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Abstract

Magnetotactic bacteria (MTB), a unique group of Gram-negative prokaryotes, have the
remarkable ability to biomineralize magnetic nanoparticles (MNDPs) intracellularly, making
them promising candidates for various biomedical applications such as biosensors, drug
delivery, imaging contrast agents, and cancer-targeted therapies. To fully exploit the poten-
tial of MTB, a precise understanding of the structural, surface, and functional properties
of these biologically produced nanoparticles is required. Given these concerns, this re-
view provides a focused synthesis of the most widely used microscopic and spectroscopic
methods applied in the characterization of MTB and their associated MNPs, covering the
latest research from January 2022 to May 2025. Specifically, various optical microscopy
techniques (e.g., transmission electron microscopy (TEM), scanning electron microscopy
(SEM), and atomic force microscopy (AFM)) and spectroscopic approaches (e.g., localized
surface plasmon resonance (LSPR), surface-enhanced Raman scattering (SERS), and X-ray
photoelectron spectroscopy (XPS)) relevant to ultrasensitive MTB biosensor development
are herein discussed and compared in term of their advantages and disadvantages. Overall,
the novelty of this work lies in its clarity and structure, aiming to consolidate and sim-
plify access to the most current and effective characterization techniques. Furthermore,
several gaps in the characterization methods of MTB were identified, and new directions
of methods that can be integrated into the study, analysis, and characterization of these
bacteria are suggested in exhaustive manner. Finally, to the authors” knowledge, this is the
first comprehensive overview of characterization techniques that could serve as a practical
resource for both younger and more experienced researchers seeking to optimize the use of
MTB in the development of advanced biosensing systems and other biomedical tools.

Keywords: magnetotactic bacteria; magnetic nanoparticles; characterization methods;
advanced microscopy techniques; spectroscopic investigations; biosensors

1. Introduction

Shortly after their discovery in the late 1950s, magnetotactic bacteria were initially
believed to be confined to sediments and aquatic environments with near-neutral pH
values and temperatures within the typical range [1]. However, subsequent research has
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demonstrated that their distribution is, in fact, ubiquitous. These bacteria can be found in
a wide variety of natural habitats, including aquatic environments, moist soils, lakes, and
both freshwater and saline ecosystems, as well as in extreme environments [2,3]. Extensive
studies have been conducted on their distribution across numerous locations, providing
global coverage, including regions such as the Brazilian and Pacific lagoons, the China Sea,
the North Sea, rivers and lakes across Asia, as well as in both European (Germany, France,
Italy, Portugal, Spain, United Kingdom, Russia) and American continents [4].

MTB have garnered significant attention in recent years due to their unique charac-
teristics, which distinguish them from other microorganisms, and particularly because of
their diverse applications, especially in the medical and ecological domains. Their inherent
magnetic properties place MTB at the forefront of preferences, surpassing other microor-
ganisms and synthetic nanoparticles in various contexts. These bacteria are prokaryotic,
Gram-negative organisms, exhibiting motility via flagella. They are capable of synthesizing
intracellular magnetic crystals, with nanometric dimensions, composed of magnetite, iron
oxides (Fe3Oy4), and/or greigite, iron sulfates (Fe3S;), which are surrounded by a lipid
bilayer membrane (Figure 1). This membrane forms specialized organelles known as mag-
netosomes [3]. The formation and development of magnetosomes are strongly influenced
by environmental conditions. Factors such as nutrient absorption, including iron and
oxygen, carbon sources, as well as fluctuations in pH and temperature, directly impact
the mineral composition synthesized by the bacteria and, consequently, the formation of
magnetosomes (Figure 2) [5].
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Figure 1. Schematic representation of magnetosome containing magnetic crystals (in the form of
magnetite (Fe3O4) or greigite (Fe3S,)) and their promising applications in the biomedical field.

Magnetosomes are arranged in chain-like structures that function similarly to a com-
pass, enabling the bacteria to navigate according to the Earth’s geomagnetic field [4]. This
magnetic orientation facilitates the bacteria movement, allowing them to position them-
selves in environments conducive to their survival and growth, which is closely linked to
optimal oxygen concentrations, redox gradients, and nutrient availability [2,3]. Thus, most
MTB are microaerophilic, meaning they require low concentrations of oxygen, typically
preferring an optimal oxygen concentration of up to 20 uM [6], with a natural habitat
primarily found in the oxic—anoxic transition zone within chemically stratified aquatic



Biosensors 2025, 15, 472

3 o0f41

environments, often located in the upper regions of sediment, at the bottom of the water
column. Nonetheless, certain MTB strains are capable of thriving in extreme conditions,
such as hot springs, alkaline saline lakes, or in deep aquatic environments [7,8].
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Figure 2. Factors contributing to the formation and development of magnetosomes.

On the other hand, the vertical component of the Earth’s magnetic field enables the
MTB to align with the magnetic field lines, guiding them toward their preferred habitat [9],
a phenomenon known as magnetotaxis. This capability enables the bacteria to navigate
autonomously, without reliance on an external energy source [10]. For instance, Rismani
Yazdi et al. (2018) [10] demonstrated, using the Magnetospirillum magneticum strain (AMB-1),
that magnetotaxis enables MTB to orient themselves both perpendicular to the flow and
in the opposite direction. The bacteria movement is influenced by the flow, the magnetic
field, and their relative orientation. These findings are particularly relevant in the context
of aquatic ecosystems, where MTB must often travel long distances to reach the oxic-anoxic
transition zones. Through their research, the authors highlighted the potential use of these
microorganisms in biomedical applications, such as targeted drug delivery and in vivo
microrobotics for the precise targeting of specific cells or tissues [10].

MTB exhibit highly specific requirements for cultivation under laboratory conditions,
demanding precise control over temperature, oxygen concentration, and nutrient supply in
the culture medium. Oxygen concentration is crucial for the proliferation of MTB, while iron
concentration plays a pivotal role in the formation of magnetosomes. Additionally, carbon
concentration stimulates magnetosome formation and serves as an energy source in the
culture medium. Temperature is another critical factor influencing the activity and growth
of these bacteria [5]. Furthermore, the considerable diversity of MTB strains suggests that
different strains may have distinct nutrient and chemical gradient requirements for optimal
growth and division [11].

In recent years, over 16 new MTB species have been discovered in mountain envi-
ronments [12,13]. However, cultivating these species under laboratory conditions remains
a significant challenge that requires further investigation. In contrast, species of magnetotac-
tic bacteria that have been studied extensively, with well-established cultivation protocols,
belong to the genus Magnetospirillum (class Alphaproteobacteria, phylum Proteobacteria), in-
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cluding strains such as Magnetospirillum magneticum (AMB-1), M. magnetotacticum (MS-1),
and M. gryphiswaldense (MSR-1). In this regard, the species found in Figure 3 are those that
have received the most concentrated attention from the scientific community both in terms
of establishing cultivation protocols, respectively, identifying the conditions conducive to
their growth in laboratory conditions, as well as in terms of the quality of the information
obtained from their analysis. From the steps undertaken and from the research carried out,
information was mainly obtained regarding the shape of the crystals contained by these
species, the number of magnetosomal chains, as well as the size of the magnetic crystals
contained [11].
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Figure 3. Schematic illustrations of the bacterial shapes of the main types of magnetotactic bacteria
studied, belonging to the phylum Alphaproteobacteria.

Despite substantial progress in exploring and discovering new MTB strains, as well as
recognizing their promising potential, several challenges remain. One such challenge per-
tains to the individual characterization of the bacteria and their magnetosomes, specifically
the methods used for characterization via microscopy tools. In this context, this review
aims to provide a comprehensive overview of the key aspects studied to date, including
characterization techniques, the MTB strains employed, the advantages of these methods,
and any limitations or drawbacks that complicate the evaluation process. A thorough
understanding of the properties of MTB, as well as the magnetosomes and nanoparticles
biomineralized by them, is crucial for advancing their application, particularly in the
development and implementation of novel biomedical applications.

2. Promising Characteristics of Magnetotactic Bacteria in
Biomedical Research

Magnetotactic bacteria are attracting increasing interest in biomedical research due to
their unique ability to biosynthesize magnetosomes, magnetic nanocrystals, arranged in
order in intracellular chains and enveloped in a lipidic-protein membrane. These magne-
tosomes exhibit a precise crystalline structure, uniform dimensions and a purity superior
to those obtained by conventional synthetic methods. In addition, the biological mem-
brane that surrounds them allows for efficient functionalization with bioactive molecules,
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an essential aspect in therapeutic and diagnostic applications. One of the most valuable
characteristics of MTB is the high biocompatibility of magnetosomes, correlated with low
toxicity and a promising and efficient degradation in biological systems. These qualities
offer a major advantage compared to synthetic magnetic nanoparticles, which frequently
raise problems of aggregation, stability, and safety in use. Thus, magnetosomes represent
a natural, sustainable, and functional alternative to synthetic magnetic materials currently
used in nanomedicine [14,15]. Due to their well-defined magnetic properties and the pos-
sibility of biological control over their synthesis, MTB and their magnetosomes are being
intensively explored in applications such as magnetic resonance imaging (MRI), magneti-
cally induced hyperthermia, targeted drug delivery, and gene therapies. In addition, the
ability to move under the influence of a magnetic field allows them to be integrated into
active transport systems or steerable nanodevices, opening new perspectives in localized
therapies and in the precise diagnosis of pathologies of biomedical interest [14-17].

2.1. Magnetosomes Formation in MTB

The formation of the magnetosome chain is a multi-step process that exhibits slight
variations depending on the species. For instance, in the Magnetospirillum species, cytoplas-
mic membrane invagination occurs first, followed by the precipitation of magnetic crystals
made of greigite [18]. It is hypothesized that a sorting mechanism for magnetosomal
membrane proteins may exist during membrane invagination and vesicle formation. In
Magnetospirillum magneticum, different stages of crystal precipitation have been observed
in cells grown under iron-limited conditions, where empty magnetosome vesicles are
arranged in chains and attached to the membrane. Additionally, a small percentage (35%)
of magnetosomes exhibited membrane invaginations, suggesting that in other cases, these
invaginations break off and form detached membrane vesicles [19].

A subsequent step in magnetosome chain formation is the internalization of iron into
the magnetosomal vesicles. Studies on Magnetospirillum gryphiswaldense have demonstrated
a mechanism in which iron, essential for the biomineralization of magnetite crystals, is trans-
ported through the cytoplasmic membrane directly to the magnetosome membrane, by-
passing the cytoplasm. This finding indicates that iron uptake, assimilation/internalization,
and storage, as well as the formation of magnetic crystals, are distinct stages in the pro-
cess [20,21]. Once iron is internalized into the magnetosome vesicle, nucleation and matu-
ration of the magnetic crystals begin. A key point is that iron absorption occurs rapidly
and influences the morphology of the magnetic crystals within the magnetosomes [22,23].

In all magnetotactic bacteria, magnetosomes are organized into single or multiple
chains that are aligned in a manner similar to actin filaments [22]. The size and shape
of magnetosomes, as well as the nanoparticles within them, are of great significance in
the characterization of MTB and in understanding the mechanisms that underlie their
principal functions. These characteristics are crucial for elucidating the bacteria’s potential
applications across various sectors.

2.2. Biomineralization of Magnetosomes in MTB

Studying the properties and biomineralization mechanisms of MTB necessitates their
isolation from natural environments, followed by their cultivation and genetic manipula-
tion in the laboratory. The first strain cultivated, M. magnetotacticum MS-1, has facilitated
numerous molecular and structural characterizations (approximately 30 to date) [22]. How-
ever, challenges in cultivating colonies of MS-1 on agar medium prompted has increased
the focus on other strains that could support further studies. Agar is a semi-solid growth
medium for isolating unknown MTB or for growing different species that are sensitive to
oxygen and redox gradients [11]. M. gryphiswaldense MSR-1 and M. magneticum AMB-1



Biosensors 2025, 15, 472

6 of 41

—

<

length: 1-10 pm
width: 0.2-2 pm @ maonetic crystals

>

have proven easier to cultivate than MS-1, making them model organisms for studying
magnetotactic bacteria. These strains have been studied using both cell and molecular bio-
logical techniques, as well as genetic approaches to investigate the roles of specific proteins
and enzymes in the formation of magnetic crystals and magnetosomes [22] (Figure 3).

Magnetotactic bacteria possess the ability to regulate intracellular mineralization, as
evidenced by their capacity to form magnetic particles of greigite and / or magnetite. Beyond
mineralizing these particles, the magnetosomes in MTB enable the bacteria to align with
and navigate along the Earth’s magnetic field lines. Additionally, magnetosomes exhibit
enzyme-like activity (peroxidase, catalase, oxidase-like activity), contributing to the removal
of reactive oxygen species. MTB also enhance stress tolerance by incorporating metals
such as Zn, Co, Cu, and Mn into the magnetosomes, and play a role in the biogeochemical
cycling of carbon, nitrogen, sulfur, potassium, and iron [22-24]. The shape, composition
(5-50 magnetic crystals per cell) [25], and arrangement of magnetosomes vary among
species (15-30 magnetosomes per bacterium) [26], and similarly, the dimensions of the
magnetic crystals differ, ranging from 30 to 120 nm [5,22,24] (Figure 4).
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Figure 4. Shapes of magnetotactic bacteria and their magnetosomes.

3. Data Collection

To obtain a comprehensive understanding of the current state of knowledge regarding
magnetotactic bacteria, a thorough literature review was conducted. The review began with
a search of the Web of Science database, one of the most updated and extensive sources
for discovering new species of magnetotactic bacteria, cultivation methods, and protocols,
as well as approaches for evaluating, characterizing, and describing both the bacteria
and the nanoparticles biomineralized by them. The preliminary search utilized the key
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term “magnetotactic bacteria”, which yielded 2220 publications. A preliminary analysis
of these data (Figure 5) revealed a noticeable upward trend in the interest surrounding
magnetotactic bacteria since their discovery. Notably, in the past two decades, there has
been an exponential increase in the number of published articles. This trend strongly reflects
the significant interest in exploring the unique properties of these bacteria, understanding
their mechanisms of action, optimizing cultivation conditions, and investigating their
potential applications across various sectors.

a b
Total (2022 - mai 2025): 300
2025 11
2024 91
2023 92
2022 106
WA N WG\ N W\
QA A A OSD S SD D S v  wow- N
R R R R R R R 0 20 40 60 80 100 120

Figure 5. Schematic representation of the number of publications registered in the scientific database,
Web of Science (1920), since the discovery of magnetotactic bacteria (a) and in the last 40 months
(January 2022-May 2025) (b).

4. Data Analysis

The search was further refined by filtering for articles published within the last
three years, specifically from 2022 to 2024, and by including review articles, open-access
documents, and publications in English. This refinement resulted in 289 articles. To
narrow the results to our area of interest, we applied a new combination of key terms:
“magnetotactic bacteria” AND “magnetic nanoparticles” AND “biomineralization” AND
“optical methods” AND “atomic force microscopy” AND “scanning electron microscopy”
AND “transmission electron microscopy” AND “spectroscopy techniques”. This additional
refinement generated 59 articles, which were then selected for more detailed analysis.

Following a systematic review of the selected publications concerning the methods for
analyzing, characterizing, and evaluating magnetotactic bacteria and their biomineralized
nanoparticles, the gathered information was organized based on both context and content
analysis parameters (Figure 6). The context analysis was performed by examining the
spatial and temporal aspects, with the aim of highlighting the ongoing and consistent
research focused on the applicability of magnetotactic bacteria. Meanwhile, the content
analysis was structured around the central research topic and the emerging variables: the
characteristics of magnetosomes and magnetic nanoparticles biomineralized by magneto-
tactic bacteria, and the optical and microscopy techniques employed for their evaluation,
analysis, and characterization.

4.1. Context Analysis

Research focused on the methods for characterizing various strains of magnetotactic
bacteria has contributed to the development of a comprehensive understanding of this
subject. The publications identified offer a thorough analysis of the current research
landscape, particularly highlighting the key challenges faced by researchers in isolating,
cultivating, and characterizing different MTB strains.
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The context analysis was conducted based on the temporal and spatial criteria of the
identified sources. As shown in Figure 5b, during the years 2022, 2023, 2024, and until
May 2025, interest and research related to these bacteria have remained consistently high,
reflecting both the ongoing progress in the field and the determination to fully explore
the potential applications of magnetotactic bacteria. Additionally, Figure 7 illustrates the
global distribution of research published in recent years, which is indicative not only of the
widespread interest in the subject but also of the ubiquitous distribution of magnetotactic
bacteria. This is further demonstrated by the identification and characterization of new
bacterial strains during the period from 2022 to May 2025.

DATA COLLECTION | DATA ANALYSIS |

Research platform:

Web of Science CONTEXT CONTENT
H ANALYSIS ANALYSIS

Key words: l ' .
magnetotactic bacteria AND magnetic nanoparticles AND Temporal analysis Magnetotactic bacteria,
optic methods 1 magnetosomes and
\_¢ . . biomineralised nanoparticles
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topic, years, language

Atomic force microscopy

Scanning electron microscopy

Research topic:

optical methods for characterising magnetotactic bacteria and tt Transmission electron microscopy
biomineralised magnetic nanoparticles |

Spectroscopy techniques

Research method:
literature review

Research documents:
41 articles

Figure 6. Schematic representation of the methodology of research.

4.2. Content Analysis

Since the discovery of magnetotactic bacteria and their unique ability to biomineral-
ize magnetic nanoparticles within their structure, significant efforts have been made to
understand their mechanisms of action, the structure and formation of magnetosomes
and nanoparticles, the characterization of biomineralized MNPs, as well as the methods
for collecting, isolating, and cultivating MTB. Research has also focused on exploring the
advantages of their use and their potential applications.

Our interest in investigating the methods for analyzing MTB arises from their unique
properties and the need to identify effective, efficient, and insightful methods that can
help the scientific community uncover the advantages and potential limitations of utilizing
these bacteria. Additionally, these methods aim to identify strategies for overcoming any
associated challenges.

Although the application potential of MTB has been widely demonstrated across
various fields and sectors, their cultivation under laboratory conditions remains a key focus
of research. The strains that exhibit the best adaptation to laboratory conditions, with well-
documented survival and established cultivation protocols, are Magnetospirillum magneticum
(AMB-1), Magnetobacterium magnetotacticum (MS-1), and Magnetocspirillum gryphiswaldense
(MSR-1) [11,22,27].
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Figure 7. Graphic representation of the global concerns related to magnetotactic bacteria over the
years 2022, 2023, 2024, and (May) 2025, according to the Web of Science database. Representation
of number of publications per country: 1-3 publications (a), 4-9 publications (b), respectively, and
10-115 publications (c).

5. Microscopic Characterization of MTB

Observation of magnetotactic bacteria using conventional optical microscopy, in-
cluding phase contrast and differential interference contrast (DIC), allows for rapid and
non-invasive imaging of the general morphology and motility of MTB microorganisms.
Unlike phase contrast, which is based on total refractive index, DIC is based on the lo-
cal change in refractive index and more suitable for thicker samples than phase contrast.
Also, DIC facilitates the identification of live unstained cells with no phase ring in the
objective and a larger depth of field. However, in DIC images, the cell outline is much
more difficult to extract, being made of both light and dark regions and making it more
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difficult to distinguish intracellular structures (e.g., the detailed observation of magneto-
somes or their precise organization within the cell). Furthermore, these methods do not
provide information on the chemical composition or magnetic properties of the observed
structures, limiting the understanding of the functional mechanisms of MTB. For all these
reasons, the advanced characterization of bacteria requires the addition of high-resolution
techniques. In order to ensure a comprehensive and varied assessment, a wide range of op-
tical microscopy techniques are employed to morphologically characterize nanomaterials,
specifically magnetosomes. Among these, the most frequently used and suitable methods
of MTB surface characterization are scanning electron microscopy (SEM) using dehydrated
cells, while transmission electron microscopy (TEM), atomic force microscopy (AFM), and
magnetic force microscopy (MFM) work with live specimens (Figure 8A).
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Figure 8. Main characteristics of MTB evaluated using microscopy techniques (A) and the engineering

pathways for magnetotactic bacteria and their magnetosomes (B).
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While other techniques may also be utilized (metagenomics, single-cell genomics,
or CRISPR-Cas9 and genetic engineering) (Figure 8B), this review focuses primarily on
those methods that help describe the morphology, shape, and size of the nanoparticles
contained within these bacteria, as these aspects are crucial in defining the performance of
magnetotactic bacteria in various applications.

Nanoparticles are substances with at least one dimension on the nanometric scale,
where the surface-to-volume ratio significantly increases. This characteristic is particularly
relevant in the context of their applications due to their exceptional physical, chemical,
magnetic, optical, and electrical properties. Their performance, whether topographic or
tomographic, is entirely dependent on their morphology. High-resolution microscopes
are required to assess these properties. For instance, scanning electron microscopy (SEM)
provides detailed information about the surface texture of nanomaterials and nanoparti-
cles [28]. Transmission electron microscopy (TEM) offers insights into the shape and size
of nanoparticles, while atomic force microscopy (AFM) is utilized to assess the surface
roughness of magnetotactic bacteria, as well as the surface forces, size, and thickness of
nanomaterials [29].

Each of these methods has its advantages and limitations. In the following section, we
will briefly outline each technique, discussing its strengths, weaknesses, and the type of
information it provides regarding magnetotactic bacteria.

Techniques for characterizing the internal structure of bacteria

5.1. Transmission Electron Microscopy in the Analysis of MTB

Transmission electron microscopy is a high-resolution technique that uses beams of
electrons. These electrons are transmitted through samples and allow detailed images to
be obtained at the nanometer or atomic scale. The electron beams are accelerated to high
voltages, between 100 and 300 kV, thus ensuring a resolution of the nanometer order [30].

This microscopy technique is extremely versatile, providing a wide range of informa-
tion about the samples analyzed. It makes it possible to obtain information at an atomic
resolution about the internal structure of materials, such as the morphology, shape, size, or
distribution of particles; orientation and arrangement of atoms; as well as information that
makes it possible to distinguish between crystalline and amorphous materials. Coupling
TEM with an X-ray detector allows the analysis and chemical composition of samples
through elemental analysis and mapping [31].

The precision, accuracy, and versatility of this technique have allowed TEM to find
its utility in numerous fields and branches of science, such as materials science, nanotech-
nology and nanomaterials analysis, chemistry, electronics, forensic geology and forensic
analysis, and, last but not least, in biology and medicine [31-33]. Regarding the latter, TEM
plays a crucial role due to its ability to provide detailed information about the internal
structure of cells and molecules. Using the electron beam transmitted through the ultrafast
sample, TEM allows obtaining images at a resolution of the order of nanometers or even
atoms [31,34].

In general, biological samples are fixed, dehydrated, and embedded in an epoxy resin,
and then sectioned using an ultramicrotonne. In the case of fragile biological samples, the cryo-
fixation technique is used for their structural preservation and subsequent analysis [31,35].

Magnetotactic bacteria are, so far, the only known group of prokaryotes that have
both biomineralization and magnetoreception capacity. For this reason, numerous studies
have been directed toward their characterization, the analysis of magnetosomes, and the
observation of the phenomenon of magnetotaxis.

One of the first microscopy techniques that was used to analyze and characterize these
bacteria was transmission electron microscopy [36,37]. This provided essential information
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about MTB; among the first observations, it was possible to identify magnetosomes and
intracellular particles of magnetite and greigite, biomineralized by them. The presence
of the flagellum was also highlighted and the analysis of the magnetotactic behavior of
magnetotactic strains was analyzed, thus making it possible to demonstrate their orientation
in the magnetic field, as well as to explain their behavior in dependence on the oxygen
concentration [37]. Since then, numerous strains of magnetotactic bacteria have been
analyzed and characterized in order to understand their mechanism of operation and
possible applications in various fields of activity, but especially in the biomedical sphere.

As an illustrative example, we take the study carried out by Zhang et al. (2022) [38].
They proposed the analysis of anhysteretic remanent magnetization (ARM) in order to
quantify the concentration of ferrimagnetic particles in rocks and sediments. Anhysteretic
remanent magnetization is a parameter used to evaluate information related to variations
in the Earth’s magnetic field and environmental changes. To this end, they analyzed marine
sediments from the Eastern Pacific Ocean, the Antarctic margin, the Arctic Ocean, and the
South China Sea [38].

Magnetic extracts from the sampled sediments were analyzed by transmission electron
microscopy and revealed the presence of magnetofoscillates with high iron and oxygen
content. These were in close agreement with the presence of magnetite, a fact validated by
additional investigations carried out by lithostratigraphy and water geochemistry [38].

In their study, Kadam et al. (2024) [39] reported the discovery of magnetofossils
extracted from the Bay of Bengal. These are, according to the reports and investigations
of these researchers, the youngest giant magnetofossils reported to date. Analysis and
characterization using scanning electron microscopy allowed the identification of the
shape of these magnetofossils, and transmission electron microscopy confirmed their
morphological variability, as well as their magnetic component [39].

Similarly, Zhang and Wang (2024) used TEM to directly confirm the presence of
magnetofossils in sediments, and analyses coupled with EDS allowed the determination of
their iron and oxygen composition, suggestive of magnetite composition [40].

Maso6-Martinez et al. (2023) [41] performed a comparative analysis of disrup-
tion techniques (enzymatic treatment, probe sonication, and high-pressure homoge-
nization) to study their effect on the length of the magnetosome chain of the strain
Magnetospirillum gryphiswaldense MSR-1, as well as on the integrity and aggregation state
of the isolated magnetosomes. The analyses were performed using TEM, JEM-2100 F (JEOL,
Herts, UK) at 200 kV and equipped with a Gatan Orius CCD camera (Pleasanton, CA,
USA), and the dynamic light scattering technique, coupled with nano-flow cytometry. The
TEM results obtained showed that high-pressure homogenization allowed optimal preser-
vation of the integrity of the magnetosome chain, while enzymatic treatment generated
its cleavage. The purpose of the experiment conducted was based on examining the effect
of these types of cell destruction treatments on the integrity of the magnetosome chain in
order to study and identify the potential of these magnetosomes to lay the foundations for
a new generation of functional materials [41].

An interesting perspective in the study of the strain Magnetospirillum magneticum
AMB-1 was brought by Gandia et al. (2023) [42], who cultivated the MTB strain in three
different culture media to analyze how they influence the structural, morphological, and
magnetic characteristics of the magnetosome chains. The culture media they used were
Wolfe mineral solution medium, growth medium without Wolfe mineral solution, and
a standard medium for reference [42].

The investigated characteristics were analyzed by transmission electron microscopy
(JEOL JEM-1400 Plus at 120 kV), X-ray absorption spectroscopy, and X-ray circular magnetic
dichroism (ALICE station at the PM3 beamline of BESSY II in Berlin, Germany). The TEM
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characterizations allowed the researchers to observe and compare the bacteria grown in
different culture media conditions. Thus, they observed that in all three media, the bacteria
developed properly, and they presented the spirilla shape and fragmented chains specific
to this strain. Moreover, the number of magnetosome subchains was comparable, and the
average sizes were also similar. The significant difference, however, was observed in the
size of the magnetosomes, which is representative of their magnetic response [42].

Therefore, regardless of the medium used, the AMB-1 bacteria were capable of growth
and development, forming complete chains of magnetosomes, but the magnetic response
was different. The evaluation of their magnetic response was evaluated by measuring
the heating efficiency within the hyperthermia processes to which they were subjected.
Bacteria grown on Wolfe mineral medium (MSGM+W) had a pronounced increase in
magnetocrystalline anisotropy and magnetic coercivity. In contrast, bacteria grown in the
medium without minerals (MSGM-W) showed high uniaxial anisotropy with increased
heating efficiency. Even in the absence of minerals, this medium presents itself as a promis-
ing alternative for bacterial cultivation [42]. These results indicated and emphasized the
importance of the culture medium in controlling and regulating the magnetic response of
these bacteria. This aspect can be further exploited for cultivation in preferential culture
media, adapted for particular medical applications in which magnetotactic bacteria are
desired [42].

TEM is therefore an indispensable tool in the characterization of magnetotactic bacteria
and is among the main method for analyzing the shape, size, and arrangements of mag-
netosomes, as well as mineralized magnetotic crystals [25,32,43-46]. In Table 1, the main
advantages and disadvantages of using TEM in MTB characterization are summarized, and
the main bacterial strains analyzed by TEM are summarized in the table below (Table 2).

Table 1. Advantages and disadvantages of using TEM in MTB characterization.

Advantages Disadvantages Ref.
very high resolution (range) complex sample preparation [32]
ability to observe internal structures high costs [47]
localized chemical analysis requires vacuum environment [32]
atomic and nanometric scale imaging  risk of artifacts [31]
Table 2. MTB strains characterized using TEM.
MTB Strain TEM—Device Type Characteristics Highlighted Ref.

morphology, magnetic
Magnetofossils JEOL F200, 200kV components (detrital [39]
magnetic component)

composition of the

Magnetofossils JEM-2100Plus magnetosome (magnetite) [40]
composition of the magnetosome
Magnetospirillum g (magnetite crystals), chain
gryphiswaldense MSR-1 JEM-2100 F, 200 kv integrity, aggregation state 411
of magnetosomes
structural, morphological, and
Magnetospirillum JEOL JEM-1400 Plus, magnetic characteristics of the [42]
magneticum AMB-1 120 kV magnetosome chains

(magnetite crystals)
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Table 2. Cont.
MTB Strain TEM—Device Type Characteristics Highlighted Ref.
size (35-120 nm), shape
Magnetospirillum JEOL JEM-14000 Plus, (cuboctahedral), and arrangement [25]

gryphiswaldense MSR-1

120 kV

of the magnetosomes

(magnetite crystals)

size (40-80 nm), shape

(cuboctahedral), arrangement
(nonuniform distribution), and [43]
composition of the magnetosomes
(magnetite crystals)

Magnetospirillum
gryphiswaldense MSR-1

characterization and organization
of magnetosomes [44]
(magnetite crystals)

Magnetospirillum
gryphiswaldense MSR-1

Jeol 2100F equipped
with a Schotky FEG gun

morphological characteristics of
the type magnetofossils

Magnetofossils JEOL JEM-2100, 200 kV . . [45]
(single-magnetic
domain magnetite)

Magnetospirillum JEOL JEM-1400 Plus, internal arrangement, distribution,

and chain analysis of [48].

gryphiswaldense MSR-1 120 kV type magnetosomes

Techniques for characterizing bacterial surfaces

5.2. Scanning Electron Microscopy in the Analysis of MTB

SEM is a microscopy technique that allows the detailed and high-resolution analysis
of the surface of the analyzed samples, being used in numerous fields and sectors of
activity. The scanning electron microscope is, from a functional point of view, similar
to optical instruments, except that it uses a focused beam of electrons instead of a light
source. The beam, generated by an electron gun, is focused on the surface of the sample
and, in this way, allows obtaining information about the structure and composition of
the analyzed specimen [49]. Directed through metal apertures and specialized lenses, the
emitted electrons interact with the atoms inside the sample under analysis and determines
the obtaining of several types of signals, including secondary electrons, backscattered
electrons, and characteristic X-rays. The signals obtained in this way are, in fact, information
regarding the topography, surface, composition, and properties of the specimen [50].

Unlike other optical microscopy instruments, SEM operates in a vacuum, which
requires a stable power source, proper cooling system, and use in a vibration-free space
sheltered from ambient magnetic and electric fields. The operating principle of the SEM
relies on the generation of a beam from the electron gun, descending into a column and
onto a series of electromagnetic lenses. The latter are called solenoids and are actually
tubes wrapped in coils. They are adjusted so as to allow the appropriate focusing of the
incident beam on the sample under investigation. The interaction with the sample is given
by the acceleration speed of the incident electrons before being focused and directed onto
the specimen. At the moment of interaction, the electrons are released from the surface of
the sample, and their scattering patterns are those that generate information about shape,
size, and composition [51].

The signals generated by the interaction with the sample are of several types. Sec-
ondary electrons are emitted by the surface of the analyzed sample as a result of the
collision with the electrons in the primary beam; they are responsible for information on
the topography of the surface of the analyzed samples and provide details on the structure,
texture, and morphology of the surface. Backscattered electrons, as the name suggests, are
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those electrons reflected back from the sample. They are sensitive to the atomic density of
the material and provide details on the chemical composition of the sample. The detectors,
used to capture the scattered electrons, are part of a more varied and diversified palette.
They can also be adapted to capture secondary electrons, as well as X-rays [52,53]. Prac-
tically, X-ray dispersive spectroscopy is a complementary technique that can be used in
conjunction with SEM to analyze the chemical composition of materials or samples. When
electrons in the primary beam strike atoms in the sample, they can release specific X-rays,
the measurement of which allows the determination of the chemical element present in the
analyzed material [54].

A distinctive and characteristic aspect is given by the fact that the electron beam
steering, the interaction with the sample, and the acquisition of images in SEM take place
in a vacuum. For this reason, the specimens subjected to analysis require prior preparation
so that they can be introduced into the vacuum chamber. Preliminary preparation of the
samples is necessary so that they can be subjected to the low pressure found inside the
vacuum chamber. In the case of biological samples, for example, one of the preliminary
preparations involves dehydrating the specimens and immobilizing them on a support. In
addition, in the case of most biological samples, they also need to be coated by spraying
with various substances/metals. The latter aspect is a consequence of the fact that biological
samples are non-conductive samples [55].

A highly suggestive example in this context is the study carried out by Bektas and
Yildirim (2025) [56] to analyze the structure of bacterial cellulose (BC) produced by Bacillus
strains. Bacterial cellulose is a natural polymer with potential in numerous applications in
various industries. They analyzed several strains that produce bacterial cellulose, including
Bacillus amyloliquefaciens B1, Bacillus subtilis B2, Bacillus velezensis B3, Bacillus siamensis B4,
and Bacillus amyloliquefaciens B5 [56]. In this regard, they used a high-vacuum scanning
electron microscope, JEOL JSM-6360LV, at a magnification of 20,000. The bacterial samples
used were dried and coated with gold and were analyzed at 20.0 kV. SEM analysis revealed
the physical structure of BC, characterized by a heterogeneous network of interconnected
fibers. This network confers a high water retention capacity and, consequently, increased
humidity maintenance. Its evaluation by SEM revealed a complex structure and an intricate
arrangement of the fibers that were grouped in the form of dense ribbon bundles with
variable thicknesses, depending on the bacterial strain (28-108 nm) [56].

Another example, but this time one targeting magnetotactic bacteria, revealed the
usefulness of SEM in the characterization of extremophilic magnetotactic bacteria. Oestre-
icher et al. (2022) [57] identified the presence of MTB in hot and moderately thermophilic
hot springs (Mickey Hot Springs) rich in arsenic (1 mg/L). They investigated the possi-
bility of the existence of these bacteria in different locations and habitats with extreme
conditions, such as high temperature, high pH, or the presence of toxic substances in the
environment [57].

The identified MTB belong phylogenetically to the Nitrospirae phylum and were ana-
lyzed and characterized using several microscopy techniques. Oestreicher et al. (2022) [57]
used TEM for morphological analysis of the cells, respectively, to study the size and shape
of the magnetosomes. On the other hand, to determine the chemical composition of the
magnetosomes, they used scanning transmission electron microscopy (STEM) coupled
with energy dispersive spectroscopy (EDX). Unlike SEM, which uses reflected electrons to
generate information about the surface of the analyzed material, STEM uses a combined
approach of microscopy techniques to provide information about both the surface of the
material and its internal structure. Coupling with an X-ray detector enriches the quality of
the information obtained by providing details about the elemental chemical composition of
the materials [54].
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The analyzed MTBs were placed on a carbon-coated copper grid and Formvar (Ted
Pella, Redding, CA, USA) and subsequently analyzed using an FEI Tecnai F20 STEM (FEI
Company, Hillsboro, OR, USA)at an accelerating voltage of 200 keV; for the analysis of
magnetic crystals, they used an EDX F20 energy-dispersive X-ray spectrometer (EDAX,
Mahwah, NJ, USA) [57].

Through this research, the authors found that the cells had a single polar flagellum,
and the chain of magnetosomes inside the cell was unique, while the magnetic crystals
(40 to 136 nm) were bullet-shaped and composed of iron and oxygen [57]. Another aspect
highlighted in this study is that MTB removes arsenic from solution. However, the data
collected and analyzed on bacterial magnetosomes did not reveal arsenic content in the
magnetite crystals, but it was identified in the bacterial cell. This aspect suggests that the
arsenic-containing environment does not affect the synthesis of magnetic crystals by these
bacteria. The ability of MTB to tolerate high concentrations of arsenic can be further used
in the creation of biosensors for the detection of this substance in contaminated waters or
even for use as metalloid biosensors for public health programs [57].

HR-SEM is an advanced scanning microscopy technique that allows for more detailed
images of the analyzed specimens. It differs from SEM in that it uses a much more focused
and precise electron beam that allows for higher resolution images [50].

The use of HR-SEM—FEI Quanta 250 FEG, at a voltage of 10 kV in a high vacuum,
allowed the characterization and assessment of the size and morphology of bacterial cells,
as well as magnetosome chains [29].

Marcano et al. (2022) [47] attempted a method of acquiring experimental data, in close
agreement with theoretical modeling, in order to obtain quantitative information about
the magnetic anisotropy of magnetosomes. The latter aspect refers to both the magnetic
anisotropy constant and the direction of the magnetic axis of magnetosomes. The method
they used was based on the use of magnetic imaging techniques with nanometer-scale
resolution. In this sense, they tested this hybrid approach on the magnetotactic bacterial
strain M. blakemorei MV-1, which they analyzed by scanning transmission X-ray microscopy
(STXM) and TEM [47]. Compared to SEM, STXM uses a soft X-ray beam that passes through
the sample, and the image is formed based on the X-rays absorbed in different regions of
the sample [50].

Therefore, Marcano et al. (2022) used a hybrid method combining both experimental
and theoretical approaches to specifically explore the magnetic properties of magnetotactic
bacteria [47].

Another revealing example of the utility of microscopy systems was revealed by the
study conducted by Schaible et al. (2022) [58]. They analyzed an unidentified species of
magnetotactic bacteria using a combination of microscopy techniques to analyze and reveal
their characteristics.

The bacteria were collected from a tidal pool in the USA (Falmouth, MA, USA). The
techniques used in the analysis of bacteria are from a broader and more varied spectrum,
including fluorescence in situ hybridization (FISH), scanning electron microscopy (Zeiss
Microscopy GmbH, Jena, Germany), confocal RAMAN microscopy (Horiba Jobin-Yvon,
Kyoto, Japan), and nanoscale secondary ion mass spectrometry (NanoSIMS) (CAMECA,
Gennevilliers, France) [58].

Through them, Schaible et al. (2022) demonstrated the usefulness of the combined use
of several microscopy techniques so that it is possible to obtain and adapt the workflow
at the cell level for the investigation of information related to morphology, physiology, or
taxonomy [58].

In Table 3, we have summarized the main MTB strains characterized using SEM.
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Table 3. Magnetotactic bacterial strains characterized using SEM.

MTRB Strain

SEM—Device Type Characteristics Highlighted Ref.

Magnetospirillum moscoviense

MS-24

magnetotaxis movement,
HR-SEM—FEI Quanta 250 FEG size, and morphology of bacterial [29]
cells and magnetosomes

hybrid method—experimental

. and theoretical approaches magnetic anisotropy of
M. blakemorei MV-1 STXM—MAXYMUS end station ~ magnetosomes 1471
at HZB BESSY II, Berlin
Zeiss (Jena, Germany) SUPRA information related to the
unidentified species of MTB  55VP field emission scanning morphology, physiology, or [58]
electron microscope (FE-SEM) taxonomy of each cell

For a complete picture of the utility of SEM in bacterial characterization, we refer to
Table 4 for the main advantages and disadvantages of this technique.

Table 4. Advantages and disadvantages of using SEM in bacteria characterization.

Advantages Disadvantages Ref.

high resolution and magnification, allowing the

observation of very fine surface details high cost 591
large depth of field complex sample preparation [53]
elemental analysis can provide detailed elemental surface-onlyv imagin [29]
composition data of the sample when paired with EDX yumaging
versatility angi wide variety of materials (biological risk of sample damage [47]
tissues, metals, polymers)
non-destructive imaging requires skilled operators [47]

5.3. Atomic Force Microscopy in the Analysis of MTB

Since its discovery, atomic force microscopy has been employed to analyze a wide
range of materials, including soft matter, facilitating the evaluation of their properties
and physicochemical characteristics. AFM is a high-resolution technique that allows the
visualization, manipulation, and characterization of molecular and atomic surfaces of
materials, nanoparticles, and even various biological structures [60]. This instrument is
versatile in its capability to approach and analyze various types of surfaces [61].

The AFM system consists of a nano-positioning system, an electronic controller, and
a flexible cantilever that ends in a sharp tip, which detects external forces during move-
ment [62]. As the tip physically scans the surface of the sample, it generates topographical
measurements. The information provided by AFM includes data on roughness, surface
topography, and the mechanical properties of the sample being analyzed [60,63,64].

AFM has proven useful across numerous sectors, including biology, medicine, physics,
and materials science and engineering [65]. The analysis of biological samples, in particular,
holds significant importance for understanding fundamental biological principles, identify-
ing operational modes, and examining the complex interactions involved. AFM meets the
need for a microscopy technique that offers multiple ways to observe dynamic biological
processes, providing both spatial and temporal resolution while offering versatile imaging
options, as shown in Table 5. This versatility is especially valuable in biomedical research,
where understanding cellular structures and their interactions, such as those with bacteria,
is crucial. AFM enables the assessment of mechanical properties, surface interactions, and
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forces at high resolution, which are vital for studying these processes in the human body

and other biological systems [60,66].

Table 5. Advantages and disadvantages of using AFM in MTB characterization.

Advantages Disadvantages Ref.
imaging depth limitation—offers high surface
high-resolution nanometric scale images resolution, but it can be more difficult to obtain clear [48]
images of the internal structures of bacteria
f)bservlatlon O.f the fine deta.ﬂs of bacteria’s structure, complex operation and additional costs of maintenance [67]
including their shape and size
topographic analysis relatively slow tgchmque, obtaining a complete data set [68]
can take a long time
quantitative analysis of certain parameters may be more
information about morphology and roughness complicated and less precise compared to [69]
other techniques
possible mechanical interference given by the
measurement of mechanical properties interaction between the AFM tip and the bacterium; this [68]
can influence its morphology, which can lead to artifacts
evaluation of mechanical properties such as stiffness useful fqr sFudymg small bgcterla, and its applicability
.. . may be limited when studying larger or [29]
and elasticity of bacteria . .
multicellular organisms
does not require dyes or special coloration for sample
preparation, thus reducing the risks of artifacts [67]
induced by these substances
can be used to study living bacteria in an environment . . . . .
.. . . sample artifacts—deformation, scratching, indentation
close to natural conditions, allowing real-time [63]
observations of their behavior
can be used to study both the morphology and [64]

physicochemical properties of bacteria

In AFM, interaction with the sample occurs through a flexible probe equipped with
a tip, actuators, and sensors. Probes are typically made from materials such as silicon
dioxide, silicon nitride, or other silicon-based substances. The nano-positioning system
adjusts based on the operating mode, deformation characteristics, and oscillation properties
of the cantilever, enabling fine control over the relative distance between the probe tip and
the sample surface [70]. Ensuring high performance in the imaging system and avoiding
damage to biological samples are critical requirements for AFM systems.

The versatility of AFM, including its ability to operate in vacuum, ambient, or liquid
media, makes it a preferred method for analyzing biological samples in a range of environ-
ments [71]. AFM offers several analysis modes, with each tailored to specific sample types
and the information desired. These modes include contact mode, non-contact mode, and
tapping/intermittent mode [66,70].

In contact mode, the cantilever tip directly interacts with the surface of the sample,
providing detailed information about the structure and topography of the sample. As the
tip continuously contacts the sample during the analysis, the deflection of the cantilever
is recorded by a photodetector, which generates an electrical signal proportional to the
deflection or tilt of the tip [66,70].

In non-contact mode, as the name suggests, the cantilever tip does not physically touch
the sample. Instead, it oscillates just above the sample’s surface (usually at a distance of up
to 150 A). This mode detects the surface forces acting at the interface between the cantilever
tip and the sample, without physical interaction. The key advantage of this approach is
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that it eliminates the forces exerted by the tip on the sample, thereby preventing potential
mechanical damage or destruction to the sample [65,66,70,71].

Tapping mode operates through dynamic actuation, involving intermittent contact
between the cantilever tip and the sample surface. This mode serves as a hybrid between
the contact and non-contact methods, providing a semi-contact interaction. Tapping mode
reduces lateral forces, which significantly minimizes the risk of damage to the sample
compared to contact mode. In this mode, both height and phase information are obtained
simultaneously by detecting changes in amplitude and frequency, and the phase difference
between the generated and received signals [72].

The choice of AFM operating mode has a direct impact on the quality and performance
of the images obtained. For instance, in the contact mode, biological samples can be highly
fragile, and direct interaction with the cantilever tip may cause damage due to frictional
forces. This could lead to the breakage or degradation of the biological material [66].
In contrast, tapping or non-contact modes are less likely to cause such damage and are
therefore preferred for analyzing delicate biological samples, ensuring both high-quality
imaging and the preservation of sample integrity [61]. These modes provide clearer,
undisturbed images and are particularly advantageous for analyzing fragile or sensitive
biological materials.

Although the AFM operating modes, contact, non-contact, and tapping (semi-contact),
have significant importance, it is important to remember the relevance of each in the context
of the analysis of biological specimens in liquid media. Under such conditions, non-contact
and tapping modes can become less effective due to the mechanical instability generated
by the vibrations of the lever. These vibrations can lead to the detachment of cells from the
substrate, especially in the case of magnetotactic bacteria, which have a relatively weak
adhesion to the analysis surface. As a result, samples can be removed from the scanning
field by fluid movement or by forces induced by cantilever oscillations. In contrast, the
contact mode, although more invasive, ensures a stable mechanical interaction between the
microscope tip and the bacterial surface, which makes it more suitable for obtaining high-
resolution images in liquid media, without compromising sample positioning. The choice
of working mode thus becomes an essential factor for the success of AFM experiments
involving working with living specimens, and compatibility with the liquid environment is
a key advantage compared to electronic techniques [66]. To date, atomic force microscopy
and magnetic force microscopy have been successfully applied to the study of various
classes of living samples, including bacteria (such as Escherichia coli (E. coli) [73]), eukaryotic
cells (fibroblasts, epithelial cells, stem cells) [74], yeasts [75], and even unicellular algae [76]),
demonstrating the versatility of these techniques in investigating biological structures under
conditions close to physiological ones.

AFM proves to be an indispensable tool for imaging, characterizing, and evaluating
the properties of nanostructured and biological materials, including magnetotactic bacteria.
This is particularly true when it comes to understanding the unique characteristics of MTB,
which are essential for exploring their potential applications, such as in drug delivery
systems, tumor degradation, and other biocompatible uses.

A notable example of AFM utility in the study of MTB is the work conducted by
Lefevre et al. (2009) [77] on Magnetococcus sp. MC-1, a species isolated from the Mediter-
ranean Sea. Using AFM with the Topometrix TMX2000 Explorer (Topometrix Corporation,
Santa Clara, CA, USA), the researchers performed imaging in tapping mode on MC-1
cells adsorbed on V-1 muscovite treated with uranyl acetate (0.1%). They also employed
Nile red staining to visualize lipid storage granules (1-2 per cell). Despite its ubiquitous
distribution in marine and freshwater environments, Magnetococcus sp. MC-1 is difficult
to isolate and culture due to its preference for chemical gradients in stratified sediments,
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which are challenging to replicate in laboratory conditions. As a result, only a limited
number of strains have been isolated in pure culture [77].

One well-established aspect of magnetotactic bacteria is their magnetotactic behavior,
which manifests in two types of magnetotaxis: polar and axial. Axial magnetotaxis enables
the bacteria to move in both directions along the magnetic field, while polar magnetotaxis
has been observed to cause the bacteria to move persistently in one direction along the
magnetic field [78].

Researchers analyzed MTB MC-1 cells using multiple microscopy techniques, which
helped to characterize and reveal key features of the strain. Through transmission electron
microscopy (TEM), they observed that the individual flagella of MC-1 are located exclu-
sively at the distal ends of the cell. Furthermore, atomic force microscopy revealed that
the flagella in each bundle are encased in a common sheath. Flagella serve as the primary
means of locomotion for these bacteria, and Lefévre et al. (2009) [77] discovered that the
flagellar sheath was not present in other MTB strains. The identification of this sheath
through AFM was complemented by additional techniques to further analyze and assess
the structure, function, and role of the flagella in MC-1 locomotion [77]. For instance, in
the area of identifying new strains (Table 5), Salam et al. (2023) isolated a new strain of
MTB, Magnetospirillum moscoviense MS-24, isolated from Banjosa Lake, Pakistan, which was
characterized using AFM, high-resolution scanning electron microscopy (HR-SEM), and
TEM to observe magnetotaxis movement [29].

In another study, researchers utilized two AFM systems in parallel for the analysis of
MTB. The equipment included the Digital Instruments Bioscope AFM with NanoScope IV
controller (Digital Instruments, Santa Barbara, CA, USA) and the Asylum Research MFP3D
AFM (Asylum Research, Santa Barbara, CA, USA), both integrated with inverted optical
microscopes (Zeiss Axiovert 200M, Oberkochen, Germany, and Nikon 300TE, Tokyo, Japan).
These setups allowed precise positioning of the cantilever tip over the sample, facilitating
high-resolution imaging. The AFM tips used were of high quality, such as the Olympus
(Tokyo, Japan) AC160TS and AC240T, with tip rays of approximately 10 nm, and silicon
nitride probes from Bruker (Billerica, MA, USA) (DNP-10), with tip rays ranging from 20 to
60 nm [79].

The experiments were conducted using a saline solution (PBS, pH 7.4) under ambient
conditions, at room temperature and 40% relative humidity. The magnetotactic bacteria
strain M. gryphiswaldense MSR-1 was used for these studies. AFM was employed to acquire
height images, providing detailed topographical information, specifically about the lateral
and vertical dimensions of the bacterial cells. In parallel, amplitude images were also
captured, which highlighted the edges and distinctive features of the MTB. The AFM
images revealed intracellular inclusion bodies with diameters of approximately 250 nm,
as well as the magnetosome chain, which consisted of about eight magnetosomes, each
around 75 nm in size, and their alignment within the bacteria. Furthermore, the flagellum
was identified and analyzed, with its thickness estimated to be approximately 100 nm [79].

Another research group analyzed samples of the Magnetospirillum moscoviense MS-24
strain, which was collected from aquatic sediments in Lake Banjosa, Rawalakot, Pakistan,
using AFM. This study revealed the spiral shape of the bacteria and provided a three-
dimensional structural analysis, highlighting the bacterial magnetosomes [29].

All these studies illustrate how AFM can reveal previously unseen details about MTB
morphology, behavior, and internal structures, contributing to a deeper understanding of
their magnetotactic properties and supporting their potential applications in biotechnology
and medicine.

From a different perspective, one of the earliest characterizations of the magnetic
moment of MTB using AFM was conducted by Zahn et al. (2017) [80] during their study
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of the Magnetospirillum gryphiswaldense strain. Their analysis utilized magnetic tweez-
ers [80]. In contrast, Marcano et al. (2022) examined the magnetic anisotropy of individual
magnetosomes in the Magnetovibrio blakemorei MV-1 strain [47].

5.4. Magnetic Force Microscopy in the Analysis of MTB

A more recent study (2024) [48] stands out for its use of magnetic force microscopy
(MFM) within atomic force microscopy. MFM is a technique specifically designed for
magnetic characterization at the nanoscale with a high spatial resolution of 20 nm [48,81].
This method is primarily employed to characterize nanostructures and thin films, owing to
its high sensitivity to surface signals. However, the parasitic fields produced by the MFM
probes, along with the distance between the probe tip and the sample, are critical factors
that can impact the accuracy of the results. One notable advantage of MEM is its flexibility,
allowing customization of the magnetic probes, modification of the sprayed (Fe, Co, Ni,
Au, C, Ag) coating, creation of a magnetic vortex core, or the addition of a ferromagnetic
element to the tip, making it adaptable to specific investigative needs, as shown in Table 6.

Table 6. Advantages and disadvantages of using MFM in MTB characterization.

Advantages Disadvantages Ref.
useful forr;t:;rﬁgf ;aaf:iililei that have limited use for non-magnetic bacteria [69]
provides high spatial resolution and can only provides information about the [81]
probe structures at the nanometer scale surface of bacteria
useful for detecting fine magnetic 48]
features of bacterial cells can be difficult to interpret because
provide insights into distribution magnetic interactions can be influenced
alignment, and morphology of MT,B by various factors, such as the [69]
’ orientation of magnetic domains or
non-destructive to the samples, external fields

preserving their integrity during analysis (801

Marqués-Marchén et al. (2024) [48] used AFM to analyze the M. gryphiswaldense
MSR-1 strain, which was cultured on standard DMSZ medium (DMS 6631) and fixed
with glutaraldehyde. Their study revealed that the magnetosomes were aligned along the
crystallographic axis in a chain formation. Cryotomographic imaging further demonstrated
that the magnetosome chain has a helical structure, with the number of magnetosomes
varying between 10 and 30. Unlike other characterization methods, the researchers found
that MFM enabled the observation of the individual characteristics of single magnetosomes.
Additionally, the application of an external magnetic field, in combination with MFM, al-
lowed for a more detailed analysis of the magnetization process within the chain, providing
further insights into the coercive fields of magnetosomes [48].

Winkler et al. (2023) [69] also reviewed M. gryphiswaldense strain characterization,
focusing on the use of MFM probes to assess the magnetic response of the bacteria. They
found that most measurements of the magnetic properties of the strain were in a detection
limit in the range of 3.8-4.5 nm [69].

An essential aspect in the evaluation of microscopic techniques used in biological
and biomedical research, especially in the case of magnetotactic bacteria, is the ability
to work with live specimens. This feature becomes even more relevant in the context of
comparison with electron microscopy, which, although offering extremely high resolution,
imposes vacuum conditions and invasive preparation, incompatible with the study of
living organisms. In contrast, atomic force microscopy and, complementarily, magnetic
force microscopy offer the possibility of examining magnetotactic bacteria in the living
state, under conditions close to their natural environment. This capability transforms them
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into valuable tools for non-destructive structural and functional analysis, allowing the

real-time observation of topographical or magnetic changes without compromising cellular
viability [70]. Both AFM and MFM can be used to study magnetotactic bacteria in the living
state, with certain well-controlled experimental conditions. Unlike electron microscopy

techniques, which require vacuum and fixed or dehydrated samples, AFM and MFM can

operate in liquid media, which allows them to investigate living bacteria under conditions

close to physiological ones. To provide a comprehensive overview of the key aspects of

using AFM or MFM, we refer to the main advantages and disadvantages of each technique,

which are summarized in Table 7. In addition, Table 8 summarizes the MTB strains studied

by AFM and the main characteristics identified.

Table 7. Comparison between AFM and MFM characteristics in MTB evaluation.

Property AFM MFM Ref.
. . surface topography, magnetic interactions and
imaging focus ropogtaphy, ghet [48]
mechanical properties properties
. . high, but dependent on
resolution high, nanometer-scale 5 aep [81]
magnetic features
. . . . must have magnetic materials
sample requirements  no special preparation required [48]
(e.g., magnetosomes)
internal structure no, unless magnetic features
. . no, surface-level only [81]
imaging are present
speed relatively slow slow [70]
non-destructive yes yes [65]
eneral surface properties, . .
. & prop . magnetotactic bacteria,
suited for morphology, mechanical . . . [81]
.o mapping magnetic domains
characteristics
Table 8. MTB strains characterized using AFM, MFM, or magnetic imaging.
MTB Strain Sample Preparation Device Type/Description A;/Ia(}ﬁzis Charﬁtﬁg iilgidl;ll\i,%?l\l/i[ghted Ref.
MC-1 adsorbed on V-1 Topometrix TMX2000
Magnetococcus sp. muscovite treated with Explorer (Topometrix Tapping flagellar sheath (7]
s uranyl acetate (0.1%) and Corporation, Santa Clara, mode lipid storage granules
Nile red staining CA, USA)
i lution. PBS Digital Instruments Bioscope intracellular inclusion bodies with
saline solution, 4 AFM with controler NanoScope . diameters of approximately 250 nm
. pH 7.4 in ambient . Tapping : 7
Magnetosprillum atmosphere and at IV (Digital Instruments, Santa mode magnetosomes chain, [79]
gryphiswaldense room Eem erature Barbara, CA, USA) approximately eight in number with
MSR-1 with a rela%ive ’ Asylum Research MFP3D AFM dimensions of approximately 75 nm
humidity of 40% (Asylum Research, Santa - positioning of the chain of
Barbara, CA, USA) magnetosomes within the MTB
fixed bacteria Magnetic tweezers (MT) setup
suspended in the 85% (v/v)  with inverted light microscope
glycerol solution (dynamic (Nikon Eclipse Ti-U, Nikon,
viscosity of 135 mPas at Tokyo, Japan) with a
Magnetosprillum 225 °C) placed on a glass 20 magnification objective for i - uantifying the individual magnetic
gryphiswaldense coverslip calibration measurements (CFI _l}ﬁegﬂﬂfig ?nomen}is & & [80]
MSR-1 (No. 1, 18 mm diameter, Plan Achromat 20x objective,
Marienfeld-Superior, NA 0.4, Nikon) and a
Lauda-Konigshofen, 60 x magnification objective
Germany) mounted (CFI Plan Apochromat A 60x
into an aluminum holder oil objective, NA 1.40, Nikon)
DSM 18854, grown X-ray Magnetic tic inf i
anaerobically at 30 °C in Circular Dichroism - magnetic information on
g . I . . nanomagnets
Magnetovibrio liquid medium; unstained ~ (XMCD), at room Magnetic - macnetiz properties [47]
blakemorei MV-1 cells adsorbed onto temperature, using imaging & Prop!

300 mesh carbon-coated
copper grids

ALICE station (Scienta
Omicron, Berlin, Germany)

of anisotropic magnetic
nanostructures
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Table 8. Cont.
MTB Strain Sample Preparation Device Type/Description A;/Iaolﬁiis Charavcvtietili s[{ilg;[l/{hi/;gl?l\l/i[ghted Ref.
DMSZ: DMS 6631, cultured o' a“ddMFM experiments
in flask standard pertorme . - local characterization of MTB
medium containing using a Nanotec Electronica S.L. - electrostatic charge present on MTB
. 100 M of Fe (III) citrate, at ~ Measurements conducted in air itud surfaces, repulsive
Magnetospirillum 28 °C, fixed with 2% and under liquid Amplitude - and attractive interaction between )
gryphiswaldense glutaraldehyde magnetic coil system used to modula- tip and sample [48]
M5R-1 standard MFM tips perform Variable Field MFM tion mode tp an ; p i
i i (VE-MFM) measurements, with } Imaging o rr}agnetc?some chains
magnetic AFM probes with &V 1 tic fiold inside bacteria detailed analysis of
a sputtered magnetic b ane magnenc e the chain magnetization process
coating (cobalt) (Nanotec Electronica S.L., & P
Madrid, Spain)
growth culturing medium,
.spec1f1c an.d .mOdlfleC} Bruker ICON Dimension
iron-containing medium Microscope, bacterial broth
for MTB growth; culture suspended in phosphate
mlcrqﬂuljlc chip was buffer saline (PBS), pH 7.4, and - bacterial spiral shape
Magnetospirillum positioned on a microscope  placed the suspension onto a - three-dimensional structure of the
moscoviense MS-24 slide by plasma gas so that AFM [29]

no air was present between
the glass

slide and chip;

MS-24 inserted in the
microfluidic chip by
micropipette

glass slide and air-dried, then
placed the slide under a
microscope (Bruker
Corporation, Santa Barbara,
CA,USA)

sample presence of magnetosomes
in the bacterial cell

5.5. Spectroscopic Methods for MTB Investigations

The optical characterization of magnetotactic bacteria is a fundamental approach in

the direction of capitalizing these microoragnisms as functional biological resources. The
information obtained from these analyses contributes to a thorough understanding of their
specific properties, such as their internal organization, biochemical composition and mag-
netic behavior, essential aspects for their controlled integration into technological systems.
In this context, detailed characterization is not only an end in itself but also a starting point
in designing smart detection platforms, in which MTB or their magnetosomes are used
as active elements. Knowing these features allows the correlation of the structure with
the functionality, facilitating the development of new generation biosensors, adapted to
various analysis requirements. Thus, these data become essential in the elaboration and
optimization of some acoustic, optical, electrochemical, or magnetic biosensors, which can
respond with high sensitivity and selectivity to relevant biological or chemical stimuli,
early diagnosis, or in monitoring environmental parameters. This characterization stage
is, therefore, the critical link between the fundamental exploration of the MTB and their
implementation in innovative detection systems.

The main characteristics of MTB-NPs are often analyzed with spectroscopy techniques
(Figure 9).

SERS - molecular vibrations and
trace-level compounds

-

/} LSPR - characterization of the

FTIR - molecular composition, chemical
bonds and functional groups present on the
surface of MTB-NPs

LAKA

XPS - elemental composition

L2 : . :
of the surfaces of MTB and - [ ¢ physicochemical properties of
elements present in ! MTB-NPs in liquid suspension
magnetosomes e L
v <% / \

MTB

Figure 9. Main characteristics of MTB-NPs evaluated using spectroscopy techniques.
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5.5.1. Infrared Spectroscopy, Fourier-Transform Infrared

Fourier Transform Infra-Red Spectroscopy (FTIR) is a spectroscopic technique that
measures the absorption of infrared light and provides information about the molecular
composition, chemical bonds, and functional groups present on the surface of magnetic
nanoparticles. FTIR is useful in studying the surface functionalization of nanoparticles as
different functional groups absorb different wavelengths of infrared light, which translates
into characteristic peaks in the spectrum that are then converted into raw data via the
Fourier transform [82].

Infrared spectroscopy, especially Fourier-Transform Infrared, has been used to identify
organic functional groups in the bacterial envelope and on magnetosome membranes,
such as amide, carboxyl, and phosphate groups. This technique provides important
information about the biochemical environment surrounding magnetosomes. In the future,
IR spectroscopy could be used to monitor metabolic changes during biomineralization or
to analyze surface modifications of magnetosomes intended for biomedical use [82].

5.5.2. X-Ray Photoelectron Spectroscopy

Another useful method in the study of magnetic particles is X-ray photoelectron
spectroscopy (XPS). This method plays a role in characterizing the elemental composition
of the surfaces of microbial cells and implicitly in identifying the elements present in
magnetosomes, such as iron, oxygen or sulfur [83].

Shimoshige et al. (2017) [83] performed XPS analyses on the magnetotactic bacterial
strain Magnetospirillum magneticum strain RSS-1 to determine the oxidation states of metal
ions. This was possible by checking the presence of iron, oxygen, and sulfur in and on
magnetic nanoparticles extracted from the RSS-1 strain [83]. XPS analysis makes it possible,
in addition to elemental analysis, also to check for possible contamination of magnetosomes
with other organic or inorganic substances [84].

X-ray photoelectron spectroscopy has proven crucial for analyzing the elemental
composition and oxidation states of iron in magnetosomes, distinguishing between Fe?* and
Fe?* and confirming the presence of magnetite (Fe3O4) or greigite (Fe3S,). XPS has also been
used to detect surface-bound elements like oxygen, sulfur, or phosphorus. Looking ahead,
XPS could be applied in the optimization of magnetosome extraction and purification
processes, as well as in characterizing surface functionalization strategies for targeted drug
delivery or imaging applications [83,84].

5.5.3. Localized Surface Plasmon Resonance

The localized surface plasmon resonance (LSPR) method has been used to develop
simple and rapid methods for the identification of Vibrio cholerae, considered the cause of
numerous epidemics and pandemics of intestinal diseases [85].

LSPR is an optical phenomenon used in nanotechnology that occurs as a result of the
interaction of light with metallic nanoparticles (such as gold or silver). The interaction
determines the collective oscillation of free electrons on the surface of the nanoparticles at
a certain frequency.

This method has been successfully used in the design of a LSPR-based colorimetric
aptasensor using gold nanoparticles for the identification of V. cholerae [86]. LSPR has
been used to study the effect of magnetic nanoparticles. A study conducted in this regard
demonstrated that magnetic nanoparticles (Fe3O4) significantly enhanced the localized
surface plasmon resonance of metal nanoparticles [87]. MNP acts as a signal amplifier
for the plasmonic response due to the high refractive index, high molecular weight, and
superparamagnetic properties of Fe3Oy particles [87]. Moreover, surface plasmon resonance
sensors can serve as effective tools in characterizing the physicochemical properties of
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magnetic particles in different liquid suspensions (distillated water, phosphate-buffered
saline solution), as demonstrated in the study by Mostufa et al. (2025) [88].

Localized surface plasmon resonance has been primarily applied to investigate the
interaction of magnetosome surfaces with surrounding molecules by tracking changes in
the plasmonic response of nearby metallic nanostructures. Although less common than
other techniques in MTB studies, LSPR holds great potential for label-free detection of
biological interactions involving magnetosomes, such as protein binding or cell targeting.
It may be further developed for real-time, in situ biosensing applications involving MTB-
derived nanomaterials [87,88].

5.5.4. Surface-Enhanced Raman Scattering

Another advanced spectroscopic technique that has found its application in magnetic
particle analysis is surface-enhanced Raman scattering (SERS). This technique amplifies the
Raman signal of molecules placed on nanostructured metal surfaces (such as gold, copper or
silver), allowing researchers to study molecular vibrations and identify trace-level compounds
(10°-10° cells/mL) with very high sensitivity down to the level of a single molecule [89,90].

Cheng et al. (2024) [91] attempted to develop a biosensor for the rapid and broad-
spectrum detection of bacteria for effective clinical monitoring. The biosensor was devel-
oped for the rapid and sensitive detection of S. aureus and P. Aeruginosa [91]. The biosensor
uses magnetic nanoparticles modified with specific antibodies as capture probes. Magnetic
separation of antibodies, respectively, the application of SERS has proven a significant
improvement in the detection capacity of the biosensor [91]. SERS has been effectively
used to detect biomolecules associated with magnetotactic bacteria with high sensitivity,
including proteins, lipids, and DNA components found near or on magnetosome surfaces.

In the future, SERS could be employed in real-time monitoring of magnetosome
biosynthesis and functionalization [92], or in developing highly sensitive MTB-based
biosensors for medical diagnostics [93] or environmental detection [94].

Considering the aforementioned aspects, in Table 9, we have summarized the main
advantages and disadvantages of spectroscopy techniques that can be used to analyze and
characterize magnetotactic bacteria.

Table 9. Comparison between FTIR, XPS, LSPR, and SERS spectroscopy techniques in MTB evaluation.

Spectroscopic Technique

Advantages Disadvantages Ref.

- identifies functional groups on the

- low spatial resolution
magnetosome surface

- overlapping spectra from

FTIR - non-destructive and rapid [82]
. cellular components
- useful for organic/membrane . S .
: - limited sensitivity for trace materials
- analysis
- provides detailed surface chemical - requires vacuum environment
XPS composition . q . [83]
. I - imited to surface analysis
- determines elemental oxidation states
- high sensitivity to changes in local - depends on nanoparticle size,
refractive index shape, and
LSPR - real-time monitoring of _ environment-limited [88]
surface interactions chemical specificity
- label-free detection
- ultra-sensitive molecular
fingerprinting - requires nanostructured
- enhanced signal from metallic substrates
SERS . . s [94]
surface-bound species - signal reproducibility can
- suitable for detecting low-abundance be challenging

biomolecules
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6. UltrasSensitive Biosensors Using Whole-Cell Magnetotactic Bacteria
vs. Their Magnetosomes

Comprehensive characterization of MTB is a fundamental requirement for the use
of these microorganisms as functional biological resources. The information obtained by
these surface analysis techniques contributes to a deeper understanding of their specific
properties, such as their internal organization, biochemical composition, and magnetic
behavior, which are essential aspects for their controlled integration into technological
systems. In this context, detailed characterization is not only a goal in itself but also a start-
ing point for the design of smart sensing platforms in which MTB or their magnetosomes
will serve as active elements. Knowledge of these properties allows researchers to link
structure and functionality, thus facilitating the development of next-generation biosensors
to different analytical requirements. Moreover, these data are essential for the development
and optimization of different types of biosensors (e.g., acoustic, optical, electrochemical
or magnetic) able to respond with high sensitivity and selectivity to complex biological or
chemical stimuli, relevant for early diagnosis or monitoring of environmental parameters,
by establishing a direct biocompatibility link with MTB (Figure 10).
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Figure 10. Types of biosensors in which magnetotactic bacteria can be used.

6.1. Acoustic Sensing

Acoustic sensors have evolved as a feasible and versatile method for detecting, in-
terpreting, and monitoring sound variations at the interaction with different physical
environments. Using the characteristics of propagation of acoustic signals, these biosensing
instruments have found utility in various applications (such as biomedical or environmen-
tal field) for monitoring, diagnosis, or identification of parameters [95-98]. The acoustic
detection, in the case of these tools, is based on the analysis of the sound variations that,
depending on the specificity of the application, can facilitate the identification of some
changes in the properties of the materials or can detect the presence of substances or
materials [95].

For instance, in the biomedical field, acoustic sensors are used for the qualitative and
quantitative analysis of antibiotics. More precisely, they are used to study the phenomena
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that occur at the solid-liquid interface by associating the analytes under analysis with
changes in the parameters of the propagated acoustic waves [99,100].

Over time, they have become the central piece in the construction of miniaturized
and portable devices for performing various analyses (food, environmental, or even health
care) [101]. They use acoustic waves generated by various piezoelectric materials (e.g., zinc
oxide, silicon oxide, or lead-zirconate-titanate) in order to obtain information about different
analytes (e.g., environmental gases, vapors, proteins, antibodies, glucose, pesticides, heavy
metals) [102]. Depending on the type of propagation of mechanical waves in piezoelectric
materials, acoustic sensing devices follow two main directions, namely surface acoustic
waves (SAW) and bulk acoustic waves (BAW) [97,100,103,104].

A recent example of the use of acoustic sensors is the case of the determination of
ampicillin in conductive solutions [98]. Following the intensive use of antibiotics in the
field of medicine, Borodina et al. (2022) [98] conducted an experimental study using
a microbial cell-based sensor to determine ampicillin in conductive liquids. The aim of their
study was addressing the growing concerns about the contamination of environmental
resources, especially water, as a result of the global problems that the consumption of
these drugs can cause. In this regard, they used a system of acoustic sensors (based
on lithium niobate) and microbial cells of E. coli, strain K-12, as the main element for
the detection of the antibiotic (ampicillin) in different concentrations (2, 5, 8, 12, 15, and
18 pg/mkL). The results obtained by them indicated the possibility and usefulness of
detecting antibiotics from conductive liquids (buffer solution), under conditions of high
conductivity of the measurement medium, emphasizing the ability of this approach to
analyze specific substances directly in the liquid [98].

6.2. Electrochemical Sensing

Electrochemical sensors are a cornerstone of modern analytical methods due to their
versatility and sensitivity in detecting a wide range of biological, chemical, or toxicological
analytes. Their sensitivity, rapidity of analysis, miniaturization possibilities and low pro-
duction costs have propelled them among the indispensable devices in various sectors of
activity. For example, we mention applications for monitoring and evaluating food safety,
industrial product control, environmental and water monitoring applications, as well as
their utility in the field of clinical and toxicological diagnostics [105-108].

This type of sensor detects and converts chemical information (physical properties
of analytes or information generated following a chemical reaction) into an analytical
signal [109,110], and the main elements of such a device are the receptor and the physico-
chemical transducer [110].

The receptors used in the construction of electrochemical sensors vary depending
on the materials used. In this regard, different materials, nanomaterials (copper, nickel,
oxides of non-transition metals) [111], conductive polymers (polyaniline, polypyrrole,
polythiophene) [111], or carbon-based composites can be used (carbon nanotubes, carbon
paste electrodes, single-walled carbon nanotubes, or multi-walled carbon nanotubes) [112].

In environmental applications, electrochemical sensors have been successfully used to
detect pollutants and environmental contaminants [113]. A recent review in this direction
evaluated recent advances and highlighted the usefulness of metal oxides in this regard,
highlighting the sensitivity and selectivity of their use [114].

In ensuring food safety, electrochemical sensors also play a critical role by detect-
ing different types of contaminants (like toxins, mycotoxins or pesticides) [114], and in
the medical field, they have facilitated the development of the non-invasive diagnostic
branch by allowing the analysis of various substances (e.g., glucose, uric acid, alcohol,
metabolites) present in biological fluids (blood, serum, saliva, plasma, interstitial fluid,
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tears, sweat) [115-118]. The development of sensors that can detect analytes with high
sensitivity and stability has allowed their use in the analysis of numerous biomarkers
(troponin, myoglobin, procalcitonin, C-reactive protein) [119,120].

In this context, we consider that magnetotactic bacteria would be promising candidates
for the construction of electrochemical sensors (Figure 10). As a result of the fact that they
are environmentally friendly, both the magnetosomes and the nanoparticles contained by
MTB (magnetite/greigite) could prove increased effectiveness in capturing heavy metals
or different contaminants from waste water, soil, food, and even from biological fluids.
Evidence to support this statement are studies that have analyzed the properties and
potential applications of these natural nanoparticles mineralized by MTB [13,121-127].

6.3. Optical Sensing

As with acoustic and electrochemical sensors, optical sensors were built to identify
changes or variations, but in this case, they detect changes in the properties of light (po-
larization, wavelength, or intensity) resulting from interactions with target analytes [128].
These changes are then converted into electrical signals for analysis. The main mechanisms
include absorption [129,130], reflection and scattering [131-133], fluorescence and phospho-
rescence [134], and surface plasmon resonance [135-137]. Their ability to provide highly
sensitive information, as well as non-invasive analysis and real-time data acquisition, has
made their use integrated in various sectors of activity (industrial sector, environmental
monitoring, and even in medical diagnostic applications) [132,138,139].

A very recent review on optical sensors explored the latest advances in optical sensing
techniques to assess their role in noninvasive transdermal biomarker detection [140]. The
transformative potential of optical sensors is a useful signal in transforming, adapting, and
improving them so that they can be used in the diagnosis of various conditions and even in
promoting proactive management of the prevention of various diseases. The authors of this
study highlighted the importance of overcoming current challenges related to user comfort
during long periods of sensor wear. This can be achieved, according to the data they
collected, by shifting the focus to the development and use of advanced materials in close
collaboration with nanotechnology techniques to improve the sensitivity and specificity of
these sensors [140].

Until now, optical sensors have been studied to demonstrate their ability to detect
and measure transcutaneous biomarkers from sweat (hormones—cortisol [141], ethylic
alcohol [142], pH changes [143,144]) or gases that diffuse through the skin (oxygen, carbon
dioxide, and other gases that are indicative of metabolic activity or dysfunction) [145-147].

In addition to medical applications, this type of sensor has also found utility in
environmental monitoring applications. As an example, we refer to the sensitivity and
specificity of these sensors, in wearable devices, in the recognition of bio-contaminants [148]
or pathogens demonstrated in several studies in recent years (E. coli and S. aureus [149],
SARS-CoV-2 [150]). In this sense, we recognize a potential utility of magnetotactic bacteria
in the construction of optical biosensors (Figure 10) for the purpose of identifying substances
in different biological fluids or environmental monitoring applications [151-153]. Such
studies support the future direction of study and applicability of magnetosomes and MTB.

6.4. Magnetic Sensing

Biosensors are self-contained integrated devices that convert a biological response
into a measurable signal [154]. They represent a rapidly growing class of analytical de-
vices that allow fast detection and quantification of specific substances [155]. Since their
discovery in 1962 [156], biosensors have experienced an upward slope in terms of evolu-
tion, development and especially utility, becoming indispensable tools in various fields
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and sectors of activity, such as environmental monitoring, food safety, biotechnology, and
medical diagnosis [157,158]. The main component is one of a biological nature (antigens,
DNA, RNA, enzymes, antibodies, microorganisms) complemented by an electronic sensing
element (electrochemical, optical, thermal, or piezoelectric) [155,159,160]. The specificity of
the biological component in combination with physical measurements allow biosensors to
obtain responses characterized by a high degree of sensitivity, selectivity and rapidity [161].
Over time, numerous such devices have been created, developed, and tested, including
their impact and effectiveness on human health [158,159].

Bacterial infections and inappropriate administration of antibiotics have rapidly led
to the development of pathogens resistant to antimicrobial therapies, and in this direc-
tion, biosensors, micro- and nanorobots have an exponential potential in the prevention,
treatment, and diagnosis of infections. They open the opportunity to manage infections
at different stages and can thus contribute to the effective monitoring and treatment of
infections. However, one of the main challenges lies in the navigation of micro/nanorobots
in biological environments [162].

The unique characteristics of magnetotactic bacteria give them an amazingly promising
potential for incorporation and use in biosensors, as well as in micro- or nanorobots.
An example in this regard was the use of MTB in biosensors for the detection of food
contaminants. The increasing number of food poisoning infections and digestive disorders
caused by E. coli has gradually become a worrying problem. In this regard, a group of
researchers demonstrated the applicability of a biosensor for the detection of E. coli in
contaminated food samples. The biosensor consisted of a complex of magnetosomes
coupled with specific antibodies for the detection of antigenic polysaccharides (LPS) of
E. coli [163].

The electrochemical studies they used demonstrated the effectiveness of the biosensor
in detecting LPS in a wide range of concentrations (0.5-50 png/mL) in food products (water,
milk, pineapple juice) [163]. For examples, in order to analyze the commercial applicability
of the developed sensor, the authors performed electrochemical studies using screen-
printed carbon electrode (SPCE), commonly used electrode for electrochemical biosensor
application. The latter are feasible for single use, cheap, and efficient for small volume
quantification of samples (food, dietary supplements, or different body fluids) [164]. The
magnetosome-based biosensor detected low concentrations (0.5 ug/mL) of LPS considering
the small volume (10 uL) of the complex (magnetosome-antibody), respectively, in the low
LPS concentration in the analyzed samples (1.6 pg/mL) applied on the SPCE. Thus, they
concluded that the SPCE is a cost-effective, stable, and useful system due to its portability
and the possibility of analysis in medical analyses, but also in environmental analyses,
being easily transported to the site [163].

Bacterial nano- and microrobots are a rapidly emerging context in the field of med-
ical diagnostics, but their realization in such a way that they meet the requirements of
controlled motility and specific functions remains a significant challenge [165,166]. Cur-
rently, diagnostic bacterial microrobots are prepared by standardized synthetic biology
methods and by carefully controlled genetic engineering and manipulation techniques (e.g.,
CRISPR-Cas9) [167]. Their use in conjunction with synthetic nanoparticles is an aspect
that still requires further studies due to their in vivo behavior, toxicity, reactivity, and their
effects on the body in the medium and long term [168,169]. An important property of
magnetosomes, in this regard, is the possibility of modifying their properties (through
chemical modifications or genetic manipulation), which may make it possible to implement
analytical protocols that allow their use in such devices [169].

Chen et al. (2014) [170] developed a microrobot based on magnetotactic bacteria
(Magnetotactic ovoid strain MO-1) coupled with rabbit polyclonal antibodies (anti-MO-1),
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which they applied for the isolation of Staphylococcus aureus. Their study demonstrated
the possibility of using bacterial microrobots carrying pathogens in a microfluidic chip, they
were capable of transporting S. aureus to a target point (responsible for the magnetic zone).
Thus, the potential of MTB in the use of self-propelled, magnetically guided microrobots
was highlighted for the purpose of isolating pathogens [170].

In subsequent studies [171,172], researchers explored the possibility of neutralizing
S. aureus, both in vitro and in vivo, by magnetic hyperthermia mediated by MTB (MO-1
coupled with polyclonal anti-MO-1 antibodies). Suspensions formed by the MTB-antibody
complex to which a suspension of S. aureus was added were subjected to an alternating
magnetic field. Their study demonstrated an efficiency of hyperthermia of up to 50%
in neutralizing pathogens, and in vivo experiments (on murine models) demonstrated
that magnetic hyperthermia mediated by antibody-coated MTB significantly improved
wound healing, suggesting the usefulness of microrobots in the treatment of skin infections,
respectively wounds induced by S. aureus [171,172].

In a more recent study, Song et al. (2023) [173] combined the autonomous self-
propulsion of Magnetospirillum magneticum strain AMB-1 with magnetically controlled
maneuvering to create a biohybrid microrobot for the removal of pollutants from water.
This aspect allowed for precise directional control of the bacteria (placed in river water solu-
tions) by modulating the value of a clockwise rotating magnetic field and made it possible
to highlight properties such as their motility in aqueous solutions, and rapid response to
directional control by a magnetic field, and especially their ability to incorporate pollutants
(chlorpyrifos pesticide) [173].

7. Discussions

Characterization of bacteria capable of aligning and moving along magnetic field lines
relies on the advanced microscopy techniques [45,47,48]. The membrane bound crystals
of magnetite and greigite, synthetized by magnetetotactic bacteria, are usually arranged
in chains and function as a biological compass [82,174,175]. In order to study both the
morphological features of the cells and the ultrastructure and properties of magnetosomes
and magnetic nanocrystals, a combination of different microscopy techniques is required.
Initial observations of MTB often begin with conventional light microscopy [13,176,177],
which provides a general overview of cellular morphology and enables the visualization
of their motility in response to magnetic fields. While basic light microscopy lacks the
resolution to reveal subcellular details, techniques such as phase-contrast [178,179] and
differential interference contrast (DIC) microscopy [180-182] significantly improve image
quality by enhancing contrast without staining, making them ideal for examining live
cells in more detail. These approaches allow researchers to track the unique magnetotactic
behavior and identify morphological variations among different strains.

For investigations of the internal structures of these bacteria and specifically the orga-
nization and morphology of magnetosomes, transmission electron microscopy is a critical
tool. TEM offers nanometer-scale resolution, allowing the visualization of individual mag-
netosomes, their crystal shapes, arrangements within the cell, and their membrane-bound
nature. When coupled with techniques like energy-dispersive X-ray spectroscopy [183],
TEM also provides insights into the elemental composition of the magnetosomes, while
high-resolution transmission electron microscopy (HRTEM) [26] enables detailed examina-
tion of the crystals. Complementing TEM, scanning electron microscopy is used to study
the external morphology of the cells. SEM provides detailed three-dimensional images
of the cell surface. Moreover, atomic force microscopy offers another layer of analysis
by enabling topographical mapping of the bacterial surface at nanometer resolution [70].
AFM is particularly valuable because it can operate under near-physiological conditions,
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preserving the natural state of the cells. It also allows the measurement of mechanical
properties of the bacterial surface, and in magnetic force mode, it can help reveal the
magnetic characteristics associated with magnetosome chains.

Additionally, in cases where molecular or protein-level information is needed, fluo-
rescence microscopy [184], especially when combined with genetic engineering or specific
staining protocols, becomes a powerful tool. Confocal laser scanning microscopy [58], in
particular, allows the acquisition of high-resolution, three-dimensional images of fluores-
cently labeled bacterial cells and can be used to localize proteins involved in magnetosome
formation and cellular organization [58].

SERS, LSPR, IR, and XPS offers a powerful toolkit of spectroscopic techniques for the
in-depth analysis of magnetotactic bacteria. SERS and LSPR are particularly effective for
ultrasensitive molecular detection and probing surface interactions [185-187], while IR
spectroscopy helps identify organic functional groups [188-190], and XPS provides detailed
insights into elemental composition and oxidation states [191,192]. Combined, these tools
greatly enhance our understanding of biomineralization processes, facilitate precise charac-
terization of bacterial nanostructures, and support the development of magnetosome-based
applications in fields such as biomedicine, environmental monitoring, nanotechnology, and
theranostics [92,193,194].

One of the applications of great interest of biosensors is definitely in medicine. The
use of the constituent cellular motility of MTB under the action of an external magnetic
field for their controlled targeting, respectively the use of their remarkable properties
is the basic idea in the development of micro/nanorobots and biosensors [165,167-169].
The development of these types of devices for drug transport or for the identification of
targets for targeted treatments is a future direction with extremely promising potential.
However, until this goal is achieved, there are many questions that arise regarding their
route in the human body: How do MTB interact with different structures and components
in the human body? How are they recognized by the cells of the immune system and how
fast is this recognition? What are the medium and long-term effects of injecting MTB in
different forms and combinations? How do they interact with other bacteria in the human
microbiome? Is there a possibility that MTB can disrupt the bacterial microflora? Given that
magnetosomes are known for their ability to capture minerals from their microenvironment,
is there a possibility that they could unbalance minerals in the human body? These are
just some of the questions that arise in this context, but in the future research we intend to
conduct studies that, to the extent possible, help us elucidate the answer to some of them.

8. Conclusions

The study of magnetotactic bacteria greatly benefits from the application of multiple
microscopy techniques, each contributing uniquely and with complementary insights into
their structure, function, and magnetic properties. These techniques have not only deep-
ened our understanding of MTB but have also paved the way for innovative applications in
environmental monitoring, biotechnology, and nanotechnology; they collectively allow for
a thorough investigation of MTB, from observing their magnetotactic behavior and overall
cell morphology to probing the ultrastructure and composition of their magnetosomes at
the nanoscale. Light microscopy and its advanced forms, such as phase-contrast and DIC,
are invaluable for real-time, non-invasive monitoring of living cells, especially for studying
motility and magnetic responsiveness. However, they are limited by their relatively low
resolution, which prevents detailed visualization of subcellular structures.

TEM remains the gold standard for visualizing magnetosomes within the bacterial
cytoplasm, offering high-resolution images that reveal crystal shape, size, and organization.
Despite its exceptional detail, TEM requires complex sample preparation and operates
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under vacuum conditions, which can distort biological structures and consequently live
imaging. SEM complements TEM by providing surface morphological information, but
its inability to reveal internal structures without specific treatments is a notable limitation.
SEM and TEM have elucidated the morphology and ultrastructure of MTB, including the
complex cell wall architecture and the presence of magnetite crystals.

AFM introduces the advantage of imaging cells in near-native conditions, while also
measuring surface topography and mechanical properties. AFM is pivotal in mapping the
surface topography of MTB, revealing nanoscale features that influence bacterial adhesion
and interaction with host cells. Nevertheless, its application is typically limited to surface
features and relatively small scan areas, and it requires stable sample immobilization.

While AFM, TEM, and SEM provide essential structural and morphological data on
magnetotactic bacteria and their magnetosomes, spectroscopic techniques such as SERS,
LSPR, IR, and XPS offer crucial complementary insights into their chemical and molecular
characteristics. SERS enables ultra-sensitive detection of biomolecules or magnetosome sur-
faces, while LSPR allows label-free monitoring of molecular interactions through plasmonic
responses. LSPR-based sensors have been developed for the sensitive detection of MTB
antigens, leveraging the unique optical properties of metal nanoparticles to enhance signal
detection. IR spectroscopy identifies functional groups and tracks biochemical changes
related to magnetosome membranes, and it has been employed to study the functional
groups present in MTB complex lipid layers, aiding in the identification of biomarkers for
diagnostic purposes. XPS offers in-depth analysis of the surface composition and iron oxi-
dation states, providing valuable insights into the chemical characteristics of MTB surfaces.
This technique has been crucial in identifying the elemental compositions and chemical
states that are vital for understanding the mechanisms behind their resistance.

Finally, fluorescence and confocal microscopy offer powerful means to localize pro-
teins and structures involved in magnetosome formation, especially when combined with
genetic engineering or specific staining. These techniques depend heavily on the avail-
ability of suitable fluorescent markers and often suffer from lower resolution compared to
electron microscopy.

Together, these techniques not only deepen our understanding of magnetosome
biomineralization but also support the development of MTB-based applications in
nanomedicine, biosensing, and environmental monitoring.

In summary, while no single microscopy method can fully capture the complexity
of magnetotactic bacteria, the strategic combination of complementary techniques allows
researchers to overcome individual limitations and build a comprehensive picture of MTB
biology. This integrative approach is essential not only for advancing our understanding of
magnetotaxis and biomineralization but also for exploring the biotechnological potential of
these remarkable microorganisms.

This review was motivated by the need to provide a comprehensive overview of
the methods used to characterize magnetotactic bacteria, with a particular focus on their
analysis for potential applications in biosensor development. Through this review, we
have managed to summarize and highlight the role, utility, and limitations of the different
microscopy /spectroscopy techniques used in MTB characterization and analysis. Further-
more, we emphasize the importance of using these techniques in combination to have
a more comprehensive and complete description of magnetotactic bacteria, their magneto-
some mode, magnetic nanocrystal formation and exploration of their potential applications
in biosensors, micro and nanorobots, biomedicine and theranostics.
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