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Abstract: Infections caused by pathogenic bacteria, especially multidrug-resistant bacteria, have
become a serious worldwide public health problem. Early diagnosis and treatment can effectively
prevent the adverse effects of such infections. Therefore, there is an urgent need to develop effective
methods for the early detection, prevention, and treatment of diseases that are caused by bacterial
infections. So far, magnetic material nanoparticles (MNPs) have been widely used in the detection
and treatment of bacterial infections as detection agents and therapeutics. Therefore, this review
describes the recent research on MNPs in bacterial detection and treatment. Finally, a brief discussion
of challenges and perspectives in this field is provided, which is expected to guide the further
development of MNPs for bacterial detection and treatment.
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1. Introduction

Bacterial infections, especially those caused by multidrug-resistant bacteria, have
become a global public health concern [1]. The emergence of antimicrobial resistance is
largely attributed to the indiscriminate and often abusive use of antimicrobials [2]. It was
clinically found that due to the abuse of antibiotics, there is a lack of effective antibacterial
drugs to treat bacterial infections [3]. It is estimated that deaths due to infectious diseases
that are associated with resistant pathogens will lead to 10 million deaths per year by
2050 [4]. Therefore, there is an urgent need to develop non-antibiotic drugs to treat
multidrug-resistant bacterial infections [5].

The early detection and identification of bacterial infections are also major clinical
challenges [6]. Moreover, the traditional detection and identification methods are time-
consuming and tedious. In order to overcome the shortcomings of traditional antibacterial
treatment and detection methods, various metals and metal oxide nanoparticles have
been used for bacterial detection and treatment [7]. MNPs have been widely used in the
biological field in recent years due to their physical properties, good biocompatibility,
and high binding capacity [8–10], including in vivo and in vitro bacterial detection and
separation imaging [11], as well as the treatment of pathogenic bacteria. For example,
magnetic materials were used to synthesize new structures [12] and new magnetic material
composite nanoparticles with improved structural stability [13], biological activity [14], and
antibacterial properties [15–18] to realize the separability and recyclability of MNPs [19–21].

Several previous reviews have summarized and compared the applications of MNPs
in the field of biomedicine [12,22], but few reviews focused on the application of MNPs
regarding bacterial infections. In this review, we summarize some recent advances in the
diagnosis and treatment of bacterial infections with MNPs because MNPs can solve the two
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major clinical challenges of infectious diseases. First, we discuss the physical properties of
MNPs, which account for their increasing application in detecting and treating bacterial
infections. Second, we summarize the latest developments in MNPs for bacterial detection.
Third, we discuss the recent progress in MNPs for the treatment of bacterial infections.
Fourth, the dual application of multifunctional MNPs as antibacterial and imaging agents
is discussed. Finally, the challenges and potential future development directions of MNPs
in the diagnosis and treatment of bacterial infectious diseases are presented.

2. Physical Properties of MNPs

In the past few decades, MNPs have been considered as highly promising supporting
materials and have been utilized in the bacterial detection and antibacterial therapies fields.
Their wide application is mainly from their unique physical properties, including magnetic
properties [23–25], structural properties [26], and the feature of easy modification [27].

2.1. Magnetic Properties

MNPs show excellent magnetic properties that are responsible for their wide use in
enhancing drug delivery efficiency [28], bacterial separation, and detection. Moreover, the
properties of nanosized magnetic particles are different from those of the corresponding
conventional magnetic materials [29–31]. In particular, MNPs with a core size ranging
between 10 and 100 nm in diameter, exhibit special magnetic properties called “super-
paramagnetism” [23,24]. Superparamagnetic nanoparticles can induce magnetic resonance
(MR) relaxation, which results in their application as contrast agents in magnetic resonance
imaging (MRI) [32,33]. The mechanism behind MNP-based contrast agents involves affect-
ing their energy by changing the dipole–dipole interactions between hydrogen nuclei and
metal ions, thus improving the imaging contrast [34]. The magnetic property of MNPs was
also leveraged to synthesize a multi-branched Au nanoflower that was modified with a
sulfhydryl amino ligand as a skeleton to encapsulate iron porphyrin, which showed high
sensitivity as an immunosensor [35]. Due to their response to an applied magnetic field,
MNPs could also influence the movement of nanomaterials in the body under magnetic
guidance and subsequent nanomaterial disassembly to release loaded drugs for tumor
chemotherapy [36]. Moreover, the magnetic property of MNPs enabled the improved
rotation of nanomaterials under an external magnetic field to generate sufficient heat to
ablate tumor cells via magnetothermal therapy [37]. Therefore, these instances promote
extensive leveraging of the magnetic properties of MNPs for the detection and treatment of
bacterial infections.

2.2. Structural Properties

MNPs, including Fe, Co, Ni, and Mn, show great potential for antibacterial appli-
cations due to their unique structural properties. The size of the MNPs is one of the
important parameters for determining the properties of MNPs [23], and it can be controlled
by varying different reaction parameters, including the precursor concentration, type of
surfactant, reaction temperature, and time [25]. For example, MNPs with a size between
10 to 100 nm show excellent relaxation performance and photothermal properties [24,38].
By controlling the size of MNPs, it is possible to manipulate the imaging contrast and the
quantity of produced heat, making them promising for diagnosing diseases and magnetic
hyperthermia-based treatment [37]. Additionally, MNPs show the great characteristic
of being easily functionalized. Because of this, MNPs can be modified with other metal
elements, peptides, antibodies, or therapeutic drugs to synthesize new structures and
new magnetic nanocomposites [10]. The new magnetic nanocomposites have good drug-
loading capability and controlled delivery ability. Moreover, with different magnetic fields,
it is possible to manipulate the amount of produced heat.
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3. Bacterial Detection

Due to the magnetic and MR properties of MNPs, they can be used for the detection
of bacteria using MRI. MNPs can also bind other materials, thus enabling their use for the
separation and enrichment of bacteria. The detection of bacterial infections can be achieved
through colorimetric, fluorescence and surface-enhanced Raman scattering (SERS) means.

3.1. Colorimetric Detection

Colorimetric detection is a kind of color change that is induced by the target, which
can be observed by the naked eye for qualitative or quantitative detection and quantitative
analysis using ultraviolet-visible spectroscopy. The colorimetric method is easy to operate,
fast, sensitive, and economical for detecting bacteria [39].

Au nanoparticles are the most commonly used metal-based NPs for colorimetric
detection due to their good solubility, excellent biocompatibility and easy surface modifica-
tion [40]. The combination of Au nanoparticles and MNPs can achieve bacterial aggregation
and separation to afford a more sensitive colorimetric detection effect. Due to the combina-
tion of magnetic materials, bacterial aggregation can achieve a transition from low to high
concentration, thereby improving detection sensitivity [8]. For example, Mahheidari et al.
used thiocyanate/Au nanoparticles combined with MNPs to detect Vibrio cholerae bacteria
and their toxins [41]. In another study, Park et al. developed an automated immuno-
magnetic separation combined with a colorimetric assay for the rapid detection of E. coli
O157:H7 (Figure 1A) [42].

As the extinction coefficient of Au nanoparticles is several orders of magnitude larger
than those of traditional organic dye molecules, upon formation of Au nanoparticle aggre-
gates, the solution color will change from red to purple for Au nanoparticles, which can be
easily visualized by naked eyes. Lei et al. reported a simple, reliable, and economical col-
orimetric assay using the peroxidase-like activity of chitosan-coated iron oxide MNPs [43].
This simple colorimetric strategy allows for the rapid detection of bacterial cells down to
104 CFU/mL by the naked eye and 102 CFU/mL using spectrophotometry within 10 min.

Since the point-of-care facile and economical detection puts high demands on the early
diagnosis and control of infections, Eissa et al. were inspired by the proteolytic activity
of Staphylococcus aureus (S. aureus) protease on specific peptide substrates on the same
platform [44]. A fast, simple, and cost-effective biosensor for S. aureus was developed using
dual colorimetric and electrochemical detection technology. Moreover, the biosensor was
capable of specifically distinguishing S. aureus (Figure 1B).
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Figure 1. Schematic illustration of experimental procedures: (A) detection of Escherichia coli (E. coli)
O157:H7 using automated immunomagnetic separation and enzyme-based colorimetric assay (repro-
duced with permission from [42]; published by MDPI, 2020); (B) a dual electrochemical/colorimetric
MNP/peptide-based platform for the detection of S. aureus (reproduced with permission from [44];
published by the Royal Society of Chemistry, 2020).
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3.2. Fluorescent Detection

Compared with colorimetric detection, fluorescent detection offers the advantages of
high detection sensitivity and an enhanced limit of detection [45]. Combining fluorescent
dyes with MNPs can afford a detection method that integrates magnetic capture, fluorescent
labeling, and detection. As a paradigm, Bhaisare et al. proposed a novel and simple method
for detecting pathogenic bacteria, which uses fluorescence sensing and magnetic carbon
dots (Mag-CD) to capture bacteria [46]. Due to the magnetic driving force, the bacteria were
firmly fixed on the hybrid material (Mag-CD) for highly sensitive fluorescence detection.

As pathogens usually exist in complex matrices at low concentrations, effective en-
richment is essential for diagnosis. Che et al. established a rapid and sensitive analytical
method to detect pathogenic bacteria, which combined magnetic enrichment and fluo-
rescent labeling using polyethylene glycol (PEG) magnetophoretic chromatography [47].
Pathogens were enriched with MNPs (Fe3O4 @ SiO2-NH2) through electrostatic interactions
and the capture efficiency reached 95.4% for E. coli (Figure 2A). In addition, quantitative
analysis of bacteria was performed using pyridine orange (AO) as a fluorescent probe for
the captured E. coli due to its abilities of staining series types of bacteria and rapid labeling.
This is a method of semi-quantitative analysis via visual study and quantitative analysis
via fluorescence detection.
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Figure 2. Schematic illustration of experimental procedures: (A) rapid fluorescence detection of
pathogenic bacteria using a magnetic enrichment technique combined with magnetophoretic chro-
matography (reproduced with permission from [47]; published by Springer, 2017); (B) multimodal
magneto-fluorescent nanosensor for rapid and specific detection of blood-borne pathogens (repro-
duced with permission from [48]; published by American Chemical Society, 2019).
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In clinical settings, the detection of low bacterial contaminants is quite challenging.
Banerjee et al. designed a method that allows for the specific interaction between the
target pathogen and a functional magneto-fluorescent nanosensor (MFnS), resulting in the
change of the magnetic relaxation time of water protons, which is indicative of the sensitive
detection of the target bacteria from low to high colony-forming units (CFUs). The study
established the design and synthesis of a dual-modal MFnS for the extensive detection of
target pathogen by integrating MR and fluorescence modalities (Figure 2B) [48].

3.3. Surface-Enhanced Raman Scattering (SERS) Detection

SERS is a new method for bacterial identification. Raman spectroscopy can provide
fingerprint information of pathogenic bacteria and is a very promising tool for rapid
bacterial identification and antibiotic susceptibility testing [49].

Due to the diversity of surface chemistry and easy separation of magnetic materials,
they have been widely used in the detection of various protein-based biomarkers or nucleic
acid targets. Hwang et al. designed a simple measurement method based on MMPs to target
bacterial DNA with two different optical signals: fluorescence and Raman scattering [50]
(Figure 3). Under optimized measurement conditions, the sensitivity and multiplexing
capability of the two signals were strictly compared. The MMP-based detection method
can detect the DNA of multiple target bacteria, such as E. coli, Enterococcus faecalis, and
S. aureus, with high reliability and sensitivity, as well as multiple detection capabilities.
Detecting the genomic DNA of E. coli using the SERS technique showed better sensitivity
than fluorescence methods.
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Figure 3. The fluorescence intensity of MMPs and the released signal from probes were measured
with fluorescence and the SERS-based detection methods (reproduced with permission from [50];
published by Elsevier, 2021).

Based on the intuitive and fast imaging characteristics of fluorescence and SERS
spectroscopy, it is possible to achieve quantitative and more sensitive analysis. Combining
the advantages of these two spectral detection technologies, the fluorescence and SERS
signal enhancement are integrated on the same substrate so that the substrate has both
fluorescence imaging and SERS analysis capabilities. First, fluorescent signals are used
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for rapid positioning and then SERS technology is used for multi-target tracking and
quantitative research. Jang et al. reported on the first preparation of dual nanoprobes
based on SERS and fluorescence imaging modalities [51]. These probes include layered
nanostructures with metal nanoparticle clusters (MNPC) in combination with magnetic
beads (MBs). The probes were deployed for the rapid multiplex detection of bacterial
pathogens, which showed great potential for biodetection and bioimaging.

3.4. Nuclear Magnetic Resonance (NMR) Detection

NMR is an invaluable biophysical tool that is used in modern chemistry and the life
sciences [52]. As early as 1946, Block and Purcell reported this phenomenon and applied
it to spectroscopy [53]. The NMR sensor is a device that converts nuclear (or electronic)
resonance information into electrical parameters and transmits it to the spectrometer based
on the principle of nuclear magnetic resonance. Hash et al. used iron nanoparticles
coated with target-specific biomarkers that are capable of binding to the DNA of the
target microorganism to detect pathogenic levels of a microorganism (105 CFU/mL) with
molecular mirroring [54]. Zou et al. developed an Fe3O4 nanoparticle cluster biosensor
for Salmonella detection using NMR [55]. This method effectively detected Salmonella at
105 CFU/mL.

MRI was reported in 1974 by Paul Lauterbur and Peter Mansfield [56] and has contin-
uously been used in physics, chemistry, and clinical medicine. MRI provides biochemical
and pathological statuses and information at the molecular level, which can be used for the
early diagnosis or ultra-early diagnosis of edema, infection, inflammation, and degenera-
tion in the human body. The contrast with soft tissues is large [57]. With high resolution, it
is very useful in determining the extent of inflammation, edema, and tumors. The rapid
development of MR technology has been used to visualize infections caused by S. aureus in
osteomyelitis, endocarditis, and soft tissue infection models [58]. Hoerr et al. provided a
novel versatile tool to follow bacterial infections [59], which were labeled with iron oxide
particles to allow for the in vivo detection of small S. aureus colonies in infection models
using MRI.

4. MNPs as Antibacterial Therapies

The discovery of penicillin in 1928 by Alexander Fleming [60] ushered in the “antibiotic
era”; penicillin was truly a miracle drug: uniformly fatal infections could be cured. By
the mid-1940s after the antibacterial efficacy of penicillin was clinically proven, antibiotics
have begun to play a role in various diseases. The discovery of antibiotics has brought
effective cures for many diseases to mankind [61]. Yet, as human beings progress, bacteria
are constantly evolving. When antibiotics are widely used, they are also constantly losing
their antibacterial efficacy, leading to the problem of antibiotic resistance [62,63]. Therefore,
the development of new antibiotic therapies is one of the important strategies that are used
to combat super-resistant bacteria. In particular, finding new sterilization mechanisms has
become a new hot spot in the development of new therapies for the treatment of infections.

Along with the extensive range of exotic NPs applications, the investigation of MNPs
in vitro has ushered modern antibacterial studies into an increasingly attractive research
area. The great potential of engineered MNPs in the treatment of various resistant bacteria
has reduced the threat of deadly bacterial infections [64]. The properties of MNPs allow
them to be guided around the body by a magnetic field or into magnetic implants. This
opens up the potential to combine various biological materials with nanoparticles, which
can then be directed into the body for treatment [22].

4.1. Magnetic Hyperthermia

Magnetic hyperthermia usually uses the principle of electromagnetic waves to gen-
erate heat, which acts on soft tissues to achieve therapeutic effects. Generally, it can
promote local blood circulation and accelerate the absorption of local inflammation, which
can also promote the repair of injured soft tissues. Alumutairi et al. demonstrated that
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MNP/alternating magnetic field (MNP/AMF) hyperthermia has a synergistic effect with
conventional antibiotics within a safe thermal dose threshold [65]. This was performed by
correlating MNP/AMF-induced thermal ablation in an in vitro cell culture setting. For this
purpose, varying combinations of MNPs concentration and AMF strength were applied
to the culture of S. aureus biofilm and the change in ambient temperature in the media
of S. aureus biofilm was measured (Figure 4A). This contributed to the innate immune
response of host macrophages to eliminate intracellular bacteria. Abenojar et al. devel-
oped thermally responsive magnetic nanocomposites to eliminate pre-formed biofilms [66].
Loading the hydrogel nanocomposite with MNPs allows for a combined heat treatment
after magnetic field (magnetic hyperthermia) stimulation. First, the D-amino acids in the
hydrogel nanocomposite inhibited S. aureus biofilm formation. Then, complete eradication
via magnetic hyperthermia occurred, thus realizing an antibacterial treatment (Figure 4B).
The use of the magnetic glycolchitin-based, D-AA-loaded hydrogel—which involves initial
treatment for 2 h, followed by additional AMF treatment for 10 min at AC field ampli-
tude of 5 kA/m and a frequency of 380 kHz—showed complete biofilm disruption. NS
indicates that the difference in the means of the treatments was not statistically signif-
icant at p > 0.05 (Figure 4C). Chen et al. evaluated magnetothermal therapy mediated
by magnetotactic bacteria with magnetic nanocrystals and exhibiting magneto-controlled
swimming [67]. The nanocrystals effectively eradicated S. aureus both in vitro and in vivo,
indicating that magnetotactic bacteria-mediated magnetothermal therapy can be used as a
treatment method for skin or wound infections that are induced by S. aureus. In addition,
the adhesion between magnetotactic bacteria and S. aureus increases the killing efficiency
of hyperthermia to more than 50%.
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Figure 4. Different schemes of magnetothermal therapy using MNPs: (A) a schematic diagram
of the experimental procedure for the application of MNP/AMF hyperthermia to the biofilm bac-
teria in vitro (reproduced with permission from [65]; published by CC BY, 2019); (B) a schematic
diagram on the magnetic hyperthermia for the disruption of bacterial biofilm (reproduced with
permission from [66]; published by the American Chemical Society, 2018); (C) biofilm disruption
activity comparison of the different treatments used in this study and the corresponding crystal violet
stained samples of the remaining biofilms after the different treatments (reproduced with permission
from [66]; published by American Chemical Society, 2018).
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In addition to iron-based composite magnetic nanomaterials, Mn- and/or Ni-doped
magnetic nanomaterials were also used in bacterial therapy [68].

4.2. Multifunctional MNPs for Theranostics

Clinically, the diagnosis and treatment of diseases are two relatively independent
processes. The two administrations of diagnostic medication and therapeutic medication
will put more pressure on the patient’s metabolism, increase the patient’s pain, and increase
the risk of more side effects. In order to overcome these serious problems, based on the
concept of visual therapy, a new concept of the integration of diagnosis and therapy that
organically combines imaging and therapy was proposed.

The concept of “theranostics” was first coined by John Funkhouser in 1998 [69]. He
defined the term “theranostics” as “the ability to affect therapy or treatment of a disease
state.” With the rapid and vigorous development of the integration of diagnosis and treat-
ment, its definition has also expanded. It is now generally believed that the integration of
diagnosis and treatment is a new type of biomedical technology that organically combines
the diagnosis or monitoring of diseases with treatment [70]. In recent years, researchers
have developed a series of nanomedicines that can realize the integration of diagnosis and
treatment, bringing new hope for humans to overcome diseases [71,72]. The following is a
brief introduction to the latest research progress of the integrated diagnosis and treatment
of bacterial infections.

In order to accurately treat drug-resistant deep-seated bacterial infections, Wang et al.
built a polymer–peptide–porphyrin conjugate (PPPC) that can monitor the site of infection
in real time based on an in vivo self-assembly strategy and used it to perform precise
sonodynamic therapy (SDT) for deep infections [73]. MRI was used to monitor the por-
phyrin sonosensitizer (MnTCPP) contained in PPPCs in the infection site in situ. When the
concentration of PPPC-1 reaches the minimum inhibitory concentration (MIC), the infected
area of drug-resistant bacteria can be exposed to ultrasound irradiation and the bacteria
can be killed accurately and efficiently (Figure 5A).
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In another study, Pang et al. proposed a simple and bioinspired strategy to bridge
antibacterial SDT and antiviral immunotherapy [74]. It was used as a novel method of
biomimetic nanovesicle (ANV) nanocapture for non-invasive fluorescence/photoacoustic (PA)
diagnosis and powerful sono-immunotherapy for methicillin-resistant Staphylococcus aureus
(MRSA) infections. After ANVs were activated using ultrasound, the ultrasound sensitizer
effectively produced reactive oxygen species to kill bacteria and accelerate the elimination
of virulence. In vivo optical imaging showed that the antibody-directed nanotrap success-
fully located MRSA infections and accurately distinguished between lesions and sterile
inflammation. In situ MRI and oxygenated hemoglobin saturation detection visualized
the progress of treatment, showing that mouse MRSA myositis was completely eradicated
during the ultrasound immunotherapy (Figure 5B).

5. Summary and Perspectives

MNPs have been extensively studied in bacterial diagnosis and treatment, mainly
due to their unique superparamagnetic properties, large specific surface area, and easy
surface modification. MNPs also possess excellent antibacterial properties that are mainly
driven by magnetic fields and active oxygen generation, which are used to treat bacteria
in vitro and in vivo. This article reviewed their application in the detection and treatment
of bacterial infections. By also leveraging their unique superparamagnetism, MNPs were
used to develop various detection schemes for detecting signal amplification or direct
signal transduction. Different detection strategies, including colorimetric, fluorescence,
SERS, PAI, and NMR, were developed to detect bacteria. The application of MNPs in the
treatment of bacterial infections was also discussed in detail in this review with emphasis
on magnetic hyperthermia and theranostics.

MNPs were shown to be superior bacterial detection and therapeutic agents. However,
before their clinical application as a diagnostic and therapeutic drug, there are still some
challenges to overcome. Hitherto, the utilization of MNPs for the detection of bacteria is still
in the proof-of-concept stage, where they were evaluated in facile laboratory samples rather
than body fluids. Large-scale tests should be carried out in different complex biological
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samples to simulate a real environment. Various surface modifications are needed to further
improve detection selectivity and material stability, and biocompatibility is an important
criterion for clinical applications. Without affecting their antibacterial activity, minimizing
the toxicity of MNPs to normal eukaryotic cells is still a very challenging problem. Although
there has been a lot of progress in the past few decades on the development of MNPs
for bacterial detection, there are still great challenges that need to be resolved before
their clinical application, such as the stability of the MNPs, which is essential in the
practical application, and non-specifically aggregated particles may be formed in a complex
biological system, leading to false positive or false negative signals. In order to overcome
these problems, effective surface modification could be used to improve their stability and
reduce background signals. Furthermore, the selectivity could be further improved for
the detection of bacteria. Suitable surface modification using various strategies to identify
agents for the MNPs could be conducted to solve this problem.

Nanomaterials with both photothermal and sonodynamic effects have higher appli-
cation potential, and their preclinical evaluation needs to be further studied. Despite the
therapeutic effects of MNPs summarized in this review, their applications are just in the lab-
oratory stage, which mostly involves in vitro testing. It is common knowledge that various
parameters change on transiting from in vitro to in vivo applications. Despite significant
progress in MNPs for the treatment of bacterial infections, there are still some issues to
be resolved. Toxicity and side effects of the MNPs need to be carefully and extensively
investigated to confirm that these nanomaterials are suitable for clinical application. It
is necessary to study the toxicity of MNPs, especially improving the bio-compatibility,
to reduce non-specific toxicity in vitro and in vivo. Surface modification of MNPs with
biocompatible components, such as peptides or polysaccharides, could be the future di-
rection. Finally, the addition of selective recognition agents, such as specific antibiotics or
antibodies of identified pathogens, could be explored to further improve the selectivity of
the MNPs. Finally, the use of multifunctional MNPs can perform detection and treatment
at the same time, realize image-guided treatment, and provide a new direction for the
development of nanomedicine. It is ultimately expected that this report will significantly
help in developing effective and broad-spectrum magnetic nanomedicines for the treatment
of bacterial infections.
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