International Journal of Nanomedicine Dove

REVIEW

Antibacterial Pathways in Transition Metal-Based
Nanocomposites: A Mechanistic Overview

Chinmaya Mutalik"z, I-Hsin Lin3, Dyah lka Krisnawati4, Siti Khaerunnisa®?®, Muhamad Khafid®,
Widodo’, Yu-Cheng Hsiao'®'°, Tsung-Rong Kuo@®'"?

'International Ph.D. Program in Biomedical Engineering, College of Biomedical Engineering, Taipei Medical University, Taipei, Taiwan; 2Graduate
Institute of Nanomedicine and Medical Engineering, College of Biomedical Engineering, Taipei Medical University, Taipei, Taiwan; 3School of Biomedical
Engineering, College of Biomedical Engineering, Taipei Medical University, Taipei, Taiwan; “Dharma Husada Nursing Academy, Kediri, Indonesia;
SDepartment of Physiology and Medical Biochemistry, Faculty of Medicine, Universitas Airlangga, Surabaya, Indonesia; ®Department of Nursing,
Faculty of Nursing and Midwifery, Universitas Nahdlatul Ulama Surabaya, East Java, Indonesia; ’College of Information System, Universitas Nusantara
PGRI, Kediri, Indonesia; 8Graduate Institute of Biomedical Optomechatronics, College of Biomedical Engineering, Taipei Medical University, Taipei,
Taiwan; °Cell Physiology and Molecular Image Research Center, Wan Fang Hospital, Taipei Medical University, Taipei, Taiwan; '°Stanford Byers Center
for Biodesign, Stanford University, Stanford, CA, USA

Correspondence: Yu-Cheng Hsiao; Tsung-Rong Kuo, Tel +886-2-66382736 ext. 1359; +886-2-27361661 ext. 7706, Email ychsiao@tmu.edu.tw;
trkuo@tmu.edu.tw

Abstract: Across the planet, outbreaks of bacterial illnesses pose major health risks and raise concerns. Photodynamic, photothermal,
and metal ion release effects of transition metal-based nanocomposites (TMNs) were recently shown to be highly effective in reducing
bacterial resistance and upsurges in outbreaks. Surface plasmonic resonance, photonics, crystal structures, and optical properties of
TMNs have been used to regulate metal ion release, produce oxidative stress, and generate heat for bactericidal applications. The
superior properties of TMNs provide a chance to investigate and improve their antimicrobial actions, perhaps leading to therapeutic
interventions. In this review, we discuss three alternative antibacterial strategies based on TMNs of photodynamic therapy, photo-
thermal therapy, and metal ion release and their mechanistic actions. The scientific community has made significant efforts to address
the safety, effectiveness, toxicity, and biocompatibility of these metallic nanostructures; significant achievements and trends have been
highlighted in this review. The combination of therapies together has borne significant results to counter antimicrobial resistance (4-log
reduction). These three antimicrobial pathways are separated into subcategories based on recent successes, highlighting potential needs
and challenges in medical, environmental, and allied industries.

Keywords: transition metals, nanocomposites, photodynamic, photothermal, metal ion release, antibacterial mechanisms

Introduction

Contagious infections caused by bacteria, fungi, and viruses continue to be major global health concerns, necessitating
the regular development of new antimicrobial materials." Antibiotic-resistant bacteria cause over 2 million infections and
over 23,000 deaths each year, according to the World Health Organization (WHO).> These figures have prompted
researchers to look into alternate antimicrobial drugs that can efficiently inhibit pathogenic germs while causing no harm
to the host organism.> As a tool, nanotechnology has been rapidly integrated into various spheres of life, including the
health sector.* Nanotechnology has a wide range of applications in the health industry, ranging from diagnostics to
therapeutics. One of the most difficult therapeutic stresses on a global scale is the treatment of bacterial infections.
Indeed, long-term use and misuse of antibiotics via several channels such as livestock, food, and water have resulted in
antibiotic resistance, which poses great risks to public health.””” Photodynamic therapy (PDT), photothermal therapy
(PTT), and metal ion release incorporating transition metal dichalcogenides (TMDCs), transition metal chalcogenides
(TMCs), transition metals (TMs), and transition metal oxides (TMOs) are all significant approaches for a variety of
biological applications. Multiple TMOs and sulfides, and their organic and inorganic nanocomposites have been studied
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in clinical trials for treating chronic and acute diseases, cancer, and health problems caused by microorganisms.® '
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Moreover, two-dimensional (2D) TMDCs, TMCs, TMs, and TMOs are a new family of materials with features that
make them appealing for the fundamental study of novel physical phenomena as well as applications spanning nanome-
dicine, nanoelectronics, and nanophotonics for nanosensing and actuation. 14 TMDCs, TMCs, TMs, and TMOs are a diverse
class of 2D layered materials that are both technically and industrially significant. Because of their unusual structural
properties and intriguing applications in fields of health, environment, optoelectronics, electronics, mechanics, optics,
catalysts, energy-storage, thermal, and superconductivity, these nanomaterials have garnered a lot of attention.'>2* TMDCs
are chemical compounds with the formula MX,, where M is a TM element from groups [IV~VII B (Mo, W, V, Nb, Ta, Ti, Zr,
Hf, Tc, and Re) and X is a chalcogen element (S, Se, and Te). The X-M-X unit layer is made up of three atomic layers, with
one central atom layer (M) sandwiched between two chalcogen atom (X) layers and other metal disulfides that are used in
numerous bio-related applications. Further, chalcogenides have a complex fibrillar structure; for example, covellite (CuS) is
arranged in alternative layers of Cu,S, containing copper atoms in unique trigonal planar and tetrahedral coordination.
TiO,, CuO, Zn0O, Fe,03, and other TMOs, and their composites are photoactive semiconductors, are biologically active
which is attributed to their structural and optical properties, and are frequently used for antibacterial and antifungal activity
for Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), Rhizopus stolonifer, Rhizopus oryzae, etc.>>** TMDCs
are found in layered formations similar to graphite. Exfoliation causes the interlayers to stack due to weak van der Waals

forces, resulting in the creation of monolayers or nanolayers from bulk materials.*’
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Furthermore, PDT and PTT in combination with diverse TMDCs, TMCs, TMOs, and their composites use light to
initiate a chain of events that results in bacterial death. PDT makes use of photosensitizers or their precursors, which can
absorb visible light and form reactive oxygen species (ROS) that are hazardous to cells due to oxidative stress. Metals,
up-conversion nanoparticles (NPs), carbon-based nanomaterials such as 2D TMDC, TMC, TM, and TMO nanoforms,
and their composite materials are used in PDT applications.:‘o’33 The ZnO-V,05-WO;, ZnO-Er,03-Nd,0;@rGO, TiO,
-Y,05-V,0s5, and Fe,O3-PANI nanocomposites have shown increased activity in photocatalytic performance and anti-
bacterial activity against E. coli, Klebsiella pneumonia, Staphylococcus aureus, Proteus vulgaris, and Pseudomonas
aeruginosa bacteria.>*>* PTT uses photothermal NPs, which absorb light and convert it to heat, resulting in hyperther-
mia, which kills cells. A near-infrared (NIR) laser is preferred as a light source for this therapy due to therapeutic benefits
such as deeper tissue penetration, safety, and high absorption by photothermal agents (PTAs).***° Furthermore, in
a biological context, by losing electrons, metal atoms can quickly become positively charged ions, which can subse-
quently dissolve in biological fluids. Metal ions have a high affinity for electron-rich biomolecules such as DNA and
proteins, with which they form complexes due to their electron shortage. Complex building structures result in protein
inactivation, DNA damage, membrane disruption, and eventual bacterial mortality.*' ** In this review, we discuss three
approaches for combating bacteria utilizing 2D TMDC, TMC, TM, and TMO based-nanomaterials: PDT, PTT, and metal
ion release. Following that, a quick overview of trends in new antibacterial medication approaches is offered.

Photodynamic Dynamic Antibacterial Therapy

Mechanistic Overview of Photodynamic Therapy

Light-actuated materials have been used for some time to treat infections, and for more than 100 years this has been
called photodynamic therapy (PDT). PDT needs two components to be useful: light and a material or compound that can
be sharpened by bright ultraviolet (UV) or apparent locales of the electromagnetic range of visible light illumination
(Figure 1). Currently, photodynamic therapy is employed as an alternative therapy for the management of malignant
disorders. It is based on the uptake of a photosensitizer molecule, which, when activated by light at a specific wavelength,
combines with oxygen to produce oxidant species (radicals, singlet oxygen, and triplet species), which cause cell death in
the target areas. It has been determined that PDT’s cytotoxic effects result from the oxidation of a wide variety of
biomolecules in cells, including nucleic acids, lipids, and proteins, which causes a serious modification in cell signaling
cascades or in the regulation of gene expression.** The mechanism of PDT is described by two sorts of pathways: type
I reaction involves electrons and holes transfer to generate radical and radical anion species and type 2 reaction goes
through with energy transfer between oxygen and excited nanomaterials. The type I response system of nanomaterials
under light illumination can produce ROS like hydroxyl radical (-OH), superoxide anion (-O, ), and hydrogen peroxide
and requires higher actuation energy. The type II component produces singlet oxygen ('0,), requires lower actuation
energy, and is more promptly accessible. Some metallic nanostructures like TiO-WO;-CeO,, PANI-CeO,-Fe,05-NiO,
rGO-Zn0-Ho,03-Sm,03, PANI-ZnO-Ho,03-Sm,03 nanocomposites and metal-organic frameworks have been widely
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Figure | Schematic illustration of the photodynamic antibacterial pathway of nanomaterials.
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used because of their unrivaled photocatalytic properties, minimal expense, the bandgap is substantially reduced when
compared to their single metallic nanostructures, and compelling antibacterial properties.*>*” NPs under notable light

illumination are accepted as compelling photocatalysts and can create ROS for powerful antibacterial actions.*® >

Photodynamic Mechanisms of Transition Metals and Their Composites

In our recent study, we reported photodynamic action of CuS nanosheets (NSs) under simulated sunlight irradiation based
on ROS and electron spin resonance (ESR) data, and a reaction mechanism for photocatalysis was postulated
(Figure 2A).>* CuS NSs and CuS NPs outperformed their counterparts in terms of photoactivity and antibacterial
efficiency in creating ROS, such as ‘OH and ‘O, radicals. In addition, simulated light irradiation of CuS microspheres
(MSs), CuS NSs, and CuS NPs produced photoelectrons and holes, which produced ROS such as -OH and -O, radicals.
As a result, as previously stated, CuS undergoes photodegradation, which produces sulfur vacancies, copper ions, and
carbon residues, resulting in the adsorption of ambient moisture (validated by UV-visible-NIR spectroscopy and ESR).
Furthermore, the conduction mechanism in CuS NSs and CuS NPs is elicited by ambient oxygen under solar light
illumination due to the presence of carbon and oxygen remnants. As a result, carbon and oxygen remnants in CuS NSs
and CuS NPs allow the further formation of -O, radicals by photocatalytic electron transport while also narrowing the
gap between CuS NS and CuS NP valence bands (VBs) and conduction bands (CBs). CuS NSs and CuS NPs generate
‘OH and ‘O, radicals that permanently damage bacterial cell envelopes. Furthermore, E. coli growth curves of CuS NSs
and CuSNPs were consistent with prior research on ROS generation and radical identification.”>>’

The metallic phase of 1T-MoS, nanoflowers (NFs) and the semiconducting phase of 2H-MoS, NFs were discovered
to be photoactive when exposed to visible light (at ca. 400~700 nm).>® In this work, metallic 1 T-MoS, NFs were shown
to create more ROS than semiconducting 2H-MoS, NFs when exposed to light. The enhanced light-driven antibacterial
activity of 1T-MoS, NFs over 2H-MoS, NFs can possibly be attributed to phase variations between the metallic and
semiconducting phases. Previous research showed that metallic 1T-MoS, NFs emit photoelectrons when exposed to light
via a photoelectronic effect. The mechanism of light-driven antibacterial action of 1T-MoS, NFs appears to be that when
exposed to light, photoelectrons created by metallic 1T-MoS, NFs interact with oxygen to produce superoxide (-O, ), as
illustrated in Figure 2B. When exposed to light, semiconducting 2H-MoS, NFs create photoinduced electron-hole pairs.
Photoinduced electron-hole pair recombination reduces the efficiency of ROS production in semiconducting 2H-MoS,
NFs, resulting in a reduction in the light-driven antibacterial function. As a consequence, metallic 1T-MoS, NFs were
shown to exhibit more light-driven antimicrobial properties than semiconducting 2H-MoS, NFs. Metallic 1 T-MoS, NFs,
with their excellent photoactivity and simple fabrication, might be a potential light-driven antimicrobial for advances in
food security, water cleansing, and medical sterilization. The mechanism of highly light-driven antibacterial action of
metallic 1T-MoS, NFs is that when exposed to light, metallic 1T-MoS, NFs create photoelectrons, which subsequently
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Figure 2 (A) Copper sulfide nanosheet photodynamic antibacterial pathway. Reprinted from J. Colloid Interface Sci; Volume: 607, Mutalik C, Okoro G, Krisnawati DI, et al.
Copper sulfide with morphology-dependent photodynamic and photothermal antibacterial activities. 1825—1835, Copyright (2022), with permission from Elsevier.>* (B) The
production of photodynamic superoxide (‘O, ) by 1T-MoS, nanoflowers. Reprinted with permission from Mutalik C, Krisnawati, DI, Patil SB, et al. Phase-dependent MoS2
nanoflowers for light-driven antibacterial application. ACS Sustain. Chem. Eng. 2021;(9):7904-7912. Copyright (2021). American Chemical Society.58
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combine with oxygen to produce superoxide, which causes bacterial death. When exposed to light, semiconducting 2H-
MoS, NFs generate photoinduced electron-hole pairs, and the recombination of the photoinduced electrons and holes
reduces the production of ROS, lowering light-driven antibacterial activity.”® **

In one of our recent studies, we noted that according to bacterial growth data, light-induced antibacterial activity
increased in the sequence of FeS, NPs, TiO, NPs, and TiO,/FeS, nanocomposites (NCs).63 Moreover, the mechanism
was explained using bandgaps of TiO, NPs and FeS, NPs in the UV-visible-NIR range of the electromagnetic spectrum
estimated to be 3.2 and 0.95 eV, respectively, using a schematic representation (Figure 3).** Pairing TiO, NPs and FeS,
NPs was found to increase the photoactivity. TiO,/FeS, NCs were found to have greater light-induced antibacterial
activity than TiO, NPs or FeS, NPs alone in that investigation. Figure 4A displays a schematic of the mechanism of
light-induced antibacterial activity in TiO,/FeS, NCs. When compared to a traditional hydrogen electrode, the CB and
VB of TiO, NPs were 0.2 and 3 eV, respectively (normal hydrogen electrode (NHE)). As an outcome, TiO, NPs can
absorb UV radiation and generate photoinduced electrons and holes, allowing ROS such as -O, (0.16 eV) and -OH (2.32
eV) to develop. For FeS, NPs, the CB and VB reached 0.5 and 0.45 eV, respectively. In TiO,/FeS, NCs, FeS, NPs act as
light harvesters, capturing visible to NIR radiation to generate photoinduced electrons and holes. Photoinduced electrons
in the CB of FeS, NPs are transferred to the CB of TiO, NPs to increase ROS formation. Because of the broad range of

3.61eV

Figure 3 Photodynamic antibacterial pathway of MnO,/zeolitic imidazole framework (ZIF)-8. Reprinted from Chem. Eng. |, Volume: 428. Liang Z, Wang H, Zhang K, et al.
Oxygen-defective mno2/zif-8 nanorods with enhanced antibacterial activity under solar light. 131349, Copyright 2022, with permission from Elsevier.*
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Figure 4 (A) Proposed photodynamic antibacterial pathway for TiO,/FeS, nanocomposites (NCs). Reproduced with permission from Dove Medical Press. Mutalik C, Hsiao
YC, Chang YH, et al. High UV-Vis-NIR light-induced antibacterial activity by heterostructured TiO,-FeS; nanocomposites. Int | Nanomedicine. 2020;(15): 8911-8920.% (B)
Photodynamic antibacterial pathway of TiOx-Au NCs) (50:1). Reprinted from J. Colloid Interface Sci. Volume: 598, Unnikrishnan B, Gultom IS, Tseng YT, Chang HT, Huang
CC. Controlling morphology evolution of titanium oxide—gold nanourchin for photocatalytic degradation of dyes and photoinactivation of bacteria in the infected wound.
260-273, Copyright (2021), with permission from Elsevier.*’
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light absorption from UV to NIR, light harvesters of FeS, NPs increase the light-induced antibacterial activity of TiO,
/FeS, N(Cs.5568

In a recent example, authors preferred TiOx-gold (Au) NCs (50:1) because TiOx-Au NCs (50:1) have strong
photocatalytic activity, and they were used for photocatalytic bacterial disinfection.®® Using radiation from a xenon arc
lamp, gram-negative (E. coli) and gram-positive methicillin-resistant Staphylococcus aureus (MRSA) bacteria were
photocatalytically inactivated, and a schematic illustration of the antibacterial mechanism is shown in Figure 4B. The
reason for P25 with lower antimicrobial activities is that pristine TiO, struggles with electron-hole pair coupling, which
results in a lack of free radicals. High levels of ROS created during the optical excitation of TiOx-Au NCs cause
oxidative stress in bacteria, resulting in cell death. Albeit without light irradiation, TiOx-Au NCs showed antibacterial
activity against MRSA (the bacterial survival rate fell to 50%), which could have been due to physical interactions
between the pointed end of urchin-like NPs and bacterial walls throughout the culture. The antibacterial impact was
additionally aided by TiOx-Au NCs damaging bacterial cell membranes. According to reports, bacteria were killed by
a physicomechanical breakdown of cell walls caused by the tiny spines on the surface of the NPs. MRSA and
photocatalysts had a stronger interaction than that with E. coli, which could explain why they were removed in the
dark. The antimicrobial activity of nanomaterials varies depending on the substance and bacterial strain, according to
investigations. Without light irradiation, E. coli showed greater resistance to TiOx-Au NCs (50:1). Numerous catechin
analogues were shown to exhibit antimicrobial properties against gram-positive bacteria by breaking down bacterial
walls; therefore, it was believed that the thin coating of poly(catechin) over TiOx-Au NCs (50:1) was correlated with the
bactericidal effect against MRSA. Furthermore, with light irradiation, TiOx-Au NCs showed strong green fluorescence,
suggesting that a significant concentration of intracellular ROS had formed, causing bacterial death. The light-assisted
creation of ROS was primarily responsible for the photocatalytic removal of dyes and the deactivation of bacteria and
fungi. However, compared to E. coli and Candida albicans, the photocatalyst had greater effectiveness in neutralizing
MRSA due to significant engagement among them.®®~"*

For the first time, MnO, was modified with zeolitic imidazole framework (ZIF)-8 to improve its photocatalytic
bactericidal performance.®* With simulated sun irradiation, MnO,/ZIF-8 completely inactivated multidrug-resistant
(MDR) E. coli at a low dose (3.24 g/mL). The primary reactive species for bacterial inactivation was discovered to be '
O,, rather than the -O, radical or -OH radical. Thus, a likely mechanism of MnO,/ZIF-8 with antibacterial action is as
follows. ZIF-8 electrons (e ) are stimulated from the VB to the CB by light irradiation, leaving holes in the VB. These
photoinduced electrons then react with O, (E(Oy/radical ‘O, ) = 0.33 V) adsorbed at the surface oxygen vacancies,
resulting in the creation of -O, radicals, which are then oxidized by holes into '0,. On the other hand, the holes at the
ZIF-8 VB are pumped into the MnO, VB, inhibiting electron-hole pair recombination. OH (E(OH /radical -OH)) might
then react with the holes in the MnO, VB to create -OH radicals. In Figure 3, mechanistic studies revealed that the
bactericidal property of MnO,/ZIF-8 over pure material was attributed to enhanced surface oxygen vacancy and hindered
electron/hole recombination. The increased photocatalytic activity of the MnO,/ZIF-8 hybrid structure compared to the
pure material gave it superior bacterial inactivation efficiency. This research presented a novel form of a photocatalyst for
antibacterial applications and may throw light on the development of low-cost MnO,-based nanocomposites with
photocatalytic bactericidal capacity for practical water disinfection treatment and other biological applications.” "’

A novel technique to fabricate Au/Ti;C, photoactive membranes that can be employed as a superior interface
photoactive material can produce efficient evaporation and antibacterial properties when exposed to solar light. The
Au/Ti3C, membrane has a unique 2D layer overlapping structure with a surface plasmon resonance (SPR) effect and
outstanding solar light-to-heat conversion capabilities. When the inhibitor of furfuryl alcohol corresponding to 'O, was
added to the bacterial inactivation process without the presence of scavengers, the inhibitory impact was most visible,
showing that 'O, contributed the most to bacterial inactivation (Figure 5A). When inhibitors of -O*", electron, and hole
(p-BQ, K,Cr,07, and Na,C,0,, respectively) were introduced, the bactericidal performance was inhibited and the degree
of inhibition was comparable, showing that these scavengers also contributed to the photoinduced disinfection process.
The addition of the inhibitor, isopropanol, on the other hand, had no inhibitory effect on the bacterial inactivation
process, demonstrating that -OH had no function in the sterilization process. SPR response of AuNPs contributed to
improved photon harvesting capabilities and the development of numerous electron-hole couples. Previous research
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Figure 5 (A) Photodynamic antibacterial pathway of the gold/Ti;C, photoactive membrane. Reprinted with permission from Qu W, Zhao H, Zhang Q, et al. Multifunctional
Au/ti3c2 photothermal membrane with antibacterial ability for stable and efficient solar water purification under the full spectrum. ACS Sustain Chem Eng. 2021;(9):11372—
11387, Copyright (2021). American Chemical Society.®> (B) Antibacterial pathway of titanium carbide (Ti;C,T,)@copper sulfide under solar light irradiation. Reprinted from
J Colloid Interface Sci. Volume: 604. Li Q, Wang W, Feng H, et al. Nir-triggered photocatalytic and photothermal performance for sterilization based on copper sulfide
nanoparticles anchored on ti3c2tx mxene. 810-822, Copyright (2021), with permission from Elsevier.®*
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revealed that the photodynamic behavior of Ti;Co/PF 'O, generation was similar to that of black phosphorus and
graphene quantum dots. Under light illumination, Ti;C,/PF generates photoinduced electrons and subsequently transfers
energy to the ground-state oxygen, 30,, to generate '0, species. Similarly, because of the SPR effect, AuNPs can
generate ROS when exposed to light. The Au/Ti3C, photoactive membrane also showed good photoactive antibacterial
capabilities, inactivating 6.7 log10 colony-forming units (CFU) mL™" E. coli K-12 in 20 min and 7.1 logl0 CFU mL™"
Sphingopyxis sp. BM1-1 in 10 min.”*®?

To achieve an effective antibacterial effect, a new photocatalytic antibacterial material was developed, and its
mechanism of action is shown in Figure 5B. Titanium carbide (Tiz;C,Ty)@copper sulfide (CuS) composites were created
using a straightforward hydrothermal technique in which CuS NPs were attached to the surface of Ti;C,Tx to
significantly improve its photocatalytic and antibacterial properties. Ti;C,Ty@CuS had 99.6% bactericidal activity
against E. coli and 99.1% bactericidal activity against S. aureus. CuS is a p-type semiconductor that is stimulated by
a light source to cause hybridization. Excited electrons exit, forming electron-hole pairs. When electrons and holes are
separated, they can interact with O, and H,O to form ROS such as superoxide and hydroxyl radicals. The transfer of
excited electrons to the conductive Ti;C,T after CuS is compounded with it enhances the separation of electrons and
holes and boosts the ROS-generating ability. The Ti;C,T,@CuS heterojunction offers a wide range of potential

applications in the decontamination and antimicrobial domains.®*

Photothermal Antibacterial Therapy

Mechanistic Overview of Photothermal Therapy

PTT is one of several ways developed as an innovative strategy to tackle infectious diseases in response to resistance to
antibiotics.®” When photoresponsive nanomaterials are activated with a suitable NIR laser, the plasmon resonance band
causes the conversion of electromagnetic energy to heat. The resultant heat can reach levels high enough to kill bacterial
cells. The photothermal effect causes membrane damage, which leads to protein inactivation and/or leakage, ultimately
leading to bacterial mortality (Figure 6).3°° PTT is effective against both gram-positive and gram-negative bacteria,
independent of bacterial resistance. It is rapid, non-intrusive, and accurate, and can be regulated by the incident light and
duration of irradiation. PTT, moreover, can be used with other therapies like PDT, chemotherapy, radiation, and so on to
improve treatment outcomes. As a result, numerous photothermal NPs or nanostructures are being produced to treat
bacterial diseases. Photothermal therapy agents are photothermal NPs that are classified as metallic materials, metal
sulfides, oxides, carbon-based nanostructured materials, small molecule-based nanomaterials, and polymeric NPs. When
compared to inorganic or organic photothermal therapy agents, a group of transition metals and their oxide and sulfide
forms can absorb more laser energy.”' °® Furthermore, PTT is considered as one of the most promising methods when

combined with transition metals for disinfection and effective antimicrobial activity.

International Journal of Nanomedicine 2022:17 hetps: 6827
Dove:


https://www.dovepress.com
https://www.dovepress.com

Mutalik et al Dove

L O
Q Qvé\/\, Photothermal
@) Q Q Therapy

Low Temperature High Temperature

Figure 6 Schematic illustration of the photothermal antibacterial pathway of nanomaterials.

Photothermal Mechanisms of TMNs

In our recent study, under NIR light irradiation, the photothermal mode of action of CuS NPs was elucidated.”
According to our findings, reducing the size of covellites increased the photothermal efficiency and enhanced the
photothermal antibacterial activity (Figure 7A). As previously stated, CuS NSs and CuS NPs were photodegraded for
5 min with NIR laser irradiation, resulting in hazardous copper ions. The heat and radicals produced by copper ions and
carbon residues had a negative influence on E. coli cell envelopes. The synthesis of copper ions was corroborated by UV
spectra of CuS NSs and CuS NPs following NIR laser irradiation, which revealed an upsurge in absorption intensities in
the NIR region resulting in the release of copper ions and the development of heat. CuS NPs outperformed their
counterparts because of their higher thermal efficiency due to their smaller size, which caused significant damage to
E. coli when exposed to NIR laser light. As a result, copper ions generated by CuS NSs and CuS NPs using an NIR laser
reacted with ambient moisture and oxygen to form -OH and ‘O, radicals. Under NIR laser irradiation, the created
radicals coupled with higher thermal efficiency and variations in size (reductions) of CuS NSs and CuS NPs to
reasonably boost the antibacterial efficiency. Furthermore, the thermal efficiency and diameters of CuS NSs and CuS
NPs were shown to be connected to E. coli growth and thermal curves.”” %"

Furthermore, we quantified adsorption energies of 1T- and 2H-MoS, systems, and it was discovered that the
adsorption energy of the substrates was in the order of 1T-MoS,<2H-MoS,, implying that moisture was easily desorbed
from the 1T-MoS, system for photothermal heating, demonstrating a further antimicrobial effect.”® The electronic effect
was demonstrated by analyzing water adsorption. Chemical characteristics of TM surfaces are significantly influenced by
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Figure 7 (A) Photothermal antibacterial pathway of copper sulfide nanosheets. Reprinted from | Colloid Interface Sci. Volume: 607. Mutalik C, Okoro G, Krisnawati DI, et al.
Copper sulfide with morphology-dependent photodynamic and photothermal antibacterial activities. 1825—1835, Copyright (2022), with permission from Elsevier.>* (B)
Antibacterial mechanism of IT- and 2H-MoS; nanosheets (NSs) by photothermal therapy. Reprinted with permission from Mutalik C, Okoro G, Chou HL, et al. Phase-
dependent 1 T/2H-MoS2 nanosheets for effective photothermal killing of bacteria. ACS Sustain Chem Eng. 2022;(10):8949-8957. Creative common.'® (C) MoS, NSs (metallic
IT/IT or semiconducting 2H), and their crystal-phase effects on photothermally enhanced sonodynamic antibacterial treatments as investigated by in vitro and in vivo
methods. Reproduced with permission from Chen H, He X, Zhou Z, et al. Metallic phase enabling MoS2 nanosheets as an efficient sonosensitizer for photothermal-
enhanced sonodynamic antibacterial therapy. | Nanobiotechnol. 2022;(20):136. Creative Common.' 1o
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the various absorption coefficients linked to adsorbates at surface imperfections. Catalytic activity and selectivity are
altered, as are material properties, a significant consequence in chemical nanotechnology. According to Density
Functional Theory simulation estimates, 1T-MoS, NSs have higher antibacterial potential than 2H-MoS, NSs. The
crystal phase-dependent abilities of 1T- and 2H-MoS, NSs were investigated using E. coli as a bacterial model.
Moreover, considering the metallic characteristics of 1T-MoS, NSs, it is likely that when irradiated, they produce far
more detectable antibacterial effects than semiconducting 2H-MoS, NSs. The metallic character of 1T-MoS, NSs
indicates stronger conductivity of the material, which may result in a lower electron transport barrier across bacteria
in the surroundings and their intracellular components, resulting in the reported bacterial toxicity of NSs. However, the
intrinsic great NIR absorbance potential of 1T-MoS, NSs results in significant bacterial destruction. Figure 7B shows the
photothermal capability of MoS, NSs by demonstrating the mechanism of action of adsorption and desorption of metal
ions and atmospheric moisture.'%’"'%°

Moreover, several phases of MoS, nanosheets (metallic 1T/1T” or semiconducting 2H) were prepared, and their
crystal-phase effects on photothermal-enhanced sonodynamic antibacterial treatments were investigated by in vitro and
in vivo methods.""” Figure 7C shows a mechanistic overview carried out in that study. Additionally, the ultrasound (US)-
induced ROS generation performance of the M-MoS, nanosheets was further improved by a photothermal effect under
1064-nm laser ablation due to its metallic phase-enabled strong absorption in the NIR-II regime. Notably, compared to
semiconducting 2H-phase MoS; nanosheets, the defective 2D MoS, nanosheets with high percentages of the metallic 1T/
1T’ phase (referred to as M-MoS,) exhibited massively greater activity towards the US-induced formation of ROS. The
M-MoS, nanosheets can thus be utilized as an effective sonosensitizer for photothermally enhanced sonodynamic
bacterial eradication when US treatment is combined with NIR-II laser irradiation following modification with poly-
vinylpyrrolidone (PVP). The plate count method was used to investigate the antimicrobial effect of the PVP-modified M-
MoS, nanosheets against Pseudomonas aeruginosa and S. aureus. In contrast to the control and M-MoS, groups, the M-
MoS, + laser + US group showed significantly better bactericidal effects. Their research illustrates the potential of
metallic MoS, nanosheets as a photothermally enhanced sonosensitizer for antibacterial therapy. The photothermally
increased sonodynamic performance of nanomaterials is also strongly influenced by their crystal phase, making metallic
MoS, a viable photosensitizer for antibacterial uses.''' ¢

Recently, for attaining rapid NIR laser-induced sanitation, a novel antimicrobial nanoplatform centered on quater-
nized chitosan (QCS)/silver (Ag)/cobalt phosphide (CoP) nanocomposites was developed against E. coli and S. aureus. In
core-shell combinations, Ag NPs with a size of 25 nm were consistently placed on CoP nanoneedles, which were then
capped with a layer of QCS (about 10%). Under laser irradiation, high thermally conductive electrons resulting from an
SPR phenomenon of Ag transited into the junction between Ag and CoP, amplifying the photothermal effect of CoP,
according to parametric studies. Furthermore, since the Schottky heterostructure enhances ROS generation, photoexcited
electrons from CoP were transferred onto Ag NPs. Ag loading simultaneously boosted photocatalytic and photothermal
actions of CoP, resulting in a combinatorial antimicrobial effect. In a nutshell, Figure 8A depicts the photocatalytic
mechanism. This metal-semiconductor heterostructure (Ag/CoP nanostructure) may be considered an appropriate
Schottky junction since the CB position of CoP vs the NHE is 0.43 eV, which is higher than the Fermi level of Ag
(0.24 eV). The VB electrons of CoP are stimulated to the CB and create electron-hole pairs when Ag/CoP is subjected to
808-nm light. As a result of the Schottky junction and high conduction ability of the Ag NPs, photoinduced electrons
from CoP are rapidly transported to the surface of the Ag NPs, resulting in improved electron-hole pair removal
efficiency and ROS production.''”'#2

The development of a multi-functional platform capable of promptly and sensitively detecting bacteria and effectively
inhibiting or killing germs is critical and essential. A novel flexible MXene-Au nanocomposite for rapidly detecting
germs and photothermally sterilizing them was successfully manufactured using a self-assembly approach. Gram-
negative E. coli and gram-positive Bacillus subtilis were employed as models for label-free, quick, and sensitive bacterial
detection using the surface-enhanced Raman spectroscopic (SERS) approach. A colony counting method was used to
demonstrate the material’s antibacterial effectiveness; E. coli and B. subtilis survival rates were as low as 8.05% and
0.06%, respectively. Within 6 min, the 808-nm light-irradiated TizC,Tx-Au NPs had a considerable antibacterial impact,
with 100% and 99.25% germicidal rates for B. subtilis and E. coli, respectively. The efficiency of photothermal
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Figure 8 (A) Schematic representation of photothermal antibacterial pathway of quaternized chitosan (QCS)/silver (Ag)/cobalt phosphide (CoP) nanocomposites.
Reprinted from J. Colloid Interface Sci. Volume: 616. Han H, Xu X, Kan H, et al. Synergistic photodynamic/photothermal bacterial inactivation over heterogeneous quaternized
chitosan/silver/cobalt phosphide nanocomposites. 304-315, Copyright (2022), with permission from Elsevier.''” (B) The photothermal antibacterial pathway and surface-
enhanced Raman scattering for bacterium detection by MXene-gold (Au) nanocomposites. Reprinted from Chem Eng |. Volume: 426. Yu Z, Jiang L, Liu R, et al. Versatile self-
assembled mxene-Au nanocomposites for SERS detection of bacteria, antibacterial and photothermal sterilization. 131914, Copyright (2021), with permission from
123 (C) Synthesis, in vitro photothermal antibacterial pathway, and in vivo wound healing and disinfection of Dap@gold/silver nanorods (Au/Ag NRs). Reprinted
from Chem Eng J. Volume: 432. Dong X, Ye J, Chen Y, Tanziela T, Jiang H, Wang X. Intelligent peptide-nanorods against drug-resistant bacterial infection and promote wound
healing by mild-temperature photothermal therapy. 134061, Copyright (2022), with permission from Elsevier.'>> (D) Diagram showing the creation of CG/PDA@Ag
hydrogel and its use as a photothermal antibacterial platform for treating wounds. (E) Using a simple one-pot mixing infusion method, a strong hydrogel dressing was easily
produced that can speed up wound healing by a combination of photothermal and synergistic antibacterial therapies. (D and E) Reprinted with permission from Qi X, Huang
Y, You S, et al. Engineering robust Ag-decorated polydopamine nano-photothermal platforms to combat bacterial infection and prompt wound healing. Advanced Science.
2022;(9):2106015. © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH.'*

Elsevier.

conversion increased to 43.40%. Therefore, this multi-functional nanocomposite material offers a highly promising
countermeasure for the clinical treatment of diseases brought on by MDR bacteria. It not only has sensitive bacterial
detection capabilities but also has antimicrobial and photothermal sterilization effects (Figure 8B).'2*'**

Recently, a novel antimicrobial nanosystem based on gold (Au) nanorods (NRs) called Dap@Au/silver (Ag) NRs was
studied for its photothermal antibacterial capabilities using an experimental strain of MRSA. By releasing significant
numbers of silver ions and antimicrobial peptides (Dap) when exposed to H,O,, Dap@Au/Ag NRs greatly compromised
the integrity of MRSA membranes, causing content leakage and bacterial demise. Additionally, in vivo and in vitro tests
revealed that the antibacterial mechanistic actions of Dap@Au/Ag NRs were greatly enhanced by utilizing AuNRs with
a good photothermal effect after being exposed to a specific amount of laser irradiation (808 nm, 0.8 W/cm?, for 40~60s)
(Figure 8C). In contrast to conventional PTT, it was discovered that when laser irradiation was administered in the early
stages of infection and under mild temperature control (below 47°C), this not only notably demonstrated bacteriostasis of
MRSA, prevented large areas of wound ulceration, and promoted wound healing, but it also had no evident thermal
deformation at the incision site or surrounding skin. These findings demonstrated the significant bactericidal properties of
the novel Dap@Au/Ag NR antibacterial nanosystem, which can be used as a potential promising antimicrobial agent.
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This finding offers a fresh approach for facilitating and enhancing the antimicrobial efficiency to prevent drug-resistant
bacterial infections.''®!357142

The recent synthesis of polydopamine@silver (PDA@Ag) NPs involved culturing Ag on the surface of PDA NPs,
which was followed by their encapsulation in a network of cationic guar gum (CG) hydrogels. When compared to pure
PDA, the optimized CG/PDA@Ag platform’s photothermal conversion efficiency (38.2%) was more than twice as high
(16.6%). More importantly, the designed CG/PDA@Ag hydrogel’s many active groups effectively interacted with
bacteria to trap and kill them, enhancing the antibacterial effect. As expected, it was shown that the developed CG/
PDA@Ag system, which combined the benefits of PDA@Ag NPs (with high photothermal conversion efficiency (PCE))
and hydrogel (preventing PDA@Ag NP aggregation and having an innate antibacterial ability), had better antibacterial
efficacy both in vitro and in vivo. According to antibacterial tests, this composite CG/PDA@Ag hydrogel was 99.9%
effective against E. coli and 99.1% effective against S. aureus. An environmentally friendly, simple, broad-spectrum, and
highly effective antibacterial platform was mechanically developed as a result of the high PCE and inherent bacterial
capture/killing ability of the hydrogel matrix. This platform not only ensured high-efficiency bacteria-killing ability
toward E. coli (99.9%) and S. aureus (99.8%) in vitro but also realized outstanding potent antimicrobial activity in vivo.

The preparation and photothermal mechanism of action are shown in Figure 8D and E.'**7'°°

Metal lon Release

Mechanistic Overview

Numerous chemical and physical characteristics of metal ions characterize their mechanisms of cell toxicity. Mn" can
interact with a variety of bacterial cell targets, such as DNA, membranes, and enzymes. Depending on variables
including temperature, pH, ionic strength, binding partners, and the reduction potential of the immediate environment,
they can exist as a variety of distinct chemical species. For instance, in contrast to the periplasm of gram-negative
bacteria, the cytoplasm is a potent reducing environment. The oxidation state of metals and, consequently, metal
speciation are greatly impacted by this. Metals are also often not widely accessible inside cells. Instead,
a sophisticated network of transporters, metalloregulatory sensors, and metallochaperones control the availability and
speciation of metals and enable the directed transport to, for example, metalloproteins. Metal speciation generally has
a significant impact on a metal’s bioavailability and responsiveness, making it a key physicochemical characteristic of
metal toxicity.'>''** Metallic (M)-NPs are inorganic particles with diameters between 1 and 100 nm with a variety of
forms (eg, spheres, triangles, sheets, plates, tubes, cubes, and rods). Importantly, recent studies revealed that a variety of
variables, including the M-NPs’ size, charge, zeta potential, surface morphology, and structure, may affect their
antibacterial properties. M-NPs’ tiny size is a huge benefit for achieving powerful antibacterial action in the struggle
against microorganisms. Smaller M-NPs, for instance, often exhibit better antibacterial activity as a result of their
relatively larger surface-to-volume ratios, which enhance their capacity to create ROS, which can then destroy bacterial
components. Previous studies have demonstrated that smaller-sized particles can effectively interact with bacterial
membranes because of their large surface area to result in enhancing their antibacterial activities.'>'>® The shape of
M-NPs that have the same surface-to-volume ratios is equally essential, with nanotubes and rods being more effective
since their planes are exposed, allowing the metals to oxidize. By electrostatic contacts, van der Waals forces, receptor-
ligand interactions, and hydrophobic interactions, NPs first cling to bacterial membranes. Following contact, the M-NPs
can cross the bacterial membrane, impede metabolic processes, and alter the structure and function of the membranes.
M-NPs have the ability to alter gene expression levels, create oxidative stress, inhibit enzymes, and deactivate proteins
once they have entered cells. A crucial stage in the development of metal toxicity is thought to be the accumulation of

a metal inside the bacterium (Figure 9).'>%'%°

Metal lon Release Mechanisms of TMNs

A variety of polyamide (PA)-based membranes designed with unique metal ions (Cu®" and Fe*") for forward osmosis
(FO) separation were manufactured via one-step metal-ligand ligation. Membranes with improved performance, and
higher water permeability and selectivity were synthesized using a novel approach. Compared to nascent PA membranes
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Figure 9 Schematic illustrations of the antibacterial mechanisms for metal ions and nanoparticles. The primary modes of action are: () metal ion release from metal
nanoparticles and (2) direct interactions of the metal ions and/or (3) metal nanoparticles with the cell wall via electrostatic interactions, leading to impaired membrane
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et al. Antibacterial approaches in tissue engineering using metal ions and nanoparticles: From mechanisms to applications. 4470—4490, Copyright (2021). Open Access.'®
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in a 0.5 M saline solution, the Fe*" membrane enhanced water flows by 93% (in the FO mode) and 112% (in the pressure
retarded osmosis mode). Cu>” and Fe®" on the membrane surface boost bactericidal activity against E. coli by damaging
the bacterial phospholipid layer.'®” The antimicrobial activity and mechanisms of the membranes created here have been
thoroughly studied. Both Cu®" and Fe*" have bactericidal efficiency against E. coli; however, Cu®" has better antibacter-
ial potential than Fe**, according to the findings. Moreover, Cu-M and Fe-M metal-ion functionalized membranes were
produced by a one-step synthesis under moderate circumstances. The hydrated layer based on metal ions increases the
physicochemical and structural aspects of the membranes produced. Compared to PA-M, Cu-M and Fe-M have
significantly better extraction efficiencies and antibacterial activities (Figure 10). Furthermore, compared to PA-M, Fe-
M has a better desalination efficiency by more than 68%. Cu-M and Fe-M have substantially better antibacterial
characteristics than PA-M due to their combined actions. Escherichia coli on the PA-M surface has a characteristic
small rod shape with an intact cytomembrane. Bacteria on Cu-M and Fe-M surfaces, on the other hand, shrink to
a considerably smaller oval shape with a withered surface. This implies that the E. coli cytomembrane has been
disrupted, allowing nutrients to escape and causing the bacterium to grow abnormally, resulting in a distorted shape.
Suppression of the growth of bacteria by Cu?" or Fe* causes these alterations in the membrane surfaces of E. coli.
Electrostatic attraction drives Cu®" or Fe** to E. coli cell walls, where it is absorbed and accumulates. Cu®" then reacts
with both phospholipids on the cytomembrane and proteins and DNA within the bacterium, modifying the physical and
chemical properties of the cells and producing an antibacterial action. Fe** on the E. coli cytomembrane surface, unlike
Cu?", is more likely to form radicals which can induce oxidative stress, that then damages the bacterial shells through
numerous intermolecular interactions, inhibiting bacterial growth and differentiation and eventually leading to bacterial
mortality, 165167174

In Figure 11, the action of Ag NPs synthesized using a plant source and release of silver ions which caused substantial
bacterial cell damage and biofilm growth inhibition is illustrated. The first stage of an Acinetobacter baumannii infection
is colonization, particularly when the bacterium is adhering to epithelial cells. There are several other types of cell-
surface adhesions that can occur, such as pill-like structures, fimbrial-like structures, and the attachment of the bacterial
outer membrane protein A to fibronectin and unidentified receptors on the surface of the host cell. Organisms can tightly
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Figure 10 The antibacterial mechanism of metal ion-functionalized membranes is depicted schematically. Reprinted from Desalination. Volume: 530. Tang X, Hu W, Ke X,
Zheng Y, Ge Q. Antibacterial and desalting behavior of forward osmosis membranes engineered with metal ions. | 15655, Copyright (2022), with permission from Elsevier.'¢’
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Figure 11 Silver nanoparticles made using an Eucalyptus citriodora ethanol leaf extract increase the antimicrobial property against clinically multidrug-resistant Acinetobacter
baumannii isolated from pneumonia patients, as shown in the schematic. Reprinted from Microbial Pathogenesis. Volume: 126. Wintachai P, Paosen S, Yupanqui CT,
Voravuthikunchai SP. Silver nanoparticles synthesized with eucalyptus critriodora ethanol leaf extract stimulate antibacterial activity against clinically multidrug-resistant
acinetobacter baumannii isolated from pneumonia patients. 2019, 126, 245-257, Copyright (2019), with permission from Elsevier.'”®

adhere to plasma membranes thanks to these interactions, which eventually allow for colonization and invasion of host
cells. According to reports, the degree of bacterial hydrophobicity or electrostatic contact has a significant role in
bacterial infection for cells related to bacteria.'”> It was observed that the proportion of MDR clinical isolates of
A. baumannii-linked A549 cells was inhibited by Ag NPs produced from the Eucalyptus citriodora leaf extract. The
bacterial cell surface may be affected by Ag NPs made from the E. citriodora leaf extract, including a conduction sticky
factor like the level of bacterial hydrophobicity, which is followed by a decrease in the number of microbial cells.
Furthermore, the decrease in A. baumannii-associated cells is probably partly the result of mechanisms that reduce
bacterial pathogenicity, like the creation of biofilms. It is interesting to note that polypeptide glycosylation was found to
increase the production of biofilms in 4. baumannii. It was also suggested that protein glycosylation may affect how cells
and NPs interact, resulting in the uptake of NPs by cells. Together, these interactions may prevent microbial cells from
proliferating and bacterial invasion. In this study, A. baumannii infestation levels were reduced without cell cytotoxicity
by Ag NPs made using an E. citriodora leaf extract. Although it was suggested that Ag NPs can activate adaptive and
innate immune systems by binding to toll-like receptors, bacteria need the host cell’s cytoskeleton as their destination for
intracellular access and penetration. It was demonstrated that Ag NPs bind to the cytoskeletal proteins, tubulin and actin,
and that this binding might result in bacterial inhibition.'”>'%3

In a recent study similar to previous ones,'”> Figure 12A shows the silver ion release and destruction of the bacterial
cell wall in a different host (MRSA).'®® Owing to its special ability to interact with bacterial cell surfaces without having
to penetrate them, nanosilver promises to continue to play a more significant role in bactericides than antibiotics. The
total bioactivity of a protein or enzyme may be impacted by conformational changes brought on by nanosilver.
Dihydrolipoamide dehydrogenases (SAV1518 and E3) transport galactose and have the highest confidence score

(0.788), suggesting that nanosilver strongly interacts with transport proteins compared to other proteins. Additionally,
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Figure 12 (A) Schematic illustration of silver ion release and destruction of the bacterial cell wall in methicillin-resistant Staphylococcus aureus (MRSA). Reprinted from
European Journal of Pharmaceutical Sciences. Volume: 127. Anuj SA, Gajera HP, Hirpara DG, Golakiya BA. Interruption in membrane permeability of drug-resistant
staphylococcus aureus with cationic particles of nano-silver. 208-216, Copyright (2019), with permission from Elsevier.'®¢ (B) Schematic and step-by-step illustration of
silver ion internalization and damage to DNA and functional proteins in bacteria. Reprinted with permission from Lopez-Carrizales M, Velasco Kl, Castillo C, et al. In vitro
synergism of silver nanoparticles with antibiotics as an alternative treatment in multiresistant uropathogens. Antibiotics. 2018;(7):50, Open Access.'”

nanosilver interacts with transport proteins like the ATP-binding cassette transporter, SAV2623, and the permease
transporter, SAV1549, which suggests that nanosilver may prevent bacteria from transporting certain materials. Any
change in surface charges may modify the permeability of the cell surface, which might further result in cell death. In an
investigation, it was discovered that normal and autoclaved strains of S. aureus MTCC 3160 had average zeta potentials
of 50.2 and 3.2 mV, respectively. The findings showed that nanosilver at a concentration of 100 g/mL could change the
zeta potential. Bacterial cells contacting nanosilver produced structural effects that destroyed the bacterial membranes
and caused the cells to leak some internal components. Nanosilver was previously found to cause this kind of toxicity
that is mediated by membrane depolarization. As was demonstrated by interactions between positively charged nano-
silver and bacterial proteins, alteration of the zeta potential of cell surfaces may be related to both positively charged
nanosilver and bacterial surface proteins. Those findings revealed that nanosilver may harm bacterial DNA, causing loss
of multiplication and ultimately leading to the death of the S. aureus MTCC 3160 bacterium.'5¢'92

Figure 12B shows the antibacterial mechanism of Ag NPs releasing silver ions which caused severe damage to and
death of microbial pathogens. The need for new therapeutic techniques against MDR pathogens, such as the combination
of selected antimicrobials, can be viewed as a viable option. By maximum inhibitory concentration assays and checker-
board testing, the in vitro activities of two groups of conventional antimicrobial agents alone and combined with AgNPs
were investigated against a set of ten MDR clinical isolates and two reference strains, as well as their cytotoxicity toward
human fibroblasts by an MTT assay at the same concentration of the antimicrobial agents alone and in combination. By
identifying the lactate dehydrogenase activity associated with respiration in E. coli and S. aureus, the nanosilver inhibited
the respiration process. Additionally, they discovered that hydrogen atoms from the thiol group of cysteine was replaced
with positively charged nanosilver, which prevented the dehydrogenase’s action thus killing the bacteria. It is thought that
nanosilver may disrupt bacterial membranes and interfere with respiratory dehydrogenases, killing bacteria by inhibiting
their respiratory system.'”>~'7 At the end of this part, we have collected recent achievements by the uses of TMNs with
photodynamic, photothermal, and metal ion release antibacterial applications as shown in Table 1.

Challenges, Opportunities, and Conclusions

The current review article brings together recent achievements in photodynamic, photothermal, and ion release antibacterial
therapeutics using transition metal nanomaterials and their composites. These nanostructures could soon bring promising
antimicrobial prospects to food storage, wastewater treatment, and medication, according to findings of these investigations.
Transition metals, transition metal-polymer nanocomposites, transition bimetallic nanoparticles, and other promising
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Table | Summary of Photodynamic, Photothermal, and Metal lon Release Antibacterial Pathways by

TMNs

TMNs Mechanism | Light Source Bacterium Reference

CuS nanosheets PDAT Simulated solar light E. coli [88]

IT-MoS, nanoflowers PDAT Simulated solar light E. coli [46]

TiO,/FeS; nanocomposites PDAT Simulated solar light E. coli [51]

TiOx-Au nanocomposites (50:1) | PDAT Simulated solar light E. coli [56]
MRSA

MnO,/ZIF-8 PDAT Simulated solar light E. coli [62]
MRSA

Au/Ti;C, photoactive membrane | PDAT Simulated solar light E. coli [71]
Sphingopyxis sp.

Ti3CoTx@CuS PDAT Simulated solar light/red light | E. coli [72]
S. aureus

CuS nanoparticles PTAT NIR E. coli [88]

QCS/Ag/CoP nanocomposites PTAT/PDAT | NIR E. coli [106]
S. aureus

MXene-Au nanocomposites PTAT NIR E. coli [112]
B. subtilis

I T/2H-MoS, nanosheets PTAT NIR E. coli [89]

Dap@Au/Ag NRs PTAT NIR MRSA [113]

MoS, nanosheets PTAT/ SDT NIR P. aeruginosa [90]
S. aureus

CG/PDA@Ag hydrogel PTAT NIR E. coli [114]
S. aureus

Cu- and Fe-membrane MIR N/A E. coli [153]

Ag nanoparticles MIR N/A A. baumannii [161]

Nanosilver MIR N/A MRSA [172]

Ag nanoparticles MIR N/A E. coli [179]
S. aureus

Abbreviations: TMNs, transition metal-based nanocomposites; PDAT, photodynamic antibacterial therapy; PTAT, photothermal anti-
bacterial therapy; SDT, sonodynamic therapy; MIR, metal ion release; NIR, near infrared; Ag, silver; Au, gold; Cu, copper; Fe, iron; Dap,
peptide; PDA, polydopamine; CG, cationic guar gum; NPs, nanoparticles; Ti3C,Tx/MXene, titanium carbide; CuS, copper sulfide; MoS,,
molybdenum disulfide; CoP, cobalt phosphide; N/A, not applicable; E. coli, Escherichia coli; MRSA, methicillin-resistant Staphylococcus
aureus; S. aureus, Staphylococcus aureus; B. subtilis, Bacillus subtilis; P. aeruginosa, pseudomonas aeruginosa; A. baumannii, Acinetobacter
baumannii.

antibacterial agents can be used for such applications. The antibacterial processes, ROS-generating abilities, and microbial
inhibition of photodynamically active transition metal nanomaterials recently explored were demonstrated using artificial
sunlight irradiation or equivalent lighting fixtures. The photothermal impacts of transition nanomaterials were demonstrated
in vitro and in vivo by detailing the active processes and thermal efficiencies. In addition to their improved thermal efficiencies
under NIR light exposure, the nanostructures influence bacterial bioactivities through their photothermal effects. Metal ion
release is analogous to photodynamic activity in the dark and is entirely dependent on the solubility and dissolution of metal
nanoparticles to produce ROS and may have antimicrobial and antibiofilm effects. One of the most important unresolved
problems is the therapeutic acceptance of these metallic nanostructures and their ability to limit bacterial growth (they are
required to exhibit a 4-log reduction or about 99.99% efficiency). Another critical topic that remains unresolved is the toxicology
and biocompatibility of these metallic nanostructures. To improve treatment outcomes, PTT can be combined with several other
treatments such as metal ion release, PDT, chemotherapy, sonodynamic therapy, radiation, and so on. Bacterial infestations are
projected to be the most common diseases that need to be contained globally, and analyzing the safety and efficacy of accessible
nanomaterials will be critical prior to their use in human organisms and also assessing their potential substantial effects on

ecosystems.
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