International Journal of Nanomedicine Dovepress
Taylor & Francis Group

REVIEW

Therapeutic Innovations in Nanomedicine:
Exploring the Potential of Magnetotactic Bacteria
and Bacterial Magnetosomes

Virendra Kumar Yadav '*, Sheersha Pramanikz’*, Saad Alghamdi 3, Banan Atwah3, Naeem F Qusty3,
Ahmad O Babalghith 4, Vijendra Singh Solanki®, Neha Agarwalé, Nishant Gupta 7 Parwiz Niazi 8,
Ashish Patel’, Nisha Choudhary®, Rustem Zairov'®''

'Marwadi University Research Center, Department of Microbiology, Faculty of Sciences, Marwadi University, Rajkot, Gujarat, 360003, India;
2Department of Biotechnology, Bhupat and Jyoti Mehta School of Biosciences, Indian Institute of Technology Madras, Chennai, Tamil Nadu, 600036,
India; 3Depar‘tment of Clinical Laboratory Sciences, Faculty of Applied Medical Sciences, Umm Al-Qura University, Makkah, Saudi Arabia; “Medical
Genetics Department, College of Medicine, Umm Al-Qura University, Makkah, Saudi Arabia; *Department of Chemistry, Institute of Science and
Research (ISR), IPS Academy, Indore, India; ®Department of Chemistry, Navyug Kanya Mahavidyalaya, University of Lucknow, Lucknow, Uttar Pradesh,
India; Department of Engineering and Medical Devices, River Engineering Pvt Ltd, Ecotech-lll, Greater Noida, U.p., India; ®Department of Biology,
Faculty of Education, Kandahar University, Kandahar, Afghanistan; °Department of Lifesciences, Hemchandracharya North Gujarat University, Patan,
Gujarat, 384265, India; 19Arbuzov Institute of Organic and Physical Chemistry, FRC Kazan Scientific Center RAS, Kazan, Russian Federation;

! Aleksander Butlerov Institute of Chemistry, Kazan Federal University, Kazan, Russian Federation

*These authors contributed equally to this work

Correspondence: Virendra Kumar Yadav; Nisha Choudhary;, Email yadava94@gmail.com; nishanaseer03@gmail.com

Abstract: Nanotechnology has emerged as a revolutionary domain with diverse applications in medicine, and one of the noteworthy
developments is the exploration of bacterial magnetosomes acquired from magnetotactic bacteria (MTB) for therapeutic purposes. The
demand for natural nanomaterials in the biomedical field is continuously increasing due to their biocompatibility and eco-friendly
nature. MTB produces uniform, well-ordered magnetic nanoparticles inside the magnetosomes, drawing attention due to their unique
and remarkable features. MTB and magnetosomes have gained popularity in cancer treatment and diagnosis, especially in magnetic
resonance imaging. Distinctive features highlighted include advancements in extraction, characterization, and functionalization
techniques, alongside breakthroughs in utilizing MTB-based magnetosomes as contrast agents in imaging, biocompatible drug carriers,
and tools for minimally invasive therapies. The biocompatible nature, functionalizing of the surface of bacterial magnetosomes, and
response to the external magnetic field make them a potential candidate for the theragnostic purpose of MTB and magnetosomes. In
the present review, emphasis has been given to the foundation of magnetosomes at a genetic level, mass production of magnetosomes,
etc. Further authors have reviewed the various functionalization methods of the magnetosomes for cancer treatment. Finally, the
authors have reviewed the recent advancements in MTB and magnetosome-based cancer detection, diagnosis, and treatment.
Challenges such as scalability, long-term safety, and clinical translation are also discussed, presenting a roadmap for future research
exploiting MTBs and magnetosomes’ unique properties.

Keywords: magnetotactic bacteria, magnetosomes, hyperthermia, gene therapy, nanomedicine

Introduction

Over the last decade, nanoparticles (NPs) and nanotechnology have attained significant consideration because of their
exceptional and distinctive features." The properties are acquired by considering their narrow-sized geometry and
structural and surface modifications. Today, nanoparticles have potential importance in medicine, electronics, environ-
mental clean-up, research, defences, acrospace, etc.”* Nanomedicine is the emerging branch of nanosciences that applies
NPs in the biomedical field.*> Among all the types of NPs, magnetic nanoparticles (MNPs) have emerged as transfor-
mative tools in nanomedicine, leveraging their unique physicochemical properties for various biomedical applications.®’
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MNPs have emerged as potential candidates in nanomedicine due to their response to an external magnetic field (EMF),
recycling nature, low cost and easy availability, etc. Recently, MNPs have shown emerging roles in medicine for
treatment and diagnosis. For instance, MNPs are widely used for drug delivery® and in magnetic resonance imaging
(MRI) as a contrast agent.9’10

The different types of iron oxide nanoparticles (IONPs) are magnetite, maghemite, hematite, and greigite, which have
different magnetic properties. Out of all these MNPs, magnetite has a stronger magnetic strength than the others, and it
has gained huge attention in medicine and environmental clean-up.'' MNPs are extensively utilized in drug delivery,
MRI, contrast agents, etc.'? due to their high responsiveness to EMF and their magnetic properties, which allow precise
targeting and raise localized hyperthermia for cancer therapy.'? Depending on their size, composition, and environmental
conditions, MNPs exhibit diverse magnetic properties, primarily categorized as paramagnetic, superparamagnetic, or
ferromagnetic. Paramagnetic NPs possess unpaired electrons, leading to a weak attraction to EMFs. They do not retain
magnetization once the external field is removed, making them less suitable for applications requiring persistent
magnetism. Superparamagnetic NPs, such as superparamagnetic iron oxide nanoparticles (SPIONs), can be magnetized
in the presence of an EMF but exhibit no remanence or coercivity when the field is removed.'* This property allows them
to be used effectively in drug delivery and MRI contrast agents, as they can be manipulated without residual
magnetism.'> SPIONs can be magnetized in an external field and return to a non-magnetic state, facilitating minimal
side effects during treatments like hyperthermia.' Ferromagnetic NPs retain their magnetization even after removing the
EMF, exhibiting hysteresis in their magnetization curves.'® They are typically larger in size and can be utilized in
applications requiring stable MNPs, such as data storage, magnetic separation, and biosensing.'*'” Their strong magnetic
properties are advantageous in industrial settings where consistent magnetic behavior is crucial. Superparamagnetic NPs
are usually chosen for biomedical applications due to their non-toxic and biocompatible properties, but ferromagnetic
NPs may be more appropriate for industrial applications that require stable magnetization.

IONPs (MNPs) can be synthesized by all three methods, ie, chemical, physical, and biological (plants and
microorganisms).'® All these synthesis methods have their own advantages and drawbacks. For instance, the chemical
method uses harmful chemicals that threaten the environment. Moreover, the chemical route requires a capping agent
(polyvinyl alcohol, polyethylene glycol, etc) and stabilizing agents (chitosan, amino acids, etc) to control the size of the
MNPs. So, this further increases the cost of the synthesis method. Moreover, the chemically synthesized MNPs require
strict conditions to obtain uniform MNP, which may reduce the effectiveness of such MNPs.'*° The physical approach
requires sophisticated instruments for the synthesis, which is expensive and energy-intensive, increasing their production
cost. The biological method is eco-friendly as it requires the least chemicals, and also, if microorganisms are used for
synthesis, uniformity in size will be maintained.?' So, by microbial method, the synthesized MNPs have uniform shapes
and sizes and are well crystalline in nature.

The shortcomings of the chemically and physically synthesized MNPs could be overcome by using the magnetotactic
bacteria (MTB) and their magnetosomes as the source of MNPs, which possess well-ordered MNPs. Magnetosomes are
membrane-bound MNPs synthesized by MTB that exhibit biocompatibility, uniform size, and strong magnetic properties.
The role of MTB and their magnetosomes in nanomedicine is increasingly recognized for their nano-dimension,
recyclability, and response to an EMF.”> MTB and their magnetosomes can be natural nanocarriers for anticancer
drugs, antibodies, and nucleic acids, enhancing therapeutics’ stability and targeted delivery to tumor sites.”*** Due to
their high importance in nanomedicine, investigators have termed the MTB and their magnetosomes as potential
nanobots/nanorobots. These microscopic robots could be easily manipulated and guided externally inside human beings.
These nanobots may navigate through the human body driven to particular sites, for instance, tumor locations, while
retaining their therapeutic and imaging properties.”> %’

Even though some of the MTB synthesizes magnetite and greigite®® but magnetosomes are primarily composed of
magnetite (Fe;0,) and are produced by MTB such as Magnetospirillum gryphiswaldense.?® They possess a narrow size
distribution and uniform morphology, which is crucial for their functionality in drug delivery and imaging.** Studies have
shown that magnetosomes can improve the efficacy of treatments like magnetic hyperthermia, where localized heating is
applied to cancer cells.*® Magnetosomes are also being explored as contrast agents in magnetic resonance imaging
(MRI), providing enhanced imaging capabilities due to their magnetic properties.”*** Advanced imaging techniques,

404 https: International Journal of Nanomedicine 2025:20



Yadav et al

such as Magnetic Force Microscopy (MFM), have been developed to characterize individual magnetosome chains,
facilitating their application in biological settings.’’

Earlier, some of the investigators have used magnetosomes for precise drug delivery to cancerous cells through hyperthermia
under EMFs, showing potential in progressing focused and efficient cancer therapies.*® Xie et al reviewed and concluded that
MTB-based magnetite NPs have several advantages over synthetic chemically synthesized magnetite NPs.>*

Even though numerous investigations have been done in this field where MTB have been used for the drug delivery review,
none of them have in-depth studies of the formation of magnetosomes, mass production of magnetosomes, and descriptive
biomedical applications. Here, emphasis was given to the magnetosome’s role in targeted drug delivery, advanced MRI
contrast enhancement, and hyperthermia therapy for cancer treatment, where their precise magnetic control minimizes off-
target effects. Moreover, the study explores the genetic mechanisms of magnetosome formation, particularly the role of the
magnetosome genomic cluster (MGC), and discusses bioengineering advances for customized applications. An emphasis was
given to the state-of-the-art extraction and functionalization methods alongside detailed characterization of the magnetosomes.
Moreover, the article addresses the scalability, safety, and regulatory hurdles, calling for interdisciplinary efforts to advance
magnetosome biomedical applications and highlighting their transformative potential in nanomedicine.

In the present review, investigators have emphasized the basic information of magnetotactic bacteria and their
magnetosomes. Further investigators have emphasized the habitats and morphology of MTB. The authors have reviewed
the detailed information about the extraction, purification, and characterization of MTB and magnetosomes has been
provided. Further, current and emerging applications of MTB and magnetosomes in biomedical applications, especially
contrast agents, imaging, and drug delivery, have been highlighted. Finally, the authors have reviewed the current clinical
trials on MTB-based drug delivery.

Magnetotactic Bacteria (MTB)

MTB is mainly a Gram-negative, flagellated microorganism that swims and inactively orients on the influence of
geomagnetic fields.** MTB is usually categorized under different structures based on elemental and synthesized mineral
nanocrystals, which involve such as Fe;O,4, Fe;S, (greigite), combined greigite with the pyrite (FeS,), and a mixture of
magnetite and greigite. These distinct mineral compositions give rise to different magnetic properties and behaviors
within MTB.>> MTB exhibit a remarkable morphological diversity crucial for their ecological roles and evolutionary
adaptations. The morphological diversity is phylogenetic and functional, as different morphotypes are adapted to specific
environmental niches.*® The primary morphological types identified include coccoid, rod, spirillum, and vibrio forms,
with coccoid shapes being the most prevalent.”” ** The most abundant are identified as magnetotactic cocci, character-
ized by their spherical shape and significant species-specific magnetosome arrangements. For instance, a giant rod-
shaped species (QR-1) dominated in certain environments, showcasing a unique arrangement of magnetosomes in
chains.*® In addition to the above two, spirillum and vibrio shapes contribute to the morphological spectrum, indicating
various adaptations to aquatic environments.*’

The variation in the morphology of MTB has ecological implications. For instance, MTB are vital in biogeochemical
cycles, influencing iron and sulfur dynamics in ecosystems.>> Their morphological adaptations allow them to thrive in
diverse habitats, from freshwater to marine environments, enhancing their ecological significance.*’ MTB are predomi-
nantly anaerobic or facultatively anaerobic.*? Scientists have efficiently cultivated at least twenty kinds of magnetite-
synthesizing MTB in pure culture.

Discovery, Natural Habitats and Biological Characteristics of MTB

Numerous magnetosomes producing MTB have been identified over several decades from various parts of the globe. The
first identification of MTB in 1975 was Magnetospirillum magnetotacticum,” followed by Magnetococcus marinus in
1978.** In 1981, M. magnetotacticum MS-1 was described;** by 1988, Magnetovibrio MV-2 was identified,*> and in
1991, researchers recognized Magnetospirillum magneticum, M. magneticum AMB-1, and Magnetovibrio MV-1.*°

The discovery of Magnetovibrio MV-4 was made in the year 1993,*° while Magnetotactic bacterium strain WD-1 and

Magnetotactic bacterium strain HM-1 were identified in 1994 and 1996, respectively.”> In 1999, Magnetospirillum sp.
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MSM-4 was reported.*” By 2002, Desulfovibrio magneticus RS-1 was discovered,*® followed by Magnetotactic bacter-
ium strain YN-1 in 2003.* In 2007, M. gryphiswaldense was identified.>

A significant period of discoveries occurred in 2010 and 2016. In 2010, Magnetovibrio blakemorei was identified*”
and in 2016, several new species were discovered, including Magnetogaba australis IT-1,"" Magnetospirillum QH-2,>*
Gammaproteobacterium BW-2, Gammaproteobacterium SS-5, and Magnetospira thiophila MMS-1.* Candidatus
Desulfamplus magnetomortis BW-1, Delta proteobacterium ML-1, Delta proteobacterium ZZ-1, and d-proteobacterium
AV-1 were documented.”

Further discoveries in 2016 included Magnetoovoid strain MO-1,"* Magnetotactic bacterium strain TH-1,* and

Herbaspirillum sp. TK-2. Other identified strains were Magnetotactic bacterium strain MG-1,>

Magnetotactic
bacterium strain MG-2,°" and Magnetotactic bacterium strain YSC-1.>% Table 1 shows the year-wise identification of
MTB from various parts of the world.

The above milestones reflect the progression from initial observations to identifying specific species, showcasing the

increasing understanding of MTB’s ecological roles and biological mechanisms.

Table | Year-Wise Identification of MTB from Various Parts of

the World
Year Name of the MTB References
1975 Magnetospirillum magnetotacticum [43]
1978 M. marinus [44]
1981 M. magnetotacticum MS-1| [42]
1988 Magnetovibrio MV-2 [45]
1991 Magnetospirillium magneticum [46]
M. magneticum AMB-|
Magnetovibrio MV-1
1993 Magnetovibrio MV-4 [45]
1994 Magnetotactic bacterium strain WD-| [25]
1996 M. bacterium strain HM-1 [25]
1999 Magnetospirillum s.p. MSM-4 [47]
2002 D. magneticus RS-1 [48]
2003 Magnetotactic bacterium strain YN-I [49]
2007 M. gryphiswaldense [50]
2010 M. blakemorei [33]
2016 Magnetogaba australis 1T-1 [51]
2016 Magnetospirillum QH-2 [52]
2016 y-proteobacterium BW-2 [53]
y-proteobacterium SS-5
Magnetospira thiophila MMS- 1
2016 | Candidatus Desulfamplus magnetomortis BW-1 | [53]
J-proteobacterium ML-1
o-proteobacterium ZZ-1
J-proteobacterium AV-|

(Continued)
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Table 1 (Continued).

Year Name of the MTB References
2016 Magnetoovoid strain MO-1| [54]
2016 Magnetotactic bacterium strain TH-1 [45]
2016 Herbaspirillum sp. TK-2 [55]
2016 Magnetotactic bacterium strain MG-| [56]
2016 M. bacterium strain MG-2 [57]
2016 M. bacterium strain YSC-1 [58]

Natural Habitats of the MTB

MTB exhibit diverse physiological adaptations and occupies various ecological niches. These range from oxygen-
rich aerobic environments to oxygen-deprived anaerobic habitats, spanning marine to freshwater ecosystems.””
Most MTB require an anaerobic environment; typically, the oxic and anoxic transition area near the nethermost
residues (sediments) is the best zone for MTB growth. The MTB growing in oxygen-rich regions of water bodies,
such as lakes, ponds, oceans, etc., have magnetite inside them. While going into deeper parts of the ocean and
beyond this zone, there is an abundance of magnetite and greigite-producing MTB, mainly microaerophiles and
anaerobic. Due to the anaerobic condition, there is a chemical change in magnetite into maghemite. Finally, there
is a high concentration of sulphide users at the deepest part of the ocean or lake.

From the physiology, ecology, and phylogeny aspects, MTB are found in water columns or sediments due to vertical
chemical stratification. MTB have long been limited to environments with pH values close to neutral and at room
temperature. Nevertheless, a moderately thermophilic MTB, capable of thriving up to a potential upper growth limit of
63°C, has been observed in hot springs, which requires a pH of 9.0 to grow well.*

Some theories claim that finding low-oxygen environments is a one-dimensional task rather than a three-dimensional
one, with the latter typically connected to different cell taxi mechanisms. Freshwater bacteria from the genus
Magnetospirillum are among the most extensively investigated MTB.

Mechanism of Magnetotaxis

The mechanism of magnetotaxis in MTB involves a combination of magnetic sensing and chemotactic responses, enabling
these microorganisms to navigate their environments effectively. This navigation is primarily facilitated by magnetosomes
that align the bacteria with the Earth’s magnetic field.®' Magnetosomes are made up of either magnetite or greigite crystals,
organized in chains that function like a compass needle.®® The arrangement of these magnetosomes allows MTB to line up
with geomagnetic fields, helping in their directional movement toward optimal habitats. MTB exhibit magneto-chemotaxis,
responding to chemical gradients in their environment, such as oxygen and other repellents. This dual response allows MTB
to navigate complex redox gradients, optimizing their position in stratified aquatic environments.®® Their ability to adapt to
various ecological niches highlights the evolutionary significance of magnetotaxis in diverse habitats.”’

MTB display remarkable magnetotaxis characteristics that permit them to orient themselves with the Earth’s
geomagnetic field and navigate utilizing their flagella. There are six known magneto-aerotaxis variations, and
research on the nature of magneto-aerotaxis is still ongoing.’® This unique ability allows MTB to harness the
Earth’s MF as a natural compass, aiding it in precise orientation and movement.*> Two categories—polar and axial
—can be used to categorize the magnetotaxis of MTB. Axial MTB demonstrate a relatively unrestrained, back-and
-forth swimming pattern in multiple directions. Conversely, polar MTBs tend to swim preferably in a definite
direction associated with the local geomagnetic field, showing a more directed and oriented movement.

Relying on the magnetic crystal formations within MTB, there are two main classifications of polar MTB:
south-seeking MTB and north-seeking MTB. South-seeking MTB are principally observed in the southern
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hemisphere and tend to swim in the north pole line at a magnetic field.°’ Conversely, north-seeking MTB are more
frequently found in the northern hemisphere and prefer swimming towards the south magnetic zone in a magnetic
field. The north-seeking and south-seeking MTB are widely obtained around the geographical zone (equator) with
migration in opposite directions.®' In this area, there are two zones, north and south, seeking MTB with almost the
same numbers. Intriguingly, a remarkable discovery has contested conventional expectations. While south-seeking
MTB are generally associated with the southern hemisphere, a population of these bacteria has been determined in
the northern hemisphere. Their exceptional swimming behavior sets them apart, contradicting the traditional
patterns in formerly known MTB. This breakthrough introduces a breathtaking area of research and desires a re-

evaluation of the factors affecting the magnetic orientation of these MTB in various geographic locations.*?

Applications in Biomedical Research

MTB and their magnetosomes have significant potential in biomedical research, where they are commonly used in
drug delivery systems (targeted drug delivery and as nanocarriers), imaging and diagnostics, and pharmaceutical
applications.® MTB can be engineered to deliver anticancer drugs directly to tumor sites, enhancing treatment
efficacy while reducing the side effects.®> Magnetosomes act as natural nanocarriers for various therapeutic agents,
including antibodies and siRNA, improving stability and targeted delivery.> Besides this, magnetosomes are also
used in advanced techniques like Magnetic Force Microscopy (MFM), which allow for the characterization of
magnetosome chains, facilitating their use in imaging applications.>’ One major feature of the application of
magnetosomes in diagnostics is their good biocompatibility and low cytotoxicity.® The establishment of pharma-
ceutical cell banks for MTB enables large-scale production of high-purity magnetosomes, which can be utilized in
nanomedicine.*’

Bacterial Magnetosomes

The bacterial magnetosome, a genuine prokaryotic organelle, displays a complexity equivalent to its eukaryotic counter-
parts. Magnetosomes of MTB are lipid bilayer membranes enclosing nanosized crystals of either greigite or magnetite,
with most MTB comprising the mineral magnetite.®’ These magnetosomes have a potential impact on the magnetic
characteristics of the geometry of MTB (Fe3S4).> Chemical, metabolic, and genetic controls particular to each species
affect morphology and content, including the structural morphology of magnetic-based solid bio-minerals.’® Moreover, it
also depends on the amount of O, and food available, pH, redox potential, source of carbon, temperature, and mode of Fe
absorption via MTB.

Structure and Composition

MTB are unique microorganisms that produce magnetosomes, specialized organelles containing magnetic iron minerals.
These magnetosomes are crucial for the bacteria’s navigation in geomagnetic fields.°" The structure and composition of
magnetosomes involve several key components, including the magnetic crystals, associated proteins, and the surrounding
membrane. Inside the bacteria, the magnetosomes are typically grouped in chains. Even following bacterial disruption for the
extraction of magnetosomes, the structural integrity of the magnetosome configuration persists, displaying robust stability that
permits preservation and further analysis. This configuration is desirable because it felicitates uniform distributions and
enhanced internalization into human cells, characteristics which may typically preferred for medicinal purposes.”'

Magnetic Crystals

The structure of magnetosomes mainly comprises magnetic crystals and membrane enclosure. Magnetosomes typically contain
magnetite or greigite crystals, which are biomineralized within the bacteria.”> Each magnetosome is enclosed by a lipid bilayer
membrane derived from the inner membrane (IM) of the bacteria, which helps maintain the integrity of the magnetic crystals.’
Although uncultured coccus bacteria can develop exceptional magnetite in bulk shapes and sizes (up to 250 nm), established solid
magnetite structures usually come under the confined nanoscale around 35—-120 nm. The magnetosome’s size range has physical
implications mirrored in its magnetic pull. It has two cores: an organic membrane and an organized arrangement of inorganic
magnetite. An examination of isolated magnetosomes through lipid studies has uncovered that the magnetosome membrane
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mainly comprises a combination of amino acids, lipids, or lipid polymers. On the contrary, vesicles formed by the IM are
considered the organic inner core of magnetosomes, including phospholipids, acids, glycolipids, and sulfolipids. Active sites on
the magnetosome surfaces were identified as carboxyl, -OH, and amino monomers. Using a microscope, magnetosomes of
different shapes have been observed, varying from rectangular, cubooctahedral, bullet-shaped, and elongated prismatic
morphologies.®” Magnetite, which can oxidize to maghemite (Fe,Os), typically makes up the core of magnetosomes. The

magnetosome core often has high degrees of crystallinity and purity.

Proteins

In addition to this, several proteins are associated with the magnetosomes. For instance, proteins such as MamK and
MamJ are critical in organizing magnetosomes into chains, facilitating their function as geomagnetic sensors.®"*%®
Nonetheless, “Mam” refers to the magnetosome membrane, and “Mms” denotes the membrane specific to magnetic
particles. These protein structural units play an essential role in forming the magnetosome membrane. This biological
covering produces negatively charged magnetosomes with good water dispersion. The magnetosome surface is decorated
with several chemical groups, facilitating straightforward functionalization.®” Moreover, some of the novel proteins, like
Mad28, have also been identified, which contribute to the structural integrity of magnetosome chains.®® Besides this,
Magnetosome Gene Clusters (MGCs) regulate the formation of magnetosomes that encode proteins essential for

biomineralization.®?

Magnetotactic Bacteria’s Genetic Landscape

Concerning molecular biology, genes specific to MTB were discovered following the sequencing of the genomes of
numerous MTB species, which regulate the formation of magnetosomes. These genes are located within the MGC region,
which plays a valuable role in various functions encompassing magnetosome membranes’ development. Their respon-
sibilities extend to developing iron transport into magnetosomes, contributing to the structural composition, core
formation, and the controlled morphological growth of magnetite crystals. Molecular genetic research was originally
conducted using M. magnetotacticum MS-1. According to a hypothesis, certain genes from M. magnetotacticum MS-1
could be found within Escherichia coli. This is feasible because both organisms’ transcription and translation machinery
are compatible, assisting genetic manipulation at the molecular level. This organism’s recA gene was cloned and
expressed in E. coli. M. magnetotacticum MS-1 strain cloned a 2 kb DNA fragment to complement the iron uptake
deficits in Salmonella typhimurium and mutants of E. coli lacking a functioning gene aroD. The above investigation
concluded that such a 2 kb DNA fragment could help regulate the uptake of Fe.”® It is now possible to test non-magnetic
mutants that lack magnetosomes due to the advancements in MTB culture technique on agar plates. The chromosome of
a non-magnetic mutant strain of M. magneticum AMB-1 bacterium grown on an agar plate contained Tn5 transposon.
A gene called magA was discovered using transposon mutagenesis, expressed in E. coli. Cultivation of M. magneticum
AMB-1 bacterial cells followed by Fe-deficient optimizations produced extra magnetosomes, and magA appeared higher.
Recent research shows magA may be a contender for enhanced MRI impacts. The aor gene was discovered to be
expressed within a cytoplasm of M. magneticum AMB-1 and restricted to microaerobic environments. The mam22 gene
was successfully cloned in M. magnetotacticum via reverse genetics. A gene for the homologous protein mamA was
discovered in M. gryphiswaldense MSR1, M. magneticum AMB-1, and Magnetococcus sp. MC-1. Because of a shorter
magnetosome chain developed by M. magneticum AMB-1, when mamA was deleted, it was determined that mamA is
necessary to generate functioning magnetosome vesicles.”'*’

Four preserved gene clusters inside a sizable unsteady genomic area known as the magnetosome island contain the
bulk genomic substantially involved in magnetosome development. Various forms of primary genes are carried to form
magnetosomes where the putative iron transporter genes are mainly mamB and mamM among the discovered primary
genes. The mamK gene for the bacteria encodes several protein units. In contrast, the mamJ gene produces an acidic
protein crucial for assembling the magnetosome chain.”"’> A summary of all the genes involved in the MTB for

producing magnetosomes and their role is provided in Table 2.
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Table 2 Summary of the Genes Involved in the MTB for Producing Magnetosomes and Their Role

Genes Role References
recA Cloned and expressed in E. coli, involved in genetic manipulation and regulation of Fe uptake in certain condition [70]
magA Discovered using transposon mutagenesis, expressed in E. coli. Higher expression under Fe-deficient conditions; may [71,72]
enhance MRI impacts.

aor Expressed in the cytoplasm of M. magneticum AMB-I; restricted to microaerobic environments. [71,72]
mam22 Successfully cloned in M. magnetotacticum via reverse genetics [71,72]
mamA Required for generating functional magnetosome vesicles; deletion causes shorter magnetosome chains [71,72]
mamB Putative iron transporter gene crucial for biomineralization and magnetosome formation [71,72]
mamM Putative iron transporter gene essential for magnetosome development [71,72]
mamK Encodes several protein units for magnetosome chain assembly [71,72]
mam] Produces an acidic protein critical for assembling the magnetosome chain [71,72]

Biosynthesis of Magnetosomes

The formation of magnetosomes in Magnetospirillum species, such as M. magnetotacticum and M. gryphiswaldense, is
a complex process extensively studied across various strains. The formation of magnetosomes varies from one MTB to
another, but the overall process remains the same. The formation of magnetosomes involves a series of genetic,
biochemical, and structural processes crucial for their function as geomagnetic sensors. This understanding is primarily
derived from research on multiple strains of Magnetospirillum, which have provided insights into the genetic and
molecular mechanisms underlying magnetosome formation.®®’* The key reason for this is that these microorganisms are
more accessible to cultivate than the majority of other MTB, that have made it easier to analyze their physiological and
metabolic processes.”* The following phases make up the magnetosome formation mechanism:

1. Intrusion into cytoplasmic membrane and creation of the magnetosome vesicle.

2. Uptake of Fe by MTB and its transportation into the magnetosome membrane vesicle.

3. A partial oxidative process catalyzed by an oxidation-reduction enzyme guides the development of low-density
hydrous ferric oxides resembling the mineral ferrihydrite.

4. Hydrous oxides have reduced a third of their Fe*", and additional dehydration produces Fe;O,.

During the initial phase, the inner membrane of MTB undergoes swelling, forming a vesicle this is followed by the
uptake of Fe from the surroundings. The MTB have various transporters in the magnetosome membrane, which pumps in
Fe?'/Fe*" leading to the elevated concentration of Fe ion in the vesicle. The membrane of the magnetosome comprises
a set of magnetosome-associated proteins (MAPs) that regulate the biomineralization environment, encompassing Fe
concentration, redox state, and pH levels.®® In the final step, ie, in biomineralization, there is a high concentration of Fe
ion, which is further crystallized by the magnetosome protein, guiding the creation of a magnetite crystal.”

The chronological order of the Fe intake, transport, and crystal biomineralization processes is well understood.
However, whether the formation of magnetosome vesicles occurs before or after crystal biomineralization or if both
processes occur simultaneously is unclear. The Fe-deficient cells of M. magnetotactic and M. gryphiswaldense possessed
unfilled along the moderately full magnetosome vesicles, according to reported morphological studies. These findings

suggested that magnetosome vesicles were present before the biomineralization of the mineral phase.”*

>*'Fe** jons are generally obtained from cells. Subsequently, it

In the first step of forming new cells, extracellular Fe
penetrates the external membrane and enters the periplasm, where there is a potential for the formation of magnetite
crystals within invaginations, leading to magnetite magnetosomes.’® On the other hand, particular details and definite

steps in magnetosome biomineralization are yet unclear and may differ according to the MTB species. Nothing is known
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regarding the production process of greigite biomineralization in MTB outside the identification of genes and chemical
precursors. It has been shown that many genes and proteins contribute to magnetosome development. The genes and
proteins concerned in the biomineralization procedure are yet unclear.®? The species of Magnetospirillum were the
principal organisms used to study the synthesis of bacterial magnetosomes. Figure 1 displays the scheme of the

hypothetical mechanism of magnetite biomineralization.**

Magnetosome Vesicle Formation

In this stage, membrane vesicles are created, and a cytoplasmic film obtains magnetosome membrane findings.
Approximately 3—4 nm double-layered lipid film, composed of proteins, phospholipids, glycolipids, and fatty acids
comparable to those found in cytoplasmic membranes, makes up the membrane of magnetosome in various
Magnetospirillum species. This shows that the cytoplasmic membrane may be the source of the magnetosome vesicle.
The creation of the magnetosome membrane in M. magneticum is brought about by the magnetosome proteins MamB,
Maml, MamL, and MamQ. The magnetosome formation and the association of oligomeric units under a process of
magnetosome biomineralization may be coordinated by the MamA gene, which functions as a scaffolding protein. For
magnetite to maintain its thermodynamic stability, the magnetosome vesicle may be alkaline.”’

Uptake of Iron in Magnetotactic Bacteria

In this process, siderophores and transport proteins internalize exogenous iron, accumulating through transmembrane iron
transporters into the magnetosome vesicles. Magnetospirillum utilizes both Fe*'/Fe®" to create ferrites.”® Since Fe*" can
dissolve by limiting 0.1 mol/L at around seven pH, MTB can absorb it using non-specific processes. Contrarily, because
Fe (III) is insoluble, many bacteria rely on Fe chelators for holding, dispersing, and subsequently ingesting Fe*". Low
molecular weight siderophore produced by MTB has a strong propensity for iron complexation. Ligand- or proton-
induced magnetic oxide dispersion processes can accelerate the dissolution of Fe (IIT). As a result, siderophore boosts the
likelihood that MTB will come into touch with Fe (III), improving MTB’s ability to absorb iron. Compared to non-

magnetotactic bacteria, MTB have more iron, about 3% of their dry weight. However, there is no proof that MTB have

Fe2+/3+ Fe2+/3+

Outer membrane
Periplasm
Fe2 Cytoplasmic membrane
0 . o oo ot
‘. Fe2t ( ; MagA
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Fe

Fe?' @
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Figure | Schematic representation of the proposed magnetite biomineralization mechanism in MTB.
Notes: Reproduced with permission from Yan L, Zhang S, Chen P, Liu H, Yin H, Li H. Magnetotactic bacteria, magnetosomes, and their application. Microbiol Res 0.2012;
167:507—-19. Copyright © 2012 Elsevier GmbH. All rights reserved.*
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unique Fe uptake mechanisms. Although the specifics surrounding iron intake by MTB for magnetosome production are
75,79

unknown, it appears that each magnetotactic bacterial species has several iron uptake systems in operation.
Transportation of Fe Within a Membrane Vesicle

Irrespective of the timeline of vesicle formation, the commencement of nanocrystal formation begins upon the inter-
nalization of dissolved iron into the vesicle. For instance, M. magneticum AMB-1 cells had a 200-fold higher capacity to
collect iron than conventional E. coli cells, up to 0.01 mol/L. To attain such high iron concentrations, MTB must have an
effective iron transfer system, albeit its exact workings are still unknown. However, many membrane proteins control
how iron gets into magnetosomes for biomineralization. For instance, proteins (MamB and MamM), the cationic
distribution of the metal-based carriers, have been found in the identified MTB genomes.**®* Only a few species
have been reported to contain the protein MamV, which can carry iron to the membrane vesicle or invasion of the
malgnetosome.75’83’84
Controlled Biomineralization Within the Magnetosome Vesicle

Fe?" and Fe" are liberated at the interface between the compartment and the magnetosome after being bound by organic
substrates, where A remains unidentified, and B is identified as ferritin. Magnetite nanocrystals are formed in the final
phase because of closely bound magnetosome proteins.®® The development of magnetite crystals in magnetosomes seems
to be mediated by specific magnetosome proteins. Mms proteins control how nanocrystals form and become biominer-
alized in the vesicles of MTB. The development of magnetic nanocrystals is regulated by five Mms-proteins (Mms5,
Mms6, Mms7, Mms12, and Mms13).

Magnetized solid structures with comparable characteristics to those generated in MTB cells are noticed when
M. gryphiswaldense MSR-1 is exposed to Mms6. In the absence of Mms6, the nanocrystals displayed irregular size
and shape. In M. gryphiswaldense, MamX, MamZ, and MamH are a factor in governing the biomineralization of
magnetite via redox control, which is believed to impact the size and maturation of magnetosome Fe;O4 crystals. MamK
and MamlJ, two proteins found in M. gryphiswaldense, were involved in regulating the development of the magnetosome
chain. A recent discovery uncovered that MamY acts as a membrane-anchored mechanical scaffold, performing a vital
role in positioning the motility axis of the Magnetotactic spirilla. This alignment helped reconcile the procedure of
magnetoreception on moving orientations, furnishing significant insights into how these microorganisms navigate
employing the earth’s magnetic field.”*

Gene Cluster Involved in Magnetosome Formation
In MTB, a gene cluster is involved in the magnetosome formation called Magnetosome Island (MAI). These are highly
conserved in MTB, which have five operons, namely, mamAB, mamGFDC, mms6/mms36-48, mamXY/magl23, and
feoAB operons.® The mamAB operon plays a crucial role in the biogenesis of magnetosomes in MTB, particularly in
M. gryphiswaldense. This operon consists of several genes essential for forming and maturing magnetite crystals. Table 3
provides a summary of the role of various genes within the mamAB operon.

Kolinko et al inserted these 5 operons from M. gryphiswaldense into Rhodospirillum rubrum (photosynthetic
bacteria). R. rubrum is phylogenetically nearest to Magnetospirillum sp. but does not produce magnetosomes. Once

Table 3 A Summary of Roles of Various Genes Within the mamAB Operon
in M. gryphiswaldense

Gene | Role References
mamE | Essential for magnetite formation [87,88]
mamL | Involved in magnetosome biogenesis [87,88]
mamM | Essential for magnetosome maturation [87,88]
mamO | Critical for magnetite crystal formation [87,88]
(Continued)
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Table 3 (Continued).

Gene | Role References

mamQ | Plays a role in magnetosome assembly [87,88]

mamB | Non-essential but contributes to magnetosome structure | [87,88]

maml Not required for rudimentary biomineralization [87,88]

mamN | Non-essential; involved in hematite formation [87,88]

these genes were introduced, small vesicles were formed in R. rubrum. Further, investigators also revealed that it was
possible to recollect vesicles containing R. rubrum using a strong permanent magnet. This step proved that this vesicle
may act as a magnetosome.89

Schiiler and their group showed the function of genes in MAI by knocking out each one of them. If any of the genes,
ie, mamL, mamQ, or mamB, coming under the mamAB operon, is defeated, there will be no magnetosome formation in
MTB. It is believed that the proteins of these three genes are associated with an internal membrane and trigger vesicle
construction. Moreover, the exact function of these three genes is not yet known.’® Figure 2 illustrates the role of various
genes of the mamAB operon in M. gryphiswaldense and the steps involved in forming bacterial magnetite.

Factors That Affect Magnetite Formation

Magnetosome composition in MTB is influenced by various environmental factors, including oxygen levels, nutrient
availability, pH, redox potential, carbon sources, temperature, and iron absorption methods. These factors collectively
impact the biomineralization method and the quality of magnetosomes produced. The formation of magnetosomes is
a genetically controlled phenomenon, but environmental conditions play a significant role in modulating this method.
Oxygen and redox potential play an important role in the composition of the magnetosomes of MTB. Magnetosome
formation is favored in low-oxygen environments, as high oxygen levels can repress biomineralization. Redox modula-
tion is critical, with specific redox proteins and pathways influencing magnetosome synthesis.”” The redox potential

mamAB operon
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Figure 2 Role of various genes of mamAB operon in M. gryphiswaldense.
Notes: Reproduced from IGEM Kyoto. Magnetosome formation. IGEM. Published 2014. https://2014.igem.org/Team:Kyoto/Project/Magnetosome_Formation. Accessed
December 20, 2024. Creative Commons.”'
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within magnetosomes is typically between —0.25 and —0.6 V, supporting magnetite formation.”® In addition to this,
nutrient carbon sources also guide the composition of the magnetosomes. For instance, the availability of nutrients,
particularly Fe, is essential for magnetosome formation. MTB can accumulate large pools of iron, which are distinct from
the magnetite crystals, indicating efficient iron uptake and storage systems.”®> Carbon sources such as Na-pyruvate have
been shown to enhance magnetosome yield, with optimized culture conditions significantly increasing production.”®
Some studies have shown that magnetosome synthesis is sensitive to pH and temperature. Optimal conditions for
M. gryphiswaldense include a pH of 7 and a temp. of 28°C. Deviations from these conditions can limit magnetosome
formation.” High-resolution imaging has shown that variations in pH and temperature can lead to differences in
magnetosome morphology and size.”> Some studies have proven that iron absorption and biomineralization directly
impact magnetosome formation and composition. Iron uptake is a critical step in magnetosome formation, involving
specific proteins and pathways. The process includes iron transport into magnetosomes, biomineralized into magnetite or
greigite.”! The mode of iron absorption and the dissolved iron concentration significantly affect the efficiency of
magnetosome production.”

No doubt environmental factors significantly influence magnetosome composition, but the genetic control of
biomineralization remains a dominant factor. The interplay between genetic and environmental influences ensures
magnetosomes’ high structural and compositional perfection, which are crucial for their applications in biotechnology
and medicine.’®*®> Understanding these dynamics can lead to improved methods for magnetosome production and
potential applications in various fields.

Properties: Physicochemical and Magnetic and Their Relevance

MTB exhibit unique physicochemical and magnetic properties due to their ability to synthesize magnetosomes, which are
intracellular MNPs. These properties facilitate magnetotaxis, allowing bacteria to navigate geomagnetic fields and hold
significant potential for various applications, particularly in biotechnology and medicine.”’ These magnetosomes,
primarily composed of magnetite (Fe;O,) or greigite (Fe;S,), are arranged in chains that enhance the bacteria’s magnetic
orientation and mobility. The magnetosomes have magnetite, which has ferromagnetic behavior.*® Besides this, it has
a stable magnetic moment and adds physiological temperature. The MNPs formed inside the MTB are present in uniform
chains coated with various biological molecules, which prevent their aggregation.

Physiochemical Properties
The concept of a chain of spheres is employed to demonstrate the magnetostatic interactions that underlie the magnetic
features of MTB and isolated magnetosomes, principally composed of magnetite crystals. Magnetosomes are mainly
30-120 nm in size and are enclosed in a lipid bilayer, forming linear chains that behave like magnetic dipoles.
Magnetosomes primarily comprise magnetite or greigite NPs, with high purity levels exceeding 99.9% in some strains.*’
The magnetostatic interactions between grains organized in chains block the magnetic transitions, even avoiding the
external magnetic field for crystals as small as 30 nm. The arrangement of magnetosomes into chains appears essential
for their maturation, but its impact on MTB cell division is minimal, according to experiments and computational
models. Early in the biomineralization process, researchers looked at alterations in the state of iron oxidation and
magnetosome crystal size distribution as a function of time. Controlled magnetosome solids, including MGC genes, can

be impacted by budding MTB in a magnetic field weaker than the geomagnetic field.”"

Magnetic Properties of Magnetosomes

The magnetosomes are typically large nanoparticles with a single magnetic domain. Under physiological temperatures,
this guides the development of a magnetic moment that remains stable against thermal fluctuations.®® Consequently, it
produces a magnetism surpassing chemically induced magnetic NPs, which are generally superparamagnetic and hold
a temperature-based magnetic moment. This results in a larger coercivity (Hc 2040 mT) and the remanent to saturation
magnetization ratio (Mr/Ms 0.4-0.5). These magnetic qualities result in superior MRI causes, including temperature-

induced capabilities toward the magnetosomes under specific circumstances.*
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Magnetosomes are organized in chains, functioning like a compass needle, which enhances the bacteria’s orientation
in magnetic fields.>® Different crystal morphologies of magnetite within magnetosomes, such as cuboctahedron and bullet
shapes, exhibit distinct magnetic behaviors, influencing their coercivity and magnetic moments. The magnetic features of
MTB are influenced by the arrangement of magnetosomes into chains, which behave like compass needles. For instance,
the coercivity of these chains can vary significantly, with some exhibiting low coercivity (<30 mT) and others high
coercivity (>50 mT). Pie et al calculated that larger MTB cells with bullet-shaped magnetosome chains have higher
magnetic moments, enhancing magnetic navigation by overcoming viscous resistance.’®

Studies have shown that magnetosomes exhibit distinct hysteresis loops, with coercivity values ranging from 9.8 mT
to over 50 mT, depending on the crystal morphology.”’®”” Exposure to static magnetic fields can enhance cell growth but
may inhibit magnetosome formation, indicating a complex interaction between environmental magnetic fields and
bacterial metabolism.”® The magnetic parameters of various Magnetospirillum strains have been characterized, revealing
stable single-domain states and superparamagnetic properties crucial for their functionality.”® Studies have shown that
magnetic hysteresis and effective magnetic anisotropy are critical for the magnetotactic behaviour of these bacteria.*’

Growth, Isolation, and Purification of Bacterial Magnetosomes

Growth of MTB in the Laboratory

MTB from their natural habitats could be isolated by various means, and the most widely accepted method is microfluidic
system-based isolation, where the ferrofluids and the machinery are arranged so that MTB can be isolated with different
amounts of magnetism.'*

Despite numerous research attempts, only a few instances of this specific species of bacterium have been found since
its discovery. MTB are extremely common and are found in considerable quantities in the sediments of various
freshwater and marine ecosystems; however, their meticulous lifestyle makes MTB challenging to isolate and cultivate.
Only a few MTB strains, primarily of the genus Magnetospirillum were purified and identified.> Currently, y-proteo-
bacteria, o-proteobacteria, Nitrospirae, and candidate phylum Omnitrophica are home to most MTB found.
Magnetospirillum magnetotacticum strain MS-1, Magnetospirillium gryphiswaldense strain MSR-1, Magnetospirillum
magneticum strain AMB-1, Magnetococcus marinus strain MC-1, and D. magneticus strain RS-1 were among the MTB

strains that were successfully separated and cultured in the laboratory conditions.'®!

Isolation of Magnetosomes
Isolated magnetosomes resemble synthesized magnetic particles during the development of chain structures and variation
in the rheological features in a suspension.’® The impact of the filament joining them in MTB and the power limitations
of the magnetosome magnetostatic contact on particular sequences have been considered in mathematical models that
detail the mechanical strength of magnetosome sequences. Immobilizing MTB engaged by the semisolid substrate of
hydrated silica impacts the response of the magnetosome chain to shifts to align a particular magnetic zone, guiding
sequencing units reorientation and structural disorder. However, applying MF (1 T) did not result in the disintegration of
the chain for freeze-dried immobilized MTB.>®

The first step involved in the isolation of magnetosomes from MTB is exposure to air, ultrasonic cell lysis or using
a French press in a laboratory, agitation in a shaker, magnetic isolation of the magnetosomes or the elimination of the
cellular debris by centrifugation followed by multiple times washing with distilled water and buffered solutions. The
magnetic properties of magnetite can be controlled in a programmed MTB culture method by varying oxygen amounts to
tailor them for the intended use. One mg of lyophilized MTB yields a mass of dry particles of only 20 g or less biomass.

Under optimum conditions, the maximum daily dry biomass production can reach approximately 150 mg/L of culture.'*>

Purification of Bacterial Magnetosomes

It is well-studied that the magnetosomes made in the MTB have been isolated and purified by various techniques. Of all
such purification techniques, one approach involves the growth of MTB under optimized conditions inside a bioreactor.
Once the cells were grown completely, it was lysed by different methods like ultrasonication and organic solvent

treatment. Once the cells were lysed, the magnetosomes were collected using an external magnet.'%*
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Recently, Martinez et al extracted and purified the magnetosomes from M. gryphiswaldense MSR-1 by three
approaches, ie, enzymatic treatment, probe sonication, and high-pressure homogenization. Further, the investigators
studied a systemic comparison between all these three methods. In this experiment, the focus was to study the effect of
the extraction techniques on the chain length, integrity, and aggregation state of magnetosomes isolated from
M. gryphiswaldense MSR-1 cells. The cell disruption yield from all three methods was about (>89%).'%*

Mass Production of Magnetosomes

The mass production of magnetosomes from MTB is a promising area of research due to its exceptional features and
potential applications in nanomedicine. Various approaches have been developed to enhance the yield and purity of
magnetosomes, which focus on optimizing bacterial cultivation, cell disruption, and purification processes. These
advancements aim to overcome the hurdles associated with the low natural yield of magnetosomes and the complexity
of their extraction and purification. Earlier, some of the studies achieved a significant number of magnetosomes using
a specific strain where the yield has reached up to 170 mg/L/day. The magnetosomes have good biocompatibility and low
toxicity when manufactured under appropriate circumstances. Finally, magnetosomes can be produced by growing MTB
in a non-toxic growth medium (for instance, ATCC medium 1653 for the AMB-1 species).®”

In some of the cases, cultivation strategies have been applied, like high cell density fermentation. In this technique,
a scalable platform using M. gryphiswaldense MSR-1 has been developed, achieving high cell density and magnetosome
yield through a two-stage continuous fermentation process. This method allows for efficient cell disruption and
magnetosome recovery, with the potential for continuous production.”” Chades et al also developed and established
PCB for M. gryphiswaldense MSR1, enabling large-scale bacterial amplification under minimal growth conditions,
producing highly pure magnetosomes with over 99.9% iron content.”” Corréa et al, 2022 used a fed-batch strategy for
M. blakemorei, supplemented with iron and nitrous oxide, followed by continuous culture. There was improved
magnetosome production and productivity.'®®

In some of the cases, cell disruption and purification methods were applied to achieve efficient magnetosomes. For
instance, Mas6-Martinez et al, 2023 applied high-pressure homogenization as an effective method for preserving
magnetosome chain integrity during cell disruption, compared to enzymatic treatment and probe sonication.'®*
Fernandez-Castané et al, 2024 used high-gradient magnetic separation and magnetically enhanced density separation
to purify magnetosomes, achieving high purity and yield without damaging the crystal structure.”’

Some of the studies applied a genetic approach to increase the yield and purity of the magnetosomes. For instance,
Dziuba et al, 2023 transferred the magnetosome biosynthesis pathways into non-magnetic bacteria. Further, the
transformed bacteria have shown potential, although challenges remain in achieving high yields in new hosts.'°® Some
of the investigators used synthetic bacteria for the production of magnetosomes. For instance, Mickoleit et al, 2019
genetically modified R. rubrum to produce magnetosomes, with cultivation conditions optimized for high yield and
potential for functionalization.®®

Characterization of Magnetosomes

Characterization techniques for the magnetosomes of MTB involve a variety of advanced methodologies that enhance the
understanding of their magnetic properties and structural integrity. These techniques are crucial for fundamental research
and potential applications in biotechnology and medicine. The detailed investigation of the magnetosomes by various
analytical techniques will help in their specific applications in nanomedicine.*' Various investigators have reported the
electrical and physicochemical aspects of the bacterial magnets; for instance, it has been analyzed by spectral techniques
like X-ray diffraction (XRD), Fourier transform infrared (FTIR), Raman spectroscopy, X-ray photoelectron spectroscopy
(XPS), Mossbauer spectroscopy, vibrating sample magnetometry (VSM), microscopy such as Magnetic Force
Microscopy (MFM), scanning electron microscope (SEM), transmission electron microscope (TEM), etc.'®” All these
instrumentation techniques revealed detailed morphological and elemental information about the bacterial magneto-
somes. All these microscopic techniques helped confirm the shapes, spectroscopic techniques helped identify several
functional groups on the surface of these magnetosomes, and the XRD technique helped determine the crystalline nature
of the MTB and their magnetosomes and magnetite. The most crucial role of these instruments is Raman and Mossbauer
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spectroscopy, which helps identify and confirm iron oxides’ phases (magnetite, maghemite, or hematite) in the
magnetosomes. Electron diffraction spectroscopy (EDS) is another technique that helps reveal various elements in the
bacterial magnets, ensuring their purity. Besides this, since a biological membrane encloses bacterial magnets, their
analysis could also be done using a carbon-hydrogen nitrogen and sulfur (CHNS) analyzer to detect carbon-hydrogen
composition.'%®

The ultrastructure of MTB has been extensively examined through a range of electron microscopy procedures, with
a specific emphasis on methods utilizing signals from inelastically scattered electrons. It is possible to map the scattered
elements, their compositional ratios, and the binding energies of chemical bonds inside MTB using EDS and XRD
techniques. New advancements in TEM enable high-resolution direct observation of the biomineralization procedure
utilizing a liquid graphene cell with an encapsulated 1 pL sample of MTB.

Marqués-Marchan et al, 2024, have used MFM to characterize individual magnetosome chains, overcoming chal-
lenges posed by their low magnetic signal and the larger size of the MTB. Custom probes enhance sensitivity in various
environments, allowing for quantitative data collection under in-situ magnetic fields.>' Some studies have used ultra-
sensitive torque magnetometry (UTM) to measure individual bacteria’s magnetic hysteresis, revealing magnetosome
configurations and magnetic moments. This is complemented by transmission electron microscopy (TEM) to visualize
the magnetosome structures. In some of the studies, dynamic light scattering (DLS) and nano-flow cytometry (nFCM)
were used to provide insights into magnetosome size and quality.'®*

Crystallographic measurements of magnetosome structures are well explained, as uncovered by high-resolution TEM
(HRTEM), which emerges to be influenced by a complicated, multistage biomineralization procedure. This procedure is
governed by factors involving negatively charged ions and hydrocarbon-based moieties within the vesicle. Interestingly,
this procedure could vary even among magnetosomes on similar units. It has been proposed that Fe,O; forms in
magnetosomes at a transitional stage of biomineralization. It only occurs in a small range of crystal sizes for this
metastable polymorph of iron (III) oxide. Inorganic salts of manganese or cobalt, when directly introduced into the
nutritional media of MTB, allow for the production of metal-replaced magnetite with altered morphologies and magnetic
characteristics.””'%%!1°

In addition, some investigations have used three-dimensional finite-element micromagnetic models to link magneto-
some morphology to magnetic properties, identifying distinct behaviours based on crystal forms. This modelling helps in
understanding the magnetic orientation efficiency of various chains.”® Furthermore, some of the studies studied the
magnetosomes by applying techniques like nonlinear longitudinal response measurements and electron magnetic
resonance (EMR) spectra analysis to help assess the magnetic states of magnetosomes, which revealed their stability
and anisotropy over time.”’

Rosenfeldt et al studied the different stages of magnetosome biogenesis in the model organism M. gryphiswaldense
using lab-based small-angle X-ray scattering (SAXS). The analyses confirm a narrow particle size distribution, indicating
an overall magnetosome radius of 19 nm in M. gryphiswaldense. The average distance between individual magnetosomes
is quantified, indicating a chain-like particle arrangement with a center-to-center distance of 53 nm. The data indicate that
SAXS serves as an innovative stand-alone method for at-line monitoring of magnetosome biosynthesis, offering precise
information regarding particle nanostructure.'"!

Magnetospirillum spp. produces a singular magnetosome chain for orientation inside the Earth’s magnetic field in the
M. caucaseum SO-1 and M. marisnigri SP-1 strains. The quantity and dimensions of magnetosomes in the chain vary
among different strains of Magnetospirillum spp. BB-1, SO-1, SP-1, MS-1, and LBB-42 generate approximately 25
magnetosomes per cell, averaging 40-50 nm in size; AMB-1 produces around 20 magnetosomes/cell, each measuring
approximately 45 nm; MSR-1 produces about 30 magnetosomes, ranging from 32 to 45 nm in size.””

Pei et al developed 3D finite-element micromagnetic models to study intact and collapsed magnetosome chains in
common MTB species. They modeled cuboctahedron, prism, and bullet-shaped biogenic magnetite crystals, revealing
distinct magnetic properties for each shape.

Cuboctahedron and bullet crystals formed low (<30 mT) and high (>50 mT) magnetic clusters, respectively, while
prismatic chains exhibited a wide range of hysteresis parameters due to their structure. These findings enable biogenic

magnetite fingerprinting in geological samples using magnetic clustering, unmixing, and electron microscopy.

International Journal of Nanomedicine 2025:20 https: 417



Yadav et al

Calculations showed that larger MTB cells with bullet-shaped magnetosome chains have higher magnetic moments,
enhancing magnetic navigation by overcoming viscous resistance.”® Table 4 summarizes the techniques used for
characterization of MTB and their magnetosomes, and their corresponding size measurements.

Table 4 Techniques Used for Characterization of MTB and Magnetosomes and Their Corresponding Size Measurements

Types of MTB Characterization Information Revealed from Instrument References
Technique Used
Magnetospirillum spp. SEM Size: 40—100 nm [99]
Magnetospirillum AMB-| TEM 30-50 nm [99]
Magnetospirillum MSR-1 AFM 20-60 nm [99]
Magnetospirillum BB-1 SEM, AFM 50-100 nm [99]
Magnetospirillum LBB-42 TEM 25-70 nm [99]
MSR-1 TEM Shape: Cuboctahedron [112]
Length: 44.64+8.17 nm
Width: 41.87 + 7.53 nm
AMB-1 TEM Shape: Cuboctahedron [113]
Length: 47.64+10.99 nm
Width: 42.37 + 10.07 nm
SHHR-1 TEM Shape: Prism [113]
Length: 79.11 £ 16.73 nm
Width: 58.96 + 10.54 nm
XJHC-1 TEM Shape: prism [37]
Length: 100.63 * 17.20 nm
Width: 78.13 £ 15.14 nm
WYHR-1 TEM Shape: Bullet [113]
Length: 86.71 £ 29.22 nm
Width: 35.69 + 4.22 nm
Rod TEM Shape: Bullet [114]
Length: 126.78 * 32.64 nm
Width: 42.28 + 4.89 nm
Magnetospirillum SP-1 SEM 30-80 nm [99]
M. magneticum SEM, TEM 35-120 nm [31]
M. marinus AFM 40-100 nm [23]
D. magneticus TEM 30-50 nm [96]
Aquaspirillum magnetotacticum SEM 50-200 nm [30]
M. blakemorei AFM 20-60 nm [86]
M. marinus AFM, MFM 30-100 nm [31]
Magnetospirillum sp. SEM, TEM 20-60 nm [23]
M. gryphiswaldense SAXS, TEM 50 to 60 nm [ren
Magnetic strength
M. gryphiswaldense MSR-| MFM Low magnetic signal due to embedding in larger bacteria [31]
(Continued)

4 I 8 https:

International Journal of Nanomedicine 2025:20




Yadav et al

Table 4 (Continued).

Types of MTB Characterization Information Revealed from Instrument References
Technique Used

M. moscoviense BB-1, Nonlinear Longitudinal Presence of two types of magnetosomes with distinct magnetic [99]

M. gryphiswaldense MSR-1, and Response to AC Magnetic moments

M. caucaseum SO-| Field (NLR-M2)

M. magneticum AMB-1, EMR Evid ¢ uniaxial . 99

t t

M. marisnigri SP-1, and vidence of uniaxial magnetic anisotropy [99]

M. kuznetsovii LBB-42

MTB spps Micromagnetic modeling Low (<30 mT) to high (>50 mT) coercivity [96]
XRD

M. gryphiswaldense MSR-| XRD XRD reveals high-quality magnetite NPs with cube—octahedral [I15]
shape

Magnetospirillum caucaseum SO-1 XRD XRD confirmed magnetosome phase and elemental [116]

composition, showing high chemical stability and homogeneity
compared to synthetic NPs

Magnetospirillum spp. (including XRD XRD indicates stable single-domain magnetite particles and the [99]
MSR-1, LBB-42, AMB-I, SP-1, presence of uniaxial magnetic anisotropy

BB-I, SO-1)

M. gryphiswaldense FTIR FTIR shows characteristic peaks indicating the presence of [I15]

magnetite and organic components

Magnetospirillum spp. FTIR FTIR analysis confirms the presence of magnetite and associated [99]
(MSR-1, AMB-I) organic materials
EDS
M. magneticum AMB-1| EDS EDS reveals elemental composition, including magnetite [93]
(ATCC700264) nanocrystals
Magnetospirillum caucaseum SO- | EDS EDS confirms high chemical stability and homogeneity of [56]
magnetosomes
Magnetospirillum MSR-1 EDS EDS analyzed elemental composition, showing the presence of [99]
magnetite
Magnetospirillum AMB- | EDS EDS indicates elemental composition similar to other [99]

Magnetospirillum sps

Magnetospirillum BB-| EDS EDS analyzed elemental composition, showing the presence of [99]
magnetite

Engineering of Magnetotactic Bacteria and Magnetosomes
The engineering of MTB and their magnetosomes has received significant attention due to their potential applications in
nanomedicine and biotechnology. Various techniques like genetic engineering and surface functionalization strategies

have been used to increase the properties and functionalities of these microorganisms and their MNPs.'!”

Genetic Engineering Approaches
Genetic manipulation of MTB offers a promising pathway to enhance the characteristics of magnetosomes for specific
applications. Some of the major genetic engineering strategies include gene editing for magnetosome formation,

introducing non-native functions, synthetic biology approaches, and heterologous expression.**
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Modifications to genes involved in magnetosome biomineralization, such as mam and mms gene clusters, have
enabled control over magnetosome size, shape, and magnetic properties. Genetic engineering has been used to express
foreign proteins or enzymes on magnetosome surfaces, facilitating their use in biosensing or targeted drug delivery.''”
Incorporating synthetic promoters, regulatory elements, and pathways enhances production yield and tailors magneto-
some biosynthesis for industrial scalability. Efforts to transfer magnetosome synthesis pathways to more robust or faster-

growing microbial hosts, like E. coli, are underway, aiming to overcome the slow growth of native MTB.

Surface Functionalization Strategies

Surface functionalization strategies of MTB and magnetosomes have obtained significant attention due to their potential
applications in biomedicine and nanotechnology. These strategies leverage genetic engineering and chemical modifica-
tions to enhance the functionality of magnetosomes, enabling their use in various diagnostic and therapeutic contexts like
imaging, therapy, and drug delivery. Strategies include chemical functionalization, bioconjugation, hybrid nanostructures,
and natural surface modifications.''®

Coating magnetosome surfaces with biocompatible polymers (eg, polyethylene glycol) or ligands for enhanced
stability and reduced immunogenicity. Attaching targeting moieties such as antibodies, peptides, or aptamers to
magnetosomes for enhanced specificity in targeting disease sites. Combining magnetosomes with other materials (eg,
gold nanoparticles or silica) to develop multifunctional nanocomposites with improved optical, thermal, or catalytic
properties. Exploiting the native biological machinery of MTB to express functional proteins or peptides directly on
magnetosome membranes.*'"?

There are certain investigations where genetic approaches were involved in the functionalization of the magneto-
somes, for instance. Wu et al, 2021 genetically modified to display nanobodies, small, stable proteins that can bind
specific targets, such as the insecticide fipronil. This method allows for developing sensitive immunoassays for
environmental monitoring.'?® A system has been developed where magnetosome membrane anchors are fused with
SpyCatcher groups, facilitating the covalent attachment of proteins. This approach has shown improved biocatalytic
performance compared to traditional methods.'?! In addition, some of the studies used chemical modification techniques
to functionalize the magnetosomes. For instance, Ren et al, 2018 altered the culture medium’s mineral concentration,
which modified the magnetosome properties and enhanced their suitability for biomedical applications.'** In some of the
studies, oxidative treatment was also used for the surface medication of the magnetosomes. For instance, the treatments
with oxidizing agents can adjust the binding affinities of functionalized magnetosomes, allowing for tailored interactions
with target molecules.'*® Table 5 summarizes all the previous investigations where modification of MTBs has been done
by genetic engineering and surface functionalization.

Applications of MTB and Magnetosomes in Therapeutic Nanomedicine

MTB’s magnetosome envelope’s surface can link the bioactive chemicals, which are significant for numerous medical
applications. Moreover, MTB and their magnetosomes present promising applications in therapeutic nanomedicine,
particularly in targeted drug delivery, hyperthermia and cancer treatment, genetic engineering, pharmaceuticals, pathogen
detection, antigen retrieval, heating, imaging, and MRI contrast agents (Figure 3). These biogenic NPs demonstrate

Table 5 Studies of All the Previous Investigations Where Modification of MTB Has Been Done by Genetic Engineering and Surface
Functionalization

MTB Genetic engineering and functionalization References

Magnetosomes from Genetic engineering of essential proteins (Maml, MamL) for cellular applications [123]

MTB

M. gryphiswaldense Functional expression of foreign magnetosome genes; transformation-associated recombination [124,125]
cloning

M. magneticum Genetic engineering for GPCR functionalization; phosphatidylcholine incorporation [124,125]
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Figure 3 Multiple uses of bacterial magnetosomes and magnetite in the biomedical field.

unique features, like high crystallinity and strong magnetization, making them appropriate for several biomedical
applications. It can be utilized for IgG antibody quantitation, magnetic antibody production, enzyme immobilization,
and many more. Additionally, bacterial magnetite particles served as carriers of nucleic acid recognition and elicited
genes’ specific immunity against the antigen.®*

Magnetosomes from bacteria were utilized to immobilize certain enzymes (glucose oxidase, uricase), which led to
improved catalytic action. Magnetosomes are also very useful tools for identifying biomolecular interactions in medical
diagnostic examinations and could be utilized as a promising drug carrier for anti-tumor treatments and boosters for MRI
signals. Applying magnetosomes in genetic engineering can provide various enzyme catalytic activity. Modification in the
membrane of magnetosomes by using various organic linkers offers extensive utilizations in oncology and gene therapy.>*'"”

MTB or bacterial magnetite has been widely used for DNA/antigen analysis, especially for hepatitis B. Real-time FQ-
PCR has been utilized for the analysis of food and foodborne pathogens like Salmonella and Vibrio spp., targeted
delivery of drugs for breast cancer treatment like doxorubicin, as separation of cells like B lymphocytes, for hyperther-
mia, for image contrasting due to magnetosome proteins which bind predominantly to pancreatic and brain cells,
xenograft tumors, and breast cancer and for immobilization of enzyme and bioremediation. Moreover, it has also been

used for the bioremediation of paraoxon pesticides. %!

Targeted Drug Delivery
In the ever-evolving scenery of medical science, the quest for highly potent and specific drug-delivery methods has directed
researchers toward exploring innovative strategies.'*®'#° Among these, magnetosomes have appeared as an extraordinary
candidate capable of revolutionizing the drug delivery domain.'?’ The theory of targeted drug delivery is established on the
principle of electively delivering therapeutic compounds to particular regions within the body, either via local administra-
tion or systemic circulation.'**'*! This accuracy is essential for improving treatment efficiency while reducing side effects
and harm to healthy tissues. In this regard, magnetosomes furnish a favorable solution. Their capability to be regulated and
guided to precise sites inside the body employing external MFs holds the potential to enhance the efficacy of drug delivery
substantially. The innate characteristics of magnetosomes, linked with their biocompatibility, make them a powerful choice
for encapsulating and delivering an extensive range of pharmaceutical compounds.'**

Doxorubicin serves as an anti-tumor agent specifically administered for the treatment of hepatic cancers.'** Drugs like
doxorubicin can be conjugated to the surface of magnetosomes by modifying the various active surface functionalities.
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Doxorubicin’s anti-tumor activity has been modestly increased by conjugating it to the magnetosomes, which were about
79%. The reduction in toxicity is the main benefit of employing magnetosomes. Doxorubicin is extremely hazardous when
taken alone, with a mortality rate of 80%; however, it is far less harmful when attached to magnetosomes, with a mortality
rate of 20%. Alphandery (2020) recently reported using MTB and their magnetosomes in various fields. The authors briefed
about using magnetosomes in cancer treatment as an agent for carrying the anti-cancer drug (Figure 4).'** In Figure 4, the
MTB loaded with the anticancer drug are introduced into the artery, where it senses chemicals or oxygen. Further, from the
arteries, MTB moves to the tumor region, where there is a hypoxic condition. As a result, heat is generated when exposed to
an external alternating magnetic field, triggering the release of the drug from the MTB.

Moreover, Raguraman et al studied the impact of magnetosome-mediated insulin delivery on diabetic-induced rat
models orally. The investigation encompassed preparing Magnetosome-Insulin (MI) conjugates via direct and indirect
coupling techniques employing polyethylene glycol (PEG). The authors investigated the efficacy of in vivo delivery of
MI conjugates orally on rat models induced with streptozotocin-induced diabetes. It was observed that the administration
of MI led to a noteworthy decrease in fasting blood glucose (FBG) levels, with a reduction of up to 65% in contrast to the
standard insulin therapy. Additionally, essential serum parameters, which involve triglycerides (43.81%), aspartate
aminotransferase (AST) and alanine aminotransferase (ALT) (39.4% and 57.2%, respectively), and total cholesterol
(43.8%), demonstrated substantial progressions in comparison to the diabetic control group. Histological evaluations of
the rats preserved with MI uncovered outcomes resembling those of the control group.'*

In another investigation, the objective of Geng et al was to develop anthracycline-incorporated magnetosomes to
improve their effectiveness in battling cancer while also shedding light on the procedure of cellular uptake. The
successful preparation and characterization of drug-loaded BMs (DBMs) uncovered their potent growth-inhibiting effect
on cancerous cells in controlled surroundings and living organisms without substantially harming healthy tissues. The
investigation revealed that DBMs were integrated into cells via two different mechanisms: caveolae-mediated endocy-
tosis and macropinocytosis. Moreover, the drugs encapsulated within DBMs were noted to be discharged in the cell
cytoplasm and later migrated into the nucleus, where they performed their anticancer characteristics.'>’ Table 6

summarises the applications of MTB and their magnetosomes in targeted drug delivery.

Chemical or Oxygen

MTB detection in Tumor

Sensor . Example- T1-weighted MRI image
f b of MTB in tumor
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Figure 4 The mechanism involved in the targeting and destroying tumors by a MTB.
Notes: Reproduced from Alphandéry E. Natural metallic nanoparticles for application in nano-oncology. Int ] Mol Sci, 2020; 21:1-12. Copyright 2020, with permission from,

Elsevier.'*
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Table 6 Summary of the Applications of MTB and Their Magnetosomes in Targeted Drug Delivery

MTB Used Applications References

AMB-1 MRlI-visualized tumor microenvironment-responsive drug delivery and therapy [138]

Magnetotactic Bacteria Enhanced delivery efficiency of antitumor medicines [65]

Magnetosomes Nanocarriers for anticancer drugs, antibodies, and siRNA [23]

MTB as biorobots Targeted therapies and model nanomagnetic systems [30]

Magnetosomes Magnetic hyperthermia, localized drug delivery, tumor monitoring [127]

MTB-loaded BMs Targeted delivery of doxorubicin for hepatic cancer treatment; reduced toxicity and improved [127,133]
efficacy

MTB-loaded BMs Mechanism for cancer treatment: loaded drug released in tumor regions upon exposure to [134]
alternating magnetic field

Magnetosome-insulin Oral insulin delivery for diabetes management in rat models; reduced fasting blood glucose and [136]
improved parameters

Drug-loaded Enhanced anticancer activity using anthracycline-loaded magnetosomes; cellular uptake through [137]

magnetosomes (DBM:s) caveolae-mediated endocytosis and macropinocytosis

Magnetosomes in Gene Therapy

In modern medicine, the escalating field of gene therapy holds the assurance of revolutionizing the healing of various
genetic disorders and diseases. Gene therapy includes the delivery of therapeutic genes to particular target cells within the
body, with the supreme objective of rectifying or replacing defective genes.'**'*! For the prosperity of gene therapy, an
effective and accurate delivery system is crucial. This is where magnetosomes, natural MNPs originating from MTB,
emerge as an appealing candidate. Their unique characteristics, comprising biocompatibility, low toxicity, and respon-
siveness to EMFs, make them an ideal candidate for gene therapy applications. With their inherent capability to be
regulated and guided to particular areas within the body employing EMFs, magnetosomes can substantially enhance gene
therapy’s accuracy, safety, and efficiency.'*?

The existing chemical treatment exhibits a poor prognosis, particularly for patients with malignant and invasive
gliomas. The tumor’s extremely invasive nature hinders complete resection, resulting in considerable neurological
morbidity and mortality. So, recently, magnetosomes have shown potential for treating gliomas epidermal growth factor
receptor (EGFR).'** Magnetosomes have been employed for significant treatment in gene therapy of gliomas, and most
of the studies were performed in mice. Tat/BM/PAMAM-psiRNA-EGFR-transfected U251-MG xenografts revealed
a reduction in tumor volume, and research on protein expression using immunohistopathology in situ coordinated the
outcomes from in vitro. Gene therapy operates by suppressing oncogenes and regulating critical transcription factors that
perform a vital role in the progression of tumors.'** However, this method has the drawback that presenting therapeutic
constituents inside tumor cells is challenging. Magnetosomes are very important in gene therapy. The investigators
developed magnetosome—plasmid combinations that enabled cecropin B and apoptin (pVAX1-VA) co-expression. The
proteins exhibited the prevention of tumor development by inducing cell death, halting the cell membrane, and causing
cell cycle arrest in the G2/M phases disintegration. In contrast, cells transfected with a lipofectamine-based plasmid
displayed higher apoptin and cecropin B expressions, indicating a distinct pattern in controlled cells. These protein genes
could be used in gene therapy to treat various cancers. Apoptin activity has also been demonstrated by cecropin B. The
modifications in their biological membranes, which affect their stability and tissue dispersibility, are related to using
magnetosomes to carry drug nanocarriers.'*’

Fu et al reported that the Mms6 gene, derived from MTB, has been found to help M2 macrophages in forming
magnetic bio-nanoparticles (MBNSs). Further, the investigator suggested this method is valuable as it helps prevent
ferroptosis. Here, the investigators used the Mms6-transfected M2 macrophages in the spinal cord injury (SCI) in mice
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and found that the above macrophages effectively promote structural repair and recovery of locomotor function. Such
type of a novel strategy in immune cell therapy supports the survival and strengthens the function of M2 macrophages
based on MBNSs. The investigators also suggested that such methods have the potential for cross-species applications for
treating traumatic injury and inflammatory diseases. In addition, the Mms6 gene has also been utilized to protect stem
cells from oxidative damage (OD), improving their survival rate in conditions of iron overload. Further, it has also been
concluded that it could also be helpful for the treatment of strokes, where OD could seriously affect the survival and
function of stem cells.'*®

Hypoxia-inducible factor-1 (HIF-1) has a pivotal impact on the progress of tumors and their resistance to chemother-
apy. Hence, the suppression of HIF-1 has surfaced as a fascinating process in the combat against cancer. In this context,
Lyu et al had prepared a highly adaptable system for delivering small interfering RNA (siRNA) that could efficiently
target HIF-1 inside deep hypoxic tumors, surmounting numerous physiological impediments (Figure 5). This advanced
system comprised a magnetic nanocluster of Fe;O4 at its core, a pre-fabricated chimeric membrane for its external layer,
and hyaluronidase decorating its surface. These components together assisted extended circulation within the blood
circulation, offered guidance through MRI, supported magnetic accumulation within the tumor area, enabled penetration
into hypoxic sites, enhanced homotypic targeting of tumor, and ensured effective cytoplasmic delivery. The remarkable
versatility and programmed delivery abilities of these engineered magnetosomes culminate in the magnificent silencing
of HIF-1, causing an effective therapeutic impact and the betterment of chemoresistance, all while resulting in minimal
abnormalities.'*” Table 7 summarizes the MTB/magnetosomes and their application in gene therapy.

Hyperthermia Therapy

Magnetic hyperthermia is a therapeutic procedure concerning the controlled heating of MNPs to induce cell necrosis.'*
The remarkable magnetic characteristics of magnetosomes make them propitious candidates for magnetic
hyperthermia.'*® In tumor hyperthermia therapy, the purpose is to subject tumor cells to intracellular heat stress within
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Figure 5 The diagram presented an illustrative outline of a versatile magnetosome system prepared to effectively deliver HIF-1 siRNA for antitumor therapy.
Notes: Reproduced from Lyu C, Lu G, Bao W et al. Engineering magnetosomes with chimeric membrane and hyaluronidase for efficient delivery of HIF-1 siRNA into deep
hypoxic tumors 2020; 398:125453. Copyright 2020, permission from Elsevier.""”
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Table 7 Summary of MTB/Magnetosomes and Their Application in Gene Therapy

MTB/Magnetosomes | Applications in Gene Therapy References
A. magnetotacticum Biorobots for targeted therapies, guided by external magnetic fields [24]

D. magneticus Utilization as natural nanocarriers for anticancer medicines and vaccine DNA [23]

M. marinus Targeted delivery of antibiotics and larger molecular compounds for tumor treatment [123]

M. gryphiswaldense Magnetic hyperthermia and drug delivery systems [23]

M. magneticum Delivery of siRNA for cancer therapy, enhancing antiproliferative effects in Hela cells [148]

MTB Targeted delivery of therapeutic genes using magnetic fields for increased accuracy, safety, and efficiency | [142]

in treating genetic disorders and cancers

MTB (Mmsé gene) Enhancing M2 macrophage-mediated immune cell therapy to promote repair in SCI and prevent [146]
ferroptosis

MTB (Mms6 gene) Protecting stem cells from OD, improving their survival in iron overload conditions, and applications in | [146]
stroke and traumatic injury treatment

MTB-derived Co-expression of apoptin and cecropin B for tumor prevention by inducing apoptosis, halting the cell | [145]
magnetosomes cycle, and arresting the G2/M phase

MTB-derived Treatment of malignant gliomas by delivering therapeutic genes targeting EGFR, reducing tumor volume, | [143]
magnetosomes and inducing tumor cell death

MTB-derived Fe;O, Targeted silencing of hypoxia-inducible factor-1 (HIF-1) in hypoxic tumors to improve chemoresistance | [147]
nanoclusters and tumor penetration using siRNA delivery systems

Magnetospirillum Employed in targeted drug delivery systems, enhancing the efficacy of anticancer therapies. [64]

magneticum AMB-1

MO-I Demonstrated superior aggregation in tumor targeting, improving localized gene delivery [64]

a temp. range of 41°C—46°C, resulting their destruction. Nonetheless, non-selective heating may potentially damage the

nearby healthy tissues, resulting in serious side effects.'”’

Magnetosomes display excellent magnetic characteristics at
elevated temperatures in contrast to synthetic MNPs. The benefits of employing magnetosomes in this context include
their elevated coercivity values and capability for effective heating under definite conditions. This quality permits more
accurate and controlled hyperthermia treatment with diminished collateral damage to healthful tissue.'>*

Magnetic hyperthermia is a beneficial treatment for patients.'>*'>> This is more beneficial with lower limitations than
any other treatment, significantly limits less than radiotherapy and chemotherapy, and can even be combined to enhance
healing success. In the magnetic hyperthermia process, ferrite NPs are primarily administered to tumors, subsequently
undergoing heating when exposed to an alternating magnetic field. The NPs must, therefore, generate a lot of heat if they
are to be effective at producing magnetic hyperthermia. The magnetosome’s enormous size, ferromagnetic activity at
optimal temperatures, and strong crystalline nature are responsible for its heating qualities. By analyzing magnetosome
losses per cycle, which are calculated as the magnetosome’s SAR (specific absorption rates) for employed MF, measuring
how much heat the magnetosomes produce has been possible. The magnetosome losses per cycle increased from 0.1 to
0.2 j/kg with increasing magnetic field strength. Once magnetosomes are influenced by alternating MF, two mechanisms
can cause heat to be produced. Orientation of MF is either reversed or the Magnetosome physically rotate as an
alternating magnetic field is employed, which is responsible for these effects.'>®

About 100 mL of solutions comprising either separate magnetosomes or units of magnetosomes on a 10 mg/mL
amount were injected into MDA-MB-231 breast tumors xenografted beneath the mice membrane to assess the anti-tumor
efficacy of magnetosomes. The mice were subjected to a regulated MF for 20 minutes, three times, at 20 Mt MF average

intensities and 198 kHz frequencies. The temperature rose to 43°C as a result of this. In some mice, the therapy with
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chains of magnetosomes resulted in the tumor completely disappearing 30 days after the treatment, although employing
individual magnetosomes did not significantly increase anti-tumor efficacy.'>®

In another investigation, Chen et al explored the prospective of employing MTB AMB-1 to operate MRI-driven
magnetic hyperthermia therapy for hypoxic tumors (Figure 6). The results demonstrated that AMB-1 bacteria exhibited
a selective capacity to travel to the hypoxic zones within dense tumors, owing to their anaerobic attributes, thus proving
vigorous and deep penetration into tumor tissue. In addition, AMB-1 bacteria displayed remarkable MRI contrast and
magnetic heating abilities, principally attributed to the extraordinary magnetic attributes of their magnetosomes. The
in vivo experiment provided convincing evidence of the efficacy of AMB-1 bacteria in this regard. Not only could AMB-
1 produce T2-weighted contrast indications within tumor cells, but they also demonstrated a capability to competently
induce the removal of hypoxic compact tumors via the effect of magnetic hyperthermia.'>’

Kuzajewska et al emphasized the potential of MTB and magnetosomes as an innovative drug delivery strategy for tumor
treatment. The researchers highlighted the utilization of these MTBs and associated magnetosomes as natural nanocarriers
for conventional anti-cancer pharmaceuticals, antibodies, vaccine DNA, and siRNA. The use of MTBs and magnetosomes
as transporters improves the stability of chemotherapeutics and facilitates the exact delivery of individual ligands or their
combinations to malignant tumors. This accuracy allows drugs to target molecular sites more efficiently.'>®

With pharmaceutically compatible media, Nguyen et al developed very pure magnetosomes from MTB. These
magnetosomes are rendered non-pyrogenic by extracting them from microorganisms and heating them above 400°C,
a process that removes and denatures bacterial organic material, leaving behind inorganic magnetosome minerals. These
magnetosomes were coated with citric acid to stabilize them and form (magnetosomes-citric acid) M-CA, restoring
magnetosome chains. Moreover, the heating properties and anti-tumor effects of highly pure M-CA were investigated by
exposing PC3-Luc tumor cells to M-CA. After subjecting the assembly to an alternating magnetic field (AMF) of 42 mT
and 195 kHz for 30 minutes, the investigators observed that M-CA was non-cytotoxic in the absence of AMF. However,
upon AMF application, a 35% decrease in cell viability was recorded. Finally, the researchers concluded that the efficacy
of the treatment of magnetosomes could be linked with a specific absorption rate (SAR) value of M-CA, which is

relatively high in the cellular environment, ie, SAR cell = 253 + 11 W/g Fe. A lower efficacy was noted when the SAR
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Figure 6 Schematic diagram showing magnetic hyperthermia in the treatment of hypoxic tumors by using MTB.
Notes: Reproduced from Chen X, Lai L, Li X et al. Magnetotactic bacteria AMB-1 with active deep tumor penetrability for magnetic hyperthermia of hypoxic tumors.
Biomater Sci. 2022; 10:6510-6. Copyright 2022, Royal Society of Chemistry.'*’
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value was measured in water (M-CA), ie, SAR water = 1025 + 194 W/g Fe, which might be due to the decrease in the

Brownian contribution to the SAR value in the cellular environment.'>’

Magnetic Resonance Imaging (MRI) Contrast Agents

MRI is based on the principle of nuclear magnetic resonance (NMR), widely used for contrast imaging and has proven to
be an extremely dependable diagnostic tool. The signal of magnetic resonance produced by an object varies based on its
position.'®® MRI, along with modern improvements, could help acquire the resonance frequency of the object and play
a vital role in establishing a three-dimensional (3D) image of an object. This technique is superior to conventional
imaging as it involves high-resolution imaging, safety, and the capability for multidirectional and multiparameter
assessments, etc. In short, MRI has shown a significant role in contrast images in biomedical detection.'®!

MRI tools have been significantly employed to diagnose cancer, and some recent investigations have utilized
magnetosomes in MRI to have both positive and negative contrast instead of conventional iron oxides.”> MTB naturally
predisposes to target tumors when given intravenously to mice.'®*'% Magnetospirillum is utilized in a radiological
examination, and it is considered a magnetic microbe with a micro-aerophilic nature. Magnetosomes are predominantly
composed of magnetite, mainly crystalline iron substances, and are encased with double-layered membranes.'®* The
magnetotactic behavior of magnetosomes generated from micro-organisms was evaluated using a multimodal

h.'®> When magnetosomes were exposed to an applied magnetic field, they generated heat, demonstrating

approac
a linear correlation between the magnetic field strength and the resulting temperature increase.'®® In vivo, chains of
MNs with high iron concentration can be easily distinguished when administered directly into live tissue via MRI. This
suggested that these NPs could serve as magnetic tracers or contrast agents. MagA gene encodes an iron transporter
controlled at low iron concentrations. Specifically, the functional sites of magnetosomes are induced by the resonating
action of an applied magnetic field, with pronounced signals detected within a specific frequency band of MRI intensities.

Benoit et al used M. magneticum AMB-1 to enhance in vivo tumor visualization via positive MRI contrast, leveraging
small magnetite particles for T1-weighted imaging. After intravenous injection of 64 Cu-labeled AMB-1, positron
emission tomography (PET) imaging showed tumor colonization and reduced organ infection within 240 minutes. By
the 6" day, the bacteria selectively colonized tumors and were cleared from other organs, with MRI showing a 1.22-fold
increase in contrast by day 2 and 1.39-fold by day 6. The study highlighted MTB and its derivatives as promising tools
for improved MRI visualization in cancer research.'®’

Ye et al extracted magnetosome-like structures (MSC) from M. magneticum AMB-1 as core components, which were
further coated with gold via a reduction process using chloroauric acid (HAuCl,), forming MSC-Au NPs. Further, these
engineered NPs were administered to mice, and finally, the tumor-focused magnetic field was applied to enhance
accumulation at the tumor site (Figure 7). The developed, engineered NPs were evaluated as a boosting candidate to
enhance photoacoustic imaging in MRI, including their promising use in diverse anti-cancer treatments, such as
starvation therapy, chemo dynamic healing, and photothermal treatment when guided by specific magnetic fields.'®®
Due to their enhanced imaging-quality impact, a single injection and a single laser irradiation approach yielded
noteworthy healing in hindering tumor growth across numerous cell-derived xenograft tumor subjects. Significantly,
these promising findings extended to patient-originated organoid and patient-derived xenograft tumor models, under-
scoring the platform’s versatility and capability for ground-breaking disease treatments in humans.'®

Apart from the extraordinary inherent features of MTB, diverse strategies have been tailored to confer these particles
with added functionalities and enhance their overall capabilities as biomedical platforms for various applications.
Gandarias et al 2023 reported the development of an MTB, which has enhanced diagnostic functionality due to the
incorporation of Terbium (Tb) and Gadolinium (Gd) into MTB. The incorporation of Tb imparted luminescence
properties to MTB, enabling their potential use as biomarkers, while the addition of Gd transformed MTB into dual-
contrast agents for MRI by introducing T1 contrast alongside the inherent T2 contrast of unmodified MTB. Further, these
modified MTBs were successfully tested in vitro in two cell models, which confirmed their suitability as fluorescent
markers (Tb-MSR-1) and dual contrast agents for MRI (Gd-MSR-1).'”°

In a different study, a team led by Li prepared a cancer-originated magnetosome acting as a groundbreaking cancer
vaccine, featuring a core composed of Fe;O, magnetic nanoclusters (MNCs) and a protective cloak constructed from
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Figure 7 Therapeutic effect of surface functionalized magnetosomes guided by multimodal imaging, reproduced with permission from Ye P, Li F Zou ] et al. In Situ
Generation of Gold Nanoparticles on Bacteria-Derived Magnetosomes for Imaging-Guided Starving/Chemodynamic/Photothermal Synergistic Therapy against Cancer. Adv
Funct Mater. 2022; 32:2110063. Copyright 2022, Wiley and Sons.'®’

membranes of cancer cells adorned with anti-CD205. The exceptional characteristics of the MNCs, comprising
superparamagnetics and magnetizations, permitted the vaccine’s precise magnetic retention within lymph nodes, guided
by MRI. This strategy created a crucial time window for dendritic cells (DCs) to capture antigens. Concurrently, the
disguised cancer cell membranes acted as a reservoir for a diverse extent of antigens, flooring the way for a subsequent
multi-antigenic reaction. Furthermore, the anti-CD205 decorations directed more of the vaccine towards CD8+ DCs,
assisting major histocompatibility complex (MHC) I cross-presentation. Such combined benefits resulted in substantial
T cell proliferation, distinguished by remarkable clonal diversity and improved cytotoxic action. Thus, this cancer-
originated magnetosome, integrating recent signs of progress in various nanotechnologies, holds great assurance for safe
and high-performing cancer vaccination.'”'

Nan et al (2021) extracted magnetosomes from Magnetospirillum gryphiswaldense MSR-1 using an ultrasonic
method and studied their distribution and clearance in mice up to 135 days post-intravenous injection. They identified
the liver as the primary target organ for magnetosome accumulation, with additional accumulation in the spleen. The
study revealed two main elimination pathways and estimated the clearance time of magnetosomes. The findings
confirmed the high biocompatibility of magnetosomes, providing a long-term in vivo assessment that supports their
potential use as MRI contrast agents.'”

Nuschke et al (2023) proposed M. magneticum as an MRI contrast agent for in-vivo tracking of adoptively transferred
immune cells, with mammalian cells utilizing the bacterium as magneto-endosymbionts (MEs). In a pilot study, ME
labeling was tested in myeloid-derived suppressor cells (MDSCs), cytotoxic T lymphocytes (CTLs), and dendritic cells
(DCs), examining its effects on cell purity, function, and MRI contrast. Iron loading varied by cell type: >0.6 pg Fe/cell
for MDSCs, <0.5 pg Fe/cell for CTLs, and ~1.4 pg Fe/cell for DCs. MDSC functionality remained unaffected at 1000
MLR but was impacted at 2000 MLR, while CTL and DC markers showed no significant changes. In vivo, ME-labeled
MDSCs produced detectable MRI contrast similar to SPIO-labeled cells. The study emphasized caution with higher ME
concentrations, which may affect cell function or morphology, and concluded that this approach could be a valuable tool

for tracking transplanted cells and advancing cancer therapy research.'”
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Magnetosomes have demonstrated substantial potential for MRI applications. Diverse MRI contrast mediators leveraging
magnetosomes were considered to enable real-time attention for tumor treatment. The ongoing investigation in this field
implies that magnetosomes may find practicable use in clinical fields as our knowledge digs deeper and their applications
persist in advancing. Table 8 shows the application of MTB and their magnetosomes in MRI as a contrast agent.

Magnetosomes in Magnetic Particle Imaging (MPI)
MPI, a developing molecular imaging method, depends upon the utilization of tracers in the form of superparamagnetic
NPs. This approach assists as a bridge between traditional analytical techniques, offering an exceptional technique for
imaging. In contrast to MRI, which employs a static gradient MF with lower magnetic potentials, MPI is established on
the Langevin concept of paramagnetism and a nonlinear magnetization model. MPI furnishes several distinct benefits,
including linear quantification, the absence of ionizing radiation, no limitations on permeation strength, positive contrast,
and the absence of biological background signals, which have made considerable strides in molecular imaging.'”
SPIONs have been established for their advantage as imaging agents, aiding in the differentiation between healthy
and unhealthy tissues and facilitating the monitoring of cell movement. MPI leverages the magnetic characteristics of
SPIONSs to provide quantitative and extremely sensitive data of images. MTB generates magnetosomes that demonstrate
properties akin to those of synthetic nanoparticles. Genetic mutations impacting biosynthesis could alter these biological
magnetosomes (Figure 8). Employing M. gryphiswaldense MSR-1, highlighting a mamJ gene removal, and clustering
magnetosomes instead of the usual linear chains enhanced MPI signal strength and resolution. Bioluminescent MSR-1
bacteria having deleted mamJ were introduced into mice with tumors and healthy mice. In vivo, bioluminescence
imaging established MSR-1 feasibility, while MPI efficiently identified marks in the livers and tumors of the subjects.'”
In another investigation, Tay et al, 2018, introduced a theragnostic platform incorporating measurable MPI for the
accurate treatment design. This platform utilized MPI gradients to focus magnetic hyperthermia on particular zones
spatially. This procedure addressed a substantial hurdle in traditional magnetic hyperthermia where systemically
delivered SPIONSs are inclined to accumulate in unintended organs. The complication in localizing hyperthermia often
outcome in collateral impairment to the unintended organs. With the MPI magnetic hyperthermia workflow, the
researchers demonstrated the capability to guide and pinpoint hyperthermia to the tumor while reducing harm in the
vicinity of the liver (usually at a distance of 1 to 2 cm). This accurate localization of thermal treatment and its validation
was affirmed via luciferase activity and histological evaluations. For the successful implementation of this strategy, it
could be extended to confine the activation of drug release alongside specific biomechanical therapies and thermal
treatment.'’® Table 9 summarizes the applications of MTB and magnetosomes in Magnetic Particle Imaging (MPI).

Table 8 Summarizes the Application of MTB and Their Magnetosomes in MRI as a Contrast Agent

MTB Type/Magnetosomes Applications in MRI References

M. gryphisiwaldense MSR-| High biocompatibility; used for long-term in vivo tracking of magnetosomes in major organs (eg, | [172]

liver and spleen) and assessing elimination paths and clearance times

M. gryphiswaldense, MSR-1 with | Act as living contrast agents with enhanced imaging resolution when magnetosome arrangement | [174]

a mam| deletion is altered

M. magneticum (MEs) In-vivo tracking of adoptively transferred immune cells (eg, MDSCs, CTLs, and DCs); MRI [173]

contrast for monitoring the fate and site of transplanted cells in cancer therapy studies

M. magneticum AMB-| Positive MRI contrast agent: small magnetite particles produce T|-weighted positive contrast, [167]

enhancing tumor visualization in vivo

M. magneticum AMB-| Functionalized with AuNPs for photoacoustic and MRI imaging; utilized for anticancer therapies, | [169]

(Modified) such as starvation therapy, photothermal treatment, and chemo-dynamic healing

M. gryphiswaldense MSR-I with | Dual MRI contrast agent; Tb provides luminescence, and Gd adds T contrast to the existing T2 | [170]

Tb and Gd contrast. Suitable for fluorescent markers and MRI contrast agents
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Figure 8 The improvisation of magnetic particle imaging with an altered arrangement of magnetosomes in magnetotactic bacteria as living contrast agents.
Notes: Reproduced from Makela AV, Schott MA, Madsen CS, Greeson EM, Contag CH. Magnetic Particle Imaging of Magnetotactic Bacteria as Living Contrast Agents Is
Improved by Altering Magnetosome Arrangement. Nano Lett. 2022; 22:4630-9. Copyright © 2022, American Chemical Society.'’*

MTBs and Magnetosomes in Detection Assays

Protein detection techniques have exploited magnetosomes with effectiveness. The protein streptavidin was attached to
magnetosomes by biotin groups connected to the membrane of magnetosomes. These semi-synthetic solid composites with
biotin-binding properties helped combine the multiple functionalized biomoieties. In this technique, HBsAg (the hepatitis
B antigen) was immobilized in human serum using antibody-functionalized magnetosomes, and the signal from the
detecting complex was amplified using magnetic concentration. Unlike magneto-ELISA, which used artificial nano
substances to improve antigen discovery in ELISA, magneto-immune PCR (M-PCR) was around 100 times more sensitive
at detecting HBsAg. The production of antibodies attached to magnetosomes or magnetosome crystals has proven

beneficial in various immunoassays: immunoglobulin, cancer cell detection, and allergen detection quantification.'”’

Table 9 Applications of MTB and Magnetosomes in MPI

MTB and Magnetosomes Applications in MPI References
M. gryphiswaldense MSR-1 with Altered BM arrangement (clustering instead of linear chains) enhanced MPI signal strength and | [174]

mam] gene deletion resolution; in vivo imaging of tumors and livers.

Theragnostic platform with MPI-guided magnetic hyperthermia focused on tumors, avoiding unintended organ damage. [100]
SPIONs Enabled precise localization and thermal treatment validation.

M. gryphiswaldense (MSR-1) Improved MPI signal and resolution by altering magnetosome arrangement; used as living [174]

contrast agents in tumor imaging

Magnetosomes (isolated) Targeted cancer therapy applications enhance imaging capabilities, including magnetic [127]

hyperthermia and localized drug delivery

MTB (whole) Self-propelling agents guided by magnetic fields target hypoxic tumor areas, retaining [67]

therapeutic and imaging properties.
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MTB and magnetosomes have also been used as photoacoustic (PA) and photothermal agents. There are several
examples where investigators have utilized them for this application, such as Nima et al studied the biogenic magnetic
NPs as multimodal PA, PT, and photomechanical contrast agents.6

Cancer Therapy

Numerous non-selective chemotherapy substances can harm a patient’s healthy cells during treatment, which can be
easily overcome using MTB and bacterial magnetosomes.'’®!” Due to their ease of recovery, magnetosomes were
employed extensively in the immobilization process for particular enzymes.'?” One significant advantage of utilizing
MTB and magnetosomes for therapeutic application is their biological origin, where the magnetosomes have encapsula-
tion of biomolecules that are not harmful to the patients.'>” Moreover, their manipulation by an EMF further increases
their potential as a therapeutic agent as it would deliver drugs and exhibit therapeutic effects at the specific site under an
external magnet’s control, leaving the neighbour’s healthy cells unaffected. There are several applications where MTB
can be used instead of magnetosomes as prospective agents for cancer treatment. While using the entire MTB for cancer
treatment, their flagella play an essential role as they provide motility and self-propel them.'®" These can be controlled
inside a patient’s body under the influence of an EMF and are driven to hypoxic areas, such as tumor sites. Moreover,
under the control of EMF, these magnetosomes do not lose their therapeutic and imaging characteristics.'?”'%

Photothermal therapy for cancer treatment has gained massive attention in the last decade due to its effectiveness.
Mainly, NPs have been used for the photothermal therapy (PTT) of cancer but now MTB-based magnetosomes or MTB
have also been used for this application. In an investigation by Chen, magnetosomes from M. magneticum AMB-1
(ATCC 700264) were developed and applied for the PTT of cancer under the guidance of MRI, both in vivo and in vitro
conditions. The investigators revealed that the magnetosomes could rapidly convert the energy of 808 nm near-infrared
(NIR) light into heat when these magnetosomes are internalized by the HepG2 tumor cells. It was observed that
magnetosomes with excellent biocompatibility could effectively induce tumor cell death upon near-infrared (NIR)
light irradiation. This effect was associated with alterations in mitochondrial membrane potential (AWm) and increased
intracellular reactive oxygen species (ROS) levels. In vivo experiments demonstrated that PTT using bacterial magnetic
NPs could completely eliminate tumors in mice without causing detectable toxicity. Additionally, T2-weighted MRI
revealed a well-defined tumor boundary and a 25% increase in negative contrast enhancement at the tumor site,
highlighting the potential of bacterial magnetic NPs as effective MRI contrast agents for guiding PTT.'®!

Chen et al employed bacterial magnetosomes for PTT of cancer, guided by MRI, in both in vitro and in vivo studies.
Their findings demonstrated that magnetosomes efficiently converted 808 nm near-infrared (NIR) light energy into heat.
Additionally, in vivo experiments revealed magnetosomes exhibited a high retention rate in magnetically targeted
regions, even under varying flow conditions. Due to the magnetic targeting, there was an increase of about 40% in
BM retention in the tumor tissues of H22 tumor-bearing mice. Complete elimination of the tumor was observed when the
magnetic targeting was done with the In vivo photothermal therapy with 808 nm laser irradiation. The investigation
suggested that the systematically administrated magnetosomes with magnetic targeting would be promising for PPT
cancer therapy.'®'

Chen et al reported an approach for targeting tumors by PTT, which involves generating magnetically targeted
nanoparticles (IRFes) where the IRFes were guided to the tumor site under the influence of an EMF. The investigator
utilized the strong NIR absorption properties of IR780, NIR fluorescence (NIRF) imaging, and effective magnetic
targeting for the photothermal ablation of tumors. In vitro, cell viability assays, and in vivo antitumor studies demon-
strated that IRFes could effectively ablate 4T1 cells or transplanted 4T1 tumors when exposed to 808 nm laser irradiation
and a magnetic field. The in vivo experiments further confirmed that IRFes specifically targeted tumors without causing
damage to other organs and enabled tumor imaging. The researchers concluded that this approach holds significant
potential for localized PTT of cancer under EMF guidance, highlighting the promise of multifunctional NPs in tumor
therapy.'®? Table 10 summarizes the studies where MTB and their magnetosomes have been used for cancer treatment.
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Table 10 Summary of Applications of MTB and Their Magnetosomes for the Treatment of Cancer

Magnetotactic Application References

Bacteria

M. gryphiswaldense Drug delivery system for doxorubicin [23]

AMB-1 Magnetic hyperthermia treatment [23,183]

MO-1 Targeted aggregation in tumor therapy [64]

MSR-1 Magnetic control of bacterial swarms for targeted drug delivery and manipulation in therapeutic applications | [184]

AMB-1 Multi-drug delivery platform for MRI-visualized photothermal-chemodynamic therapy, utilizing [138]
magnetosomes for ROS generation and heat conversion

AMB-1 Active penetration and retention in tumors for NIR-Il photothermal therapy, enhancing thermal ablation [185]
efficiency

Magnetosomes in Pathogen Detection
Whole MTB and magnetosomes could identify numerous pathogenic bacteria, fungi, and toxins. These pathogens are
mainly food and water-borne, like Salmonella, Shigella, Vibrio, and Listeria sps.

Xu et al, 2014 expressed the staphylococcal protein A (SPA), extracted from Staphylococcus aureus, on
M. gryphiswaldense strain MSR-1 magnetosomes by fusion with MamC or MamF. Further, the investigators constructed
recombinant plasmids pPBBR-mamC-spa and pBBR-mamF-spa by fusing spa (the gene that encodes SPA) with mamC
and mamF, respectively. Recombinant magnetosomes with surface expression of SPA were generated by introducing
these fusion genes into wild-type MSR-1 or a mamF mutant strain. Studies revealed that the magnetosome colloids were
relatively stable with a zeta potential value of —30 mV. Further, the recombinant magnetosome/Ab complexes were used
to capture the Vibrio parahaemolyticus, which was measured by real-time fluorescence-based quantitative PCR and
found that 1 mg of the complex could capture as many as 1.74x107 Vibrio cells.'®

Sannigrahi et al extracted magnetosomes from Magnetospirillum sp. RIS1 and conjugated them with an anti-
Listeriolysin O (LLO) antibody (0.25-1 pg/mL), as confirmed by spectroscopy. The resulting magnetosome—-LLO
antibody complex was 25% more cost-effective than traditional methods. Impedance spectroscopy revealed
a significant increase in resistance (RCT value) on the electrode surface corresponding to higher concentrations of the
LLO protein. The biosensor was successfully applied to detect Listeria monocytogenes in contaminated milk and water
samples, with the extracted LLO protein serving as the detection target. Cross-reactivity assays confirmed the biosensor’s
specificity against other foodborne pathogens, while a detection limit of 101 CFU/mL in both water and milk under-
scored its sensitivity. This biosensor represents a rapid, sensitive, specific, and cost-effective approach for detecting

L. monocytogenes in food samples.'®’

Role of Magnetosomes and MTB in Biosensing

There are several investigations where MTB and magnetosomes have been used as biosensors for detecting pathogens,
biomolecules, etc. The MTBs could be used directly in their natural form, or their engineered form could be used for
these applications. Some of the examples are cited below. Roda et al used a bioengineered bioluminescent MTB
(M. gryphiswaldense strain MSR-1) as a powerful tool to develop a robust and economical chip-based whole-cell
biosensors where the bacterium constitutively expressed a red-emitting click beetle luciferase. The microfluidic chip was
developed by using a multilayered black and transparent polydimethylsiloxane (PDMS) in which BL-MTB is incubated
for 30 min with the sample, then moved by microfluidics, trapped, and concentrated in detection chambers by an array of
neodymium—iron—boron magnets. Further, the investigator suggested that the bioluminescent signal from this luciferase
is directly proportional to bacterial viability. The investigators have used the magnetic features of these MTBs as “natural
actuators” to transfer the cells in the chip from the reaction to the detection area, optimizing the chip’s analytical
performance. The investigator placed the chip in contact with a cooled CCD via a fiber optic taper to perform quantitative
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bioluminescence imaging after adding luciferin substrate. Further, the investigators have used dimethyl sulfoxide,
(DMSO) and bile acid (taurochenodeoxycholic acid, TCDCA) to investigate the analytical performance of the developed
whole-cell biosensor “MAGNETOX.” When the investigator incubated the chip with the DMSO, there was a drastic
reduction in the bioluminescent signal in a dose-related manner. Finally, the investigators concluded that developing such
bioengineered MTB with magnetic and luminescent properties has the advantage of easy 2D cell handling with ultra-
sensitive detection.'®®

Dieudonné et al (2020) utilized M. magneticum AMB-1 and M. gryphiswaldense MSR-1 as cellular chassis to
formulate sensitive magnetic bacterial biosensors. The ArsR-dependent regulation mechanism was validated through
reverse transcription-PCR experiments. These biosensors, constructed by transcriptionally fusing arsenic-inducible
promoters with the bacterial luciferase luxCDABE operon, exhibited element-specific responses within half an hour
and achieved an arsenite detection limit of 0.5 pM. By optimizing the system, the sensitivity was enhanced 50-fold,
reaching a detection threshold of 10 nM, which is more than an order of magnitude below the recommended arsenic limit
in drinking water (0.13 uM).'® Applications of MTB and magnetosomes in pathogen detection and biosensing are
shown in Table 11.

Magnetosomes in Wound Healing

In an era where biomedical science constantly drives the boundaries of invention, the confluence of biotechnology and
nanotechnology presents noteworthy opportunities for tackling complex medical difficulties.'** ' The work of Xu et al in
developing a silver-magnetite hybrid magnetosome epitomizes the synergy between these two fields, offering a unique
strategy for wound healing and infection management. In this investigation, they originally demonstrated that magneto-
somes, when extracted, can experience a remineralization procedure in vitro upon exposure to a silver nitrate solution. The
ionic Ag" is introduced inside the biomembrane of the magnetosome, which further converts into crystalline silver
following the specific miller indices, guiding the prompt synthesis of a magnetosome-Ag hybrid material (magnetosomes-
Ag). The association among the biomembrane, crystals of Fe;0,4, and the unmineralized iron constituent fostered the
magnetosome remineralization, specifically when the concentration of Ag" was equal to or exceeded 1.0 mg mL™".
Magnetosome-Ag demonstrated favorable biocompatibility and exhibited antibacterial characteristics. When utilized at
2.0 mg/mL concentration, both magnetosomes-Ag and the biomembrane efficiently suppressed Gram-negative and Gram-

positive bacteria’s growth, emphasizing their capability as wound dressings to advance the healing of infected wounds.'*®
Table Il A Summary of All the Studies of MTB and Magnetosomes in Pathogen Detection and Biosensing
MTB Type/Magnetosomes Pathogen Applications References
Detected
Magnetospirillum sp. RJSI Listeria Biosensor for food safety [187]
monocytogenes
Magnetosomes (general) Immunomagnetic separation and detection of pathogens [190]
M. gryphiswaldense strain MSR-1- V. parahemolyticus Detection of food-borne pathogen [186]
recombinant magnetosome/Ab
complexes
Functionalized paramagnetic Capture of targeted pathogens using magnetic fields [191]
microparticles
M. magneticum AMB-| Arsenite detection with a sensitivity of 10 nM [189]
Magnetosomes with functional Bioassays and environmental monitoring [125,192]
proteins
M. gryphiswaldense strain MSR-1 Detection of DMSO and a bile acid (taurochenodeoxycholic acid, | [188]
TCDCA)
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In a separate study, a team led by Revathy employed magnetosomes to bind with lemon grass extract (LGE) in an
endeavor to hinder the formation of microbial biofilm on wound-dressing materials. The magnetosomes were acquired
from Magnetospirillum sp. VITRJS-1 and experienced characterization through morphological and diffraction techni-
ques. The extract’s phytochemical investigation demonstrated the existence of bioactive constituents recognized for their
antimicrobial and anti-inflammatory characteristics. Gas chromatography-mass spectrometry (GCMS) analysis estab-
lished the existence of citral and fernesal, which were antimicrobial elements. The extract was effectively linked to the
magnetosomes, as corroborated by the FTIR study. The resulting magnetosome-lemon grass extract (MLGE) was
assessed for its capability to combat biofilm creation by pathogenic microorganisms, for example, Bacillus subtilis,
Pseudomonas spps, E. coli, Klebsiella spps, and Staphylococcus aureus on wound dressing materials. The findings of the
plate assay uncovered a substantial decrease in the number of colonies developed on MLGE-coated wound dressings in
contrast to those treated with LGE and the control group. Therefore, it can be concluded that MLGE-coated wound
dressings efficiently avoid the establishment of microbial biofilms. Additional inquiry, comprising studies on animal

models, carries the potential to pave the way for commercial applications of this favorable strategy.'®’

Miscellaneous Medical Application of Bacterial Magnetosomes

The cytostatic effect on human hepatocellular carcinoma was discovered in the case of in vivo and in vitro. The number
of HepG, cells that can specifically bind to magnetosomes is more significant than medications not attached to
nanoparticles, which are modified with anthracycline pharmaceuticals. The magnetosomes are smaller than the magnetic
particles, over the extremely magnetized ferrite spinel (spion) and beads, and have more robust magnetic properties and
ferromagnetic characteristics.'”® 2% Due to this, they are excellent candidates for use in cell separation. The magneto-
somes have been utilized in immunoassays to identify harmful, hormone-like, or polluting small compounds and

detergents. Antibodies®' >

that connect with such molecular bodies have been affixed to the surface of the magneto-
somes. The complexity of these chemicals and the magnetosomes that they produce has since been discovered. Finally,
magnetosomes were used to obtain DNA molecules.””®> They have been changed and coated in layers of DNA-linking
aminosilanes. It is a complex created by the DNA, and magnetosomes have been joined to DNA obtained from
a magnetic column after elution with a phosphate buffer.'*’

Mickoleit et al (2024) recently investigated the biocompatibility and toxicity of magnetosomes isolated from
M. gryphiswaldense. The study tested magnetosomes with THP-1, Jurkat cell lines, and primary human-derived materials
such as peripheral blood mononuclear cells (PBMCs). The findings revealed excellent biocompatibility and high blood
compatibility across all tested magnetosome concentrations, highlighting their potential for biomedical applications.
Minimal complement activation was observed without significant plasma coagulation or hemolysis. However, lipopoly-
saccharides from M. gryphiswaldense triggered PBMC activation and cytokine release, highlighting endotoxicity as
a challenge for in vivo applications. Despite this, magnetosomes show strong potential for various biomedical uses,
particularly in vitro diagnostics.204 Table 12 summarizes the IONPs and other similar NPs used for therapeutic applications.

The above table reveals several approaches where MTB, their magnetosomes, or similar magnetosomes developed by
chemical route have been applied for biomedical applications like cancer treatment, drug delivery, PTT, wound healing, etc.?'”

Some of the approaches are affordable and reliable for highly efficient targeting of tumor sites.

Preclinical and Clinical Studies

The advancement of MTB and magnetosomes toward clinical applications requires comprehensive evaluation through
preclinical and clinical studies. These investigations are crucial for understanding their therapeutic potential, safety
profiles, and effectiveness in real-world scenarios. In vitro studies are pivotal in exploring the biomedical applications of
MTB and magnetosomes, particularly in targeted drug delivery, magnetic hyperthermia, and imaging. Magnetosomes
exhibit superior biocompatibility and stability compared to synthetic MNPs due to their natural lipid bilayer and uniform
magnetic properties. Cellular studies reveal efficient internalization of functionalized magnetosomes, enabling targeted
therapeutic action and precise localization under magnetic fields for enhanced specificity. Cytotoxicity and immune cell
interactions show generally favorable profiles influenced by surface modifications and concentrations.
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Table 12 The Comparative Investigation of All the IONPs and Other Similar NPs for Therapeutic Applications

Nanomaterials Origin Application References
Bacterial magnetosomes MTB Preventing microbial film formation on wound dressing [197]
materials
Human mesenchymal stem cell-derived Human mesenchymal Cutaneous wound healing [205]
Fe oxide exosomes stem cells
Fe30, stabilized with Chemical route Colon cancer treatment [206]
triethanolammonium oleate
Silk fibroin films decorated IONPs Chemical route Wound healing [207]
Electrospun PVA nano scaffolds Chemical route Wound healing [208]
associated with propolis NPs
Magnetosomes from MTB BMs Anti-tumor activity [167]
Engineered E. coli MG1655 connected Chemical Enhanced ROS and the induction of severe tumor cell [209]
with Fe304 NPs apoptosis
MTB Used as a carrier of ~-DNA (gene vaccine for tumor [158]
immunotherapy)
Bacterial M. magneticum AMB-1 MTB/bacterial Photothermal therapy (PTT) of cancer [181]
(ATCC 700264)
Magnetosomes Bacterial and chemical Delivery of anticancer agents like antitumor drugs: [210-212]
routes doxorubicin, cytarabine, daunorubicin
Magnetosomes Bacterial and chemical Delivery of anti-tumor gene and ganglioside [210-212]
routes
Magnetosomes Capturing of food-borne pathogens like Salmonella, Vibrio, [213,214]
and their enterotoxins
Magnetized liposomes (magnetosomes) Chemical method Detection of non-magnetic DNA hybridization assay [215]
Magnetospirillum sp. RJSI Magnetosomes Detection of L. monocytogenes from food sample [187]
M. gryphisiwaldense MSR-1 Magnetosomes MRI agents [172]
M. gryphiswaldense strain MSR-1 MTB Bioluminescent whole-cell biosensors [188]
Acidithiobacillus ferrooxidans Magnetosomes Applications in wastewater and biomedical applications [216]
MTB MTB incorporated Acted as fluorescent markers (Tb-MSR-1) and dual contrast [170]
with Tb and Gd agents for MRI (Gd-MSR-I)
MTB Magnetosomes PTT-based cancer targeting [181]
Magnetosomes Chemical route PTT-based cancer targeting [182]
BMs Bacterial Anti-tumor activity [159]
Magnetosomes Bacterial Endotoxicity [204]

Animal models have been crucial for evaluating the safety and efficacy of MTB and magnetosomes in vivo.

Preclinical studies in rodents and larger animals have explored biodistribution, clearance mechanisms, and off-target

effects, showing tissue-specific accumulation under magnetic guidance and clearance via the reticuloendothelial system,

particularly in the liver and spleen. Safety assessments report low immunogenicity and systemic toxicity with
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functionalized magnetosomes. Therapeutic applications, such as cancer treatment through magnetic hyperthermia and
targeted drug delivery, have demonstrated promising efficacy with minimal side effects.

The clinical translation of MTB and magnetosomes remains in its early stages. While preclinical studies provide a solid
foundation, only a few clinical trials have explored their use in humans, focusing on cancer treatments like magnetic
hyperthermia and drug delivery. These trials assess safety, tolerability, and preliminary efficacy in small patient cohorts.
Regulatory approval poses challenges, requiring robust safety data and consistent production methods. Efforts are ongoing to
address these through standardized protocols, scalable production, and thorough safety testing. Advancing trials are anticipated
to offer key insights into their medical potential. MTBs are non-pathogenic like other bacteria, increasing their potential as
a candidate for clinical trials."®" To date, three MNPs have been approved for clinical applications, ie, nanotherm (aminosilane-
coated IONPs), Siennat: dextran-coated IONPs, and Resovist: dextran-coated IONPs. The former is used for magnetic

hyperthermia, the second is used as a tracer for cancer-locating lymph nodes, and the last is used for MRI imaging of the liver.?'®

Future Research Directives

Due to their physical and chemical features, MTBs and magnetosomes have recently gained huge attention in biome-
dicine and biotechnology. Since these magnetosomes are biocompatible in nature, it has drawn their attention mainly as
new theragnostic agents and drug delivery, which are not present with the chemically synthesized MNPs. Moreover,
studying these applications requires collaborative attempts among investigators in diverse fields, including genetic
engineering, nanosystem chemistry, micromagnetism, and microfluidics. The detailed study of the biomineralization
process of bacterial magnetite provides basic knowledge for developing methods aimed at synthesizing biomimetic
magnetic NPs. Such a study will provide substantially more yield while preserving novel biological features. By
resembling the natural phenomenon by which magnetite is developed in MTB, researchers could aim to develop
laboratory-synthesized MNPs that reproduce the physical attributes of their natural counterparts and display enhanced
production efficiency. Magnetosomes could track treatment progress while providing therapeutic advantages in the
promising field of theragnostic (combining therapeutic and diagnostic functions). Moreover, the application of MTB
and magnetosomes for magnetic hyperthermia treatment for tumors, biosensors with enhanced sensitivity, tissue
engineering for controlled cell growth, and novel imaging processes reveal a diverse range of possibilities.

Conclusion

The present investigation reviewed the immense potential of magnetotactic bacteria and bacterial magnetosomes as
transformative tools in nanomedicine, where they have acted as microbots or nanobots. Using magnetics in nature, both
MTB and magnetosomes could be easily manipulated under an EMF in a patient with high efficiency and low toxicity to
healthy cells, which makes them viable alternatives to synthetic nanoparticles. Moreover, the uniformity and ordered
structure of the magnetosomes have proven valuable in biomedicine, where the nanoparticle size becomes very
important. Studies confirmed that MTB’s natural magnetosome formation process is governed by specific gene clusters
and their tunable properties for precision medicine. The biocompatible nature, low toxicity, easy functionalization and
manipulation under EMF have been successfully applied in cancer treatment, nanocarriers, hyperthermia, gene therapy,
contrast agents for MRI, photothermal therapy, wound healing agents, etc. The specificity and efficiency of these
magnetosomes are further enhanced by surface functionalization by biomolecules or chemicals and genetic engineering
approaches. The applications of MTB and magnetosomes in biotechnology and healthcare will open a new era in
nanomedicine. Moreover, the confluence of diagnostics and therapeutics can substantially influence healthcare and
biomedical investigation.
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