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Abstract: Along with the extensive range of exotic nanoparticle (NPs) applications, investigation of magnetic NPs (MNPs) in
vitro has ushered modern antibacterial studies into an increasingly attractive research area. A great number of microorganisms
exist in the size scales from nanometre to micrometre regions. The enormous potential of engineered MNPs in therapeutic
procedures against various drug-resistant bacteria has declined the menace of fatal bacterial infections. Many biocompatible
MNPs have been introduced that possess remarkable impacts on various bacterial strains. Conventional synthesis methods
such as co-precipitation or hydrothermal techniques have been widely adopted in the production of MNPs. The MNPs for
antibacterial applications are mainly required to be superparamagnetic, recyclable and biocompatible. To implement novel
strategies in developing new generation antimicrobial magnetic nanomaterials, it is essential to obtain a comprehensive preview
of recent achievements in synthesis, proposed antibacterial mechanisms and characterisation techniques of these
nanomaterials. This review highlights notable aspects of antibacterial activity in engineered MNPs and nanocomposites
including their particle properties (size, shape and saturation magnetisation), antibacterial mechanisms, synthesis methods,
testing methods, surface modifications and minimum inhibitory concentrations.

1Introduction
1.1 Motivation

Today, despite remarkable achievements in treating infectious
diseases, the perceived threat to public health has increased due to
facilitated travelling around the world and expanded global
interconnections. As emphasised in a 2018 report by World Health
Organization (WHO), next to human immunodeficiency virus/
acquired immune deficiency syndrome, tuberculosis is one of the
two leading infectious causes of death threatening around
10,000,000 people each year who fall ill due to an infection by
Mycobacterium tuberculosis [1]. In 2009, many lives were
endangered across 74 countries by influenza A H1N1 which was
identified as a swine-mediated pandemic and was introduced as a
public health emergency of international concern by WHO [2, 3].
Infections caused by bacterial pathogens are one of the major
threats to human health. Antibiotics are generally known as a
proper treatment against bacterial infections. However, much of the
bacterial multi-drug resistance stems from an imprudent use of
antibiotics in spite of their long clinical success. An increasing rate
of microbial resistance to previously developed medical treatments
adds further complications to control epidemics. This has propelled
to the forefront an ongoing research attempt to discover alternative
efficient therapies.

In a general sense, antibacterial agents can be categorised into
organic and inorganic classes [4]. Medicinal plants are among
remarkable examples of organic antibacterial materials [5], and
metal oxide nanoparticles (NPs) have proved effective in providing
antibacterial properties as inorganic agents [6]. Recent
developments in NP applications have highlighted the need for
innovative approaches in treating bacterial infections. Optimisation
of antibacterial performance mediated by NPs is a major area of
interest within the field of novel antibacterial therapeutics. Among
investigated antibacterial NPs, magnetic NPs (MNPs) stand out
essentially due to their response to external magnetic fields. Their
magnetic character has enabled them to offer a wide variety of
biomedical applications from diagnostics to in vivo therapeutic
methods [7].

1.2 Therapeutic NPs

In the area of inorganic therapeutic medicine, metal NPs have
leveraged the efficiency of antibacterial nanoagents across both
preclinical and clinical studies [8–13]. Additionally, the
antibacterial function of NPs has ensured their wide application in
a rich variety of therapeutic techniques [14–16]. Silver (Ag) NPs
have so far received considerable attention in producing a new
class of antimicrobials giving rise to novel approaches in the
treatment of bacterial infections. The effectiveness of using Ag in
the therapeutic intervention of NPs has been thoroughly
exemplified in a review by Franci et al. [17].

Precisely tunable photothermal and optical properties of gold
(Au) NPs have made them one of the most widely investigated
metal NPs. Also, it is observed that they can enhance X-ray
radiotherapy in subcutaneous mammary tumour treatment in mice
[18]. Moreover, the inherent limitations of traditional cancer
therapies stimulated the development of various methods using
nanotechnology for enhancing cancer treatment as well as reducing
the accompanied side effects. Phenomenal success has been
achieved by incorporating nanotherapy in local treatment of
tumours in organs as susceptible as the brain [19, 20]. Despite its
safety and efficacy, medical nanotechnology suffers from a few
drawbacks in this area including the complexity of tumour
microenvironment along with its heterogeneity, an incomplete
understanding of related chemistry and control parameters over the
preparation process, clinical translation and commercialisation.

Development of magnets in various shapes and sizes has
extensively suggested novel investigations in incorporating MNPs
into various therapies. Diagnostic capability of iron-oxide NPs due
to their magnetic properties has brilliantly contributed to tumour
detection methods [21]. In a magnetic resonance imaging scan, the
iron-oxide NPs can yield enhanced images once they attach to
tumour cells [22]. Attachment to tumour cells in the bloodstream is
also regarded as a privilege of MNPs, where they can be used as a
cancer diagnosis tool [23]. Hyperthermia approaches using iron-
oxide NPs have also been influential in the field of cancer
treatment because of their higher specific absorption rate [24].

The introduction of superparamagnetic NPs to medicine has
triggered a considerable amount of research in recent developments
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of both in vivo and in vitro medical treatments [25]. The pioneering
work in implementing magnetic particles in treatments included the
use of carbonyl iron particles in a magnetic field for obstructing
intracranial aneurysms [26]. Furthermore, magnetic drug targeting
has been established as a novel method in local treatment of
tumours. Doxorubicin-loaded dendritic-Fe3O4 supramolecular NPs
administered into the tumour supplying artery of tumour-bearing
mice have provided significant tumour regression and has
successfully captured its further growth [27].

1.3 Antibacterial MNPs

The activity of NPs may generally be classified on the basis of
their mechanism of action against bacteria into growth inhibition
(bacteriostatic) [28] or killing (bactericidal) [29] activities. Owing
to a variety of mechanisms discussed in the following sections, the
majority of MNPs possesses a bactericidal character as applied
against both Gram-positive and Gram-negative bacteria (see
Table 1 of results). 

Iron MNPs benefit from a number of advantages over other NPs
[45] including an inexpensive synthesis, feasible large-scale
production, biocompatibility and environmental safety. The
bacterial inhibitory activity of MNPs can be illustrated in the area
of water disinfectants, where they would benefit from the magnetic
character of iron-oxide NPs as by introducing them into the
polymerisation process of thiourea and formaldehyde [46], and
thus providing a promising regression activity against bacterial and
fungal activities in the aqueous environment.

Catalysed reduction of dye-contaminated water has also been
achieved by means of metal-deposited magnetic catalyst
microspheres, which are comprised of amino-functionalised
Fe3O4–silicon dioxide (SiO2) core–shell structures [47].

Markiewicz et al. [48] investigated the bactericidal effect of a
polymer/Au/MNPs nanohybrid that can effectively inhibit the
metabolic activity of planktonic Pseudomonas aeruginosa as well
as preventing its biofilm formation. Au coatings can improve the
stability and biocompatibility of MNPs [49], and polymers can
allow a facile control of chemical composition in a shell.

On the basis of several antimicrobial studies conducted on
MNPs, many of them have been fabricated in a core–shell structure
while reports of bare MNPs active against bacteria have also been
published (see Table 1 of results). Nickel oxide (NiO) NPs have
shown favourable bacterial growth inhibition by distracting the cell
membrane, which results in the disruption of cell enzymes [50]. It
was also found that superparamagnetic Ni colloidal nanocrystal
clusters may introduce novel inherent properties for antibacterial
applications as they can provide tunable particle sizes and magnetic
moments [51].

A large number of plants are rich in minerals [52] and can be
used for the green synthesis of MNPs. In addition, the
incorporation of plant extracts in the antibacterial performance of
MNPs has been successfully established [53]. Over the past
centuries, many plants have been introduced in traditional medicine
practises to treat diseases and infections. They are known to
possess a wide variety of medicinal properties such as their
antibiotic, antioxidant and wound healing qualities [54, 55].
Couroupita guianensis leaves, for instance, are traditionally known
as the cure for skin diseases and malaria [56, 57].

In this review, we aim to focus on the antibacterial character of
MNPs with therapeutic potential, an overview of their antibacterial
mechanisms and a brief description of popular assays to analyse
their antibacterial effects together with their selected characteristics
such as morphology and magnetic response.

Table 1 List of common magnetic antibacterial NPs
MNPs Coated/

doped with
Sizea, nm Ms

b, emu g−1 Synthesis
method

Mechanism Target bacteria Reference

Fe3O4 Silica 10/53 (DLS) Fe3O4:55 co-
precipitation

radio-frequency-mediated
physical perturbation of cell
membranes and bacterial

membrane dysfunction

E. coli [30]
Fe3O4–SiO2:40.90 S. aureus

Ni1−xNdxO Nd3+ 28 nm (XRD)
(for x = 0.03)

0.03 (for x = 0.03) co-
precipitation

reaction of Ni2+ with
sulphydryl groups inside the

cell and damaging
synthetase activity in the

microbe

S. aureus [31]
Klebsiella

pneumonia
Shigella

dysenteriae
E. coli

Proteus vulgaris
calcium Fe2O4 chitosan–

ampicillin
25 (XRD) 0.114 solution

combustion
method

ampicillin release from
chitosan with CFNP

Staphylococcus
epidermis

[32]

CuFe2O4 Ag–tannic
acid–papain

29.3/46.2
(XRD)

57.8/62.1 solvothermal increased the membrane
permeability and acting on

the proteins and the
peptidoglycan of the cell wall

E. coli [33]
S. aureus

La1−xNayMnO3 silica 48/47 (XRD) 29/34 sol–gel electrostatic attraction to the
negative moieties in the

bacteria membrane

Micrococcus
varians

[34]

Bacillus spp
Serratia spp

Aspergillus spp
Fe3O4 Ba3(PO4)2 Fe3O4: 100

(TEM)
8.7 solvothermal destruction of cell integrity

by altering cell permeability
and protein oxidation due to

ROS generation

E. coli [35]

nanoflakes:
40 nm × 7 μm

Fe3O4 MOR and
CuO

Fe3O4: 16.6 Fe3O4: 73.65 solvothermal binding of Cu2+ ions to the
functional groups of proteins
and enzymes, which causes
inactivation and inhibition in

cell processes

E. coli [36]
mordenite

(MOR): 18.43
S. aureusFe3O4@MOR: 8.3

CuO: 12
Fe3O4@MOR@CuO:

4.2
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2Antibacterial MNPs synthesis methods
2.1 Synthesis of MNPs

A number of effective methods to synthesise MNPs have been
introduced including both aqueous and non-aqueous-based routes.
Co-precipitation technique [30], hydrothermal method [58],
microemulsion approach [59], sol–gel process [34] and
sonochemical synthesis [60] are among the aqueous methods and
thermal decomposition method [61], spray pyrolysis [62] and
polyol-induced solvothermal [63] process are examples of non-
aqueous synthesis procedures (Fig. 1). 

In a recent study, Sathish Kumar et al. [64] used a green
synthesis route to obtain iron-oxide MNPs. In this method, Fe3O4
NPs were synthesised by a co-precipitation method, where Fe3+

ions are reduced in an aqueous solution of C. guianensis extract.
An extensive review of green synthesis routes for producing Fe3O4
NPs has been provided by Yew et al.[65], where applications of
plant extracts from leaf, fruit peel, seed, stolon and root, gum and
plant waste in the synthesis process have been comprehensively
categorised and studied.

The synthesis procedures of MNPs can strongly affect their
properties, which can be tuned for various applications. Owing to

 
MNPs Coated/doped

with
Sizea, nm Ms

b, emu g−1 Synthesis
method

Mechanism Target bacteria Reference

Fe3O4 thiourea–
formaldehyde
polymer, Ag+,

Au3+

10–50 (DLS) magnetic
thiourea-

formaldehyde
(MTUF): 45.54

co-precipitation reaction of Ag(I) or Au (III) ions
with amino and/or thiol groups

on the thiourea moiety and
damaging cell membrane

E. coli [37]
Salmonella
typhimurium

MTUF-Ag: 31.57 S. aureus
Listeria

monocytogenes
MTUF-Au: 35.89 Candida albicans

CoFe2O4 Okra
(Abelmoschus

esculentus) plant
extract

55 (XRD) 65.31 green synthesis
with microwave

heating methods

production of ROS and
accumulation of NPs in the
cytoplasm or on the outer

membranes

Enterobacter
aerogenes

[38]

5–50 (DLS) Yersinia
enterocolitica

S. aureus
Micrococcus

luteus
NiO — 8.15 (XRD) not saturated green synthesis

using Aegle
marmelos extract

increased electrostatic
attraction between the

microbial cell membrane and
Ni ions

S. aureus [39]
8–10 (HRTEM) Streptococcus

pnemoniae
E. coli

Escherichia
hermannii

Fe3O4 PEG 46.2/35.7 Fe3O4: 56.43 co-precipitation oxidisation of bacteria assisted
by the hydrophilic properties of

PEG

E. coli [40]
S. aureusFe3O4: 74.33

AgXO2 X = Fe, Cr AgFeO2: 48.8
(XRD), 80.4
(HRTEM)

AgFeO2: 1.1244 flash auto-
combustion

reaction

formation of the free radical
species from the Ag ions

Bacillus subtilis [41]
S. aureus

AgCrO2:
0.18978

Streptococcus
faecalis

AgCrO2: 77.1
(XRD), 120.9

(HRTEM)

E. coli
Neisseria

gonorrhoeae
P. aeruginosa

ZnO La ZnO: 16.35
(XRD)

ZnO/La (0.07 M):
∼0.006

wet-chemical
method

creation of active species by
photoinduced reaction

B. subtilis [42]
S. aureus

ZnO/La (0.07 
M): 9.75 (XRD)

Proteus mirabilis
Salmonella typhi

TbVO4 — 30–50 (SEM) 0.52 co-precipitation interaction of NPs with the
outer membrane of bacteria
and arresting the respiration

pathway

E. coli [43]
S. aureus

ZnO Co (5%) ZnO/Co: 40
(XRD), 60

(SEM), 32–76
(DLS)

0.00465 wet-precipitation
method

improved (enhanced) binding
forces and generation of free

radicals in cell

S. dysenteriae [44]
Vibrio cholera

E. coli

ZnO: 35
(XRD), 65

(SEM), 42–90
(DLS)

Coated materials together with the obtained values of size and saturation magnetisation (Ms), synthesis methods and proposed antibacterial mechanisms of various MNPs against a
variety of pathogenic bacteria are presented.
aColumn indicates the sizes of final coated or functionalised NPs, and if available, the sizes of bare core NPs are separated by a slash (/); the size measurement methods have been
mentioned in parentheses, where (XRD) denotes the obtained crystallite size from an XRD pattern.
bValues of saturation magnetisation are measured at room temperature.
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its feasibility, aqueous co-precipitation method has been regarded
as the most popular idea in the synthesis of iron-oxide NPs (see
Table 1 of results). The strategy used to control the size of NPs in
this method is to optimise factors such as precursor salt types,
ferric/ferrous salts mole ratio and reaction parameters such as pH
and temperature [66].

Previous studies have reported that uncoated superparamagnetic
iron NPs that have a size below 10 nm can be produced in
colloidally stable solutions and control of initial iron concentration
allows the synthesis of equivalently sized NPs [67]. Also, core–
shell structures comprised of iron-oxide cores and amorphous silica
shells are typically synthesised by a sol–gel technique, where the
thickness of the silica shell (10–100 nm) can be adjusted by
controlling the silane concentration [68].

2.2 Functionalisation methods

Polymeric modification of surface in MNPs can inhibit non-
specific adsorptions on them. For instance, in the case of iron-
oxide NPs, polyethylene glycol (PEG) functionalisation is able to
effectively assist their molecular recognition processes by
minimising the adsorption effect [69].

As reported in previous studies, chitosan could be
functionalised by a variety of methods including etherification,
esterification, grafting and coupling with amines or acids [70]. In a
recent study [71], Fe3O4–titanium dioxide (TiO2) NPs were
functionalised with methylpyrazolone via a cross-link provided by
chitosan which creates a modification opportunity by its both -OH
and −NH2 groups.

One of the earliest and most feasible methods to modify NPs is
blending, which is achieved by mixing two or more components
via physical methods such as stirring [72] or shaking [73].
Modification of functional groups in a compound is commonly
termed as a chemical modification. There are several methods to
chemically modify a nanomaterial, in which we can make use of
chemical reactions [74], radiation [75], photochemical reactions
[76], plasma [77] and laser-induced [78] functionalisation and
enzymatic grafting [79] methods. Chemical modification of surface
in NPs has brought about a vast area of excellent applicability of
these materials from efficient drug delivery to surface plasmon
effect.

2.3 Antibacterial magnetic nanocomposites

Although various remarkable nanoscale capabilities such as
magnetic response, antibacterial effect and feasible recyclability
are found among nanoagents, their clinical translation profoundly
suffers from their separated functions. As a result, a lack of
multifunctional nanomaterials bearing these capabilities combined
in one nanosystem has existed as a problem for several years.
Optimised composite NPs have been synthesised and presented in
the survey to find such nanomaterials as they are capable of being

employed in multifunctional applications in nanoscience and
exhibit several features synergistically. The excellent antibacterial
effects of AgNPs combined with great magnetic response of iron-
oxide NPs in a nanocomposite antibacterial system is a
phenomenal example of such multifunctional nanomaterials [80].
Table 2 presents a list of recently synthesised magnetic
antibacterial nanocomposites together with some of their selected
physical features, synthesis methods and their target bacteria. 

In the area of novel antibacterial nanocomposite materials,
degradation of killing Escherichia coli bacteria has been observed
through the photocatalytic ability of magnetic cobalt ferrite
(CoFe2O4)/Ag/Ag3 vanadium oxide (Ag3VO4) nanocomposites,
and it has been proved that they show a better photocatalytic
activity than pure Ag/Ag3VO4 and CoFe2O4 [88]. In addition, the
genotoxicity of both uncoated and coated magnetic
nanocomposites has led to a renewed interest in biomedical
applications of next-generation magnetic nanomaterials. In a recent
study [89], L-cysteine and polyacrylic acid-coated ferric Co boron
NPs have modulated cytotoxic and genotoxic effects on human
dermal fibroblasts and proved to be inducing a remarkable extent
of DNA damage to bacteria.

3Antibacterial activity of MNPs
3.1 Effect of size

Size of NPs could be considered as a measure of their capability to
readily enter the intracellular space, as it is presumed that NPs with
an average diameter above 40 nm cannot passively penetrate the
cell membrane [90]. Jose Ruben et al. [91] found that AgNPs
synthesised in a range of diameters exhibit a size-dependent
antibacterial activity, as direct interaction with Gram-negative
bacteria takes place preferentially, where the size of NPs does not
exceed 10 nm. In addition, the antimicrobial activity of metal NPs
is believed to be a function of their effective surface area, which is
increased in smaller-sized NPs, as it is found in a study by Auffan
et al. [92] that iron-based NPs exhibit size-dependent inhibitory
effect against E. coli.

In another study, Digigow et al. [93] prepared silica-coated
MNPs by co-condensating 3-aminopropyltriethoxysilane (APTES)
and tetra-ethyl orthosilicate (TEOS) in the presence of
superparamagnetic iron-oxide NPs (SPIONs) and observed that the
thickness of silica layer directly affects magnetisation of the MNPs.
An analogous result is also obtained by Kralj et al. [94], where a
diminished magnetisation takes place by the incorporation of
thicker silica shells.

The nucleation, growth and coarsening kinetics in the synthesis
of MFe2O4 NPs (M = Co, Li, Ni, or Mn) have been identified as
major contributing factors for achieving NPs with uniform size and
shape [95]. The optimum results seem to be obtained if these
processes are executed separately in time, i.e. the growth of nuclei
must begin only after the end of nucleation process, and the
coarsening step has to take place after the growth of nuclei is over.
Also, the homogeneity of the solution is a deciding factor in
yielding feasibly controlled sizes and shapes.

3.2 Effect of shape

As mentioned above, the impact of size on antibacterial properties
and cellular uptake of various spherical NPs has been widely
elucidated. However, studies of NP properties show the importance
of particle shape in establishing desired antimicrobial and
biological performance [96–99]. Moreover, it is thought that
engineered NPs with different shapes can be adopted in targeting
specific cells [100].

While the influence of particle shape on the antibacterial
properties of AgNPs is evident [101], shape-dependent inhibition
of bacteria by MNPs are still being investigated. Aside from
conventional spherical NPs, particles with other morphologies have
also been studied for their antibacterial properties. Efficiently
synthesised NiO nanorods with an average diameter of 60 nm
exhibited considerable antibacterial activity against E. coli, P.
aeruginosa and Staphylococcus aureus [102]. Among other Ni-
based antibacterial nanosystems are NiO nanotubes [103] and

Fig. 1 Synthesis methods commonly used for preparing MNPs
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NiO/TiO2 composite nanofibres [104], which would favourably
inhibit the viability of a variety of bacterial strains compared with
conventional NiO and NiO nanoflowers. Additionally, it is found
that Ni-doped zinc oxide (ZnO) nanorods possess remarkable
antibacterial potency and are able to completely eradicate the
above-mentioned multi-drug-resistant bacteria [105]. Furthermore,
crystalline Co molybdate (CoMoO4) nanorods/nanowhiskers with a
diameter range from 10 to 80 nm have been successfully tested
against E. coli [106].

3.3 Functionalisation of MNPs

Although bare MNPs exhibit excellent antibacterial properties, the
developed bacterial multi-drug resistance due to repeated
application of antibacterial agents calls for more efficient strategies
to battle bacterial infections. In this way, surface functionalisation
of MNPs for targeting specific cells has provided the opportunity
to enhance their efficacies against pathogenic microbes. Cancer
treatment is one of the prominent applicability of targeted drug
delivery methods, where MNPs would play a key role. In a recent
study, the anticancer drug doxorubicin was conjugated with iron-
oxide NPs to induce desirable cytotoxicity to the treated cancer

Table 2 List of common magnetic antibacterial nanocomposites
Nanocomposite Sizea, nm Ms, emu g−1 Synthesis

method
Mechanism Target

bacteria
Reference

β-CoMoO4/Co3O4 β-CoMoO4: 20.3
(XRD)

12.063 co-
precipitation

ROS generation E. coli [81]
P. aeruginosa

S. aureusCo3O4: 33.81 (XRD)
α-Fe2O3/Co3O4 25.34 (XRD) 82.49 co-

precipitation
increasing the overall count

of oxygen free radicals
produced as a result of the
interaction of cytoplasmic
water with the composite

samples inside the
bacterial cell

B. subtilis [82]
S. aureus

E. coli
S. typhi

GO@CoFe2O4@ Ag-
CFX

CoFe2O4: 16 (XRD) CoFe2O4: 58.022 co-
precipitation

affecting the cell wall
structure

S. aureus [83]
AgNPs: 15 (XRD) GO@CoFe2O4@Ag-

CFX: 37.357
B. subtilis

E. coli
P. aeruginosa

GO-Fe3O4@NPVP-Ag low pH: 700 (DLS) Fe3O4: 71.9 co-
precipitation

immobilised AgNPs on the
surface of the GO

nanosheets can release
Ag + into the interior of

bacterial cell

E. coli [84]
Fe3O4: 15 (TEM) GO-Fe3O4@NPVP-Ag:

12.7
S. aureus

Fe3O4@PTA@Ag 250 (HRSEM) 55.47 solvothermal reaction of oxygen species
generated by AgNPs with

the cell membrane

E. coli [80]
S. aureus

Fe3O4@C@MgO-Cu Fe3O4: 15 (TEM) Fe3O4: 30.08 co-
precipitation
hydrothermal

Enhanced physical
interaction between the

MgO-Cu NP and cell
membranes well as the
serious damage of cells
caused by the increased

ROS

E. coli [85]
Fe3O4@C@MgO-

Cu: 50 (TEM)
Fe3O4@C@MgO-Cu:

29.07
S. aureus

TiO2/Fe3O4/chitosan/
methylpyrazolone

agglomerated (TEM) 21 solvothermal penetration of cell
membrane and inactivation

of its constituents

E. coli [71]
S. aureus
A. flavus

C. albicans
Fe3O4@APTES–
EDTA@Ag

50 (XRD) Fe3O4: 70 co-
precipitation

facilitated AgNPs uptake
through the cell wall by

EDTA and increased the
formation of free radicals

by AgNPs when
encapsulated into the

EDTA

E. coli [72]
45 (TEM) Fe3O4@APTES–EDTA:

66
S.

typhimurium
S. aureus
Bacillus
cereus

Fe3O4@APTES–
EDTA@Ag: 57

Co0.3Zn0.7Fe2O4/OBM/
Ag

Co0.3Zn0.7Fe2O4: 65
(XRD)

Co0.3Zn0.7Fe2O4/OBM:
∼15

sol–gel formation of free radicals
by AgNPs in contaminated

water

S. aureus [86]
B. cereus

Ag: 10 (XRD) Co0.3Zn0.7Fe2O4/OBM/
Ag: ∼11

E. coli
S.

typhimurium
NiFe2O4@PAMA@Ag NiFe2O4: 42 (XRD) NiFe2O4: 64.8 citrate–gel increasing the available

surface area of AgNPs for
direct contact to bacteria

S. aureus [87]
NiFe2O4@PAMA@Ag:

49.5
B. cereus

E. coli
S.

typhimurium
aColumn contains sizes of final coated or functionalised NPs; the size measurement methods have been mentioned in parentheses, where (XRD) denotes the obtained crystallite size
from an XRD pattern.
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cells [107]. As an antibacterial application, tryptophan, an essential
amino acid, was loaded on Fe3O4 NPs to induce an enhanced
performance against bacteria [108].

4Antibacterial mechanisms of MNPs
There have been several studies published recently regarding the
effects of MNPs on a variety of Gram-positive and Gram-negative
bacteria (see Tables 1 and 2 for tables of results); however, what is
not yet completely clear is their antibacterial mechanisms when
applied either in vitro or in vivo.

The bacterial cell membrane is generally composed of two
essential structures, i.e. the cytoplasmic membrane and the cell
wall. The major cellular function of the cytoplasmic membrane is
selective permeability by which it is able to control the nutritional
intake and cellular waste disposal [109]. A phospholipid bilayer
with integrated proteins comprises of the cytoplasmic membrane
forming about 10 nm thick gate to the intracellular space. In a
bacterial phospholipid molecule, an ester linkage bonds fatty acids
to a glycerol molecule, which along with phosphate and another
functional group (e.g. sugars or ethanolamine) establishes a
hydrophilic end in the outer surface of cytoplasmic membrane
architecture [110]. The fatty acids of phospholipid molecules point
toward each other in the inner region of the cytoplasmic membrane
and form a hydrophobic internal area, whereas the outer
hydrophilic surface is exposed to the cytoplasmic region on one
side and the cell wall on the other side of the membrane. The cell
wall outside the cytoplasmic membrane is a rigid barrier that
protects the cell against osmotic cell lysis [111]. Peptidoglycan is
an essential polysaccharide layer found in the cell wall structure of
both Gram-positive and Gram-negative bacteria and ensures the
strength and rigidity of the cell wall [112]. The peptidoglycan layer
consists of glycan tetrapeptides as its basic units that are connected
by peptide cross-links and eventually form a strong surface around
the cell. To date, there have been more than 100 chemically distinct
peptidoglycans identified with their various peptide groups while
their glycan portion remains universal.

Gram-positive cell walls are mainly composed of a thick
peptidoglycan layer constructed by several stacks of peptidoglycan
monolayers. On the other hand, Gram-negative bacteria devote a
much smaller portion of their wall structure to the peptidoglycan
layer as they benefit from lipopolysaccharide (LPS) outer
membrane as the major part of their cell wall, which is anchored to
the peptidoglycan layer by Braun lipoproteins. The LPS layer does
not provide the cell with much structural strength, yet it is
effectively responsible for blocking many harmful substances such
as lipophilic antibiotics. In fact, part of the reason why some
antibiotics that inhibit Gram-positive bacteria would render
ineffective against Gram-negative bacterial species is explained by
the LPS layer function [113].

4.1 Cell membrane destruction

It is believed that electrostatic forces can cause NPs to bind to the
bacterial cell membrane and disorganise its metabolic functionality
[114]. Damage undertaken by cell membrane may eventually lead

to a membrane rupture and leakage of intracellular components
including genetic materials and minerals along with vital lipids and
proteins. It is found that the antibacterial mechanism of AgNPs is
linked to the formation of free radicals that damage the bacterial
membrane [86].

Additionally, as the bacterial membrane is depolarised by
reactive oxygen species (ROS), it undergoes damage and
deformation [115]. It is found that on the interaction of iron-oxide
NPs with bacteria, the membrane depolarisation is catalysed. A
great deal of cell membrane disruption is induced by pyrrhotite
nanostructures, where sharp edges and vertices present on their
surface play a significant role in damaging the cell membrane
structure [116]. Christena et al. [117] found that copper (Cu) NPs
are potentially able to inhibit bacterial efflux pump and cause cell
death by damaging the cell membrane. Moreover, it is generally
agreed that positive charges supplied by primary amine groups of
chitosan would readily interact with negatively charged
components of the exterior cell wall. This would bring significant
changes to the cell surface and disorganise cell permeability, which
may effectively result in a leakage of intracellular substances [118].

4.2 ROS generation

Production of ROS is generally one of the natural outcomes of
cellular respiratory activity in living organisms [119]. However, it
is known that abundant ROS in contact with the cellular
environment leads to a disruption of many vital components such
as lipids, proteins and DNA [58]. In terms of antibacterial ROS
mechanism, superoxide anion (O2

−), hydrogen peroxide (H2O2)
and hydroxide (OH−) radicals are primarily responsible for
damaging vital proteins and disruption of DNA molecules in
bacterial cells. Many authors propose that the generation of ROS is
regarded as the dominant bactericidal mechanism employed by
various antibacterial NP agents (Fig. 2). 

Photogeneration of ROS on the surface of metal NPs has been
suggested in many studies [120, 121]. Moreover, it is believed that
the overgeneration of ROS brings a considerable increase in lipid
peroxidation and protein oxidation [122]. Also, highly peroxidised
lipids will induce an oxidative degradation of polyunsaturated
lipids. As a result, the plasma membrane will be damaged, which
leads to a membrane leakage [123].

In terms of ROS permeability of bacterial cell membrane, it is
found that both Gram-positive and Gram-negative bacteria are
equally permeable to ROS [116], the only difference being in ROS
intracellular effects. Superoxide and H2O2 species are generated in
the cytoplasm as a result of oxygen interaction with redox enzymes
possessing flavin groups [124]. Superoxide dismutase is an enzyme
that catalytically contributes to the dismutation of reactive
superoxide to O2 or H2O2 [116]. It is established that a great deal
of microbial cell damage can be induced by both superoxide and
H2O2 species. Pal et al. [101] noted that in disrupting bacterial
metabolism, AgNPs release Ag ions that are able to inhibit
respiratory enzymes, which in part leads to excessive production of
ROS.

4.3 Photocatalytic effect

Photocatalytic properties of nano-sized materials have contributed
to the process of microbial inhibition and restriction of bacterial
biofilm formation. In these materials, the incident light is able to
overcome the energy band gap barrier of the NP and consequently
produce electron–hole pairs. In a biological context, free electrons
are prone to induce ROS and bacterial death.

Previous studies have reported the photocatalytic activity of
iron sulphides and their application in biomedical fields and
degradation of organic dyes [125]. It is reported that formation of
hydroxyl radicals is more efficiently catalysed by iron sulphides
compared with ferrous iron [126]. In another study on
CuFe2O4@C3N4 core–shell photocatalysts, Yao et al. [127] found
superior results of photoinduced electron–hole pairs originated in
the heterojunction between the interfaces of g-C3N4 and CuFe2O4.

Fig. 2 Antibacterial mechanisms of MNPs
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Moreover, the role of TiO2 NPs in increasing lipid peroxidation
when interacting with the cell membrane is explained by its
inherent photocatalytic behaviour, which triggers a membrane
rupture, inhibited cellular respiration function and eventually cell
death [128]. Also, it is found that the antimicrobial activity of
AgNPs is enhanced when incorporated in Ag–TiO2
nanocomposites [129]. In a study conducted by Rawat et al. [130],
the photocatalytic reactivity of TiO2-coated NiFe2O4 MNPs is
attributed to the generation of highly active hydroxyl radicals (–
OH) which has significantly reduced the concentration of E. coli
bacteria in Luria-Bertani culture media. Moreover, it is
demonstrated that Fe3O4@TiO2 core–shell MNPs have the
potential of targeting and inhibiting various drug-resistant
pathogenic bacteria such as Staphylococcus saprophyticus,
Streptococcus pyogenes and S. aureus [131].

4.4 Cytotoxicity of antibacterial MNPs

Promising results have been reported on the antibacterial effects of
MNPs with their possible safe applications in vivo. A concise
overview of in vivo therapeutic capability of iron-oxide NPs is
provided by Rodrigues et al. [7], where they discuss drug delivery
application, biodistribution and toxicity of iron-oxide NPs. A
recent study has reported a negligible toxicity of magnetic
metallopolymer-grafted NPs to red blood cells and their minimal
tendency to induce resistance in bacteria [132]. These recyclable
magnetic iron-oxide NPs are grafted with charged cobaltocenium-
containing metallopolymers through a reversible addition-
fragmentation chain transfer polymerisation method. It is observed
that the conjugation of these metallopolymers with ȕ-lactam
antibiotics has significantly improved their vitality against both
Gram-positive and Gram-negative bacteria. The cytotoxic effect of
MNPs on mammalian cells covers an extended area of recent
research. Cell viability tests such as 3-4,5-dimethylthiazol-2-yl-2,5-
diphenyltetrazolium bromide (MTT) provide information about
cytotoxicity. Other studies have suggested that bare iron-oxide NPs
demonstrate a biocompatible character [133]. Also, several groups
have studied the cytotoxicity of various coated iron-oxide NPs
[134–136]. Additionally, binding polymers such as poly (4-
vinylpyridine) (PVP) used in antibacterial nanocomplexes are able
to reduce the cytotoxicity of the nanostructures [137, 138].

5Recyclability and retrieval of MNPs
Graphene oxide (GO) nanosheets have appeared as a promising
platform to support Fe3O4 NPs that can provide them with
facilitated separation and recyclability. In this approach, a stable
GO-based nanocomplex is formed when the negatively charged
GO is electrostatically attracted to a positively charged polymer
such as N-alkylated PVP (NPVP) [84], polyethylenimine [139] or
polystyrene [140]. That is when polymer-coated MNPs are
introduced to GO nanosheets [141] forming a recyclable GO-based
magnetic nanohybrid.

It is suggested that the observed reduction (though not
significant) of the bactericidal activity in Co0.3Zn0.7Fe2O4/Ocimum
basilicum seed's mucilage (OBM)/AgNPs could be due to an
adsorption of proteins and nucleic acids released from withered
bacterial cells on the surface of Ag ions [86]. NiFe2O4@ poly
acrylonitrile-co-maleic anhydride (PAMA)@Ag–TiO2 NPs were
examined in a dynamic shaking flask method and were found to
have a declined antibacterial effect against both S. aureus and E.
coli by 30% after five cycles of application [142]. The most
probable reason for this observation is attributed to the covered
surface of NPs by dead bacterial cells [143].

6Characterisation techniques of antibacterial
MNPs
To reveal the antibacterial properties of nanomaterials, it is
essential to examine them in two different aspects. An antibacterial
nanomaterial primarily requires a comprehensive antibacterial
characterisation, where its biologic response in the proximity of

Gram-positive and Gram-negative bacteria is properly investigated.
Coupled with its antibacterial performance, the chemical and
physical natures of a nanomaterial must be thoroughly inspected so
that its intrinsic traits such as morphology and elemental
composition are known. This may significantly contribute to an
understanding of interactions between nanomaterials and their
target biosystem and would optimistically result in the
development of more efficient antibacterial agents.

6.1 Antibacterial tests

An essential factor in developing new generation antimicrobial
agents is to have a clear understanding of their impact on microbial
cell viability. Traditionally, a variety of techniques have emerged to
quantitatively demonstrate the antibacterial performance of
medicines in vitro. In this section, a brief overview of selected
common assays in the analysis of antibacterial effects of NPs is
presented.

6.1.1 3-4,5-Dimethylthiazol-2-yl-2,5-diphenyltetrazolium
bromide: In search of an assay for a quantitative evaluation of
mammalian cell viability and proliferation, Mosmann [144]
introduced a colorimetric method using MTT, a water-soluble
tetrazolium salt, which provides the opportunity of detecting living
cells, but not dead cells. A multiwell scanning spectrophotometer is
then used to read the results with high precision. Rapidity and
precision, along with a lack of radioisotope employment, are
considered as the main advantages of this technique. Nowadays,
MTT lies among the most common assays based on tetrazolium
salts. In this method, the mitochondrial dehydrogenases of viable
cells are mainly able to reduce the yellowish MTT to a purple
insoluble formazan product [145–147].

6.1.2 Disc diffusion: This method is principally conducted by
using a previously inoculated agar with a test microbe, where an
antimicrobial containing disc is placed on it to produce an
antimicrobial concentration radial gradient by uptaking moisture
[148]. After proper incubation time, a clear zone of inhibition is
formed around the disc if the examined substance is able to inhibit
the bacterial growth. Thus, the susceptibility of microbial species
to certain antimicrobials is displayed as the diameter of the
inhibition zone.

Disc diffusion method has revealed that
NiFe2O4@PAMA@Ag–TiO2 NPs demonstrate a maximum
antibacterial activity in comparison with NiFe2O4@Ag and bare
AgNPs and create a zone of inhibition twice greater than that of
AgNPs [142]. Also, the produced zone of inhibition by
Co0.3Zn0.7Fe2O4/OBM/AgNPs has proved to be larger than that of
AgNPs, which is presumably due to stabilisation of AgNPs on
magnetic cores facilitated by the OBM layer. The results of
antibacterial disc diffusion tests of Fe3O4@APTES–
ethylenediaminetetraacetic acid (EDTA)@AgNPs confirmed that
Ag deposition on the surface of Fe3O4@APTES–EDTA NPs
enhanced their antibacterial performance [72].

6.1.3 Minimum inhibitory concentration: Minimum inhibitory
concentration (MIC) is, by definition, the lowest concentration of
an antimicrobial agent that, under certain test conditions, will
inhibit the visible growth of the investigated microorganism [149].
This experiment is commonly considered as an essential assay in
performance determination of new antimicrobials in vitro.

In case of Fe3O4@C@MgO and Fe3O4@C@MgO–Cu
disinfectants, if the concentration of the NPs is cut down to a value
less than MIC, test microbial strains of S. aureus and E. coli grow
enough to produce a turbid suspension [85]. It is also observed that
the same concentration of Fe3O4@C@MgO-Cu NPs (312.5 mg l
−1), which shows a 99% bactericidal effectiveness in shaking flask
inactivation experiments, is only able to inhibit the strain growth in
MIC experiments. The reason is attributed to the medium where
the inactivation tests are performed, i.e. a normal saline solution,
while in MIC tests the adopted nutrient broth medium may protect
the microbial strains and hinder bactericidal effects [85].
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6.1.4 Minimum bactericidal concentration: Minimum
bactericidal concentration (MBC) test is typically performed in
conjunction with MIC procedure to determine the minimum lethal
concentration of an assayed antimicrobial agent to target bacterial
species. The MBC value is taken as the lowest concentration of an
antibacterial agent that diminishes the viability of bacterial strains
by at least 99.9% [116].

In a recent study [150], MBC assays of CuCrxFe2−xO4 samples
were performed on the examined MIC plates with no growth,
where a normal saline solution was added onto the plates before
transferring them to fresh Mueller-Hinton Agar plates for a 24 h
incubation. The MBCs were then recorded as the minimum
concentration of NPs at which no bacterial growth is observed.
Similarly, in an investigation of the antibacterial performance of
NiFe2O4@TEOS–TPS@AgNPs [151], diluted NP solutions were
added to the solutions of target broth bacterial inocula to undergo
an incubation at 37°C for 24 h. The most diluted solution with no
observable bacterial growth indicated the MIC. The diluted sample
tubes were next transferred to nutrient agar plates to determine
MBC values after another 24 h of incubation. That is when no
observable bacterial growth is detected on the nutrient agar [152].

6.1.5 Flow cytometry: Flow cytometry technology has shed light
on the analysis of physical and chemical properties of cell
suspensions as they pass through laser radiation. This technique
provides the opportunity to differentiate cells in terms of their size
and density [153]. DNA intercalating dyes can be used in this
method to determine cell apoptosis rates. DNA fragmentation is a
characteristic feature of apoptotic cells, whereby a fluorochrome
such as a propidium iodide (PI) is able to label DNA content in a
flow cytometric assay [154].

The antibacterial properties of a wide range of MNPs have been
investigated using flow cytometry method [83, 155–157]. Cellular
uptake of silica-coated SPIONs was determined by inspecting an
incorporated fluorescence intensity using a flow cytometry assay
[158]. In this paper, Lu et al. showed that the cellular uptake of
these NPs in human mesenchymal stem cells is time and dose
dependent.

6.1.6 Live/dead fluorescent assay: In this technique, Syto9, a
green fluorescent nucleic acid dye, is used to stain the healthy
membrane of viable bacterial cells with intact membranes,
producing a green fluorescence response. On the other hand, a red
fluorescent nucleic acid dye named PI as another component of the
kit is able to stain dead bacteria having deformed membranes
which lead to an emission response in the red region [115, 159].

The antibacterial activity of Fe3O4-polydopamine (PDA)-
AgNPs against E. coli was analysed using LIVE/DEAD BacLight
bacterial viability kit [160], where strong green signals were
observed in the absence of these NPs. In the presence of Fe3O4–
PDA–AgNPs, tested bacteria presented red fluorescent signals,
which indicated that most of the bacterial cells had been killed. The
bacterial viabilities of E. coli and S. aureus were examined in the
presence of Fe3O4–TiO2 nanosheets (TNS) in a fluorescent-based
cell live/dead test [161] and it was revealed that Fe3O4-TNS
system inactivated both bacterial species. Similarly, the results of
the live/dead assay on the antibacterial effects of Fe3O4 and Fe2O3
NPs on S. aureus cells revealed that the ratio of live/dead S. aureus
was significantly decreased in the samples containing Fe3O4 and
Fe2O3 NPs [162].

6.1.7 ROS determination test: A fluorescent dye assay using
2,7-dichlorodihydro-fluoresceindiacetate diacetate (DCFH-DA)
has been employed to inspect the quantitative intracellular levels of
ROS [121, 163]. In this method, DCFH-DA, which is a non-
fluorescent dye and is able to readily permeate through the cell
membrane, is hydrolysed to DCFH while in the intracellular space.
The presence of ROS would turn DCFH into green fluorescent 2-7-
dichlorofluorescein, a lipid-impermeable compound. The
fluorescent response can then be captured using a confocal
microscope for further analysis.

6.2 Magnetic response of MNPs

In probing the magnetic character of NPs, the precision provided
by superconducting quantum interference devices has made them
extensively popular tools among researchers [30, 51, 73, 164].
They are commonly integrated into magnetic properties
measurement systems to conduct zero-field-cooled (FC) and FC
magnetic susceptibility measurements [51]. Analogously, vibrating
sample magnetometers are employed to study the magnetic
character of NP samples.

Incorporation of non-magnetic layers on the surface of core
magnetic materials often results in a considerable decline in their
magnetic response (see Table 1 for the table of results).

6.3 Microscopy techniques

6.3.1 Atomic force microscopy: Individual-cell level
investigation of biological processes provides a highly valuable
opportunity of studying multiple biological properties of single
cells that cannot be assessed by techniques that provide averaged
information of large ensembles of molecules in many cells (e.g. X-
ray crystallography and radioimmunoassay). Introduction of atomic
force microscopy (AFM) has facilitated the nanoscale study of
functional components in single living cells. In comparison to
commonly used microscopy techniques in the field of NP science,
along with providing a favourably high spatial resolution, AFM
benefits from distinguishing advantages. For instance, optical
microscopes are unable to visualise the structure of nano-sized
cellular components, and electron microscopy techniques require
dried and fixed cells. Observation of living cells in an aqueous
environment is an appreciable asset of AFM, which brings
dynamic biological responses of cells into a distinguished
dimension of understanding. Also, AFM has made it possible to
simultaneously obtain various measurement data on biological
systems including their morphology, elasticity, adhesion,
deformation and energy dissipation [165].

6.3.2 Scanning electron microscopy (SEM) and field
emission SEM: SEM and field emission SEM (FESEM)
techniques lie among the most versatile electron microscopy
techniques in the characterisation of antimicrobial NPs. In
conjunction with other characterisation techniques such as
transmission electron microscopy (TEM), they can readily provide
primary information on various features of NP samples including
their shape, aggregation state, core–shell structure and size.

Conventional SEM benefits from several advantages when
implemented for antimicrobial samples including its ability to be
used for specimens with a wide variety of sizes from centimetre-
sized cases to smaller scales. Visual information about material
surface and its morphology is conventionally obtained using SEM.
However, one major drawback of this technique is that samples
must be dehydrated before introducing to the vacuum chamber of
SEM devices. In the case of biological specimens, dehydration may
disrupt their natural morphological characteristics as they undergo
cellular shrinkage. Moreover, non-conductive specimens are
difficult to scan in SEM instruments and conductive coatings such
as Au on the surface of specimens are necessary in their sample
preparation step.

In contrast to SEM mechanism of operation which uses a
thermionic emission method, FESEM takes advantage of a field
emission source often termed as a cold cathode field emitter, to
make it a technique with one of the highest resolutions among
microscopy methods. Along with presenting extra magnification in
micrographs, FESEM devices can be set on a variety of scan
modes including scanning TEM, which has been adopted in
combination with an elemental mapping to detect metal NPs within
the cellular zone of bacteria [157, 166].

6.3.3 Transmission electron microscopy: TEM is one of the
most popular methods to obtain high-resolution (HR) visual details
of samples in nanometre scales. This technique is capable of
presenting elaborate visualisations of NPs, enabling us to attain
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highly valuable information about size, shape, structure and
crystalline parameters of nanoscale specimens.

For the electrons to pass through, the TEM target must be very
thin, a preparation step which makes bulk samples difficult to
probe.

6.3.4 Optical microscopy: The pioneering approaches to study
the nature of microorganisms, which essentially facilitated the
discovery of new species, involved extensive use of optical
microscopes. HR optical imaging is now possible, thanks to
advanced optics and digital imagery.

In the field of antimicrobial NPs, a rapid examination of
microbial variations and interactions can be conducted in situ using
optical microscopes. The optical diffraction limit of visible light
would not ordinarily allow nanometre observations in optical
microscopy; however, development of near-field scanning optical
microscopy technique exceptionally provides axial and lateral
resolutions of ∼20–50 and ∼5–10 nm, respectively [167].

6.4 Spectroscopy techniques

At both the fundamental and technological levels of research on
nanomaterials, there is a strong incentive for innovative methods of
characterisation to better understand and face nanomaterial
challenges. Over recent years, major technological advances have
taken place in certain branches of nanomaterial characterisation
methods such as spectroscopy techniques, which have broadened
horizons of nanomaterial examinations [168].

6.4.1 Raman spectroscopy: Raman spectra can confirm the
formation of certain material phases in NP samples [65]. Confocal
microprobe Raman systems are commonly used for obtaining
conventional room-temperature Raman spectra [82]. Metal-oxygen
vibrational modes can be characterised using Raman spectroscopy.
In the Raman spectrum of ZnFe2O4 NPs, it is illustrated that the
mode at 643 cm−1 corresponds to the motion of oxygen in
tetrahedral sites (AO4), while the observed lower-frequency modes
are attributed to the oxygen motion in octahedral sites (BO6) [169].
In another study, it is found that the sharp and intense Raman peak
at 438 cm−1, which indicates a highly crystalline sample with low
intrinsic oxygen defects, is a characteristic of E2(high) wurtzite
lattice in Ag-decorated ZnFe2O4-dispersed ZnO nanoflakes [170].
In these composite nanoflakes, the small peaks at 382 and 574/582 
cm−1 are found to represent the A1(TO) and E1(LO) modes,
respectively, and the broad asymmetric peak at 1146/1150 cm−1

corresponds to a second-order (2LO) Raman mode. Raman active
modes of both Co3O4 and α-Fe2O3 are detected in α-Fe2O3/Co3O4
nanocomposite system [82], where vibrations of A1g octahedral
sites of Co3O4 are represented by a peak at 679 cm−1 and coupled
vibrations of tetrahedral and octahedral sites are characterised by
F2g and Eg modes. In case of haematite phase (α-Fe2O3), the Fe–O
vibrational stretching modes are characterised by peaks at 226.8,
292.5, 400, 486.5 and 600 cm−1 [95].

6.4.2 X-ray photoelectron spectroscopy: X-ray photoelectron
spectroscopy (XPS) can be adopted as a tool to verify the
formation of certain materials. It is a surface technique that
examines surface layers which are generally more oxidised and is
also capable of assessing the chemical state of the components
[171].

XPS peaks at 723 and 710 eV correspond to the energies of
2p3/2 and 2p1/2 spin-orbit components in pure Fe3O4 NPs [30]. By
coating silica on these NPs, aside from characteristic peak of silica
at 103 eV, the intensity of Fe3O4 peaks is decreased and on the
emergence of a peak at 399 eV, functionalisation of amine (–NH2)
on the surface of Fe3O4–SiO2 core–shell is verified.

6.4.3 Ultraviolet–visible (UV–vis) spectrophotometry: The
optical absorption rate of suspensions plays an important role in the
characterisation of NPs which can be obtained using UV–vis

spectrophotometry technique. Moreover, this method is essentially
used to detect surface plasmon resonance peak of metal NPs [121].

In quantitative studies adopting UV–vis assays, it is found that
absorption rate can be interpreted as the amount of unabsorbed
drug in magnetic nanocarrier samples [172]. In another study [38],
UV–vis diffuse reflection spectroscopy was used to measure the
energy band gap of conventionally synthesised CoFe2O4 NPs in the
visible region which was determined to be 2.09 eV.

6.4.4 Infrared (IR) and Fourier transform IR (FTIR)
spectroscopy: A comprehensive review of qualitative and
quantitative near-IR spectroscopies have been provided by Roggo
et al. [173]. FTIR spectroscopy is mainly adopted in traditional
nanoscience for investigating the existing molecules and surface
chemical groups of samples [51], verifying various formed
chemical bonds [36] and confirming drug loading onto
nanocarriers [172].

A recent study by Yu et al. [174] involved FTIR investigations
on Fe3O4@PDA nanocomposites, which exhibited an absorption
band at 1284 cm−1, which is a typical band of primary amine
vibration. The Fe–O bonds in FTIR spectra are reported to exhibit
a strong peak at about 585 cm−1 [36].

6.4.5 Energy dispersive X-ray spectroscopy: Energy dispersive
X-ray spectroscopy (EDS) plays an important role in the
characterisation of nanomaterials. It is typically capable of probing
the specimens up to a few micrometres depth. In a novel magnetic
barium (Ba) phosphate nanoflake material synthesised by Song et
al. [35], the element mapping results of EDS scans in these
nanoflakes containing embedded iron-oxide NPs have confirmed
the uniform distribution of Fe, Ba and phosphorous in the
composite. Also, the elemental constitution of GO-Ag and GO-
Fe3O4@NPVP-AgNPs analysed by EDS revealed that carbon,
oxygen and Ag were the principal elements present in them [84]. In
Ag/CuFe2O4 MNPs, the atomic fractions of Fe, O, Cu and Ag were
obtained by EDS results as 35.29, 54.3, 4.19 and 6.21%,
respectively, where an obvious signal of Ag element verifies that
AgNPs were successfully doped on the CuFe2O4 [33].

6.5 Other conventional techniques

6.5.1 Contact angle (CA) and surface free energy: Through
inspecting quantitative hydrophobicity or hydrophilicity of material
surfaces, an evaluation of their surface free energy (SFE) can be
achieved using CA measurements. It is observed that the SFE of
material surfaces can be viewed as a key parameter in their
antimicrobial activity, as the ability of microorganisms to contact
and adhere to surfaces is a deciding factor of their viability therein.

CA is basically defined as the equilibrium angle, where the drop
of probe liquid touches the underneath solid surface. As described
by Young's relation, the equilibrium CA on flat homogeneous
surfaces is expressed by Ȗ cos θE = ȖSV−ȖSL, where Ȗ, ȖSL and ȖSV
denote surface tensions at the liquid–vapour, solid–liquid and
solid–vapour interfaces, respectively [175]. This equation does not
favourably apply to polymers due to their non-ideal surfaces made
of liquid-penetrable matrices. An important physical phenomenon
associated with CA measurement is CA hysteresis, which is
intuitively understood by looking at the asymmetric droplet shapes
sitting on vertical surfaces. In other words, the equilibrium CA can
take values of an angle range, which is called the CA hysteresis
[176].

Surface parameters of NPs such as wettability can be studied by
CA measurements. In an iron-oxide-containing nanocomplex, it is
observed that coating with cysteine and lawsone decreases the CA
on stainless steel, meaning that the wettability of these iron-oxide
NPs is greatly increased on such coatings [177]. These MNPs are
suggested to be effective in corrosion inhibition applications. By
observing the decrease in CA values of water droplets on the
incorporation of AgNPs into chitosan–starch-based films, it is
concluded that water is more accessible to the surface of the
AgNPs loaded films [178].
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In a recent study, the effect of iron-oxide NPs over biofilm
formation on different biomaterial surfaces has revealed that
combination of polymer brush coating and iron-oxide NPs leads to
a significant reduction in bacterial adhesion on pluronic-coated
surfaces [179]. In this paper, using sessile drop technique,
wettability of biomaterial surfaces was determined by water CA
measurements, which exhibited a significant reduction in bacterial
adhesion to polyethylene oxide (PEO) brushed surfaces. Results
indicate a significant reduction in biofilm growth due to the
antibacterial effect of PEO-brushed coatings combined with iron-
oxide NPs.

6.5.2 X-ray diffraction: X-ray diffraction (XRD) method is
generally based on the principle that each crystalline system can be
identified by its characteristic diffraction pattern. The periodic
nature of a crystalline lattice allows scattering of X-ray radiation
based on Bragg's law. XRD is traditionally used for
characterisation of nanocrystalline samples and verifying their
chemical composition [33, 45, 115]. Phase identification capability
of the XRD technique is traditionally employed to inspect phase
characteristics and parameters before and after modifications made
to NPs.

6.5.3 Dynamic light scattering: In terms of the introduced
applications to MNPs, particle size distribution stands out as one of
the most important parameters as many of chemical and physical
properties of MNPs strongly depend on it. Dynamic light scattering
(DLS) has been one of the most extensively employed techniques
in determining the particle size distribution of NP suspensions in a
facile manner [64, 180]. However, interpretation of DLS data may
suffer from a lack of unevaluated sample and measurement
parameters including the concentration of suspensions, colloidal
stability and shape anisotropy of particles that would partly affect
the precision of results.

In a DLS measurement procedure, a suspension of target
particles is exposed to a light beam which is scattered as a result of
impinging on dispersed particles. During the measurement time
span, the Brownian motion of suspended particles alters the
intensity of the incident light. The variation of light intensity
essentially contains valuable information about the diffusion
coefficient of particles. The diffusion coefficient of particles can be
employed to calculate their hydrodynamic radius, RH, by taking
account of solvent viscosity [181]. The hydrodynamic radius
belongs to a sphere with the same diffusion coefficient as the
assayed particles. DLS results are highly sensitive to particle
aggregation and are considered as an appealing evaluation of
colloidal stability.

Particle size measurements performed using the DLS method
have been reported to hold dependence on pH levels of
suspensions. In a DLS measurement of GO-Fe3O4@NPVP-Ag
composite NPs in aqueous environment, it is found that the size of
particles exhibits a pH-responsive behaviour as their average size
at low pH levels is about 700 nm, whereas it is decreased to <300 
nm at higher pH values [84].

6.5.4 Zeta potential: Zeta potential of NPs is interpreted as a
measure of their colloidal stability, where high zeta potential values
of small enough dispersed particles would resist their propensity to
aggregate. By applying an electric field across the dispersion, the
zeta potential of dispersed particles is measured by inspecting their
electrophoretic mobility using a light scattering method. It is
established that NP dispersions could be considered stable if their
zeta potential magnitude exceeds 30 mV [182].

Maintaining a positive surface charge essentially allows NPs to
entrap bacteria possessing negatively charged surfaces [30]. It is
demonstrated that chitosan coating of iron-oxide NPs can
successfully alter their negative zeta potential value from −32.2 to
+36.3 mV, yet improving their antimicrobial effects [115].
Similarly, in a report by Li et al. [84], GO-Fe3O4@NPVP-Ag
antibacterial nanocomposites were able to reverse their negative
surface charge value in physiological pH to a positive value in
acidic condition.

Among antibacterial magnetic hybrid nanostructures such as
Fe3O4/p-aminobenzoic acid MNPs coated with bee pollen extracts
(BPE) [183], it is found that natural compounds (e.g. BPE) may
contribute to avoid aggregation of nanosystems by enhancing their
zeta potential values.

7Potential way and challenges of antibacterial
MNPs
The potential antibacterial performance of MNPs was
demonstrated with various sizes and shapes. Conjugated MNPs
with organic or inorganic counterparts were also investigated
together with their antibacterial effects. Low cost of such MNPs
makes them reasonable candidates for clinical applications. MNPs
may be viewed as excellent tools that can feasibly target specific
sites that are not effectively reached by other biomedical agents.
However, the limited available knowledge of their metabolic
effects, removal and toxicity is considered as a drawback in
biomedical applications of MNPs.

8Conclusion
The investigation of MNPs has shown that they offer a high
potential for therapeutic applications specifically as antibacterial
nanoagents. While major global health issues such as multi-drug-
resistant bacteria continue to threaten lives, the advantages of
MNPs including their favourable response to magnetic fields, large
surface area, recyclability and biocompatibility allow for their use
in a wide range of applications in nanoscience and nanomedicine.
Aside from providing biocompatibility for MNPs, surface coating
technique has been thought of as a key factor in optimising MNPs
for impressive applications such as their effects against bacteria.
Incorporation of biocompatible polymer layers is an excellent way
to stop MNPs from aggregation and provide a linkage to include
other NPs in their structure.

Various characterisation techniques have been developed over
the past decades to probe multiple properties of nanostructured
materials. Many assays present qualitative and quantitative
analyses of antibacterial effects for synthesised NPs. Combined
with microscopic and spectroscopic methods, these assays establish
a comprehensive knowledge regarding the physical and chemical
properties of magnetic antibacterial NPs. Although promising
success has been achieved in the antimicrobial performance of
MNPs in vitro, it is expected to find extraordinary in vivo
applications of these NPs by expanding the understanding of
biological and physiochemical properties of MNPs in future
research.
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