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A B S T R A C T

Superparamagnetic iron oxide nanoparticle (SPION)-based labeling is transforming microbial diagnostics by 
enabling the rapid, highly specific, and sensitive detection of pathogens in complex clinical and environmental 
samples. This technology improves the separation, tracking, and identification of microorganisms, especially in 
critical conditions like sepsis or foodborne infections, where prompt intervention is crucial. Coating magnetic 
particles with antibodies, antibiotics, lectins, or synthetic peptides allows for highly specific binding to microbial 
surfaces. This enables the concentration and detection of viable pathogens with minimal interference from the 
surrounding matrix. Magnetic labeling not only improves isolation and serves as a powerful analytical interface. 
Techniques such as magnetic resonance imaging (MRI) or magnetic particle spectroscopy can exploit the mag
netic signal for non-invasive pathogen tracking and phenotyping, including the detection of virulence factors. 
Additionally, magnetic particles enhance traditional assays, such as PCR or 16 S rRNA sequencing by improving 
target concentration and the signal-to-noise ratio. Hyperspectral imaging can further distinguish between viable 
from dead cells based on their spectral signatures. This integrated approach is particularly valuable in time- 
sensitive clinical settings. For instance, magnetic separation allows for the quicker identification of pathogens 
responsible for sepsis, a condition where current diagnostics often yield from delayed or nonspecific results. 
Emerging methods like COMPASS (Critical Offset Magnetic Particle SpectroScopy) offer real-time analysis of 
pathogenicity factors, aiding in more targeted and effective therapies.

Ultimately, the convergence of magnetic nanotechnology, molecular diagnostics, and advanced imaging holds 
great promise for next-generation microbial diagnostics, offering faster turnaround times, improved specificity, 
and the ability to distinguish live pathogens from residual genetic material–a key advance for precision medicine.

1. Superparamagnetic iron oxide nanoparticles in the light of 
diverse biomedical applications

Superparamagnetic iron oxide nanoparticles (SPIONs) possess 
distinctive magnetic properties that arise from their nanoscale di
mensions and superparamagnetic behavior. These characteristics make 
them exceptionally suitable for a broad spectrum of biomedical appli
cations. One of the most promising uses of SPIONs lies in magnetic drug 
targeting, where external magnetic fields are employed to guide thera
peutic agents directly to diseased tissues or tumors, thereby enhancing 
local drug concentration while minimizing systemic side effects [1–3]. 
In addition to targeted drug delivery, SPIONs are also increasingly 
explored in the field of regenerative medicine, where they play roles in 
tissue engineering, cell tracking, and the modulation of cellular behavior 
through magnetic actuation [4] (see Table 1).

Following their administration into biological systems, SPIONs can 
be non-invasively tracked and localized using various spectroscopic and 
imaging techniques. These include high-resolution methods such as X- 
ray microtomography and magnetic resonance imaging, which allow for 
detailed visualization of particle distribution within tissues and organs 
[5,6]. This traceability not only facilitates real-time monitoring of 
therapeutic delivery but also aids in evaluating the biodistribution and 
safety profile of the nanoparticles.

2. Pathobiological background and medical intention

Labelling microorganisms with magnetic nanoparticles offers sig
nificant advantages in detection, manipulation, and tracking.

Here, SPIONs as a separating agent enhances existing techniques 
used in diagnostics and microbial analysis—particularly in severe 
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disease contexts such as bloodstream infections, dysbiosis in specific 
body regions, and foodborne pathogen detection.

Binding magnetic particles to microorganisms is a key method in 
microbial research. It enables the separation, tracking, and analysis of 
microbial cells through various physical, chemical, or biological in
teractions. Magnetic labelling allows for the rapid isolation and 

concentration of specific microbes from complex samples like blood, 
water, and food. When magnetic particles are conjugated with anti
bodies or other ligands, targeted microorganisms can be efficiently 
captured using an external magnetic field. This is especially valuable for 
infection diagnosis and food safety applications.

One critical area where this technology shows promise is in diag
nosing sepsis. Despite its urgency, sepsis diagnosis remains a major 
clinical challenge [7]. The symptoms are often vague and nonspecific, 
and the disease progresses rapidly—making timely intervention vital. 
Current biomarkers such as C-reactive protein (CRP) and procalcitonin 
lack specificity, particularly in neonatal and pediatric cases, which can 
lead to both missed diagnoses and unnecessary antibiotic use [8]. 
Identifying the causative pathogen is crucial, yet traditional culture 
methods are invasive, slow, and often yield delayed or inconclusive 
results.

Sepsis still suffers from long turnaround times in clinical microbi
ology departments. To address this, several innovative diagnostic stra
tegies are under development, many of which rely on magnetic particles. 
These technologies aim to streamline pathogen detection and improve 
patient outcomes by reducing diagnostic delays.

The benefit of attaching magnetic particles to microbiotic cells lies in 
leveraging the analytical sensitivity through several complementary 
mechanisms, including specific binding, magnetic concentration, and 
signal amplification. These combined effects enable rapid and accurate 
identification of pathogens, even at very low concentrations. SPIONs 
functionalized with specific ligands—such as antibodies, antibiotics, or 
polymers—can selectively bind to bacteria like Escherichia coli, and 
when an external magnetic field is applied, the bound pathogens are 
concentrated from the sample, significantly increasing detectability [9,
10]. In addition to physical concentration, SPIONs can alter magnetic 
relaxation properties upon binding to pathogens, a change that can be 
measured to confirm the presence of specific microbes in complex 
samples like milk or blood, as demonstrated in the detection of Myco
bacterium avium [11]. Furthermore, combining SPIONs with fluorescent 
or SERS (Surface Enhanced Raman Spectroscopy) probes enables 
dual-function assays using optical signals for highly sensitive pathogen 
identification; for example, upconversion nanoparticles attached to 
SPIONs have successfully detected Salmonella and Staphylococcus aureus 
at extremely low levels [12,13]. Magneto-DNA probes further enhance 
detection by targeting specific bacterial genetic material, enabling both 
identification and phenotyping at single-cell resolution. This molecular 
approach boosts the sensitivity of assays such as PCR, making them more 
effective for low-bacterial-load samples and allowing direct analysis of 
multiple pathogens in clinical specimens. Magnetic particles enhance 
diagnostic performance by concentrating microbial targets, amplifying 
detection signals, and supporting specific molecular recog
nition—making them a powerful tool for rapid, accurate, and sensitive 
pathogen diagnostics. Multiplexing is easily possibly for both, 16 S 
Sequencing and Maldi-ToF.

3. Binding interfaces and mechanisms

The clear distinction between targeted cells and matrix compositions 
is crucial for high selectivity of immobilization and subsequent detec
tion. Very common is taking advantage of electrostatic interactions, 
which rely on the natural charges present on microbial cell surfaces and 
magnetic particles. Microbial cell walls often carry a negative charge 
due to components like lipopolysaccharides (in Gram-negative bacteria) 
or teichoic acids (in Gram-positive bacteria). This negative charge can 
be exploited by using positively charged magnetic particles, which 
adhere to the cell surface through electrostatic attraction. This approach 
is relatively simple, as it doesn’t require complex particle modifications. 
However, it may not be highly specific and can vary in effectiveness 
depending on the microbial species and their cell wall compositions. For 
instance, Wu et al. used positively charged iron oxide nanoparticles to 
capture Escherichia coli cells effectively, demonstrating the efficacy of 

Table 1 
Thematic literature overview.

Topic reference

Diverse biomedical applications of 
SPIONs

[1] Hornung et al., 2015 – Magnetic drug 
targeting in tumor spheroids 
[2] Mühlberger et al., 2019 – 
Functionalization of T lymphocytes for 
magnetic targeting 
[3] Matuszak et al., 2018 – SPIONs for drug 
delivery to atherosclerotic plaques 
[4] Sarker et al., 2017 – Hydrogels affecting 
fibroblast behavior 
[5] Tietze et al., 2011 – Visualization of 
SPIONs in vascular tissue 
[6] Brunke et al., 2006 – X-ray tomography of 
magnetic particles in tumors

Magnetic Nanoparticles for 
Bacterial Detection and Pathogen 
Diagnostics

[9] Gu et al., 2003 – Capture of VRE with 
biofunctional magnetic NPs 
[10] Cheng et al., 2009 – Detection of E. coli 
using ATP bioluminescence + NPs 
[11] Kaittanis et al., 2007 – Magnetic 
relaxation for bacterial detection 
[12] Duan et al., 2012 – Dual-color detection 
of Salmonella and S. aureus 
[13] Wang et al., 2018 – SERS detection of 
bacteria with magnetic NPs 
[14] Zhang et al., 2019 – Removal of E. coli 
and toxins from water 
[15] Lim et al., 2016 – Magnetic bead 
separation of bacteria in milk 
[16] Yang et al., 2019 – LMS separation of 
S. aureus using streptavidin-magnetic NPs 
[18] Abafogi et al., 2022 – 
Vancomycin-conjugated magnetic NPs for 
detection 
[22] Friedrich et al., 2022 – (also fits here) 
Pathogen recognition using magnetic particles 
[33] Jóskowiak et al., 2023 – Magnetic 
microfluidics for E. coli separation from blood.

Magnetic and Imaging-Based 
Bacterial Tracking and 
Biosensing

[23] Hoerr et al., 2013 – In vivo tracking of 
bacteria using MRI 
[24] Nuschke et al., 2023 – Magnetotactic 
bacteria for MRI contrast 
[25] Makela et al., 2022 – Magnetosome 
arrangement for MPI 
[29] Vogel et al., 2022 – Magnetic particle 
spectroscopy for diagnostics 
[30] Friedrich et al., 2023 – Viral antibody 
detection via MPS

Conventional and Molecular 
Microbiological Diagnostic 
Methods

[26] Lantz et al., 2000 – PCR applications in 
microbiology 
[27] Johnson et al., 2019–16 S rRNA 
sequencing for microbiome profiling 
[28] Yo et al., 2022 – MALDI-TOF for 
bloodstream infection diagnostics 
[31] Chang et al., 2021 – Functional nucleic 
acids in bacterial detection 
[32] Matenda et al., 2024 – Hyperspectral 
imaging for meat microbiology

Host-Pathogen Interactions and 
Bacterial Resistance Mechanisms

[17] Khondker & Rheinstädter, 2020 – 
Polymyxin resistance in bacterial membranes 
[19] Fan et al., 2020 – Defensin-6 biomimetic 
peptide trapping bacteria 
[20] Leito et al., 2011 – Complement 
activation via SAG/gp340 
[21] Bikker et al., 2004 – Bacterial binding by 
DMBT1/SAG/gp340 
[22] Friedrich et al., 2022 – (also fits here) 
Broad-spectrum pathogen recognition
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electrostatic interactions in microbial separation applications [14].
A commonly applied technique if targeting a certain type of micro

organism is functionalizing particles with specific antibodies. This 
highly specific method can be applied to target specific strains or species 
of microorganisms, making it particularly useful for applications in di
agnostics and pathogen detection. The antibodies are immobilized on 
the magnetic particles through covalent bonds or other stable linkers, 
allowing the particles to bind selectively to microorganisms expressing 
the corresponding antigens. In a study by Lim et al. (2019), magnetic 
particles conjugated with Anti-Escherichia coli antibodies were used to 
isolate and detect these pathogenic bacteria from food samples, show
casing the utility of this method in rapid, selective pathogen detection 
[15].

Whereas specific capturing works quite well a separating an entire 
population of different microorganism the antibody-antigen targeting 
completely fails. A group specific binding mechanism would be more 
concise which applies to lectin-based binding. Since microbial cell walls 
and capsules often contain unique polysaccharides, lectins can be used 
to target these carbohydrates. Magnetic particles functionalized with 
lectins can thus selectively bind to microorganisms based on their car
bohydrate profiles. This approach is especially useful for differentiating 
bacterial types or targeting specific polysaccharide-rich microbes. Yang 
et al. utilized lectin-functionalized magnetic particles to bind Staphylo
coccus aureus, which has a characteristic cell wall glycan structure. This 
method proved effective for isolating Staphylococcus aureus from mixed 
cultures, demonstrating the potential for using lectins in selective mi
crobial capture [16].

Antibiotics are designed to specifically destroy bacteria by taking 
advantage of certain exclusive properties such as composition of the 
procaryotic cell wall. The oldest example of application is coating 
SPIONs with polymyxin B succeeded in depleting relatively high lipo
polysaccharide (LPS) concentrations. This also applies to intact Gram- 
negative bacteria and polymyxin B is a cationic antimicrobial peptide 
that is attracted to the net anionic bacterial outer membrane, resulting in 
an electrostatic attraction between drug and target. Subsequently the 
polymyxin B creates local curvature in the membrane [17]. Another 
example for antibiotics based targeting is shown by Abafogi et al. 
applied a polydopamine coating prior to vancomycin functionalization 
to magnetic nanoparticles, enhancing their adherence to Gram-positive 
bacteria through bio-inspired catechol chemistry. This method provided 
a robust attachment mechanism with low cytotoxicity, suitable for ap
plications in microbial cell tracking and immobilization [18].

A group-specific differentiation can be achieved recently through the 
use of special binding peptides derived from the salivary protein GP340. 
This one can bind many gram-positive and gram-negative bacteria and 
viruses. This property is mediated by a short peptide that we can bind to 
magnetic SPIONs. SPION-Pep bind cross-species Gram-positive and 
Gram-negative bacteria and even fungi, leaving matrix components 
untouched. The pathogens remain intact. These properties are exclusive 
and important, as the number of living pathogens is a key assessment 
criterion for microbiological contamination with pathogens. The 
mechanistic principle of pathogen binding of our concept lies in the 
properties of the peptide from the salivary protein GP340 on the surface 
of SPION-Pep, which is part of the innate immune system [19,20]. Only 
five amino acids are involved in binding within the sequence 
(xxxVEVLxxxxW) [21]. This motif is incorporated into the binding 
peptide, which is only 18 amino acids long and can therefore be easily 
synthesised and is readily available commercially on demand [22].

4. Subsequent microbial analysis

The purpose of binding particles to microorganisms to facilitate or 
enable the identification of bacteria and fungi is expressed through the 
use of specific analytical methods. In most cases, sample preparation 
using magnetic nanoparticles is mechanistically independent of the 
analytical measurement. One exception is magnetic resonance imaging 

(MRI), where the inherent properties of the particle carriers are directly 
affected by the captured bacteria serving as the analytical target. Mag
netic labeling enables the visualization of microorganisms through 
magnetic imaging techniques such as MRI and magnetic particle spec
troscopy (MPS) [23]. By binding magnetic particles to microbial cells, it 
becomes possible to non-invasively track their distribution and identify 
infection sites within the body. The MRI detection limit of bacteria was 
assessed by infections with different numbers of labeled bacteria and 
based on T2*-weighted images it was possible to detect 105 bacteria 
CFUs in the inflammation zone. Methodologically, the detection also 
works if you deliberately want to track bacteria associated with SPIONs, 
as is the case with magnetotactic bacteria intentionally introduced into 
host cells as biological contrast agents. For instance, Magnetospirillum 
magneticum, a commercially available, iron-producing bacterium, can be 
internalized by mammalian cells and function as a 
magneto-endosymbiont. These hybrid systems allow for effective im
aging of host cells without substantially compromising their bio
compatibility—though the degree of compatibility can vary depending 
on the specific target cell type. Here, 250 Cells per mm were easily 
detectable in T2* weighted MRI [24]. These living contrast agents are 
particularly suitable for MPI, a modality whose imaging performance is 
influenced by the size, structure, and composition of the magnetic par
ticles used. Magnetospirillum gryphiswaldense, another magnetotactic 
bacterium, naturally synthesizes clustered magnetosomes, which 
generate a strong MPI signal for concentrations >6.3 × 108 cells due to 
their favorable magnetic properties [25].

Polymerase chain reaction (PCR) is a widely used method for bac
terial identification, relying on the amplification of DNA sequences that 
are specific to a particular bacterial species or genus [26]. Following 
amplification, the resulting DNA fragments can be analyzed through gel 
electrophoresis, sequencing, or hybridization techniques to determine 
the bacterial identity. Detection limits down to 40 cfu/ml in case of 
bloodstream infections are possible [27]. This process involves the use of 
short oligonucleotide primers that are designed to anneal to conserved 
regions flanking variable regions within a target gene. If the DNA of the 
target bacterium is present in the sample, PCR will amplify the corre
sponding sequence. Conversely, the absence of an amplification product 
suggests that the target organism is not present.

16-S sequencing has long been an established and powerful tool for 
identifying bacteria and is a further development of classical PCR [28]. 
It is a specific application of PCR followed by sequencing, targeting the 
16 S ribosomal RNA gene found in bacteria and archaea.

In addition to classical PCR, 16 S rRNA gene sequencing targets a 
conserved region of the bacterial genome found in almost all bacteria. 
This region contains both conserved and variable sequences, allowing 
broad identification of bacteria down to the genus—or sometimes spe
cies—level without prior knowledge of what organisms are present. To 
identify and classify bacteria based on variations in the 16 S rRNA gene. 
Targets only a specific gene (16 S rRNA), useful for microbial commu
nity profiling and broad microbial identification.

MALDI-TOF mass spectrometry (Matrix-Assisted Laser Desorption/ 
Ionization Time-of-Flight) is a powerful tool for rapid identification of 
microorganisms [29]. It works by analyzing the unique protein finger
print of a microbe, primarily focusing on abundant ribosomal proteins. 
In this method, a sample—such as a bacterial colony—is mixed with a 
chemical matrix and placed on a target plate. A laser pulse ionizes the 
proteins in the sample, and the resulting ions are accelerated through a 
time-of-flight tube. Each microorganism produces a distinct mass spec
trum based on the size and abundance of its proteins. The generated 
spectrum is then compared to a reference database containing spectra of 
known microbial species. If a match is found, the microorganism can be 
identified within minutes, often down to the species level. MALDI-TOF is 
especially valuable in clinical microbiology due to its speed, accuracy, 
low cost per sample, and ability to identify a wide range of bacteria, 
fungi, and even some mycobacteria. As time matters and time to path
ogen identification was lowered by 22.86 h in this study, it has 
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significantly improved the efficiency of routine microbial diagnostics 
and meanwhile became the mainstay of clinical microbial diagnosis.

5. Outlook and ahead applications

Clinical microbiological diagnostics is constantly confronted with 
exciting innovations, some of which are finding their way into clinical 
diagnostics. These innovations are demand-oriented and often incor
porate new findings from different technological areas.

Because time is always a precious resource in clinical diagnostics, 
many efforts are being made to shorten the turnaround times from 
sampling to the availability of microbiological findings, and point-of- 
care systems play a decisive role here. From the multitude of concepts, 
which would certainly fill several review articles of their own, I would 
like to single out a special type of magnetic particle spectroscopy. 
COMPASS, which stands for “Critical Offset Magnetic PArticle Spec
troScopy”, is a highly sensitive technology that reflects changes on the 
particle surface in the composite of magnetic nanoparticles with a 
change in magnetic properties [30]. More precisely, there are critical 
phase transitions of higher harmonics after excitation of the particles. 
The change in the particle surface can now be caused by the binding of 
antibodies to the complementary functionalized particle surface. Initial 
applications are mainly in the field of serology [31]. However, it is 
obvious that this can also be used for the identification of microorgan
isms and in particular to answer the question of whether ubiquitous 
bacterial strains are equipped with specific pathogenicity factors in in
dividual cases, which makes a significant difference for subsequent 
treatment [32]. Pathogenicity factors—such as toxins, adhesion mole
cules, secretion systems, and immune evasion mechanisms—are what 
enable bacteria to infect, damage, and persist in a host. Identifying these 
factors helps distinguish between harmless commensals and dangerous 
pathogens, even within the same species. However, this also opens up 
opportunities for more targeted treatment of the patient as some path
ogenicity factors are linked to antibiotic resistance or immune evasion. 
Recognizing them can inform antibiotic choice or prompt additional 
therapies.

An important question is further how to distinguish living microor
ganisms from dead ones, as this is crucial for treating patients. Detecting 
dead microorganisms can lead to false-positive results. Many molecular 
techniques, such as PCR, amplify DNA regardless of whether the 
microbe is viable. This can result in the detection of residual DNA from 
previously treated infections, potentially causing unnecessary treatment 
or misinterpretation of persistent infection. Only living microorganisms 
can cause active infection. Identifying viable pathogens helps clinicians 
determine whether an infection is ongoing and requires treatment, or if 
the immune system or prior therapy has already resolved it. Evaluating 
treatment efficacy depends on distinguishing live from dead cells. If only 
dead bacteria remain after antibiotic therapy, treatment may be 
considered successful. However, if live bacteria persist, it suggests 
treatment failure or resistance.

Hyperspectral imaging (HSI) is a technique that can distinguish 
whether bacteria are still alive or already dead [33]. HSI can be used to 
identify microorganisms by capturing detailed spectral information 
from their surface at hundreds of contiguous wavelengths across the 
electromagnetic spectrum. Unlike standard imaging, which records only 
a few colour bands (e.g., red, green, blue), HSI collects a full spectral 
signature for each pixel, revealing subtle biochemical and structural 
differences that are often invisible to the naked eye. In microbial iden
tification, HSI allows for non-invasive, label-free detection and differ
entiation of microorganisms based on their unique spectral fingerprints. 
Each species or strain reflects and absorbs light differently due to vari
ations in cell wall composition, pigmentation, metabolic by products, 
and structural features. These spectral patterns can be analyzed using 
machine learning or multivariate statistical techniques to classify un
known samples. In particular, additional spectral information can be 
generated through combination with specifically binding magnetic 

nanoparticles, which can help to uniquely identify the microorganism. 
The cellular components persist only in intact microbes, which is ulti
mately the criterion used to distinguish them from dead, disintegrated 
cells.

The use of SPIONs in a microbiological context offers a number of 
advantages, but it is important not to ignore the potential disadvantages 
and challenges. There are colloidal stability issues—especially in salt or 
pH dependent media—can cause aggregation or precipitation, reducing 
labeling consistency [34]. Moreover, variable uptake efficiency across 
microbial species is common and hard to control and predict [35]. In 
many cases, SPIONs and the targeted microorganisms do not encounter 
each other, therefor no labelling reaction can take place. Microfluidic 
technologies, when integrated with magnetic nanoparticles (MNPs), 
offer a highly precise and efficient approach—enabling their immobili
zation, separation, and controlled gating within microscale environ
ments [36]. Using laminar flow in microfluidic channels, separate 
streams of possible microorganism containing sample fluids and SPIONs 
can be introduced through adjacent inlets. Because microfluidics oper
ates in a low Reynolds number regime, mixing occurs only by diffusion, 
allowing precise control. Microorganisms and SPIONs flow side-by-side 
until interactions (e.g., binding) occur.

For separation, the microfluidic system leverages magnetic field 
gradients to physically steer SPION-tagged microorganisms away from 
unlabelled ones as they flow through the device. This process can be 
further refined by combining magnetic actuation with hydrodynamic 
focusing, which aligns cells into narrow streams and enhances the res
olution of separation.

By integrating these strategies into a single microfluidic platform, 
researchers can achieve high-purity isolation of SPION-labeled micro
organisms, laying the groundwork for applications in diagnostics, 
environmental monitoring, or targeted microbial studies.

Advances in clinical microbiological diagnostics are increasingly 
driven by the need for speed, precision, and actionable insights at the 
point of care. This is especially true for the implementation of magnetic 
nanoparticles into this field and technologies like COMPASS magnetic 
particle spectroscopy and hyperspectral imaging represent a new gen
eration of tools that go beyond mere detection—they offer the potential 
to assess microbial viability and pathogenic potential in real time. This is 
especially critical for distinguishing active infections from resolved ones 
and for identifying harmful strains that require targeted treatment. As 
these innovations continue to evolve, they hold promise for more 
personalized, efficient, and accurate infectious disease management.
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