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Abstract: Nanotechnology has emerged as a cornerstone in contemporary research, marked by the
advent of advanced technologies aimed at nanoengineering materials with diverse applications,
particularly to address challenges in human health. Among these challenges, antimicrobial resistance
(AMR) has risen as a significant and pressing threat to public health, creating obstacles in preventing
and treating persistent diseases. Despite efforts in recent decades to combat AMR, global trends
indicate an ongoing and concerning increase in AMR. The primary contributors to the escalation
of AMR are the misuse and overuse of various antimicrobial agents in healthcare settings. This
has led to severe consequences not only in terms of compromised treatment outcomes but also in
terms of substantial financial burdens. The economic impact of AMR is reflected in skyrocketing
healthcare costs attributed to heightened hospital admissions and increased drug usage. To address
this critical issue, it is imperative to implement effective strategies for antimicrobial therapies. This
comprehensive review will explore the latest scientific breakthroughs within the metal-organic
frameworks and the use of mesoporous metallic oxide derivates as antimicrobial agents. We will
explore their biomedical applications in human health, shedding light on promising avenues for
combating AMR. Finally, we will conclude the current state of research and offer perspectives on the
future development of these nanomaterials in the ongoing battle against AMR.

Keywords: nanomaterials; MOFs; mesoporous materials; antimicrobial agents; biomedical applications

1. Introduction

In the last decade, there has been a notable increase in the consequences of antimicro-
bial resistance (AMR). This often implies the need for higher doses of drugs and multiple
treatments over a prolonged period to treat various microbial infections [1]. Consequently,
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it conduces to high toxicity, secondary effects, and an increment in the therapy cost. Cur-
rently, AMR is one of the main concerns worldwide [2]. The preoccupation with new
resistance mechanisms of pathogen microorganisms continues to threaten our ability to
treat common infections [2]. A frequent problem is the rapid propagation of multi- and
panresistant bacteria, which cannot be treated using common antibiotics [3]. In addition,
greater inversion is required to research and develop new antimicrobial agents, especially
those targeting critical Gram-negative bacteria and other pathogenic microorganisms such
as resistant ones. To address these problems, new technologies such as nanotechnology
and nano-enabled therapies are urgently needed to combat pathogenic microorganisms
that cause human infections and overcome multidrug resistance [3].

Recently, the use of nanomaterials in antibiotic formulations has been promising.
Diverse mesoporous materials (MMs), such as metal-organic frameworks (MOFs) [4],
mesoporous silica nanoparticles (MSNs) [5], and titania thin films (MTNs) [6,7], among
others, have demonstrated interesting antimicrobial properties. Furthermore, the meso-
porous characteristics, including large surface area, confinement effect, and chemical and
crystalline structure stabilities exhibited by the mentioned systems, make it plausible to
design synthesis strategies, functionalization, miniaturization, and deposition, and devise
implementations for biocide applications.

MOF materials are emerging porous materials that have demonstrated a high potential
for antimicrobial therapy [8-13]. These materials are constructed by forming coordination
bonds between metal nodes and organic linkers [10-13]. Generally, MOFs are compounds
with strong bonds between metal inorganic subunits and organic ligands. Many combi-
nations of metal and organic linkers exist to form various MOFs with interesting medical
applications. Some advantages of MOFs over other nanomaterials are their high surface
area, tunable and uniform porous structure, flexible, functional metal sites and organic
groups across the entire network, and high designability [14].

Furthermore, properties such as the geometry, structure, composition, pore size, sur-
face area, and surface functionality of MOFs can be flexibly and rationally tuned by chang-
ing the combination of organic and inorganic components. Also, there are three principal
antimicrobial mechanisms of MOFs [15]. First, metal ions with antimicrobial power, such
as silver, zinc, and copper, can be released from the MOF structure and inhibit the growth
of microorganisms. Furthermore, an interesting aspect is that the organic ligands of the
structure could behave as antibiotics or photosensitizers, which can generate ROS to kill
bacteria through light irradiation. Finally, these materials could act as carriers to load
antibacterial agents such as antibiotics, photosensitizers, or antimicrobial peptides, among
others, to encourage antibacterial efficacy [14,15].

On the other hand, MMs are compounds that present a wide range of medical applica-
tions. MM materials are synthesized using, for example, organic surfactants, and they have
well-ordered pores, but the pore walls are frequently amorphous [16,17]. These materials
have a pore size from 2 to 50 nm (IUPAC). Mesoporous metallic oxide derivates present a
plethora of potential applications in bio-applications, including bone tissue engineering
and preparation, multimodal imaging (i.e., luminescence, contrast agents), theranostics,
or delivery of molecules of pharmacological relevance [18,19]. Exploiting the structural
and textural properties of MMs allows hosting and potentially delivering of a wide range
of therapeutic applications such as in health human treatment (cancer, osteoporosis, and
infection) [20,21]. In addition, the texture of mesoporous thin films with well-defined pore
sizes between 4 and 7 nm was shown to affect cell growth and proliferation; mesoporous
silica films have the desired properties in reducing biofilm formation and bacterial attach-
ment for relevant biomedical applications [22,23]. These unique features make mesoporous
nanomaterials an ideal nanoplatform for bacterial infection treatment [24,25].

Furthermore, in 2021, Gomez and Soler Illia [26] published a virtual issue focusing on
recent developments in multifunctional nanoporous materials, encompassing MOFs and
metallic oxide derivates. These materials possess highly tunable porosity, functionalization
adaptability, particle size reduction feasibility, and ease of processing and manipulation for
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device construction. These qualities render both types of materials well-suited for use as
antimicrobial agents.

This review will concentrate on the latest scientific progress in utilizing MOFs and
their derivatives, along with MMs, as antimicrobial agents and for biomedical applications.
A subsequent discussion will explore their advantages in promoting human health. In
conclusion, we will summarize trends and offer insights into the prospects for developing
these nanomaterials.

2. MOF Materials as Antimicrobial Agents: Applications in Human Health

According to the International Union of Pure and Applied Chemistry (IUPAC) [27],
a coordination polymer is a compound with repeating inorganic moieties extending in
one, two, or three dimensions. In particular, the polymer can extend in two or three
dimensions in a coordination network. In addition, in an MOF, organic ligands coordinate
the inorganic ions or clusters that form supramolecular structures containing potential
cavities [27-30]. Moreover, it is possible to combine organic ligands and various metal
ions to modify their surface area, structures, pore size, and functionalities for promising
applications such as selective separation and gas storage, drug delivery, catalysis, sensing,
and optoelectronic device implementation [31]. Figure 1 depicts the self-assembly process
for obtaining MOF materials.
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Figure 1. Self-assembly process towards MOF synthesis. Figure made by the authors.

Moreover, in recent years, various mechanisms have undergone thorough examination,
with a noteworthy increase in articles addressing the eradication of bacterial species, allow-
ing the publication of recent reviews. Zang et al. [15] documented diverse MOF materials
exhibiting antibacterial activity. These materials operate through action mechanisms that
encompass physical interaction (PI), organic ligand releasing (OLR), metal ion releasing
(MIR), gas and antibiotic releasing, chemical dynamic (CDT), photodynamic (PDT), pho-
tothermal (PTT), synergistic, and sonodynamic therapy (SDT) (see Figure 2). Consequently,
this review aims to spotlight recent advancements in this field. Various MOFs have been
thoroughly researched due to their favorable antibacterial effects, which stem from distinct
chemical and physical attributes, such as the gradual release of organic compounds or
metal ions and their photocatalytic, enzyme-like, ultrasonic, and photothermal activities.
An excellent review has treated the action mechanisms [15], which is not the purpose of the
present revision.

Significant revisions in the MOFs’ antimicrobial activities have emerged in the last
five years. In 2022, Dai and colleagues [32] provided a comprehensive and well-described
summary of significant advances in the silver-MOF and silver-MOF composites’ perfor-
mance for bacterial eradication. Marchetti et al. [8] also presented an excellent compilation
highlighting the most relevant cases of transition-metal-based MOF composites utilized as
antibacterial, antiviral, and antifungal agents against a diverse range of microbes. These
contributions assist our understanding of the potential applications of MOFs in combating
microbial threats.

Silver NPs have proven to be a successful method for eradicating bacterial popula-
tions [32]. In the field of MOFs, incorporating metallic NPs into porous materials through
post-synthetic procedures is relatively straightforward. A study by Mao et al. [33] showed
the feasibility of introducing AgCl/Ag NPs into a 3D porous Cu-MOF, such as Cu(I)bpyCl
(bpy = 4,4'-bipyridine), targeting S. Aureus and E. coli. The NPs were synthesized using
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a simple “one-pot” methodology, resulting in a crystalline size of approximately 10 nm,
and their structure was characterized using X-ray diffraction (see Figure 3C). The silver-
functionalized samples exhibited lower minimum inhibitory concentration (MIC) values
(16 ug L~! against S. Aureus and 7.8 pug L~! against E. coli) compared to Cu-MOF samples
without NPs (see Figure 4).
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Figure 2. Schematic illustration of MOFs’ antibacterial mechanisms. Reproduced from reference
Zang et al. [15], 2022, under the terms and conditions of the Creative Commons Attribution (CC BY)
license. https:/ /doi.org/10.3390/jfb13040215.
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Figure 3. Diagram of CuBpyCl/Ag compound (A), preparation of the CuBpyCl/Ag material (B), XRD
characterizations (C), and (D,E,F and G) SEM/TEM analysis of CuBPyCl/Ag NPs. Reprinted with
permission from Mao et al. [33]. Copyright 2023 American Chemical Society.
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Figure 4. CuBPyCl/Agb minimum inhibitory concentration and sensitivities values against
S. Aureus and E. Coli. Reprinted with permission from Mao et al. [33]. Copyright 2023 American
Chemical Society.

In addition, the interest in developing new antimicrobials led to new alternative treat-
ments for infections caused by pathogenic microbes. Photodynamic inactivation seems
to be a suitable technique. To accomplish this, sensitizing photoactive substances are
irradiated at specific wavelengths in the presence of oxygen to produce ROS through one of
two photochemical reactions, electron transfer (type I) or energy transfer (type II), causing
cell damage and death of pathogenic microorganisms. Godoy et al. [34] obtained nanosized
particles of the Tb-doped Ysucc-sal compound by employing a cationic surfactant as a
bottom-up approach to modulate the two 2D coordination networks’ particle sizes. In
addition, combined with the top-down technique, the delamination of crystals was imple-
mented to produce nanosized systems. One reported sample showed photoinactivation of
C. albicans at different proportions, reaching almost 100% microbe inhibition. Also, singlet
oxygen was confirmed as the principal species for photoinactivation of C. albicans with
these systems. This work was valuable and needed to develop new photoactive compounds
for topical formulations.

A recent multifunctional 3D-MOF example, [Co,(TZMB);(1,4-bib) 5(H,0),]-2H,O
(Figure 5), was prepared. Also, properties like dye adsorption and antibacterial and pho-
tocatalytic activity were explored [35]. Control experiments revealed that metal salts and
mixed ligands had no antibacterial effect on the bacterial solution. Ata 5 mg mL~! concen-
tration, the MOF exhibited a bacteriostatic circle diameter of 14 mm, with a 500 ug mL~!
MIC for S. aureus (Figure 5), 11 mm and 400 ug mL~! MIC for E. coli, and for C. albicans, they
were 11 mm and 200 ug mL~!, respectively. Notably, the compound demonstrated com-
plete growth inhibition for all microorganisms within 24 h at 400-500 ug mL~! suspension
concentrations (Figure 5).

As mentioned earlier, MOF composites offer valuable examples of innovative techno-
logical applications, and many immobilization techniques enable the use of MOF systems
as devices for various purposes. Recent examples have garnered attention in antimicrobial
materials, particularly integrating MOFs into cotton fibers to develop personal protective
clothing (see Figure 6). Under solar photocatalytic conditions, MOF@fiber composites
were developed as active pathogen inhibitors. Li et al. [36] reported the implementation of
nanosized ZIF-8 (zeolitic imidazolate frameworks) produced by the aerosol method and
further impregnation into fibers (Figure 7). In addition, the Zn?* charge trapping centers
can be photogenerated on the MOF surface via ligand-to-metal charge transfer (LMCT) and
active O, to form *O;— and related ROS like HyO,. ROS production mainly contributes
to the ZIF-8 biocidal properties. So, ZIF-8 is a filter with a synergic bacteria-killing and
particulate matter filtration performance. It was demonstrated that ZIF-8-based filters
could protect against pathogens, aerosols, and air hazards.
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Figure 5. [Co,(TZMB)2(1,4-bib) 5(H,0),]-2H,O crystalline structure. MOF inhibition zone against
(a) S. aureus, (b) E. coli, and (c) C. albicans. Right: MOF growth curve against (a) S. aureus, (b) E. coli,
and (c) C. albicans. Reproduced with modification from reference Jing et al. [35], 2023, under the
terms and conditions of the Creative Commons Attribution (CC BY) license. https://doi.org/10.339
0/molecules28135204.
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Figure 6. Scheme of MOF-based filters for integrated air cleaning. Reproduced from reference
Li et al. [36], 2019, under the terms and conditions of the Creative Commons Attribution (CC BY)
license. https:/ /doi.org/10.1038/s41467-019-10218-9.

MOF-74 is a well-known 3D-MOF structure based on Zn?* ions connected by
2,5-dihydroxyterephthalate linkers. Recently, MOF-74-based membranes on an NH4TiOF3
(NTiF) layer-modified Mg matrix were prepared for antibacterial, cytocompatibility, and
corrosion control properties [37]. Corrosion protection was enhanced by outer MOF-
74 membranes whose crystals and thicknesses could be adjusted for several protective
effects. Also, MOF-74 membranes promoted proliferation and cell adhesion, showing
outstanding cytocompatibility. Using MOF-74 decomposition to generate the Zn?* and
2,5-dihydroxyterephthalate liberation could effectively inhibit S. aureus and E. coli, showing
highly efficient antibacterial properties (see Figure 8).
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Figure 7. Comparison of the antibacterial performance between MOF filter mask (MM) and com-
mercial mask (CM). (a) Bioaerosol generation apparatus and optical images of trilaminar MOF filter
masks. (b) E.coli levels residual on top (T), inner (I), and bottom (B) layers of MM and CM after
30 min of light irradiation, respectively. (c) Bacterial colonies residual on eluent-treated masks. Re-
produced from reference Li et al. [36], 2019, under the terms and conditions of the Creative Commons
Attribution (CC BY) license. https:/ /doi.org/10.1038/s41467-019-10218-9.
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Figure 8. Membranes constructed by MOF-74/NTiF exhibit exceptional antibacterial, anticorrosion,
and cytocompatibility properties. Reprinted with permission from Liu et al. [37]. Copyright 2023
American Chemical Society.

More recently, a novel synthetic laser ablation method was used to obtain MOF-
5/graphene composites as novel platforms for bacterial inhibition [38]. MOE-5, known as
Zn-terephthalate, is one of the most explored materials in the MOF field. The nanosheets
were employed as antibacterial agents against S. aureus and E. coli, accompanied by around
0.125 pg mL~! MIC values.
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Duncan et al. [39] demonstrated that CPO-27 (Ni), a 3D-MOF constructed by diva-
lent nickel ions connected by 2,5-dihydroxyterephtalate linkers, can be synthesized into
polyurethane films using solvent-casting methods. Also, the films can be activated and
loaded with NO gas. Antibacterial NO concentrations were released when in contact with
a moist environment, and antibacterial performance against S. aureus and E. coli can be
achieved within 1 contact hour employing 5 wt% MOF films. These studies advance the
understanding of NO-releasing MOFs for medical applications.

Bismuth has an extensive history of medicinal use and applications in medicine and
healthcare, including treating gastrointestinal disorders, antitumor activities, and antimi-
crobial and antibacterial properties [40]. In this context, Bi-MOFs have been obtained
in the last decade with potential applications in bacterial eradication. Remarkably, our
group reported the strong antibacterial effect of the two Bi-MOFs on E. coli, Typhimurium,
S. Typhimurium, and P. aeruginosa compared to the bismuth salt, Bi-citrate [41]. Moreover,
Huang and colleagues [42] recently reported two rapid synthesis methods, ultrasound-
assisted and agitation-free, to produce bismuth-based materials with ellipsoid and rod-like
nanomorphologies, respectively. The porous structure of rods was identified as Bi-MOFs,
aligning with the crystalline structure of CAU-17. CAU-17 is a bismuth-based MOEF,
[Bi(BTC)(H,0)]-2H,O-MeOH, with 1,3,5-benzenetricarbolylate as linkers. In addition, el-
lipsoids and rods demonstrated excellent biocompatibility with human gingival fibroblasts
and exhibited high antimicrobial effects against Gram-negative oral pathogens, including
Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis, and Fusobacterium nuclea-
tum. At a concentration of 50 pg/mL, both ellipsoids and rods were able to disrupt bacterial
membranes, with particular efficacy in eliminating P. gingivalis biofilms. This suggests
promising applications for these bismuth-based materials in combating oral pathogens
while remaining biocompatible with human cells.

In addition, immobilizing MOF nanoparticles and other additives into membranes
is an excellent option for constructing technological devices for antibacterial applications.
Nevertheless, there is a scarce number of reports of antiviral applications of MOFs, mostly
in polymeric matrices. Gupta et al. [43] have recently reported immobilizing HKUST
nanoparticles and carbon nanotubes (CNTs) into PVDF filtration membranes, demonstrat-
ing a decrease in the virus population by 80%. Another recent example of immobilized
MOF into polymeric membranes is the reported case by Lee et al. [44], where a PDMS@Cu-
MOF composite was obtained, exhibiting antibacterial activity against E. coli, S. aureus,
P. aeruginosa, K. pneumoniae, and methicillin-resistant S. aureus (MRSA).

As exemplified, composite construction seems to be an excellent way to increment the
antimicrobial activity of MOF materials. However, the formulation of drug@MOF systems
could be a novel scenario for the capture and further controlled liberation into liquid and
solid mediums for microbial eradication. In this context, Shakir and colleagues [45] reported
a levoflaxin@Zn-MOF against Gram-positive and Gram-negative bacteria, specifically
S. aureus (MIC-64.4 ug mL~1), B. subtilis (MIC-94.97 ug mL~1), E. coli (MIC-26.0 pg mL~1),
and P. aeruginosa (MIC-67.48 ug mL~1).

On the other hand, over the past few years, there has been a growing interest in
implementing MOFs for biomedical purposes, particularly in drug delivery. As MOF
particles have been miniaturized to the nanoscale, these diminutive structures, known as
nano-MOFs, have emerged as highly effective nanocarriers capable of delivering various
agents for applications such as imaging, chemotherapy, photothermal therapy, and photo-
dynamic therapy due to their adjustable aperture, large surface area, large pore capacity,
controllable drug release, and easy modification [46]. However, to fulfill pharmacological
and biological prerequisites, MOFs utilized as nanocarriers for antimicrobial purposes
must exhibit the following critical attributes: (i) precise control of drug release, avoiding an
initial burst; (ii) exceptional drug-loading capacity; (iii) customizable surface for targeted
therapy; and (vi) absence of cytotoxicity. Consequently, choosing suitable materials for
encapsulating various antimicrobial active substances should align with these specified
properties [47-49].
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Also, Desai et al. [50] successfully introduced highly porous MOFs as promising materials
to combat the transmission of airborne viruses, including coronaviruses. The post-synthetic
modified Zr(IV)-based UiO-66 MOFs (UiO-66, UiO-66-NH,, and UiO-66-NO,), with three
antiviral agents—namely, nystatin, folic acid, and tenofovir—proved to be remarkably ef-
fective in enhancing the binding affinity toward various proteins such as glycosylated BSA,
nonglycosylated Annexin-g03104, and the spike protein of SARS. Additionally, the internal
pores of the MOFs remain accessible to water even after functionalization, which is expected
to induce local dehydration and deactivate viruses. The UiO-66 series is a known family of
3D-MOFs constructed by zirconium oxo-clusters linked by benzedicarboxylate linkers. This
“proof-of-concept” study sets the stage for further investigations involving diverse functional
drug molecules and MOF structures and their combination with fabrics.

MOFs have demonstrated the capability to incorporate antibacterial compounds,
including antibiotics, metals, metal oxides, natural plant products, and nitric oxide, within
their frameworks through different mechanisms [49]. Antimicrobial agents can be adsorbed
in the MOF surfaces, absorbed inside the pores, immobilized through covalent binding,
and used as building blocks to construct the crystalline structure. Consequently, precise
control over drug release can be achieved by adjusting MOFs’ porosity, biodegradability,
and external stimulus conditions, such as light and pH. Furthermore, the degradation of
MOFs can also result in the release of metal ions, further enhancing their antimicrobial
effect through synergy [4,47,49,50].

Table 1 depicts some examples of MOF-based carriers for antimicrobial applica-
tion, their building block components, the antibacterial agent, the drug release, and the
pathogenic agent in which their activity was tested.

Table 1. Selection of MOF-based carriers for antimicrobial application.

MOF Carrier MOF Building Antibacterial Mechanism Effective Against Ref.
Blocks Component
Ceftazidime@ZIF-8  Zn2*, 2-H-MeIM Ceftazidime Ceftazidime E. coli [51]
release
PCN-224-Ag-HA Zr**, TCPP Ag*, ROS Ag" release S. aureus, MRSA [52]
GS5-CL-Ag@CD-MOF K*, y-CDs Ag* Ag™* release E. coli, S. aureus [53]
Ag* and )
ZIF-8-PAA-MB@Ag- 0y Ag-NPs, . E. coli, S. aureus,
NPs@Van-PEG Zn™, 2-H-MeIM vancomycin, ROS vancomycin MRSA 541
release
CHX@Cu-BTC Cu2*, H3BTC Cu2*, CHX MOF degradation . o (o [55]
and CHX release
E. coli, Pseudomona,
Cu-MSA Cu2*, MSA, SA Cu? Cu®*release . aureus, B. subilis, [56]
Cu-SA .
C. Albicans

P. aeruginosa

- - 2+ o 1o 2+ 2+ g 7
Fe/SBA-16/ZIF-8 Zn“*, 2-H-MeIM Zn Zn-* release MRSA biofilms [57]

P. aeruginosa

_8- 2+ o 1T g ,
ZIF-8-RF Zn~*, 2-H-MelM RF RF release MRSA [9]

. AA,K*, Na*, .. MOF S. aureus, S.
Bio-MOFs Mg2+ Azelaicacid decomposition epidermidis [58]
Zn-MOF@curcumin Zn2*, DMA Zn2*, curcumin Curcumine and S. aureus, E. coli. [59]

Zn~" release

MIP-177 Ti%+, Hymdip NO NO release no reported [60]

Note: ZIF: zeolitic imidazole framework; 2-H-MeIM: 2-Methylimidazole; y-CD: gamma-cyclodextrin; TCPP:
tetra(4-carboxyphenyl) porphyrin; H3BTC: 1,3,5-bencenetricarboxylate; DMA: N,N’-dimethylacetamide; Hymdip:
3,3',5,5' tetracarboxydiphenylmethane; CHX: chlorhexidine; MSA: mercaptosuccinic acid; SA: succinic acid; RF:
rifampicin; AA: azelaic acid.
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3. MMs Based on Silicon and Titanium Derivates as Antimicrobial Agents

Over the past few decades, diverse chemical approaches have been employed to create
templated MMs with organized arrays of mesopores [61,62]. Numerous articles focus on
controlling the sizes and shapes of pores in MMs. Various synthetic methods, including
soft templating, hard templating, nanocasting, electrochemical techniques, surface func-
tionalization, and the entrapment of species within pores, have been utilized to regulate
porosity. Figure 9 outlines the more common process to obtain MMs based on Si and Ti ions.
The precursors used for synthesizing usually consist of a metal or metalloid element whose
reactivity is controlled by the reaction conditions or ligands, and typically, surfactants are
used as pore templates [63].

g
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material material

Figure 9. Self-assembly process of Si and Ti MMs reported by Ha and Park [63].

Interestingly, the mesoporous texture influences the adhesion and growth of cells
and bacterial colonies. For example, osteoblasts develop differently in mesostructured
TiO, surfaces, concerning plain glass; this was associated with the increased formation of
filopodia, resulting in higher cell adhesion, proliferation, and viability for nonmodified
glass slides [64]. A detailed study on osteoblast growth on mesoporous oxide thin films
demonstrated that both the inorganic matrix and the pore diameter affect cell adhesion and
proliferation. While in short periods (3 to 6 h), cell-surface interactions are governed by the
surface hydrophilic/hydrophobic properties, in longer terms (i.e., days), the nanotopogra-
phy and surface chemistry affect osteoblast adhesion and proliferation; larger mesopores
lead to slower growth and lower cell density [22]. This nanotopographical growth control
concept was applied successfully to arrest biofilm formation. Indeed, templated meso-
porous coatings inhibit the formation of P. aeruginosa biofilms in submerged or air-liquid
interface conditions. Experiments performed on variable mesopore size demonstrate that
mesoporous silica coatings with larger pore size significantly reduce the number of colonies
and avoid the formation of a biofilm matrix, facilitating bacteria elimination and leading to
transparent and robust antibiofilm coatings [23,65]. Titania mesoporous thin films combine
the possibility of avoiding biofilm formation and enhancing the bactericidal UVA effect on
P. aeruginosa by five orders of magnitude through the photocatalytic effect [66].

In the last few years, multiple nanocomposite materials based on mesoporous silicon
and silica materials with antimicrobial activity have been developed for biomedical devices.
Recently, Sviridov et al. [67] created mesoporous silicon nanoparticles intended for treating
purulent wounds and for antibacterial cleansing of various aqueous suspensions and
biological fluids. The nanoparticles were produced through electrochemical etching of
crystalline silicon wafers, followed by high-energy milling in water. On the other hand,
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in vitro experiments with L. casei demonstrated a significant reduction in bacterial viability
and cell damage upon exposure to ultrasonic irradiation in the presence of nanoparticles.

Multiple methodologies are used to increase or enhance the antimicrobial effect in
mesoporous silica materials. An example is incorporating bactericidal species in the sur-
faces or mesopores, which generates an increased synergistic effect. One of the most
straightforward systems is a mesostructured F127-templated titania coating, in which the
trapped template reveals itself as a highly bactericidal coating (effectivity above 99.9%)
against five clinically significant Gram-negative and Gram-positive pathogens. It was
proposed that a synergy between the topographical arrangement and the nanopolymer
at the mesostructured Pluronic-titania interface can harm bacterial cell wall integrity [68].
In another development, a nanocomposite hydrogel that effectively controls biofilm and
has antimicrobial properties for application to heal persistent or long-lasting wounds [69]
was developed. Core/shell mesoporous silica nanostructures (MSNs) and carbon dots
(CDs) were developed to exhibit antimicrobial activity against S. aureus, P. aeruginosa, and
E. coli. Integrating nitrogen- and sulfur-doped CDs (NS/CDs) with MSNs demonstrated
antimicrobial activity four times higher than silver nanoparticles (AgNPs). Specifically,
NS/CDs@MSN nanoparticles displayed superior minimal biofilm inhibitory effects at low
concentrations (<0.125 mg/mL). These nanostructures were incorporated into polyvinyl
alcohol (PVA) hydrogel, and their antimicrobial efficacy, biofilm control, and cytotoxicity to-
ward fibroblast cells were evaluated for potential biomedical applications. Figure 10 shows
a schematic representation of the preparation of MSN and CDs@MSN or NS/CDs@MSN
nanocomposites, along with their antimicrobial activity [69].
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Figure 10. Schematic representation of the preparation of MSNs and CDs@MSN or NS/CDs@MSN
nanocomposites and their antimicrobial activity. Reproduced from reference Pongchaikul et al. [69],
2023, under the terms and conditions of the Creative Commons Attribution (CC BY) license.
https:/ /doi.org/10.1016/j.ijpx.2023.100209.

The most extended use of mesoporous silica for antibacterials is undoubtedly the
loading with silver species, which have been widely used in a synergic way due to their
known antimicrobial activity. For example, Catalano et al. [70] developed continuous
silica and titania mesoporous thin films deposited on glass containing AgNPs or adsorbed
Ag" ions in the mesopores. These coatings present extreme bactericidal efficiency against
P. aeruginosa and S. aureus. In addition, films are robust and can withstand at least ten
cycles of use, demonstrating residual action. In addition, films loaded with silver cations
are optically transparent while keeping long-lasting antibacterial activity, which makes
them attractive for architectonics or sanitary applications.

Further, a combination of Ag* ions and other antibiotics was loaded into function-
alized SBA-15 or mesoporous silica nanoparticles, which were then well dispersed in a
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multiphase system. The resultant emulsion can be readily administered via spray coating
on any surface, ensuring swift surface disinfection and providing lasting protection against
microbial growth for 24 to 72 h. The coating was effective towards various microorganisms
(E. coli, P. aeruginosa, S. choleraesuis, B. cereus, and S. aureus), and Coronaviridae. These per-
formances and figures of merit comply with the disinfection standards of health institution
protocols. The technology developed by Hybridon-ADOX has been approved by health
authorities in Argentina and has been available for commercialization since 2023 [71].

Montalvo-Quirds et al. [68] developed mesoporous silica nanoparticles employed
as carriers for silver to function as an antibacterial agent against M. tuberculosis. Two
synthesis methods were employed: a 2D hexagonal mesoporous silica with silver bromide
nanoparticles distributed throughout the silica network and a core-shell structure with a
metallic AgNP core and a mesoporous silica shell. Both materials exhibited effective in vitro
antimycobacterial capabilities, with the minimum inhibitory concentration observed for the
silver bromide approach. Also, Ref. [72] designed a dental prosthesis base resin material
using 3D printing technology, incorporating acrylate resin modified with a silver-loaded
mesoporous silica nanocarrier to improve antimicrobial and mechanical properties. The
biocompatibility against oral fibroblasts and antimicrobial effect against C. albicans biofilms
were studied.

Moreover, Ref. [73] synthesized 3D-printed scaffolds with a hierarchical pore struc-
ture and potent antimicrobial capabilities, suggesting potential utility in bone tissue re-
generation (Figure 11). Nanocomposites were created through a one-step sol-gel pro-
cess, combining mesoporous bioactive glasses (MBG) with metallic AgNPs, utilizing the
mesostructure directing agent (P123) and (hydroxypropyl)methylcellulose as a macrostruc-
ture template. Evaluations involving pre-osteoblastic cell cultures and bacterial assays
(E. coli and S. aureus) were conducted on the Ag/MBG nanocomposites. As the silver
concentration increased, pre-osteoblastic proliferation decreased. Antimicrobial assays
revealed a direct correlation between the concentration of Ag-NPs in the MBG matrices
and the inhibition of bacterial growth as well as the destruction of biofilms.
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Figure 11. Illustration depicting various synthesis methods for (A) MBG-xAg powder materials and
(B) SC-MBG-xAg scaffolds. (C) MTS proliferation assay of pre-osteoblastic cells in the presence of
SC-MBG-xAg. Reproduced with modification from reference Sdnchez-Salcedo et al. [73], 2023, under the
terms and conditions of the Creative Commons Attribution (CC BY) license. https:/ /doi.org/10.1016/j.
actbio.2022.10.045.

Another advance in the biomedical application was the green synthesis approach [74].
The researchers employed Rutin (Ru) extract, a biocompatible flavonoid, as both a re-
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ducing agent and a nonsurfactant template for the environmentally friendly synthesis of
Ag-decorated mesoporous silica nanoparticles (MSNs). The antimicrobial effectiveness
was assessed against S. aureus, E. coli, and Candida strains. The MTT assay performed
cytotoxicity testing. Ru-Ag decorated MSNs show antimicrobial efficacy against Gram-
positive and Gram-negative bacteria and different fungi, as well as acceptable safety and
low cytotoxicity even at low concentrations.

In another attempt to develop a modified approach combining synergistic antibacterial,
anti-inflammatory, and pro-vascular strategies for wound healing, Ref. [75] suggested a
hydrogel dressing with a double network structure composed of polyethylene glycol
diacrylate (PEGDA), catechol-modified hyaluronic acid (C-HA), and a covalent network of
Ag-doped mesoporous silica nanoparticles (AMSN). The dual cross-linked configuration of
PEGDA /C-HA-AMSN improved the physicochemical characteristics, encompassing tissue
adhesion strength, gelation time, and mechanical performance. Outstandingly, PEGDA /
C-HA-AMSN functioned as a hydrogel dressing designed to be responsive to the acidic
environment of infected wounds by S. aureus and E. coli bacteria, leading to controllable
and optimized Ag delivery, allowing long-lasting antibacterial activity, cytocompatibility,
and angiogenesis capacity. Other developments use mixtures of different metals with
antimicrobial activity to synergistically increase the positive characteristics desired in
biomedical applications. Ref. [76] studied the antibiofilm activity and mechanisms of
mesoporous calcium silicate nanoparticles (MCSN) containing varying ratios of silver and
zine, 1:9 and 9:1 were prepared, respectively. The antibiofilm activity was tested on human
roots using the E. faecalis biofilm model. Ag/Zn-MCSNs exhibited effective antibiofilm
activity. Adjusting the Ag and Zn ratio allows for a suitable balance between antibacterial
efficacy and cytotoxicity. It is anticipated that Ag/Zn-MCSNs could serve as a novel root
canal disinfectant or sealant for root canal treatment.

Moreover, Li and co-workers [77] studied the combination of silver antibacterial ca-
pacity and copper angiogenesis-promoting properties. Prepared through a sol-gel method,
these MBGNs underwent an in vitro bioactivity assay to assess their capability to form
hydroxyapatite in phosphate-buffered saline. Human umbilical vein endothelial cell migra-
tion and tube formation assays were conducted to evaluate their angiogenesis-promoting
properties. The findings demonstrate that the material exhibits favorable bioactivity, an-
tibacterial capacity, and angiogenesis-promoting properties, positioning it as a multifunc-
tional material with substantial potential in biomedicine.

Other developments focus on using copper ions due to the antibacterial effect [78].
Hosseini et al. [78] synthesized MBGNs doped with copper ions (Cu-PMMBGNS in this
contribution). The authors introduced amine functional groups into mesoporous silica
nanoparticles, enabling the incorporation of calcium and copper ions without compro-
mising mesoporosity, homogeneity, or nanoparticle shape. The resulting Cu-PMMBGNs
were degradable and demonstrated a rapid induction of apatite crystal deposition on their
surface within 3 days of immersion in simulated body fluids. Particles with 5 mol % copper
ions, at concentrations of 500 and 1000 pg mL~1, demonstrated remarkable antibacterial
efficacy against S. aureus, resulting in a substantial 99.9% reduction in bacterial viability.

Additionally, at a concentration of 500 jtg mL~!, no notable cytotoxicity was observed
towards preosteoblast cells, with cell viability ranging from approximately 85% to 89%
compared to the control group. Moreover, their nanoscale dimensions (approximately
100 nm) facilitated their uptake into preosteoblast cells, underscoring their potential as
intracellular carriers for combating intracellular bacteria. Refer to Figure 12 for a visual
representation of these findings.

Foroutan and co-workers [79] formulated mesoporous glasses based on phosphates
(MPG) as promising bioabsorbable materials designed for the controlled release of an-
tibacterial copper ions. MPG was synthesized within the P;O5-Ca0O-Na;O system, both
without doping and doped with 1, 3, and 5 mol% Cu?* ions using sol-gel method and a
combination of supramolecular templates and using P123 as a template agent. Over 7 days,
controlled release was achieved for phosphates, Ca?*, Na*, and Cu. The released copper
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demonstrated a notable reduction in the bacterial viability of S. aureus and E. coli over
3 days within the MPG.
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Figure 12. (A) Synthesis scheme, (B) micrograph, (C) effect on the starting point of bacterial
growth, and (D) MRSA viability of XCu-PMMBGNSs. Reproduced with modification from reference
Hosseini et al. [78], 2023, under the terms and conditions of the Creative Commons Attribution (CC
BY) license. https:/ /doi.org/10.1016/j.bioadv.2022.213198.

Other authors studied Zn(Il) species as antimicrobial agents, as in [80], who modified
the surface of a 3D printed titanium scaffold with Zn-MBG to prevent implant-related
infections. The study revealed that as the Zn content increased from 1 mol% to 5 mol%, the
specific surface area of MBG decreased from 377.6 m? g~ ! to 174.5 m? g1, reducing the
apatite inducer capacity. Nevertheless, investigations into antibacterial properties indicated
an enhancement by adding zinc. Biocompatibility was assessed using MC3T3-E1 cells,
revealing that Zn/MBG fosters cell proliferation and exhibits favorable cytocompatibility.
Another author used Zn-Loaded SBA-1 and SBA-15 for bone regeneration [81]. A com-
parison was made regarding the influence of geometry, pore size, and ordered structure
of SBA-1 and SBA-15 on zinc loading and release performance. The zinc loading varied
between 2.5 and 10 wt% for both mesoporous silicas. Up to 10 wt%, zinc loading had a
negligible impact on the texture and morphological properties of the silica. The investi-
gation indicates that SBA-15 demonstrates significantly higher zinc release than SBA-1,
enhancing antibacterial activity against Gram-positive and Gram-negative bacteria. A
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5 wt% zinc loading is sufficient to exert bactericidal and inhibitory effects on bacterial
cells. Samples loaded with 5 wt% zinc induce osteogenic differentiation in avianized bone
marrow-derived stromal cells, although SBA-15 samples exhibit superior biocompatibility.

Other ions were evaluated and used in biomedical applications, such as lithium [82],
synthesized and characterized the morphology and chemical structure of tricalcium silicate
(TCS) and MBGNSs doped with 0%, 5%, 10%, and 20% Li using the sol-gel method. Sub-
sequently, concentrations of 15 mg per 10 mL were incubated in artificial saliva, Hank’s
balanced salt solution, and simulated body fluid at 37 °C for 28 days. The study as-
sessed bactericidal effects against S. aureus and E. coli and potential cytotoxicity against
MG63 cells through turbidity measurements. Limited lithium ion incorporation was ob-
served in MBGN. All particles exhibited an alkalizing effect. TCS emerged as AS’s sole
particle-forming apatite within 3 days, correlating with higher bioactivity, while MBGN
demonstrated superior antimicrobial properties (Figure 13).
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Figure 13. (A) Micrographs of MBGNs and TCS. (B) The effect of these particles on E. coli and
S. aureus. Reproduced with modification from reference Simila and Boccaccini [82], 2023, under the
terms and conditions of the Creative Commons Attribution (CC BY) license. https://doi.org/10.338
9/fbioe.2023.1065597.

Pinto and Souza [83] used cobalt and cerium to find a biomaterial for skin wound
healing. Spherical MBGN was synthesized through the sol-gel process, and Ce and Co
were introduced into the glass matrix through a post-modification procedure. The release
profile of Si, Ce, and Co was tracked over 14 days using simulated exudate fluid. Evaluation
of structural properties and biological behavior through various techniques indicated a
synergistic effect of Ce and Co on the bioactive glass, leading to samples with elevated cell
viability and antibacterial activity.
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Table 2 summarizes the various synthesized nanomaterials and their applications in
human health.

Table 2. Synthesized nanomaterials and their applications in human health.

Nanomaterial Effective Against Application Ref.
Mesoporous silicon nanoparticles L. casei Wound healing [67]
Mesoporous silica nanoparticles/ AgNPs M. tuberculosis Antimicrobial [68]
Core/shell mesoporous silica
nanostructures /Nitrogen-sulfur/ S. aureus, P. aeruginosa, E. coli Wound healing [69]
carbon dots
s . - . Long-lasting Antibacterial Thin
+
Ag* /mesoporous thin films (SiO; or TiO,) P. aeruginosa, S. aureus film coatings [70]
. E. coli, P. aeruginosa, S. cholerasuis Long-lasting
+ ) + , , ,
Ag"/SBA-15 or Ag" /mesoporous silica B. cereus, S. aureus Antibacterial coatings (71]
Acrylate resin/silver/ mesoporous silica C. albicans Dental prosthesis [72]
nanocarrier
MBG/AgNPs E. coli, S. aureus Bone tissue regeneration [73]
Ag/mesoporous silica nanoparticles S. aureus, E. coli, Candida Biomedical application [74]
Polyethylene glycol
diacrylate/catechol-hyaluronic S. aureus, E. coli Wound healing [75]
acid/ Ag-mesoporous silica nanoparticles
Mesoporouscala.umsﬂl.catenanopartlcles / E. faecalis Root canal disinfectant 176]
silver-zinc
80Si0,-15Ca0-5P, O5-(5-x) Ag-xCuO .
(x = 0-5)/MBG S. aureus Bone formation [77]
MBGNs/copper ions S. aureus Antibacterial [78]
Phosphate-based mesoporous glasses/ S. aureus, E. coli Bioabsorbable materials [79]
Cu ions
Zn-MBG S. aureus, E. coli Implants-associated infections [80]
Zn/SBA-1/SBA-15 E. coli, B. subtilis Bone regeneration [81]
Tricalcium silicate/MBGNs/Li S. aureus, E. coli Biomedical applications [82]
MBGNs/Ce-Co S. aureus Wound healing [83]

Na and colleagues presented an approach against antimicrobial infections by com-
bining antibiotics with photothermal therapy using multifunctional nanomaterials [84].
In this study, the inherent photothermal efficiency of two-dimensional rhenium disulfide
(ReS;) nanosheets was heightened by coating them on mesoporous silica nanoparticles
(MSNs) to create a highly efficient light-responsive nanomaterial with controlled-release
drug delivery capabilities, known as MSN-ReS,. This nanomaterial demonstrated over
99% bacterial killing efficiency against Gram-negative bacteria (E. coli) and Gram-positive
bacteria (S. aureus) upon laser irradiation. These findings highlight the potential of MSN-
ReS; as a therapeutic agent with a synergistic bactericidal function. Recently, Song et al.
decorated AgNPs in mesoporous silica of SBA-15 coated with melanin-like polydopamine
(PDA) as nanocarriers [85]. This composite was loaded with the phytochemical curcumin
(CCM) through noncovalent interactions with PDA coatings. The resulting CCM@SBA-
15/PDA/Ag composites exhibited favorable biocompatibility and significant inhibitory
effect on bacterial growth of Gram-negative E. coli and Gram-positive S. aureus for 72 and
24 h, respectively, attributed to the bactericidal effects of AgNPs and CCM. This study
showcased integrated dual-responsive nanoplatforms for addressing cancer’s infectious
bacteria and drug resistance.

Moreover, various types of nanoparticles are under investigation, including those
based on MBG, which exhibit favorable structural and textural properties. Sanchez-Salcedo
and co-workers explored the regeneration capacity and antibacterial properties of MGNs
in the 5i0,-CaO-P,0s5 system [86]. These assays were evaluated before and after dopping
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with 2.5% or 4% ZnO and loaded with CCM. The bactericidal action of MGNs with zinc
and CCM against S. aureus was demonstrated, as a significant reduction in bacterial growth
was observed.

Finally, MC3T3-E1 preosteoblastic cells and S. aureus were co-cultured to investigate
competitive colonization between bacteria and cells in the presence of MGNs. The results
demonstrated the colonization and survival of osteoblasts and the effective inhibition of
bacterial adhesion and biofilm formation of S. aureus in the co-culture system. The key
point of this study was to show the synergistic antibacterial effect of zinc ions combined
with CCM, enhancing the bone regeneration characteristics of MGNs containing zinc and
curcumin to obtain capable systems for bone regeneration and controlling infection (see
Figure 14).
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Figure 14. (A) Diagram of the antibacterial and osteogenic effects. (B) Volumetric views of surface

and (C) percent of planktonic S. aureus CFUs from the biofilm. Reproduced with modification from
reference Sanchez-Salcedo et al. [86], 2023, under the terms and conditions of the Creative Commons
Attribution (CC BY) license. https://doi.org/10.1016/j.actbio.2023.04.046.

Rama et al. presented an innovative design involving sandwich-like layered meso-
porous silica nanofibers doped with Ag and filled with an antibiotic drug, combined with
silk fibroin (SF) to enhance synergistic effects [87]. The authors investigated many aspects,
including the physicochemical properties of Cephalexin Monohydrate (CEM) within the
sandwiched scaffolds through in vitro biomineralization, tensile strength, antibacterial
efficacy against E. coli and S. aureus bacterial strains, in vitro degradation, and osteogenic
effects. Incorporating the sandwich technique minimized the faster degradation observed
in the monolayered nanofibrous scaffold. Additionally, the combination of CEM/SF em-
bedded in Ag@mesoporous silica sandwich-layered nanofibers exhibited a synergistic
antibacterial influence due to the sustained release of drugs. The results suggested that
the sandwich technique for nanofibrous scaffolds could be a promising approach for bone
regeneration and defect repair. Mu introduced a multifunctional antibacterial coating
employing a simultaneous release-inactivation and superhydrophobic anti-adhesion strat-
egy [88]. Mesoporous silica NPs were synthesized and chemically modified in this study.
The deposition of nanoparticles created a nanotopography with low surface energy, re-
sulting in a superhydrophobic surface that minimized contact between aqueous bacterial
suspensions and surfaces. Simultaneously, the nanopores within the nanoparticles were


https://doi.org/10.1016/j.actbio.2023.04.046

Antibiotics 2024, 13,173

18 of 26

infused with cinnamon essential oil, gradually diffusing into the surrounding medium and
leading to the inactivation of planktonic bacteria. The results demonstrated antibacterial
and anti-adhesion properties, reducing the proliferation of E. coli and S. aureus bacteria by
99.9% and 99.6%, respectively.

Garcia et al. reported MSNs with combined photothermal and antimicrobial capa-
bilities [89]. These nanomaterials acted on bacterial biofilm architecture, inhibiting its
growth. This study synthesized core—shell (AuNR@MSN) nanoparticles with PTT proper-
ties. Subsequently, nitrosothiol groups with a heat-labile linker were incorporated, enabling
enhanced nitric oxide release upon photothermal stimulation with infrared radiation.
Moreover, levofloxacin antibiotic was added to make a nanoassembly with therapeutic
performance against S. aureus biofilms. These results indicated a reduction of approximately
90% in biofilm, demonstrating that localized antimicrobial exposure and PTT improved
therapeutic efficacy.

Pamukgu and colleagues proposed an intriguing approach based on core-shell struc-
tured nanocomposites for their synergistic antimicrobial effects [90]. They introduced a
nanosystem comprising a cerium oxide core and a porous silica shell (CeO,@pSiO;) that
accommodated CCM and lectin. The resulting composite exhibited synergistic antimicro-
bial effects, particularly against E. coli. The study revealed that the mesoporous silica shell
surrounding the CeO; core in the nanosystem facilitated the incorporation of CCM and
lectin, disrupting bacterial cell motility and increasing the permeability of the inner and
outer bacterial cell membranes.

Marinescu and coworkers functionalized SBA-15 with Ru(II) and Ru(IIl) complexes
containing Schiff base ligands derived from salicylaldehyde and amines [91]. These
ruthenium complex-loaded SBA-15 silica materials were tested against A549 lung tumor
cells and MRC-5 normal lung fibroblasts. The study found that the material containing
[Ru(Salen)(PPh3)CI] exhibited the highest antitumoral efficiency, with significant cytotoxic-
ity against cancer cells. Additionally, the antimicrobial study revealed inhibitory effects
for all samples, with notable activity against S. aureus bacteria. The nanostructured hybrid
materials demonstrated potential as active compounds with antiproliferative, antibacterial,
and antibiofilm activities.

Ugalde-Arbizu and coworkers synthesized and characterized seven materials based
on silica mesoporous nanoparticles functionalized with fluoroquinolones, along with Cu*
or Ag* ions, to assess antibacterial properties against several bacterial strains, including
multidrug-resistant strains of S. aureus and P. aeruginosa [92]. Also, the materials showed
antibacterial activity against S. aureus and E. coli, with Cu?** materials demonstrating
increased ROS generation. Ag-based materials exhibited a broader spectrum of activity,
inhibiting multidrug-resistant P. aeruginosa strains. Moreover, the Ag-based material with
a proliferative agent reduced biofilm development and inhibited bacterial growth in a
wound-like medium.

Durdu and colleagues developed titanium dioxide-based nanomaterials for dental,
orthopedic, and antimicrobial applications [93]. Coatings containing Ag, Cu, and Zn ions
on TiO, were produced using micro-arc oxidation and thermal evaporation techniques.
The study revealed that Cu-coated surfaces showed better bioactivity properties than those
containing Ag. Moreover, Zn-coated surfaces exhibited the best bioactivity. Antibacterial
activities against E. coli and S. aureus were improved by Ag, Cu, and Zn deposition on
MAO surfaces, with Ag showing the most effective antibacterial properties [94].

Moreover, a recent study demonstrated that Ag-rich antibacterial coatings on TiO,
prevent postoperative infections [95], showing excellent antibacterial performance against
E. coli and S. aureus (see Figure 15). Also, Mg-doped TiO; thin films could exhibit antibacte-
rial activity against S. aureus [96].
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Figure 15. (A) Diagram of the procedure to obtain the Ag-doped TiO; coatings. (B) Number of
CFU (a) and metabolic activity (b) after 24 h of incubation with different samples. Reproduced with
modification from reference Thukkaram et al. [95], 2020, with permission from Elsevier.

Huang and coworkers used high-power impulse magnetron sputtering to deposit
tantalum oxide- and zinc-doped Zn@TaO thin films on Ti with rough and porous sur-
faces [97]. These coatings exhibited significant antibacterial effects against S. aureus and
A. actinomycetemcomitans. The Zn@TaO-coated films also showed the best antibacterial
performance, although they displayed lower cell viability in MG-63 cells, indicating a
potential restriction of cell viability.

Hu and colleagues introduced an oxygenated nanocomposite thin film, TaON-Ag.
They assessed its antimicrobial properties and effects in an in vitro osteogenic culture model
involving rat marrow-derived mesenchymal stem cells (rMSCs) [98]. Additionally, titanium
rods coated with TaON-Ag were implanted into a rat femur fracture model, both with and
without osteomyelitis, to investigate the nanocomposite’s impact on osteogenesis. The
TaON-Ag-coated titanium demonstrated effective antibacterial activity against S. aureus,
coagulase-negative Staphylococcus, E. coli, and P. aeruginosa. Significantly, the TaON-Ag-
coated titanium did not hinder the ossification of rMSCs in vitro or during fracture healing
in vivo. The coating also exhibited the ability to inhibit pathogen bacteria adhesion and
biofilm formation in both S. aureus and E. coli. Cabrera and collaborators proposed a strategy
to prevent corrosion in metallic implants by applying TiO, films on their surfaces [99].
These films were intended to serve as an extension of the prosthesis to the bone, enhancing
biocompatibility. In this work, the authors combined the biocompatible properties of
TiO, coatings with the antibacterial activity of metallic silver nanoparticles (AgNPs) by
synthesizing thin films on 316 L stainless steel through the sol-gel process. The results
indicated a 70% decrease in the corrosion rate for both coated and noncoated samples.
Furthermore, the coating was biocompatible with osteoblast cells and exhibited antifungal
activity against A. flavus.

Widyastuti et al. developed a nanothin film-based antimicrobial coating, TiO,/ZnO,
using magnetron sputtering and thermal oxidation [100]. The study addressed the an-
timicrobial activity of TiOp/ZnO thin films, showing an increase in the inhibition rate
with irradiation time for E. coli, S. aureus, and C. albicans. The effectiveness values were
higher than 95%. This research demonstrated that thin films can function as photocatalysts
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and antimicrobial agents efficiently and cheaply. Moreover, Table 3 summarizes several

synthesized nanomaterials and their applications in human health.

Table 3. Synthesized nanomaterials and their applications in human health.

Nanomaterial Effective Against Application Ref.
MSN-ReS, E. coli, S. aureus Agent therape}lt.lc with a synergistic [84]
bactericide function
CCM@SBA-15/PDA/Ag E. coli, S. aureus Effect of bacter{ade and drug resistance [85]
in cancers
Si0,~CaO-P,O5 S. aureus Bactericide action and promoting [86]
bone regeneration
Ag-doped mesoporous silica nanofibers E. coli, S. aureus Antibacterial efficacy, bone regeneration, [87]
and defect repair
Modified MSN’s planktonicbacteria, E. coli, .Antlbagterlal and . [88]
S. aureus anti-adhesion properties
AuNR@MSN S. aureus Antimicrobial action [89]
CeO,@pSiO, E. coli Bactericide effect [90]
. S. aureus, Antitumoral, antiproliferative,
Ru complex-loaded SBA-15 silica E. faecalis antibacterial, and antibiofilm activity o1
S. aureus, E. Antibacterial activity and inhibiting
Modified MSNs faecalis, E.coli, strains of multidrug-resistant [92]
P. aeruginosa P. aeruginosa
Ag-, Cu-, and Zn-based TiO, E. coli, S. aureus Antimicrobial activity [93]
Ti—-Cu-N film S. aureus Antimicrobial activity [94]
Ag-doped TiO, E. coli, S. aureus Antimicrobial activity [95]
S. aureus,
. K. pneumoniae, L. . ..
Mg-doped TiO, P. aeruginosa, Antimicrobial activity [96]
E. coli
. - S. aureus, Antimicrobial activity and surface
Tantalum oxide and Ta(Zn)O-coated Ti A. actinomycetemcomitans treatments for titanium-based implants [97]
Antibacterial activity against common
5. aureus, microorganisms in orthopedic infections,
TaON-Ag coagulase-negative Staphylococcus, 5 . P . [98]
; . demonstrating potential for use in
E. coli, P. aeruginosa .. ..
clinical applications
Decrease in the corrosion rate in metallic
TiO, films A. flavus implants, biocompatible with osteoblast [99]
cells, and antifungal activity
TiO,/ZnO E. coli, 5. aureus, Photocatalysts and antimicrobial activity [100]

C. albicans

4. Conclusions and Future Perspectives

The present review highlights the potential of porous materials for bactericidal actions,
focusing on both MOFs and mesoporous metallic oxide derivates.

These materials offer versatile opportunities for integration or immobilization across
various platforms, enabling them to be processed as readily dispersible solids with highly
loading active components. These components can be derived from micro- or mesopores
or incorporated into the structure through controlled dissolution.

These materials offer tunability by hosting one or more distinct antimicrobial func-
tions, such as ions, surfactants, and molecular or biomolecular antibiotics. They also
present diverse disinfection pathways, including porosity, light-induced ROS generation,
or photocatalytic processes. This bi-tunability enhances treatment synergy.

Beyond their intrinsic porosities and expansive surface areas, the controlled manu-
facture of nanoparticles equips these materials with favorable attributes for applications
in biomedicine and health. Notably, their structural stability under ambient and aqueous



Antibiotics 2024, 13,173

21 of 26

conditions is crucial for their sustained use in formulations, coatings, and organic poly-
mers. These materials can be integrated with biomolecules to form composites for various
applications. Coating their surfaces with organic polymers, for example, improves water
dispersion, stability, and biocompatibility.

Also, the construction of mesoscale porous materials represents a rapidly expanding
field, encompassing various typologies of materials, including organic, inorganic, crys-
talline, soft, and amorphous [101,102]. This expansion opens up the potential to develop
increasingly specific and advanced antimicrobial platforms [103,104].

However, the broader utilization of these materials faces engineering challenges in
materials science, primarily due to the numerous synthetic and functionalization steps
that could escalate scaling-up costs. Moreover, current synthetic methods often rely on
intricate solvothermal reactions, utilizing toxic and teratogenic organic reagents under
high-pressure, high-temperature conditions. This significantly hinders their ability to be
produced at an industrial scale and affects their commercial viability. To address this,
embracing principles like “green chemical synthesis” is encouraged, involving nontoxic
metal sources and biocompatible organic ligands, reducing energy consumption during
synthesis, and substituting toxic solvents with water.

Additionally, nanomaterials must be carefully selected based on their properties for
specific antimicrobial applications. Factors like biodegradation properties are crucial for
medical applications, especially in controlled drug delivery. Surface modifications can
enhance their effectiveness and performance in clinical settings, making them indiscernible
to the human body. Environmental applications require considerations like separabil-
ity and reproducibility, and in food applications, designing edible nanostructures can
mitigate hazards.

Another critical consideration involves the human cytotoxicity associated with using
nanomaterials in indoor air purification or biomedical applications. Evaluating the po-
tential toxicity is crucial, considering safety concerns for nanomaterials. In-depth in vivo
toxicity studies and long-term monitoring of tissue accumulation are necessary for fu-
ture clinical applications, focusing on improving cellular response, biocompatibility, and
thermodynamic/kinetic inertness in human cells. Antimicrobial activity studies should
extend beyond traditional model strains to include microbial strains relevant to potential
applications, such as clinical multidrug-resistant isolates and sterilization of viruses and
fungi. Molecular simulation could provide a theoretical foundation for predicting and
designing antimicrobial materials, contributing to the comprehension of drug-loading and
release kinetics. Combining computational approaches with experimental research would
accelerate the development of efficient antimicrobial structures.

Despite reported cases being in a conceptual stage rather than readily deployable
materials, exploring these composites for antimicrobial applications is still in its initial
phases. Substantial work and research are essential to fulfill the promised potential of
these materials, with considerations such as green synthesis, careful material selection, and
comprehensive toxicity assessments paving the way for achieving this goal.
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