TiO2 plays an 

important role in medical technology. Bone implants are regularly manufactured out of titanium 

since the thin surface oxide layer provides corrosion resistance and enhances the biocompati-

bility (Sittig et al. 1999; Curtin et al. 2018). 

However, the properties of TiO2 that caused most attention are its photochemical characteris-

tics. Since the discovery of photocatalytic splitting of water on a TiO2 electrode (Fujishima and 

Honda 1972) extensive research was conducted in this field, which has led to many applications 

in different areas ranging from photocatalytics and photovoltaics to photo-/electrochromics and 

sensors (Hagfeldt and Grätzel 1995; Linsebigler et al. 1995; Grätzel 2001; Diebold 2003). Pho-

tocatalytic oxidation or photo-assisted degradation of organic molecules is based on the for-

mation of radical oxygen species upon the irradiation of TiO2 with UV light. These reactive spe-

cies attack any adsorbed molecule and lead to the complete decomposition. This mechanism is 

used in areas like wastewater treatment, disinfection or self-cleaning coatings (Mills et al. 1993; 

Choi et al. 2010; Banerjee et al. 2015; Laxma Reddy et al. 2017). In general, TiO2 shows a low 

quantum yield in the photochemical conversion of solar energy. But by surface functionalization 

of TiO2 with photosensitive dye molecules the efficiency of TiO2-based photovoltaic or water-

splitting photoelectrochemical cells is significantly increased (O’Regan and Grätzel 1991; Zhang 

and Cole 2015; Materna et al. 2017). To ensure high endurance and long-lasting efficiency of 

such dye-sensitized cells the immobilization of dye molecules on the semiconducting metal ox-

ide surface is crucial. 
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Figure 10. Possible binding modes of anchoring groups like catechols, α-
hydroxycarboxylic acids and hydroxamic acids on TiO2. Figure partly adapted from 
(Finkelstein-Shapiro et al. 2016; Materna et al. 2017; Christ et al. 2022) 

The immobilization of dye molecules is achieved by the addition of an anchoring group to the 

photoactive dye molecule. In the last years a variety of different anchoring groups were investi-

gated, ranging from cyanoacrylic and phosphonic acids to siderophore typical functional groups 

like carboxylic acids, hydroxamic acids and catechols (Tulevski et al. 2004; McNamara et al. 

2010; Brennan et al. 2013; Koenigsmann et al. 2014; Zhang and Cole 2015; Materna et al. 

2017). The binding modes of how such anchoring groups are bound to TiO2 have been investi-

gated extensively (Figure 10). Although surface functionalization is facilitated via different 

mechanisms like electrostatic interactions, hydrogen bonding, hydrophobic interactions, van der 

Waals forces or physical entrapment (Kalyanasundaram and Grätzel 1998), most of the anchor-

ing groups used for the preparation of dye sensitized solar cells (DSSC) are covalently bound to 

the metal oxide layer (Zhang and Cole 2015). It was shown that the immobilization of dye mole-

cules with carboxylic acid anchoring groups is only stable under acidic aqueous conditions (pH 

< 4) (McNamara et al. 2009, 2010; Martini et al. 2013). The water-stability of carboxylic anchor-

ing groups is decreasing at higher pH leading to rapid hydrolysis and the desorption of the dye 

molecule from the metal oxide surface (Brennan et al. 2013). In contrast, hydroxamic acids are 

classified as one of the most robust anchoring groups under aqueous conditions and almost 

independent of pH (pH range 2-11 investigated) (McNamara et al. 2009, 2010; Materna et al. 

2015). Catechol containing dendrimers were used for the functionalization of TiO2 nanoparticles 

and the formed covalent bonds between these functional groups and Ti surface ions were so 
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stable that by the presence of three catechol groups per dendrimer the observed adsorption 

was irreversible (Gillich et al. 2011). Over the past three decades, the surface chemistry of TiO2 

has been studied not only in terms of its unique photochemical and catalytic capabilities, but 

also in terms of its remarkable chromatographic properties. In particular, the affinity chromatog-

raphy approach for the purification of phosphocompounds has achieved special attention and is 

a promising indication for the targeted extraction of other analytes with oxygen-rich functional 

groups, such as those present in siderophores. 

1.4.2 Usage as solid phase material 

TiO2 can act as both an anion exchanger at low pH and a cation exchanger at high pH. Ion ex-

change properties of TiO2 originate from the presents of hydroxyl groups and their protonation 

state according to the pH of the surrounding solution (Nawrocki et al. 2004). The pH at which 

these ion exchange properties change is the isoelectric point. At this pH, the total surface 

charge is neutral or in the case of nanoparticles, the ζ-potential is approximately 0 eV. The isoe-

lectric point depends on the type of synthesis and morphology of the TiO2 and is usually be-

tween pH 5 and 6 (Dobson et al. 1997; Suttiponparnit et al. 2011; Nduwa-Mushidi and Anderson 

2017). TiO2 also shows ligand exchange properties, caused by the affinity for electron pair do-

nating compounds of the unsaturated Lewis acid sites on its surface (Xu et al. 2016). The 

strength of the affinity of a Lewis bases or ligands towards the TiO2 surface depends on the 

electron density and polarizability of the base. The lower the polarizability and the higher the 

electron density, the stronger the interaction between TiO2 and Lewis base (Nawrocki et al. 

2004; Xu et al. 2016). TiO2-based materials have been used in analytical chemistry using vari-

ous strategies and techniques, including high-performance liquid chromatography (HPLC), sol-

id-phase extraction (SPE), magnetic solid-phase extraction (MSPE), and solid-phase microex-

traction (SPME) (Matsuda et al. 1990; Larsen et al. 2005; Calvano et al. 2009; Ma et al. 2012). 

With the first description of the selectivity of phosphate groups for TiO2 a lot of interest was 

drawn to this research topic (Kawahara et al. 1989; Matsuda et al. 1990; Ikeguchi and 

Nakamura 1997, 2000). But especially with the work of Pinkse et al. in 2004 the interest in TiO2 

based chromatographic techniques grew exponentially. They showed that by using TiO2 as a 

solid phase material selective isolation of femtomolar amounts of phosphopeptides from proteo-

lytic digests can be achieved. Following studies have investigated the potential of TiO2 as an 

applicable solid-phase material for a variety of different substances ranging from other phos-

phocompounds, glycopeptides, pesticides, flavonoids and hormones to polycyclic aromatic hy-

drocarbons and heavy metal ions like Cr(III, IV) and As(III, V) (Kim et al. 2004; Liang et al. 2006; 

Liang and Liu 2007; Calvano et al. 2009; Yan et al. 2010; Kurepa et al. 2014; Zhou and Fang 

2015; Qiao et al. 2015; Zhang et al. 2016; Khan et al. 2017; Mancera-Arteu et al. 2020). In 

comparison to other metal oxides like ZrO2, CeO2 and Al2O3, TiO2 poses a pH independent ad-

sorption chemistry for some analytes like cis-diols (Wang et al. 2013, 2014b), suggesting the 
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formation of covalent bonds similar to the anchoring groups used in surface functionalization of 

TiO2. Another feature of TiO2 is the hampered dissolution by organic ligands in comparison to 

other metal oxides or minerals. The example of the siderophore pyoverdine is underlining that 

although adsorption on TiO2 is occurring (McWhirter et al. 2003), no dissolution of Ti nor the 

presence of Ti(IV)-pyoverdine complexes were observed in solution (Jones 2017). In contrast to 

these findings it is well known that pyoverdines promote the weathering of iron bearing minerals 

(Ferret et al. 2014). The chromatographic applications listed above are all aimed at isolation 

from concentrated samples with small volumes, which is possible with commercially available 

TiO2 microspheres and HPLC columns. However, pure TiO2 ready to use sorbent materials for 

the processing of large sample volumes are not available. 

1.5 Aims and objectives of this thesis 

The overall aim of this thesis was to simplify the identification of siderophores as well as to 

overcome different drawbacks in terms of their detection and the interpretation of their natural 

distributions. Siderophore identification is mainly based on the recognition of the iron isotope 

pattern in combination with chromatographic coherence or data base driven search algorithms. 

Therefore, their identification in natural samples is generally limited to those siderophores 

whose iron complexes are detectable, or to siderophores already identified and included in data 

bases. To overcome these limitations and to reduce interferences by coeluting substances, it is 

necessary to develop a new method that does not rely solely on the detection of the iron isotope 

pattern and that reduces the sample complexity prior to analysis. This new method must target 

the characteristic functional groups of siderophores to ensure their specific purification. Since 

TiO2 is known to form stable bonds with such functional groups, causing the adsorption of si-

derophores, this work investigated if this material is suitable for the specific separation of sider-

ophores from different complex matrices. 

As a first step of this thesis, Chapter 2 investigated if siderophores are extractable from bacteri-

al cultures using commercially available TiO2 nanoparticles. Although much information is al-

ready available on the adsorption of characteristic functional groups of siderophores on TiO2, 

the conditions leading to their quantitative elution have not yet been studied in detail. The main 

object of this chapter was therefore to investigate the necessary elution conditions and to pro-

vide the proof of concept that TiO2 is suitable for the targeted extraction of hydroxamate-type 

siderophores. 

After demonstrating that by means of disperse solid phase extraction, using TiO2 nanoparticles, 

hydroxamate siderophores are extractable from bacterial cultures, the challenge in Chapter 3 

was to transfer this approach to the column format to allow extraction of larger volumes and 
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faster processing. Thus, the first objective of this chapter was to obtain a novel TiO2 sorbent, 

with the particle size distribution required for SPE cartridges. The second objective was to in-

vestigate whether this new affinity chromatography approach is suitable for all types of sidero-

phores and what adjustments are required to ensure targeted extraction and elution depending 

on the functional group. In summary, this chapter aimed to present a TiO2 affinity chromatog-

raphy (TDAC) protocol with manually packed SPE cartridges for the targeted purification of all 

siderophores independent of their functional groups from complex saline sample matrices. 

With the general method development of TDAC completed, Chapter 4 investigated if this meth-

od is capable of extracting siderophores from seawater. As a part of the marine ligand pool, 

siderophores occur in pM-nM concentrations in the oceans and it is known that their extraction 

and concentration with conventional sorbents only reflects their natural distribution to a limited 

extent. However, since deciphering the composition of the marine iron ligand pool is central to 

understanding the iron cycle and thus the global carbon cycle, there is an ongoing need for new 

methods that can mirror the natural ligand occurrence. To overcome extraction biases and to 

provide high recoveries, the main objective of Chapter 4 was to investigate how certain extrac-

tion parameters and matrix compositions affect the performance of TDAC and if it is applicable 

for the needed large volume extraction of siderophores from crude filtered seawater. 

To conclude this thesis, Chapter 5 investigated if siderophores can be specifically separated 

from marine DOM using TDAC. DOM extracts present a particular analytical challenge, as they 

are among the most complex samples and no chromatographic method alone allows sufficient 

separation of such samples, resulting in co-elution and signal suppression. Since certain DOM 

constituents may interact with TiO2, the first objective of this chapter was to determine adsorp-

tion conditions that would allow depletion of DOM relative to siderophores and thus facilitate 

identification of these analytes in the TDAC eluate. The second objective of this chapter was to 

use the adapted TDAC protocol to reprocess DOM extracts from cruise HE533 to the Arctic 

fjords of Norway to gain new insights into the composition of the ligand pool and the distribution 

in the fjord systems. 
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2. Siderophore purification with titanium dioxide nanoparticle solid 
phase extraction 

In this chapter, I reported the proof-of-concept of a novel TiO2 based extraction method for the 

purification of hydroxamate siderophores. The developed method was published describing the 

key elements of adsorption and especially desorption, underlining the unique separation ap-

proach which this technique offers. With this method we were not only able to purify the model 

siderophore desferrioxamine B from complex samples but also to identify novel ferrioxamine-

type siderophores from crude bacterial culture supernatants. In this publication, I was responsi-

ble for the development of the extraction method, the execution and evaluation of LC-HRMS 

measurements, isolation and cultivation of bacteria cultures, as well as visualization and writing 

of the original draft. 
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3. Selective purification of catecholate, hydroxamate and α-
hydroxycarboxylate siderophores with Titanium Dioxide Affinity 
Chromatography 

Building on the results of Chapter 2, I investigated in Chapter 3 whether the presented purifica-

tion concept can be transferred to the solid phase extraction cartridge format to allow the extrac-

tion of larger volume samples. For this purpose, I first had to prepare a new TiO2 sorbent that 

meets the requirements of solid phase extraction in terms of size distribution. Then, the extrac-

tion performance of this new sorbent was investigated, with a particular focus on how the elution 

of siderophores changes depending on the functional groups present in their structure. Our re-

sults showed that the developed TiO2 chromatography (TDAC) is a powerful tool for the efficient 

purification of all types of siderophores. However, it was shown that dependent on the functional 

group of the siderophore different elution conditions result in optimal elution. In this study, I was 

responsible for the development of the TDAC method, the execution and evaluation of LC-

HRMS measurements, as well as visualization and writing of the original draft. Cultivation of the 

bacterial strains for siderophore standard preparation was conducted by Jennifer Bergemann. 

NMR measurements and quantification of siderophore standards was performed by Christian 

Zurhelle. Crude TiO2 and the particle size characterization of the washed and sieved TiO2 

sorbent was provided by Kronos Worldwide, Inc. 
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3.1 Introduction 

Many bacteria, fungi and graminaceous plants produce organic ligands, termed siderophores, to 

scavenge the essential micronutrient iron (Fe). Siderophores are chemically diverse and con-

sidered ‘keystone metabolites’ that regulate various ecological roles ranging from niche adapta-

tion to symbiosis and pathogenicity. The four most commonly occurring siderophores are classi-

fied into classes depending on their chelating group, namely catecholates, hydroxamates, α-

hydroxy-carboxylates and mixed ligand siderophores (Figure 3) (Hider and Kong 2010). Natural 

siderophore concentrations in the environment are notoriously low and sample matrices (e.g. 

soil extracts, pore water, seawater, microbial culture media) are often too complex for their di-

rect instrumental analysis (Boiteau et al. 2016). Therefore, both concentration and purification is 

prerequisite for reliable analyses. Reversed-phase or ion exchange chromatography is often 

used to concentrate and desalt samples, yet both methods show inconsistent recoveries across 

the polarity spectrum of siderophores and often result in siderophore fractions containing nu-

merous other compounds in the same polarity spectrum. A selective purification of siderophores 

was first achieved with Immobilized Metal Affinity Chromatography (IMAC) based on the affinity 

of siderophores to free coordination sites of immobilized metal cations (Braich and Codd 2008). 

IMAC has been successfully applied to hydroxamate siderophores such as ferrioxamine and 

ferrichrome (Ejje et al. 2013; Heine et al. 2017). IMAC purification of the catechol bacillibactin 

only yielded a fragment with one catechol group while the intact siderophore with three cate-

cholate groups was not recovered (Li et al. 2018). Similarly, the mixed ligand siderophore pyo-

verdine could not be detected in IMAC eluates (Heine et al. 2017), suggesting that siderophores 

with high complex stability constants are not retained. Thus, a different type of affinity chroma-

tography that enables concurrent analyses of siderophores independent of polarity and complex 

stability constant is highly desirable. Metal Oxide Affinity Chromatography (MOAC), particularly 

using titanium dioxide (TiO2), can circumvent some of the issues of IMAC due to its high lattice 

energy. Previous studies showed that catecholates and hydroxamates adsorb well on TiO2 sur-

faces, therefore suggesting MOAC utilizing TiO2 as a potential alternative for metal ligand ex-

traction (Upritchard et al. 2007, 2011). TiO2 acts as an anion or cation exchanger depending on 

whether the surface hydroxyl groups are protonated or dissociated. Additionally, unsaturated 

Lewis acid sites on the surface exhibit ligand-exchange functionality (Xu et al. 2016). We re-

cently showed proof-of-concept that TiO2 nanoparticle solid phase extraction (SPE) is well suit-

ed to extract and elute hydroxamate siderophores from complex matrices (Egbers et al. 2020). 

Hydroxamates form inner-sphere surface complexes on TiO2 (Yang et al. 2006) and due to the 

unique conditions required to destabilize those complexes, hydroxamates can be largely sepa-

rated from organic contaminants and inorganic salts. In contrast to outer-sphere surface com-

plexes, whose formation is based on nonspecific interaction, like hydrogen bonding and electro-

static attraction (physisorption), inner-sphere surface complexes are not as susceptible to 

changes in solvent conditions (Gulley-Stahl et al. 2010). Catecholates and α-
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hydroxycarboxylates are also known to form inner-sphere surface complexes with TiO2 (Connor 

et al. 1995; Awatani et al. 1998; Tani and Ozawa 1999; Araujo et al. 2005; Petrone 2013). The 

elution of siderophores containing those functional groups from TiO2 and, consequently, the 

application as chromatographic method is still unknown. 

Here, we established a titanium dioxide affinity chromatography (TDAC) to concentrate and pu-

rify the three major siderophore classes, i.e. catecholates, α-hydroxycarboxylates and hydrox-

amates. The main aim was to concurrently analyze all siderophore types, yield high levels of 

purification and analyte recovery and to assess the scalability of this method. The project was 

divided into three objectives: (i) To develop and optimize a quantitative purification of four model 

siderophores with TiO2 column chromatography, (ii) To separate those siderophores based on 

their functional groups and (iii) To achieve quantitative purification of siderophores from com-

plex sample matrices. 

3.2 Experimental 

3.2.1 Materials and chemicals 

All glassware and vessels were soaked in 10% hydrochloric acid for at least 48 h and washed 

generously with ultrapure water prior to use. Reagents used for the preparation of the elution 

solutions, e.g. sodium dihydrogen phosphate monohydrate (NaH2PO4) (Table 2), and bacterial 

growth media (see SI) were reagent grade (Roth, Sigma-Aldrich or VWR). All anions tested 

here were used with sodium as cation unless stated otherwise. Polypropylene solid phase ex-

traction (SPE) cartridges (3 mL, 6 mL Chromabond) with fitting polyethylene filter elements were 

purchased from Macherey-Nagel. Desferrioxamine B (DFOB) was purchased as desferriox-

amine mesylate (Sigma-Aldrich). Petrobactin (PB), vibrioferrin (VF) and woodybactin A (WBA) 

were prepared in our laboratories (see Siderophore Standard preparation). Titanium dioxide 

was obtained as oven clinker from rotary kilns (initial particle size > 1 mm, Kronos Worldwide, 

Inc., Nordenham Germany). The oven clinker was manually ground with mortar and pestle and 

wet sieved with nylon gauze filter units (50, 100 and 200 μm cut-off) until no turbidity of the 

wash water was recognizable. The 50 μm size fraction was collected and dried at 120 °C over-

night and used for all SPE experiments. This TiO2 had a surface area of 5.0 m²/g (BET) and the 

D50 mass-median-diameter of 54.092 μm (Figure SI 1). 200 or 500 mg of TiO2 were weight in (± 

5 mg) and filled into empty 3 or 6 mL SPE cartridges, respectively. To ensure reproducible ex-

traction performances PE filter elements were used and the packed cartridges were compacted 

manually. We gladly make a limited amount of pre-packed TDAC SPE available upon request. 
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3.2.2 Instrumental 

LC-HRMS analysis was performed with a Vanquish UPLC system coupled to a Q-Exactive Plus 

mass spectrometer, using a heated electrospray ionization source (both Thermo Fisher Scien-

tific). The LC system was operated with a C18 column (C18 BEH, 100 × 2 mm, 1.7 μm, 

equipped with guard-column, Waters) using the following settings: Solvent A = 0.1% formic acid 

in ultrapure water, solvent B = 0.1% formic acid in methanol; T0 min: B = 1%, T2 min: B = 1%, 

T5.0 min: B = 99%, T7.1 min: B = 99%, T7.2 min: B = 1% with a flow rate of 0.35 mL min-1. The effluent 

of the first 1.5 min was diverted to waste to limit salt deposits. The column oven was set to 

32 °C. The mass spectrometer was calibrated using Positive Ion Calibration Solution (Pierce, 

Thermo Fisher Scientific), all MS measurements were done in positive mode. All sample solu-

tions were prepared in 1.5 mL short threat brown glass vials (Agilent Technologies). Data inde-

pendent mode with a full scan resolution of 70,000 (m/z 200) followed by MS2 experiments 

(normalized collision energy of 30, automatic gain control target of 3 × 106 and 50 ms maximum 

injection time) was used for the identification and quantification of siderophore standards. All 

siderophores were quantified using the exact mass ± 5 ppm of the precursor ions as well as the 

main daughter ions. I.e. DFOB was quantified using the species: DFOB ([M+H]+= C25H49N6O8, 

m/z 561.3606), FOB ([M+H]+ = C25H46N6O8Fe, m/z 614.2721), AlOB ([M+H]+ = C25H46N6O8Al, 

m/z 585.3287) as well as the m/z 201.12 daughter ion of m/z 561.3606. For the quantification of 

VF, apo-VF ([M+H]+ = C16H23N2O12, m/z 435.1246), Fe-VF ([M+H]+ = C16H20N2O12Fe, 

m/z 488.0360) and the daughter ion m/z 181.10 of m/z 435.1246 were used. Similar to VF, 

WBA was also quantified by using the single charged apo- ([M+H]+ = C20H35N2O10, 

m/z 463.2286), Fe(III)-containing species ([M+H]+ = C20H32N2O10Fe, m/z 516.1401) as well as 

the daughter ion m/z 145.10 of the free ligand precursor ion. Whereas PB was detected as the 

single ([M+H]+ = C34H51N6O11, m/z 719.3610) or double protonated apo-PB ([M+2H]2+ = 

C34H52N6O11, m/z 360.1842) with the corresponding daughter ion m/z 194.08. The correspond-

ing calibration curves, chromatograms and mass spectra are listed in the supporting information 

of this chapter. NMR experiments were performed in 1.7 mm microtubes at 300 K with deuter-

ated water (D2O) or dimethyl sulfoxide (DMSO-d6) and at 292 K with deuterated methanol 

(MeOD) using an AVANCE II 600 MHz NMR spectrometer a CPTCI microcryoprobe (Bruker). 

Bruker standard pulse programs were used. 

3.2.3 Bacterial cultures 

The marine bacteria Marinobacter sp. DG870, Paracoccus sp. AR04 and Marinomonas sp. 

LOF59-2 were used for the production of vibrioferrin (VF), petrobactin (PB) and woodybactin A 

(WBA), respectively. All strains were cultivated at 18 °C in Fe-deficient bacterial growth medi-

um, prepared with Chelex 100 (Bio-Rad, USA) using the column method described by the man-

ufacturer. Autoclaved growth medium (1 L) was filled into acid-washed and sterilized 2-L flasks 
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and inoculated with bacteria. The production of siderophores was monitored regularly by the 

CAS assay (Schwyn and Neilands 1987).  

3.2.4 Siderophore standard preparation 

CAS-active bacterial cultures were centrifuged (14000 rpm) and the supernatants concentrated 

on a column packed with polystyrene/divinylbenzene resin (Diaion HP20) and desalted with 

ultrapure water. Retained material was eluted with methanol and dried under vacuum. The 

crude extracts were dissolved in minimal amounts of ultrapure water and fractionated by time on 

a C18 semipreparative HPLC. CAS-active fractions were combined and concentrated under 

vacuum. Aliquots of purified and dried extracts were dissolved in deuterated DMSO-d6 (WBA), 

MeOD (PB), or D2O (VF), respectively. Each solvent contained an internal standard, namely 

tetramethylsilane (conc. 7.36 × 10-2 mol × L-1) in DMSO-d6, dioxane (conc. 1.17 × 10-2 mol × L-1) 

in MeOD, and dimethyl sulfoxide (conc. 1.88 × 10-3 mol × L-1) in D2O, respectively. Peak integra-

tion and quantification was done by multiplet analysis in MestreNova 11.0. Woodybactin B 

(Figure SI 11) was quantified with the integrals of C-7 (4.14 ppm, q, J = 8.0 Hz, 1 H), C-14 

(2.33 ppm, t, J = 7.8 Hz, 1H) and C-20 (0.86 ppm, t, J = 6.8 Hz, 3H). Petrobactin (Figure SI 10) 

was quantified with the integrals of C-4/C-5 (6.92 – 6.78 ppm, 4 H), C-11 (2.97 ppm d, J = 8.7 

Hz, 4 H), C-16 (2.78 – 2.51 ppm, 4 H) and C-13 (1.75 ppm, s, 4H). Vibrioferrin (Figure SI 12) 

was quantified using the integrals of C-3’’ (1.47 ppm, d, J = 7.2 Hz, 3H). The presence of each 

siderophore in the purified fractions was confirmed by MS2 experiments (Figure SI 7). 

3.2.5 Elution conditions 

3 mL SPE cartridges (Chromabond, Macherey-Nagel) were packed with 200 mg of TiO2. Col-

umns were conditioned prior to use with 6 mL of 0.25 M NaH2PO4 at pH 2.4, followed by 6 mL of 

ultrapure water, 6 mL of 20 mM NaOH and 18 mL of ultrapure water. Samples (0.5 M NaCl, 

pH 4, 2 mL) containing either 10 µM of one or 10 µM of all four model siderophores (DFOB, VF, 

PB and WBA) were processed with one column. The flow rate was adjusted to one drop per 

second. Subsequently, SPE cartridges were washed with 6 mL of ultrapure water before elution 

with 2 × 1 mL of elution solutions (ESs 1-32) or organic solvents (acetonitrile, acetone or meth-

anol). Elution solutions were prepared by dissolving the corresponding salts in ultrapure water 

and pH adjustment was conducted with HCl or NaOH. To avoid any matrix or sample effects 

caused by the different elution solution compositions (Figure SI 4 and Figure SI 6), counter solu-

tions (Table SI 2) have been prepared in advance to unify the matrix of all eluates prior to anal-

ysis. 50 µL of elution solution were diluted with 450 µL of the corresponding counter solution 

directly after elution. In addition, 13C–labelled phenylalanine and hydroxybenzoic acid were add-

ed to the counter solution to verify the comparability of the adjusted elution solutions (Figure SI 

5). All experiments were conducted at pH 4 since pre-experiments showed that the adsorption 
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of the α-hydroxycarboxylate siderophore (VF) onto TiO2 is favoured at weakly acidic conditions, 

whereas the hydroxamate (DFOB), catecholate (PB) and mixed ligand (WBA) showed no such 

distinct pH dependence (Figure SI 2). Each experiment was performed in triplicates. The ad-

sorption efficiencies (calculated as amount of analyte detected in the SPE permeate in compari-

son to the original sample) for all tested siderophores were higher than 93% for all treatments 

and replicates prior to elution. Desorption efficiencies (%) were determined relative to the 

amount of adsorbed analyte. 

3.2.6 Elution profiles 

To investigate the impact of elution solution composition on the elution profile and whether 

TDAC is applicable for the specific purification of siderophores in dependence of their functional 

group 2 mL of a siderophore mixture containing 10 µM DFOB, PB, VF and WBA in 0.5 M NaCl 

at pH 4 were passed over four different 3 mL cartridges, containing 200 mg TiO2. Cartridges 

were rinsed with 12 mL of ultrapure water before either ES7 (0.1 M NaH2PO4, pH 2.4), ES14 

(0.1 M Na2SO4, pH 12.6), ES15 (5.6 M NH3, pH 12.6) or ES17 (1 mM NaH2PO4, pH 2.4) were 

used for elution. The choice of selected elution solutions used in this experiment is based on the 

results of the elution solution optimization experiment displayed in Table 2. Fractions of 8 × 

1.0 mL were collected and elution solutions were diluted with the corresponding counter solution 

directly after elution. 

3.2.7 Siderophore purification from bacterial culture media 

50 mL of cell-free and CAS negative bacterial culture supernatant was adjusted to pH 4 using 

hydrochloric acid (32%) and spiked with DFOB (3.75 µM final concentration), PB, VF and WBA 

(75 µM final concentration each). We chose a bacterial culture supernatant as complex sample 

matrices because these contain a mixture of highly concentrated and chemically diverse com-

pounds that often interfere with chromatographic purification and detection (e.g., salts, polysac-

charides, lipids, proteins). The 6 mL, 500 mg TiO2 SPE cartridge was conditioned as described 

above and the sample was applied at a flow rate of less than one drop per second. The column 

permeate (~50 mL) was collected and directly measured by LC-HRMS. The column was 

washed with 12 mL of ultrapure water, 6 mL of methanol and again 12 mL of ultrapure water. 

The column was eluted with 2 mL elution solution (ES3: 0.5 M NaH2PO4, pH 2.4). The added 

elution solution was kept on the column overnight to achieve maximum desorption (10 h). The 

eluate was measured via LC-HRMS without any further steps. Quantification of eluated sidero-

phores was achieved with an external calibration line in the corresponding elution solution. 
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3.2.8 Untargeted siderophore screening 

To screen for siderophores 3 mL of pH adjusted (pH 4), cell-free bacteria culture supernatant 

(Pseudoalteromonas sp. LOF198-2 and Marinomonas sp. LOF59-2) were extracted with 

200 mg of fresh TiO2 3 mL SPE cartridges. The supernatant of culture LOF198-2 showed strong 

CAS activity without any concentration prior to the assay whereas the supernatants of LOF59-2 

and LODSC8-1 showed almost no CAS activity. Columns have been prepared similarly to the 

experiments already described. The first milliliter of permeate was collected and cartridges were 

washed with 6 mL ultrapure water, 6 ml 0.5 M NaCl pH 4 and had been eluated with either 

1.5 mL of ES3 (0.5 M NaH2PO4, pH 2.4) or (ES14 0.1 M Na2SO4, pH 12.6). The alkaline elution 

solutions were neutralized with concentrated HCl directly after extraction and measured via LC-

HRMS. Medium blank was also processed similarly. All samples were prepared in triplicates. To 

facilitate the untargeted siderophore screening approach, LC-MS data was analyzed using the 

open-access platform, XCMS Online (Tautenhahn et al. 2012). XCMS Online offers solutions for 

the entire untargeted metabolomics workflow ranging from feature detection, retention time cor-

rection calculations to statistical analysis and metabolite assignment using different types of 

comparing data-processing jobs (Forsberg et al. 2018). In XCMS Online, features are defined 

as an ion with a unique m/z value and retention time (Tautenhahn et al. 2012). The primary job 

type used in XCMS, the pairwise analysis, identifies features whose relative intensity varies be-

tween sample groups and calculates different parameters including p-values. We applied this 

analysis approach to compare growth medium TDAC eluates with CAS active bacterial culture 

TDAC eluates to identify upregulated features, possibly corresponding to putative siderophores. 

Furthermore, to illustrate the effect of TDAC on sample complexity, another pairwise analysis 

was performed between the corresponding bacterial crude culture supernatants and growth 

medium blanks. The pairwise analysis was performed with the standard XCMS Online parame-

ters ‘’UPLC / Orbitrap’’ in positive ionization mode. 

3.3 Results and discussion 

3.3.1 Optimal elution strategy of TDAC 

The elution of strongly adsorbing siderophores, such as hydroxamates, from TiO2 is only 

achieved by simultaneous adjustment of the elution solution pH and ionic strength (Egbers et al. 

2020). To determine optimal desorption conditions of α-hydroxycarboxylate, hydroxamate and 

catecholate siderophores from TiO2, 15 different elution conditions were evaluated in a single 

siderophore experiment. It was also investigated if co-adsorbed siderophores are having an 

effect on the desorption behaviour of each other in a siderophore-mix experiment. In case of the 

siderophore mix experiment 32 elution solutions were evaluated. The number of elution solu-

tions in the siderophore-mix experiment was increased to determine if a sequential or specific 
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elution protocol of the four different siderophores could be applied. Siderophores were not de-

tected in organic solvent eluates (Table 2) suggesting that siderophores did not adsorb on TiO2 

due to unspecific hydrophobic interactions. The best desorption efficiency of the hydroxamate 

siderophore DFOB were achieved with the alkaline ESs 12-14, containing 0.1 M phosphate, 

chloride or sulphate at pH 12.6 (up to 79.9 ± 1.7%, Table 2). It was also shown that other ad-

sorbed siderophores did not change the elution behavior of DFOB from TiO2, resulting in de-

sorption efficiencies of up to 82.4 ± 5.5%. The observed elution behavior of DFOB was in ac-

cordance with the optimized elution conditions of DFOB from TiO2 nanoparticles.(Egbers et al. 

2020) ES15 (NH3, pH 12.6) showed poorer desorption efficiencies for the single DFOB sample 

(39.1 ± 1.2%) as well as for the siderophore mix sample (37.4 ± 2.9%) compared to the ESs 12-

14, emphasizing that DFOB desorption required higher ionic strength. The anions used in the 

alkaline elution solution had almost no impact on the observed desorption efficiencies whereas 

under acidic conditions the presence of chloride and sulfate resulted in negligible elution of ad-

sorbed DFOB. Only the addition of citrate and phosphate increased elution of DFOB under acid-

ic conditions. Phosphate is the hardest Lewis base among the tested anions and may therefore 

compete most with adsorbed siderophores for Lewis acid binding sites on the TiO2. This is sup-

ported by literature demonstrating that phosphate anions form strong bidentate inner-sphere 

surface complexes under acidic conditions with different metal oxide surfaces (Connor and 

McQuillan 1999). Surprisingly, increased phosphate concentrations in ES1 (5 M NaH2PO4, pH 

2.4) did not lead to higher desorption efficiencies of adsorbed DFOB (29.3 ± 3.9%) than ES3 

(28.9 ± 2.2%), containing only a tenth of the phosphate compared to ES1. Whereas ES3 

showed better desorption efficiency than ES7 (0.1 M NaH2PO4, pH 2.4) (20.7 ± 2.1%). This may 

be explained with phosphate being a kosmotrope, therefore the elution solution viscosity in-

creases with phosphate concentration (Collins 1997). We interpret the lower desorption efficien-

cies at near-saturated phosphate concentrations as a consequence of increased viscosity and 

the resulting poorer exchange between stationary and liquid phases. The addition of Ca2+ (ES6, 

0.5 M NaH2PO4/CaCl2, pH 2.4) did not alter the desorption of DFOB from TiO2 in contrast to the 

desorption of DFOB from natural soil samples (Rai et al. 2020). This result underlined that the 

positively charged terminal amine group was not involved in the DFOB TiO2 interaction. The 

best desorption efficiencies of the α-hydroxycarboxylate siderophore VF in the single sidero-

phore experiment was obtained with the acidic phosphate eluents ES1 (56.5 ± 5.2%), ES3 (58.2 

± 4.4%) and ES7 (49.4 ± 1.3%). Surprisingly, the use of citric acid (ES10) as a competing agent 

did not result in increased displacement of VF (21.8 ± 3.2%) compared to phosphate, although it 

was expected that the α-hydroxycarboxylate groups of VF should be labile to substitution with 

the same functional group if present in high concentrations. Besides citric acid, the addition of 

sulfate under acidic conditions resulted in a similar desorption efficiency of VF (20.3 ± 1.7%). 

Only chloride did not enhance the elution VF. This may be explained with the fact that sulphate 

ions form mono- or bidentate inner-sphere surface complexes with TiO2 under acidic conditions 
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similar to phosphate, whereas chloride anions are likely to form only monodentate inner-

spherical or weaker outer-spherical complexes. Comparing the results of the single siderophore 

experiment with the data of the siderophore-mix experiment, the interpretation is that co-

adsorbed siderophores affect the desorption behavior of VF. In general, the observed desorp-

tion efficiencies are reduced, especially in case of the citrate containing elution solution ES10 

(down to 2.7 ± 0.4%). This difference highlights that further studies are needed to understand 

what effects are involved in the desorption of VF from TiO2. The best desorption of the catechol-

type siderophore PB in the single siderophore as well as in the siderophore-mix experiment was 

achieved with the alkaline ammonia elution solution ES15 (73.1 ± 6.1% and 69.6 ± 11.4%, re-

spectively). These findings did not fit the expectations since catecholates are labile to oxidation 

under alkaline conditions (Herlinger et al. 1995). The second best desorption efficiencies (69.3 ± 

2.5% and 45.6 ± 8.6%, respectively) were observed for the acidic phosphate elution solution 

ES1 (5 M NaH2PO4, pH 2.4). In comparison to the other siderophores, it is noticeable that only 

in the case of PB better desorption efficiencies were observed for ES1 than for ES3 or ES7. 

However, this confirmed previous findings of catechol desorption from TiO2 under acidic condi-

tions (Kurepa et al. 2014; Liang et al. 2014; Khan et al. 2017). ES10 (citric acid 20%), previously 

tested for flavonoid desorption from TiO2 (Khan et al. 2017), resulted only in a desorption effi-

ciency of less than 20%, similar to the observed desorption efficiencies for the other sidero-

phores. As expected, ES5 (0.5 M Na2SO4, pH 2.4) did not increase the desorption of PB (< 5%), 

because sulphate anions show lower affinities for TiO2 than catecholates under acidic condi-

tions (Petrone 2013). PB desorption efficiencies with ES1, ES3, ES4 (0.5 M NaCl, pH 2.4), ES7 

and ES11 (0.5 M NaH2PO4, pH 7) supported the effect of phosphate concentration and pH on 

catechol desorption from TiO2: A low pH alone (ES4, < 2%) as well as phosphate at neutral 

conditions did not recover PB (ES11, < 5%), while the combination of both factors with increas-

ing phosphate concentrations leads to increased desorption efficiencies. Contrary to our expec-

tations, PB was detected in all alkaline elution solutions even with the highest desorption effi-

ciency observed for ES15. Gulley-Stahl et al. showed that the catechol surface complex formed 

on TiO2 depends on the pH during adsorption (Gulley-Stahl et al. 2010). Acidic conditions (pH 3) 

led to the binding via two hydrogen bonds or to the monodentate binding, whereas neutral-

alkaline conditions lead to mono- or binuclear bidentate binding (Gulley-Stahl et al. 2010). Be-

cause the bidentate complexation exhibits higher binding strength to the TiO2 surface (Yu et al. 

2013) these findings suggest that at pH 4, PB forms mono- and bidentate catecholate TiO2 

complexes simultaneously, possibly leading to different conditions necessary for their desorp-

tion. This in turn may be the reason for PB detected in the acidic phosphate and the alkaline 

elution solutions. Why the composition of the alkaline elution soluions had an effect on the de-

sorption efficiency of PB needs further investigation. The best desorption efficiencies of the 

mixed hydroxamate- α-hydroxycarboxylate-type siderophore WBA was achieved with alkaline 

elution solutions ES12 and ES14 (> 70%). The desorption behaviour and observed efficiencies 
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of WBA were similar to the hydroxamate-type DFOB but differed from the α-hydroxycarboxylate-

type VF. This observation suggests that the hydroxamate group in WBA (Figure 3) had a great-

er influence on the interaction with the TiO2 surface than the α-hydroxycarboxylate group. The 

composition of the alkaline elution solutions (ESs 12-15) changed the elution of WBA in contrast 

to DFOB. Although phosphate, sulphate and chloride have no affinity to TiO2 under alkaline 

conditions due to electrostatic repulsion (Kazarinov et al. 1981; Connor and McQuillan 1999; 

Horányi 2003), we observed increased elution of the mixed-type siderophore WBA with alkaline 

phosphate and sulphate elution solutions. This result may be attributed to differences in the ion-

ic strength and Lewis base hardness of the ions and requires further investigation. WBA 

showed the worst desorption efficiencies for the acidic phosphate elution solution compared to 

the three different model siderophores raising the question if the desorption of WBA is rendered 

by increasing viscosity. 
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Table 2. Desorption efficiencies of desferrioxamine B, vibrioferrin, petrobactin and 
woodybactin A from 3 mL, 200 mg TDAC depending on solution composition and pH. 
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3.3.2 Elution profiles of siderophores from TiO2  

We tested if the different elution behaviour of hydroxamates, catecholates and α-

hydroxycarboxylates from TiO2 allowed the selective purification of a sample with multiple sider-

ophore types. For the selective purification of the four different siderophores, the elution solu-

tions ES7, ES14, ES15 and ES17 were investigated. These four elution solutions were chosen 

because the desorption efficiencies for the siderophore-mix experiment (Table 2) suggested 

that these elution solutions could lead to the enrichment of one of the siderophores at a time. 

The elution profile obtained for ES7 (Figure 11A) displays that under these conditions (0.1 M 

NaH2PO4, pH 2.4) VF and DFOB showed a similar elution behaviour, with the majority of the 

desorbed siderophore detected in the second millilitre of eluate. 

 

Figure 11. Elution profiles of an equimolar solution (10 µM) of DFOB (blue diamonds), VF 
(red squares), PB (green triangles) and WBA (purple crosses) in 2 mL of 0.5 M NaCl 
(pH 4) , using a 3 mL, 200 mg TiO2 column in 1 mL fractions. Columns were washed with 
12 mL ultrapure water before elution. Elution was conducted with four different elution 
solutions (A-D). The summed recoveries of the four model siderophores for all fractions 
are also displayed in each chromatogram. 

The overall desorption efficiency for VF and DFOB were determined as 47.2% and 42.2%, re-

spectively. However, particularly remarkable about this profile is the elution behaviour of PB. 

The desorption efficiency of ES7 was not considered to be particularly high for PB, as only a 

desorption efficiency of 3.5 ± 1.2% was detected at an elution volume of 2 mL. It appears that 

by quadrupling the volume, the desorption efficiency was increased up to 81.1%. In contrast to 

the other siderophores, the eluated PB was not concentrated at an elution volume of 2 mL but 

at 4 mL. Whereas the desorption efficiency for WBA could not be increased by increasing the 
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volume. Using ES17 (1 mM NaH2PO4, pH 2.4) as the elution solution led to a drastic change in 

the elution profiles compared to ES7 (Figure 11B). The decreased phosphate concentration 

caused the collapse of DFOB and PB desorption efficiencies (2.2% and 1.4%, respectively), 

whereas the desorption efficiency of VF remained above 34%. WBA also did not show such 

distinct changes in desorption efficiency. The elution profiles obtained for ES14 show a more 

rapid elution of DFOB and PB compared to the ones observed for ES7 (Figure 11C). Especially, 

in case of DFOB, roughly 75% of the eluated siderophore (summed desorption efficiency 82%) 

was detected in the first fraction. The highest desorption efficiency for ES14 was detected for 

WBA with 97.7%.In addition, WBA showed a less distinct elution profile than DFOB. VF, on the 

other hand, was not detected in any of the eight fractions, which is consistent with the results in 

Table 2. Despite the same pH value, the elution profiles of ES14 and ES15 differ considerably 

(Figure 11D). DFOB and WBA showed a broader elution profile whereas the elution of PB was 

enhanced, resulting in 80.2% desorption efficiency with the majority of eluted PB detected in the 

first fraction. Similar to the results for ES14, VF was also not detected in any of the elution frac-

tions of ES15. Our results suggested that a single-step elution with acidic phosphate elution 

solution (> 0.1 M phosphate) is most suited for the untargeted concurrent screening of all sider-

ophore classes. If, on the other hand, a specific siderophore class is targeted, the elution pro-

files obtained recommend tailoring the extraction protocol to the composition of the sample. 

3.3.3 Siderophore extraction from complex sample matrices 

The performance of TDAC for purification of siderophores from complex sample matrices was 

tested using a bacterial culture supernatant spiked with four model siderophores DFOB, VF, PB, 

and WBA. The total recoveries were determined as 62%, 45%, 82% and 25% respectively. 

These recoveries were similar to the summed desorption efficiencies observed under clean 

sample conditions with no organic background using 8 mL of the less concentrated phosphate 

elution solution ES7 for elution (Figure 11A). Therefore TDAC is robust against high concentra-

tions of contaminants present in bacterial growth media which typically contain a plethora of 

possible co-eluting and interfering compounds. The recovery of DFOB out of the bacterial cul-

ture supernatant sample was higher than in the clean sample when only 2 mL of elution solution 

were used for elution (Table 2). This observation probably resulted from the fact that we ex-

tended the exposure time of the TDAC SPE column to the acidic phosphate elution solution 

ES3 (10 h). The chromatograms and mass spectra of the crude bacterial culture supernatant 

sample and the TDAC eluate, confirmed the high specificity of TDAC for siderophore purification 

from complex sample matrix (Figure 12), since the background-subtracted base peak chroma-

togram of the crude bacterial culture supernatant sample revealed more peaks than the chro-

matogram of the TiO2 eluate. Peak 1 correlates to apo-VF ([M+H]+ = C16H23N2O12, 

m/z 435.1246), as shown by the corresponding mass spectrum (Figure 12B1). 
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Figure 12. Background-subtracted base peak chromatograms (LC-ESI(+)-HRMS) of (A) 
50 mL CAS negative crude bacterial culture supernatant spiked with DFOB, VF, PB and 
WBA (final concentration of 3.75, 75, 75 and 75 µM, respectively), adjusted to pH 4 and 
(B) TiO2 cartridge eluate (0.5 M NaH2PO4, pH 2.4). The colored areas mark the time win-
dow used to extract mass spectra A1-B5. 

Peak 2 was assigned to the doubly charged apo-PB ([M+2H]2+ = C34H52N6O11, m/z 360.1842) 

(mass spectrum B2). DFOB ([M+H]+= C25H49N6O8, m/z 561.3606) (Figure 12B4), was detected 

at 4.39 min (4) and the corresponding Fe(III)-complex FOB at 3.71 min (3) ([M+H]+ = 

C25H46N6O8Fe, m/z 614.2721) (Figure 12B3). Peak 5 was assigned to apo-WBA ([M+H]+ = 

C20H35N2O10, m/z 463.2286) (Figure 12B5). Notably, the total number of peaks in the base peak 

chromatogram as well as the number of coeluting ions were reduced by TDAC (Figure 12A vs. 

B). These data also showed the enrichment of siderophores in the base peak chromatogram 

(Figure 12D), resulting in less complex mass spectra.  However, the second most intense peak 

in the base peak chromatogram of the eluate did not correlate to any of the m/z values used for 

quantification. Raising the question which compound was also enriched using the TDAC meth-

od. The marked base peak at 5.92 min is attributed to an [M+H]+ ion with an m/z value of 

445.2179. MS2 experiments revealed that m/z 445.2179 showed a similar fragmentation pattern 

than WBA, forming the same daughter ions, but in a different ratio (Figure 13). 
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Figure 13. (A) MS2 spectra of [M+H]+ = m/z 445.22 corresponding to the marked peak (*) at 
5.92 min in Figure 12C. (B) MS2 spectra of [M+H]+ = m/z 463.22 corresponding to WBA 
(Peak 5) at 5.87 min. 

In combination with the mass difference of 18 u between m/z 445.2179 and WBA ([M+H]+ = 

C20H35N2O10, m/z 463.2286) it was concluded that the observed base peak corresponds to 

WBA-H2O ([M+H]+ = C20H33N2O9, m/zcal 445.2181, Δppm -0.35). However, no corresponding 

Fe(III) complex was detected. This m/z value was also detected in the original WBA standard 

but not in the permeate of this spiked bacterial culture supernatant sample. This observation 

suggested that the water loss from WBA was not a result of extraction with TiO2 or elution with 

acidic phosphate elution solution. 

3.3.4 Untargeted siderophore screening 

Currently, the untargeted screening for siderophores or in general metallophores is based on 

the formation of metal complexes so that the characteristic isotopic patterns of the complexed 

metals or the metals themselves are detectable, facilitating the identification of siderophores in 

highly complex samples (Boiteau et al. 2016; Aron et al. 2022). However, this approach is lim-

ited to siderophores whose metal complexes do not decay during chromatographic separation 

or ionization in the mass spectrometer. To overcome this limitation, we investigated whether 

TDAC in combination with statistical analysis of LC-HRMS data via XCMS Online is able to 

identify siderophores, independent of metal isotopic patterns, but only based on the TDAC ex-

traction behavior. 
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Two CAS active bacterial cultures supernatants, Pseudoalteromonas sp. LOF198-2 and 

Marinomonas sp. LOF59-2, were extracted with TDAC and compared to growth medium TDAC 

eluates via XCMS Online pairwise analysis. In case of Pseudoalteromonas sp. LOF198-2 the 

two features with the highest observed intensities corresponded to m/z 619.36795 (p = 

0.004314) and m/z 672.27737 (p = 0.007078). These two m/z values were assigned as DFOG1 

([M+H]+ = m/zcal 619.36612, C27H51N6O10, Δppm 2.96) and FOG1 ([M-3H+56Fe+H]+ = m/zcal 

672.27759, C27H48N6O10
56Fe, Δppm -0.32), respectively. The annotation was based on the 

fragmentation pattern of m/z 619.37 (Figure 14F), which was consistent with the known MS2 

spectra of DFOG1 (Feistner et al. 1993; Feistner and Hsieh 1995). 

 

Figure 14. Comparison of EICs of (A) m/z 619.37, (B) m/z 672.28 and (C) m/z 670.28 with 
(D) corresponding mass spectra at 4.39 min and (E) 3.87 min. MS2 spectrum of [M+H]+ = 
m/z 619.37 is shown in (F). LC-HRMS and MS2 data originated from Pseudoalteromonas 
sp. LOF198-2 TDAC eluate.  

In addition, the observed Δm/z of 52.9094 and of 1.9955 with an intensity ratio of 6.35/100 

(Figure 14D, E) indicated the iron isotopic pattern (Baars et al. 2014; Baumeister et al. 2018; 

Aron et al. 2022), which was confirmed by the chromatographic coherence of m/z 619.37 

(DFOG1), m/z 672.28 (56Fe-FOG1) and m/z 670.28 (54Fe-FOG1) (Figure 14A-C). These obser-

vations fitted well to our expectations since this strain is known to produce DFOG1 (Egbers et 

al. 2020). However, no additional putative siderophores were identified via XCMS Online analy-

sis of the obtained LC-HRMS data set of the Pseudoalteromonas sp. LOF198-2 TDAC eluates.  
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The XCMS Online pairwise analysis of Marinomonas sp. LOF59-2 TDAC eluates with growth 

medium TDAC eluates resulted in the detection of numerous features. In addition to the feature 

corresponding to WBA (m/z 463.22870, Δppm 0.17) (p = 0.005) more features were determined 

whose linked m/z values suggested a woodybactin like sum formula (Table 3). 

Table 3. Significant m/z values detected in the TDAC eluate of Marinomonas sp. LOF59-2 
assigned to woodybactin derivates. 

Name p-value 
Measured 

m/z [M+H]+ 

Theoretical 

m/z [M+H]+ 
Δppm Sum formula [M+H]+ 

unknown WB (1) 0.00014 515.26070 515.25992 1.51 C24H39O10N2 

56Fe-WBB/ 

56Fe-WBCa 
0.00038 530.15622 530.15574 0.91 C21H34O10N2

56Fe 

56Fe-WBDa 0.00247 544.17192 544.17139 0.98 C22H36O10N2
56Fe 

unknown WB (4) 0.00262 588.19818 588.19760 0.98 C24H40O11N2
56Fe 

WBAa 0.005 463.22870 463.22862 0.17 C20H35O10N2 

unknown WB (2) 0.0038 507.25572 507.25484 1.74 C22H39O11N2 

unknown 56Fe-WB (2) 0.00545 560.16693 560.16630 1.12 C22H36O11N2
56Fe 

unknown WB (3) 0.0079 449.21355 449.21297 1.29 C19H33O10N2 

WBB/ WBCa 0.00926 477.24468 477.24427 0.86 C21H37O10N2 

WBDa 0.02262 491.26043 491.25992 1.04 C22H39O10N2 

unknown 56Fe-WB (3) 0.03349 502.12510 502.12444 1.32 C19H30O10N2
56Fe 

unknown WB (4) 0.03705 535.28652 535.28614 0.72 C24H43O11N2 

a (Carmichael et al. 2019) 

To verify the presence of such putative woodybactin derivates additional MS2 experiments of 

the corresponding apo-siderophores were carried out. All MS2 experiments resulted in similar 

fragmentation patterns (Figure 15), including the characteristic fragments m/z 100.08, 128.07, 

145.10, 163.11 and 337.12 indicating for N6-hydroxy-L-lysine (Martin et al. 2006; Gauglitz et al. 

2012; Carmichael et al. 2019). These fragments are not only common to all known woodybac-

tins (Carmichael et al. 2019) but also to ochrobactins (Martin et al. 2006). 
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Figure 15. MS2 spectra of significant m/z values detected in LOF59-2 TDAC eluate corre-
sponding to apo-woodybactin derivates: (A) MS2 m/z 449.21 (unknown WB (3)), (B) MS2 
m/z 477.24 (WBB or C), (C) MS2 m/z 491.26 (WBD), (D) MS2 m/z 507.25 (unknown WBD (2)), 
(E) MS2 m/z 515.26 (unknown WB (1)) and (F) MS2 m/z 535.29 (unknown WB (4)). 

Besides the already known woodybactins WBA, WBB, WBC and WBD (Figure 16) the pairwise 

XCMS analysis shed light on four unknown woodybactin derivates (1-4) ([M+H]+ = m/z 449, 507, 

515 and 535) that were extracted via TDAC. Typical for the known woodybactins is a mass dif-

ference of 14 u, which corresponds to a single CH2 unit change in the fatty acid appendage 

(Figure 16). However, only WB (3) fitted this pattern and indicated for a C7 fatty acid append-

age. 
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Figure 16. Molecular structures of woodybactins A-D with biggest similar fragment high-
lighted in grey and fatty acid appendage in red. Figure was adapted from (Carmichael et 
al. 2019). 

Since the remaining woodybactin derivates (1, 2 and 4) deviated from this trend but showed the 

characteristic fragments including m/z 337 (Figure 15), it was assumed that the structural differ-

ences had to be located in their fatty acid appendages. In case of WB (1), the detected m/z of 

515.26070 in combination with the observed MS2 spectra suggested the molecular formula of 

[M+H]+ = C24H39O10N2 (Δppm 1.51) indicating a doubly unsaturated C12 fatty acid appendage. 

This is the first time a woodybactin derivate with an unsaturated fatty acid moiety was identified. 

Although no woodybactins with unsaturated fatty acid residues were identified so far, unsaturat-

ed fatty acid appendages are common to a number of siderophores such as ochrobactins, 

marinobactins, aquachelins, amphibactins, acinetoferrin and rhizoferrin 1021 (Persmark et al. 

1993; Okujo et al. 1994; Martinez et al. 2000, 2003; Martin et al. 2006). In contrast to WB (1), 

the MS data of WB (2) ([M+H]+ = m/z 507.25572, C22H39O11N2, Δppm 1.74) and WB (4) ([M+H]+ 

= m/z 535.28652, C24H43O11N2, Δppm 0.72) did not indicate an unsaturated fatty acid residue, 

but rather the presence of singly hydroxylated C10 or C12 fatty acid appendages, respectively. 

Hydroxy-fatty acid moieties are much less prominent in amphiphilic siderophores, but excep-

tions to this trend include certain amphibactins and potashchelins (Martinez et al. 2003; Li et al. 

2020). However, distinct structural suggestions for the fatty acid residues of WB (1-4) cannot be 

made on the basis of the present MS and MS2 data alone. For the structural characterization of 

the fatty acid groups, further investigations are necessary. Techniques like NMR, especially the 

correlation between 1H-13C HSQC and 13C NMR spectra (Gauglitz et al. 2012), or GC-MS in 

combination with prior hydrolysis of the siderophores and subsequent esterification of the fatty 

acids (Martinez et al. 2003) would deliver the missing structural information. 

In addition to the pairwise analysis between the TDAC eluates of CAS active bacterial cultures 

and TDAC eluates of growth medium blanks, a second pairwise analysis was performed be-
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tween the corresponding crude bacterial culture supernatants and growth medium blanks. In 

case of Pseudoalteromonas sp. LOF198-2 the pairwise analysis of TDAC eluates resulted in the 

detection of 3574 feature hits in the bacterial culture TDAC eluate. Whereas the pairwise analy-

sis of crude bacterial culture supernatants and growth medium showed 15462 feature hits. Simi-

lar to these results, the pairwise analysis of Marinomonas sp. LOF59-2 samples resulted in the 

detection of 3250 feature hits for the TDAC eluate but 15314 feature hits for the crude bacterial 

supernatant. This comparison of observed feature hits clearly illustrates the ability of TDAC to 

reduce sample complexity and thus facilitate siderophore identification. 

3.4 Conclusion 

In this study, we developed a titanium dioxide affinity chromatography (TDAC) for the selective 

purification of all major siderophore classes, i.e. catecholates, α-hydroxycarboxylates, hydrox-

amates and mixed ligands. The method is scalable utilizing ~ 50 μm diameter TiO2 particles 

packed in SPE cartridges, robust against inorganic as well as organic contaminants, and yield-

ed high levels of purification and recoveries for all tested siderophores. Optimal elution for each 

functional group/ siderophore-type was achieved with the adjustment of elution solution pH, type 

of counter anion or anion concentration. The hydroxamate siderophore DFOB, for example, 

showed the best elution with alkaline elution solutions containing phosphate, sulphate or chlo-

ride (DFOB desorption efficiencies of up to 82%), whereas the quantitative elution of the cate-

cholate siderophore PB was possible with acidic phosphate or an alkaline ammonia elution so-

lution (both cases approximately 70% desorption efficiency). The desorption efficiency for the α-

hydroxycarboxylate containing siderophores VF und WBA differed clearly. VF showed best de-

sorption efficiency with acidic phosphate elution solution (up to 58%) while WBA with its one 

hydroxamate group was only eluted quantitatively with alkaline elution solutions containing 

phosphate or sulphate (up to 78%). The measured differences in desorption efficiency suggest-

ed the separation of siderophore classes by their specific functional groups using different elu-

tion solution compositions. But our results clearly showed that TDAC did not allow such an ap-

proach with the investigated elution solutions. Instead, a single-step elution with acidic phos-

phate buffer (> 0.1 M phosphate) is most suited for the untargeted concurrent screening of all 

siderophore classes. If, on the other hand, a specific siderophore class is targeted, the elution 

profiles obtained recommend tailoring the extraction protocol to the composition of the sample. 

This strategy is a useful methodological addition to existing polarity- or molecular weight-based 

separation techniques when different siderophore classes are present in the same complex 

sample. Thus, the TDAC SPE method simplifies the screening of siderophores in biological or 

environmental samples. TDAC selectively purified siderophores and almost completely removed 

organic ‘contaminants’ from a bacterial culture supernatant mix containing all four types of mod-

el siderophores with recoveries of up to 82% (PB). In comparison to the crude sample, all sider-
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ophores could be identified in the LC-HRMS base peak chromatograms. LC-HRMS was used 

for all analyses, however, siderophore detection and quantification is likely also possible with 

lower resolution mass spectrometers after TDAC SPE clean-up as suggested by the rather 

large mass range used for generating the extracted ion chromatograms (± 5 ppm). Furthermore, 

our results of the untargeted siderophore screening approach using TDAC in combination with 

statistical analysis via XCMS Online highlighted not also the capabilities of TDAC to facilitate 

the identification of unknown siderophores (WB (1-4)) in complex samples, but also that the 

number of feature hits was dramatically reduced by the use of TDAC, underlining the potential 

of this method to decrease sample complexity. 

This new instrument may facilitate the discovery and quantification of siderophores in a variety 

of natural samples such as seawater, soil, or blood and urine. Especially in these habitats or 

samples, the identification of unknown iron ligands is the key to understanding far-reaching 

mechanisms or the starting point for new therapeutic approaches. Siderophores, independent of 

their structural composition are concentrated from complex samples via TDAC if the target ana-

lyte is present in reasonable concentrations. While this is likely sufficient for many research ap-

plications, a major methodological challenge will be to achieve the same recovery and selectivi-

ty for pM concentrations of siderophores in some natural samples, especially seawater. For this 

application, co-adsorption, self-assembly, metal contamination and natural phosphate concen-

trations will all interfere with the efficiency of TDAC. Nonetheless, we suggest that this method - 

as presented here - is robust against many chromatographically challenging conditions and will 

facilitate the study of microbial iron cycling, pathogenicity and symbiosis.  
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4. Extraction of siderophores from seawater by means of TDAC 

In Chapter 4 I investigated if TDAC could facilitate the specific extraction of siderophores from 

artificial and natural seawater, since it is of high interest to overcome the occurring extraction 

biases using traditional sorbents and therefore to be able to mirror the natural siderophore 

chemistry as precise as possible. However, I report in this chapter that the used TiO2 sorbent 

showed drawbacks in terms of large volume extraction, possible caused by its low specific sur-

face area. I was responsible for conducting all extraction experiments as well as all LC-HRMS 

measurements. The interpretation of the gained data and writing of this chapter was also my 

solely done by me. The used siderophore standards are the sane than the ones used in the 

previous chapter which were quantified via NMR by Christian Zurhelle. 
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4.1 Introduction 

In order to gain a more detailed understanding of the bioavailability of iron in the world’s oceans 

and thus develop more accurate models of the global carbon cycle, deciphering the composition 

of the marine iron ligand pool is of central importance. In this chapter we therefore investigated 

whether the developed TDAC method provides an unbiased view of the siderophores present in 

seawater. 

More than 99% of all iron dissolved in seawater is complexed by organic ligands like sidero-

phores, which are known to comprise one fraction of this diverse ligand pool (Gledhill and Buck 

2012). Over the course of the last 20 years, several studies have been conducted to directly 

detect siderophores in seawater. But only ferrioxamines, amphibactins, synechobactins and 

petrobactin were identified in this period (Mawji et al. 2008; Velasquez et al. 2011; Boiteau et al. 

2016, 2019b; Bundy et al. 2018; Manck et al. 2021). All those studies used apolar sorbents like 

ENV+ for the extraction and concentration of siderophores from sample volumes of up to 600 L. 

Detection of the siderophores was carried out using different LC-MS techniques. The most ad-

vanced approach used a post-LC flow splitter that allowed simultaneous acquisition of ele-

mental data using ICP-MS and structural information using ESI-MS (Boiteau et al. 2016, 

2019b). All the mentioned studies underlined the particular high concentrations of siderophores 

in the HNLC regions, but it was also found that siderophores are present in iron-replete regions 

like the subtropical North Atlantic, the tropical eastern South Pacific Ocean and the Californian 

coast (Mawji et al. 2008; Boiteau et al. 2016, 2019b). These observations seemed to be coun-

terintuitive since siderophore production is expected to be down regulated under iron-replete 

conditions. Nevertheless, the addition of bioavailable inorganic iron stimulated the growth of 

phytoplankton under dissolved iron-replete conditions (King and Barbeau 2007) underlining the 

need to gain more knowledge about the chemical speciation of dissolved iron and its bioavaila-

bility to phytoplankton. Those studies revealed a significant variability of detected siderophores 

over a relatively short spatial and temporal scale (Boiteau et al. 2019b). Correlating the ob-

served concentration of dissolved iron with the detected siderophore classes at discrete sam-

pling sides led to the observation that in general, hydrophobic siderophores like amphibactins 

are observed in waters with low dissolved iron concentrations, whereas hydrophilic and strong 

iron complex forming ligands like ferrioxamines are present at relatively high iron concentration 

sites (Boiteau et al. 2016, 2019b; Bundy et al. 2018). In addition, photosensitive siderophores 

such as petrobactin and synechobactins were detected exclusively below 60 m water depth 

where the intensity of solar radiation has already decreased drastically (Boiteau et al. 2019b; 

Manck et al. 2021). 

However, these studies have also highlighted that the interpretation of the siderophore composi-

tion is not trivial since different limitations need to be taken in to account. One being that other 
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siderophores could be actively produced but may be present in lower abundances due to rapid 

cycling or photochemical degradation (Boiteau et al. 2016; Yarimizu et al. 2019). Another bias is 

caused by the necessary step of solid phase extraction. Commonly used sorbents like ENV+, 

retain siderophores via van-der Waals interactions, hydrogen bonding or π–π interactions be-

tween aromatic structures, resulting in a preferred retention of nonpolar compounds (Waska et 

al. 2015). This drawback has already been described in several papers (Velasquez et al. 2011; 

Boiteau et al. 2016, 2019b; Bundy et al. 2018). Especially Bundy et al. highlighted that the ma-

jority of iron ligands present in seawater was not captured by ENV+, as evidenced by electro-

chemical measurements. 

The need to obtain a detailed overview of the different siderophore compositions in the oceans 

and to draw not only qualitative but also reliable quantitative conclusions about the marine lig-

and pool is of central importance, since model studies have concluded that the iron ligand pool 

has a larger influence on the iron availability and resultant global carbon cycling than even the 

direct input of iron (Tagliabue et al. 2014). Modeling the variability of the ligand pool with possi-

ble differences in iron dissolution or uptake rates is therefore one of the major hurdles for realis-

tic global bio-geochemical simulations of marine iron cycling (Tagliabue et al. 2015). 

To overcome the potential compositional bias caused by the nonspecific retention mechanism 

of hydrophobic sorbents, and thus to achieve qualitatively accurate data of the marine ligand 

pool, an efficient and unbiased extraction approach is needed. The TDAC method (Chapter 2 

and 3) showed promising features for the extraction of siderophores from seawater and could 

help to decipher the marine ligand pool composition. Especially the different retention mecha-

nism focusing on siderophore-typical functional groups, rather than unspecific characteristics 

like polarity could allow for a more accurate display of the natural siderophore composition. In 

addition, it was found that the total concentration of strong iron ligands is generally above the 

concentration of total dissolved iron (Gledhill and Buck 2012; Bundy et al. 2018), implying the 

presence of strong iron-ligands such as siderophores in their apo-form (Boiteau et al. 2016). 

The presence of apo-siderophores is required to allow the extraction via the proposed affinity 

chromatography approach since it is based on the interaction between the free chelating groups 

and the TiO2 surface. 

Given that TDAC showed beneficial characteristics, such as good retention of all siderophore 

types from saline matrices and high tolerance to complex sample properties, the aim of this 

chapter was to investigate if this method is applicable for the large volume extraction of sidero-

phores from seawater. 
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4.2 Experimental approach to investigate the applicability of TDAC for the 
targeted extraction of siderophores from seawater 

To evaluate the suitability of TDAC for the efficient extraction of siderophores from large vol-

umes of seawater, various technical parameters such as volume and flow rate had to be inves-

tigated, since detection of siderophores in seawater requires concentration from 20 or more 

liters. It was also investigated at which phosphate concentrations interferences with the sidero-

phore adsorption occur, since such oxo-anions exhibit also a high affinity for TiO2 surfaces and 

are more abundant in seawater than siderophores. To validate this approach, large volume of 

North Sea water was used as an authentic natural sample. 

4.2.1 Investigation of extraction parameters on siderophore recovery from artificial 
seawater and North Sea water 

Desferrioxamine B (DFOB) was used as a model siderophore for all extraction experiments be-

cause it is commercially available and because it has one of the best adsorptions on TiO2 com-

pared to the other siderophores studied, such as vibrioferrin. This means that if the adsorption 

of DFOB deteriorates, a much stronger deterioration of the adsorption of the other siderophores 

is expected. DFOB was obtained as desferrioxamine mesylate (Sigma-Aldrich) and a stock so-

lution (5 mM) was prepared with ultrapure water. For the different extraction experiments, 3 mL 

and 6 mL polypropylene solid phase extraction (SPE) cartridges with fitting polyethylene filter 

elements were used (Chromabond, Macherey-Nagel). In addition, 8 mL flash cartridges with the 

corresponding polyethylene filter elements were employed for experiments at higher flow rates. 

The TiO2 particles used as sorbent for these experiments were taken from the same batch as 

the material used in all experiments described in Chapter 3. This batch of grinded and wet-

sieved TiO2 oven clinker (Kronos Worldwide Inc., Nordenham Germany) had a surface area of 

5.0 m²/g (BET) and a D50 mass-median-diameter of 54.092 μm. 3 mL SPE cartridges were 

packed with 0.2 g (± 5 mg) of TiO2 whereas the 6 mL SPE and 8 mL flash cartridges were filled 

with either 1 or 5 g (± 5 mg) of TiO2. All cartridges were compressed manually to ensure repro-

ducible extraction performance. The SPE cartridges were run gravimetrically with a flow rate of 

0.5 mL/min using the port valves. Acid washed 50 mL SPE cartridge reservoirs (Macherey-

Nagel) were used for used for larger sample volumes. Flash cartridges were operated at a flow 

rate of 33.3 mL/min using a peristaltic pump and polytetrafluoroethylene (PTFE) tubing (Ma-

cherey-Nagel). Similar to the optimization experiments in Chapter 3, sample solutions were pre-

pared by diluting DFOB stock solution with a sodium chloride solution (0.5 M, pH 4) (VWR inter-

national, Radnor PA USA). All sample solutions were prepared freshly prior to extraction in acid 

washed vessels to suppress any interfering complex formation. Four different sample volumes 

(2, 10, 50 and 500 mL) were prepared containing the same amount of DFOB resulting in con-

centrations of 10, 2, 0.4 and 0.04 µM, respectively. The effect of phosphate on the adsorption of 

DFOB under these conditions onto TiO2 was also investigated by adding different amounts of 
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phosphate (NaH2PO4 × H2O ≥ 98%, Carl Roth, Germany) to sample solutions leading to con-

centrations from 0.1 to 1000 µM. 200 mg SPE cartridges were conditioned prior to use with 

0.25 M NaH2PO4 at pH 2.4, followed by ultrapure water, 20 mM NaOH (Carl Roth, Germany) 

and 18 mL of ultrapure water. The remaining cartridges were conditioned in the same manner 

but with adjusted volumes. After cartridge conditioning, sample solutions were applied and all 

permeates were collected to calculate the relative adsorption efficiencies. Afterwards columns 

were washed with ultrapure water and eluted with alkaline phosphate buffer (100 mM NaH2PO4, 

pH 12.6), which has particularly high desorption efficiencies for hydroxamate siderophores, es-

pecially DFOB (see Chapter 2 and 3). 200 mg, 1 g and 5 g cartridges were eluted with 2, 6 or 

12 mL of elution solutions, respectively. Eluates were neutralized with concentrated HCl (37%, 

VWR international) directly after collection and aliquots were measured via LC-HRMS without 

further processing. To investigate if the observed adsorption efficiencies and recoveries for 

DFOB were also observed for natural seawater, 500 mL of pH adjusted (pH 4) North Sea water 

was spiked with DFOB (final concentration of 0.04 µM) and processed with 5 g SPE cartridges 

as described in the previous paragraph. The North Sea water originated from the passage be-

tween Helgoland and the smaller neighboring island Düne and was sampled in summer of 

2021. The following nutrient concentrations and salinity were determined: Nitrate 5.58 μM, nitrite 

0.01 μM, phosphate 0.178 μM, ammonia 4.64 μM and salinity 33.2 psu. All experiments were 

performed in triplicates. Adsorption efficiencies were calculated relative to the original sidero-

phore concentrations and the concentrations observed in the permeates. 

4.2.2 Large volume natural seawater extraction with TDAC 

2 × 20 L of North Sea water (same batch as in previous chapter) were filtered via glass microfi-

ber filters (3 μm pore size, Whatman) and collected in two acid washed 20 L polycarbonate car-

boys (Nalgene). One 20 L carboy was acidified with concentrated HCl (37%, VWR international) 

to pH 2, whereas the pH in the other tank remained unchanged. DFOB, VF, PB and WBA were 

spiked to both tanks resulting at a final concentration of 0.1 nM for each siderophore. DFOB 

was the only purchased siderophore standard, whereas the other siderophores were isolated 

and purified in our lab (see Chapter 3). Both carboys were extracted with the following cartridge 

setup: (1) 8 mL flash cartridge packed with 20 g TiO2 (mean particle size 54.092 μm), (2) 8 mL 

flash cartridge packed with 5 g ENV+ (Varian Bond Elut), (3) 8 mL flash cartridge packed with 

20 g TiO2 and (4) 5 g/60 mL prepacked PPL SPE cartridge (Varian Bond Elut). The modified 

styrene divinyl benzene polymer type sorbents (ENV+ and PPL) were conditioned with 10 mL 

methanol (LC-MS grade ≥ 99.95%, Carl Roth, Germany), followed by 20 mL of either acidified 

or neutral ultrapure water. Acidified ultrapure water for cartridge conditioning and washing after 

extraction was prepared with concentrated HCl. TiO2 cartridges were conditioned as described 

in Chapter 4.2.1 with enlarged volumes. Extraction was performed at a flow rate of 33.3 mL/min 

using a PTFE diaphragm pump and PTFE tubing. After extraction and discarding of permeates, 
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all columns were washed with 200 mL of acidified or neutral ultrapure water. Apolar sorbent 

cartridges (ENV+, PPL) were eluted with 20 mL of acidified methanol containing 0.1% formic 

acid (LC-MS grade > 99%, Supelco) and TiO2 cartridges were eluted with 25 mL of 0.5 M 

NaH2PO4, pH 2.4. Methanolic ENV+ and PPL eluates were dried using a rotary evaporator and 

taken up in 0.5 mL of neutral methanol. TiO2 eluates were concentrated by extraction with 

500 mg/6 mL PPL cartridges that were conditioned with acidified ultrapure water after activation 

with methanol. Elution was again performed with acidified methanol (2 mL) after cartridges were 

dried with N2. Eluates were evaporated under N2 to achieve a final volume of ~ 0.5 mL similar to 

the volume of ENV+ and PPL eluates. To calculate recoveries, 100 mL aliquots of the spiked 

and seawater samples were extracted with 200 mg/3 mL PPL SPE cartridges (Variant Bond 

Elut). After the columns were activated with 3 ml methanol they were washed with 6 mL of acid-

ic or neutral ultrapure water, respectively. The columns were also washed with pH-adjusted ul-

trapure water (6 mL) before drying under N2 and eluting with 1 mL methanol containing 0.1% 

formic acid. 

4.2.3 LC-HRMS 

LC-HRMS analysis was performed with a Vanquish UPLC system coupled to a Q-Exactive Plus 

mass spectrometer, using a heated electrospray ionization source (both Thermo). Separation 

was performed on a C18 column (C18 BEH, 100 × 2 mm, 1.7 µm particle size, ACQUITY Wa-

ters, equipped with guard-column). Positive and negative Ion Calibration Solution (Pierce, 

Thermo Fisher Scientific) was used for the calibration of the instrument. 1.5 mL short thread 

brown glass vials (Thermo Fisher Scientific) were used for all LC-HRMS measurements. The 

following solvent compositions and gradient settings were used for the measurement of sidero-

phores: Solvent A = 0.1% formic acid in ultrapure water, solvent B = 0.1% formic acid in metha-

nol; T0min: B= 1%, T0.2 min B = 1%, T4min: B = 100%, T4.9 min: B = 100%; T5min: B = 1% with a flow 

rate of 0.4 mL min−1. The first 1.4 min of the LC method were kept at isocratic conditions and 

the flow diverted to avoid spraying nonvolatile salts into the mass spectrometer. MS measure-

ments were performed using electrospray ionization in positive mode. Scans were obtained in 

data independent mode with a resolution of 70,000 (m/z 200) followed by MS2 experiments 

(normalized collision energy of 30 eV, automatic gain control target of 3 × 106 and 50 ms maxi-

mum injection time) was used for the identification and quantification. DFOB was quantified us-

ing the species: DFOB ([M+H]+= C25H49N6O8, m/z 561.3606), FOB ([M+H]+ = C25H46N6O8Fe, 

m/z 614.2721), AlOB ([M+H]+ = C25H46N6O8Al, m/z 585.3287) as well as the m/z 201.12 daugh-

ter ion of m/z 561.3606. For the quantification of VF, apo-VF ([M+H]+ = C16H23N2O12, 

m/z 435.1246), Fe-VF ([M+H]+ = C16H20N2O12Fe, m/z 488.0360) and the daughter ion 

m/z 181.10 of m/z 435.1246 were used. Similar to VF, WBA was also quantified by using the 

single charged apo- ([M+H]+ = C20H35N2O10, m/z 463.2286), Fe(III)-containing species ([M+H]+ = 

C20H32N2O10Fe, m/z 516.1401) as well as the daughter ion m/z 145.10 of the free ligand precur-
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sor ion. Whereas PB was detected as the single ([M+H]+ = C34H51N6O11, m/z 719.3610) or dou-

ble protonated apo-PB ([M+2H]2+ = C34H52N6O11, m/z 360.1842) with the corresponding daugh-

ter ion m/z 194.08. 

4.3 Results and discussion 

4.3.1 Investigation of extraction parameters on siderophore recovery from artificial 
seawater 

To check the suitability of the TDAC method for large volume extraction of siderophores from 

seawater, different parameters like sample volume, flow rate, sorbent amount, phosphate and 

analyte concentration were investigated. Table 4 summarizes that in general the best adsorp-

tion efficiencies were observed for the most concentrated and smallest sample volumes. By 

increasing the volume from 2 mL to 500 mL but not the total amount of DFOB, the adsorption 

efficiency decreased from 95.3 ± 2.8% to 12.1 ± 8.4% in case of the 0.2 g cartridges. This de-

crease in adsorption efficiency with increasing volume was smaller the more sorbent was used. 

Thus, an adsorption efficiency of 89.5 ± 3.8% was observed for the 5 g cartridge at a sample 

volume of 500 mL. These observation matched the expected volume dependent adsorption effi-

ciency of classic solid-phase extraction (Subra et al. 1988; Liska 1993; Hennion and Pichon 

1994; Hennion 1999). In general, reduced adsorption efficiency indicates that breakthrough of 

the analyte took place during the extraction. Breakthrough of analytes occurred either if the ana-

lyte is no longer retained by the sorbent or when the capacity of the sorbent is exceeded 

(Hennion and Pichon 1994). Since the capacity of the 0.2 g cartridge is high enough to retain 

95% of spiked DFOB from 2 mL, the limited adsorption efficiencies observed for the increasing 

volumes is presumably caused by poor retention of the analyte, as it is generally observed for 

the extraction of very polar substances from aqueous matrices using apolar sorbents 

(Buszewski and Szultka 2012). Besides the negative effect of increased sample volume on the 

extraction efficiency, it was also shown that increased flow rate resulted in lower adsorption effi-

ciencies. In case of 1 g cartridges, the adsorption efficiency dropped from 62.1 ± 3.4% to less 

than 15% by increasing the flow rate from 3 mL/min to 33.3 mL/min when extracting 500 mL 

sample volume. Increasing the sorbent volume also resulted in smaller differences in adsorption 

efficiency at faster flow rates. Parameterization of both, sample volume and flow rate, indicated 

that DFOB showed poor retention on the TDAC cartridge with this experimental setup. This re-

sult was counterintuitive as it was expected that hydroxamate-containing analytes like DFOB 

would be retained more efficiently according to the results of Chapter 2 and 3. However, since 

the strong interaction between hydroxamates and TiO2 surfaces are well documented (Yang et 

al. 2006; McNamara et al. 2009, 2010), I hypothesized that the retention of the model sidero-

phore DFOB was rather rendered by the sorbent properties than the affinity of the siderophore 
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towards the TiO2 surface. Sorbent properties that influence the analyte retention are surface 

area and activity as well as the packing density (Poole 2003). 

Table 4. Influence of TiO2 bed mass, DFOB concentration, sample volume, flow rate and 
sample matrixa on adsorption efficiency of DFOB. 

TiO2 (g) DFOB (µM) Volume (mL) Flow rate 

(mL/min) 

Phosphate (µM) Adsorption 

efficiency (%) 

0.2 

0.2 

0.2 

0.2 

1 

1 

1 

1 

5 

5 

5 

5 

5 

5 

5 

5 

5 

0.04 

0.4 

2 

10 

0.04 

0.04 

0.4 

2 

0.04 

0.04 

0.04 

0.04 

0.04 

0.04 

0.04 

0.4 

2 

500 

50 

10 

2 

500 

500 

50 

10 

500 

500 

500 

500 

500 

500 

500 

50 

10 

0.5 

0.5 

0.5 

0.5 

0.5 

33.3 

0.5 

0.5 

0.5 

33.3 

33.3 

33.3 

33.3 

33.3 

33.3 

0.5 

0.5 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

0.1 

1 

10 

100 

1000 

/ 

/ 

12.1 ± 8.4 

33.5 ± 7.3 

71.4 ± 5.4 

95.3 ± 2.8 

62.1 ± 3.4 

23.0 ± 8.7 

80.7 ± 6.2 

92.3 ± 3.7 

89.5 ± 3.8 

80.5 ± 5.3 

75.2 ± 7.3 

42.6 ± 6.4 

18.7 ± 5.7 

2.8 ± 3.7 

0.8 ± 0.7 

85.2 ± 4.5 

99.8 ± 0.8 

1 

5 

0.04 

0.04 

500 

500 

33.3 

33.3 

0.178 

0.178 

4.3 ± 0.9 

25.3 ± 2.8 

a Adsorption experiments parameters and results conducted with NaCl 0.5 M, pH 4 as sample 
matrix are shown in top row (white background). Adsorption experiments conducted with filtered 
and pH adjusted North Sea water is highlighted in red. 

The TiO2 particles (diameter: 54.092 μm with 5.0 m²/g) were not porous and thus did not provide 

a large specific surface area as commonly used particles for solid-phase extraction. For exam-

ple, the Chromabond C18 SPE cartridges by Macherey Nagel are filled with 45 μm particles 

owning a specific surface area of 500 m²/g. As the specific surface area of the sorbent increas-

es, the equilibrium between the liquid and solid phases is more likely to be reached, which gen-

erally results in better retention of the analyte. To overcome poor retention, the sorbent bed vol-

ume could be increased, resulting in less channeling and longer equilibration time. Channeling 

is caused by voids that regularly occur when cartridges are packed manually. Those voids 

cause the moving mobile phase to move faster than the average flow rate, resulting in reduced 

retention or peak broadening. However, increased bed mass will also lead to increased non-
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specific matrix adsorption (Poole 2003) and therefore ultimately render the efficiency and speci-

ficity for siderophores. Phosphate concentrations in seawater reach up to micromolar concen-

trations (Bruland 1980; Martin et al. 1989), and due to the known affinity of such oxoanions to-

wards TiO2, the impact of different phosphate concentrations (0.1, 1, 10, 100 and 1000 µM) on 

the adsorption efficiency of DFOB onto TiO2 was investigated. Table 4 shows that the adsorp-

tion efficiency of TDAC for DFOB was reduced in presence of phosphate, even under standard-

ized conditions (NaCl 0.5 M, pH 4). The lowest investigated phosphate concentration of 0.1 μM 

already led to a decreased adsorption efficiency of 75.2 ± 7.3% under otherwise identical ex-

traction conditions. With increasing phosphate concentration, the adsorption efficiency de-

creased further until almost no adsorption of DFOB was observed at phosphate concentrations 

above 100 μM. It was expected that phosphate concentrations above 100 μM would decrease 

the adsorption of siderophores, since it was shown in Chapter 3 that such phosphate concentra-

tions lead to partial elution of siderophores from TiO2 under acidic conditions. However, it is 

surprising that siderophore adsorption to TiO2 was already hindered at expected seawater con-

centrations of phosphate. The extraction under alkaline conditions could prevent adsorption of 

phosphate due to electrostatic interactions (Connor and McQuillan 1999) and further ensure 

surface complexation of DFOB. However, it was observed that the affinity of pure alpha-

hydroxycarboxylate siderophores such as VF to TiO2 decreased at pH > 8. 

In order to check to what extent these observations under standardized conditions were appli-

cable to a seawater sample matrix, two additional experiments were carried out with filtered and 

acidified North Sea water using 1 g and 5 g cartridges. Using the same flow rate of 33.3 mL/min 

and the same pH conditions (pH 4) in combination with the natural phosphate concentration of 

0.178 µM, an adsorption efficiency of only 4.3 ± 0.9% was determined for the smaller cartridge. 

This corresponds to only one fifth of the adsorption efficiency under idealized conditions. Similar 

results were observed for the adsorption efficiency of the 5 g cartridge. Despite a phosphate 

concentration of the same order of magnitude and otherwise identical extraction conditions, the 

adsorption efficiency of the 5 g cartridge is three times lower (25.3 ± 2.8%) for the natural sea-

water than for the NaCl solution containing 0.1 µM phosphate. These observations indicate that, 

in addition to phosphate, other substances that suppress the adsorption of siderophores are 

present in seawater. Possible substance classes include other oxoanions, such as sulphate, 

which interact with titanium dioxide surfaces in a similar but weaker way than phosphate 

groups. Although sulphate forms only weaker surface complexes on metal oxides, the marine 

sulphate concentration of about 30 mM (Canfield and Farquhar 2009) (three orders of magni-

tude higher than marine phosphate concentration), nevertheless indicates a negative effect on 

the adsorption of siderophores. Other possible substance classes in seawater that could hinder 

the interaction of siderophores with TiO2 are carboxylic or phenolic compounds (Aluwihare et al. 

2002; Hertkorn et al. 2006; Yang and Van Den Berg 2009; Lechtenfeld et al. 2015). It is ex-
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pected that those molecules exhibit strong and multiple ligand character (Hertkorn et al. 2006), 

suggesting that such components could also interact with TiO2 and thus prevent the adsorption 

of siderophores. Typical representatives of carboxylic/phenolic rich compounds are humic sub-

stances, which can be divided into humic and fulvic acids and are also found in seawater 

(Aluwihare et al. 2002; Singh 2015). The interaction of humic substances with TiO2 has already 

been intensively studied under the aspects of water purification as well as bioaccumulation and 

toxicity of nanoparticles (Chowdhury et al. 2012; Loosli et al. 2013; Erhayem and Sohn 2014; 

Liu et al. 2014; Wang et al. 2014a). All these studies showed a strong interaction of humic sub-

stances with TiO2 at seawater pH, highlighting the possible interference of such oxygen-rich 

compounds with siderophores during extraction from marine waters using TDAC. In addition to 

these anionic substance classes, it is also worth mentioning that the presences of cations could 

have caused decreased adsorption, by forming complexes with the spiked siderophore prior to 

extraction. The concentration of dissolved iron in the North Sea ranges from 0.4 to 28 nM 

(Gledhill et al. 1998), which would allow complexation of nanomolar amounts of spiked DFOB. 

However, it was also shown that almost all dissolved iron is already complexed and thus com-

plexation with free DFOB probably did not occur to any significant extent since the prepared 

sample solutions were also processed immediately after spiking. 

4.3.2 Large volume natural seawater extraction with TDAC 

Since the natural concentration of siderophores in seawater ranges from 0.1 to 20 pM (Mawji et 

al. 2008; Boiteau et al. 2016, 2019b; Bundy et al. 2018), and the detection limits of the most 

modern mass spectrometers are usually several orders of magnitude above those levels, sider-

ophore concentration factors of at least 10,000 are necessary. Moreover, since the extraction 

efficiency of TDAC is assumed to be < 25%, it is inevitable to concentrate double or triple digits 

liters of seawater in order to be within the detection thresholds of such instruments. To investi-

gate the suitability of TDAC for the extraction of siderophores from seawater under realistic 

conditions, 20 L of filtered North Sea water was spiked with four model siderophores (DFOB, 

VF, PB and WBA: final concentration 0.1 nM) and extracted at pH 2 or pH 8 via a column appa-

ratus consisting of four columns linked in series. The first and third columns were both filled with 

TiO2, the second and fourth with the polystyrene polymers ENV+ or PPL. The eluates of each 

column were further concentrated to achieve theoretical concentration factors of ~ 40,000. 

The recoveries of the eight different eluates clearly showed that TDAC was not suitable for the 

extraction of siderophores from seawater under these experimental conditions (Table 5). No 

TiO2 eluate contained siderophores at concentrations above the detection limit, while recoveries 

of up to 95% (DFOB) were observed in the eluate of the ENV+ cartridge processed at pH 2. The 

results for the 20 L TiO2 extracts followed the same trend already observed in the experiments 

with smaller volumes (Table 4). 
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Table 5. Recoveries of desferrioxamine B (DFOB), vibrioferrin (VF), petrobactin (PB), 
woodybactin A (WBA) in eluates of the four sequentially processed cartridges of 20 L 
spiked seawater. 

Cartridge Siderophore recovery (%) 

pH 2 pH 8 

DFOB VF PB WBA DFOB VF PB WBA 

TiO2 

ENV+ 

TiO2 

PPL 

ND 

95.8 

ND 

ND 

ND 

35.2 

ND 

ND 

ND 

46.3 

ND 

8.6 

ND 

85.3 

ND 

5.3 

ND 

50.8 

ND 

ND 

ND 

12.3 

ND 

ND 

ND 

26.7 

ND 

ND 

ND 

45.6 

ND 

18.2 

In connection with the recoveries for the apolar columns, the DFOB example also shows that 

the adsorption efficiency on the first TiO2 column at pH 2 must have been below 5%, since oth-

erwise a lower recovery would have been observed for the ENV+ eluate. For the extraction at 

pH 8, it is concluded that the adsorption efficiency must have been in the single digit range, as it 

has been demonstrated that the recovery of DFOB from seawater at pH ~ 8 with ENV+ ranges 

between 34% and 46% (Mawji et al. 2008), which matches the observed recovery of ~ 50%. 

The general observation that more siderophores were recovered under acidic conditions is con-

sistent with the protocol developed for the most efficient DOM extraction from natural waters, 

including free ligand and acid-stable complexes (Monzyk and Crumbliss 1982; Dittmar et al. 

2008; Waska et al. 2015). The comparison between the recoveries of each siderophore and the 

detection of PB and WBA in the eluates of the last cartridges filled with PPL further illustrate that 

the extraction efficiencies were different for each siderophore (McCormack et al. 2003). In gen-

eral, the extraction efficiency of siderophores using apolar sorbents correlates with the retention 

times observed for those siderophores on a reversed phase LC system (Supporting information 

to Chapter 3). These results support the previous conclusion that the interpretation of seawater 

extracts in terms of their siderophore composition and abundance of specific siderophore clas-

ses has a strong bias towards siderophores that exhibit high extraction efficiencies for common-

ly used apolar sorbent (Velasquez et al. 2011; Boiteau et al. 2016, 2019b; Bundy et al. 2018). In 

interpreting their data, Velasquez et al. attributed this possible bias to cause the primary detec-

tion of ferrioxamine-like substances. Consistent with the results displayed in Table 5 and the 

suggested interpretation, ferrioxamines and amphiphilic siderophores like amphibactins are 

most regularly among the identified siderophores in such extracts (Mawji et al. 2008; Velasquez 

et al. 2011; Boiteau et al. 2016, 2019b; Bundy et al. 2018). Another example consistent with this 

experimental drawback is the lack of directly detected very polar and small siderophores such 

as VF, in natural seawater. None of the studies listed above identified VF and similar sidero-

phores in any of the world's oceans, despite the widespread occurrence of VF-encoding gene 
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clusters (Gärdes et al. 2013; Yarimizu et al. 2019). The only exception to this trend is a recent 

study that described the presence of petrobactin in marine waters for the first time (Manck et al. 

2021). Similar to the listed publications, these authors also collected up to 20 L of seawater and 

extracted the filtered water without acid addition using pre-packed ENV+ cartridges. Consider-

ing the low recovery of PB observed in this experiment (Table 5, pH 8: 26.7%), it can be hy-

pothesized that the majority of petrobactin was presumably not extracted, thus resulting in a 

less accurate picture of the petrobactin distribution across the North Pacific. 

4.4 Conclusion 

Despite the known importance of organic ligands for iron supply of marine microorganisms, the 

likely dynamic composition of the ligand pool and associated bioavailability is still poorly under-

stood. This study sought to shed light on the naturally occurring ligand pool using the new affini-

ty extraction approach to overcome the bias of siderophore composition in natural seawater 

samples. However, it was shown that despite the chromatographic improvements and unique 

adsorption of siderophores on TiO2, the extraction of the model siderophore DFOB from large 

volume of natural seawater (20 L), resulted in insufficient adsorption efficiencies under the ob-

served experimental conditions. I assume that one of the reasons for the poor retention of 

DFOB was the relatively small specific surface area of the TiO2 particles used in this study. This 

assumption is based on the fact that in the previous studies, presented in this thesis as well as 

in the literature, the strong interaction of hydroxamates with TiO2 surfaces was well document-

ed. Nonetheless, this study confirmed the affinity of DFOB for TiO2 in small volumes of highly 

concentrated sample solutions. Further, it was also shown that the presence of phosphate in 

seawater decreased the adsorption efficiency, due to the competitive interaction between phos-

phate and siderophore for the TiO2 binding sites. However, this negative effect of phosphate 

was only observed at concentrations above the expected phosphate concentrations in natural 

seawater. The comparison between artificial and natural seawater with an approximately equal 

phosphate concentration also highlighted that natural seawater contained other substances that 

also interacted competitively with siderophores and phosphate for the binding sites on the TiO2 

surface. In addition, these results offered additional proof for the compositional ligand pool bias 

with extraction sorbents like ENV+. The highest recoveries, independent of pH during extrac-

tion, were observed for the siderophores DFOB and WBA, whereas VF and PB showed only 

half the recovery compared to the more apolar ones. In summary, the TDAC method needs fur-

ther adjustment to be used for the direct extraction of siderophores from seawater. Especially 

the sorbent material requires higher porosity to increase the surface area to allow the pro-

cessing of large volumes of seawater. Therefore, a bias-free extraction approach for the identifi-

cation and quantification of siderophores from seawater remains the “holy grail” to understand 

global marine iron cycling.  
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5. Siderophore identification in complex seawater extracts 

Traditionally produced seawater extracts using apolar sorbents (Dittmar et al. 2008) present a 

particular analytical challenge, since the extracted DOM is no longer separable by 1D chroma-

tography approaches alone, regardless of whether common purification techniques like normal 

or reversed-phase or ion exchange chromatography are applied (Sandron et al. 2015). There-

fore, in Chapter 5 I investigated the applicability of TDAC for the targeted extraction of sidero-

phores from natural DOM extracts. I reported that by means of TDAC and adjusted adsorption 

conditions siderophores were concentrated while DOM was depleted, simplifying the identifica-

tion of siderophores in such highly complex samples. I also showed that the reprocessing of 

DOM extracts from the HE533 cruise with the adjusted TDAC method led to the identification of 

putative unknown siderophores. In this study I was responsible for the adjustment of the TDAC 

method and all following LC-HRMS measurements. Seawater extracts were prepared by Jan 

Tebben during cruise HE533. 
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5.1 Introduction 

The established approaches to study the molecular composition of the marine ligand pool work 

with highly complex solid-phase extracts in which the detection of siderophores is very challeng-

ing despite high-resolution MS. In this chapter, it was investigated if the application of TDAC 

facilitates the identification of siderophores in such complex sample matrices, since the results 

in the previous chapters suggested a possible direct workup of conventional apolar SPE ex-

tracts. Dissolved organic matter (DOM) is the overarching term to describe the highly complex 

mixture of biologically derived organic molecules dissolved in fresh and seawater (Hawkes et al. 

2018). Approximately 624 Gt of carbon is present as recalcitrant DOM (RDOM) which accounts 

to almost the same carbon reservoir capacity as atmospheric CO2 (Jiao et al. 2010). RDOM is 

resistant to microbial utilization and persists in the oceans for thousands of years, accounting 

for more than 95% of the total DOM (Jiao et al. 2010). Therefore DOM plays not only a crucial 

role in the marine carbon cycle but also as one of the world’s most important carbon sinks 

(Hertkorn et al. 2008; Lipczynska-Kochany 2018). Extensive cycling involving natural and an-

thropogenic processes leads to an immense structural diversity of DOM (Raeke et al. 2016; Lau 

et al. 2020; Wünsch and Hawkes 2020). State-of-the-art DOM analysis is performed by the hy-

phenation of LC techniques with ultra-high resolution Fourier-transform ion cyclotron resonance 

(FT-ICR) or Orbitrap mass spectrometry allowing accurate molecular characterization (Petras et 

al. 2017; Hawkes et al. 2018; Patriarca et al. 2018; Han et al. 2021). But due to the large num-

ber of possible isomers per molecular mass and their great diversity, overlapping retention 

times occur, which results in the “unresolved DOM hump” (Figure 17) consisting of individual 

extracted ion chromatograms (EICs) showing broad distributions rather than peaks (Sandron et 

al. 2015; Petras et al. 2017; Hawkes et al. 2018; Patriarca et al. 2018). 

 

Figure 17. Total ion chromatogram (TIC) in negative ionization mode of PPL seawater 
extract (NSS pH 2) using LC-ESI-MS equipped with C18 column representing the charac-
teristic DOM hump (own data).  
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However, adding model compounds as standards to DOM extracts does not affect their reten-

tion times in LC-MS measurements, confirming that the naturally present isomers in DOM are 

not influencing the chromatographic behavior of spiked model compounds (Han et al. 2021). 

Sandron et al. gave a detailed overview of the various LC techniques applied to fractionate 

generated DOM extracts via reversed phase SPE. No single separation approach focusing on 

polarity, molecular weight, charge or degree of unsaturation is capable of achieving the resolu-

tion required for molecular-level separation of DOM (Sandron et al. 2015). In general, 1D chro-

matography is limited to a resolution not sufficient enough to achieve total resolution of the tens 

of thousands of individual components compromising such complex mixtures. Therefore, the 

identification of distinct substances in DOM samples remains challenging to this date. 

The detection of siderophores in DOM samples is traditionally facilitated using the complex-

forming properties of siderophores. The first work that identified and quantified siderophores in 

natural water samples established an ICP-MS method with gallium labeling prior to analysis and 

retention time comparison using available standards (Mawji et al. 2008). The advantages of this 

approach are obvious, since monitoring the 69Ga signal rather than iron isotope signals leads to 

far less interferences as a result of its low background presence. In general, elemental analyses 

focusing on the metal content of the sample help to overcome the tremendous complexity of the 

DOM matrix. However, elemental analysis alone makes it impossible to obtain structural infor-

mation about possible unknown siderophores present in natural extracts. Therefore, it is inevi-

table to extend the siderophore analysis to include molecular detection methods. However, the 

low concentration of siderophores, but more importantly as highlighted in this chapter, the com-

plexity and chromatographic behavior of DOM provide significant analytical difficulties for the 

molecular identification and characterization of siderophores in seawater extracts. Nonetheless, 

with the improvement of soft ionization mass spectrometry, it became possible to identify known 

ferrioxamines in seawater extracts via the characteristic iron isotopic pattern and MS/MS frag-

mentation using LC-ESI-MS (Velasquez et al. 2011). As already described in Chapter 1.3.3, 

both elemental and molecular approaches suffer from several drawbacks involving the detection 

of iron and its isotopic pattern: (i) instable complexes that dissociate during ionization or (ii) the 

hampered complex formation under commonly applied chromatographic conditions. Therefore 

the latest studies developed two different approaches to tackle this uncertainty: The split flow 

approach, combining element and molecule detecting techniques, and the so-called native 

metabolomics approach, consisting of pH adjustment followed by metal salt infusion after sepa-

ration on the LC-system (Boiteau et al. 2016, 2019b; Aron et al. 2022). Although these new 

methods can largely solve the problems of untargeted iron-complex analysis, they require ex-

pensive and specially adapted equipment, intensive maintenance due to the high input of metal 

ions into the ionization source and extensive data analysis necessary because of the still high 

sample complexity of DOM extracts. Therefore, there is a continuing need to detect sidero-
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phores in complex samples without extensive data mining, using less-specialized equipment 

and a low-maintenance and instrument protective protocol. Such a method must therefore min-

imize the overall complexity of the DOM extract prior to measurement, in order to avoid relying 

solely on the detection of the isotopic pattern and other specific m/z differences that would only 

become overwhelmingly apparent with the addition of metal ions in excess. However, such a 

new purification method would not overcome the bias caused by the choice of sorbent for the 

extraction of natural waters. 

The TiO2-based affinity chromatography (TDAC) presented in the previous chapters was hy-

pothesized to tackle this issue, as this method was not only capable of efficiently extracting si-

derophores from small-volume and high-concentration samples, but also retained siderophores 

under apolar conditions, which allows the direct workup of conventional SPE extracts. Based on 

these promising properties of TDAC, in this chapter I have investigated the applicability of this 

new method as a purification step of marine DOM extracts. First, I investigated the conditions 

during the adsorption phase that allow specific retention of siderophores on TiO2 and prevent 

non-specific interaction of North Sea DOM with TiO2. The goal was to obtain TDAC eluates en-

riched in siderophores and depleted in DOM compared to the original SPE extracts. Subse-

quently, the developed protocol was applied to process seawater extracts from the research 

vessel Heincke cruise HE533 to the Arctic fjords of Norway in order to characterize the ligand 

pool in these waters. 

5.2 Experimental procedures 

5.2.1 Targeted siderophore extraction from DOM extracts 

To evaluate the performance of TDAC for the purification of siderophores from complex meth-

anolic DOM extracts, the four siderophores DFOB, VF, WBA and PB were used as standard 

compounds. DFOB was purchased as desferrioxamine mesylate from Sigma-Aldrich, the other 

siderophore standards were prepared in our lab (Chapter 3). North Sea water extracted at pH 2 

was used as the DOM matrix. The North Sea water was collected in April 2016 during a transect 

from Helgoland to Bremerhaven. 250 L seawater was sampled into acid-cleaned containers. 

The sampled water was filtered through 0.2 µm PFTE membranes (Whatman) and stored at 

5 °C until use. Seawater was first extracted at neutral pH using prepacked 5 g PPL cartridges 

(Varian, Agilent). Prior to extraction, cartridges were conditioned with one cartridge volume of 

methanol, followed by two cartridge volumes of ultrapure water. One aliquot of 50 L filtered 

seawater was processed with one cartridge at a flow rate not exceeding 20 mL/min. The per-

meates were collected, acidified to pH 2 and re-extracted at the same flow rate using fresh PPL 

cartridges conditioned with acidified ultrapure water after activation with methanol. After extrac-

tion, cartridges were washed with two cartridge volumes of ultrapure water at the appropriate 
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pH, dried and eluated with 50 mL methanol, resulting in ~200 mL neutral and acidic extract. In 

the following the acidic extract is called North Sea standard pH 2 (NSS pH 2). Sampling and 

processing of the North Sea water was conducted by the working group of Boris Koch (AWI). To 

investigate how the composition of solvent (polarity, type of anion and anion concentration) af-

fects the adsorption of DOM and siderophores on TiO2, siderophore standards were mixed with 

the NSS pH 2 DOM standard and diluted with 12 different organic solvent or 15 different aque-

ous buffers prior to TDAC (Table SI 3). Sample solutions were prepared by diluting 10 µL sider-

ophore mix (0.1 µM DFOB, 10 µM WBA, 100 µM VF and PB) with 180 µL NSS pH 2 and 

1.61 mL of the corresponding solvent or buffer. Polypropylene solid phase extraction (SPE) car-

tridges (3 mL) and matching polyethylene filter elements (Macherey-Nagel) were used through-

out the experiment. Cartridges were packed with 200 mg (± 5 mg) of TiO2 as described in Chap-

ter 3 and 4. A volume of 1.5 mL sample solution was passed over one column and the perme-

ate was collected. 200 µL of sample solution were kept to determine original concentrations 

before extraction. Columns were washed with 3 mL of the respective sample solution, solvent or 

buffer, followed by 6 mL of ultrapure water. All wash solutions were discarded and columns 

were eluated with 2 mL of 0.5 M NaH2PO4 at pH 2.4. Eluates were measured by LC-HRMS 

without further steps, while aliquots of the original samples in organic solvents as well as the 

corresponding permeates were dried under N2 stream. The dried samples were taken up in 

methanol (LC-MS grade) and measured accordingly. Adsorption efficiencies were calculated as 

described in Chapter 4.2.1. Recoveries were calculated by determining the concentrations in 

the eluates by external calibration with siderophores and DOM prepared in the applied phos-

phate elution solution. 

5.2.2 TDAC reprocessing of large volume seawater extracts from expedition HE533 

During the HE533 cruise (Figure 18), different volumes of seawater (Table 6) were extracted 

with polystyrene-divinylbenzene (HP20, Diaion). Prior to extraction, seawater was sequentially 

filtered with 10 µm, 3 µm and 1 µm filter bags and acidified to pH 4 using 37% HCl. After extrac-

tion, HP20 was washed with ultrapure water and transferred into 100 mL brown glass centrifuge 

vessels and stored at -20 °C until further processing. The adsorbed components were eluted in 

the laboratory in Bremerhaven by washing the HP20 sorbent five times with ~ 50 mL LC-MS 

grade methanol. Eluates were combined, concentrated by rotary evaporation and completely 

dried by freeze drying. Afterwards, samples were resuspended in 2 mL methanol and 100 µL 

aliquots were taken and diluted with 1.7 mL of 0.5 M NaCl, pH 4. Then 300 µL aliquots of the 

diluted original samples were taken and 1.5 mL were extracted with 200 mg/3 mL TiO2 cartridg-

es. Column conditioning, extraction, washing and elution were performed as for the method de-

velopment described in Chapter 5.2.1. Blank samples were prepared by replacing the NSS pH 2 

DOM standard with methanol (LC-MS grade), but otherwise treated in the same manner. 
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Figure 18. Geographic positions of the stations 1-30 of expedition HE533 in summer 2019 
to the arctic fjords of Norway. 

 

Table 6. Large volume extraction at different stations during expedition HE533. 

Station No. Volume (L) Station No. Volume (L) Station No. Volume (L) 

2 

3 

4 

5 

6 

7 

8 

9a 

9b 

10c 

450 

450 

370 

370 

550 

100 

650 

50 

150 

100 

10c 

10c, d 

11 

12 

13 

14 

15 

17 

18 

19 

200 

300 

250 

50 

50 

350 

380 

80 

200 

120 

19 

20 

21 

22 

23 

25 

26 

27 

28 

220 

130 

230 

150 

130 

150 

200 

200 

600 

a Water sampled from 3 m depth, corresponding to the chlorophyll maximum at this station 
b Water sampled from 14 m depth 
c Cell concentration >25 × 106 c/L of toxic Chrysochromulina leadbeateri 
d Extraction without filtration 



Siderophore identification in complex seawater extracts 74 
 

 

5.2.3 LC-HRMS 

To characterize the eluates of the large volume extractions, samples were measured with the 

following settings optimized for siderophore (see Chapter 4.2.3) and dissolved organic matter 

(DOM): Solvent A = 0.1% formic acid in ultrapure water, solvent B = 0.1% formic acid in metha-

nol; T0min B= 1%, T1.5 min B = 1%, T10 min B = 50%, T12min B = 99%, T14 min B = 99%; T15 min B = 1% 

with a flow rate of 0.4 mL min−1. The first 2 min of the LC method were isocratic and the flow 

diverted to the waste channel. MS measurements were performed using electrospray ionization 

in negative mode at full scan resolution of 280,000 (m/z 200) and a scan range of 150-

1500 m/z. To approximate the adsorption efficiency and recovery for DOM, the m/z values 

367.10346, 409.11402, 421.11402, 439.12458 and 453.14023 used to determine the degrada-

tion index of DOM in negative ionization mode were taken into account (Flerus et al. 2012). The 

EICs corresponding to those m/z values showed the typical chromatographic behavior of DOM, 

resulting in broad peaks over several minutes of each run (Petras et al. 2017; Patriarca et al. 

2018). Integration of those peaks was conducted manually using Thermo Fishers Xcalibur soft-

ware since automated peak picking was impossible (Gavard et al. 2020). Data independent 

mode at full scan resolution of 70,000 (m/z 200) followed by MS2 experiments (normalized colli-

sion energy of 30 eV, automatic gain control target of 3 × 106 and 50 ms maximum injection 

time) was used for further characterization of two putative siderophores ([M-H]- = m/z 819.36573 

and m/z 1083.44946) and the corresponding adducts and iron complexes, which were detected 

at several stations in the Tromsø area. 

5.3 Results and discussion 

5.3.1 Targeted siderophore extraction from DOM extracts 

Since TiO2 is produced in large quantities and was already found in different environmental 

samples (Kaegi et al. 2008), several studies were conducted to assess its fate, transport and 

ecotoxicology (French et al. 2009; Yang et al. 2009, 2013; Zhang et al. 2009; Erhayem and 

Sohn 2014). All these studies underlined the occurring adsorption of DOM and its different 

components like humic acids, onto TiO2 under different pH conditions, ionic strengths and in the 

presences of specific ions. Yang et al. emphasized in 2009 that the adsorption of humic acids 

onto TiO2 was less affected by pH changes than for Al2O3 or ZnO. These results highlight the 

need to adjust the adsorption conditions for the targeted extraction of siderophores via TDAC 

from DOM extracts. To determine the conditions that lead to suppressed adsorption of DOM 

whilst still enabling efficient adsorption of siderophores on TiO2 different parameters like solvent 

polarity, type of anion, anion concentration and pH were investigated. 
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Figure 19. Comparison of DOM adsorption efficiency and recovery (DOM represented by 
negative correlating compounds according to Flerus et al. 2012) and averaged sidero-
phore adsorption efficiency and recovery depending on organic solvent and pH. Vibri-
oferrin, desferrioxamine B, petrobactin and woodybactin A were used as model sidero-
phores. 

The results of these extraction experiments showed that the adsorption of DOM to TiO2 is in-

creased for all organic solvents (> 90% adsorption efficiency) in comparison to neutral ultrapure 

water (~ 50%) (Figure 19). However, when comparing only the organic solvents with each other, 

no clear trend was observed whether the adsorption efficiency of DOM increased with decreas-

ing polarity of the solvent (solvents ordered by ET(30), water most polar, n-hexane most apolar 

(Reichardt 1994)). It was also observed that a decrease in pH (solvents with 0.1% formic acid) 

led to a decrease in adsorption efficiency of DOM for almost all investigated organic solvents. 
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The only exceptions to this observation were the determined adsorption efficiencies for acidified 

n-hexane (~ 100%) and methanol (~ 95%). Contrary to the observed adsorption behavior of 

DOM in different organic solvents, the pH of ultrapure water did not have a strong effect on the 

adsorption efficiency of DOM to TiO2 (acidified ultrapure water ~ 50% adsorption efficiency). In 

contrast to these results, it was expected that DOM might exhibit better adsorption at slightly 

acidic conditions, since TiO2 surfaces are positively charged at pH < 5 (Dobson et al. 1997; 

Suttiponparnit et al. 2011; Nduwa-Mushidi and Anderson 2017), and at this pH most of the acid-

ic functionalities of DOM, such as carbocyclic acid groups, are deprotonated and thus negative-

ly charged. Therefore increased adsorption of DOM due to attractive electrostatic interactions 

was expected. Recovery of DOM matched the trend of adsorption efficiency, meaning that the 

lowest recovery or the largest depletion of DOM in TDAC eluates was achieved when aqueous 

sample solutions were extracted. These findings underline that unspecific interactions are likely 

not causing the adsorption of DOM to TiO2, since otherwise no or less adsorption would have 

been observed in organic solvents in comparison to ultrapure water. The results for the four 

model siderophores DFOB, VF, PB and WBA are displayed as averaged adsorption efficiency 

and averaged recovery. Independent of solvent and pH, averaged siderophore adsorption effi-

ciency was > 89% for all extraction experiments. In comparison to the observed DOM adsorp-

tion efficiencies, it is particularly noticeable that the averaged adsorption efficiency of sidero-

phores from ultrapure water is similar to that from the organic solvents. But similar to the ob-

served DOM recoveries, the averaged siderophore recoveries (Ø 36%) were also proportional to 

the determined adsorption efficiencies. The comparison between the recoveries of DOM and 

siderophores illustrates that depletion of DOM relative to siderophores in the eluate occurred 

only under aqueous adsorption conditions. Therefore, to achieve an even greater depletion of 

DOM compared to siderophores in the TDAC eluate, additional aqueous adsorption conditions 

were investigated. The investigated adsorption buffers contained chloride, sulphate or phos-

phate at two concentrations (0.1 M or 0.5 M) and were adjusted to two pH values (2.4 or 4) or 

five different pH values (2.4, 4, 7, 9 and 10) in case of the phosphate containing buffers. In gen-

eral, DOM adsorption efficiency decreased with increasing anion concentration (Figure 20). The 

specific effect of the anion present was particularly evident in the case of phosphate, which, 

under otherwise identical conditions (concentration and pH), led to poorer DOM adsorption effi-

ciencies than sulphate and chloride. This ranking correlates with the observed anionic effect on 

the adsorption of natural organic matter onto TiO2 nanoparticles (Erhayem and Sohn 2014). 

When comparing the different phosphate buffers with each other, it also became clear that at a 

constant phosphate concentration (0.1 M), the adsorption efficiency of DOM increased with in-

creasing pH. These observations supported my expectations, as the affinity of phosphate to-

wards TiO2 and therefore the competition for binding sites decreases with increasing pH 

(Connor and McQuillan 1999). 
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Figure 20. Comparison of DOM adsorption efficiency and recovery (DOM represented by 
negative correlating compounds according to Flerus et al. 2012) and averaged sidero-
phore adsorption efficiency and recovery depending on buffer composition and pH. Vib-
rioferrin, desferrioxamine B, petrobactin and woodybactin A were used as model sidero-
phores. 

Similar to the observed DOM adsorption efficiencies, the averaged siderophore adsorption effi-

ciencies were more reduced by the addition of phosphate under acidic conditions than by sul-

phate and chloride. All acidic phosphate buffers resulted in siderophore adsorption efficiencies 

of less than 5%. In contrast to those results, the siderophore adsorption efficiencies of the sul-

phate and chloride containing buffers were above 25% and 65%, respectively. These findings 

were in accordance with the observed influence of those anions on the elution of siderophores 

from TiO2 described in Chapter 3. Comparison of extraction results shows that the buffer con-

taining 0.5 M chloride at pH 4 achieved the greatest depletion of DOM (2% recovery) with the 

highest possible recovery of siderophores (38.9%). 

5.3.2 TDAC reprocessing of large volume seawater extracts from expedition HE533 

The working protocol to enrich siderophores and deplete DOM was applied to large volume ex-

tracts of Fjord DOM. The majority of TDAC eluates resulted in chromatograms similar to the 

base peak chromatograms (BPC) of the blank eluates, measured in negative as well as in posi-

tive ionization mode. One example is the BPC of the TDAC eluate of Station 7 given in Figure 

21. These findings underline the absence of high siderophores concentrations in such extracts. 

This hypothesis is matching the observation, that no siderophores were identified in the crude 
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HP20 extracts with a data base comparison. The only TDAC eluate that showed distinct peaks 

in the LC-HRMS runs, positive as well as negative ionization mode (Figure 21), was the TDAC 

eluate of the 50 L HP20 extract from Station 9 that was sampled in 3 m water depth (Table 6). 

The two peaks observed in the BPC at negative ionization can be assigned to two distinct m/z 

values: 1083.44946 at 9.67 min and 819.36573 at 9.84 min (Figure 21). 

 

Figure 21. Negative base peak chromatograms (BPC, black) and extracted ion chromato-
grams (EIC) of m/z 819.36573 (orange) and m/z 1083.44946 (blue) responsible for ob-
served base peaks in TDAC eluates. Chromatograms for Stations 7, 8, and 9 are given for 
comparison. The map shows the distribution and abundance of m/z 819.36573 corre-
sponding to the determined peak areas in the TDAC eluates across the fjord systems 
around Tromsø (Stations 8, 9, 10, 11, 12, 14 and 15) in summer 2019. 

In positive ionization mode the two peaks also occur in the TIC, but the corresponding mass 

spectrum is more complex (Figure SI 13) compared to the one obtained in negative mode, re-

sulting in the absence of peaks in the positive BPC. The EICs of m/z 819.36573 and 

m/z 1083.44946 are also shown in the displayed chromatograms as well as the distribution of 

m/z 819.36573 across the fjords around Tromsø, underlining that especially this m/z value was 

not only observed in this extract of Station 9 but also in the those of Stations 8, 10, 11, 12, 14 

and 15. Furthermore, these m/z values were also detected in the corresponding crude HP20 

extracts of these stations prior to TDAC (Table SI 7). Those compounds were also observed in 

one additional HP20 extracts from the Tromsø area (Station 13) as well as from other regions 

like the Porsanerfjord (Station 17-19) and Laksefjord (Station 21) (Figure 18, Table SI 7). How-

ever, the abundance of those compounds in these samples was much lower than in the HP20 
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extracts from Stations 8, 9, 10 and 12. Additionally, none of these ions were observed in either 

the blank samples or the NSS pH 2 DOM standard. However, it was remarkable that these m/z 

values were predominantly observed in the samples from the fjord systems around Tromsø. The 

compound corresponding to m/z 1083.44946 was only detected in samples in which m/z 

819.36573 was also measured. In all cases, the signal of m/z 819.36573 was more intense than 

that of m/z 1083.44946 (Table SI 7). The hotspot of the putative compounds seemed to be lo-

cated at the end of the Balsfjord (Station 9). Zooming into the mass spectra shown in Figure 21, 

resulted in the observation that m/z 819.36573 and m/z 1083.44946 both exhibited characteris-

tic Δm/z values (Figure 22). The Δm/z 52.9115 corresponds to the difference between the 12C-

isotope peak of the iron free compounds ([M-H]- = m/z 819.36573 and m/z 1083.44946) and the 

56Fe12C isotope peak of the iron containing compound ([M-4H+56Fe]- = m/z 872.27733 and m/z 

1136.35986, respectively) (Baars et al. 2014). The difference of Δm/z 52.9115 indicates an 

Fe(III)-complex not only in positive but also in negative ionization mode, as shown for Fe(III)-

EDTA (Chen et al. 2007; Zheng et al. 2008) or the siderophore coprogen (Simionato et al. 

2006). Besides the Δm/z between free and iron-containing species, the more common Δm/z for 

the identification of iron containing ions is the characteristic Δm/z of 1.9954 (De Hoffmann and 

Stroobant 1991) for the isotope pair 54Fe/56Fe (m/z 872.27733/ m/z 870.28232 and m/z 

1136.35986/ m/z 1134.36441). Together, the observed intensity ratio of 6.01/100 for m/z 

870.28232/ m/z 872.27733 and 4.68/100 for m/z 1134.36441/ m/z 1136.35986, the chromato-

graphic coherence (Figure 24) of the iron isotope and adduct patterns suggest that these parent 

compounds contain iron (Baars et al. 2014; Baumeister et al. 2018; Aron et al. 2022). 

 

Figure 22. MS1 spectra in negative ionization mode of m/z 819.36573 and m/z 1083.44946 
extracted from the chromatogram of Station 9 TDAC eluate, which is shown in Figure 21.  
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In addition to the Δm/z values indicating the presence of an iron-species, the Δm/z of 21.9820 

was observed for both, m/z 819.36573 and m/z 1083.44946, verifying the presence of a depro-

tonated ion ([M-H]-) and its associated deprotonated sodium adduct ([M-2H+Na]- = 

m/z 841.34773 and m/z 1105.43041, respectively (Zhu et al. 2013). The corresponding iron 

species to the sodium adduct m/z 1105.43041 were also observed: [M-5H+56Fe+Na]- = 

m/z 1158.34197 and [M-5H+54Fe+Na]- = m/z 1156.34643 with Δm/z 1.9955 and an intensity 

ratio of 5.9/100 (Figure 23). 

 

Figure 23. MS1 spectra in negative ionization mode of m/z 1105.43041 extracted from the 
chromatogram of Station 9 TDAC eluate, which is shown in Figure 21. 

In general, the presence of sodium adducts [M-2H+Na]- in negative ionization mode is a strong 

indication of acidic functionality (Nielsen et al. 2011) and could therefore also be considered 

indicative of siderophore-like substances. As mentioned above, the spectra obtained in positive 

mode were more complex and the corresponding [M+H]+ ions to the deprotonated ions [M-H]- = 

m/z 819.36573 and [M-H]- = m/z 1083.44946 were not detected. Nevertheless, m/z values were 

observed consistent with the retention times of the ions detected in the negative mode (Figure 

24), which also revealed the typical Δm/z values and intensity ratios described above. Corre-

sponding to the sodium adducts in negative mode [M-2H+Na]-, the sodium adducts in positive 

mode [M+Na]+ = m/z 1107.44847 and [M+Na]+ = m/z 843.36338 were detected at the same 

retention time. In addition, the iron-containing species of the sodium adducts were also ob-

served: [M-3H+56Fe+Na]+ = m/z 1160.36021 or m/z 843.36338 and [M-3H+54Fe+Na]+ = 

m/z 1158.36729 or m/z 841.3678. Furthermore, doubly charged ions, showing the same chro-

matographic and isotopic coherence, were measured: [M+H+Na]2+ = m/z 422.17924 or 

m/z 554.22236, [M-3H+56Fe+Na]2+ = m/z 448.64122 or m/z 580.68361 and [M-2H+54Fe+Na]2+ = 

m/z 447.64349 or m/z 579.68553. These interpretation can be made due to the observed Δm/z 

of 26.4609 and Δm/z of 0.9979 (z = 2) corresponding to the Δm/z 52.9115 and Δm/z 1.9954 (z 

= 1). MS2 experiments of m/z 819.36573 and the corresponding iron species m/z 872.27733 

and m/z 870.28232 revealed the characteristic 56Fe/54Fe Δm/z even after fragmentation (Figure 

25, Table SI 4). 
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Figure 24. Comparison of extracted ion chromatograms corresponding to putative sider-
ophore ions in negative and positive ionization mode. 

A similar observation was made for the fragmentation of the iron species m/z 1136.35986 and 

m/z 1134.36441, but only one fragment could be compared due to the low intensities of the 54Fe 

species (Figure 25, Table SI 5). The observable iron isotope pattern after fragmentation, further 

confirmed the presence of siderophore-like iron complexes rather than unspecific adducts 

formed in the ESI source, since the strong affinity of smaller fragments to bind iron is a charac-

teristic of siderophore-type compounds (Velasquez et al. 2011). MS2 experiments further under-

lined the structural similarity between these two parent compounds. Characteristic neutral loss-

es of 114.07 Da and 204.10 Da were observed during the fragmentation of the iron free and 

iron-containing species of both components (Table 7). The neutral loss of 204 Da is regularly 

assigned to a loss of acetyl-hexose (C8H12O6) (Ancillotti et al. 2017), but the poor accuracy of 

Δppm > 100 is denying this suggestion. Annotating the neutral loss to C9H16O5 with an accuracy 

of Δppm -2.96 is more appropriate but gives no structural information about the parent ions, 

since no match was found in the literature. 
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Figure 25. MS2 spectra of m/z 819.36573, m/z 872.27733, m/z 870.28232, m/z 1083.44946, 
m/z 1136.35986 and m/z 1134.36441. 

The neutral fragment 114.07 Da, corresponding to an elemental composition of C6H10O2, is also 

not classified as a diagnostic device for one specific structural feature as an extensive literature 

research underlined. The neutral loss of 176.07 Da was observed to be a unique feature for the 

fragmentation of the parent ions 819.37, 870.27 and 872.27. Literature comparison suggested 

that this fragment corresponds to a glucuronide conjugate (C6H8O6) (Ling et al. 2012), but simi-

lar to the neutral loss of 204 Da, the accuracy of Δppm > 100 led to exclusion of this sum formu-
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la. Instead this neutral loss was annotated as C7H12O5. MS2 spectra in positive ionization mode 

of m/z 843.36338 and m/z 1107.44847 underline the structural similarities of these two mole-

cules (Figure SI 13). The observed parent ions, corresponding fragments and neutral losses led 

to the conclusion that the detected putative unknown ligands contain no nitrogen. Especially the 

observation, that the fragments m/z 175.06 and m/z 187.06 showed subsequently neutral loss-

es of 18 Da, implied the presents of oxygen in those small fragments. This requirement caused 

the exclusion of all sum formulas without oxygen, including possible parent ions containing ni-

trogen. Even considering sulfur and phosphorus, it was not possible to propose more suitable 

sum formulas compatible with all observed fragments and neutral losses. Therefore 

m/z 819.36573 and m/z 1083.44946 were assigned to C38H59O19 and C48H75O27, respectively 

(Table 8). 

SIRIUS 4.9.15 (Dührkop et al. 2019) was used to verify the manually predicted molecular formu-

lae of the putative siderophore-like compounds. The latest version of SIRIUS combines the for-

mula annotation by MS2 patterns with the structural characterization capabilities of CSI (Com-

pound Structure Identification):FingerID (Dührkop et al. 2015) and the systematic classification 

approach of CANOPUS (Class assignment and ontology prediction using mass spectrometry) 

(Dührkop et al. 2021). In case of m/z 819.36573 and its corresponding ions, SIRIUS concluded 

the identical molecular formula of C38H59O19 and CSI:FingerID calculation resulted in 24 struc-

ture suggestions, which all contained three glycosyl groups. The related structure with the high-

est structural similarity is shown in Figure 26. 

Table 7. Characteristic neutral losses observed for putative unknown ligands and corre-
sponding iron complexes in negative ionization mode.  

Neutral loss / Da Sum formula Parent ion [M-H]- 

114.07 

176.07 

204.10 

282.09 

C6H10O2 

C7H12O5 

C9H16O5 

C10H18O9 

819.37; 1083.45 

819.37 

819.37; 1083.45 

1083.45 

Neutral loss / Da Sum formula Parent ion [M-4H+Fe]- 

114.07 

118.03 

176.07 

282.10 

C6H10O2 

C4H6O4 

C7H12O5 

C10H18O9 

872.27, 870.27; (1034.36), 1036.36 

872.27, 870.27; (1034.36), 1036.36 

872.27, 870.27 

(1034.36), 1036.36 
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Figure 26. Structure of the most similar CSI:FingerID suggestion for [M-H]- = 
m/z 819.36573 with a similarity of 53%. 
 

Table 8. Annotation of detected ions in negative and positive ionization mode. 

Measured m/z Theoretical m/z Δppm Charge z Sum formula 

819.36573 

841.34773 

870.28232 

872.27733 

892.26350 

894.25904 

1083.44946 

1105.43041 

1134.36441 

1136.35986 

1156.34643 

1158.34197 

819.36560 

841.34755 

870.28285 

872.27707 

892.26369 

894.25901 

1083.45012 

1105.43206 

1134.36626 

1136.36159 

1156.34820 

1158.34353 

0.16 

0.22 

0.67 

0.30 

-0.21 

0.03 

-0.69 

-1.49 

-1.63 

-1.52 

-1.54 

-1.35 

-1 

-1 

-1 

-1 

-1 

-1 

-1 

-1 

-1 

-1 

-1 

-1 

C38H59O19 

C38H58O19Na 

C38H56O19
54Fe 

C38H56O19
56Fe 

C38H55O19
54FeNa 

C38H55O19
56FeNa 

C48H75O27 

C48H74O27Na 

C48H72O27
54Fe 

C48H72O27
56Fe 

C48H71O27
54FeNa 

C48H71O27
56FeNa 

422.17924 

447.64349 

448.64122 

554.22236 

579.68553 

580.68361 

843.36338 

894.27705 

896.27505 

1107.44847 

1158.36729 

1160.36021 

422.18469 

447.64276 

448.64042 

554.22695 

579.68502 

580.68268 

843.3621 

894.27824 

896.27357 

1107.44662 

1158.36276 

1160.35808 

-12.91 

1.63 

1.78 

-8.28 

0.88 

1.59 

1.52 

-1.33 

1.66 

1.67 

3.41 

1.83 

+2 

+2 

+2 

+2 

+2 

+2 

+1 

+1 

+1 

+1 

+1 

+1 

C38H61O19Na 

C38H58O19
54FeNa 

C38H58O19
56FeNa 

C48H77O27Na 

C48H74O27
54FeNa 

C48H74O27
56FeNa 

C38H60O19Na 

C38H58O19
54FeNa 

C38H58O19
56FeNa 

C48H76O27Na 

C48H74O27
54FeNa 

C48H74O27
56FeNa 
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In case of m/z 1083.44946 the sum formula of C48H75O27 was within the top three SIRIUS sug-

gestions. However, CSI:FingerID suggested no similar structures for this formula. The classifica-

tion of both compounds with CANOPUS resulted in the level 6 annotation of m/z 819.36573 as 

an o-glycosyl compound and in the level 5 annotation of m/z 1083.44946 as an oligosaccharide. 

These classifications are based on the ClassyFire ChemOnt ontology (Feunang et al. 2016) and 

highlighted the saccharide-like character of these putative ligands. 

Since almost all known siderophores contain nitrogen as part of the iron-binding hydroxamate 

group or in their peptide backbone structure (Hider and Kong 2010) and due to the lack of miss-

ing literature matches in terms of MS2 patterns and exact masses as well as the classification 

via CANOPUS, it can be concluded that the observed ions do not belong to any described si-

derophore class. Nonetheless, the marine iron ligand pool contains other substance classes in 

addition to siderophores that are able to form complexes with Fe(III) and are not defined by a 

certain nitrogen content. The remaining ligands can generally be associated to either humic 

substances or to marine degradation and excretion products (Hassler et al. 2017). Humic sub-

stances, including humic and fulvic acids, are loosely-defined macromolecules which contain a 

mixture of carboxylated and fused alicyclic structures, known for metal binding capabilities 

(Hertkorn et al. 2006; Yang and Van Den Berg 2009; Gledhill and Buck 2012). Degradation and 

excretion products include a variety of different carbohydrates like polyphenolic compounds and 

saccharides showing also a distinct ligand character (Gyurcsik and Nagy 2000; Verdugo et al. 

2004; Santana-Casiano et al. 2010, 2014; Rico et al. 2013). For example, monosaccharides like 

gluconic acid form iron complexes (log K 8.7) that are almost as stable as the Fe(III)-vibrioferrin 

complex (log K 10.9) (Croot and Johansson 2000; Amin et al. 2009a). In addition, saccharide 

concentrations are reported to be at least one order of a magnitude above siderophore concen-

trations highlighting their potential to outcompete strong ligands like siderophores 

(Panagiotopoulos and Sempéré 2005; Hassler et al. 2011b). However, most of the saccharides 

(3-50% of total dissolved and colloidal organic matter (Aluwihare et al. 1997; Verdugo et al. 

2004; Hassler et al. 2011b)) are present as polysaccharides (Pakulski and Benner 1994). Such 

polysaccharides are synthesized by most marine organisms, which use those glycans either as 

internal energy storage or secrete them as extracellular polysaccharides (EPS) (Aluwihare et al. 

1997; Nichols et al. 2005; Norman et al. 2015). The ability of EPS and corresponding degrada-

tion products to bind iron and to enhance its bioavailability to phytoplankton is well documented 

(Rue and Bruland 2001; Hassler et al. 2011b; a). All these findings correspond to the possible 

saccharide-like character of the observed putative siderophores. 

In addition to the classification of these compounds, it was also suspected that the observed 

substances are related to the algal bloom of the toxic haptophyte Chrysochromulina leadbeateri 

in the Balsfjord. The toxins of this species are not known, but since C. leadbeateri belongs to 
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the genus Prymnesium the biosynthesis of similar toxins can be expected. For example, P. par-

vum produces a complex mix of toxins that includes lipopolysaccharides and galactolipids as 

well as ladder-frame polyether prymnsesins (Kozakai et al. 1982; Wagstaff et al. 2018). The 

majority of these toxins exhibits low or no nitrogen compositions as well as saccharide function-

alities and thus meets the requirement of the observed substances. However, no matches with 

MS or MS2 data of these toxins were obtained. A strong indication against linking the toxic algal 

bloom to the observed compounds is that the apparent hotspot for those compounds was not 

observed at Station 10, where the highest cell concentrations of C. leadbeateri were observed, 

but at the end of the fjord at Station 9. Since unfiltered water was also extracted at Station 10 

and no increased abundances of those components were observed in these samples, it was 

also hypothesized that these substances are most likely not cell-associated with C. leadbeateri 

(Table SI 7). Rather, a link can be seen between the observed chlorophyll maximum, indicating 

the greatest concentration of phytoplankton, and the observed putative siderophore abundance 

at Station 9. This station was the only sample site where the chlorophyll maximum was detected 

at the surface of the water column (Figure 27). For all other stations on this cruise, the chloro-

phyll maximum was observed between 8-28 m water depths. In addition, Station 9 and Station 

25 were the only locations where haloclines were observed, as indicated by the reduced salinity 

in the surface water (Figure 27 and Figure SI 14). However, none of the putative siderophores 

were detected in the extract of Station 25, emphasizing that the occurrence of these compounds 

may not be linked to the stratification of the water column or the influx of terrestrial material 

alone but to the primary production in the uppermost water layer. Nonetheless, the stratification 

of the water column in combination with the observed chlorophyll fluorescence suggested that 

all exudated metabolites are concentrated in the surface water since the formation of a halocline 

hampers the mixing of the water column. 

At Station 9 two different large volume extractions were performed at 3 m (50 L) and at 14 m 

(150 L) water depth. As mentioned above, the highest abundance of putative siderophores was 

observed in the surface water extract, while in comparison only a tenth of m/z 819.36573 and a 

hundredth of m/z 1083.44946 was detected in the extract from 14 m water depth (Table SI 7). 

These findings matched the general expectations that excess ligand concentrations are highest 

in the upper water column (Rue and Bruland 1995; Boye et al. 2001; Thuroczy et al. 2010; 

Ibisanmi et al. 2011; Mohamed et al. 2011; Gledhill and Buck 2012). However, since the extrac-

tion efficiency of these substances was unknown and due to the extraction of different volumes, 

differences in signal intensities cannot be correlated with depth or chlorophyll fluorescence at 

this station. This limitation on data interpretation generally applied to all extracts, since different 

volumes of sea water were extracted, resulting presumably in different recoveries of these com-

pounds at every sample site. 
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Therefore, the available data allowed only semi-quantitative statements about the occurrence of 

these substances. However, since both extracts from Station 9 exhibited the highest observed 

intensities of the putative siderophores it was concluded that these substances were most 

abundant at this location. 

 

Figure 27. Depth profiles of chlorophyll fluorescence, salinity, O2 saturation and tempera-
ture at Stations 7-10. The highest chlorophyll fluorescence, highest temperature and 
lowest salinity in surface water during the HE533 cruise was observed at Station 9 (high-
lighted in orange). Data was taken from the corresponding PANGEA entry (John and 
Wisotzki). 

Linking chlorophyll concentrations and therefore primary production to iron ligand concentra-

tions was undertaken in a variety of studies (Rue and Bruland 1995; van den Berg 1995; Witter 

and Luther III 1998; Boye et al. 2001, 2010; Croot et al. 2004; Gerringa et al. 2006; Gledhill and 

Buck 2012). Most of these studies underlined the correlation between the maxima of excess 

ligand concentration and chlorophyll fluorescence (Gledhill and Buck 2012). But only in a recent 

study it was shown that the presence of specific siderophores correlated with certain chloro-

phyll a concentrations and depth profiles (Boiteau et al. 2019b): Ferrioxamines were observed 

in surface waters of shallow continental shelf regions with high chlorophyll a concentrations 

(> 10 μgL−1), while apolar siderophores like amphibactins were found in nepheloid layers or off-

shore waters with intermediate chlorophyll a concentrations (0.5–3 μgL−1). Therefore these find-

ings suggested a correlation between the polarities of the observed siderophores with the de-

tected chlorophyll a concentrations at the specific sample sites. This correlation may also be 
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observed in this case since at Station 9 in 4 m water depth intermediate chlorophyll a concen-

trations were overserved (4.7 μgL−1) (Voß et al.), and the retention behavior of the putative si-

derophores indicated a more apolar character than desferrioxamine B. With all these observa-

tions and links to the literature it remains to be clarified if the observed putative ligands are re-

lated to microbial saccharides or other ligand classes of the marine ligand pool. Further experi-

ments are therefore necessary not only to achieve structural elucidation but also to verify the 

Fe(III)-chelating properties, since the iron species and corresponding free ligands were only 

detected at the same retention times. This observation indicates that either complex formation 

or dissociation appeared after separation on the LC and thus only one species was present in 

the TDAC eluates as well as in the HP20 extracts. 

5.4 Conclusion 

Although iron is limiting not only the primary production in most of the world’s oceans, systemat-

ic approaches to characterize and to discover Fe(III)-binding ligands are limited. All commonly 

applied methods used for the identification of those ligands rely solely on the detection of the 

unique isotopic pattern of iron or on a targeted approach using established data bases. This 

TDAC method described here can help to identify iron-binding ligands in one of the most com-

plex sample matrices like DOM, by reducing the sample complexity drastically. By using an ad-

sorption buffer, containing 0.5 M chloride at pH 4, TDAC allowed the enrichment of sidero-

phores with an averaged recovery of approximately 40%, while DOM recovery was below 2%. 

This adapted TDAC protocol was then applied to the processing of large volume seawater ex-

tracts from the cruise HE533 of the research vessel Heincke. The analysis of the eluates 

showed that the adapted protocol is suitable for the efficient depletion of DOM, as most of the 

eluates showed blank-like base peak chromatograms. Only one Station sample (Station 9, sur-

face water) showed two distinct peaks in the negative BPC. These peaks corresponded to two 

putative Fe(III)-ligands in their apo-form, since matching ions were detected showing the char-

acteristic iron-isotope pattern as well as the associated sodium adducts. These results high-

lighted that the TDAC method allows the identification of chelating compounds not by intense 

data mining but due to the reduction of sample complexity prior to MS measurements. Using 

high-resolution MS and MS2 experiments, it was possible to determine the molecular formulae 

of the two components, but due to missing matches with the literature, no detailed conclusions 

were made about their structure. However, CANOPUS classified both compounds as saccha-

ride-like molecules based on their MS2 pattern. The identified compounds were not only detect-

ed in samples from Station 9 but in general predominantly in the Tromsø area, with the presum-

ably hotspot in the surface water at the end of the Balsfjord (Station 9). This sample site was 

characterized by clear stratification of the water column, including a surface layer of fresh water. 
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At this station not only the highest abundance of these compounds were detected but also the 

highest chlorophyll fluorescence in surface water. Raising the question how the observed com-

pounds were linked to the primary production in such defined surface waters. These results 

highlighted the potential of TDAC as a powerful tool that contributes to solving the puzzle of iron 

cycling and ligand pool composition in the world's oceans. 
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6. Conclusion and perspective 

This thesis provides a new affinity chromatography approach – TDAC – based on the inherent 

affinity of siderophores to TiO2 allowing the specific separation of those iron ligands from com-

plex sample matrices like bacterial cultures, saline matrices and marine DOM extracts. TDAC 

represents a novel type of affinity chromatography with unique adsorption and elution character-

istics extending the tool box of siderophore analytics by simplifying the identification of putative 

siderophores in background depleted TDAC eluates. Especially the strong interaction of func-

tional groups like hydroxamates, catecholates and α-hydroxycarboxylates with TiO2 resulted in 

efficient adsorption and specific separation from the organic background. TDAC allowed the 

extraction of polar compounds from apolar solvents as well as from polar matrices even in the 

presence of high salinity or organic background. However, the detailed mechanisms of adsorp-

tion and desorption of the different functional groups need further investigation to fully under-

stand why those iron chelating groups required different elution solution compositions. Extend-

ing the knowledge about the desorption mechanism will ultimately lead to refined elution condi-

tions that could further enhance the separation performance of TDAC. Broader knowledge of 

the desorption process and the resulting improved separation performance would also likely 

suggest the potential of purifying other substance classes such as phosphocompounds, flavo-

noids, and cis-diols simultaneously with siderophores. Besides the excellent performance of 

TDAC in separating siderophores from small-volume and high-concentration samples, draw-

backs were noted when TDAC was used for large-volume extraction of seawater. It was con-

cluded that two different parameters limited the performance of TDAC under the investigated 

experimental setup. The first limitation was caused by the seawater matrix which contained in-

organic components like phosphate ions and organic molecules like humic substances. Since 

both compound classes are more abundant in seawater than siderophores and are known to 

adsorb onto TiO2 the specific adsorption of siderophores was presumably hampered by those 

matrix components. The second drawback resulted from the small surface area of the prepared 

TiO2 sorbent, limiting the retention capabilities of TDAC if large sample volumes with small ana-

lyte concentrations were extracted at increased flow rates. Therefore the present TDAC material 

was not feasible for the targeted extraction of siderophores from seawater. It would be neces-

sary to increase the surface area of the TiO2 sorbent to overcome the limited retention under 

these needed extraction conditions. However, this adjustment alone would probably not result in 

satisfactory siderophore recoveries since the seawater matrix would still counteract the efficient 

adsorption of siderophores raising the question if or how the problem of competing ligands like 

phosphate or organic acids could be solved. Thus, it can be concluded that the TDAC adsorp-

tion step in particular needs to be further optimized to achieve a more efficient recovery of si-

derophores from seawater and thereby facilitate the characterization of the marine ligand pool. 
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Nevertheless, TDAC showed its potential in terms of deciphering the marine ligand pool and 

highlighting putative ligands in natural samples when this method was used to reprocess DOM 

extracts from cruise HE533. TDAC helped to identify two putative siderophores and to recog-

nize a potential correlation between their abundance and the occurrence of particular high chlo-

rophyll fluorescence in the surface water of the Balsfjord. These results demonstrated how val-

uable TDAC might become for the characterization of environmental extracts with respect to 

their iron ligand component. As a follow up experiment, it is planned to cultivate Chrysochromul-

ina leadbeateri and use the established culture to investigate the possible linkage between the 

occurrence of the toxic algal bloom and the observed distribution of putative siderophores. 

With the knowledge gained through the development of TDAC, studies of soil samples employ-

ing these adjustments could provide new insights into the terrestrial iron ligand pool. Previous 

studies have investigated the occurrence and composition of siderophores in soils, but were 

generally limited to dissolved ligands (Boiteau et al. 2018) or demonstrated that the soil type 

had a significant effect on the adsorption strength of siderophores on soil particles, hampering 

their desorption and detection (Rai et al. 2020). Since much effort was expended in this work to 

determine elution conditions that result in high siderophore desorption efficiencies from TiO2, 

and similar metal oxide or related minerals are widely distributed in many soil types, washing 

such soil samples with the elution solutions studied here could lead to the detection of previous-

ly unknown siderophores that form more stable surface complexes on those minerals. In addi-

tion, such an adjusted washing protocol could determine the ratio of dissolved to adsorbed si-

derophores in the rhizosphere and thus provide new information on which type of siderophores 

participates mainly in mineral weathering. This information could also be used for new fertiliza-

tion strategies, as most of the world's agricultural land exhibit low bioavailability of iron due to 

neutral or slightly alkaline conditions. 

Since TiO2 is a widely used material and was employed in the food industry for more than 50 

years and is also still found in the pharmaceutical industry as a tablet ingredient, enormous 

amounts of TiO2 are transported into nature and organisms. It is already the subject of current 

research to further describe its fate and toxicology of this material. However, it has not yet been 

considered whether this material poses negative effects on the iron uptake or metabolism of 

various organisms due to its strong interaction with iron ligands like siderophores as it was high-

lighted in this thesis. 
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Appendix 

Supporting information: Siderophore purification with titanium dioxide 
nanoparticle solid phase extraction 
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Supporting information: Selective purification of catecholate, hydroxamate and α-
hydroxycarboxylate siderophores with Titanium Dioxide Affinity Chromatography 

 

BACTERIAL GROWTH MEDIUM RECIPE 

990 ml ultrapure water 

Add: 

Ingredients Amount (g) 

Casein hydrolysate 2  
NH4Cl 1  
Glycerol 6  
NaCl 23.926  
Na2SO4 
KCl 
NaHCO3 
KBr 
StCl2 × 6H2O 
H3BO3 

NaF 

4.008  
0.677  
0.196  
ND98 
ND24 
ND26 
ND03 

Next: Chelex treatment 

Add 25 g of Chelex to 1 L medium and stir for 1 h. 

Separate Chelex from medium by using acid washed lass column. 

Collect eluate in acid washed Ultra Yield bottles. 

Add:   10.83 g MCl2 × 6H2O (iron free) 
  1.519 g CaCl2 × 2H2O (iron free) 

Adjust pH to 7.6 

Add 1 ml of supplement solution* 

Fill up to 1 L  

Autoclave sterilization 

*Supplement solution 

Ingredients Amount/Volume 

25% HCl 13.0 mL 
Titriplex-(III) (Na2EDTA) 5.2 g 
CoCl2 × 6H2O 190 mg 
ZnSO4 × 7H2O 144 mg 
MnCl2 × 4H2O 100 mg 
Na2MoO4 × 2H2O 36 mg 
H3BO3 30 mg 
NiCl2 × 6H2O 24 mg 
CuCl2 × 2H2O 2 mg 
Ultrapure water 1000 mL 
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Figure SI 1. Particle size distribution of grinded and sieved TiO2 oven clinker according 
to BET (Measurements performed by KRONOS INTERNATIONAL, Inc.). 
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Figure SI 2. Disperse solid phase extraction of DFOB (blue diamonds), VF (red squares), 
PB (green triangles) and WBA (purple crosses) using 10 µM siderophore concentrations 
in 0.5 M NaCl at different pH values with 100 mg TiO2. 
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Figure SI 3. Calibration curves (Injection volume = 10 µL) of WBA using the summed area 
of apo-WBA ([M+H]+ = C20H35N2O10, m/z 463.23) and Fe(III)-WBA , ([M+H]+ = C20H32N2O10Fe, 
m/z 516.14), PB using the summed area of the singly ([M+H]+ = C34H51N6O11, m/z 719.36) or 
doubly protonated apo-PB ([M+2H]2+ = C34H52N6O11, m/z 360.18), VF using the summed 
area of apo-VF ([M+H]+ = C16H23N2O12, m/z 435.13) and Fe(III)-VF ([M+H]+ = C16H20N2O12Fe, 
m/z 488.04), and DFOB using the summed area of the free ligand ([M+H]+= C25H49N6O8, 
m/z 561.36) and of the complexes FOB ([M+H]+ = C25H46N6O8Fe, m/z 614.27) and AlOB 
([M+H]+ = C25H46N6O8Al, m/z 585.32). Dilution were prepared in ES16 diluted 1:10 with 
counter solution 16, displaying the same composition than for the eluate samples. 10 μL 
were injected. 
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Figure SI 4. Calibration curves (Injection volume = 1 µL) of the four model siderophores 
in (A) pure elution solutions (Alkaline elution solutions were neutralized with conc. HCl 
prior to preparation of dilutions) and in (B) elution solutions diluted with corresponding 
counter solution (see Table SI 2). Summed areas were determined similar to the calibra-
tion shown in Figure SI 3. 
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Figure SI 5. Comparison of the determined areas of the internal standards phenylalanine-
13C and hydroxybenzoic acid in measured elution solutions samples. Three different col-
ors symbolize the triplicates. 
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Figure SI 6. Investigation of possible matrix effect by phosphate and citrate. ES3 (0.5 M 
NaH2PO4, pH 2.4, green), ES10 (20% citric acid, blue) and methanol (red) were injected as 
samples before the column, the four model siderophores DFOB, VF, PB and WBA (in ul-
trapure water) were injected repeatedly after column to monitor matrix effects of the 
buffer components. The gradient used for this measurement was the same as for all 
measurements (see Chapter 3.2.2). 
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Figure SI 7. MS2 spectra of apo-VF ([M+H]+ = C16H23N2O12, m/z 435.13), apo-PB ([M+H]+ = 
C34H51N6O11, m/z 719.36), DFOB ([M+H]+= C25H49N6O8, m/z 561.36) and apo-WBA ([M+H]+ = 
C20H35N2O10, m/z 463.23). 
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Figure SI 8. Stacked normalized extracted ion chromatograms (nominal mass ± 0.01 u) of 
siderophores and corresponding complexes used for method development. 
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Table SI 1. Summary of the siderophores and corresponding complexes used for method 
development. 
Name Charge / z Measured m/z [M+H]+ Theoretical m/z [M+H]+ Δppm Sum formula [M+H]+ 

DFOB 

FOB 

AlOB 

PB 

PB 

VF 

Fe-VF 

WBA 

Fe-WBA 

1 

1 

1 

1 

2 

1 

1 

1 

1 

561.36053 

614.27118 

585.31897 

719.36094 

360.18398 

435.12442 

488.03580 

463.22812 

516.13958 

561.36064 

614.27211 

585.31870 

719.36103 

360.18415 

435.12455 

488.03602 

463.22862 

516.14009 

-0.19 

-1.51 

-0.46 

-0.13 

-0.47 

-0.30 

-0.54 

-1.08 

-0.99 

C25H49N6O8 

C25H46N6O8Fe 

C25H46N6O8Al 

C34H51N6O11 

C34H51N6O11 

C16H23N2O12 

C16H20N2O12Fe 

C20H35N2O10 

C20H32N2O10Fe 
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Figure SI 9. (A) Disperse solid phase extraction: Adsorption efficiency of either DFOB 
(blue diamond), VF (red squares) and PB (green triangles) from 1 mL (0.5 M NaCl, pH 4, 
siderophore concentration 75 µM) depending on TiO2 sorbent amount. (B) 200 mg TiO2-
cartidges: Adsorption of DFOB, VF and PB from 1 mL (0.5 M NaCl, pH 4, with different 
amounts of siderophore standard) using 3 mL, 200 mg TiO2 cartridges. 
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Figure SI 10. Proton spectra (600 MHz, 292 K) of Petrobactin (0.79 mM) in deuterated 
methanol containing dioxane as internal standard referenced to MeOD (3.33 ppm), sig-
nals used for quantification are marked with red multiplet-label. 
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Figure SI 11. Proton spectra (600 MHz, 300 K) of Woodybactin A (0.5 M) in deuterated di-
methyl sulfoxide containing tetramethylsilane as internal quantification and reference 
standard (ND0 ppm), signals used for quantification are marked with red multiplet-label. 
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Figure SI 12. Proton spectra (600 MHz, 300 K) of Vibrioferrin (0.61 mM) in deuterated wa-
ter containing dimethyl sulfoxide as internal standard referenced to TMS (ND0 ppm), sig-
nals used for quantification are marked with red multiplet-label. 
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Table SI 2. Counter solution assignment and composition. 
Elution 

solution 
Counter 
solution NaH2PO4 [mM] NaCl [mM] Na2SO4 [mM] CaCl2 [mM] NH3 [mM] 

Citric acid 
[mM] 

ES1 CS1 0.0 555.6 55.6 55.6 624.4 115.6 

ES2 CS2 555.6 0.0 55.6 55.6 624.4 115.6 

ES3 CS3 500.0 555.6 55.6 55.6 624.4 115.6 

ES4 CS4 555.6 500.0 55.6 55.6 624.4 115.6 

ES5 CS5 555.6 555.6 0.0 55.6 624.4 115.6 

ES6 CS6 500.0 555.6 55.6 0.0 624.4 115.6 

ES7 CS7 544.4 555.6 55.6 55.6 624.4 115.6 

ES8 CS8 555.6 544.4 55.6 55.6 624.4 115.6 

ES9 CS9 555.6 555.6 44.4 55.6 624.4 115.6 

ES10 CS10 555.6 555.6 55.6 55.6 624.4 0.0 

ES11 CS11 500.0 555.6 55.6 55.6 624.4 115.6 

ES12 CS12 544.4 555.6 55.6 55.6 624.4 115.6 

ES13 CS13 555.6 544.4 55.6 55.6 624.4 115.6 

ES14 CS14 555.6 555.6 44.4 55.6 624.4 115.6 

ES15 CS15 555.6 555.6 55.6 55.6 0.0 115.6 

ES16 CS16 554.4 555.6 55.6 55.6 624.4 115.6 

ES17 CS17 555.4 555.6 55.6 55.6 624.4 115.6 

ES18 CS18 555.5 555.6 55.6 55.6 624.4 115.6 

ES19 CS12       

ES20 CS12       

ES21 CS12       

ES22 CS12       

ES23 CS15       

ES24 CS15       

ES25 CS16       

ES26 CS16       

ES27 CS16       

ES28 CS16       

ES29 CS17       

ES30 CS17       

ES31 CS17       

ES32 CS17       
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Supporting information: Siderophore identification in complex seawater extracts 

 
Table SI 3. Organic solvents and buffers used for dilution of NSS pH2 and siderophore 
standards prior to TDAC 

Organic solvents Aqueous buffers 

methanol 

ethanol 

tetrahydrofuran 

1-butanol 

2-propanol 

acetonitrile 

acetone 

dichloromethane 

chloroform 

ethyl acetate 

toluene 

n-hexane 

0.1 M phosphate, pH 10 

0.1 M phosphate, pH 9 

0.1 M phosphate, pH 7 

0.1 M phosphate, pH 4 

0.1 M phosphate, pH 2.4 

0.5 M phosphate, pH 4 

0.5 M phosphate, pH 2.4 

0.1 M sulphate, pH 4 

0.1 M sulphate, pH 2.4 

0.5 M sulphate, pH 4 

0.5 M sulphate, pH 2.4 

0.1 M chloride, pH 4 

0.1 M chloride, pH 2.4 

0.5 M chloride, pH 4 

0.5 M chloride, pH 2.4 
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Table SI 4. Fragments and annotated sum formula of parent ions m/z 819.37, 870.28 and 
872.28 in negative ionization mode 

Measured m/z Theoretical m/z Δppm Sum formula [M-H]- 

113.06069 

125.06074 

157.05046 

175.06102 

205.07157 

379.17648 

411.20243 

439.19734 

511.21824 

615.26659 

705.29803 

819.36573 

113.06080 

125.06080 

157.05063 

175.06120 

205.07176 

379.17623 

411.20244 

439.19736 

511.21849 

615.26583 

705.29752 

819.36560 

-1.00 

-0.49 

-1.09 

-1.02 

-0.94 

0.72 

-0.03 

-0.03 

-0.47 

1.21 

0.72 

0.16 

C6H9O2 

C7H9O2 

C7H9O4 

C7H11O5 

C8H13O6 

C20H27O7 

C21H31O8 

C22H31O9 

C25H35O11 

C29H43O14 

C32H49O17 

C38H59O19 

580.14583 

638.18791 

666.18298 

580.14519 

638.18705 

666.18197 

1.11 

1.34 

1.52 

C25H34O12
54Fe 

C28H40O13
54Fe 

C29H40O14
54Fe 

582.14108 

640.18288 

668.17737 

582.14052 

640.18183 

668.17675 

0.97 

1.63 

0.93 

C25H34O12
56Fe 

C28H40O13
56Fe 

C29H40O14
56Fe 
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Table SI 5. Fragments and annotated sum formula of parent ion 1083.45 in negative ioni-
zation mode 

Measured m/z Theoretical m/z Δppm Sum formula [M-H]- 

155.07137 

187.06112 

379.17623 

397.18680 

569.26203 

597.25526 

669.27680 

687.28803 

801.35549 

879.35107 

1083.45106 

155.07082 

187.06120 

379.17623 

397.18679 

569.26035 

597.25526 

669.27639 

687.28696 

801.35504 

879.35035 

1083.45012 

0.01 

-0.42 

0.01 

0.02 

-0.17 

-0.01 

0.61 

1.57 

0.56 

0.82 

0.87 

C8H11O3 

C8H11O5 

C20H27O7 

C20H29O8 

C28H41O12 

C29H41O13 

C32H45O15 

C32H47O16 

C38H57O18 

C39H59O22 

C48H75O27 

930.26805 930.26649 1.68 C39H56O22
54Fe 

650.16767 

904.26752 

932.26197 

650.16673 

904.26690 

932.26181 

1.44 

0.69 

0.16 

C29H38O13
56Fe 

C38H56O21
56Fe 

C39H56O22
56Fe 

 



Appendix 145 
 

 

 

Figure SI 13. MS1 and MS2 of TDAC eluate of Station 9 in positive ionization mode.  
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Table SI 6. Fragments and annotated sum formula of parent ions m/z 843.36 and 
m/z 1107.45 in positive ionization mode 

Measured m/z Theoretical m/z Δppm Sum formula [M+Na]+ Parent ion 

305.08475 

375.17833; 375.17855 

403.18440 

405.18902; 405.18932 

417.18912; 417.18927 

433.18440 

435.19978 

445.18383 

493.20549; 493.20563 

535.21646; 535.21658 

649.28399 

667.29502 

825.35352 

843.36356 

975.40609 

1089.43770 

1107.44884 

305.08485 

375.17836 

403.17327 

405.18892 

417.18892 

433.18384 

435.19949 

445.18384 

493.20497 

535.21553 

649.28361 

667.29418 

825.35208 

843.36265 

975.40609 

1089.43660 

1107.44717 

-0.34 

-0.07; 0.51 

1.14 

0.24; 0.98 

0.48; 0.82 

1.31 

0.68 

-0.01 

1.07; 1.35 

1.74; 1.97 

0.59 

1.26 

1.74 

1.07 

1.22 

1.01 

1.51 

C10H18O9Na 

C19H28O6Na 

C20H28O7Na 

C20H30O7Na 

C21H30O7Na 

C21H30O8Na 

C21H32O8Na 

C22H30O8Na 

C23H34O10Na 

C25H36O11Na 

C31H46O13Na 

C31H48O14Na 

C38H58O18Na 

C38H60O19Na 

C43H68O23Na 

C48H74O26Na 

C48H76O27Na 

1107 

843; 1107 

1107 

843; 1107 

843; 1107 

1107 

843 

843 

843; 1107 

843; 1107 

843 

843 

843 

 

1107 

1107 
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Table SI 7. MS1 peak areas of m/z 819.36573 and m/z 1083.44946 observed in HP20 ex-
tracts of HE533 cruise in negative ionization mode. 

Station No. Extracted seawater 

volume (L) 

Peak Area 

m/z 819 m/z 1086 

2 

3 

4 

5 

6 

7 

8 

9a 

9b 

10c 

10c 

10c, d 

11 

12 

13 

14 

15 

17 

18 

19 

19 

20 

21 

22 

23 

25 

26 

27 

28 

450 

450 

370 

370 

550 

100 

650 

50 

150 

100 

200 

300 

250 

50 

50 

350 

380 

80 

200 

120 

220 

130 

230 

150 

130 

150 

200 

200 

600 

ND 

ND 

ND 

ND 

ND 

ND 

38038874 

1290482741 

119485384 

2894785 

3214615 

1333964 

628045 

5284851 

46733 

65183 

698226 

498768 

70240 

391092 

82329 

48498 

151619 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

340989 

37501524 

389630 

6091 

8954 

1784 

1838 

35865 

ND 

ND 

6501 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND = not detected 
a Water sampled from 3 m depth, corresponding to the chlorophyll maximum at this station 
b Water sampled from 14 m depth 
c Cell concentration >25 × 106 c/L of toxic Chrysochromulina leadbeateri 
d Extraction without filtration 

 



Appendix 148 
 

 

 

Figure SI 14. Depth profiles of chlorophyll fluorescence, salinity, O2 saturation and tem-
perature at Stations 25. Data is taken from the corresponding PANGEA entry (John and 
Wisotzki) 
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