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ARTICLE INFO ABSTRACT

Keywords: The past two decades have seen exponential growth in the design and applications of nanoparticles in the med-

Antibacterial ical field. This review is focused on recent developments in metal-organic frameworks (MOFs) and nanomaterials

Antifungal

as inhibitors of microbial growth. With the development of the field of MOFs at the end of the 20" century, much

Metal-organic frameworks research has been devoted to their biomedical applications. A brief introduction to the structure and synthetic

Nanocomposites . . . . . . o
Nanopartiiles methodologies of MOFs is described. The antibacterial and antifungal activities of a number of examples of MOFs
Nanoarchitectonics containing transition metals, inner transition metals, and other metals are explored. Metal- and metalloid-

containing nanoparticles and composites have also been surveyed for their antibacterial and antifungal activities.
A brief description of green and chemical syntheses of nanoparticles is included. This class of metallic nanomate-
rials encompasses a vast number of nanoarchitectonic paradigms, however, in this review, we will identify a few
examples from each metallic group to illustrate the importance of the antimicrobial properties of these nanopar-
ticles. Although metalloids are comprised of a small number of elements compared to metals, there have been
several investigations into their antimicrobial activities, which are highlighted at the end of the review. These
new substances demonstrate the viability of this class of materials to overcome the ever-growing threat of antimi-
crobial resistance.

Abbreviations: ADM, ammonium dimolybdate; AMN, aminomalononitrile; AMPs, antimicrobial peptides; AMR, antimicrobial resistance; APTMS, aminosilane;
BFO, bismuth ferrite; BioTe, biogenic tellurium nanorods; BNNS, boron nitride nanosheets; BTB, 1,3,5-tri(4-carboxyphenyl) benzene; Car, carbenicillin; CDT,
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1. Introduction
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In November 2023, the World Health Organization (WHO) report on
antimicrobial resistance (AMR) underscored the importance of the con-
tinued development of antimicrobial agents. In this document, the crisis

Interactions with phospholipid bilayer

Binding to cytosolic proteins

Formation of Reactive Oxygen Species (ROS)

Fig. 1. Mechanisms of antimicrobial activity of nanomaterials via: a) disruption of the phospholipid bilayer, b) binding proteins in the cytosol and c¢) formation of re-
active oxygen species. Reproduced from Ref. [19], with permission from John Wiley & Sons, Copyright © 2018. Wiley-VCH GmbH.
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Fig. 3. Example structure of secondary building units (SBUs) and organic linkers used in the construction of MOFs. Reproduced from Ref. [58] with permission from

Elsevier, Copyright © 2019.

facing the world in terms of antimicrobial development and clinical tri-
als was analyzed [1]. The report estimated that 1.27 million deaths
globally were directly related to AMR in 2019, as an example [1,2].
There has been tremendous interest in the development of metal- and
metalloid-containing materials for biomedical applications, including
as antimicrobials [3-18]. Some of the mechanisms of antimicrobial ac-
tivity of nanomaterials are shown in Fig. 1, including phospholipid bi-
layer interactions, binding of cytosolic proteins, and generation of reac-
tive oxygen species (ROS) [19].

Antimicrobial nanomaterials have been the focus of attention as al-
ternatives to traditional antibiotics, as they have the potential to over-
come antibiotic resistance [20-22]. A review by Xie et al. described the
effects of antibacterial nanomaterials on the development of AMR [23].
Unlike conventional antibiotics, some antibacterial nanomaterials have
been shown to have effects that do not result in the development of
AMR. However, others do cause AMR evolution due to bacterial resis-

tance mechanisms. The authors therefore proposed four main ap-
proaches to try to design antibacterial nanomaterials that would pre-
vent AMR development: design of nanocomposites to diversify the
types of interactions and targets in the cell, functionalization of nano-
materials for specific stimuli-responsive behaviour, attaching ligands to
the surface of the nanomaterials for species selectivity and ion shielding
to reduce non-specific metal ion release. The authors also noted other
challenges that hindered the use of antibacterial nanomaterials in dif-
ferent fields, including lower selectivity for target microorganisms, ad-
verse side effects, poor colloidal stability resulting in aggregation and
unfavourable reaction kinetics compared to simpler molecules.

In addition to their antibacterial properties, research has also been
carried out on the use of nanomaterials for treating fungal infections. In
2020, a review by Xu et al. described the progress of investigation of an-
tifungal nanomaterials as potential therapeutic agents [24]. Metal
nanoparticles such as silver and zinc oxide, as well as curcumin, chi-
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Fig. 4. MOF pore structure. Reproduced from Ref. [58] with permission from
Elsevier, Copyright © 2019.
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Fig. 5. Different synthetic methods for the preparation of MOFs.

tosan, and SiCl, nanoparticles have all shown promise as antifungal
agents, although metal nanoparticles have been studied the most for
their mechanisms.

Nanocomposites have also been examined for their antibacterial and
antifungal activities [25]. Incorporation of inorganic nanoparticles into
nanocomposites has been shown to enhance their antimicrobial activity
compared to the corresponding bulk materials. The increased activity is
a function of greater contact with the bacterial cell surface, due to the
nanocomposites’ high surface-to-volume ratio. However, further re-
search is needed on their toxicity, details on the mechanism of bacterial
interactions, and applications of nanocomposites as antifungal agents.

In an article published in Annual Review of Microbiology in 2021, Li
and coworkers surveyed the antimicrobial activities of metals and met-
alloids like copper and arsenic as well as describing the development of
AMR as an evolutionary advantage for microorganisms [26]. In con-
trast, our review article is focused on metal- and metalloid-containing
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Fig. 6. Cell viability of a) empty and b) tetracycline (TC)-loaded Ca-Sr-MOFs
using MTT assays. Reproduced from Ref. [104], https://doi.org/10.1021/
acsomega.3c06991, under the terms of the CC BY NC ND license, http://
creativecommons.org/licenses/by-nc-nd/4.0/

materials and their importance in combating bacterial and fungal infec-
tions.

Recent reports on nanoarchitetonics have shown the importance of
the design of these tunable bioactive materials [27-34]. Fig. 2 is an il-
lustration of the various classes of nanomaterials that are covered in
this review. Metal-organic frameworks (MOFs) are composed of metals
connected to organic linker groups. As an example, a Zn-containing
MOF was prepared with a one-dimensional channel in which adenine
residues are immobilized on the interior surface of the channel to facili-
tate DNA base pairing with thymine [35]. Another class of nanomateri-
als is metallic nanoparticles. Metal ions can be reduced to metal
nanoparticles, then aggregated and stabilized with capping agents to
form the active metallic nanoparticles [36]. Metalloid nanoparticles
can be prepared similar to metallic nanoparticles and silicon nanoparti-
cles are included in Fig. 2 as an example of this class [37]. Finally,
nanocomposites are nanoscale materials that consist of multiple phases.
For example, a nanocomposite film was prepared by coating of a cellu-
lose film with Ag and TiO, nanoparticles [38]. This review will give a
detailed description of the design of these classes of materials and their
biological activities, using notable examples.

2. Metal-organic frameworks (MOFs)

Since the 1990’s, there has been tremendous interest in the use of
metal-organic frameworks (MOFs) in many fields, in light of their extra-
ordinarily high surface areas and their ability to tune their pore size as
well as their surface properties [39-54]. A highly cited review by Zhou
et al. in 2012 thoroughly described the field of MOFs [55]. The develop-
ment, utilization and challenges of MOFs in biomedicine were exam-
ined by Yang and Yang [56] and Wang et al. [57]. They reviewed the
preparations of MOFs and the ability to functionalize them for use in
biomedical fields such as drug delivery, detection of diseases and as an-
timicrobial agents.

2.1. Structure

Jiao et al. described the structure of MOFs and their functional ap-
plications in various fields including biomedicine [58]. They high-
lighted the challenges facing the progress of this area, as it still requires
more research to fully understand the process of self-assembly in a
closed system. MOFs are porous materials that consist of metals or
metal clusters, referred to as secondary building units (SBUs), con-
nected by organic linkers, which contain either nitrogen atoms or car-
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Fig. 7. Microwave synthesis of aluminum-based metal-organic frameworks (MOF). Reproduced from Ref. [112] with permission from Elsevier, Copyright © 2022.

boxylic acid groups. A few examples of SBUs containing Zn, Cu, Fe, Zr,
or Ti, as well as several organic linkers, are presented in Fig. 3.

By selecting specific SBUs and organic linkers, MOFs can be tuned
for pore size and structure [59-63]. This can provide pore surfaces with
different functional sites for a range of potential applications. Func-
tional groups may also be integrated into the organic linkers or added
via post-synthetic modification of SBUs or organic linkers. Fig. 4 shows
the general structure of a pore in an MOF [58]. Due to the tunable prop-
erties of MOFs, these pores can range in size, from accommodating
small molecules and metal atoms to larger polymers and even small en-
zymes.

2.2. Synthetic methodologies

Synthetic methodologies for the preparation of MOFs were summa-
rized in a highly cited review by Stock and Biswas in 2012, as well as
several more recent reviews [64-68]. Fig. 5 outlines the main synthetic
techniques for MOFs. It was reported that the microwave and ultra-
sound techniques were the most efficient, with the lowest cost and en-
ergy consumption [69]. The microwave approach produces highly
porous and crystalline materials [70,71]. It also can allow for smaller
particle sizes and greater control over shape [72,73]. The microwave
methodology often gave high yields and shorter reaction times [74,75].
Synthesis using ultrasound can reduce the time and temperatures
needed for nucleation and crystallization, but requires careful handling
to achieve optimal particle size and morphology [76-78]. The method-
ology for the electrochemical preparation of MOFs first appeared in a
patent by Miiller et al. from BASF Aktiengesellschaft in 2005 [79]. Elec-
trochemical synthesis of MOFs consists of two types: anodic dissolution
and cathodic deposition [80,81]. This approach allows for fine control
over particle size, but the morphology of the resulting MOFs is highly
dependent on concentrations of the SBUs and linkers by the electrode
[82-84]. Hot pressing is a rapid solvent-free technique involving the
bonding of the SBUs and linkers to the surface of substrates, followed by
the application of temperature and pressure to initiate nucleation
[85-87]. Another solvent-free or low-solvent synthetic approach is
mechanochemical synthesis, which uses mechanical force to assist the
chemical reactions, through milling, grinding, or liquid-assisted grind-

ing [88-91]. Spray drying is efficient in preparing microspherical pow-
ders, which can be effectively scaled up with a low-cost and simple
methodology [92]. The solvothermal method uses heated solvent in a
sealed vessel so that it can reach temperatures above its atmospheric
boiling point [93,94]. Disadvantages to this approach include high tem-
peratures and lower yields [95]. Lastly, in one of the first effective
methods for MOF preparation, the slow evaporation method, the
reagents are mixed and the solvent slowly evaporates, resulting in de-
position of crystals that promote further nucleation [96].

2.3. Antibacterial and antifungal activities

MOFs can exert antibacterial effects through (1) the release of an-
timicrobial ligands, (2) the release of metal ions with antibacterial ac-
tivity like Ag, Cu, and Zn, (3) the release of antibacterial agents carried
by the MOF, or (4) the release of antibacterials loaded by post-synthetic
modifications to the MOF. Recent progress has been made in develop-
ing Zn-based MOFs, Cu-based MOFs, Ag-based MOFs, and Fe-based
MOFs for antibacterial applications, both as pure MOFs and composite
MOF systems. Strategies like surface modification, core-shell structures,
and MOF derivatives have been utilized to enhance antibacterial perfor-
mance. MOFs show broad-spectrum antibacterial activity against both
Gram-positive and Gram-negative bacteria. Proposed mechanisms in-
volve metal ion release, ROS generation, and synergies with co-loaded
antibiotics. Challenges remain regarding biocompatibility, controlled
degradation, efficient loading, and controlled cargo release. However,
continued research to address these will support the translation of MOF
antibacterial platforms to clinical applications [97,98]. In addition to
their antimicrobial effects, MOFs can also simultaneously be used to
promote wound healing while preventing infection at the wound site
[99,100]. In this section, we will divide the MOFs based on the metallic
moieties and provide some recent examples of the use of this class of
materials as antimicrobial and antifungal agents.

2.3.1. Alkaline earth metals

Alkaline earth metal-containing MOFs have been utilized in various
applications, including the biomedical field [101-103]. Here we de-
scribe an example of this class of materials. Aminomalononitrile
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Fig. 8. Illustration of cellular mechanisms for GaMOF inhibition of intracellular bacterial growth and pyroptosis, as well as anti-inflammatory activity.

Pro-IL-1p = interleukin 1f precursor, IL-1p = interleukin 1p, GSDMD

gasdermin D, GSDMD-NT = gasdermin D N-terminal domain. Reproduced

from Ref. [113], with permission from John Wiley & Sons, Copyright © 2022.

(AMN)-coated MOFs with calcium, strontium, and organic ligands were
developed by Vadivelmurugan et al., and their applications as antibac-
terial agents and drug carriers of tetracycline were investigated [104].
In this study, tetracycline was loaded on the MOFs in high capacity.
Drug release studies showed 55.15 % cumulative release from Ca-Sr-
MOF and 9.1 % from Ca-Sr-AMN-MOF over 24 h. The cytotoxicity as-
says demonstrated that both MOFs (Ca—Sr—MOF and Ca-Sr—-AMN-MOF)
showed good biocompatibility with fibroblast cells. The relative cell vi-
ability was over 80 % for both empty Ca-Sr-MOF and
Ca-Sr-AMN-MOF, as well as for tetracycline (TC)-loaded TC-
Ca-Sr-MOF and TC-Ca-Sr—-AMN-MOF, as shown in the results from
MTT (3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium bromide)
assays in Fig. 6. Antibacterial testing against E. coli revealed enhanced
inhibition zones for tetracycline-loaded MOFs compared to free tetracy-
cline, indicating improved antibacterial performance. It was therefore

concluded that Ca-Sr-based MOFs are promising drug carriers for tetra-
cycline delivery with sustained release and improved antibacterial ac-
tivity, in which the AMN polymer coating allowed for the modulation of
the drug release profile.

2.3.2. Aluminum and gallium

Multiple metals such as aluminum and gallium have gained atten-
tion as components of MOFs in light of their low cost and toxicity, as
well as their industrial and biomedical applications [105-111]. To
demonstrate the antibacterial and antifungal activities of Al and Ga, a
few examples are presented.

An aluminum-based metal-organic framework, the porous alu-
minum terephthalate (MIL-53(Al)) (2), and its amine-functionalized
form, NH,-MIL-53(Al) (4), were synthesized using a microwave method
from terephthalic acid (H,BDC) (1) or 2-aminoterephthalic acid
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Fig. 9. Mouse model of wound healing in vivo. a) Illustrated outline of wound healing experiment design, b) photographs of infected wounds up to 14 days after
treatments (Car = carbenicillin, H-TiO,, = titanium oxide nanoshells, Car + H-TiO,, = carbenicillin-coated nanoshells, Ga + H-TiO, = gallium-coated

nanoshells, H-TiO, ,@MOF = gallium MOF-coated nanoshells), c) survival rates of mouse groups, d) reduction of wound area size over time (data = means * stan-
dard deviation; n = 3; **** p < 0.0001), e) microscope images of wound tissue sections stained with hematoxylin and eosin at days 7 and 14 (white arrows indi-
cate the epidermis, red arrows indicate blood vessels, f) photographs of agar plates inoculated with bacterial colonies from the infected wounds of mice in each treat-
ment group. Reproduced from Ref. [115] with permission from John Wiley & Sons, Copyright © 2020 Wiley-VCH GmbH.

(NH,H,BDC) (3), as shown in Fig. 7 [112]. The materials were charac-
terized and found to have crystalline, microporous structures. Function-
alization with amine groups increased the surface charge but decreased
particle size and surface area of 4 compared to 2. The biological activi-
ties of the MOFs were tested, and 4 showed better antioxidant ability to
scavenge 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals (48.6 % at
500 mg/L) and metal chelating capacity (63.3 % at 500 mg/L) com-
pared to MIL-53(Al). In tests with plasmid DNA, both 4 and 2 demon-
strated DNA cleavage. MOF 4 also exhibited stronger antimicrobial
properties against bacteria and fungi tested, with minimum inhibitory

concentrations as low as 8 mg/L against Enterococcus hirae. The MOFs,
especially 4, displayed excellent anti-biofilm activity against S. aureus,
inhibiting up to 79 % of biofilm formation at 500 mg/L concentration.
The results indicate that aluminum MOFs have promising biological ac-
tivities and could be used as antioxidant, antimicrobial, and anti-
biofilm agents in various applications pending further research. Func-
tionalization with amine groups enhanced some of these activities.
Huang et al. described how gallium MOFs form into nanoparticle
“bombs” that can enter cells and activate apoptosis via the caspase
pathway [113]. The gallium MOFs can carry antibiotics across cell



A. Abd-El-Aziz et al.

Donut-like CuVB3 MOF interlocked by the
TEMPO-Cridized Bacterial Cellulose Manofibers

Antibacterial Properties  Wound Closure and Healing

Applied Materials Today xxx (xxxx) 102335

Fig. 10. Summary of structure and activity of the copper-cellulose CuVB3 MOF. Reproduced from Ref. [126] with permission from Elsevier, Copyright © 2023.
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Fig. 11. Schematic illustration of the loading of ciprofloxacin into PCL-MOF composites and sustained release of the antibiotic. Reproduced from Ref. [127], https://
doi.org/10.1016/j.jddst.2023.104894, under the terms of the CC BY 4.0 license, http://creativecommons.org/licenses/by/4.0/

membranes and interfere with iron metabolism using the Ga®* mecha-
nism. The in vivo inflammation-associated pyroptosis caused by infec-
tions with intracellular S. aureus bacteria was also reduced by the gal-
lium MOFs and even further reduced by a combination of gallium MOFs
with conventional antibiotics. The anti-pyroptosis mechanism is shown
in Fig. 8.

Liu et al. prepared MOFs containing gallium and loaded with antimi-
crobial peptides (AMPs) to use as a combination therapy for targeting
methicillin-resistant Staphylococcus aureus (MRSA) and E. coli bacteria
[114]. The resulting nanocomposites not only showed antibacterial ef-

fects from both the gallium and AMPs, but also a synergistic effect that
was stronger than each individually. Other advantages of the nanocom-
posites included the downregulation of proinflammatory cytokines IL-6
(interleukin 6) and TNF-a (tumour necrosis factor «), which improved
wound healing, as well as being biocompatible.

A gallium—carbenicillin framework containing coated defect-rich
hollow titanium oxide nanoshells, referred to as H-TiO, ,@MOF, was
prepared by Yang et al. [115]. The framework was also sensitive to
degradation under acidic pH, such as that present in the environment of
bacterial infections. This framework synergistically generated ROS
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from both the Ga and TiO,, in addition to the antibacterial properties of
carbenicillin. Due to these factors, improved antibacterial properties
were observed for the MOFs in vitro against MRSA and P. aeruginosa. An
in vivo mouse model outlined in Fig. 9a was then used to study their
wound healing and antibacterial effects. In addition to reduced bacter-

ial load, which was determined by growth of bacterial colonies on
plates inoculated with the bacteria from infected tissue (Fig. 9f), the
wounds closed faster due to the MOF compared to any combination of
the individual components (Fig. 9b and d). The survival rate (Fig. 9c)
was also highest for the H-TiO, ,@MOF. The authors proposed that the
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absence of inflammatory cells due to infection would improve healing.
Further, the MOF encouraged vascularization of the wound site, which
could recruit different mediators at the site to also improve wound heal-
ing (Fig. 9e).

2.3.3. Transition metals

Transition metal-containing MOFs have seen considerable attention
due to their wide range of uses including renewable energy, biomed-
ical, catalytic and environmental applications [116-125]. A nanocom-
posite wound dressing was prepared using a copper MOF of TEMPO-
oxidized bacterial cellulose nanofibers with vitamin B3 (TOBC-CuVB3)
[126]. An agar diffusion method was used to measure antibacterial ac-
tivity against Gram-positive S. aureus and Gram-negative E. coli. In ad-
dition, in cellular scratch assays, over 98 % of wounds treated with the
copper nanocomposite closed. This combination showed that the
nanocomposite not only prevented infection, but also promoted wound
healing. A summary of the findings is shown in Fig. 10.

Researchers developed composites of MOFs loaded with the antibi-
otic ciprofloxacin integrated into polycaprolactone (PCL) polymer
membranes with UiO-66 and UiO-66-NH, zirconium-based MOFs
[127]. Ciprofloxacin (5) was loaded into the MOFs post-synthetically
and then integrated into PCL membranes using a solvent casting
method. Drug release studies showed pH-dependent drug discharge
with sustained delivery over seven days from the PCL-MOF composites,
with concentrations remaining effective against bacteria. Antimicrobial

testing demonstrated inhibition of both Gram-positive S. aureus and
Gram-negative E. coli bacterial growth. The ciprofloxacin-loaded PCL-
MOF composites showed promise as an antimicrobial platform for con-
trolled and sustained drug delivery at effective doses, as shown in the il-
lustration in Fig. 11. The authors suggested these composite systems
could be useful for developing medical devices or implants for the treat-
ment of infections.

Shoueir et al. prepared guanine-MOF (Bio-MOF) (8) by ultrasonic
mixing of guanine (6) with zinc acetylacetonate (7) and terephthalic
acid (1) for 30 min, followed by heating for 6 h at 150 ‘C [128].
Polyaniline (PAN) was encapsulated within a bio-compatible metal-
organic framework (Bio-MOF) containing zinc oxide nanoparticles. The
resulting PAN@ZnONPs/MOF composite (9) was investigated for its
antimicrobial properties. The composite photocatalyzed the degrada-
tion of ciprofloxacin from hazardous pharmaceutical waste. The PAN
formed a fibrous network with diameters around 20 nm and lengths
from 180-450 nm. The Bio-MOF particles were rod-shaped with diame-
ters of 55-130 nm (Fig. 12). Combining PAN and Bio-MOF led to a
rougher surface and more porous structure.

The PAN@ZnONPs/MOF (9) composite was able to degrade 97.2 %
of ciprofloxacin (5) after 70 min under visible light irradiation. The in-
creased photocatalytic activity was attributed to improved charge sepa-
ration from the ZnO and conductivity of the PAN. Antimicrobial testing
showed the PAN@ZnONPs/MOF (9) composite had enhanced inhibi-
tion zones under light compared to dark conditions against S. aureus, E.
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coli, C. albicans and Aspergillus niger, demonstrating a photo-activated
antimicrobial effect. The fast photocatalytic degradation of
ciprofloxacin and photo-activated antimicrobial properties make the
PAN-encapsulated Bio-MOF an interesting material for disinfection and
sterilization applications.

Xue et al. designed size-controlled synthesis of two-dimensional
(2D) porphyrin-based metal-organic framework (MOF) PCN-134
nanosheets and explored the effect of size on their photodynamic per-
formance for enhanced photodynamic antimicrobial therapy [129]. 2D
PCN-134 MOF nanosheets with different lateral sizes and thicknesses
were synthesized by a two-step solvothermal method by controlling the
reaction temperature (Fig. 13). Zirconium salts were reacted with 1,3,5-
tri(4-carboxyphenyl) benzene (BTB) at low temperature, followed by
reaction with meso-tetra(4-carboxyphenyl)porphyrin (TCPP) at high
temperature, yielding PCN-134 MOF. Different types of nanosheets
were produced by changing the temperature, organic acid, and type of
zirconium salt in the first step. These nanosheets were then modified
with polyvinylpyrrolidone (PVP).

Small PCN-134 (S-PCN-134) nanosheets (lateral size 160-180 nm,
thickness 9.1-9.7 nm) exhibited higher catalytic activity for ROS gener-
ation under 660 nm laser irradiation compared to bulk PCN-134 crys-
tals and large PCN-134 (L-PCN-134) nanosheets. After modification
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with PVP, PVP@S-PCN-134 nanosheets showed excellent photody-
namic antibacterial activity against S. aureus (Fig. 14). These
nanosheets also promoted wound healing in a mouse model under
660 nm laser irradiation. Bacteria were taken from the wound tissue af-
ter 3 days and the lowest level of bacteria was observed from the sam-
ples from the group treated with the nanosheets and irradiation. Sec-
tions of tissue were also obtained after 9 days of treatment and showed
growth of granulation tissue, as demonstrated by haematoxylin and
eosin (H&E) staining. The antibacterial effect was also demonstrated by
measuring the degree of inflammation. The level of inflammatory cy-
tokine TNF-a was determined using staining with anti-TNF-« antibodies
and, as expected, the lowest level of TNF-a was also observed in the
group treated with the nanosheets and irradiation.

In summary, the PVP@S-PCN-134 nanosheets acted as efficient pho-
tosensitizers for photodynamic antimicrobial therapy and the optimiza-
tion of 2D MOF nanosheet size allowed for enhanced photodynamic
performance for antibacterial applications.

The synthesis and characterization of a nickel-based metal-organic
framework (Ni-gallate MOF) using the natural antioxidant gallic acid as
a linker was described in an article by El-Shahawy et al. [130]. The Ni-
gallate MOF displayed antibacterial activity against both Gram-positive
(S. aureus, Streptococcus) and Gram-negative (E. coli, P. aeruginosa) bac-
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teria, antifungal activity against two fungal strains (Aspergillus flocculo-
sus and Aspergillus nigricans), and anticancer activity against human
rhabdomyosarcoma (RMS) cells. The Ni-gallate MOF inhibited cell
growth in a concentration-dependent manner (Fig. 15). Its anticancer
efficacy was comparable to the chemotherapy drug doxorubicin. The
mechanisms behind the antimicrobial and anticancer activities are un-
known but may involve reactive oxygen species generation by the gallic
acid component. Further studies are needed to elucidate the mecha-
nisms. Overall, the results demonstrate that the synthesized Ni-gallate
MOF has broad-spectrum antimicrobial effects and anticancer poten-
tial, warranting further investigation for therapeutic applications.

12

Yilmaz and coworkers reported the development of a cellulose-
based fluorescent sensor (Cel-Nap) using a naphthalimide group for de-
tecting chromium (VI) ions [131]. This group also previously described
the use of the UiO-66 MOF modified with naphthalimide for detection
of chromium ions as well as its antimicrobial activity [132]. The syn-
thetic approach of modifying cellulose with naphthalimide is shown in
Fig. 16. The 4-sulfo-1,8-naphthalic anhydride potassium salt (10) was
reacted with 3-amino-1-propanol to produce Nap (11). Cellulose (12)
was then modified with hexamethylene diisocyanate (HMDI) (13) to
give the modified cellulose (14), which then reacted with Nap (11) to
yield Cel-Nap (15). Cel-Nap showed high sensitivity and selectivity for
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Scheme 1. Structure proposed for Fe;0,/Zn-metal organic framework (19).

detecting Cr(VI), with a low detection limit of 1.07 pM. Cel-Nap (15)
was encapsulated into two metal-organic framework structures - UiO-
66 and ZIF-8. The antimicrobial properties of these MOF-encapsulated
materials (16) were tested and then further modified by adding silver
ions (17) or silver nanoparticles (18). Either form of silver enhanced

antimicrobial activity against bacteria (E. coli, P. aeruginosa, K. pneumo-
niae, S. aureus, S. enteriditis, S. lutea and B. cereus) and yeast (C. albi-
cans). ZIF-8 based materials showed better antimicrobial effects than
Ui0-66, while silver ions were more effective than silver nanoparticles.
The best antimicrobial activity was seen for ZIF-8 encapsulated Cel-Nap
loaded with silver ions, which showed a minimum inhibitory concen-
tration of 0.0024 mg/mL against E. coli. In summary, the cellulose-
based probe was selective and sensitive for Cr(VI) detection, while MOF
encapsulation allowed for antibacterial functionality with excellent ef-
fects from silver ion loading.

Wu et al. investigated the use of metal-organic frameworks (MOFs)
as carriers for volatile antimicrobial essential oils like thymol [133].
Zinc metal-organic framework (Zn@MOF) was synthesized and its
porous structure was confirmed. Thymol was loaded into the pores at
3.96 % by weight. The morphology and crystal structure of the
Zn@MOF were analyzed with SEM (scanning electron microscopy) and
XRD (X-ray diffraction) spectroscopy. The Zn@MOF had a cubic struc-
ture with a pore size of 30 A. Antibacterial testing showed thymol-
loaded Zn@MOF (T-Zn@MOF) inhibited E. coli 0157:H7 growth with-
out an exponential phase, likely due to sustained release of thymol from
the MOF pores where it was incorporated via noncovalent interactions.
A graph of the antibacterial assay results is shown in Fig. 17. The results
demonstrate that MOFs could potentially be used as carriers for volatile
antimicrobial oils like thymol to enhance their antimicrobial effects, al-
though further research is needed on applications in food and efficacy
against other pathogens.

Sierra and coworkers described the synthesis and antibacterial ac-
tivity of metal-organic frameworks (MOFs) immobilized on cotton fi-
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Fig. 20. Schematic diagram of synergistic chemo-photothermal antibacterial therapy for ZIF-8-ICG nanoparticles irradiated at 808 nm. Reproduced from Ref. [137],
https://doi.org/10.3390/pharmaceutics11090463, under the terms of the CC BY 4.0 license, http://creativecommons.org/licenses/by/4.0/
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bres [134]. Copper, zinc, and aluminum-based MOFs (MOF-199, MOF-
74, MOF-5, and MIL-53) were successfully synthesized on -car-
boxymethylated cotton fibres using an in situ method. SEM and XRD
analysis confirmed the MOF crystals were present on the cotton fibres
and remained stable after sterilization by autoclaving. All the cotton-
MOF systems displayed antibacterial activity against the tested nosoco-
mial bacteria E. coli, S. aureus, and K. pneumoniae, as shown by the
graphs of bacterial growth inhibition in Fig. 18. Gram-negative bacteria
(E. coli and K. pneumoniae) were more susceptible to the MOF systems
than the Gram-positive S. aureus. Cotton-MOF-199 showed the highest
broad-spectrum antibacterial activity. The MOFs appear stably bound
to the fibers, with no leaching of MOF components. This suggests a di-
rect contact-based antibacterial mechanism rather than one based on
leaching. The environmentally friendly synthesis method and high an-
tibacterial activity make these cotton-MOF systems promising for

15

reusable anti-infective hospital textiles to help prevent healthcare-
associated infections.

Polyphosphazene modified with silver nanoparticles (Ag@PRV) ex-
hibited an antibacterial effect against E. coli and S. aureus [135].
Ag@PRYV Strawberry-like nanoparticles showed better activity relative
to Ag@PRV Yolk-Shell nanoparticles and Ag@PRV Cable-like
nanofibers. SEM micrographs of each nanofiber are shown in Fig. 19.
These three nanoparticles or nanofibers were tested against Gram-
positive bacteria and Gram-negative bacteria, and they had higher ac-
tivities against Gram-positive bacteria.

Bashar et al. reported on the synthesis and characterization of a
novel Fe;0,/Zn-metal organic framework (MOF) magnetic nanostruc-
ture (19) using a microwave-assisted method [136]. Characterization of
the nanostructures confirmed their crystallinity, thermal stability, high
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Table 1

Summary of antimicrobial activities for Cu/Co-hybrid MOF/PVA fibers. Reproduced from Ref. [140], https://doi.org/10.3389/fmats.2023.1214426, under the

terms of the CC BY 4.0 license, http://creativecommons.org/licenses/by/4.0/
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surface area, and magnetic properties. Based on the structural charac-
terization, the authors proposed a structure presented in Scheme 1.

The nanostructures showed strong antimicrobial activity against
Gram-positive (Rhodococcus equi and Streptococcus agalactiae) and
Gram-negative bacteria (P. aeruginosa and Shigella dysenteriae) as well
as fungi (C. albicans), with minimum inhibitory concentration (MIC)
values ranging from 16-128 pg/mL. The antimicrobial activity was
higher than some commercial antimicrobial drugs. The high surface
area also imparted good catalytic activity to the nanostructures in syn-
thesizing new spiro[indoline-pyranopyrimidine] heterocyclic com-
pounds via a multicomponent reaction. Twelve derivatives were syn-
thesized in 10-20 min with yields above 85 %. The magnetic nanos-
tructures could be easily separated by a magnet after the reaction due to
their magnetic properties and reused for five cycles without significant
loss of activity. In summary, microwave synthesis imparted unique
properties like high surface area to the magnetic MOF nanostructures,
making them efficient as antimicrobial agents and catalysts for organic
synthesis.

An article from 2019 by Wu et al. described the development of an
MOF-based system for combined chemo and photothermal therapy
against antibiotic-resistant bacteria [137]. Zeolitic imidazolate frame-
works-8 (ZIF-8) were loaded with the photothermal agent indocyanine
green (ICG) to form ZIF-8-ICG nanoparticles. These nanoparticles have
high ICG loading capacity and stability. ZIF-8-ICG nanoparticles effi-
ciently convert near-infrared light into heat, allowing precise and rapid

16

photothermal killing of bacteria. The heat also accelerates the release of
zinc ions from the degrading ZIF-8 framework. The zinc ions permeabi-
lize bacterial cell membranes, inhibit bacterial growth, and reduce heat
resistance - enhancing the antibacterial efficacy by combining pho-
tothermal ablation with chemotherapeutic effects. A summary of the
mechanisms for this combination therapy is shown in Fig. 20.

ZIF-8-ICG showed potent antibacterial activity in vitro against both
Gram-positive and Gram-negative species, completely eradicating
MRSA and P. aeruginosa even at low nanoparticle doses with mild heat-
ing. In vivo tests using a mouse model of MRSA skin infection (Fig. 21a)
demonstrated that ZIF-8-ICG treatment under near-infrared (NIR) irra-
diation could almost completely eliminate skin abscesses caused by the
infection, as shown in the photographs in Fig. 21d. The antibacterial ac-
tivity was due to photothermal heating, as demonstrated by both the
thermal images in Fig. 21b and the temperature graph in Fig. 21c. The
growth of MRSA (as illustrated by the graphs in Fig. 21e and pho-
tographs of plates in Fig. 21g) and percent bacterial survival (Fig. 21f)
were both significantly decreased due to irradiation after ZIF-8-ICG
treatment. The ZIF-8-ICG system was biocompatible and safe for an-
timicrobial therapy in cell culture and animal models. The results indi-
cate this chemo-photothermal approach has strong potential to combat
multidrug-resistant bacteria.

Zhan et al. synthesized a cobalt-MOF composite (Co-MOF) using a
solvothermal method [138]. SEM and TEM (transmission electron mi-
croscopy) analysis showed the Co-MOF had a layered, folded structure
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Fig. 23. Antibacterial activities measured using the agar well diffusion method for (a, b) S. aureus, (c, d) E. coli, (e, f) Candida spp., or (g, h) A. niger, treated
with two Fe(IlI)-MOFs, amikacin, Unasyn (ampicillin/sulbactam), ciprofloxacin, ceftriaxone, Duricef (cefadroxil), or Flagyl (metronidazole). Reproduced from
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with rough, uneven surface morphology. Tests showed the Co-MOF ex-
hibited peroxidase-like activity, catalyzing the oxidation of tetram-
ethylbenzidine (TMB) by hydrogen peroxide. This activity could allow
it to produce reactive oxygen species that are toxic to bacteria. Bacterial
infection experiments revealed the Co-MOF showed excellent antibac-
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terial activity against P. aeruginosa in the presence of low concentra-
tions of hydrogen peroxide, reducing bacterial colony survival to less
than 10 %. Further exploration is still needed on aspects like the spe-
cific ROS involved, dose-response effects, broad antibacterial spectrum,
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John Wiley & Sons, Copyright © 2023. Wiley-VCH GmbH.
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and toxicity, but initial results indicated this Co-MOF's potential as an
antibacterial agent via its peroxidase-like activity.

A new hybrid photocatalytic material consisting of bismuth ferrite
(BFO) nanoparticles was modified with the growth of an iron-based
MOF called MIL-101 formed from the reaction of 2-aminoterephthalic
acid with iron (III) chloride. BFO nanoparticles were synthesized via a
sol-gel method shown in Fig. 22 [139]. MIL-101 was then grown on the
surface of the BFO nanoparticles using BFO as the source of metal ions.
Characterization with XRD, TEM, and FTIR (Fourier transform infrared
spectroscopy) confirmed the successful growth of crystalline MIL-101
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on the BFO while retaining the BFO crystalline structure. The coating
thickness increased with longer growth time. The new BFO@MIL-101
nanocomposite showed enhanced visible light-induced antimicrobial
activity compared to bare BFO nanoparticles when tested against S. au-
reus, Staphylococcus haemolyticus and E. coli strains. Specifically,
BFO@MIL-101 had MIC and minimum bactericidal concentration
(MBC) values, indicating increased antibacterial potency. The im-
proved activity was attributed to the MIL-101 coating enhancing the in-
trinsic photocatalytic properties of BFO by reducing electron-hole re-
combination. In summary, the new BFO@MIL-101 hybrid nanomaterial
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shows potential as an efficient antibacterial agent under mild sunlight
irradiation, making it promising for disinfection applications.

Asiri et al. synthesized and characterized novel Cu/Co-hybrid MOFs
and Cu/Co-hybrid MOF/polyvinyl alcohol (PVA) fibre nanostructures
[140]. Cu-containing MOF, Co-containing MOF, and Cu/Co-hybrid
MOF nanostructures were synthesized using an ultrasonic approach.
The Cu/Co-hybrid MOF/PVA fibre nanostructures were then produced
by electrospinning. The Cu/Co-hybrid MOF/PVA fibers showed a
higher surface area and porosity compared to the individual MOFs. The
Cu/Co-hybrid MOF nanostructures could also be used as recyclable cat-
alysts to synthesize pyrano [2,3-c] pyrazole derivatives. The reactions
had higher efficiency and faster rate compared to other reported cata-
lysts.

The nanostructures showed cytotoxic activity against breast cancer
cells, with the Cu/Co-hybrid MOF/PVA fibers having the highest activ-
ity. They also demonstrated antibacterial activities superior to the com-
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mercial antibacterial drugs cefazolin and gentamicin, and antifungal
activities superior to the commercial antifungal drugs terbinafine and
tolnaftate. A summary of the antibacterial and antifungal activities of
the hybrid fibers in MIC, MBC, and MFC (minimum fungicidal concen-
tration) is shown in Table 1. The high activities were attributed to the
presence of bioactive metals, high surface area and porosity of the
nanostructures. The combination of Cu/Co-hybrid MOF into PVA fibres
further enhanced these properties. In summary, the synthesized nanos-
tructures have significant catalytic, antitumor, antimicrobial and anti-
fungal properties due to their composition, porous structure and high
surface area. The results highlight their potential for applications in
various fields.

A novel iron(IlI)-based MOF with superior antimicrobial properties
was recently synthesized and characterized. The Fe(IlI)-MOF was pre-
pared by Sheta et al. by reacting an organic linker compound with ferric
sulfate [141]. Analyses confirmed the high crystallinity and purity of
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the Fe(III)-MOF, as well as its octahedral structure. Tests showed the Fe
(II1)-MOF had excellent antimicrobial efficacy against various bacteria,
fungi and yeast, with inhibition zones of 40-46 mm and 22-24 mm at
concentrations of 50 pg/mL and 25 pg/mL respectively (Fig. 23). The
antimicrobial mechanism involves the release of Fe* ions that interact
and bind to cell wall components of microorganisms, disturbing the cell
membrane integrity. The high surface area porous MOF structure also
contributes to antimicrobial activity. The Fe(III)-MOF displayed higher
antimicrobial activity than standard antimicrobial drugs. The results in-
dicate the novel affordable Fe(III)-MOF has the potential to be an effi-
cient antimicrobial agent for treating drug-resistant pathogens.

The development of a novel drug delivery system using an MOF
modified with sodium alginate-zein (SA-ZN) biopolymer composites
was reported by Asadollahi et al [142]. A Zn-based MOF called
Zn,(BDC),(DABCO) was synthesized and characterized, then modified
by coating with sodium alginate (SA), zein (ZN) - a natural protein iso-
lated from corn, or a SA-ZN composite. The modified MOFs were loaded
with the anti-inflammatory drug sulfasalazine (SSZ) and characterized
by FTIR, XRD, SEM, etc. Loading was around 60-78 % depending on
the coating. Sustained release was observed over 24 h from the SA-ZN
coated MOF, compared to rapid release from uncoated MOFs. The coat-
ing protected the stability and controlled SSZ delivery. Antibacterial
testing showed the SSZ-loaded SA-ZN coated MOF had enhanced activ-
ity against S. aureus compared to free SSZ or unloaded MOFs, attributed
to synergistic effects. The authors concluded that the SA-ZN coated
MOF was a promising drug delivery system for SSZ, providing high
loading, sustained release, and improved antibacterial efficacy. The
coating improves the MOF's biocompatibility and stability for biologi-
cal applications.

Bouson et al. investigated the antifungal activity of copper-based
MOFs (Cu-BTC MOFs) against several fungal species [143]. Cu-BTC
MOFs were synthesized using a hydrothermal method. The MOFs had
an octahedral morphology with cubic pore structures and were water-
stable. Against the yeast Candida albicans, Cu-BTC MOFs showed
96-100 % growth inhibition at concentrations of 300-500 ppm after
60 min of incubation. SEM micrographs revealed cell membrane dam-

20

age in treated C. albicans. For the moulds Aspergillus niger, Aspergillus
oryzae and Fusarium oxysporum, Cu-BTC MOFs showed 30-32 %
mycelial growth inhibition at 500 ppm concentration. The MOFs signif-
icantly reduced spore germination and changed spore morphology and
color, indicating toxicity. The antifungal activity is likely due to ROS
generation via the reduction of oxygen gas by the Cu-BTC MOFs. The
water-stable Cu-BTC MOFs show potential as antifungal agents, espe-
cially against C. albicans yeast and inhibitory effects against Aspergillus
and Fusarium moulds.

A recent report by Li et al. demonstrated the antibacterial efficiency
of a new composite generated from the doping of bismuth MOF (CAU-
17) with silver and carbon quantum dots (CQDs) [144]. The bismuth
MOF had previously been prepared by Ding et al. in 2023 [145]. The re-
sulting CAU-17/Ag/CQD materials have shown good activity against S.
aureus and E. coli and were also effective against drug-resistant bacteria,
namely MRSA. Fig. 24 shows the photocatalytic mechanism of CAU-
17/Ag/CQDs composite against bacteria. The doping allowed for en-
hancement of the absorption of visible light, as well as the reduction of
the band gap between the valesnce band and the conduction band.
These effects enhanced the photocatalytic ability of the composite, re-
sulting in the production of ROS including ¢OH, and O, ™. Another fac-
tor that contributed to the efficiency of this composite was the slow re-
lease of Ag ™" and Bi®", which can cause bacterial cell death through the
denaturation of membrane proteins and penetration of membranes.
While these ions can enhance the antibacterial activity, Ag™ has the po-
tential to be toxic to host cells. However, when the authors measured
the release rates of these ions, there was a fast initial release in the first
24 h, followed by a slow release that could maintain a long-term an-
tibacterial effect with a minimal increase in toxic ion levels for human
cells.

2.3.4. Inner transition metals

Inner transition metal MOFs have been developed for various activi-
ties including chemical and biological sensors and catalysis [146-148].
One example of inner transition metal MOFs that showed antibacterial
activity was the use of cerium MOFs decorated with Au nanoparticles
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(CeTCPP-Au) for the treatment of osteomyelitis using ultrasound [149].
These MOFs exhibited >99 % inhibitory activity after ultrasound irra-
diation against Gram-negative E. coli, as shown in Fig. 25a, and Gram-
positive S. aureus, as shown in Fig. 25b. SEM of the bacteria showed
wrinkles and damage to the bacterial membranes of both species after
treatment with ultrasound and CeTCPP-Au (Fig. 25c¢). This damage was
demonstrated to be due to ROS generation after exposure to ultrasound.

3. Metal/metal oxide nanoparticles and composites
3.1. Nanoparticles and composites

Advancements in nanotechnology continue to be of great impor-
tance in many fields, including biomedical research [150-156]. Re-
search into metallic nanoparticles (NPs) has seen a exponential increase
in the past few decades in light of their utility in diagnostic and thera-
peutic applications [157-163]. Nanoparticle sizes can range between
1-100 nm, which can be suitable for a variety of biomedical applica-
tions [164,165]. Metallic nanoparticles such as magnetic nanoparticles,
silver and gold nanoparticles, as well as quantum dots, have been em-
ployed as drug carriers, bioimaging contrasts, and chemodynamic anti-
cancer therapies [166-190]. In addition to single nanoparticles,
bimetallic and trimetallic nanoparticles have also been examined for
biomedicine [191,192]. Metal oxides have applications including
bioimaging, diagnostics, therapeutics, drug delivery and biosensors
[193-195]. In particular, the antimicrobial effects of metal oxide
nanoparticles have been an area of interest, as they have multiple tar-
gets within cells, including cell membrane, cell wall and cytoplasmic
components, as well as generating ROS [196,197]. Fig. 26 shows the
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applications of metal oxide nanoparticles in bacterial tracing and eradi-
cation, as well as examples of techniques used to modify the nanoparti-
cles to reduce immunogenicity and toxicity.

Nanocomposites are materials composed of multiple phases, at least
one of which is on the nanoscale (>100 nm) [198,199]. Due to their
high surface-to-volume ratio, local interactions between the phases are
increased, providing nanocomposites with improved mechanical and
optical properties as well as smaller distances between the phases. Gen-
erally, nanocomposites can be divided into three categories: polymer
matrix, metal matrix, or ceramic matrix nanocomposites [200].

Green nanocomposites made from natural polymers have been a fo-
cus of research, as they are renewable and biodegradable [201,202].
Nanocomposites have also been studied for biomedical applications due
to their physical, chemical, and biological properties such as self-
healing, sustained drug release, and biocompatibility [203-207].

3.2. Preparation of nanoparticles

Nanoparticle preparation approaches can be broadly divided into
physical, chemical and biological methods [208-210]. These methods
can also be described as top-down, i.e. breaking down nanostructures
or bulk material to yield nanoparticles, or bottom-up, building
nanoparticles from individual atoms or ions [211]. The three groups are
described in more detail below:

A. Physical Methods

Physical Vapor Deposition (PVD): A metal vapour is generated
by sputtering or evaporation, followed by deposition onto a substrate,
where nanoparticles can form. However, this approach requires a high
temperature to generate the vapour. This is a very useful approach for
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the preparation of thin films, as it can obtain high purity as well as
control over film thickness and morphology.

Laser Ablation: A laser is used to generate either a metal vapour
containing nanoparticles from a metal target or a plasma containing
nanoparticles from a metal target submerged in a liquid. This is a sim-
ple synthetic method that produces ligand-free nanoparticles and al-
lows for size control by adjusting laser parameters. While this is often
used to produce high-purity nanoparticles, it is an expensive process
that requires a high-powered laser and may have lower production
rates compared to chemical or biological methods.
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Ball Milling: A top-down approach to nanoparticle synthesis, in
which large particles are mechanically ground into smaller ones using
high-energy collisions from milling balls within a rotating chamber.
This is a relatively simple technique that does not require complex
equipment or reactions, making it easily scalable for large-scale pro-
duction and suitable for the preparation of a wide range of materials,
including metals, ceramics, and composites. It also operates at room
temperature, making it suitable for temperature-sensitive materials
that cannot withstand high-temperature methods. Adjusting parame-
ters such as milling time, speed, and ball-to-powder ratio can influence


https://doi.org/10.3390/polym14112293
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2147/IJN.S107561
https://doi.org/10.2147/IJN.S107561
https://creativecommons.org/licenses/by-nc/3.0/

A. Abd-El-Aziz et al. Applied Materials Today xxx (xxxx) 102335

[ - . = B
E- e ol i~ e e
& 250 .
TE 5 & 4 g E 3
B 2z 7] ag
F0 3] 0
S FEXD FERS
ol o
& o
P SELELE
i G@«'- ;;‘f’ ﬁ{r-'- o
d e E cot f S potpntices g 5. mungus h & aurous MDA)
10 8 104
- - -
4 25 s 4 4 35 ¢
35 5 . . 3B 5 R
i= i - LE EL ie
= = 9 = = - 2
o o 0 0
0 025 05 o 025 05 0 9025 05 0 0325 05 o 035 05
Gy riFeS (mg mL™") Gy, gnFeS (mgmL-") Gyt riFeS (mp mL~") Cysg =P (mg miL-") Ciws, =nFeS (mg mL™")
I ! k oy, -nfesimgmi?y |
a4
50,000 = M0 025 05 Cytiy ,-0FBS
= . LT
2 45.000 TR 02 s
- [+
00 k-
% . X 2 024 é
E = =
- ] T 3 " *
- 1
§ 30,000 g
25.000 ——r——— oo —————
0 025 08 o 025 0S5
Ciyi, o AIFES (g L") Tyt o-NFRS {irg mL~")

Fig. 33. a) Antibacterial activity of nFeS from various organosulfur compounds against S. mutans. b) Antibacterial activity of the organosulfur compounds. c)
Effect of cysteine content in Cys-nFeS on antibacterial efficacy. Antibacterial activity of Cys,s-nFeS against d) P. aeruginosa, e) E. coli, f) S. enteritidis, g) S. au-
reus, and h) multidrug-resistant S. aureus. i) ROS production in S. mutans treated with Cys,s-nFeS. j) Lipid peroxidation in S. mutans treated with Cys,s-nFeS
measured by malondialdehyde (MDA) concentration. k) DNA gel electrophoresis showing degradation of S. mutans genomic DNA after treatment with different
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nanoparticle size. Although contamination and agglomeration can oc- obtained by this technique, however, surfactant removal can be chal-
cur, the use of hard materials like tungsten carbide or zirconia for the lenging, and scalability can be limited.
milling balls can mitigate these processes. C. Biological Methods (Green synthesis)
B. Chemical Methods Bio-reduction: Using microorganisms, enzymes, or biomolecules to
Chemical Reduction: This is one of the earliest and most common reduce metal ions into nanoparticles. This is an environmentally
methods of nanoparticle synthesis. A metal precursor (salt) is dissolved friendly approach with the potential for large-scale production, how-
in a solvent, and a reducing agent is added to reduce the metal ions to ever, it also requires optimization of microbial growth conditions. The
form nanoparticles of the metal in its atomic form. This technique is reaction times may also be longer.
simple, cost-effective, and allows for size control by adjusting reaction Plant-mediated Synthesis: Plant extracts are used to reduce
parameters, but may leave residual reducing agents on the surface of nanoparticles. This approach is environmentally friendly, cost-
the nanoparticles, impacting their properties. effective, and often utilizes readily available materials, especially from
Sol-Gel Synthesis: A metal precursor is dissolved in a solvent form- local or common plants. However, this method may have less control
ing a liquid colloidal solution (“sol”), and a gel is formed through hy- over the size and shape of the resulting nanoparticles when compared
drolysis and condensation, trapping the metal precursors within the to other methods, and characterization of the extract can be complex
network. The gel is then dried and heated to form nanoparticles. The due to the complex mixture of components.
resulting nanoparticles are distributed homogeneously within the ma- A number of factors can influence nanoparticle synthesis, including
trix with high purity, and this approach allows for control over the the metal precursor, reducing agents, stabilizing (or capping) agents,
composition. On the other hand, this is a multi-step process that re- solvents, temperature, time and pH, with varying effects based on the
quires high temperatures for the final annealing step. synthetic method employed. The choice of precursor directly impacts
Microemulsion Technique: Metal precursors are encapsulated in the pathway and kinetics leading to the product, with highly reactive
water droplets within an oil phase that form into micelles, to which precursors resulting in faster but less controllable nanoparticle forma-
reducing agents are then added, creating nanoparticles within the tion, while less reactive precursors may require harsher reaction condi-
droplets. The confined space of the micelles yields uniform and well- tions. Higher concentrations of precursors and reducing agents, as well
dispersed nanoparticles. As a result, the ability to synthesize nanopar- as stronger reducing agents, lead to faster reaction kinetics and there-
ticles with excellent size control and narrow size distributions can be fore smaller nanoparticle sizes. Stabilizing agents such as surfactants,
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ligands, or polymers may be added to adsorb to the nanoparticle sur-
faces to prevent agglomeration and control growth. The solvent, pH and
temperature for the reaction can influence precursor solubility, reaction
kinetics, activity of stabilizing and reducing agents and growth rates of
the nanoparticles. Finally, longer reaction times can allow for larger
nanoparticles, but increase the risk of aggregation occurring.

Green synthesis of metal and metalloid nanoparticles has been a
particular focus of research thanks to its low cost, renewable reagents,
and lower production of toxic wastes [212-217]. A review by Ahire and
Kasabe discussed the synthesis of silver (Ag) and gold (Au) nanoparti-
cles, especially using green methods [218]. Biological materials such as
plant parts, tea, coffee, polyphenols, proteins, enzymes, bacteria, yeast,
algae, and viruses have been used as reducing and capping agents in the
synthesis of nanoparticles. In particular, the synthesis of silver nanopar-
ticles has been explored using a number of sources, including the plants
Solanum xanthocarpum L., Hibiscus rosa sinensis, green algae, brown al-
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gae, microalgae, geranium plants, serum albumins, DNA, cashew nuts,
banana pith extract, and the fungus Fusarium oxysporum.

Jabbar et al. described the green synthesis of silver nanoparticles
(Ag NPs) using a polar extract of Equisetum diffusum (ED) leaves [219].
The AgNPs were synthesized by mixing the ED extract with AgNO; solu-
tion and exposing the mixture to sunlight for 30-60 sec, as seen in Fig.
27. The synthesized ED-functionalized AgNPs were characterized by
UV-visible spectroscopy (UV-Vis), FTIR, XRD, SEM, etc. Analysis
showed successful capping of AgNPs (avg size 63 nm) with phytochem-
icals from the ED extract. The functionalized AgNPs were shown to act
as a highly selective colorimetric sensor for detecting Hg?" ions in wa-
ter. The sensor showed excellent sensitivity and rapid response, with a
detection limit of 70 nM Hg?™. It could reliably detect spiked Hg?* in
experimental water samples.

Other examples of published green synthetic methods include the
use of Albizia saman leaf extract for copper oxide nanoparticles (CuO
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NPs), chitosan from the exoskeleton of marine crustaceans for silver
nanoparticles, leaf extract of Ziziphus spina-christi for NiO NPs, ginger
root or cardamom seed extracts for bimetallic CoFe nanoparticles and
Daphne oleoides extract for ZnO NPs, which were then dispersed on a sil-
ica gel matrix [220-224].

3.3. Antibacterial and antifungal activities
Metal nanoparticles and composites have been studied for their an-

tibacterial and antifungal applications [225,226]. The high surface-to-
volume ratio and other physicochemical properties of metal and metal
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oxide nanoparticles have garnered a great deal of attention. For exam-
ple, metal/metal oxide nanoparticles can have strong interactions with
cell membranes and cell walls of bacteria and fungi, leading to inhibi-
tion of microbial growth [227]. Metal nanoparticles can also act as car-
riers for drugs, including antibiotics [228].

Silver nanoparticles have been well studied for their activities
against both Gram-positive and Gram-negative bacteria as well as fungi
[229,230]. AgNPs can release Ag* ions, which can generate ROS, dis-
rupt cell membranes, and inhibit the function of respiratory enzymes,
leading to cell death [231]. In addition to their antimicrobial effects,
AgNPs can also inhibit microbial adhesion and biofilm formation [232].
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Zinc oxide (ZnO), titanium dioxide (TiO,) and copper oxide (CuO)
nanoparticles have also been investigated as antibacterial and antifun-
gal agents [233-235]. Similar to AgNPs, CuO NPs can induce oxidative
stress, perturb membranes, and interfere with enzymatic processes
[236]. ZnO and TiO, NPs have been demonstrated to have photocat-
alytic activity, meaning that they produce ROS in response to irradia-
tion with various wavelengths of visible and ultraviolet light, allowing
them to target drug-resistant microbial strains [237].

Recent advances in the synthesis and production of metal/metal ox-
ide nanoparticles have been employed to control the shape, size and
surface chemistry of the resulting NPs. Some of these approaches in-
clude chemical reduction using synthetic chemicals or natural products,
physical deposition and sol-gel techniques [238]. Further, the function-
alization of nanoparticle surfaces has allowed for improvements to their
stability, biocompatibility, and targeting. As an example, biosurfactants
have been used as an environmentally friendly approach for coating
nanoparticles to prevent agglomeration [239].

In addition to being used as antimicrobial agents, metal/metal oxide
nanoparticles may also be utilized as adjuvants for existing antimicro-
bial agents to yield synergistic effects in order to enhance the overall
antimicrobial activity and prevent the evolution of antimicrobial resis-
tance [240].
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This section will describe the study of a few examples of metal and
metal oxide nanoparticles and their antibacterial and antifungal effects.
While this is a large field of study, this review will only cover a few re-
cent representative examples.

3.3.1. Industrial settings

Antimicrobial materials containing metal/metal oxide nanoparticles
have been shown to have industrial applications such as methods for
wastewater remediation as well as antimicrobial textiles/surfaces for
healthcare settings [241-243]. Metal oxide nanoparticles and compos-
ites have been extensively studied for remediation of wastewater, tar-
geting heavy metals and organic matter, although the commercial ap-
plications have been limited due to cost-efficacy and potential toxicity
[241]. Fabrics with embedded metal/metal oxide nanoparticles, such
as AgNPs, and metal oxide NPs, such as ZnO NPs, have been employed
in prevention of nosocomial (hospital-acquired) infections [244]. Not
only can these fabrics prevent the spread of multidrug-resistant
pathogens, but they can also inhibit biofilm growth, which helps to
avoid the development of drug resistance. It was noted, however, that
these fabrics have been examined mainly for their antibacterial proper-
ties, rather than the physical properties such as tensile strength, perme-
ability to air, flexibility, durability, etc. that are necessary for daily use
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Fig. 41. Ag NPs/HB-PAPES/cotton nanocomposites. Reproduced from Ref. [270], https://doi.org/10.3390/pharmaceutics15030809, under the terms of the CC BY

4.0 license, https://creativecommonns.org/licenses/by/4.0/

and comfort. In addition, as fabric in hospital settings often comes into
contact with human skin, the lack of literature focused on the biocom-
patibility of metallic NP-containing fabrics is a major limitation of this
field of study. Some examples of these applications are given below.
Poly(l-lactide) (PLLA)-based materials have excellent mechanical
and biological properties but are difficult to process due to the proper-
ties of the polylactic acid (PLA) matrix, including its high melting point,
poor resistance to environmental factors such as light and moisture, and
low thermal stability. Metal oxide nanoparticles have not only been
shown to possess antibacterial and antioxidant properties, but also pre-
vent yellowing of their host matrix due to exposure to UV light. There-
fore, nanocomposites of nanolignin, PLA, and metal oxides Ag,0, TiO,,
WOs, Fe, 03, and ZnFe,0, have been developed for use as antibacterial
and antioxidant films [245]. The PLLA-based films showed significant
antibacterial activity against S. aureus and E. coli, although the effect
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was retained for over 24 hours against S. aureus, but not for E. coli. In
terms of metal oxides, the strongest antibacterial effects were observed
for films containing Ag,O or TiO, for either bacterial species. These
properties could make these films ideal for applications in food and
drug packaging or for biomedical applications.

MgO nanoparticles were investigated for applications in wastewater
treatment, using photocatalytic degradation of industrial pollutants and
antibacterial effects to target bacterial contamination [246]. The com-
mon industrial pollutant Victoria blue dye was used as a model for
degradation under UV light. The antibacterial activity demonstrated
moderate activity against Gram-negative E. coli and Gram-positive S.
aureus and S. pyogenes.

As described in Section 3.1 above, Choudhary et al. prepared CuO
NPs using Albizia saman leaf extract [220]. The removal efficiency of
the CuO NPs for Congo Red dye was 33.33 %, while the removal effi-
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ciency of the phytonanofabricated CuO for the same dye decreased to
16 % after four cycles. The antimicrobial activities of CuO NPs against
Gram-negative E. coli, Gram-positive S. aureus, and fungus C. albicans
were evaluated and showed zones of inhibition of 15, 14, and 12 mm,
respectively.

Similarly, TiO, nanoparticles have also been studied for use in
wastewater treatment for their antibacterial activity and photocataly-
sis, with water remediation and biomedical applications. Shimi et al
prepared TiO, nanoparticles using mulberry plant extract and exam-
ined their antibacterial activity and photocatalysis of methylene blue
dye [247]. Fig. 28 shows the photocatalytic degradation process of
methylene blue using these TiO, NPs. The TiO, NPs exhibited an 8 mm
zone of inhibition against E. coli and 10 mm against S. aureus, which
was larger than the mulberry extract alone, but slightly lower than the
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reference drug gentamicin (12 mm against E. coli and 14 mm against S.
aureus). The specificity for S. aureus is suspected to be a consequence of
the drug, plant extract and nanoparticles all being more capable of pen-
etrating the Gram-positive cell wall. The mechanism for the antibacter-
ial activity was believed to be a result of ROS production by Ti®*
leased from the TiO,,.

Nanocomposites GO-Ag, GO-TiO,@ZnO and GO-Ag-TiO,@ZnO
composed of graphene oxide (GO) nanosheets decorated with ZnO
nanoflowers, silver NPs, and TiO, NPs were prepared by El-Shafai et al
[248]. Graphene oxide is simple and cost-effective to fabricate, as well
as having low toxicity to mammalian cells. The GO, TiO,, ZnO
nanoflowers, and Ag NPs can all produce ROS, which results in syner-
gistic antibacterial activity via DNA damage, protein oxidation and
lipid peroxidation. An illustrated summary of the antibacterial mecha-
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GmbH.

nism is shown in Fig. 29. The antibacterial activity against Gram-
positive S. aureus and Bacillus anthracoides and Gram-negative E. coli
and Pasteurella multocida was measured. When compared with GO-Ag
and GO-TiO,@ZnO nanocomposites, the GO-Ag-TiO,@ZnO nanocom-
posite showed the largest zones of inhibition against Gram-positive bac-
teria, but only moderate efficacy against Gram-negative bacteria, while
GO-Ag and GO-TiO,@ZnO showed the strongest inhibitory effects
against Gram-negative bacteria. These nanocomposites therefore
showed potential as therapeutic agents with tunable activity against
different species of bacteria.

ZrO, nanoparticles were doped with Te** and Er®* to provide
photocatalytic and antibacterial activities [249]. The ZrO, NPs in-
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duced oxidative stress in E. faecalis and E. coli bacteria after exposure
to visible light, resulted in over 97 % and 94 % inhibition rates, re-
spectively, and a zone of inhibition of 3 mm for each. The ZrO,
nanoparticles could be a potential technique to treat contaminated
wastewater so it can be used for irrigation.

In a study by Steinerové et al., the researchers focused on developing
environmentally friendly coatings with antimicrobial properties [250].
Waterborne coatings, specifically acrylic latex paints, were chosen as a
suitable platform due to their easy preparation, low toxicity, and com-
patibility with various surfaces. To achieve antimicrobial properties,
the researchers incorporated metal oxide nanoparticles into the acrylic
latex binders. The nanoparticles used included magnesium oxide
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(MgO), zinc oxide (Zn0), lanthanum oxide (La,0), and combinations
of MgO and ZnO. These nanoparticles were selected for their known an-
timicrobial properties and their potential to enhance the physical and
mechanical properties of the coatings. Different concentrations of
nanoparticles, ranging from 0.5 % to 1.3 % relative to the polymer con-
tent, were used to assess their impact on the properties of the latexes.
The results of the study demonstrated that all nanoparticles exhibited
promising properties and that there was an improvement in the proper-
ties of the coatings, corresponding to the increasing nanoparticle con-
centration. The latexes containing nanoparticles produced smooth,
transparent films with high gloss and suitable physical-mechanical
properties. These coatings showed significant antimicrobial activity
against various bacterial and fungal strains. Additionally, the coatings
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exhibited good resistance to solvents, making them suitable for various
applications. The latexes containing MgO nanoparticles showed a sig-
nificant decrease in the minimum temperature at which the film
formed, indicating improved film formation at lower temperatures. Fur-
thermore, the coatings based on latexes with a concentration of approx-
imately 1.3 % MgO showed no flash corrosion on a steel substrate. The
latex coatings containing nanoparticles were examined for their antimi-
crobial properties against Gram-negative E. coli, K. pneumoniae, E. fae-
calis, S. aureus, Penicillium chrysogenum and Aspergillus brasiliensis, and
all coatings were found to show significant bactericidal activity. Only
the coatings with high MgO concentration were effective against E. fae-
calis, while only ZnO-containing coatings showed fungicidal activity
against P. chrysogenum or A. brasiliensis. Overall, the study highlights
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the potential of metal oxide nanoparticles, such as MgO, ZnO, and
La,05, as effective antimicrobial additives in waterborne coating
binders. Such environmentally friendly coatings with antimicrobial
properties have significant potential in various industries, including
healthcare, food processing, and building materials.

During the COVID-19 pandemic, the limitations of existing N95
masks, including their filtration capabilities and compatibility with in-
dividuals with medical conditions, became a notable issue. To address
these challenges, Mills and coworkers proposed the development of an
antimicrobial filtration system using metal-coated halloysite nanotubes
(HNTs) and PLA [251]. They used an electrodeposition method to coat
HNTs with copper, silver, and zinc, known for their antimicrobial prop-
erties. These metal-coated HNTs, referred to as mHNTSs, were then in-
corporated into PLA and processed into a composite 3D printer fila-
ment. The composite filament was used to create an N95-style mask
with an interchangeable and replaceable filter designed to kill bacteria
and inactivate viruses on contact, thereby reducing the risk of infec-
tions. The mask itself is reusable and can be sanitized. The researchers
conducted in vitro tests to assess the antimicrobial properties of the fila-
ments containing each of the nanoparticle types, or all three of them,

and demonstrated their effectiveness against both Gram-negative E. coli
and Gram-positive S. aureus, as illustrated in Fig. 30.

The preparation and characterization of a chitosan-based gold
nanoparticle composite (Chi/AuNPs) has been described [252]. Chi-
tosan served as both a reducing and stabilizing agent for the gold
nanoparticles. Chitosan can also inhibit microbial growth in addition to
the ROS production by the Au NPs, via disruption of microbial mem-
branes as a result of the negatively charged membranes interacting with
positively charged chitosan in an acidic environment. Chi/AuNPs were
synthesized by chemically reducing gold ions in the presence of chi-
tosan. The mnanoparticles formed were spherical and between
20-120 nm in diameter. Characterization techniques like TEM, SEM,
FTIR, XRD, and zeta potential measurements confirmed the successful
formation of stable Chi/AuNPs. Cytotoxicity testing showed Chi/AuNPs
were non-toxic to normal human skin cells. Chi/AuNPs demonstrated
promising antibacterial activity against both Gram-positive (S. aureus
and B. subtilis) and Gram-negative (P. aeruginosa and Klebsiella oxytoca)
bacteria. They also exhibited antifungal activity, especially against the
yeast C. albicans (Fig. 31). In vitro wound healing assays revealed that
Chi/AuNPs could promote rapid and effective wound closure. The au-
thors concluded that the chitosan-gold nanoparticle composite showed
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Fig. 53. a) Foliage and b) root growth for rice plants given: (from left to right), NiO NPs alone, NiO NPs and infected with X. oryzae, negative control, and infected
with X. oryzae alone. Reproduced from Ref. [284] with permission from Elsevier, Copyright © 2024.

potential as an improved antimicrobial and wound dressing material.
Key benefits included its antibacterial and antifungal effects, biocom-
patibility, and wound healing capacity.

3.3.2. Therapeutic applications

Metal-containing nanomaterials have been investigated as antimi-
crobial drugs [253-256]. However, while the use of these nanomateri-
als has been used to discover new drugs to target drug-resistant mi-
crobes, it should be noted that metal and metal oxide nanomaterials can
still result in the evolution of antimicrobial resistance [257,258]. It was
therefore concluded that additional research is necessary not only re-
garding the mechanisms of action of these nanomaterials, but also the
mechanisms of resistance. While there are many examples of metallic
nanoparticles as antibacterial and antifungal agents, in this section, we
will only highlight a few examples to demonstrate their potential appli-
cations.

Saod et al. prepared manganese (IV) oxide NPs, by reduction of man-
ganese ions using green tea extract, and examined their antibacterial
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activity [259]. The MnO, NPs showed high activity against Gram-
negative bacteria E. coli, Klebsiella pneumoniae and P. aeruginosa. Also,
Jayandran et al. showed that lemon extract could be used in the green
synthesis of manganese nanoparticles [260]. These nanoparticles
showed similar levels of activity against various species of bacteria (S.
aureus, Bacillus subtilis, E. coli and Staphylococcus bacillus) and fungi (C.
albicans, Curvularia lunata, A. niger and Trichophyton simii). Composites
of manganese nanoparticles with sodium bentonite clay have shown an-
tibacterial activity against S. aureus and P. aeuruginosa and antifungal
activity against C. albicans [261]. Lopez-Abarrategui et al. prepared
manganese ferrite nanoparticles coated with citric acid (MNPs) and
conjugated them with the antifungal peptide Cm-p5 to form MNPs-Cm-
p5 nanoparticles, which were more effective than either MNPs or Cm-
p5 alone (Fig. 32) [262].

Xu et al. described a process to convert natural organosulfur com-
pounds into nano-iron polysulfides (nFeS) by a solvothermal method
[263]. The resulting nFeS exhibited significant antibacterial properties
against the dental pathogen S. mutans UA159 in Fig. 33a, while iron ox-
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Scheme 2. Synthesis of B,O3/PAA nanocomposite.

ide (Fig. 33a) and the organosulfur compounds alone showed minimal
antibacterial activity (Fig. 33b). Fig. 33c shows the effect of nFeS with
different sulfur content normalized to the same sulfur content in 0.1,
0.25, 0.5, 0.75 or 1.0 gm of cysteine, and Cys, s-nFeS demonstrated the
largest decrease in bacterial viability. Cys, s-nFeS was then also tested
against P. aeruginosa, E. coli, and S. enteriditis, as well as regular and
multidrug-resistant S. aureus (Fig. 33d-h), and significant antibacterial
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activities were observed for each bacterial strain. This suggested a
broad activity with a mechanism that could target Gram-positive and
Gram-negative bacteria and could overcome existing drug resistance.
An increased level of ROS and lipid peroxidation in S. mutans treated
with Cysg s-nFeS (Fig. 33i—j) and degradation of DNA (Fig. 33k) were
observed, as well as changes to the morphology and integrity of bacter-
ial membranes, as shown by SEM (Fig. 331). Together, these findings
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suggest a number of potential mechanisms for the observed antibacter-
ial effects.

Cotton fabrics treated with epichlorohydrin-modified aramid (AEP)
nanofibers, Cu ions, and ionic liquid (IL), referred to as Cot/AEP/IL/Cu,
were investigated for their flame-retardant and antibacterial properties
[264]. The preparation of the fabric from aramid nanofibers (AF) is
shown in Fig. 34. Cot/AEP/IL/Cu not only showed low flammability,
but also reduced peak smoke release rate by 77.0 % and generation of
CO by 40.5 %. The antibacterial activity of the Cu ions resulted in the
fabric exhibiting strong inhibition of both S. aureus and E. coli growth
via an ROS mechanism, as shown in the plates in Fig. 35a and the illus-
tration in Fig. 35b.

In a study by Pormohammad et al., the researchers used purple cab-
bage extract to synthesize copper nanoparticles (Cu NPs) [265]. The use
of plant extracts in the synthesis of Cu NPs makes this approach more
environmentally friendly and sustainable compared to traditional
methods. The synthesis of the Cu NPs was carried out by mixing purple
cabbage extract with copper sulfate solution. A 1,3,5-triazine Schiff
base ligand (23) was prepared by reaction of salicylaldehyde (20) with
melamine (21), which was then followed by the addition of AgNO; to
the intermediate 22 to yield the silver complex (23). The Cu NPs were
then loaded onto complex 23 to form the Cu@Ag-CPX nanocomposite,
as seen in Fig. 36. The formation of the nanocomposite was confirmed
by FTIR and XRD analysis.

The antimicrobial activity of the Cu@Ag-CPX nanocomposite was
evaluated against several bacterial and fungal strains using the agar dif-
fusion method [265]. The results showed that the nanocomposite had
broad-spectrum antimicrobial activity, which was attributed to the re-
lease of both Cu?>* and Ag™ ions from the nanocomposite (Fig. 37).
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Yttrium oxide (Y,03) nanoparticles were synthesized using a sol-gel
technique from extracts of Lantana camara leaves [266]. These
nanoparticles were designed to target cancer cells for use in the treat-
ment of cervical cancer. The prepared nanoparticles showed photocat-
alytic degradation of rhodamine B dye. In vitro studies of antibacterial
activity were carried out against Gram-positive B. subtilis and Gram-
negative E. coli exhibited maximum inhibition zones of 15 mm and
11 mm, respectively, which were comparable to the reference antibi-
otics.

A report on the development and testing of antimicrobial and bio-
compatible wound dressing materials made from polyhydroxyoc-
tanoate (PHO) polymer embedded with silver or copper oxide nanopar-
ticles was made by Balcucho et al. [267]. A PHO polymer was biosyn-
thesized using Pseudomonas putida bacteria. This biopolymer from the
polyhydroxyalkanoate family has useful properties like biocompatibil-
ity and flexibility. Silver nanoparticles (AgNPs) and/or copper oxide
nanoparticles (CuONPs) were also biosynthesized using P. putida bacte-
ria to reduce silver nitrate and then incorporated into the PHO polymer
matrix. PHO films with 3.5 mM Bio-AgNPs showed the strongest an-
timicrobial activity, almost completely inhibiting the growth of MRSA,
as shown in Fig. 38. The CuONP films did not inhibit MRSA. The PHO-
Bio-AgNP films showed good biocompatibility when tested with human
fibroblast cells, with >79 % cell viability and no increased DNA strand
breaks, although some increased oxidative DNA damage was seen.
Haemolysis testing showed the PHO films were haemocompatible.
Platelet aggregation was promoted, which is desirable for wound heal-
ing. The results demonstrate these biosynthesized PHO-Bio-AgNP com-
posites have potential uses in antimicrobial wound dressings, specifi-
cally for treating infections by bacteria like MRSA.
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Table 2

Examples of metal- and metalloid-containing MOFs and nanomaterials with antimicrobial activities.
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Metal

Molecular Structure

Microorganisms

Mechanism of Action

Reference

Mg

Ca
Sr
Ti

Fe

Nanoparticles

MOFs
MOFs
MOFs

Nanocomposites

Nanoparticles
Nanosheets

Nanoparticles

MOFs

Nanoparticles

Nanocomposite

MOFs/
composite
MOFs

MOFs

Nanoparticles

E. coli,

K. pneumoniae,
E. faecalis,
aureus,
pyogenes,
chrysogenum,
brasiliensis,
oryzae

coli

coli

aureus,
aeruginosa
coli,

aureus,
anthracoides
coli,

aureus

coli,

aureus

coli,

. pneumoniae,
aeruginosa,
bacillus,
albicans,
lunata,
niger,

simii,
oryzae

coli,

aureus,
haemolyticus,
equi,
agalactiae,
aeruginosa,
dysenteriae,
albicans,
niger,

coli,

aureus,
aeruginosa,
mutans,
enteritidis
coli,

aureus

aeruginosa
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E. coli,

S. aureus,

B. cereus,
Streptococcus,
P. mirabilis,
Acinetobacter,
F. oxysporum,
C. albicans,
A. fumigatus.

S. aureus, Streptococcus,

E. coli,

P. aeruginosa,
A. flocculosus,
A. nigricans
S. epidermidis,
X. oryzae

Photocatalytic, ROS

Drug delivery
Drug delivery
Photocatalytic

ROS

ROS
ROS, disruption of cell membrane

Drug delivery, ROS

Photocatalytic, disruption of cell membrane

ROS

Unknown
ROS

Unknown

Unknown, maybe ROS

ROS

[246,250,285]

[104]
[104]
[115]

[245,248]

[247]
[286]

[259,262,285]

[136,139,141]

[263,269]

[245]
[138]

[140]

[130]

[278,284]
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Table 2 (continued)
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Metal

Molecular Structure

Microorganisms

Mechanism of Action Reference

Cu

Ag

Au

Zn

MOFs

Nanotubes

Nanoparticles

Nanofibers

Nanocomposites
MOFs

Nanotubes

Nanocomposites

Nanoparticles

MOFs

Nanocomposites

Nanoparticles

Nanocomposites

MOFs

S. aureus,

E. coli,

K. pneumoniae,
B. cereus,
Streptococcus,
P. mirabilis,

A. baumannii,
F. oxysporum,
C. albicans,

A. fumigatus,
oryzae

coli,

aureus

coli,
pneumoniae,
baumannii,
pyogenes,
epidermidis,
aureus,
monocytogenes,
subtilis,
perfringens,
albicans,
fumigatus
tropicalis,
verticillioides,
coli,

aureus
aureus

coli,
aeruginosa,
pneumoniae,
aureus,
enteriditis,
lutea,

cereus,
albicans
coli,

aureus

coli,

aureus,
anthracoides
monocytogenes,
coli,
aeruginosa,
enterica, Streptococcus,
thuringiensis,
aureus,
violaceum,
albicans
coli,

aureus
aeruginosa,
aureus,
albicans,
terreus,
niger,
fumigatus
coli,
aeruginosa,
enterica, Streptococcus,
thuringiensis,
aureus,
violaceum
coli,

aureus

coli,

aureus,
aeruginosa,
pneumoniae,
albicans,
niger,
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ROS, disruption of cell membrane, unknown [126,134,143,236]

Unknown, possibly ROS [251]

ROS, disruption of cell membrane, photothermal [220,265,268]

ROS [264]

ROS [267]
ROS, photocatalytic [131,135,144]

Unknown, possibly ROS [251]

ROS [245,248,267,270,272]

ROS, inhibition of quorum sensing [219,279,291]

Ultrasound-induced ROS generation [149]

Disruption of microbial membrane, ROS [252]

Inhibition of quorum sensing, ROS [279]

Unknown [245]

Photocatalytic, photothermal, ROS, drug delivery [128,133,134,137,142]

(continued on next page)
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Metal

Molecular Structure

Microorganisms

Mechanism of Action

Reference

Al

Sn

Zr

La

Ce

Metalloid
B

Si

Nanotubes

Micromotor
Nanoparticles

Nanocomposites

MOFs

MOFs

Micromotor

Nanoparticles
Nanoparticles
Nanoparticles

MOFs

Nanoparticles

Nanoparticles

MOFs

Molecular Structure
Nanosheets

Nanocomposites

Nanoparticles

Nanobrushes

E. coli,

S. aureus

H. pylori

E. coli,

K. pneumoniae,
E. faecalis,

S. aureus,

P. chrysogenum,
A. brasiliensis,
Alternaria,

X. oryzae

E. coli,

S. aureus,

B. anthracoides
E. hirae,

S. aureus,

K. pneumoniae
E. coli,

P. aeruginosa,
S. aureus

H. pylori

E. coli,

P. aeruginosa,
S. aureus

E. coli,

B. subtilis

E. coli,

B. subtilis

E. coli,

P. aeruginosa,
K. pneumoniae,
S. aureus,

S. enteriditis,

S. lutea,

B. cereus,

C. albicans

E. coli,

E. faecalis

E. coli,

K. pneumoniae,
E. faecalis,

S. aureus,

P. chrysogenum,
A. brasiliensis
E. coli,

S. aureus
Microorganisms
E. coli,

P. aeruginosa,
S. aureus,

C. albicans,

A. brasiliensis
E. coli,

S. aureus

P. aeruginosa,
E. coli,

K. pneumoniae,

S. enterica, P. mirabilis,

E. faecalis,
B. cereus,

S. aureus,

S. agalactiae,
C. albicans
E. coli,

P. aeruginosa,
S. aureus

Unknown, possibly ROS

Motor
ROS

ROS

Unknown

Photocatalytic

Competition with Fe>*
Unknown, mechanical damage to membranes

Unknown, possibly interactions with bacterial proteins
ROS

Drug delivery

ROS

Unknown, possibly ROS

Ultrasound-induced ROS

Mechanism of Action
Mechanical damage to membranes, possibly ROS

Unknown

Drug delivery, unknown

Unknown

[251]

[274]
[250,271,285]

[245,248]

[112,134]

[113-115]

[274]

[273,276,277]

[280]

[266]

[127,129,131]

[249]

[250]

[149]

Reference
[286,287,290]

[288]

[291,292]

[296]
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Table 2 (continued)
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Metal Molecular Structure Microorganisms Mechanism of Action Reference
Nanoparticles E. coli, Drug delivery [268,297]
L. monocytogenes
B. subtilis,
C. perfringens,
C. tropicalis,
F. verticillioides,
G. graminis
Ge Nanoparticles E. coli, Unknown [300]
S. aureus,
C. albicans
Te Nanorods E. coli Mechanical damage to membranes [302]
Bi MOFs E. coli, Photocatalytic [139,144]
S. aureus,
S. haemolyticus

Porta et al. reported on the development of copper nanoparticles
capped with aminosilane groups (APTMS) referred to as Cu-APTMS NPs
[268]. These nanoparticles were synthesized using a chemical reduc-
tion method and shown to be stable colloidal suspensions for up to four
months in ethylene glycol. The Cu-APTMS NPs were characterized us-
ing techniques like UV-Vis spectroscopy, TEM, XRD, and FTIR. These
analyses confirmed the nanoparticles were spherical, monocrystalline
metallic copper with a size of ~25 nm and had surface functionalization
with siloxane groups. The antimicrobial activity of the Cu-APTMS NPs
was evaluated against several bacteria, both Gram-positive (Listeria
monocytogenes, B. subtilis, S. aureus and Clostridium perfringens) and
Gram-negative (P. aeruginosa), bacterial spores, and fungi (Candida
tropicalis and Fusarium verticillioides) and the particles showed potent
broad microbicidal effects at low concentrations for all. The sporicidal
effect of Cu-APTMS NPs was tested against spores of B. subtilis and
Clostridium perfringens and showed a significantly stronger effect than
either APTMS or cuprous oxide alone, as displayed in Fig. 39. Mecha-
nistic studies indicated the antimicrobial effect involves DNA degrada-
tion, which is known to be a consequence of ROS produced by Cu. The
nanoscale copper was found to be more effective than cuprous oxide
nanoparticles. The authors conclude that the developed aminosilane-
functionalized copper nanoparticles have significant potential as stable
and effective antimicrobial agents against a wide range of microbes and
could find applications in areas like biomedicine and functional coat-
ings.

Iron oxide NPs (IONPs) with photothermal activity and peroxidase-
like activity were used to treat infected wounds [269]. The photother-
mal effect can directly lead to heat stress in bacterial cells, resulting in
DNA, RNA, and protein dysfunction that causes cell death. Meanwhile,
the peroxidase-like activity converts hydrogen peroxide into superoxide
radicals that cause oxidative stress. These effects are synergistic, as not
only do both kill bacteria, but the increased heat from the photothermal
effect enhances the catalytic production of superoxide radicals. In vitro,
both E. coli and S. aureus treated with 1000 pg/mL IONPs and 808 nm
NIR irradiation showed high bactericidal effects, with 100 % and
90.1 % cell death, respectively. This suggested that the effect may be
greater for Gram-negative bacteria (such as E. coli). A summary of the
photothermal/catalytic therapy experiment in mice is shown in Fig. 40.
Not only did the IONPs with NIR irradiation clear the infection from the
wounds, allowing the tissue to heal, but no change was observed for
mouse body weight and no inflammatory response was observed in the
organs of the mice after the experiment was concluded, demonstrating
the biosafety of the IONPs treatment with NIR irradiation.

Vasil'kov et al. presented a novel approach to creating hybrid mate-
rials with antimicrobial properties by incorporating silver nanoparticles
(Ag NPs) into a hyperbranched polyaminopropylalkoxysiloxane (HB-
PAPES) polymer matrix [270]. The Ag NPs were synthesized using a
method called metal vapor synthesis (MVS), which involves the con-
densation of metal and organic ligand vapor on the cooled walls of a re-
action vessel under vacuum conditions. The nanoparticles were then in-
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corporated into the HB-PAPES matrix on cotton to form the nanocom-
posites Ag NPs/HB-PAPES/cotton, as shown in Fig. 41. The nanocom-
posites were found to have an average size of 5.3 nm. One-third of the
volume of the nanocomposites was then re-impregnated using
organosol to improve the antimicrobial effect. Both the nanocomposites
and the re-impregnated samples and exhibited antifungal activity
against A. niger, as well as antibacterial activity against B. subtilis and E.
coli. The authors suggested that the MVS method is a promising ap-
proach for synthesizing metal nanoparticles and that the resulting
nanocomposites could have potential applications in medically relevant
textiles or related fields.

A study by Walunj et al. focused on the synthesis of ZnO NPs using a
method in which zinc acetate dihydrate precursor was refluxed in ethyl-
ene glycol without the presence of sodium acetate [271]. The refluxing
and cooling rates were optimized to obtain the desired phase and
unique morphology of polyol-mediated ZnO NPs. The capping agent
tetra-butyl ammonium bromide (TBAB) was used along with the pre-
cursor to achieve the desired results. The results indicated that the
nanoparticles were pure spheres with an average particle size of 18.09
nm. Additionally, annealing under heat enhanced the crystallites and
promoted a monocrystalline state. These nanoparticles exhibit antibac-
terial activity against E. coli and antifungal activity against Alternaria.

AgNPs prepared from E. diffusum extract demonstrated good an-
tibacterial activity against both Gram-positive (Listeria monocytogenes)
and Gram-negative (E. coli) bacteria [219]. ED-AgNPs showed larger in-
hibition zones compared to controls, as can be seen in Fig. 42. ED-
functionalized AgNPs were proposed to detect Hg?* via a redox reac-
tion mechanism between Hg?* and AgNPs, which caused visible discol-
oration of the AgNP suspension for rapid sensing. Overall, the green
synthesized ED-AgNPs provide a simple, eco-friendly platform for selec-
tive Hg?>* sensing and antibacterial applications, avoiding use of haz-
ardous chemicals.

The development of a photo-reactive silver-containing supramolec-
ular polymer called Ag-Cy-PPG (24) was described by Fesseha et al
[272]. The polymer was synthesized by combining a hydrophilic back-
bone, composed of oligomeric polypropylene glycol, with cytosine-
silver-cytosine linkages. The polymer can self-assemble into spherical
nanogels in water, and irradiation with UV light causes the nanogels to
undergo photocrosslinking resulting in polymer 25, as shown in Fig. 43.
These irradiated nanogels exhibit unique transition and photophysical
properties and demonstrate strong antibacterial activity.

The Ag-Cy-PPG nanogels undergo structural changes in the bacterial
microenvironment, leading to the release of silver ions and potent an-
tibacterial effects. For a microplate Alamar Blue (Resazurin) assay
(MABA) for both S. aureus and E. coli, the unirradiated nanogels showed
low levels of antibacterial activity up to 200 ug/mL, while the irradi-
ated nanogels showed no observed bacterial colonies at 50 ug/mL (Fig.
44a). Further, for E. coli grown on agar plates and treated with the irra-
diated nanogels, less than 10 CFU/mL were left after treatment, in com-
parison to the ~10” CFU/mL of E. coli in the control or unirradiated
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nanogel treatment groups (Fig. 44b and c). The Ag-Cy-PPG nanogels
also showed pH-responsive characteristics and controlled release of sil-
ver ions that enhanced the antibacterial activity of the nanogels. This
study highlighted the potential of this metallo-supramolecular system
for effective antibacterial therapy and enhancing the therapeutic effec-
tiveness of antibacterial treatments.

Ga,(HPO,); NPs were synthesized using two methods: a coprecipi-
tation method with PVP coating and a top-down sonication method
with PEG (polyethylene glycol) coating [273]. Both PVP- and PEG-
coated Ga,(HPO,); NPs showed potent antibacterial activity against
the Gram-negative bacterium P. aeruginosa, with minimum inhibitory
concentrations (MICs) comparable to that of gallium nitrate, which is
shown in Fig. 45 for PVP-coated NPs and Fig. 46 for PEG-coated NPs.
However, the nanoparticles did not show antibacterial activity against
the Gram-positive bacterium S. aureus, limiting their potential as
broad-spectrum antimicrobial agents. Importantly, the Ga,(HPO,);
NPs did not show any Ga-resistance development in P. aeruginosa even
after 30 passes, unlike gallium nitrate which rapidly develops resis-
tance. This makes the nanoparticles better suited as antibacterial
agents. The study suggested that Ga-based nanoparticles could help
overcome the limitations of molecular gallium compounds while re-
taining their antimicrobial potency and avoiding rapid resistance de-
velopment. The results support further development of Ga,(HPO,);
NPs as antibacterial agents against Gram-negative bacteria.

To increase the concentration of Ga®* at the therapeutic site, Lin et
al. developed a micromotor using gallium and zinc [274]. Ga®* can
compete with Fe3™ for binding to bacterial proteins, which inhibits
metabolic processes in the bacterial cells. These micromotors were pre-
pared through coating Zn microparticles with liquid metal gallium,
which can then generate H, bubbles that propel the motors. The Ga-Zn
galvanic effect enhances this reaction, increasing the force propelling
the micromotors. The Ga-Zn micromotors were then tested against Heli-
cobacter pylori, a well known gastroenteric bacterium implicated in gas-
tric cancers, and showed better antibacterial activity than Ga particles
or gallium citrate (Fig. 47). These effects were present whether the mo-
tors were static or not.

In addition to the antimicrobial activity of Ga®*, nanomaterials con-
taining liquid metal nanoparticles of Ga (Ga LMs) have also been stud-
ied for their biomedical applications [275]. For example, GLM-Fe (lig-
uid metal gallium-iron) nanomaterials are magnetoresponsive and
could be moved by a rotating magnetic field to mechanically damage
biofilms of S. aureus and P. aeruginosa, as well as the individual cell
walls, as shown in Fig. 48 [276].

Another example of the physical antimicrobial mechanism of gal-
lium was described by Cheeseman et al., who prepared nanomaterials of
gallium liquid metal with encapsulated iron droplets to yield GLM-Fe
nanomaterials [277]. An advantage to these nanomaterials was that
they could also target multispecies biofilms composed of different bac-
teria, bypassing biological resistance to chemical antimicrobial agents.
For example, the antibacterial effects caused by treatment with the
GLM-Fe nanomaterials are shown in Fig. 49 and demonstrate a signifi-
cant change in cell death in biofilms of S. aureus and P. aeruginosa, E.
coli and P. aeruginosa, S. aureus and B. cereus, and biofilms composed of
all three bacterial species. These results show the versatility of this mag-
netophysical approach.

Pure nickel nanoparticles have also been investigated for their in-
hibitory effects against biofilms of Staphylococcus epidermidis [278].
Biofilm growth was determined using quantification of crystal violet
staining by optical density measurements at 550 nm. At concentrations
above 0.05 mg/mlL, S. epidermidis biofilms were significantly disrupted,
as observed in Fig. 50.

CuO NPs biosynthesized from Lantana camara flowers were em-
ployed for the treatment of bacteria isolates from infected burns [236].
The main strains identified were Gram-positive S. aureus and S. epider-
midis and Gram-negative P. aeruginosa and Acinetobacter baumannii. The
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CuO NPs were more effective against the Gram-positive bacteria than
the Gram-negative species, with MIC values of 125 pg/mL for S. aureus,
250 pg/ml for A. baumannii and 1000 pg/ml for P. aeruginosa. The
mechanism was believed to be due to ROS generation or disruption of
the microbial membrane. These nanoparticles have potential in thera-
peutic formulations, such as antimicrobial cream, and would be cost-
effective to produce, due to the simple preparation and low cost of culti-
vating Lantana camara.

Ghaffarlou et al. aimed to synthesize silver and gold nanoparticles
stabilized with pullulan (27) and evaluate their potential as inhibitory
agents against quorum sensing in bacteria [279]. The synthesis of pullu-
lan-decorated silver and gold nanoparticles was achieved using a sim-
ple and environmentally friendly method using Au(III) chloride trihy-
drate and silver nitrate, respectively, with pullulan (see Fig. 51). The
SEM images revealed highly oriented microforms of pullulan, which
were attributed to the supramolecular self-assembling behavior of pul-
lulan chains. The antimicrobial and quorum sensing inhibition activi-
ties of the pullulan-decorated nanoparticles were tested against six
pathogenic bacteria (E. coli, Salmonella enterica typhimurium, P. aerugi-
nosa, Streptococcus, Bacillus thuringiensis, and S. aureus) and a reporter
biomonitor strain (Chromobacterium violaceum). It was observed that
the pullulan decorated with nanoparticles, particularly the silver-
modified ones, exhibited improved performance compared to pristine
pullulan. The cell proliferation was evaluated using an MTT assay, and
the nanoparticle-decorated pullulan showed potential as an inhibitor of
bacterial signal molecules. The study highlighted the promising perfor-
mance of silver nanoparticles decorated with pullulan, which outper-
formed the commercial antibiotic gentamicin, as seen in Fig. 52a. Fig.
52b also showed the increase in the inhibitory effect the Ag pullulan
nanoparticles had on quorum sensing when compared with pullulan
alone or the reference gentamicin. This suggested that the pullulan-
decorated nanoparticles could be a potential therapeutic approach to
overcome bacterial resistance to conventional antibiotics. Overall, the
research demonstrates a green and facile method for synthesizing pullu-
lan-stabilized silver and gold nanoparticles and highlights their poten-
tial as antimicrobial agents and inhibitors of quorum sensing in bacte-
ria.

Antibacterial tin (IV) oxide nanoparticles were synthesized from
two species of marine algae, Padina gymnospora and Turbinaria ornata
[280]. The largest zones of inhibition were observed for Gram-negative
E. coli at 75 pg/mL and Gram-positive B. subtilis at 100 pg/mL. The in-
teractions between the SnO, nanoparticles and penicillin-binding pro-
teins (PBPs) necessary for bacterial growth were analyzed by molecular
docking experiments and the SnO, nanoparticles showed strong bind-
ing interactions with PBP1a and PBP1b of E. coli and PBP2d and PBP4
of Bacillus subtilis. This suggested that the PBPs may be involved in the
antibacterial mechanism of the tin nanoparticles.

3.3.3. Phytomedicine

Metal-containing nanomaterials have been studied for their applica-
tions in agriculture [281,282]. Metal oxides have especially been stud-
ied in phytomedicine (plant medicine) to inhibit growth of plant
pathogens against key crops to improve their growth and crop yields
[283]. A balance is required to have effective antimicrobial activity
without being toxic to the plants themselves. A few examples of metal-
lic nanoparticles with antimicrobial activity against plant pathogens
are given below.

Nanoparticles of nickel oxide were prepared for antibacterial activ-
ity against the Gram-negative rice pathogen Xanthomonas oryzae pv.
oryzae [284]. Biological synthesis of the nanoparticles was achieved us-
ing an aqueous extract from stigmas of Crocus sativus L (saffron) and
bulk NiO. The NiO nanoparticles generated ROS in X. oryzae cells, with
a significant difference in ROS levels between a negative control group
and cells given 200 pg/mL nickel oxide nanoparticles. The same con-
centration of nanoparticles sprayed onto rice plants also improved fo-
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liage growth, whether healthy or infected with X. oryzae (Fig. 53a), as
well as root growth (Fig. 53b). The diseased leaf area also decreased for
the infected plants, going from 74 % in untreated plants to only 22 % in
those treated with the nanoparticles. Levels of ROS were also measured
using fluorescent 2,7-dichlorofluorescein diacetate and were shown to
be increased in cells treated with Ni compared to negative control cells
or cells treated with the antioxidant rotenone. It was therefore con-
cluded that the antibacterial activity likely involved ROS.

Ogunyemi et al. used rhizophytic bacteria Paenibacillus polymyxa ex-
tracts for production of ZnO, MnO, and MgO nanoparticles to target X.
oryzae responsible for leaf blight in rice [285]. As can be observed in
Fig. 54a, although inhibition zone diameters for X. oryzae (Xoo) were
concentration-dependent for the bulk metal oxides and the metal oxide
nanoparticles, the nanoparticles improved the inhibition at all three
concentrations. The largest inhibition zones were observed at the high-
est concentration of 16 ng/mL and were 17, 13, and 13 mm for ZnO,
MnO, and MgO nanoparticles, respectively. As would be expected, the
inverse of this effect was shown for the optical density at 600 nm (Fig.
54b). Similarly, biofilm production by the bacteria decreased by 74.5,
74.4, and 80.2 % of the untreated control for ZnO, MnO, and MgO
nanoparticles, respectively. These findings show the potential use of
metal oxide nanoparticles in treatment of rice leaf blight.

3.4. Antibacterial and antifungal activities of metalloid nanoparticles and
composites

Hao et al. designed boron nitride nanosheets (BNNS) with ionic lig-
uid and ammonium dimolybdate (ADM) ions [286]. The nanosheets
(BNNS-IL-ADM) were three to four layers thick, with intercalated Mo
groups that were slowly released, which allowed for longer antibacter-
ial activity. The antibacterial activity of the nanosheets was improved
by synergistic effects with boron nitride. Boron nitride nanosheets have
also shown mechanical antibacterial activity by physical damage
caused by their sharp edges, which did not result in the development of
antimicrobial resistance [287]. As can be observed in Fig. 55, the ADM
entered the cells via three routes: adhesion to the bacterial cell wall
through hydrophobic, electrostatic and van der Waals interactions, the
nanosheets removing lipids from the cell wall to increase its permeabil-
ity, and nanochannels within the nanosheets that protect ADM and al-
low its release into the cytoplasm [286]. Thanks to these synergistic ef-
fects, the nanosheets exhibited a 92 % reduction in MIC needed for ei-
ther Gram-negative E. coli or Gram-positive S. aureus, showing a broad
range of bacteria could be targeted while maintaining high human cell
viability (>80 %) even at the highest concentration tested (750 pg/
mL).

Beyli et al. prepared boron oxide (B,05)/poly(acrylic acid) (PAA)
nanocomposites (29) as shown in Scheme 2 and investigated their ther-
mal stability and antibacterial activity against S. aureus and E. coli
[288]. The nanocomposites were prepared by a solution intercalation
method, where B,O5 (27) was dispersed into a PAA (28) solution in xy-
lene. The thermal stability of the polymers increased when B,O5 was
added, in part due to the change in the decomposition of PAA. The
B,03/PAA nanocomposites exhibited greater antimicrobial activity
against E. coli and S. aureus compared to pure PAA, with the antimicro-
bial properties increasing with higher B,O5 content.

Borophene is a two-dimensional nanostructure composed of single-
atom-thick layers of boron that resembles its carbon analogue
graphene, but is lighter and possesses a variety of different types of
bonding [289]. p-borophene nanosheets have demonstrated antibacter-
ial activity against S. aureus, P. aeruginosa and E. coli, as well as antifun-
gal activity against C. albicans and Aspergillus brasiliensis [290]. Zones of
inhibition were as follows: 18.0 mm for S. aureus, 19.5 mm for P. aerug-
inosa, 25.3 mm for E. coli, 23.4 mm for C. albicans and 22.8 mm for A.
brasiliensis. The authors concluded that borophene had potential for
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biomedical applications given its strong antimicrobial properties, in ad-
dition to its reported high biocompatibility.

El-Batal et al. prepared silver boron nanoparticles (AgB NPs) with in-
corporated PVP (32) via gamma ray-induced reaction of 30 with PVP
(31), as seen in Scheme 3 [291]. The antimicrobial and antibiofilm ac-
tivities of these AgB NPs were then assayed against three species of mi-
crobes responsible for urinary tract infections (UTIs). The AgB NPs ex-
hibited strong antimicrobial activity with the largest zone of inhibition
against C. albicans (20 mm), followed by E. coli (18 mm) and S. aureus
(16 mm), as well as excellent antibiofilm activity, inhibiting biofilm
formation by 87 %, 85.3 %, and 69.4 % against S. aureus, E. coli, and C.
albicans, respectively.

Boron nitride and chitosan-coated boron nitride (BN) nanoparticles
were evaluated against a variety of Gram-positive (B. cereus, S. aureus,
E. faecalis, Streptococcus agalactiae, Proteus mirabilis) and Gram-negative
(E. coli, K. pneumoniae, P. aeruginosa, P. mirabilis, and S. enterica ty-
phimurium) bacterial strains [292]. Chitosan coating improved an-
tibacterial activity by changing the electrostatic surface of the nanopar-
ticles to be more positive. The negative zeta potential of BN NPs that
was observed was not present in the chitosan-coated NPs, which
showed positive charge. The increased activity thanks to the chitosan
coating may allow for potential therapeutic use of the BN NPs, as the re-
quired dose would be lower, increasing the biocompatibility of this
treatment.

Silicon-containing materials and nanocomposites have been investi-
gated as scaffolds for antimicrobial agents [293-295]. Jiang et al. pre-
pared nanoparticle-pinched polymer brushes (NPPBs) composed of sil-
ica nanospheres covalently bonded to hydrophilic polymers [296]. The
polymer brushes are against non-toxic mammalian cells but exhibit an-
tibacterial activity against E. coli, P. aeruginosa and S. aureus. Small
nanoparticles were shown to possess antibacterial activity, which de-
creased as the size increased. The authors determined that for a silicon
nanoparticle diameter < 50 nm, the NPPBs self-organize into a two-
dimensional columnar phase, which can be used to form a membrane
pore. This may explain why the 50 nm diameter was a threshold above
which the antibacterial activity began to rapidly drop off. The mecha-
nism of this activity is still unknown but warrants further study.

Sattary et al. used mesoporous silica to nanoencapsulate two types
of essential oils, lemongrass oil and clove oil, to improve their antifun-
gal activity against Gaeumannomyces graminis var. tritici (Ggt), the
pathogen responsible for take-all disease in wheat [297]. Take-all dis-
ease is the most damaging root disease found in wheat worldwide and is
therefore a global target for research [298]. The nanoparticles had
80 % encapsulation efficiency for the oils and resulted in up to three
times the antifungal activity against Ggt in vitro. In vivo, clove oil
showed only 49 % and lemongrass oil showed only 57.44 % inhibition
of Ggt growth on wheat seeds, while the nanoparticles with clove oil
showed 71.27 % and with lemongrass oil showed 74.44 % inhibition.
These findings were comparable to the 70 % inhibition exhibited by the
commercial fungicide Mancozeb against Ggt. Further encapsulation of
the nanoparticles with sodium alginate further improved these results
to 84 % for nanoparticles containing either clove or lemongrass oil.

Germanium has also been shown to be active for antimicrobial ac-
tivity, including in the form of nonionic surfactants [299]. With respect
to nanoparticles, germanium has been doped as an ion into nanoparti-
cles of hydroxyapatite (HAp), a calcium phosphate complex [300]. The
antibacterial effect of HAp against MRSA was slightly decreased by the
Ge doping, but still significantly lower than the untreated cells. Al-
though the Ge-HAp showed no improvement for antibacterial activity
against E. coli, it should be noted that HAp also showed no significant
activity overall, suggesting that HAp is ineffective against E. coli or
Gram-negative bacteria generally. On the other hand, the antifungal ef-
fect against C. albicans was significantly improved by doping with Ge**
to such a degree that it eliminated the fungal growth. In addition to
their antimicrobial activities, Ge-HAp also showed low cytotoxicity
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against dental pulp stem cells. Further, Ge-HAp was demonstrated to in-
duce mRNA expression for osteogenic differentiation in these stem
cells, which is the process by which stem cells mature into bone tissue
cells. Therefore, these nanoparticles showed excellent potential for
their use in regenerative medicine, as they can exhibit simultaneous tis-
sue regeneration and antimicrobial effects, as shown in Fig. 56.
Tellurium nanorods derived from tellurite (Te032’) have been pre-
pared and examined for their antibacterial and antifungal activities
[301]. In 2022, Tang et al. prepared biogenic tellurium nanorods
(BioTe) from tellurite using the tellurite-resistant bacterial species
Acinetobacter pittii and examined their antibacterial activity against E.
coli [302]. The antibacterial activity of BioTe in E. coli was superior to
spherical Te nanoparticles, with an MIC 700 times lower than that of
the Te NPs. The antibacterial mechanism was determined to be me-
chanical damage to the cell membrane. The leakage of p-galactosidase
in a strain of E. coli that overexpresses the protein was used as a mea-
sure for cytoplasmic leakage. There was a 465 % increase in leakage of
fB-galactosidase compared to untreated cells, which is a dramatic im-
provement over tellurite treatment. The authors suggested that BioTe
would be attracted electrostatically to the bacterial cell membranes, fol-
lowed by physically damaging it with the sharp ends of the nanorods.
While ROS were also produced, they were within levels that the E. coli
could degrade under normal growth, demonstrating that the main bac-
tericidal mechanism was the mechanical disruption of membranes.

4. Conclusion and future directions

This review has highlighted the rapidly growing field of metal- and
metalloid-containing materials for antimicrobial and antifungal appli-
cations. From the design and synthesis of metal-organic frameworks
(MOFs) to the preparation and characterization of metallic and metal-
loid nanoparticles and nanocomposites, significant advances have been
made in overcoming the threat of drug-resistant pathogens. MOFs can
be designed to encapsulate antimicrobial agents or release metallic ions
that have antimicrobial activity. These materials are tunable and can be
designed for a variety of applications. Furthermore, metallic and metal-
loid nanoparticles are gaining interest due to their high surface-to-
volume ratio and unique physicochemical properties. They have been
demonstrated to be potent against a wide variety of bacterial and fungal
strains, as well as being highly effective in preventing the formation of
biofilms. This review has also surveyed the use of green synthesis tech-
niques for nanoparticles, which have advantages such as using readily
available resources and being environmentally friendly. These materi-
als hold promise for applications in industrial settings, such as waste-
water remediation and fabrication of antimicrobial textiles, and in ther-
apeutic settings to treat infections, particularly those caused by mul-
tidrug-resistant strains. Further investigation into their safety, efficacy,
and mechanisms of action is required for clinical use. While the global
threat of drug resistance has accelerated the study of novel antimicro-
bial agents, it has been shown that some of these nanomaterials, partic-
ularly metal nanoparticles and nanocomposites, can still contribute to
the evolution of antimicrobial resistance. Further research is necessary
to develop nanomaterials that would not promote the evolution of drug
resistance. For example, antibacterial nanomaterials with mechanisms
such as mechanical damage to membranes or photothermal activity can
prevent evolution of drug resistance, but require further research to use
effectively. Several challenges remain in understanding the exact mech-
anisms of action and the risk of potential toxicity for metal- and metal-
loid-containing nanomaterials. Nevertheless, these nanomaterials have
proven to be promising antimicrobial agents for clinical translation,
and design of new nanocomposites based on principles of nanoarchitec-
tonics may further advance this field of research. A summary of the an-
tibacterial activities of the MOFs and nanomaterials containing metals
and metalloids described in this review is shown in Table 2. Based on
the literature review and recent developments in this field, it is clear
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that while a tremendous amount of work has been undertaken by many
scientists searching for new and efficient antibacterial and antifungal
agents, there is still more research to be done and many new materials
to be discovered.
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