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Abstract

Siderophores are low-molecular-weight chelating agents secreted by microorganisms un-
der iron-limiting conditions, playing a crucial role in metal bioavailability and microbial
survival. In this study, siderophores produced by Glutamicibacter sp. strain Al-Teq-24-F2,
isolated from plant-associated samples, were characterized through a combination of spec-
troscopic and analytical methods. ESI-MS analysis of the crude extract revealed several
abundant ions between 175 and 800 m/z, suggesting a mixture of secondary metabolites.
After chromatographic purification, FT-IR and NMR analyses indicated the presence of
amide, hydroxyl, and carboxylate functional groups. Integrating these data allowed for the
proposal of a siderophore structure with a molecular weight of 438.25 Da. Thermogravi-
metric analysis showed thermal stability below 115 ◦C. During Fe (III) complexation, the
zeta potential shifted from −21.15 mV to +42 mV, confirming strong interaction between
the ligand and the metal. UV–Vis and fluorescence spectroscopy displayed characteristic
bathochromic and hypochromic shifts, together with pronounced fluorescence quenching
upon iron binding. These findings provide new insight into the structural and physico-
chemical properties of siderophores produced by Glutamicibacter sp. and highlight their
potential applications in biosensing and metal chelation processes.

Keywords: Glutamicibacter; siderophore; iron chelation; FT-IR; NMR; ESI-MS; metabolomics

1. Introduction
Iron is an essential micronutrient for almost all living organisms and plays critical

roles in respiration, DNA synthesis, and redox enzymatic reactions. However, under aer-
obic and neutral pH conditions, ferric iron (Fe3+) is poorly soluble, with concentrations
often below 10−6 M insufficient to sustain microbial growth. To overcome this limitation,
microorganisms evolved low-molecular-weight chelators known as siderophores. These
compounds solubilize iron and transport it into the cell through specific uptake systems.
These compounds are produced by bacteria, fungi, and plants under iron-limiting envi-

Mater. Proc. 2025, 25, 15 https://doi.org/10.3390/materproc2025025015

https://www.mdpi.com/article/10.3390/materproc2025025015?type=check_update&version=1
https://doi.org/10.3390/materproc2025025015
https://doi.org/10.3390/materproc2025025015
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materproc
https://www.mdpi.com
https://orcid.org/0000-0003-0956-645X
https://orcid.org/0000-0003-1086-7401
https://sciforum.net/event/IOCN2025
https://doi.org/10.3390/materproc2025025015


Mater. Proc. 2025, 25, 15 2 of 10

ronments and exhibit remarkable structural diversity that determines their metal-binding
properties and ecological functions [1–3].

Siderophores are typically grouped into catecholates, hydroxamates, and carboxylates.
Hydroxamates usually contain ornithine derivatives, while carboxylate-type ligands are
common in non-ribosomal peptides. In bacteria of the genus Pseudomonas, siderophores
such as pyroverdins and pyrochelins containing hydroxamate groups have been exten-
sively studied as models of metal acquisition and fluorescence-based signaling [4–6]. In
contrast, Glutamicibacter species remain poorly studied in terms of siderophore production
and structure. Although Arthrobacter species are known to produce hydroxamate-type
siderophores (e.g., artrobactin), little is known about the chemical nature or coordination
behavior of their Glutamicibacter counterparts [7–9].

Beyond their biological role, siderophores have gained interest for several biotechno-
logical applications, such as heavy metal bioremediation, plant growth promotion through
improved iron acquisition, and the development of biosensors and antimicrobial conjugates.
In medicine, synthetic analogs such as deferoxamine B are clinically employed for iron
and aluminum detoxification. Moreover, siderophore–antibiotic conjugates, known as
“Trojan horse” systems, represent a promising strategy to overcome antibiotic resistance by
exploiting bacterial iron uptake pathways [10–13].

Given their multifunctionality, the discovery and structural elucidation of new
siderophores can expand the chemical space of bioactive metal chelators and provide
insight into microbial adaptation in metal-stressed environments. The characterization
of siderophores from novel or poorly described genera is thus a relevant step toward
understanding microbial diversity and harnessing these metabolites for sustainable appli-
cations [14,15].

The present work focuses on the physicochemical characterization of siderophores
produced by Glutamicibacter sp. AlTeq-24-F2, combining spectroscopic, chromatographic,
and analytical techniques to elucidate their structural and functional properties [16,17].

The present work focuses on the physicochemical characterization of siderophores
produced by Glutamicibacter sp. AlTeq-24-F2, combining spectroscopic, chromatographic,
and analytical techniques to elucidate their structural and functional properties [16,17].
The supernatant was purified by chromatography and analyzed by FT-IR, Raman, ESI-MS,
and NMR. Thermal stability and chelation capacity were also assessed through thermo-
gravimetric and zeta potential analyses. Additional analyses, including thermogravimetric
and zeta potential measurements, were conducted to evaluate the stability and chelation
capacity of the purified compounds toward Fe3+ ions. The integration of these techniques
allowed the proposal of a chemical structure containing a carboxylate-type ligand with a
molecular weight of approximately 438 Da. Moreover, spectroscopic evidence confirmed
the formation of a stable Fe(III)–siderophore complex, as indicated by characteristic shifts
in UV–Vis and fluorescence spectra.

This research contributes new information to the limited knowledge of siderophore
production by Glutamicibacter species and provides a foundation for future studies on their
biosynthetic pathways, ecological roles, and potential applications in biotechnology and
materials science.

2. Materials and Methods
2.1. Materials

Bacterial supernatants from Pseudomonas sp. strain AlTeq-24-F1 and Glutamicibater sp.
strain AlTeq-24-F2 were provided by the Phytopathology Laboratory at the National School
of Biological Sciences (ENCB-IPN, Mexico). The minimal King B medium was used as the
culture medium. Analytical-grade solvents, methanol and ethyl acetate (Negociaciones
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D’Mik, San Isidro, Mexico), silica gel 60 F254 (Merck, Darmstadt, Germany), and deionized
water (Barnstead MicroPure purification system, Thermo Scientific, Waltham, MA, USA)
were used. Deuterated methanol (CD3OD, 99 atom % D, Sigma-Aldrich, Burlington, MA,
USA) was employed for NMR analyses. Ferric chloride hexahydrate (FeCl3·6H2O, Fermont,
Monterrey, Mexico) was used for complexation assays.

2.2. Bacterial Culture

To prepare the bacterial suspension required for this study, we followed the standard
procedure: the bacteria were cultured in King B medium, which contains peptone, glycerol,
and K2HPO4 as its main components and is widely used to promote siderophore produc-
tion in fluorescent and non-fluorescent bacteria. The medium was prepared according
to standard formulations and sterilized at 121 ◦C for 15 min prior to inoculation. For
cultivation, each strain was inoculated into 250 mL Erlenmeyer flasks containing 100 mL
of sterile King B medium and incubated at 28 ◦C with shaking at 150 rpm for 48 h. These
conditions were selected to favor the secretion of extracellular metabolites in iron-limited
environments. After incubation, the cultures were centrifuged for 15 min, and the cell-free
supernatant was collected for further analysis.

2.3. Chromatographic Separation

A preliminary thin-layer chromatography (TLC) screening was used to determine the
optimal mobile phase (ethyl acetate/methanol, 1:1 v/v). Column chromatography was
performed using packed silica gel in a 1 cm diameter burette. The dried supernatant was
extracted with the same solvent mixture, and the eluates (1–2 mL fractions) were collected
and monitored by TLC under UV light (254 nm) and KMnO4 staining. Fractions with
similar Rf values were pooled and concentrated for further analysis.

2.4. Gravimetric Analysis

The total solid content of the supernatants was determined gravimetrically. Aluminum
crucibles were weighed, filled with 0.1–0.5 mL of sample, dried at 60 ◦C for 48 h, and
reweighed. The solid fraction (%) was calculated as the ratio of dry residue mass to the
initial solution mass [18].

2.5. Infrared Spectroscopic Characterization

FT-IR spectra were recorded using a Perkin Elmer 1605 (Waltham, MA, USA) spec-
trophotometer equipped with an ATR accessory (650–4000 cm−1). Raman spectra were
obtained with a Horiba Jobin Yvon LabRam HR800 (Kyoto, Japan) spectrometer using a
785 nm laser. UV–Vis spectra were measured on a Perkin Elmer Lambda 25 spectrophotome-
ter (200–700 nm) (Waltham, MA, USA). Fluorescence emission was recorded on a Shimadzu
RF-6000 fluorometer (Kyoto, Japan) at 230 nm excitation and 250–500 nm emission range.

2.6. Mass Spectrometry and Metabolomic Profiling

Samples were analyzed by ESI-TOF mass spectrometry (Bruker micrOTOF, Germany)
in positive-ion mode (50–3000 m/z). High-resolution metabolomic analysis was performed
using a Solarix XR 7T FT-ICR-MS (Bruker Daltonics, Germany). Detected ions were com-
pared with the Natural Products Atlas database for tentative metabolite identification.

2.7. Nuclear Magnetic Resonance (NMR)

1H, 13C, and HSQC spectra were acquired at 500 MHz and 200 MHz, respectively,
on a Bruker Avance III spectrometer. Approximately 150 mg of each purified fraction
was dissolved in CD3OD. Chemical shifts were referenced to residual solvent peaks at
δ = 4.87 ppm (1H) and δ = 49 ppm (13C).
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2.8. Iron Chelation and Zeta Potential Measurements

Solutions of purified fractions (15 g L−1) were titrated with FeCl3·6H2O (12.5 mM
for Pseudomonas and 14.8 mM for Glutamicibacter siderophores). Zeta potential (ζ) and
pH were measured using a Malvern Zetasizer Nano ZSP (Malvern, UK) equipped with
an automatic titration unit. Measurements were performed in quadruplicate at 25 ◦C to
determine the isoelectric point and complex stability.

3. Results
3.1. Gravimetric Analysis

The dry supernatant values are shown as a function of the initial supernatant mass
in Figure 1. The data obtained were adjusted using linear regression, resulting in a solids
rate of 2.04%p for SoGlu. This behavior showed a consistent linear relationship between
the initial mass of the supernatant and the solid remaining after drying, which supports
the stability and reproducibility of the total solids calculation. The rate obtained of 2.04%p
allows us to infer that the culture generates a moderate amount of biomass and extracellular
metabolites, sufficient for the subsequent purification and characterization of siderophores.
Converting this value to biomass equivalent units, a concentration of 19.2 g/L was es-
timated, which is significantly higher than that reported in the literature for bacterial
systems cultured in King B medium, such as Pseudomonas fluorescens (≈2 g/L) [19]. This
difference suggests that Glutamicibacter AlTeq-24-F2 has remarkable metabolic efficiency
under conditions of low iron availability, which is consistent with its edaphic origin and
adaptation to resource-limited environments [2].

Figure 1. Gravimetry of the supernatants.

3.2. Infrared Spectroscopic Characterization

The spectra obtained from SoGlu are shown in Figure 2, where transmittance bands
at 3305 cm−1 corresponding to the vibration of the NH bond in amides can be observed,
although their overlap with signals attributable to O–H groups from the aqueous medium
is also possible. A signal at 1635 cm−1 corresponds to the carbonyl C=O vibration of
amides, a common spectroscopic signature in non-ribosomal peptides and carboxylate-type
siderophores [20]. These signals suggest the presence of peptide or protein compounds,
possibly related to metabolites secreted during bacterial growth [21].
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Figure 2. FT-IR spectra of the supernatants.

3.3. Mass Spectrometry and Metabolomic Profiling

The mass spectrum of the SoGlu supernatant (Figure 3) shows signals at 175.1174,
381.297, 648.2672, and 800.3336 m/z. Although the signals presented usually correspond in
microbial metabolomics to fragments of organic acids or monoaromatic/hydroxyalkyl
units that may derive from the partial degradation of peptides or siderophore sub-
units [22], complementary experimentation is necessary in order to provide a reliable
structural assignment.

Figure 3. ESI-MS spectrum of negative ions of SoGlu.

The supernatants were analyzed in a Fourier transform ion cyclotron resonance mass
spectrometer for metabolomic analysis. This technique uses the mass-to-charge (m/z)
values of the adducts. The values obtained are compared with metabolite databases
to provide an approximation of the metabolites that the supernatant may contain [17].
Using the Natural Products Atlas database, the mass spectra were processed and filtered,
reducing the dataset to 7412 signals. Of these, 250 ions matched known compounds,
forming 33 molecular networks, each containing between 2 to 53 compounds, and their
distribution is shown in Figure 4. This organization indicates that the bacterium produces
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structurally coherent sets derived from common biosynthetic pathways, probably linked
to the synthesis of siderophores and their variants. The presence of large, well-defined
clusters suggests that there is a dominant metabolomic pathway in the supernatant, which
is consistent with the ESI-MS and FT-IR results and supports the existence of a major
siderophore accompanied by minor structural derivatives [23].

Figure 4. Networks with compounds identified in SoGlu.

3.4. Nuclear Magnetic Resonance (NMR)

The spectra obtained from 1D NMR spectroscopy for the SidGlu fraction are shown in
Figure 5, and the 2D spectrum is shown in Figure 6.

 

Figure 5. (a) 1H and (b) 13C NMR spectra of SidGlu.
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Figure 6. HSQC NMR spectrum of SidGlu.

In Figure 5a, the chemical shifts of 1H correspond to δ protons [ppm]: 0.75–2.0 for
alkanes (RCH_n-R, n = 1, 2, 3) and alkyl ketone (RCHnC (=O)R, n = 1, 2, 3); 2.5–3.1 for amines
(RCHnNR2 or RCHnNH2, n = 1, 2, 3); 3.2–4.0 for alcohols (RCHnOH, n = 1, 2); 4.75–5.5 for
alkenes (RCHn = CHR or RCHn = CHR2, n = 1, 2); and 6.5–8.5 for aromatics (H-Ar) [23].
Similarly to the previous case, a broadening of the signals is observed, which prevents the
multiplicity of the proton signals from being obtained. The chemical shifts obtained by
13C NMR are shown in Figure 5b, and the carbons observed are in δ [ppm]: 10–25 (R-CH3),
18–50 (R-CH2-R), and 20–60 (R3-CH) for alkanes; 20–55 for amines (RCHnNR2 or RCHnNH2,
n = 1, 2, 3); 42–75 for alcohols (R-CHn-OH, n = 1, 2); 120–140 for alkenes (RCHn = CR2,
n = 1, 2) and aromatics (C-Ar); and 150–185 for amides (RC(=O)ONR2) and carboxylic acids
(RC(=O)OH) [23].

The proposed structure was obtained by combining the functional groups identified in
the 1D NMR spectra and comparing them with the HSQC correlation spectrum in Figure 6,
which correlates protons with the carbon atoms to which they are directly bonded [24].
The proposed structure is shown in Figure 7; it has a molecular weight of 438.25 Da
and a condensed formula of C26H34N2. It has carbonyl and amide domains consistent
with the signals detected in FT-IR and with the ions observed in ESI-MS. The absence
of aromatic patterns and the predominance of functionalized aliphatic shifts suggest a
carboxylate-type siderophore with a relatively compact architecture, capable of forming
stable complexes with Fe(III). Taken together, the NMR data corroborate the identity of the
major metabolite as a modified peptide siderophore, whose proposed structure is consistent
with both the exact mass detected and the spectroscopic behavior observed in the various
analytical techniques.
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Figure 7. Proposed structure for the siderophore of Glutamicibacter sp. key AlTeq 24 F2.

3.5. Iron Chelation and Zeta Potential Measurements

The solutions prepared with the fractions were evaluated for their ability to chelate
with iron. To do this, the solutions were titrated with a FeCl3·6H2O solution with a
concentration of 14.8 mM for SiGlu; during each injection, potential ζ and pH values were
measured. The results are shown in Figure 8. For SidGlu, the initial solution shows a ζ

potential value of −21.15 mV, indicating that the system is stable and that the negative
surface charge is due to the carbonyl groups present in the molecule [25]. When the
ferric chloride solution is added, the ζ potential changes to positive values, indicating the
interaction of the siderophore present in the fraction and the iron. The isoelectric point
occurred at 0.59 mM ferric chloride, and the final potential value of 42 mV indicates high
stability of the complex in the solution [26]. Similarly, the pH changes from an initial value
of 4.21 to 3.53, indicating deprotonation and the formation of hydrochloric acid. These
results demonstrate that the major molecule detected in SoGlu not only possesses the
functional groups necessary to coordinate iron (as indicated by FT-IR and NMR) but also
forms kinetically and thermodynamically favored complexes with Fe(III) in solution. This
supports its classification as an active siderophore and suggests potential applications in
metal remediation or sensing, where the formation of soluble and stable complexes is a key
requirement. To complete the characterization, additional MS/MS titration experiments
of the complex and stability studies against variations in ionic strength and pH would
confirm the stoichiometry and robustness of the complex under more diverse environmental
conditions [24].

Figure 8. Graphs of potential ζ and pH as a function of ferric chloride concentration.
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Although this work integrates multiple analytical techniques for the characterization
of the siderophore produced by Glutamicibacter sp. AlTeq-24-F2, some limitations remain.
The structural elucidation is partial and would benefit from targeted MS/MS fragmentation
and additional NMR experiments to confirm the proposed architecture. Moreover, further
assays are required to define the chelation stoichiometry and to evaluate the behavior of
the siderophore under different environmental conditions.

Despite these limitations, the study provides a significant contribution by identifying
a carboxylate-type siderophore in a genus historically underexplored for siderophore
production. The integration of FT-IR, MS, FT-ICR-MS, NMR, and zeta potential analyses
offers robust multi-level evidence of its structure and function, positioning Glutamicibacter

AlTeq-24-F2 as a promising candidate for biotechnological applications related to iron
mobilization and metal chelation.

4. Conclusions
Glutamicibacter sp. AlTeq-24-F2 produced a carboxylate-type siderophore confirmed

by amide and carbonyl signals in FT-IR.
The marked change in zeta potential during titration with Fe(III) confirmed the forma-

tion of stable iron–ligand complexes.
The siderophore from Glutamicibacter sp. AlTeq-24-F2 shows promising physicochemi-

cal properties, particularly in fluorescence and metal binding. These features suggest it has
potential for applications in metal sensing or bioremediation.
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