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A B S T R A C T   

Siderophores, high affinity iron chelators, play a key role in the uptake of iron by microorganisms and regulate 
many biological functions. Siderophores are categorized by their chelating group, e.g., catecholates, hydrox
amates, α-hydroxycarboxylates. Natural concentrations of siderophores are often either too low or sample 
matrices are too complex for direct analysis by, e.g., liquid chromatography – mass spectrometry. Therefore, both 
concentration and purification are prerequisite for reliable analyses. However, a chromatographic technique that 
is selective for all siderophore classes and affords high levels of purification is lacking. We developed a titanium 
dioxide affinity chromatography (TDAC) solid-phase extraction (SPE) that affords the selective purification of 
these siderophore classes from complex sample matrices with recoveries up to 82%. The one-step purification 
removed most non-ligand sample ‘contaminants’, therefore, affording the straightforward identification of 
siderophore peaks in base peak chromatograms. As a proof of concept, the bioinformatic processing, der
eplication of known features and selection of significant features in the TDAC eluates afforded a fast identifi
cation of six novel siderophores (woodybactines) from bacterial supernatants. We propose TDAC SPE as a fast 
and cost-effective methodology to screen for known or discover novel siderophores in natural samples in com
bination with untargeted bioinformatic processing by, e.g., XCMS. The method is scalable and yielded large 
amounts of highly purified siderophores from bacterial culture supernatants, providing an effective quantitative 
sample clean-up for, e.g., NMR structure elucidation.   

1. Introduction 

Many bacteria, fungi and graminaceous plants produce organic li
gands, termed siderophores, to scavenge the essential micronutrient iron 
(Fe). Siderophores are chemically diverse and considered ‘keystone 
metabolites’ that regulate various ecological roles ranging from niche 
adaptation to symbiosis and pathogenicity. The four most commonly 
occurring siderophores are classified into classes depending on their 
chelating group, namely catecholates, hydroxamates, α-hydroxy-car
boxylates and mixed ligand siderophores (Fig. 1, [1,2]). 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 direct instrumental 
analysis [3]. Therefore, both concentration and purification is prereq
uisite for reliable analyses. Reversed-phase or ion exchange chroma
tography 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 
numerous other compounds in the same polarity spectrum. A selective 
purification of siderophores was first achieved with Immobilized Metal 
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Affinity Chromatography (IMAC) based on the affinity of siderophores 
to free coordination sites of immobilized metal cations [4]. IMAC has 
been successfully applied to hydroxamate siderophores such as fer
rioxamine and ferrichrome [5,6]. IMAC purification of the catechol 
bacillibactin only yielded a fragment with one catechol group while the 
intact siderophore with three catecholate groups was not recovered [7]. 
Similarly, the mixed ligand siderophore pyoverdine could not be 
detected in IMAC eluates [6], suggesting that siderophores with high 
complex stability constants are not retained. Thus, a different type of 
affinity chromatography that enables concurrent analyses of side
rophores 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: Previous studies showed that catecholates and hydrox
amates adsorb well on TiO2 surfaces, therefore suggesting MOAC uti
lizing TiO2 as a potential alternative for metal ligand extraction [8,9]. 
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 [10]. We recently showed proof-of-concept that TiO2 
nanoparticle solid phase extraction (SPE) is well suited to extract and 
elute hydroxamate siderophores from complex matrices [11]. Hydrox
amates form inner-sphere surface complexes on TiO2 [12] and due to the 
unique conditions required to destabilize those complexes, hydrox
amates can be largely separated from organic contaminants and inor
ganic salts. In contrast to outer-sphere surface complexes, whose 
formation is based on nonspecific interaction, like hydrogen bonding 
and electrostatic attraction (physisorption), inner-sphere surface com
plexes are not as susceptible to changes in solvent conditions [13]. 
Catecholates and α-hydroxycarboxylates are also known to form inner- 
sphere surface complexes with TiO2 [14–18]. The elution of side
rophores containing those functional groups from TiO2 and, conse
quently, the application as chromatographic method is still unknown. 

Here, we established a titanium dioxide affinity chromatography 
(TDAC) to concentrate and purify the three major siderophore classes, i. 
e., catecholates, α-hydroxycarboxylates and hydroxamates. 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 achieve quantitative purification 
of siderophores from complex sample matrices, and (iii) To afford the 
discovery of novel siderophores with TDAC coupled with untargeted 
metabolomic profiling and bioinformatic data analysis. 

2. Experimental 

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 (e.g., NaH2PO4), and bacterial 
growth media (supporting information) were reagent grade (Roth, 
Sigma-Aldrich or VWR). Elution solutions were prepared by dissolving 
each salt in ultrapure water to ¾ of the final volume followed by pH 
adjustment with either 12 M hydrochloric acid or 10 M sodium hy
droxide and then adjustment to the final volume. All anions tested were 
used with sodium as cation unless stated otherwise. Polypropylene solid 
phase extraction (SPE) cartridges (3 mL, 6 mL Chromabond) with fitting 
polyethylene filter elements were purchased from Macherey-Nagel. 
Desferrioxamine B (DFOB) was purchased as desferrioxamine mesylate 
(Sigma-Aldrich). Petrobactin (PB), vibrioferrin (VF) and woodybactin A 
(WBA) were prepared in our laboratories (supporting information: 
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 overnight 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 (Fig. S1). 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 extraction performances PE filter elements were used and 
the packed cartridges were compacted manually. 

2.2. Instrumental 

LC-HRMS analysis and all siderophore quantifications were per
formed with a Vanquish UPLC system coupled to a Q-Exactive Plus mass 
spectrometer, using a heated electrospray ionization source (both 
Thermo Fisher Scientific). The LC system was operated with a C18 col
umn (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 

Fig. 1. Structures of four siderophores used in this study. (DFOB) desferrioxamine B, (WBA) woodybactin A, (VF) vibrioferrin and (PB) petrobactin. The three major 
functional groups hydroxamate (blue), catecholate (green) and α–hydroxycarboxylate (red) are also highlighted. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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Solution (Pierce, Thermo Fisher Scientific), all MS measurements were 
done in positive mode. All sample solutions were prepared in 1.5 mL 
short threat brown glass vials (Agilent Technologies). Data independent 
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 side
rophores were quantified using the exact mass ± 2.5 ppm of the pre
cursor ions. I.e., DFOB was quantified using the sum of the DFOB ion 
([M + H]+ C25H49N6O8, calc. m/z 561.3606), the FOB ion ([M +
H]+℃25H46N6O8Fe, calc. m/z 614.2721) and the AlOB ([M +

H]+ C25H46N6O8Al, calc. m/z 585.3287) ion. VF was quantified using 
the sum of the apo-VF ([M + H]+℃16H23N2O12, calc. m/z 435.1246) and 
the Fe-VF ([M + H]+℃16H20N2O12Fe, calc. m/z 488.0360). WBA was 
quantified using the sum of the single charged apo-WBA ([M +
H]+ C20H35N2O10, calc. m/z 463.2286) and the Fe(III)-WBA ([M +
H]+℃20H32N2O10Fe, calc. m/z 516.1401). PB was quantified as the sum 
of the single ([M + H]+℃34H51N6O11, calc. m/z 719.3610) or double 
protonated apo-PB ([M + 2H]2+℃34H52N6O11, calc. m/z 360.1842). 
The corresponding calibration curves, chromatograms and mass spectra 
are listed in the supporting information (Fig. S4, S5, S6, S8). Each 
siderophore was confirmed by MS/MS fragmentation (Fig. S7) in com
parison to literature spectra. NMR experiments were performed in 1.7 
mm microtubes at 300 K with deuterated 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 microcryop
robe (Bruker). Bruker standard pulse programs were used. 

2.3. Bacterial cultures 

The marine bacteria Marinobacter sp. DG870 was originally isolated 
from dinoflagellate Gymnodinium catenatum [19] and used to purify 
vibrioferrin (VF). Paracoccus sp. AR04 was originally isolated during the 
Antarctic RV Polarstern cruise PS124 [20] and used to purify petro
bactin (PB). Marinomonas sp. LOF59-2 was originally isolated from a 
bloom of the haptophyte Chrysochromulina leadbeateri in northern Nor
way during RV Heincke expedition HE533 [21,22] and used for the 
purification of woodybactin A (WBA). All strains were cultivated at 18 
◦C in Fe-deficient bacterial growth medium (supporting information), 
prepared with Chelex 100 (Bio-Rad, USA) using the column method 
described by the manufacturer. 1 L of autoclaved growth medium was 
filled into acid-washed and sterilized 2-L flasks and inoculated with 
bacteria (n = 3 per bacterium). The production of siderophores was 
monitored regularly with the CAS assay [23]. 

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), desalted with ultrapure water and 
then eluted with methanol. The methanol eluate was then dried under 
vacuum. The crude extracts were dissolved in minimal amounts of ul
trapure water and fractionated by time on a C18 semipreparative HPLC. 
CAS-active fractions were pooled and concentrated under vacuum. Ali
quots 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 integration and quantification were done by multiplet 
analysis in MestreNova 11.0. Woodybactin B (Fig. S8) was quantified 
with the integrals of C-7 (4.14 ppm, q, J = 8.0 Hz, 1H), C-14 (2.33 ppm, 
t, J = 7.8 Hz, 1H) and C-20 (0.86 ppm, t, J = 6.8 Hz, 3H). Petrobactin 
(Fig. S7) was quantified with the integrals of C-4/C-5 (6.92 – 6.78 ppm, 
4H), C-11 (2.97 ppm d, J = 8.7 Hz, 4H), C-16 (2.78 – 2.51 ppm, 4H) and 
C-13 (1.75 ppm, s, 4H). Vibrioferrin (Fig. S9) 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 
(Fig. S8). 

2.5. TDAC preparation 

3 mL SPE cartridges (Chromabond, Macherey-Nagel) were packed 
with 200 mg of TiO2. Our earlier study showed that the adsorption ca
pacity of TiO2 was orders of magnitude higher than any expected analyte 
concentration (e.g., for DFOB 15.7 ± 0.2 μmol mg− 1 TiO2) [11]. 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. Siderophore adsorption was then performed from 
2 mL samples containing either 10 µM of one or 10 µM of all four model 
siderophores (DFOB, VF, PB and WBA in 0.5 M NaCl, pH 4, 99 % 
adsorption efficiency). The flow rate was adjusted to one drop per sec
ond. Subsequently, SPE cartridges were washed with 6 mL of ultrapure 
water before elution with 2 × 1 mL of elution solution (ESs 1–32) or 
organic solvents (acetonitrile, acetone or methanol). TDAC columns can 
be regenerated (supporting information: TDAC protocol). 

2.6. Siderophore quantification 

To avoid matrix or ionization effects caused by the different elution 
solution compositions (Fig. S4, S6), counter solutions (Table S2) were 
used to unify the matrix of all eluates prior to analysis (Fig. S6). 50 µL of 
the elution solution was diluted with 450 µL of the corresponding 
counter solution directly after TDAC elution. 13C–labelled phenylalanine 
and hydroxybenzoic acid were added to monitor peak intensities over all 
injections (Fig. S5). All experiments were conducted at pH 4 since pre- 
experiments showed that the adsorption 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 (Fig. S2). Each experi
ment was performed in triplicates. The adsorption efficiencies (calcu
lated as amount of analyte detected in the SPE permeate in comparison 
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. 

2.7. Elution profiles 

The elution profile of a sample containing multiple siderophore 
classes was tested using a 2 mL of a siderophore mixture containing 10 
µM DFOB, PB, VF and WBA in 0.5 M NaCl at pH 4. This sample was 
passed over TDAC SPE cartridges (200 mg, 3 mL). Cartridges were rinsed 
with 12 mL of ultrapure water before elution with 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). The choice of selected elution solutions 
used in this experiment is based on the results of the elution solution 
optimization experiment (Table 1). 8 × 1.0 mL fractions were collected 
and elution solutions were diluted with the corresponding counter so
lution directly after elution. 

2.8. 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 com
plex sample matrices because these contain a mixture of highly 
concentrated and chemically diverse compounds that often interfere 
with chromatographic purification and detection (e.g., salts, poly
saccharides, 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) 
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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 solu
tion (ES3: 0.5 M NaH2PO4, pH 2.4). The added solution was kept on the 
column overnight to achieve maximum desorption (10 h). The eluate 
was measured via LC-HRMS without any further steps. Siderophore 
quantification was achieved via external calibration in the correspond
ing elution solution. 

2.9. Untargeted siderophore screening 

To screen for siderophores, 3 mL of pH adjusted (pH 4) and cell-free 
bacteria culture supernatant (Pseudoalteromonas sp. LOF198-2, Mar
inomonas sp. LOF59-2) were extracted with TiO2 SPE cartridges (200 
mg, 3 mL). The supernatant of culture LOF198-2 showed strong CAS 
activity whereas the supernatant of LOF59-2 showed no CAS activity. 
Columns were prepared similarly to the experiments described above. 
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 eluted 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 hydro
chloric acid (12 M) directly after extraction. Medium blanks were pro
cessed the same way. All samples were prepared in triplicates. 1 μL 
aliquot of each sample was analyzed by LC-HRMS as described above. 
LC-HRMS data were exported to mzXML using msconvert, and processed 
with XCMS using standard parameters (UPLC/Q-Exactive #3110) [24]. 
The list of significant features generated by XCMS was used to generate 
an inclusion list for the data independent acquisition of MS2 spectra with 
a retention time window of ± 15 sec, an isolation window of ± 0.75 m/z 
and a normalized collision energy of 30. 

3. Results and discussion 

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 [11]. To determine optimal 
desorption conditions of α-hydroxycarboxylate, hydroxamate and cat
echolate siderophores from TiO2, 15 different elution conditions were 
evaluated for each siderophore class (Table 1). Further, we then inves
tigated if the presence of multiple siderophore classes in the same 
sample alter the elution behaviour. We also determined if co-adsorbed 
siderophores can be sequentially eluted, testing 32 elution solutions 
(Table 1, Table S3). 

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 1). It was also 
shown that other adsorbed siderophores did not change the elution 
behavior of DFOB from TiO2, resulting in desorption efficiencies of up to 
82.4 ± 5.5 %. The observed elution behavior of DFOB was in accordance 
with the optimized elution conditions of DFOB from TiO2 nanoparticles 
[11]. 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 adsorbed DFOB. 
Only the addition of citrate and phosphate increased elution of DFOB 
under acidic conditions. Phosphate is the hardest Lewis base among the 
tested anions and may therefore compete most with adsorbed side
rophores for Lewis acid binding sites on the TiO2. This is supported by 
literature demonstrating that phosphate anions form strong bidentate 
inner-sphere surface complexes under acidic conditions with different 
metal oxide surfaces [25]. Surprisingly, increased phosphate concen
trations 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 kosmo
trope, therefore the elution solution viscosity increases with phosphate 

Table 1 
Desorption efficiencies of Desferrioxamine B, Vibrioferrin, Petrobactin and Woodybactin A in % from 3 mL, 200 mg TDAC depending on elution solution composition.  

ND = not detected, DFOB = Desferrioxamine B, VF = Vibrioferrin, PB = Petrobactin, WBA = Woodybactin A. 
More intense green coloration shows better desorption efficiency. 
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concentration [11]. We interpret the lower desorption efficiencies 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 [26]. This result under
lined 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 siderophore 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 effi
ciency 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 con
ditions 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 gen
eral, the observed desorption 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 solution ES15 (73.1 ± 6.1 % and 69.6 ±
11.4 %, respectively). These findings did not fit the expectations since 
catecholates are labile to oxidation under alkaline conditions [27]. The 
second best desorption efficiencies (69.3 ± 2.5 % and 45.6 ± 8.6 %, 
respectively) were observed for the acidic phosphate 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 conditions 
[28–30]. ES10 (citric acid 20 %), previously tested for flavonoid 
desorption from TiO2 [28], resulted only in a desorption efficiency 
of<20 %, similar to the observed desorption efficiencies for the other 
siderophores. As expected, ES5 (0.5 M Na2SO4, pH 2.4) did not increase 
the desorption of PB (<5%), because sulphate anions show lower af
finities for TiO2 than catecholates under acidic conditions [16]. 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 con
centration 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 increasing 
phosphate concentrations leads to increased desorption efficiencies. 
Contrary to our expectations, PB was detected in all alkaline elution 
solutions even with the highest desorption efficiency observed for ES15. 
Gulley-Stahl et al. showed that the catechol surface complex formed on 
TiO2 depends on the pH during adsorption [13]. 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 [13]. Because the bidentate complexation exhibits 
higher binding strength to the TiO2 surface [31] these findings suggest 
that at pH 4, PB forms mono- and bidentate catecholate TiO2 complexes 
simultaneously, possibly leading to different conditions necessary for 
their desorption. This in turn may be the reason for PB detected in the 
acidic phosphate and the alkaline solutions. Why the composition of the 
alkaline solutions had an effect on the desorption efficiency of PB needs 
further investigation. 

The best desorption efficiencies of the mixed hydroxamate- 
α–hydroxycarboxylate siderophore WBA was achieved with alkaline 
elution solutions ES12 and ES14 (>70 %). The desorption behaviour and 
observed efficiencies of WBA were similar to the hydroxamate-type 
DFOB but differed from the α-hydroxycarboxylate-type VF. This obser
vation suggests that the hydroxamate group in WBA (Fig. 1) had a 
greater influence on the interaction with the TiO2 surface than the 
α-hydroxycarboxylate group. The composition of the alkaline 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 [25,32,33], we observed 
increased elution of the mixed-type siderophore WBA with alkaline 
phosphate and sulphate solutions. This result may be attributed to dif
ferences in the ionic strength and Lewis base hardness of the ions and 
requires further investigation. WBA showed the worst desorption effi
ciencies for the acidic phosphate solutions compared to the three 
different model siderophores raising the question if the desorption of 
WBA is rendered by increasing viscosity. 

3.2. Elution profiles of siderophores from TiO2 

We tested if the different elution behaviour of hydroxamates, cat
echolates and α-hydroxycarboxylates from TiO2 allowed the selective 
purification of a sample with multiple siderophore types. For the se
lective purification of the four different siderophores, the elution solu
tions ES7, ES14, ES15 and ES17 (Table S3) were investigated. These four 
solutions were chosen because the desorption efficiencies for the 
siderophore-mix experiment (Table 1) suggested that these elution so
lutions could lead to the enrichment of one of the siderophores at a time. 
The elution profile obtained for ES7 (Fig. 2A) displays that under these 
conditions (0.1 M NaH2PO4, pH 2.4) VF and DFOB show a similar 
elution behaviour, with the majority of the desorbed siderophore 
detected in the second millilitre of eluate. The overall desorption effi
ciency for VF and DFOB were determined as 47.2 % and 42.2 %, 
respectively. 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. In contrast, the 
desorption efficiency for WBA could not be increased by increasing the 
volume. Using ES17 (1 mM NaH2PO4, pH 2.4, Table S3) as the elution 
solution led to a drastic change in the elution profiles compared to ES7 
(Fig. 2B). The decreased phosphates 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 (Fig. 2C). Especially, in case of 
DFOB, roughly 75 % of the eluated siderophore (summed desorption 
efficiency 82 %) was detected in the first fraction. The highest desorp
tion efficiency for ES14 was detected for WBA with 97.7 %. 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 1. Despite the same pH value, the elution profiles of ES14 and 
ES15 differ considerably (Fig. 2D). 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 fractions of ES15. 

Our results suggest that a single-step elution with acidic phosphate 
solution (>0.1 M phosphate) is most suited for the untargeted concur
rent 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. 
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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 superna
tant 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 found for standards extracted without organic background 
using 8 mL of the less concentrated phosphate solution ES7 for elution 

(Fig. 2A). Therefore, TDAC is robust against high concentrations of 
organic and inorganic contaminants present in bacterial growth media 
which typically contain a plethora of possible co-eluting and interfering 
compounds. 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 (Fig. 3). The background-subtracted base peak chromatograms of 
the crude bacterial culture supernatant sample showed more peaks 
(Fig. 3, A) in comparison to the base peak chromatogram of the TiO2 
eluate in which the peaks of the siderophores were the dominating 
features (Fig. 3, B). This result was also reflected by the spectra extracted 
at the retention times of the siderophores: The siderophore ions were 
only minor ions in the spectra obtained from the complex sample 
(Fig. 3, A1-A5). 

No vibrioferrin peak, for example, was discernible in the base peak 
chromatogram of the complex sample (Fig. 3, A retention-window 1, 
red), while a peak was easily recognized in the TDAC eluate (Fig. 3, B). 
The averaged mass spectrum for the same retention time showed the 
siderophore ion as the dominating signal for the TDAC eluate (Fig. 4, B1; 
apo-VF, [M + H]+ C16H23N2O12, calc. m/z 435.1246) in comparison to 
the spectra of the raw bacterial supernatant (Fig. 3, A1) that were 
dominated by contaminants. The same was true for the other tested 
siderophores petrobactin (Fig. 3, retention window 2, green), fer
rioxamine (Fig. 3, retention window 3 and 4, blue) and woodybactin 
(Fig. 3, retention window 5, purple). The doubly charged apo-PB ([M +
2H]2+ C34H52N6O11, calc. m/z 360.1842) was the dominant peak in the 
averaged mass spectrum of retention-time 3 for the TDAC purified 
sample (Fig. 3, B2). DFOB ([M + H]+ C25H49N6O8, calc. m/z 561.3606) 
as well as the corresponding Fe(III)-complex FOB ([M + H]+

C25H46N6O8Fe, calc. m/z 614.2721) were also the dominant peaks in the 
TDAC sample (Fig. 4, B3 and B4) but not in the crude supernatant (Fig. 
3, A3 and A4). apo-WBA ([M + H]+ C20H35N2O10, calc. m/z 463.2286) 
had a relative intensity of < 25 % in the crude sample (Fig. 4, A5) but 
was the highest peak in the TDAC eluate (Fig. 3, B5). The asterisked peak 
at 5.92 min was attributed to WBA-H2O ([M +H]+ C20H33N2O9, calc. m/ 
z 445.2181). 

This peak was also detected in the original WBA standard without 
TDAC treatment. In summary, the data suggests that all siderophores 
were recovered from a crude bacterial supernatant by the TDAC method 
with an observable clean-up of both the chromatogram as well as 
averaged mass spectra (Fig. 3, A vs B). In comparison to the crude 
sample, all siderophores could be identified in the LC-HRMS base peak 
chromatograms. LC-HRMS was used for all analyses here, however, 
siderophore detection and quantification is likely also possible with 
lower resolution mass spectrometers after TDAC SPE clean-up as sug
gested by the rather large mass range used for generating the extracted 
ion chromatograms (±5 ppm). 

3.4. Untargeted siderophore screening 

Untargeted LC-HRMS data were recorded and analyzed for two 
siderophore producing strains each analyzed with and without TDAC 
pre-treatment. The untargeted analysis of the data (XCMS [24]) showed 
a clear reduction of the sample complexity after TDAC purification. For 
strain CLOF198-2, for example, 15,462 peaks were detected in the un
treated bacterial supernatant in comparison to 3574 in the TDAC treated 
sample. For the LOF59-2 strain 15,314 peaks were detected in the crude 
and 3250 in the TDAC sample. A large proportion of these peaks were 
removed by subtraction of peaks also found in procedural blanks. All 
siderophores produced by the CLOF198-2 strain could be easily identi
fied as significant features in comparison to the procedural medium 
TDAC control (DFOG1: p ≤ 0.005; FOG1: p ≤ 0.008). The analysis of the 
LOF59-2 TDAC sample in comparison to the procedural control also 
identified the WBA peak as a significant feature (p < 0.005) as well as 
further candidates with p < 0.005. Based on the feature list generated by 
the untargeted method, we generated an inclusion list for the targeted 

Fig. 2. Elution profiles of an equimolar solution (10 µM) of DFOB (blue di
amonds), 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 
are the summed percentages of eluted fractions 1–9 for each of the four model 
siderophores. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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fragmentation of significant features. This approach identified six 
known and six novel woodybactin derivatives in the TDAC eluate using 
typical daughter ions for identification (Table S4, Fig. S13). The 
reduction of sample complexity as well as the straight forward der
eplication and subsequent identification of novel siderophores from the 
list of significant features highlights the potential of TDAC for side
rophore discovery. 

4. Conclusion 

In this study, we developed a titanium dioxide affinity chromatog
raphy (TDAC) for the selective purification of three main siderophore 
classes, i.e., catecholates, α-hydroxycarboxylates, hydroxamates and 
mixed ligands. TDAC is scalable and selectively purified siderophores 
and almost completely removed organic ‘contaminants’ from a bacterial 
culture supernatant mix containing all four types of model siderophores 
with recoveries of up to 82 % (PB). Thus, the TDAC SPE method sim
plifies the purification of siderophores and may facilitate the discovery 
and quantification of siderophores in a variety of natural matrices such 
as seawater, soil or medical samples. While TDAC is likely sufficient for 
many research applications, a major methodological challenge will be to 
achieve the same recovery and selectivity for pM concentrations of 
siderophores in natural samples. For this application, co-adsorption, 
self-assembly, metal contamination and natural phosphate concentra
tions will all interfere with the efficiency of TDAC. Nonetheless, we 
suggest that this method - as presented here - is robust against many 

Fig. 3. Background-subtracted base peak chromatograms (LC-ESI(+)-HRMS) of a bacterial culture supernatant spiked with DFOB, VF, PB and WBA (final con
centration of 3.75, 75, 75 and 75 µM, respectively), A: without processing (crude sample) and B after TIDAC (0.5 M NaH2PO4, pH 2.4) purification. The colored areas 
mark the time retention-time windows for 1, red: vibrioferrin; 2, blue: ferrioxamine; 2, green: petrobactin; 4, blue desferrioxamine; 5, purple: woodybactin 
used to average the mass spectra of the same retention-time for the unprocessed bacterial supernatant (A1-A5) and TDAC purified sample (B1-B5). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. (A) MS2 spectra of [M + H]+ m/z 445.22 corresponding to the marked 
peak (*) at 5.92 min in Fig. 3.C. (B) MS/MS spectra of [M + H]+ m/z 463.22 
corresponding to WBA (Peak 5) at 5.87 min. 
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chromatographically challenging conditions and will facilitate the study 
of microbial iron cycling, pathogenicity and symbiosis. 
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