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ABSTRACT: Antibiotic resistance (AMR) is one of the pressing

. . . T . protei® n Ribos"'nal

global public health concerns and projections indicate a potential gostaniisa® Gamage

10 million fatalities by the year 2050. The decreasing effectiveness Pt ,‘?.

of commercially available antibiotics due to the drug resistance i\fl ?

phenomenon has spurred research efforts to develop potent and 4

safe antimicrobial agents. Iron oxide nanoparticles (IONPs), f = s

especially when doped with metals, have emerged as a promising ;" v

avenue for combating microbial infections. Like IONPs, the 9 ; A ” :0

antimicrobial activities of doped-IONPs are also linked to their s ® CY g

surface charge, size, and shape. Doping metals on nanoparticles can g ¥ 53

alter the size and magnetic properties by reducing the energy band =~ § ROS i’ Bacteria f‘f:'?;f % g
Cell g

gap and combining electronic charges with spins. Furthermore,
smaller metal-doped nanoparticles tend to exhibit enhanced
antimicrobial activity due to their higher surface-to-volume ratio, facilitating greater interaction with bacterial cells. Moreover,
metal doping can also lead to increased charge density in magnetic nanoparticles and thereby elevate reactive oxygen species (ROS)
generation. These ROS play a vital role to disrupt bacterial cell membrane, proteins, or nucleic acids. In this review, we compared the
antimicrobial activities of different doped-IONPs, elucidated their mechanism(s), and put forth opinions for improved
biocompatibility.

1. INTRODUCTION of IONPs.”" Doping is the controlled insertion of a foreign
element into the unoccupied crystal lattice of different parts to

Antimicrobial resistance (AMR) is an urgent public health X L ; ) i i
alter their characteristics.”” Similarly, the insertion of foreign

issue associated with severe mortality and morbidity." Nearly

700,000 death occurrences are recorded due to AMR of metal particles into IONPs alter their physicochemical, as well
various types of bacteria, and this statistic is estimated to cross as biological, electrical, and optical, properties” and improve
10 million before the year 2050.” Additionally, bacteria performance compared to bare IONPs.”* IONPs are doped
acquiring antibiotic resistance gene(s) and developing a wide with several metals, and their oxides, such as Ni,”*** Cu,”**
array of AMR mechanisms to protect them from commercially Co,”® Zn,>" Se,*! Mo,** Au,**** Zn0,**° Cu0,*” exhibit
available antimicrobial agents.” Given the severity of drug antimicrobial activity toward pathogenic bacteria.
resistance and the scarcity of therapeutic choices, researchers In the past few years, many review articles reported the
are developing more efficient and potent antibacterial agents. antimicrobial properties and antimicrobial mechanisms of
Recently, nanoparticle-based materials have drawn attention in actions of IONPs. For instance, recently Gudkov et al.
the treatment of microbial infections.” "' (2021)*® and Arias et al. (2018)* discussed the advances in
Among the nanosize materials, iron oxide nanoparticles the antimicrobial activity of IONPs against different micro-

(IONPs) are promising nanoparticles having unique and
tunable magnetic properties, excellent biocompatibility, and
vast surface to conjugate theranostic moieties.'”'> IONPs are
utilized for magnetic resonance imaging (MRI) contrast
dyes,14 drug delivery vehicles,'> antimicrobial agents,16
separating environmental pollutants,'”'® and sensing and
diagnosing disease or pathogens.'” Interestingly, the con-
jugation of antibiotics or other antimicrobial agents with
IONPs makes them more sensitive to bacteria and help to
overcome drug resistance.”’ Furthermore, doping metal atoms
can enhance the antimicrobial activity and magnetic properties

organisms via a variety of interactions (e.g., generation of ROS,
peroxidation of lipids, alterations to DNA, membrane
depolarization with ensuing deterioration of the integrity of
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cell and release of metal ions influencing homeostasis of cells
along with coordination of protein) and how biocompatible
IONPs were with eukaryotic cells and tissues. Hamdy et al.
(2022)* also highlighted how the plant-based green-
synthesized IONPs could exhibit antimicrobial activities by
strongly inhibiting the Gram-positive bacteria and moderately
inhibiting the growth of Gram-negative bacteria through ROS,
which included hydrogen peroxide (H,0,), hydroxyl radicals
(HO®), and superoxide anions (0O,"”), and could harm
biological elements including DNA, proteins, and lipids, as
well as bacterial enzymatic processes. Furthermore, Xu et al.
(2019)" reported that IONPs had potential as prospective
platforms for antimicrobial activities and detection of bacterial
infection due to their magnetic properties. Recently, Yang et al.
(2023)*" identified the limitation of IONPs (eg, agglomer-
ation, lower magnetic relativity, insufficient functionality).
Moreover, authors also summarized various synthesis methods
to control size, shape, or properties of IONPs and highlighted
different biomedical applications including antimicrobial
activity."' However, it was worth noting that Gudkov et al.
(2021),** Hamdy et al. (2022),* and Yang et al. (2023)*" did
not report the influence of the doping metals on the physical
properties of IONPs, comparative analysis of antimicrobial
activities of different metal-doped IONPs, antimicrobial
mechanism of action(s) and approaches to improve bio-
compatibility of different metal doped-IONPs.

In this perspective, we scrutinized the antimicrobial activities
of metal-doped IONPs and their potential mechanism(s) of
action against pathogenic bacteria. Additionally, we pointed
out the different effects of stimuli and the potential pitfalls of
metals as doping agents and proposed future directions to
improve the biocompatibility of doped-IONPs.

2. IONPS

Ferrimagnetic IONPs are utilized in numerous applications of
biomedical and bioengineering.** Different polymorphic forms
of iron oxides, such as y-Fe,0;, Fe;0,, and FeO, which are,
respectively, maghemite, magnetite, and wustite. Among these,
y-Fe,0; and Fe;0, are widely explored from of IONPs due to
their special properties including high specific surface area,
superparamagnetism, and biocompatibility.*’ At nanoscale
dimension, quantum phenomena influence the optical,
electrical, and magnetic properties of matter.** **For instance,
magnetic Fe;O, nanoparticles with 3—50 nm in size are
superparamagnetic.”” An elevated surface area-to-volume ratio
permits efficient dispersion in solution form thereby rendering
these materials optimal for surface functionalization and
modification in an extensive spectrum of uses, including
magnetic sorting, sensing, separation techniques, hyperthermia,
drug delivery, etc."**’

3. DOPED-IRON OXIDE NANOPARTICLES
(DOPED-IONPS)

Doped-IONPs are composed of modified iron oxides by
introducinég_ foreign metals or elements into their struc-
ture.”***>*°7>% Introduction of foreign metals, also known
as dopants, into an empty crystal lattice alters the
physicochemical, biological, electrical, as well as optical
properties of the nanoparticles.”” Doped-IONPs can be
synthesized by coprecipitation (CP), green combustion
(GC), sol—gel process (SGP), chemical polymerization
approach (CPA), microwave-assisted process (MAP), hydro-
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Figure 1. Structures of the y-Fe,0;(001) lattice with various TMISs
(Mn(1I), Co(II), and Ce(IV)), (a) pure, (b) Mn-doped y-Fe,0;, (c)
Co-doped y-Fe,0;, and (d) Ce-doped y-Fe,O; (navy blue: lose
electrons, emerald green: obtain electron). The idea of the diagram is
taken from Xie et al. (2021).7
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Figure 2. Schematic representation of various applications of doped-
IONPs. Doped-IONPs have been utilized in MRI, visualization and
diagnostics, cancer therapy employing magnetic hyperthermia,
photodynamic therapy, bioimaging, biosensor development, environ-
mental remedies, and tissue engineering. MRI: Magnetic resonance
imaging.

thermal approach (HDA).>*>%2%3%3630752 Myltiple types of
dopants, eg, cobalt, nickel, copper, zinc, and rare-earth
elements are broadly applied for doping purposes.”*>*>%*%
At present, doped-IONPs have found widespread applications
in drug delivery, antimicrobial and anticancer activities, MRI
imaging agent.”>”*° Moreover, when doped-IONPs are
employed as antimicrobial agents, transition metals are mainly
utilized due to their antimicrobial characteristics in their bulk
form.”!

Incorporating transition metals into IONPs exhibited higher
antimicrobial activity than bare IONPs.”” Casula et al.
(2016)°° stated that the bare IONPs can obtain intrinsic
magnetic properties and desired morphological or structural
features by doping. This modification could potentially
enhance the antimicrobial activity of doped-IONPs.”” Ahghari
et al. (2013)°" also demonstrated that doped-IONPs yield
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Figure 3. ZOI (mm) of doped-IONPs against S. aureus and E. coli by disk diffusion method. ZOI of ZnFe,0, calcined at 250 °C (a), and 800 °C
(b). CoFe,0, calcined at 250 °C (c), and 800 °C (d). ZnysCoqsFe,0, calcined at 250 °C (e), and 800 °C (f) against S. aureus.ZOI of ZnFe,O,
calcined at 250 °C (g), and 800 °C (h). CoFe,0, calcined at 250 °C (i), and 800 °C (j), and Zn,;Co,sFe,O, calcined at 250 °C (k) and 800 °C
(1) against E. coli. Disk diffusion test for strains of S. Aureus (m—o) and E. coli (p—r), and ZOI of the controls. (m, p) Chloramphenicol; (n, q)
negative control (distilled water); and (o, r) dispersion control (nanoemulsion). Gram-positive bacteria (S. aureus) exhibited larger ZOI than
Gram-negative bacteria (E. coli). Additionally, a lower calcination temperature (250 °C) demonstrated larger ZOI than a higher temperature (800
°C). Image adapted from Morais et al. (2021)""* which is under Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/, accessed on 1 August 2023). This License permits adaptation, distribution, and reproduction in any
medium or format as long as you give appropriate credit to the original author(s). ZOI: Zone of inhibition.

more than bare IONPs. However, careful consideration of the
dopant type and concentration is necessary to achieve desired
nanoparticles without compromising their functionality.*’
3.1. Biocatalytic Activity of Doped-IONPs. The
biocatalytic activity of IONPs is linked to their application as
theranostic agents. This process can be modulated through
modification of their fundamental structure.’’ However, their
effectiveness as biocatalysts in the biomedical field remains
uncertain since of their modest conductivity and larger band
gap.””**Enhancement of the electronic configuration and
number of biologically active sites is an efficient approach for
boosting their electrical conductivity as well as chemical—
physical aspects enabling biocatalysis since these factors play a
significant influence on catalytic performances.®”**Numerous
techniques are aimed at improving a material’s catalytic
effectiveness by offering a greater abundance of catalytic sites
with an expanded surface area, such as the inclusion of
additional substances or doping defect technology, the
architecture of composite materials, and so on.°”*’Among
these, doping is a practical approach to augmenting the
efficiency of biocatalytic processes through the incorporation
of additional atoms within the mother metal oxide lattice
structure. After successfully doping, the dopant can regulate
the electronic configuration of the biocatalyst by boosting the
electric charge carrier density and conductivity and further
improving the active sites.”” Several studies have already

broadly discussed various doping techniques. However, there
has been limited discussion on the effective doping mechanism
of iron-based composite biocatalysts.”” This section will
provide an overview of the mechanistic discussion associated
with the various transition metals doped on IONPs.
Recently, heterogeneous magnetic IONPs MFe,0,, where
the transition metal(s) is denoted as M (M = Fe(II), Co(II),
Cu(II), Mn(II), Mn(III), Zn(II), Ni(II), and so on), are
doped on the mother IONPs, with a spinal structure have been
successfully employed as a biocatalyst.”””"As a result of their
crystalline solid structure, exacerbated magnetism, large active
surface area, and superparamagnetic performance, they were
considered promising biocatalysts.””’*Previous investigation
has demonstrated that doping mechanisms can be developed
by exchanging a TMIs with a second transition metal ions
(TMIS).”* As a consequence, an individual Fe atom had to be
replaced by TMIS, such as Ce(IV), Co(Il), and Mn(II), to
form the exterior surface of doped-IONPs.”> The optimized
metal doping configurations are shown in the illustration
(Figure 1). As a result, an individual Fe atom had to be
replaced by a TMIS such as Ce(IV), Co(II), and Mn(II). After
optimization, the corresponding distance (bond length)
between M and O atoms is 2.198, 1.889, and 1.962 for Ce,
Co, and Mn, respectively, while this was 1.9777 for Fe—O
(before doping).”® This is mainly due to the different ionic
radii of this metal. The Bader charge calculation was employed
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Y o § & to investigate these doping possessions further to estimate the
= g standard deviation of the active charge of Fe(Il), Co(1l),
; é Ce(IV), and Mn(II) metals.
. £8g The average active charge (Q) has been determined by Q =
% § g ,i Za — Qbader Whereas Qpq., and Z,,; symbolize an atom’s Bader
’é & é’ é charge and number of valence electron, respectively, and if Z,;
= o T A has a positive number, it indicates the process of metal electron
E :l 3 § loss. For example, Xie et al. (2021)7° performed a
= e a3 comprehensive study to compare the Z, value for various
33 %';—% © TMIs doped with iron oxide nanoparticles, where all metal
2 ;@ SRS ions have demonstrated a positive Z,, value though losing
2 Fo 2 8C electrons. For the Fe(II), Ce(IV), Co(II), and Mn(II) atoms,
f; i:_%" & §§ the values were 8.0, 12.0, 9.0, and 7.0, respectively, which
p= % g % B indicates that these metals lost their electrons during the
g8 g O & doping process. In contrast, the Ce atom exhibits a significant
%;@ § Qg: '55; level of electron variations on the y-Fe,Oj; lattice and has a
gE 5 g3 greater tendency to donate electrons to atoms around it. As
g = g &g illustrated in Figure 1b—d, the electron density of the y-Fe,O;
LEJ"*E %E éo (001) lattice with these TMIs reveals doped atoms with a
i% E % Z substantial molecular interaction among the doped metal ions
g g 39 and the y-Fe,0; lattice. From the comparison of the outermost
& é % % orbits of free thes’e TMIs with the same atoms on the doped y-
U%\ £S5 Fe,0; composite’s surface, it was found that doped .Fe(II),
2% gzgg E = 2 Mn.(II), Co(II), and Ce(I7\67) atoms haYe more hYbrldlzed d-
S Ed g orbitals than free atoms.”” After doping, there is apparent
S e E g = hybridization in both the d and f orbitals of the Ce atom,
S8 zZzz 2z 7z 8 o E suggesting that there is a strong electrostatic interactions
250 E é 2 between both orbitals with the surroundings of O atom, as
‘g g % established by Jarlborg et al. (2014).”
_ B 3.2. Different Biomedical Applications of Doped-
: §EE IONPs. Doped-IONPs have diverse applications in various
g o o o é S » fields of biomedicine—for instance, in MRI,”®”? visualization
N 22722 ;E g and diagnostics,”’ cancer therapy with magnetic hyper-
gr 2 thermia,”" photodynamic therapy,” development of biosen-
2 =3 {% sors,”” environmental remedies,” and tissue engineering®"**-
“sgg sggg =& g—g (Figure 2). Recently, experimental biomedical imaging field
£ Y 8888 § &g has gotten more focused on the fabrication of novel contrast
©5> S §< agents with multimodal and versatile features of doped-
s _g -i IONPs.2*% In a standard MRI system, doped-IONPs can be
N 2 oRT emplo;;e;?g 8atg(}ow concentrations as suitable negative contrast
% . ¢ S -&E agents.””"" " ""Additionally, doped-IONPs are ideal for cell
& £ % 8 g, &g QE labeling as perspective contrast agents. The optimum
© 2355358 3 T concentration of doped-IONPs within a nontoxic concen-
ARl = 7‘3 g tration range was 0.154 mM reported by Mohammadi et al.
R & ’g A (2020).** These doped-IONPs demonstrate high T2 relaxivity,
e g . ot biodistribution, and long circulation time.***" IONPs doped
R g2 TID with transition metal are also employed to minimize the size of
R ¢ N2 superparamagnetic contrast agents while retaining an excellent
39 E %1; § MRI contrast efficiency.”" o
£< & 58 A recent study by Nowicka et al. (2023)”° reported
& E 8§28 magnetic IONPs doped with magnesium have demonstrated
" § & % outstanding potential for magnetic fluid hyperthermia (MFH)
g = § 5o in lung cancer treatments. MFH is a potential treatment
e X 8¢S technique that uses magnetic doped-IONPs exposed to an
& = U5 g alternating magnetic field to heat malignant tissues to 40—43
o . é é g °C.”” Doped-IONPs also exhibited controlled drug delivery,
) é . ©g= enhanced targeted delivery, improved stability and biocompat-
g £ Eg g,“ E\ i ibility.”** In addition to that doped-IONPs are becoming
g g TS g8 essential for photodynamic therapy carrier due to its ability to
° - B :‘E% § penetrate deeply.”> Moreover, environmental remedies, e.g.,
. 53 é g 5 water treatment, can be performed by utilizing the absorbance
= g*:g 2 :Q;, s ability of doped-IONPs.”' Tissue engineering is also
H 8 T 50 conceivable via doped-IONPs as the magnetic field aids in
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Figure 4. Mechanism of actions of doped-IONPs antimicrobial activity. Particles trigger oxidative stress and cell lysis by (a) generating ROS, (b)
damaging DNA, (c) inactivating enzymes, (d) destabilizing proteins, (e) damaging ribosome, (f) impairing efflux pump, (g) disrupting cytoplasm,
and (h) cell membrane. ROS: Reactive oxygen species; Doped-IONPs: Doped-iron oxide nanoparticles; IONPs: Iron oxide nanoparticles.

cellular mechanotransduction toward guided differentiatio-
n.*¥* Acceptable selectivity, stability, and sensitivity have also
made doped-IONPs a perfect candidate for biosensor.”

3.3. Antimicrobial Activities of Doped-IONPs. Bare
nanoparticles possess inherent properties which can be further
enhanced by doping foreign metals.”” One of the notable
modifications is the enhancement of antimicrobial activity
through different doping methods.”” Doped-IONPs sized
around 20—200 nm have shown significant antimicrobial
activity on different bacteria, where size less than 20 nm.**>*>*
While doped-IONPs larger than 200 nm demonstrated
comparatively poor antimicrobial activity.”*~>%***%*¢ Addi-
tionally, IONPs doped with transition metals shown significant
antimicrobial activity based on the synthesis process, size,
concentrations, and application.”**** Doped-IONPs were
synthesized by using CP, CPA, MAP, GC, SGP, HDA, and
solvothermal approach. However, the CP method was the
most approached one due to its less complexity,”**>*73%3
Moreover, the core advantage of the CP method over other
synthesis methods is generating a large scale of nanoparticles.
The CP method can successfully modify the particles size and
shape by altering ionic strength, pH, temperature, the type of
the salts, e.g.,, chlorides, perchlorates, nitrates, and sulfates, or
the concentration ratio of Fe—II/Fe-IIL”® According to the
thermodynamics of the CP method, IONPs precipitation
should be expected in a nonoxidizing oxygen environment with
a pH range of 8 to 14 and in a stoichiometric ratio of 2:1
(Fe**/Fe**).” In this method, the size of the particles can be
adjusted by adding or changing different stabilizers and iron
oxide ratios.'*’

The influence of nanoparticles on bacteria varies by strain/
species.'”"'”” One of the major reasons why pathogens are
prone to nanoparticles could be their compositions of cell walls
and cell membranes.'”*'%* Moreover, Gram-positive bacteria

22

might be more sensitive toward IONPs due to their lack of cell
membrane and cell wall polarity.'>'% The cell wall of Gram-
negative bacteria, in contrast, is more structurally and
chemically complicated, with a cell membrane made of
phospholipids proteins, lipopolysaccharides, and a thin layer
of peptidoglycan.'”” Furthermore, Gram-negative bacteria
consists of lipopolysaccharides in the outer cell membrane
which elevate the net negative charge, conse?uently repelling
negatively charged free radical penetration.'”” As a result,
Gram—ne(gative bacteria are claimed to be less vulnerable to
IONPs.'” Additionally, Gram-positive bacteria rely only on
the peptidoglycan layer making it more vulnerable to lower
concentrations.'*>'°®!%® Hence, the use of bare or metal-
doped nanoparticles, especially doped-IONPs, as antimicrobial
agents is justified.”»>>'%7 71

A study by Morais et al. (2021)""* showed that ZnFe,0,,
CoFe,0,, and Zn,3Co, sFe,0, exhibited antimicrobial activity
against Gram-positive (Staphylococcus aureus) and Gram-
negative bacteria (E. coli) where Gram-positive bacteria were
more vulnerable to doped-IONPs than Gram-negative bacteria
(Figure 3)."'* Additionally, the ZOI produced for ZnFe,0,
nanoparticles was slightly larger than that for low-temperature
calcined nanoparticles. This means that low-temperature
calcined nanoparticles crystalline structure was moderately
more efficient in inhibiting both strains."'* At lower temper-
atures, small particles were formed and the possible reason
smaller particles were more destructive than the larger one
could be smaller particles are efficient in cell uptake than larger
particles (Figure 3).""> The highest ZOI was created in the
order of ZnFe,0O, > Zn;CoysFe,0, > CoFe,0, indicating
that the produced ferrites have dose-inhibitory capacity
dependence.' '

Metal-doped with IONPs, e.g, Zn-doped-IONPs (ZDI),
Cu-doped-IONPs (CDI), Ni-doped-IONPs (NDI), Se-doped-
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Figure S. Schematic illustration of the effects of nanoparticles triggered by different stimuli. (a) Antibacterial therapy of photoactivated nanoflakes
induced by photocatalytic and photothermal activity. Antibacterial activity is mediated by a synergistic combination of electrostatic contact, ROS
driven oxidative damage, and photothermal inactivation, which clearly damage the cell membranes of bacteria. (b) When exposed to near-infrared
radiation, reduced graphene oxide photothermal effect was much stronger to increase M* release (derived from nanoparticles) which generates
ROS stress, eventually breaking the integrity of bacterial cells. (c) Higher drug release due to increased pH, leading to higher antibacterial activity.
(d) Drug cumulative release increased by external magnetic field. Alternating the magnetic field increases the agitation and motion of magnetic
nanoparticles, leading to enhanced antibacterial activity. These images indicate potential results but do not reflect any actual experiments.

IONPs (SDI), Au-doped-IONPs, Cr-doped-IONPs, and Ca-
doped-IONPs (KDI) have shown higher antimicrobial activity
against resistantbacteria (Bacillus subtilis, Klebsiella pneumoniae,
E. coli, S. aureus, Proteus vulgaris) compared to Mo-doped-
IONPs (MDI), Co-doped-IONPs (CBDI), in terms of zone of
inhibition (ZOI) (Table 1). Among all the metal doped-
IONPs, ZD], CDI, and SDI have shown the highest bacterial
inhibition based on ZOI (>20 nm).***"*® In contrast, KD],
MD], and CBDI have shown the lowest ZOI against different
bacteria (except on S. aureus).”>***>*" Doping activity of ZDI
at the lowest concentration was comparatively higher than any
other doped-IONPs.** Apart from ZOI, minimum inhibitory
concentration (MIC) was performed to determine the lowest
concentration which can inhibit the growth.M_26’28’30’32
Studies of NDI and ZDI have shown higher MIC with the
lowest amount on E. coli, B. subtilis, S. typhi, K. pneumonia,
while MDI has shown no significant inhibition of E. coli at the
highest concentration (Table 1).> MIC and minimum
bactericidal concentration were not reported in most
studies.”>>?3>3%33L 1A though research by Ivashchenko et
al. (2015) reported a higher antimicrobial activity of doped-
IONPs combined with antibiotics."'” The author also
mentioned in a different study that doped-IONPs combined

25

with antibiotics discharged iron ions almost twice as much as
bare IONPs at a pH of 5 in response to the formation of the
galvanic couple with metal, leading to a higher antimicrobial
activity."'®* Doped-IONPs and bare IONPs shared similar
mechanism of actions from generating ROS for disrupting the
bacterial DNA and membrane, leading to cell death

25,28-32,34,36,51,52,116
eventually.” Shs

4. MECHANISMS OF THE DOPED-IONPS
ANTIMICROBIAL ACTIVITY

Although it has been demonstrated that doped-IONPs exhibit
antimicrobial activity against a variety of pathogens, including
Gram-positive, Gram-negative bacteria and fungi, little has
been revealed about the precise mechanism behind such
antimicrobial action. Nonetheless, a substantial study has been
conducted to understand their method of action, and four well-
defined mechanisms have been postulated thus far: (i)
oxidative stress by ROS generation, (ii) reduced expression
of antibiotic resistance genes, protein, and enzyme deactiva-
tion, (iii) disruption of the cell wall and DNA replication, and
(iv) impairment of efflux pump (Figure 4).
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4.1. ROS Generation. Doped-IONPs exhibit mechanisms
of antimicrobial activity similar to those of bare IONPs. One of
the typical mechanism is ROS''”'*’generation, which can
occur during photocatalysis, Fenton reactions, etc."”' ROS
damage the DNA molecules by its genotoxic action.'*”"** The
production of ROS leads to oxidative stress.'”” Bacterial
mortality is caused by free radicals in various ways, including
the depolymerization of polysaccharides, peroxidation of
membrane lipids, breaking of DNA strands, and inactivation
of enzymes.”’ An activity reduction in the antioxidant systems
enzymes such as catalase and glutathione reductase can be
generated by increased ROS concentration.'” Additionally,
doped-IONPs can destroy the integrity of bacterial cell
membranes.””*' The combination of the foreign metal with
nanoparticles by the doping method can effectively increase
the formation of ROS.'** Besides that, with the addition of
doped particles, the spherical morphology of nanoparticles can
shift to a nanofoil-like structure, which enhances antimicrobial
activity.125

At the interface of metal doped-IONPs, electron trapping
may occur.”® The reduction of Fe** ions to Fe" ions utilize
the electrons from the Fermi energy level (the highest energy
level an electron occupies at the absolute zero temperature) of
metal oxide and as a result, decreases the recombination of
electron—hole. Such electron-trapping methods increase the
ternary nanocomposite photocatalytic effectiveness.’® Since
Fe?* ions are less stable, they are rapidly oxidized by oxygen
molecules.'”*""**The electrons released throughout this
oxidation reaction generate superoxide ions (O,*”), and the
holes that are produced at the IONPs surface form the
hydroxyl radical (OH®)."" The basic ROS®® reaction process
involves

Fe** + e”— Fe?*

Fe** + O, - Fe** + 0,°”

M>* +0," - M "+ 0,

Fe**+ H,0, — Fe** + *OH + OH™
0, + H,0, - OH™ + *OH

where “M” represents transition metal(s).

4.2. Reduced Expression of Antibiotic Resistance
Genes, Protein,and Enzyme Deactivation. Similar to
IONPs, doped-IONPs can also bind to functional groups of
proteins, e.g, mercapto (—SH), carboxyl (—COOH), and
amino (—NH), particularly those in enzymes, causing
deregulation or partial inhibition and a reduced expression of
genes linked to antibiotic resistance in bacteria.''”'**'%°

4.3. Disruption of Cell Wall and DNA Replication.
Using transition metals by doping method, particularly
chromium can affect the topology and affect bacteria’s DNA
replication and transcription.”*”"*'Doped-IONPs can enter
the cytoplasm,'** accumulate there, and damage cell wall in the
same way as bare IONPs.””'*’Moreover, FO/F1-ATPase
activity, the rate of H(+) channel via the cell membrane and
affect the redox potential."** Multiple experiments have been
performed to evaluate the antimicrobial activity of doped-
IONPs due to their size and resemblance to other types of
metal IONPs.*

4.4. Impairment of Efflux Pump. There are two potential
ways in which metal-doped-IONPs can prevent efflux pumps
from functioning. In order to prevent the release of antibiotics
outside of the cells, one potential strategy is the immediate
attachment of doped-IONPs to the active site of efflux pumps.
The binding location of efflux pumps may be affected by metal-

26

doped nanoparticles acting as a competitive antibiotic inhibitor
in this instance.”> Disrupting efflux kinetics is another
potential mechanism.'*® Metal nanoparticles may result in
the termination of the proton gradient, which results in the
membrane potential being disrupted or the loss of the proton
motive force, weakening the driving force required for the
. 135,137,138
efflux pump to function.

5. METAL-DOPED MAGNETIC NANOPARTICLES FOR
ANTIMICROBIAL APPLICATIONS AND EFFECT OF
DIFFERENT STIMULI

Like metal-doped IONPs, metal ion-doped other magnetic
nanoparticles have also demonstrated potential for their
application as antimicrobial agent, e.g., Ni, Co, and Fe-doped
MgO,139 Co, Fe-doped Ag,140 Cu-doped ZnO,'*! Ag-doped y-
Fe,0;@Si0,@Zeolitic imidazolate framework-8 (Ag-doped
FSZ),"" Zn,_,Cu,0,'" Zr-doped TiO,"** magnetic nano-
particles. Among all the metal ion doped magnetic nano-
particles listed here, Ag-doped FSZ exhibited the highest ZOI
(264 mm) against E. coli (ATCC 1105) under the dark
environment, while lowest ZOI (S + 0.1 mm) against B.
subtilis was observed after Zn;_,Cu,O treatment (Table
2).142’143 Moreover, Ag-doped FSZ and Ni, Co, and Fe-
doped MgO showed the highest (100000 pg/mL) and lowest
(40 pg/mL) MIC against E. coli and S. aureus, respec-
tively.">”'** It should be noted that MIC values for other metal
ion-doped ma§netic nanoparticles were not re-
ported. **! #1431 These metal-doped magnetic nanopar-
ticles (Ni-, Co-, and Fe-doped MgO'*”) interacts with the thiol
groups found in essential bacterial enzymes, leading to their
inactivation and cell death.'* Moreover, metal doping could
also influence the size and magnetic properties of the maﬁgnetic
nanoparticles by decreasing the energy band gap'*® and
combining electronic charges with spins.'*”'**As the size of
metal-doped nanoparticles decreased, the antimicrobial activity
could increase due to higher surface to volume ratio,
facilitating greater interaction with bacterial cell.'* Addition-
ally, doping metals (Co, Fe,"** Cu,"*"'* Zn'*) could also
increase the charge density on the nanoparticles surface,
contributing to higher ROS generations.149 Magnetic behaviors
of the nanoparticles (Co, Fe-doped Ag'*’) mechanically
damage the microorganisms, increasing the antimicrobial
activity of the magnetic metal-doped nanoparticles.'"

On rare occasions, the antimicrobial properties of doped
nanoparticles could be triggered by different stimuli, e.g,
light,l41_144 temperature,ll pH,143 magnetic field,"*° and
catalyst concentration'*”'** (Figure 5). Shujah et al. (2022)*
reported that when MDI was exposed to light irradiation with
photon energy, excited electrons get trapped by the molecular
oxygen (O,) present on the surface, resulting in production of
greater superoxide anion radicals."*"'** Moreover, increase of
pH could also elevate the negative charge resulting in
adsorbing more OH™ ions, promoting the formation of higher
*OH free radicals.'>® Likewise, upon exposure to solar light Zr-
doped TiO, nanoparticles demonstrated higher ZOI around 16
+ 3.6 mm to 25 + 3.61 mm against E. coli and P. aeruginosa
compared to unexposed particles.'**

6. CONCLUSIONS AND FUTURE DIRECTIONS

Doped-IONPs have substantially presented antimicrobial
activities that are higher than those of bare IONPs. The
antimicrobial activity of doped-IONPs varies depending on
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factors, eg, particle size, coating materials, and synthesis
methods. Doped-IONPs ranging from approximately 20—200
nm have shown notable antimicrobial activity on different
bacteria. In other words, nanoparticles smaller than 20 nm and
larger than 200 nm demonstrated lower levels of antimicrobial
activity. Although different-sized metal-substituted doped-
IONPs at different calcination temperatures display dose-
dependent inhibition due to their high metal molarities and
small size. Lower calcination temperature produces smaller
particles. In addition, higher metal molarities and a smaller size
exhibit greater cell uptake and destruction. Moreover, among
all the synthesis methods, the CP method emerged as the most
convenient approach due to its ability to enable surface
modification, large-scale manufacturing, and precise temper-
ature and pH control during the synthesis process. However,
the biocompatibility of IONPs relies on the choice of dopin

material.”” Doping nontoxic metals, e.g, Ag,154 Au,">® Zn,"°

A1"*” on IONPs has shown reduced or no toxicity. Conversely,
toxic heavy metals and metal oxides, e.g, Cr,'"® TiOZ,159 could
increase the toxicity of IONDPs.

One of the main challenges of using doped-IONPs is their
toxicity and propensity to aggregate due to strong magnetic
attraction and enormous surface energy.'*’ To address these
issues, different surface modification materials can be utilized
for the coating of doped-IONPs such as polymers (e.%,
polyethylene glycol,lél monomers (eg, citrate'®"), silica,'**
chitosan'®*'®* to increase the stability. During the past ten
years, plant-mediated synthesis has also become a viable
alternative to conventional methods for synthesizing.*’
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