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a  b  s  t  r  a  c  t

Targeting  of chemotherapeutics  towards  a tumor  site by  magnetic  nanocarriers  is considered  promising
in  tumor-control.  Magnetic  nanoparticles  are  also  considered  for use in infection-control  as  a new means
to prevent  antimicrobial  resistance  from  becoming  the number  one  cause  of  death  by  the  year  2050.  To
this  end,  magnetic  nanoparticles  can  either  be  loaded  with  an  antimicrobial  for  use as  a  delivery  vehicle
or modified  to acquire  intrinsic  antimicrobial  properties.  Magnetic  nanoparticles  can  also  be used  for  the
local  generation  of  heat  to kill  infectious  microorganisms.  Although  appealing  for tumor-  and  infection-
control,  injection  in the  blood  circulation  may  yield  reticuloendothelial  uptake  and  physical  obstruction
in  organs  that  yield  reduced  targeting  efficiency.  This  can  be  prevented  with  suitable  surface  modifica-
tion.  However,  precise  techniques  to direct  magnetic  nanoparticles  towards  a target  site  are  lacking.  The
problem  of precise  targeting  is aggravated  in  infection-control  due  to the  micrometer-size  of  infectious
biofilms,  as  opposed  to  targeting  of  nanoparticles  towards  centimeter-sized  tumors.  This  review aims  to
identify possibilities  and  impossibilities  of  magnetic  targeting  of  nanoparticles  for  infection-control.  We
first  review  targeting  techniques  and  the spatial  resolution  they  can  achieve  as well  as  surface-chemical
modifications  of  magnetic  nanoparticles  to enhance  their  targeting  efficiency  and  antimicrobial  efficacy.
It  is concluded  that  targeting  problems  encountered  in  tumor-control  using  magnetic  nanoparticles,  are
neglected  in  most  studies  on  their  potential  application  in infection-control.  Currently  biofilm  target-
ing by  smart,  self-adaptive  and pH-responsive,  antimicrobial  nanocarriers  for instance,  seems  easier to
achieve  than  magnetic  targeting.  This  leads  to the  conclusion  that  magnetic  targeting  of  nanoparticles
for  the  control  of  micrometer-sized  infectious  biofilms  may  be  less  promising  than  initially  expected.

However,  using  propulsion  rather  than  precise  targeting  of  magnetic  nanoparticles  in  a  magnetic  field
to traverse  through  infectious-biofilms  can  create  artificial  channels  for  enhanced  antibiotic  transport.
This  is  identified  as  a more  feasible,  innovative  application  of magnetic  nanoparticles  in infection-control
than precise  targeting  and  distribution  of  magnetic  nanoparticles  over  the  depth  of  a  biofilm.

© 2020  Published  by Elsevier  Ltd on behalf  of The  editorial  office  of Journal  of  Materials  Science  &
Technology.
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Table 1
Size of clinically occurring infectious biofilms, measured as their longest diameter
or  length [23].

Biofilm demonstrated in Approximate size (�m)

Lung infections 4-100
Chronic wounds 35-200
Soft tissue fillers 5-25
Otitis media 4-80
Implant associated 5-500
Catheter and shunt associated 5-1000
Chronic osteomyelitis 5-50
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of thermal decomposition, including preparation of large amounts
1. Introduction

Over 80% of all human bacterial infections are caused by bacte-
ria growing in a biofilm-mode of growth [1]. Biofilms are defined
as communities of surface-adhering and surface-adapted bacte-
ria that grow in a self-produced matrix of extracellular polymeric
substances (EPS). EPS acts as a glue, holding biofilm inhabi-
tants together, and at the same time constitutes a barrier to
the penetration and accumulation of antimicrobials in an infec-
tious biofilm. Therewith, the biofilm-mode of growth contributes
to antimicrobial-resistance. Antimicrobial-resistance is hard to
beat by current antimicrobials and the number of antimicrobial-
resistant bacterial strains and species is growing fast. As a result,
infections by antimicrobial-resistant bacteria are predicted to
become the main cause of death in the year 2050 [2].

Chemists are working over-time to develop novel antimicro-
bials to prevent this prediction from becoming true and especially
nanotechnology-based novel infection-control strategies appear
promising [3]. Existing antimicrobials can be encapsulated in smart,
self-targeting and pH-responsive nanocarriers to kill bacteria in
infectious biofilms [4]. These nanocarriers can be equipped with
“stealth” properties that make them “invisible” in the blood cir-
culation at physiological pH (7.4), but have strong affinity to
negatively-charged bacteria once they come into the acidic envi-
ronment of a biofilm that transforms their surface charge from a
neutral or negative charge to a positive one [5–7]. Many novel nano-
antimicrobials generate reactive-oxygen species to which most
bacterial strains and species still have no adequate defense [8]. Pho-
tothermal nanoparticles that can locally generate high amounts of
heat to kill infectious biofilm inhabitants, constitute a new class of
nano-antimicrobials with an entirely new, antimicrobial working
mechanism [7]. Other strategies to treat biofilms are the inhibition
of quorum sensing which is particularly an effective method to treat
Pseudomonas aeruginosa related cystic fibrosis [9,10] or enzyme-
induced dispersal of biofilm by degradation of the biofilm matrix
[11,12].

Magnetically-targetable nanoparticles with or without antimi-
crobial modification, are also new in the field of bacterial infections.
Magnetic nanoparticles have been initially studied in order to tar-
get chemotherapeutics to a tumor site and its imaging [13–15].
Targeting of magnetic nanoparticles towards a tumor site using
an external magnetic field can enhance drug accumulation in the
tumor [16,17], as confirmed using magnetic resonance imaging
[18–21]. Nevertheless, despite the relatively large size of tumors,
magnetic targeting is not trivial requiring sophisticated techniques
and surface modification to prevent reticuloendothelial uptake or
physical obstruction in the liver or other organs during nanoparticle
transport through the blood circulation [22].

Clinically, the problems associated with tumor treatment bear
similarity with the treatment of infection. Moreover, a tumor rep-
resents a self-encapsulated environment with low pH and hypoxic
conditions, as also existing in a biofilm. These considerations

have stimulated extensive exploration of magnetic nanoparti-
cles as a novel strategy for bacterial infection-control. Here, we
provide a critical review of the use of magnetically-targetable

a
t
i

70
Chronic rhinosinusitis 5-30
Contact lenses 50-100

anoparticles as a novel infection-control strategy with the aim
f deriving better insight in the possibilities and impossibilities of
agnetic nanoparticles for the control of micrometer-sized infec-

ious biofilms (see Table 1). The small size of infectious biofilms
s compared with centimeter-sized tumors [24] makes magnetic
argeting to biofilms technically challenging. Therefore, we will
rst start with an overview of magnetic nanoparticles, magnetic-

argeting techniques and antimicrobial modification of magnetic
anoparticles. Secondly, we  will discuss the applications of mag-
etic nanoparticles and magnetic-targeting techniques towards

nfectious biofilms. Finally, we will summarize the perspectives of
he use of magnetic nanoparticles for infection-control.

. Strategies to fabricate magnetic nanoparticles

Magnetic nanoparticles can be prepared from highly saturated
agnetization materials such as transition metals like Fe, Co, Ni

nd metal oxides like Fe3O4, �-Fe2O3, according to a number of
ifferent methods. Pure metals such as iron nanoparticles possess
he highest magnetization (up to 218 emu  g-1) [25,26] but usu-
lly also possess high toxicity and are prone to oxidation [27,28].
herefore, pure metal nanoparticles are not considered suitable
or biomedical applications. More stable and biocompatible metal
xides such as superparamagnetic iron oxide nanoparticles are pre-
erred despite their lower magnetization (mostly lower than 100
mu  g-1) [13,25,29]. Moreover, antimicrobial surface functional-
zation is relatively easy for metal oxides [30].

Iron-based magnetic nanoparticles are most common and can be
repared by a variety of methods, summarized in Table 2. The sim-
lest method is co-precipitation [31]. Preparation of large amounts
f magnetic nanoparticles by co-precipitation is relatively easy,
ut as a disadvantage, often yields a non-uniform size distribu-
ion. More uniform size distributions can be obtained by thermal
ecomposition [32,33]. However, thermal decomposition requires
igh reaction temperatures up to 365 ◦C and use of an organic phase
34]. Hydrothermal reaction avoids the use of organic phases and
an be done in an aqueous phase, while maintaining the advantages
nd a well-controlled size distribution. As a disadvantage, the reac-
ion requires temperatures up to 200 ◦C that can only be achieved
n an aqueous phase under high pressure during time periods of 8
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Table  2
Summary of methods to prepare magnetic iron oxide-based nanoparticles (MIONPs), together with their respective advantages and disadvantages perceived.

Material Schematic preparation method (+) Advantages/
(-) Disadvantages

Refs.

Fe3O4,
�-Fe2O3

Co-precipitation (+) Facile preparation /
(-) Large size distribution

[31]

Fe3O4,
�-Fe2O3,

MFe2O4 (M = Fe, Co, Mn)

Thermal decomposition (+) Narrow size distribution/
(-) High reaction temperature, use
of an organic phase

[32–34]

Hollow/core-shell
Fe3O4

Hydrothermal synthesis (+) Well-controlled size
distribution/
(-) High reaction temperature, high
pressure and long reaction time

[35,36]

Fe3O4,
�-Fe2O3,
�-Fe2O3

Sol-gel synthesis (+) Well-controlled size and
structure
(-) Long reaction time

[37]

Fe3O4 Electrochemical reaction (+) Facile size control/
(-) Poor reproducibility

[38]

Fe3O4,
Fe2O3,
FeO

Aerosol-vaporization (+) Large yields/
(-) High reaction temperature,
large size distribution

[39,40]

Fe3O4 Gas-phase deposition (+) High
structure control/
(-) High reaction temperature

[41]

Fe3O4,
Fe3S4,
FeS2

Microbial synthesis (+) Large scale production, low
temperature /
(-) Long reaction time, large size
distribution

[42,43]

3
n

h or longer. Due to the high pressure necessary for hydrothermal
reactions to prepare magnetic nanoparticles, special safety precau-

tions are required [35,36]. Several other methods exist to prepare
magnetic nanoparticles that are listed in Table 2, but these are less
common in biomedical applications. n

71
. Techniques for targeting and imaging magnetic
anoparticles
Magnetic targeting is typically achieved by propulsion of mag-
etic nanoparticles using a magnetic field. Propulsion of magnetic
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Table  3
Summary of targeting and imaging techniques of magnetic nanoparticles, together with their respective advantages and disadvantages. Spatial resolution was  expressed in
different units, depending on whether involving 2D, planar or 3D volumetric targeting.

Targeting technique Schematics Spatialresolution (+) Advantages/
(-) disadvantages

Refs.

Single-magnet 50-100 mm3 (+) Easy/
(-) One-directional and low spatial resolution

[47]

Multi- magnet 0.04-16 mm2 (+) High controllability/
(-) Insufficient observation in deep tissue

[51]

Magnetic particle imaging 0.3-0.5 mm (+) Real time imaging/ [54]
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nanoparticles can be done at relatively low magnetic field strengths
of less than 3 T, which causes no negative side-effects to human
tissue [22,44]. Targeting, as opposed to simple propulsion, of
magnetic nanoparticles towards a diseased site however, is not
trivial and suffers from low spatial resolution and magnetic tar-
geting efficiency, i.e. the percentage of magnetic nanoparticles
that reach a target site. The easiest technique for magnetic tar-
geting is to use a single-magnet (see Table 3) to attract magnetic
nanoparticles to a target site [45,46]. Single-magnet targeting is fre-
quently applied, either in laboratory or animal models [25,47–49].
However, single-magnet targeting is one-directional and critically
depends on timing [50], which limits its targeting accuracy. A multi-
magnet system consists of several electromagnets arranged in a
spatial array to enable more accurate, multi-directional targeting.
Often, multi-magnet targeting is done with electromagnets allow-
ing to vary the magnetic field strength for precise targeting. As a
result, millimeter resolution can be achieved in targeting of mag-
netic nanoparticles through the use of an eight magnet technique
[51]. Jin et al. [22] used an eight magnet system for targeting of
magnetic nanoparticles with millimeter resolution in a 2D experi-
mental planar model with a high targeting efficiency of up to 89%.
Yet, in real-life geometries, 3D millimeter resolution is more dif-
ficult to obtain than in experimental models, particularly in deep
tissues [52].

For effective in vivo application of 3D targeting of magnetic
nanoparticles, it is therefore desirable to combine targeting and
real-time imaging of magnetic nanoparticles [53]. Magnetic Res-
onance Imaging (MRI) is clinically widely used for imaging.
Theoretically MRI  could also be used for targeting with a high
spatial resolution, but in practice the magnetic field applied for tar-
geting will interfere with the imaging process [53] and vice versa. In
order to allow imaging without interfering with targeting, magnetic
particle imaging (MPI) can be applied [54]. MPI  is a tomographic
imaging method initially designed to image magnetic tracers in the
human body. MPI  is based on application of an oscillating magnetic
field in combination with a position-dependent, time-independent
field. Since the magnetization curve of magnetic nanoparticles is

non-linear, only nanoparticles positioned in the field-free point
(see Table 3), show oscillating magnetization. Accordingly, mag-
netic nanoparticles can be imaged with a sub-millimeter resolution
[54]. MPI  however, is still under development. Taken together it

i
t
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72
(-) Lack of transition to clinical application

ust be concluded that high-efficiency, high-resolution targeting
nd imaging of magnetic nanoparticles is far from easy and may
urrently even be considered out of reach for micrometer-sized
nfectious biofilms.

. Surface modification of magnetic nanoparticles to
mprove magnetic targeting efficiency

Although magnetic nanoparticles possess high biocompatibility
ven without surface modification [13], non-uniform size distribu-
ion and poor aqueous dispersibility affect the magnetic targeting
fficiency in vivo [55]. Magnetic targeting efficiency of magnetic
anoparticles in absence of surface modification is relatively low

n vivo, around 0.1% due to aggregation that increases reticu-
oendothelial uptake and yields physical obstruction in organs
16,56]. Surface modification of magnetic nanoparticles using
oly(ethylene glycol) (PEG) or dextran can prevent aggregation by

ncreasing the steric repulsion between nanoparticles and make the
anoparticles biologically invisible with reduced in vitro uptake in
acrophages (Fig. 1(a)) [57] or in vivo obstruction in the liver or

ther organs (Fig. 1(b)) [56]. Modification of magnetic nanopar-
icles can also be done with inorganic materials such as silica,
ncreasing their hydrophilicity to prevent aggregation and increase

agnetic target efficiency [58]. Silica encapsulation also enables
acile binding of other functional groups, but goes at the expense
f magnetization of the nanoparticles [59].

. Antimicrobial properties of magnetic nanoparticles

Magnetic nanoparticles can not only be modified to possess
tealth properties aiding their magnetic targeting efficiency, but
an also be antimicrobially modified, either implying their use as
n antimicrobial delivery vehicle or equipping them with antimi-
robial surface functionalities.

.1. Magnetic nanoparticles as an antimicrobial delivery vehicle
Magnetic nanoparticles can aid antimicrobial transport in var-
ous ways. Encapsulation of iron oxide magnetic nanoparticles
ogether with methicillin encapsulated in polymersomes [48] could
e propelled into a methicillin-resistant Staphylococcus epidermidis
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Fig. 1. Surface modification of magnetic nanoparticles to improve target efficiency. (a) In vitro uptake of unmodified superparamagnetic MNPs and PEG modified nanoparticles
in  mouse macrophages after one and five days of growth in presence of nanoparticles, data adapted from [43]. (With permission from Elsevier Ltd.). (b) Nanoparticle collection
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in  the liver and spleen of rats 1 h post-administration of unmodified iron oxide MNPs
Ltd.).

biofilm under the influence of a single-magnet field to kill the
majority of biofilm bacteria (Fig. 2(a)). In absence of encapsula-
tion, Wang et al. [60] conjugated gentamicin to magnetic iron
oxide nanoparticles for antibiotic delivery observing deep killing
in Staphylococcus aureus biofilms, while Durmus and Webster [61]
applied silver-conjugated superparamagnetic iron oxide nanopar-
ticles to eradicate methicillin-resistant S. aureus biofilms (Fig. 2(b)).
Magnetic iron oxide nanoparticles have also been modified to carry
antimicrobial photodynamic agents into oral biofilms that create
reactive oxygen species upon photo-irradiation [62].

Nearly all studies using magnetic propulsion to penetrate
magnetic nanoparticles into a biofilm, assume homogeneous distri-
bution of nanoparticles in biofilms (Fig. 2(c)), but this type of precise
targeting is not trivial and requires extensive pilot studies before
optimal magnetic field conditions are established. Distribution of
gentamicin-loaded magnetic nanoparticles in an S. aureus biofilm
depended critically upon magnetic field conditions [50]. Accumu-
lation of nanoparticles near the surface of a biofilm or in its depth
near to the substratum surface occurred due to overly short or
long application times of a single-magnet field. This yielded a spe-
cific time duration for optimal distribution of gentamicin-loaded
nanoparticles across the depth of a biofilm (Fig. 2(d)) and maximal
killing of its inhabitants (Fig. 2(e)).

5.2. Magnetic nanoparticles as nano-antimicrobials

Iron oxide-based magnetic nanoparticles possess intrinsic
antimicrobial properties, such as peroxidase-like enzyme mimetic
activity enabling them to produce reactive oxygen species caus-
ing bacterial cell membrane damage [63] and therewith bacterial
death [8,64]. Antimicrobial effects of carboxyl-grafted superpara-
magnetic iron oxide nanoparticles (SPIONs) magnetically targeted
to staphylococcal biofilms were attributed to the generation of
reactive oxygen species causing an oxidative stress [49,65]. Mag-
netically concentrated in a biofilm, carboxyl-grafted SPIONs caused
an eight-fold higher percentage of dead staphylococci than gen-
tamicin. Biofilm eradicating efficacy of SPIONs could be further
improved in the presence of metabolic stimuli (i.e., fructose) due

to the enhanced SPION uptake and antimicrobial sensitivity in a
methicillin-resistant S. aureus (MRSA) biofilms [8]. SPION showed
an 81% increase of killing efficacy in the presence of fructose and
two orders of magnitude better killing than antibiotics.

t
m
a
E

73
NPs modified PEG of different molecular weight [42]. (With permission of Elsevier

. Hyperthermia induced by magnetic nanoparticles as an
ntimicrobial strategy

Magnetic nanoparticles can locally generate heat upon expo-
ure to an alternating current (AC) magnetic field. Heat can
ndiscriminately kill different bacterial strains with a low risk of
nducing resistance. Magnetic hyperthermal treatment has there-
ore been considered promising for killing antibiotic-resistant
acterial infections after appropriate targeting [25,66]. However,
ithout appropriate targeting, hyperthermia can be a double-

dged sword that can kill not only pathogenic bacteria but also
ealthy tissue cells [67], which can limit its clinical applications.

Magnetic hypothermal treatment has so far been considered
or eradication of P. aeruginosa biofilms (Fig. 3(a) and (b)) [68]
nd treatment of S. aureus infected wounds [69]. In addition, mag-
etic hypothermal treatment combined with antimicrobial use has
hown synergistic effects towards eradication of infectious biofilms
66,70]. Magnetic hypothermia can also induce detachment of
nfectious bacteria from a biofilm (Fig. 3(c)) to allow subsequent
asier killing of bacteria by antibiotics in their planktonic state
71]. Besides application of magnetic hypothermal treatment in
nfection-control, it is being considered to prevent bacterially-
nduced food spoilage caused by Pseudomonas fluorescens [72] and
ontamination of water by Escherichia coli [73].

. Magnetic nanoparticles for disrupting the EPS matrix of
n infectious biofilm

Apart from the intrinsic, peroxidase-like enzyme mimetic activ-
ty of iron oxide-based magnetic nanoparticles, their enzyme
ctivity can also degrade the EPS that constitutes the matrix
eeping biofilm inhabitants together [74]. In the presence of
uperparamagnetic iron oxide nanoparticles (SPIONs), H2O2 syn-
rgistically with SPIONs degraded the EPS matrix of Streptococcus
utans biofilm (Fig. 4(a)) and caused a more than 5-log reduction

f cell viability that was absent for SPIONs or H2O2 only (Fig. 4(b)).
owever, the concentration of H2O2 used here was relatively high

1% v/v), which can be harmful to normal tissue [75] and may  there-
ore limit clinical application.

The enzyme mimetic activity of iron oxide-based magnetic
anoparticles can also be used in a totally different way to affect

he EPS matrix in a way  that aids eradication of a biofilm. When

agnetically propelled through a biofilm, these so-called Cat-
lytic Antimicrobial microRobots (CARs) effectively broke down the
PS matrix of a biofilm (Fig. 5(a)) to completely remove biofilms
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Fig. 2. Example of the use of antimicrobial-loaded magnetic nanoparticles for the control of infectious biofilms. (a) Total volume of methicillin-resistant S. epidermidis biofilms
and  fraction of live-to-dead bacteria upon 24 h exposure to polymersome-encapsulated iron oxide MNPs with and without methicillin after targeting in a single-magnet field,
as  quantified using confocal laser scanning microscopy [48]. (With permission from Elsevier Ltd.). (b) Mass of MRSA biofilms exposed to silver-conjugated superparamagnetic
iron  oxide nanoparticles (SPIONs) in absence and presence of a single-magnet field [61]. (With permission from Wiley). (c) Commonly assumed homogeneous distribution

le-ma
sure 

s pan
y).

o
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t
a
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r
w
t
i
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m
a

of  MNP  distribution across the depth of an infectious biofilms under an applied sing
with  conjugated gentamicin across the depth of a S. aureus biofilm for different expo
time  of 5 min  [50]. (With permission from American Chemical Society). (e) Similar a
field  exposure time of 5 min [50]. (With permission from American Chemical Societ

and biofilm debris from a surface, including dead bacteria and
degraded EPS [76]. Magnetic iron oxide nanoparticles magnetically
propelled through a biofilm have also been employed to create arti-
ficial water channels in S. aureus biofilms (Fig. 5(b)) to enhance
antibiotic penetration and killing [77]. Digging of artificial chan-
nels by magnetically propelled nanoparticles in a staphylococcal
biofilm increased the bacterial killing efficacy of gentamicin 4-
6 fold. Importantly, this could be achieved by relatively rough,
unprecise magnetic propulsion of magnetic nanoparticles in two
perpendicular directions through a biofilm.

8. Summary and perspectives of the use of magnetic

nanoparticles for infection-control

Major research efforts have been made to facilitate the use of
magnetic nanoparticles for infection-control, most notably based

o

n
n

74
gnet field [61]. (With permission from Wiley). (d) Distribution of iron oxide MNPs
times to a single-magnet field, showing homogeneous distribution for an exposure
el (d), showing maximal killing across the depth of a S. aureus biofilm for a magnet

n the possibility to direct magnetic nanoparticles to an infection-
ite using an applied magnetic field. Magnetic nanoparticles have
hree important intrinsic properties that make them suitable as an
ntimicrobial without further antimicrobial modification: (1) their
bility to generate reactive oxygen species that can cause bacte-
ial cell wall damage, (2) their photothermal properties through
hich they can locally generate heat to kill infectious bacteria, (3)

heir ability to disrupt the EPS matrix of a biofilm (see summary
n Fig. 6). Apart from this, magnetic nanoparticles can be used as
ntimicrobial nanocarriers (Fig. 6). For in vivo use however, surface
odification of magnetic nanoparticles is required to prevent their

ggregation and therewith reticuloendothelial uptake and physical

bstruction in organs.

The problems that arise in magnetic targeting of magnetic
anoparticles to micrometer-sized infection-sites are largely
eglected in the current literature. Moreover, in general little atten-
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Fig. 3. Magnetic hypothermal treatment in infection-control. (a) Temperature of SPION suspensions with different SPION concentrations as a function of AC magnetic field
application time. Suspension volume equals 0.15 mL,  AC power and frequency 1.47 kW at 494 Hz and magnetic field strength amounts 3 kA m-1, respectively [68]. (With
permission from Elsevier Ltd.). (b) Log CFU reductions in P. aeruginosa biofilms exposed to SPION suspensions with different SPION concentrations as a function of AC magnetic
field  application time [68]. For details see panel (a). (With permission from Elsevier Ltd.). (c) Detachment of P. aeruginosa from biofilms exposed to iron oxide-based magnetic
nanoparticles upon application of an AC magnetic field (left panel) and bacteria left behind in the biofilm (right panel) [71]. (With permission from Nature).

Fig. 4. Biofilm eradicating of magnetic nanoparticles by their peroxidase-like activity. (a) Confocal Laser Scanning Micrographs of S. mutans biofilm disruption after treatment
osure 

 Bacte

with  sodium acetate buffer (control), SPIONs followed by sodium acetate buffer exp
exposure (H2O2). Green and red colours represent bacteria and EPS, respectively. (b)
from  Elsevier).
tion is given to describe the precise magnetic field conditions
used. Yet, precise magnetic targeting, especially 3D targeting with
micrometer resolution in deep tissues, is hard to obtain compared

w
n
r

75
(SPION) or H2O2 exposure (SPION + H2O2), sodium acetate buffer followed by H2O2

rial cell viability in S. mutans biofilms according to panel (a) [74]. (With permission
ith chemical-targeting of nanoparticles. Smart, pH-responsive
anocarriers for instance, can target themselves to the low pH envi-
onment of an infectious biofilm in vitro [3]. Recently these smart
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Fig. 5. Use of magnetically propelled nanoparticles for the control of infectious biofilms. (a) Cross-sectional view of S. mutans UA159 biofilms after having been traversed by
catalytic, antimicrobial magnetic nanoparticles using a static magnetic field. Rod-like biofilm structures can be seen (white dashed lines) together with structural damage to
the  biofilm [76]. (With permission from AAAS). (b) Artificial channels created by magnetically-propelled MNPs to create artificial water channels in a biofilm, visible in the
CLSM  overlayer image of a green-fluorescent S. aureus as black holes, while indicate in the cross-sectional image by double-arrows [77]. (With permission from Wiley).

Fig. 6. Summary of advantages of magnetic nanoparticles as a novel nano-antimicrobial.
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pH-responsive nanocarriers have been demonstrated in vivo to be
able to find their own way through the blood circulation system
towards a bacterial infection-site [78]. Since magnetic targeting of
antimicrobial nanoparticles can currently not be achieved with the
precision required to kill an infectious biofilm, this review yields the
conclusion that clinical translation of the use of magnetic nanopar-
ticles will remain out of reach unless precise, 3D magnetic targeting
techniques becomes available.

However, alternative use of magnetic nanoparticles relying on
magnetically propelling magnetic nanoparticles through a biofilm
does not necessarily need targeting with the 3D resolution required
to precisely target a biofilm and maintains a high concentration
of magnetic nanoparticles inside the biofilm. Propelling magnetic
nanoparticles through a biofilm has been shown to disrupt the
biofilm matrix structure to allow better antibiotic penetration [77]
and even cause complete removal of biofilm [76]. This type of use
of magnetic nanoparticles possibly in combination with clinically
used antibiotics (also see Fig. 6), is considered closer to clinical
translation that requires precise targeting.
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