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ABSTRACT: The clinical applications of nanotechnology are emerging as widely popular, particularly as a potential treatment
approach for infectious diseases. Diseases associated with multiple drug-resistant organisms (MDROs) are a global concern of
morbidity and mortality. The prevalence of infections caused by antibiotic-resistant bacterial strains has increased the urgency
associated with researching and developing novel bactericidal medicines or unorthodox methods capable of combating antimicrobial
resistance. Nanomaterial-based treatments are promising for treating severe bacterial infections because they bypass antibiotic
resistance mechanisms. Nanomaterial-based approaches, especially those that do not rely on small-molecule antimicrobials, display
potential since they can bypass drug-resistant bacteria systems. Nanoparticles (NPs) are small enough to pass through the cell
membranes of pathogenic bacteria and interfere with essential molecular pathways. They can also target biofilms and eliminate
infections that have proven difficult to treat. In this review, we described the antibacterial mechanisms of NPs against bacteria and
the parameters involved in targeting established antibiotic resistance and biofilms. Finally, yet importantly, we talked about NPs and
the various ways they can be utilized, including as delivery methods, intrinsic antimicrobials, or a mixture.

1. INTRODUCTION

Bacteria were the oldest living things to be identified on Earth,
and throughout billions of years, they have evolved to become
extraordinarily adaptable to the environment." During the 20th
century, the discovery of antibiotics was considered one of the

the risk of morbidity and mortality among infected people and
having a negative impact on the clinical outcome of a diverse
range of patients like those admitted into the ICU, recently
operated on or undergoing operation, organ transplant, or
treatment for cancer.” Antibiotic resistance was identified as a

most important medical discoveries ever made. It commenced
with Salvarsan, among the first drugs to cure syphilis without
harming sufferers.” Although, research on antibiotics did not
begin until 1928 when Alexander Fleming discovered penicillin
by accident. This research reached its pinnacle in the 1950s
and 1960s, which emerged as the “golden period” of antibiotics
study. During 1930 and 1962, over 20 new antimicrobial
classes were discovered; however, new bacteria strains emerged
that were resistant to existing antibiotics, making it even more
difficult for drug companies to find new compounds that have
antibacterial activity.”® The development of antibiotic
resistance in bacteria has led to the difficult problem of
treating resistant infections. The emergence of bacteria that are
resistant to multiple drugs is a global problem that is increasing
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global problem in a report published in 2017 by the WHO
Global Antimicrobial Surveillance System. The anticipated cost
of treating infections that are resistant to antibiotics is high
(about US$50,000 per individual), and the annual cost to
society is estimated to be US$20 billion.® This already serious
threat to public health is made even worse because there are so
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few novel therapies in development for antibiotics and the
widespread use of antibiotics, some of which are even
inappropriately prescribed. Planktonic bacteria, often known
as free-floating bacteria, are major contributors to various
health risks, including sepsis.7_9 Infections linked to planktonic
bacteria pose serious risks and are fast becoming more difficult
to treat due to increased rates of antibiotic resistance that
patients have acquired over time. This difficulty is com-
pounded during biofilm production by bacteria, which are
linked to recurrent and persistent bacterial infections. Biofilms
complicate bacterial infection treatment.'”'" The ability of
bacteria to hide under biofilms makes it significantly more
complicated to manage a broad array of diseases, including
infectious endocarditis, osteomyelitis, and chronic wounds.
Biofilm-associated antibiotic resistance differs from acquired
resistance, but it can complicate the treatment used in
therapy.'”'® Bacterial cells are capable of producing extrac-
ellular polymeric substances (EPS), which have the potential to
operate as a barrier against immunological responses from the
host and certain traditional antimicrobial treatments. In
addition, biofilms show various altered phenotypes contribu-
ting to resistance to many commonly used antibiotics. These
altered phenotypes are included spatial and chemical
heterogeneities, the presence of persister cells, and slow
growth rates.'*”'® Antibiotics are the primary therapeutic
method used at the moment for treating biofilm and
planktonic infections. They focus on processes critical for the
development and/or survival of bacteria, such as the formation
of DNA, RNA, or essential proteins; cell wall formation and
regulation; and essential protein production.‘3’17’18 Most
antibiotics are produced from compounds used for billions
of years by different microbes to fight against each other. Many
antibiotics are derived from these products. In the course of
this warfare, offensive molecules have evolved, resulting in the
development of defensive reactions; bacteria have evolved
resistance to several commonly used antibiotics, i.e.,
MRSA."”*° In order to eradicate MRSA, it may be necessary
to utilize various antibiotic agents, high dosages of antibiotics
or medications considered a “last resort.” When bacteria are
located in biofilms, biofilm-associated resistance creates a
potential factor, making it necessary to remove the biofilm
physically, for example, using rigorous exfoliation, sometimes
accompanied by large dosages of antibiotics.”"”** This adds to
the difficulty of providing effective treatment for the infection.
These tactics might result in therapies that are drawn out and
expensive, with the potential for unfavorable side effects and a
lack of clarity regarding the final outcome. Nanomaterials
utilize antibacterial modes that bacteria have never seen before
and, thus, have no defenses against these new antimicrobial
materials.” Recent developments in systems based on nano-
materials have opened up new avenues for combating
multidrug-resistant infections in planktonic and biofilm forms
of infection. These systems can either operate as inherent
therapies or as nanocarriers for antimicrobial drugs. The
therapeutic activity of nanomaterials is influenced in several
ways by their one-of-a-kind physicochemical features, such as
their size, shape, and surface chemistry.'" The shapes and sizes
of various nanomaterials are analogous to bacterial biomole-
cules, which allow a range of interactions that can be managed
using surface modification. Antibacterial nanoparticles demand
substantial surface-to-volume ratios and multivalent inter-
actions. Nanomaterials can circumvent the resistance mecha-
nisms that are already in place, and they may be less likely to

select for resistance than traditional antibiotics.”® In addition,
nanoparticles can wipe off bacteria present in biofilms.
Together, these evidence suggests that nanotechnology can
be used as a new resource in developing techniques to treat
MDR infections.**** In this review, we explore the potential
applications of nanomaterials in the fight against multidrug-
resistant bacterial diseases. We explore the features and design
components that result in therapeutic efficacy, thereby
providing insight into how nanomaterials could be adjusted
to improve action against biofilm and planktonic bacteria. In
conclusion, we discuss the current state of the clinical
development of antibacterial nanomaterials.

2. METAL NANOPARTICLES

The size, shape, roughness, and surface energy of nanoparticles
are some of the most important properties to be considered
during their application. Among inorganic nanoparticles,
metal-based nanoparticles are the most widely used and offer
the opportunity to tackle antibiotic resistance issues. In
addition to being effective against bacteria that have evolved
resistance to conventional antibiotics, their unique modes of
action also target several macromolecules, making it more
difficult for resistant strains to evolve.”**> Numerous methods
can be utilized in order to characterize nanoparticles composed
of metal. These approaches provide helpful information
regarding the particles’ shape, physical and chemical properties,
and electric properties, which are essential for the in-vivo
particles” activity.”* >

2.1. Action of Metal-Based Nanoparticle. In the
presence of metal nanoparticles, bacteria exhibit certain
behaviors, which their unique properties can explain. It is
essential to comprehend the differences between Gram-
negative and Gram-positive cell wall structures since the
main cytotoxic action produced by antibacterial agents in
bacteria occurs by close interaction with the cell wall.”® Gram-
negative and Gram-positive bacteria have a negatively charged
surface due to their polar lipid bilayers. Gram-positive bacteria
contain a thick coating of peptidoglycan made up of N-
acetylglucosamine (NAG) and N-acetylmuramic acid (NAM)
that cross-link each other, making a strong network.”’
Furthermore, the majority of Gram-positive bacteria have
negatively charged teichoic acids. These acids have significant
quantities of negatively charged phosphate groups.

On the other hand, Gram-negative bacteria have a structure
that is just somewhat more complicated.”®*’ Gram-negative
bacteria have lipopolysaccharides (LPS) as an outer layer,
which add negative charge surface quality to the cell envelope.
This is in conclusion to the thin peptidoglycan layer that
covers the outer surface of their cell walls.

Electrostatic forces cause negatively charged bacterial cell
walls to attract positively charged nanoparticles to their surface.
This happens because positively charged nanoparticles are
attracted to negatively charged surfaces. In contrast, positively
charged metal-based nanoparticles form a strong bond with
membranes, which leads to the rupture of cell walls and, as a
result, increases the permeability of the membranes.’*™*? In
addition, nanoparticles can release metal ions from the
extracellular space. These ions can then enter the cell and
wreak havoc on the biological processes. Both metal ions and
nanoparticles can potentially stimulate the creation of reactive
oxygen species within the cell (ROS). The oxidative stress
produced results in the oxidation of glutathione, inhibiting the
antioxidant defense mechanism bacteria have against ROS.*

https://doi.org/10.1021/acsomega.3c00110
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Table 1. Nanoparticle Properties and Modes of Action against Multidrug-Resistant (Mdr) Microorganisms

2,8,19,25,28,30,35,41—44

factors affecting

nanoparticles targeted bacteria and antibiotic antimicrobial
size antibacterial mechanisms (NPs) resistance activity/toxicity
1-100 nm cell wall perforations, bacterial membrane breakdown, ATPase activity reduction, AuNPs MRSA S. aureus size and rough-
respiratory chain disruption, and loss of membrane potential ness
1-100 nm modification in nucleotides, inhibit protein synthesis by affecting ribosome, lipid ~AgNPs carbapenem-resistant Enterobacteria- size and shape
and protein damage, boost cellular membrane permeability for many solutes, ceae (CRE) and P. aeruginosa, B-
inhibit bacterial cellular membrane synthesis and cell wall synthesis, blocking resistant A. baumannii, K. pneumo-
ETS (electron transport chain) in bacteria, ROS production, and oxidative niae, Pseudomonas aeruginosa, ESBL
stress E. coli
2—350 nm modification in nucleotides, DNA damage, lipid and protein damage, boost CuNPs A. baumannii, MDR E. coli size and concen-
cellular membrane permeability for many solutes, ROS production, and tration
oxidative stress
20—400 nm  breakdown bacterial cell wall using ROS SiNPs MRSA S. aureus size, shape, and
stability
10—100 nm  breakdown bacterial cell wall using ROS AINPs MDR E. coli
1-100 nm oxidative stress iron-oxide K. pneumoniae, MRSA S. aureus, enhanced chem-
NPs MDR E. coli ical reaction,
able to aggre-
gate
10—100 nm lipid and protein damage, boost cellular membrane permeability for many solutes, ZnO NPs E. aerogenes, E. coli, K. oxytoca, K. size and concen-
ROS production, and oxidative stress pneumoniae, MRSA S. aureus, ex- tration
tended-spectrum beta-lactamase E.
coli, K. pneumoniae
30—45 nm ROS production, oxidative stress, and adhesion on the cellular surface TiO, NPs Enterococcus faecium, S. aureus, P. size, shape, and
aeruginosa, E. coli crystal struc-
ture
15—100 nm  peroxidation of lipid and ROS production MgO NPs E. coli, S. aureus size, concentra-

tion, and pH

The metal ions are then free to interact with the structures of
the cell (such as proteins, membranes, and DNA), which
disrupts the cell’s functioning. Metal ions can form strong
covalent bonds with the nitrogen, oxygen, or sulfur atoms
commonly found in organic compounds and biomolecules. As
a result of the largely nonspecific nature of the link between
metal ions and biomolecules, nanoparticles based on metal
almost always display a broad spectrum of activity.”

2.2. Metal Nanoparticle Synthesis. Metal nanoparticles
are not new. Some microbes have been shown to naturally
produce metal-based nanoparticles as a method for the
detoxifying of heavy metals, and this process has been
documented.”® However, the adaptability of this technique
has only been detailed in recent decades, and since then, metal-
based nanoparticles have seen widespread application in the
production of cosmetics and textiles.”” The adaptability of
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these substances has attracted the scientific world’s attention,
which has continued on a never-ending pursuit of novel
formulations, applications, and synthesis techniques. Although
research has recently extended to less-common metals, silver,
gold, copper, iron, and zinc are the most extensively used
materials in metal-based nanoparticles.”*™** It is anticipated
that transition metals will be the ideal choice for producing
metal-based nanoparticles. This is because transition metals
have partially filled d-orbitals, which makes them more redox-
active. This property makes it easy for transition metal
nanoparticles to aggregate with one another.’” Different
methods of synthesis that have been developed can be
arranged into three categories (Figure 1): physical, chemical,
and biological methods.

When using physical methods, a top-down strategy is taken,
beginning with a large piece of metal that is fragmented into
small parts by physical action into progressively smaller
fragments. Because this method produces nanoparticles with
a somewhat scattered size distribution, it is not the most
acceptable for synthesizing metal-based nanoparticles. Their
size determines the activity of metal-based nanoparticles, so
the most appropriate method would be one that produces
nanoparticles with a more uniform size. On the other hand,
bottom-up strategies are utilized with chemical procedures that
use chemical solvents and biological approaches, which are
focused on eco-friendly processes employing various types of
microorganisms. Both of these types of methods involve the
use of chemical solvents (Table 1).*

2.3. Characterization of Nanomaterials. Size and form
are two essential characteristics analyzed in the NP character-
ization process. Researchers could also analyze the surface
chemistry by measuring the size and distribution, degree of
aggregation, surface charge, and surface area. Size, size
distribution, and the presence of organic ligands on the
surface of the particles are all factors that can influence other
aspects of the NPs and their potential uses. Moreover, the NPs’
crystal structure and chemical build are carefully examined as a
preliminary step after nanoparticle synthesis. It is of the utmost
importance to comprehensivelgr characterize the nanomaterials
created in various methods.””

These methods may be used alone or together to examine
the property (Table 2). There are techniques based on
microscopy that can provide information on the size,
morphology, and crystal structure of nanomaterials.”® Some
examples of these techniques include transmission electron-
microscopy (TEM), high-resolution transmission electron-
microscopy (HRTEM), and atomic force microscopy (AFM).
Some methods, like the magnetic approaches, are specifically
geared for working with particular categories of materials.”’
Superconducting quantum interference devices (SQUID),
vibrating sample magnetometer (VSM), ferromagnetic reso-
nance (FMR), and X-ray magnetic circular dichroism
(XMCD) are a few examples of the methods that fall under
this category.48_50 Numerous more techniques, including X-
ray, spectroscopy, and scattering techniques, offer additional
data on the structure, elemental composition, optical character-
istics, and other standard and more specialized physical
features of the nanoparticle samples as mentioned in Table

8,51
2.3

3. NANOZYMES

Nanozymes can perform various enzyme-like functions in
different areas, such as regulating biomolecular and cellular

Table 2. Determining Parameters and Characterizing
Methods Used for Nanoparticle Characterizations

property
characterized

size (structural
properties)

size distribution

shape
crystal structure

chemical state and
oxidation state

elemental and
chemical
composition

surface charge

surface area and
specific surface
area

growth kinetics
concentration

agglomeration
state

density

single particle
properties

3D visualization

NPs distribution

approaches used for characterization

EPLS, TRPS, NMR, MALDI, UV—vis, ICP-MS, DCS,
EXAFS, AFM, DLS, XRD, SEM, TEM, HRTEM, and
magnetic susceptibility

FMR, ICP-MS, NTA, SAXS, DLS, DCS, TRPS, DTA, SEM,
and superparamagnetic relaxometry

3D-tomography, FMR, EPLS, AFM, TEM, and HRTEM
EXAFS, XRD, electron diffraction, STEM, and HRTEM
XPS, EELS, XAS, and Mossbauer spectroscopy

MFM, SEM-EDX, ICP-OES, NMR, ICP-MS, LEIS, XRD, and
XPS

EPM and zeta-potential
liquid NMR and BET

liquid-TEM, cryo-TEM, TEM, NMR, and SAXS
DCS, PTA, RMM-MEMS, UV—vis, and ICP-MS

TEM, cryo-TEM, SEM, UV—vis, DCS, zeta-potential, and
DLS

RMM-MEMS and DCS
liquid TEM, HRTEM, MEM, and Sp-ICP-MS

SEM, AFM, and 3D-tomography
AFM, TEM, and SEM

in matrices/

supports
abnormalities in BSD and HRTEME

the structure
NPs detection

optical properties

EBSD, SEM, STEM, TEM, and magnetic-susceptibility
EELS-STEM and UV—vis-NIR

XMCD, EMR, MFM, M@ssbauer spectroscopy, VSM, and
SQUID

magnetic
properties

pathways, cleaving proteins or poly nucleic acids, modulating
oxidative balance, and performing site-specific cleavage of
prodrugs.””*> These functions make nanozymes useful in
different applications, including therapeutics, regenerative
medicine, diagnostics, and preservation. Endogenous enzymes
in the cell catalyze metabolic events and produce hazardous
ROS that potentially kills the bacterial cell membranes and
intracellular components by oxidation.”* However, natural
enzymes have their limits; thus, synthetic nanozymes are
increasingly employed in antibacterial therapy as promising
alternatives with an antibiotic-free environment. Furthermore,
nanozymes are not susceptible to acquiring resistance by
bacteria because of their biocompatibility and excellent cellular
membrane permeability. Moreover, nanozymes can be
engineered with specialized catalytic activity to remove
biofilms efficiently.>

3.1. Metal-Based Nanozymes. Noble-metal-based nano-
zymes have been found to have the potent catalytic capability.
In an earlier study, Zheng et al.’*® used mercapto-pyrimidine-
conjugated Au-nanoclusters to target superbugs and found that
the positively charged nanozymes adhered easily to bacterial
surfaces and caused cell membrane damage. The nanozymes
triggered the generation of intracellular ROS in bacterial cells
that accelerate wound healing and kill >99% of bacteria due to
the oxidase and peroxidase-like activity. Similarly, Zhang et
al.”” evaluated the antibacterial potency of bimetallic PtCu
alloy NPs, which also had ferroxidase-like and peroxidase-like
activity in a high pH solution, and detected Fe,,. Cai et al.>®
synthesized core—shell Pd@Ir bimetallic nanomaterials with

https://doi.org/10.1021/acsomega.3c00110
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morphology-dependent bactericidal activity. In another re-
port,”” Cu-based nanozymes having POD-like characteristics
were also developed, and hydrogel-based nanozymes embed-
ded with Cu were found to accelerate wound healing by
stimulating angio-genesis and collagen-deposition with H,O,
assistance.

3.2. Metal Oxide/Sulfide-Based Nanozymes. Cerium-
oxide (CeO,) NPs possess high peroxidase-like activity, which
is attributed to the reversible redox switch between Ce*" and
Ce’" ions. When CeO is combined with H,0,, it generates
reactive oxygen species (ROS) due to its effective peroxidase-
like activity.”” Various sizes and shapes of nanoceria exhibit
multiple enzymatic activities, like oxidase (OXD), peroxidase
(POD), catalase (CAT), and superoxide dismutase (SOD) due
to their high redox potential, smooth oxygen diffusion, and
surface-rich oxygen vacancies. In a study by Luo et al,’' an
electrospun nanofibrous membrane composed of imidazolium-
type-poly(ionic liquid) (PIL) and Ce** (PIL-Ce) was
developed, which exhibited DNase-like catalytic properties
and accelerated wound healing in a Methicillin-resistant
Staphylococcus aureus infected mice model. PIL-Ce also
demonstrated high antibacterial potential and disintegrated
resistant genes to prevent drug resistance. Additionally, Gao et
al.’® synthesized nanoiron sulfide particles using a garlic-
derived natural-organo-sulfur compound, which exhibited a
broad-spectrum antimicrobial effect toward resistant bacterial
pathogens. Nanoiron sulfide acts as a nanozyme with CAT-like
and POD-like activities, catalyzing the H,O, oxidation to
produce highly toxic hydrogen-polysulfide and resulting in
500X enhanced antimicrobial potential against resistant
bacterial pathogens.”> As an added advantage, these nano-
zymes could help to improve the healing process and fight
against biofilms on human dental caries.

3.3. Carbon-Based Nanozymes. Carbon-based nanoma-
terials have gained popularity in biomedicine because of their
desirable physical and chemical characteristics, biocompati-
bility, and ability to mimic various enzymes. Such materials
have great mechanical qualities and can be used as wound
dressings; examples are fullerene, graphene and its derivatives,
carbon nitride, carbon dots (CDs), and carbon nanotubes
(CNTs).°* The peroxidase-like activity of a series of oxidized
carbon nanotubes (0-CNTs) produced by Wang et al.>® was
exceptional throughout a broad pH range. The carbonyl-group
on the oxidized carbon nanotube surface served as an active
catalytic core, with the hydroxyl and carboxyl groups serving as
competing sites. The researchers® developed o-CNTs-BrPE to
lessen the limiting impact of the carboxyl-group, which has a
stronger tendency to suppress catalytic activity than the
hydroxyl group. o-CNTs-BrPE showed strong POD-like
action, catalyzing the conversion of H,0, to OH, which led
to bacterial elimination and tissue protection from purulent
inflammation and bacterial-induced edema by lowering the
number of competing sites.

3.4. Transition Metal Dichalcogenide (TMDC) as
Nanozymes. Transition metal dichalcogenides (TMDCs)
are a class of 2D materials with promising antibacterial
properties due to their enzyme-like properties and large surface
area. Earlier, MoS,/rGO (a defect-rich adhesive) vertical
heterostructure was developed, demonstrating exceptional
antibacterial activity because of surface defects and OXD-
like, CAT-like, and POD-like activity.”® Another study®” found
that flower-shaped MoS, nanozymes with rough surfaces and
active edges exhibited superior antibacterial efficacy compared

to other MoS2 nanozymes. Additionally, TMDC-based NPs
can be photoactivated to enhance enzymatic activity, such as in
Cu,MoS, nanozymes which exhibited remarkable antibacterial
activity against MDR S. aureus and E. coli upon irradiation with
near-infrared light®® A charge-tunable MoS, nanozyme was
also developed and light-modulated for charge reversal on the
surface and enzymatic activation upon varying pH levels.
AgNPs have also shown broad-spectrum antibacterial proper-
ties as they mimic enzymes like POD, OXD, CAT, and SOD.
A hybrid Fe304@MoS,—Ag nanozyme was constructed and
demonstrated significant antibacterial activity through the
near-infrared-light-activated photothermal effect, Ag" ions
leakage, and POD-like activity, resulting in ROS production.
The magnetic property of Fe;O, allowed for the recycling of
the nanozyme.”

3.5. Metal-Organic Framework (MOF) as Nano-
zymes. Metal—organic frameworks (MOFs) are a type of
nanomaterial that consists of metal nodes and organic bridging
linkages to form 3D structures with tailorable pore widths, high
surface areas, and a wide variety of porous architectures. The
appropriate arrangement of active catalytic sites in a
biocompatible MOF allows it to stabilize endogenous enzymes
and operate as catalytic sites with high enzyme-like activity.”>”"
Zhang et al”' produced a MOF-based nanozyme that
resembles peroxidase (POD) and has surfaces resembling
pseudopodia to improve bacterial trapping. The MOF’s metal
nodes function as the active centers, while the nanoscale
cavities play the role of binding pockets. The microenviron-
ment around the active site helps to increase and activate the
substrate molecules, which in turn inhibit bacterial growth.
Another research group’’ developed a nanozyme based on Au-
doped MOF/Ce that exhibited DNase and POD-like activity
to eliminate biofilms. The DNase-like activity of the MOF
hydrolyzes extrinsic DNA and biofilm constituents, while the
POD-like function of the MOF inhibits biofilm-forming
bacteria.

3.6. Single Atom Nanozymes (SANs). SANs have
distinct catalytic regions and can be used for diverse
applications. Unlike conventional nanozymes, SANs have an
even distribution of metal centers, which maximizes the active
sites and increases their catalytic activity and specificity.””
SANs like Pt—Cu, Pt/CeO,, M-NS, and M-N, (M = Fe, Co,
Zn, etc.) have been developed and show different enzyme-
mimicking characteristics, such as glutathione peroxidase
(GPx-like), CAT, SOD, and POD-like activities, with
application in organic pollutant degradation, therapeutic
diagnosis, antibacteria, and anti-inflammation.”*”* Researchers
have synthesized different types of SANs with unique
properties. In another study, Shi et al.”> developed single-
iron-atom nanocatalysts by embedding them in N-doped
amorphous carbon, demonstrating outstanding antimicrobial
properties toward Gram-negative and Gram-positive bacteria.
Liu et al.”® developed ZIF-8 (zeolitic-imidazolate framework)
derived carbon nanomaterial with effective POD-like activity
that suppressed bacterial development and improved in vivo
wound healing and disinfection in infected wounds.
Furthermore, Huang et al.”® reported SANs with carbon
nano frame-confined FeNj active centers, which catalytically
behaved like the axial ligand-coordinated scheme of
cytochrome P450 and exhibited the maximum oxidase-like
activity with versatile antibacterial applications.
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Figure 2. Different approaches used for antibacterial activity by nanoparticles.

4. ANTIMICROBIAL MECHANISM OF
NANOPARTICLES

4.1. Mechanisms against Planktonic Bacteria. Nano-
materials have a diverse range of sizes and shapes, allowing
them to target bacteria in a way that no other material can
(Table 1). Nanomaterials have the potential to kill bacteria
through a variety of processes, such as inflicting direct damage
to the cell wall or membrane, affixing themselves to cellular
elements, and producing reactive oxygen species (ROS).”” ="’
Most antimicrobial compounds disturb intracellular biochem-
ical pathways or attack microbial cell-wall or membranes.
Nanomaterials can attack these cell components and character-
istics and provide advantages against antimicrobial drugs to
fight against antibiotic-resistant pathogens. In addition, nano-
materials have the potential to act as nanocarriers, which would
allow for the delivery of medicinal substances. Nanomaterials’
methods directly result from the one-of-a-kind physicochem-
ical features they possess, particularly their multivalent
interactions with bacterial cells.””®" At the interfaces of
nanomaterials and bacteria, several forces, including hydro-
phobic interactions, receptor—ligand interactions, electrostatic
attractions, and van der Waals forces, all play essential roles.

4.2. Damage to Cellular Contents. Bacterial function
and survival rely on cell homeostasis and intracellular signaling.
It is possible to create nanomaterials to interfere with these
processes, ultimately resulting in the cell’s death.”” These
disturbances include changes in the expression of genes,
alterations in protein synthesis, and damage to DNA. For
example, pyrimidine-capped AuNPs (Au—DAPT) were
produced by functionalizing AuNPs with an analogue of 2-
pyrimidin-ethiol (4,6-diamino-2-pyrimidin-ethiol) present in E.
coli. These nanoparticles were able to stop the multidrug-
resistant strains of E. coli and Pseudomonas aeruginosa from
spreading.*>**> An E. coli-free transcription/translation system
demonstrated that Au—DAPT inhibited protein synthesis. The

modes of action of Au-DAPT were investigated using gel
electrophoresis, which demonstrated the potential of nano-
particles to attach bacterial DNA; electron microscope images
exhibiting nucleic acid leakage and Au-DAPT adhesion to
chromosomes and ribosomes; and colorimetric analyses
indicated Mg** selectivity during chelation, with the con-
sequent membrane instability.**

Similarly, polymer-coated silver nanoparticles, also known as
AgNPs, could destroy E. coli cells by blocking the citric acid
cycle or the tricarboxylic acid cycle and the metabolism of
amino acids. The surface of the AgNPs was modified using
polymers to enhance their interactions with bacterial cells.***°
The gene expression involved in the citric acid cycle and amino
acid metabolism were suppressed, validating the action method
and leading to cell death.

4.3. Reactive Oxygen Species (ROS) Production. ROS
are oxidative metabolic byproducts that occur within cells.
These byproducts affect cells’ differentiation, signaling,
survival, and death.”” The buildup of toxic levels of reactive
oxygen species (ROS) causes oxidative stress (Figure 2). ROS
are capable of causing damage to cells through various
processes, one of the most prominent of which is the
interaction of protein thiols with hydroxyl radicals and
superoxide, which deactivates membrane receptors. Nano-
particles can produce ROS through various methods, like
intracellular organelles interactions, biomolecule oxidations
using NADPH oxidase, and direct ROS production.”’~* Due
to the inherent photocatalytic activity of certain metal-based
nanoparticles, forming reactive oxygen species (ROS) is the
primary antibacterial mechanism used by these nanoparticles
(photodynamic therapy). An example of ROS-based anti-
bacterial action is releasing unbound Cu® ions from Cul
nanoparticles.”’ This process generates ROS and causes
damage to B. subtilis and E. coli DNA and internal proteins.
Antibacterial activity was also demonstrated by silver—zinc
oxide nanocomposites against antibiotic-resistant E. coli and S.
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aureus. This action was attributed to powerful ROS production
and the release of silver (Ag") and zinc (Zn**) ions by the
nanocomposites.”””> The combination of these processes then
produced a chain reaction that resulted in bactericidal
consequences, such as DNA replication inhibition, the
disruption of protein function, the leakage of cellular
biomolecules, and the destruction of cell membranes (Figure
2). Silver boosts ROS generation in bacteria by disrupting
cellular donor ligands interacting with iron, like cysteine, and
inducing the ejection of iron from [4Fe—4S] clusters and ROS
synthesis. This iron release, in turn, causes an increase in ROS
formation.”” Mesoporous silica can support and enhance gold
nanoparticles’ catalytic activity and stability (AuNPs). The
exterior of bifunctionalized mesoporous silica nanoparticles
(MSNs) coated with AuNPs has been demonstrated to exhibit
peroxidase- and oxidase-like properties, simultaneously elimi-
nating Gram-negative and Gram-positive bacteria.”*”® This
dual enzyme-like activity enhances the effectiveness of ROS
synthesis and causes oxidative stress in bacteria.

4.4, Cell Wall and Membrane Disruption. The outer
membrane of a bacterial cell has evolved to prevent the
penetration of antimicrobial drugs. Gram-positive bacteria cell
walls and Gram-negative bacteria cells have teichoic acids and
LPS, respectively, which have phosphate groups and result in
negatively charged bacterial surfaces.”® Because of this highly
polar environment, hydrophobic antimicrobials have difficulty

penetrating membranes, reducing their effectiveness against
bacteria. Compared to mammalian cells, the bacterial cell
surface is more negatively charged, making it easier for bacteria
to engage in preferential electrostatic interactions with
positively charged materials. Charge densities and hydro-
phobicity are critical in producing bacterial membrane-
disrupting nanomaterials.”’~”? Nanomaterials with high
cationic surfaces and nanomaterials with excessively hydro-
phobic surfaces can bind to mammalian cells’ surfaces,
decreasing selectivity. Cationic nanomaterials with strong
amphiphilic levels have the potential to produce potent
antibacterial activities while also exhibiting low levels of
hemolysis and cytotoxicity.'”® Targeting the planktonic
bacteria with a negatively charged surface is the primary
focus of many tactics based on nanomaterials. In one study,
cationic and amphiphilic polycarbonates that are biodegradable
and can self-assemble into cationic micellar nanoparticles were
produced. These nanoparticles effectively treat methicillin-
resistant S. aureus (MRSA).101 Electrostatic interactions
between bacteria and these polymeric nanoparticles lead to
the breakdown of the membranes and subsequent lysis of the
cells (Figure 2). “Nano-knifes,” which are materials with sharp-
pointed edges, are particularly effective in compromising the
integrity of the membranes surrounding bacteria. It was
reported that Ralstonia solanacearum cellular membrane could
be disrupted using graphene oxide and carbon nanotubes
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(single-walled). This caused cytoplasmic leakage, ultimately
leading to the bacteria’s death.'” Tt is expected that bacteria
will have a limited capacity to become resistant to therapies
that cause damage to the cell membrane. As a result, these
techniques hold promise for usage over the long-term with a
reduced likelihood of the development of bacterial resistance.

It has previously'” been shown that metal nanoparticles can
physically interact with the cell membrane or the cell wall, as
well as with intracellular components, as shown in Figure 3.
Destruction of the cell wall is lethal to bacterial cells since it
serves as a critical barrier between the cytoplasm and the outer
environment, and it harbors essential metabolic activities like
the electron transport chain and the regulated movement of
molecules to and from the outside.'**'*® There is a preference
for electrostatic interactions between positively charged NPs
and the negatively charged cell wall of Gram-positive and
Gram-negative bacteria. The bacterial membrane is disrupted
whenever it interacts with NPs because the particles are
absorbed and enter the cell.'”° Adsorption of NPs results in
depolarization of the cell wall, which modifies the wall’s
negative charge and makes it more permeable.

Consequently, the cell wall is broken down, and reactive
oxygen species are formed. AgNPs have been demonstrated to
stick to the cell wall, causing the cell wall to degrade and
increasing the rate at which ions move through the cell
membrane and into the cytosol.””'?”'%® Ninganagouda et
al.'”” showed that AgNPs could attach themselves to the
surfaces of bacteria (E. coli), leading to the death of the
bacteria by the rupture of their cell membranes and the release
of their internal components. Other studies''”''" have
established that MgONPs and Mg(OH),NPs can trigger cell
death through electrostatic adsorption onto the cell wall rather
than entering it. Another process related to physical contact is
the cellular absorption of NPs, which occurs when NPs are
small enough to pass through the cell membrane. Mukha et
al.''? demonstrated that the antibacterial action of AgNPs with
a size less than 10 nm is caused by membrane disruption and
the AgNPs’ ability to penetrate the cell.

Similarly, Dong et al.'"> examined NPs of varying sizes and
found that smaller AgNPs were more potent because they
could penetrate the cell membrane. Oves et al.''* synthesized
silver nanoparticles (AgNPs) with a spherical form, a size of
around 35 nm, and bacterial exopolysaccharides. They revealed
that the generation of ROS within the bacterial cells is the
cause of the antibacterial action of these NPs against B. subtilis
and methicillin-resistant Staphylococcus aureus (MRSA). In
addition, they demonstrated that NPs have good character-
istics against the development of biofilms. In separate
research,''> it was shown that the bactericidal activity of
gold nanoparticles (Au NPs) against E. coli was caused by the
suppression of ribosome subunits, in addition to the change of
membrane and ATPase activities.

4.5. Delivery of Therapeutic Agents. The Food and
Drug Administration (FDA) has approved several therapeutics
that incorporate nanotechnology as “nanodrugs.” These
“nanodrugs,” particularly liposomal nanoformulations, have
been used to treat different diseases, including cancer.''¢ Along
the same lines, nanoparticles have the potential to act as
carriers for the delivery of antimicrobial agents. Nanomaterials
can either contain therapeutics within their structures or bind
them to their surfaces. These agents are protected from
enzymes and chemicals that could otherwise break them down
by the presence of nanomaterials.''” Such a response can

improve a drug’s therapeutic efficiency, allowing a reduced
dose to achieve the equivalent therapeutic effect while
minimizing the host’s toxicity. Antibiotics that generally
present several pharmacological challenges can improve their
stability, solubility, and biocompatibility through delivery
methods. Nanocarriers can reduce drug resistance by
delivering therapies with diverse modes of action and b
minimizing sub-inhibitory drug exposure to bacteria.'"®'"”
Nanoparticles of poly(lactide-coglycolide) or (PLGA) loaded
with gentamicin showed enhanced antibacterial efficacy against
P. aeruginosa in both in vitro and in vivo studies."*’
Consequently, levofloxacin packed inside silver core-
embedded MSNs (Ag@MSNs@LEVO) effectively treated
MDR E. coli isolates; the mixture had a synergistic antibacterial
effect. Silver acted as a carrier and produced antibacterial silver
ions. Treatment with Ag@MSNs@LEVO decreased bacterial
load by three times, decreased spleen and peritoneum damage,
and showed minimal toxicity in an in vivo mouse peritonitis
model."”" Similarly, ampicillin was immobilized on the surface
of AuNPs and AgNPs to develop broad antibacterial medicines
that bypass the resistance strategies of methicillin-resistant
Staphylococcus aureus, Pseudomonas aeruginosa, and Enterobacter
aerogenes.'”> Medical specificity and delivery efficacy can be
improved by releasing medicine in response to specific
stimulation. The infection sites of bacteria are slightly acidic
and can be attacked by antibacterial agents. Vancomycin was
enclosed in PLGA—PLH—PEG triblock copolymer, which is a
pH-responsive polymer (poly(d,llactic-co-glycolic acid)-b-poly-
(L-histidine)-b-polyethylene glycol). The release of vancomy-
cin was dependent upon association with the acidic infection
area, which served as a target for administering vancomycin.'**
PLGA was selected due to its minimal toxic effects and ease of
surface modification. PEG minimized off-target contacts,
extending circulatory duration. In a weakly acidic environment,
specific protonation of PLH’s imidazole groups produced a
stimuli-responsive response. In addition to charge-switching
functionality, biomaterials like chitosan nanoparticles can
discharge vancomycin in response to changes in pH.'*»'**
Additionally, bacterial toxins have the ability to act as a signal
for the secretion of antibiotic molecules. DSPE-PEG3400 and
lecithin utilized for fatty acid capping, generating liposome-
based nanoreactors that emit rifampin and CaO, in the vicinity
of S. aureus produced toxin. This technique targeted harmful
bacteria, as shown by its antibiotic effectiveness on MRSA and
limited impact on B. subtilis, nonpathogenic strain.'*> Nano-
materials offer several bactericidal methods to fight micro-
organisms and circumvent antimicrobial resistance. Novel
antimicrobial agents can be designed in a variety of ways by
manipulating their size, shape, and surface qualities.

5. COMBATING PLANKTONIC BACTERIA

Infections acquired in hospitals and resistance to medication
provide a complex treatment challenge. Most nosocomial
infections are caused by a group of pathogens known
collectively as “ESKAPE pathogens.” These pathogens include
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumo-
niae, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species.'”® The high incidence of antibiotic
resistance development, particularly for drugs regarded as the
last choice, limits the treatment choices for infections caused
by these organisms; further, it worsens the condition of usually
immunocompromised patients. Numerous research has been
conducted to investigate the effectiveness of nanomaterials in
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combating ESKAPE infections.'*® In this aspect, nanomaterials
have the potential to offer a savior for therapeutic design, as
there is seen to be very little or no resistance development
when using techniques that are based on nanomaterials.”'>"®

In one study, structurally nanoengineered antimicrobial
peptide polymers (SNAPPs) were shown to be effective
against ESKAPE infections (Enterococcus faecium, Staph-
ylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter spp.), a group of
MDR Gram-negative bacteria both in vitro and in an in vivo
peritonitis model of the mouse.” Researchers have artificially
synthesized antimicrobial peptide-derived nanoparticles. These
lysine and valine-based nanoparticles can be self-assembled
into unimolecular, star-shaped structures. This allows them to
mimic the properties of antimicrobial peptides. Some of the
bactericidal actions that SNAPPs are believed to trigger include
apoptotic-like cell death, influx regulation or ion-efflux
disturbance, and outer and inner cellular membrane dis-
ruption.” The multimodal antibacterial action creates a
significant barrier to resistance that SNAPPs are hypothesized
to possess. Liposome-based nanoparticles are another potential
technology that, by effective drug administration, can restore
the potency of antibiotics such as ceftazidime, imipenem, and
cefepime against multidrug-resistant P. aeruginosa, amikacin for
K. pneumoniae, and chloramphenicol for MRSA-65."7 A
practical method of treating a P. aeruginosa infection of the
lungs in an in vivo mouse model was found to be the delivery
of antimicrobial peptides through the use of PLGA nano-
particles."”’”

6. COMBATING INTRACELLULAR BACTERIA

Systemic infections can be caused by bacteria living inside
mammalian cells. Salmonella enterica (serovar: Typhimurium)
is a prevalent example of a facultative intracellular pathogen.
Each vyear, it is responsible for infecting millions of people
worldwide with potentially fatal food-borne illnesses.'>*"*’
Salmonella species, including macrophages, can survive and
replicate within their hosts’ cells. Intracellular bacteria
complicate medication because several antibiotics cannot
permeate mammalian cell membranes and are actively exiled
from the host cell, making intracellular bacteria treatment more
difficult. Nanomaterials offer a potential solution to this
problem because of their excellent drug-loading capacity and
ability to infiltrate eukaryotic cells. Docosanoic acid solid lipid
nanoparticles loaded with enrofloxacin were used as an
example of a nanomaterial-based treatment for intracellular
infections."”” These nanoparticles improved enrofloxacin’s
efficiency to enter cells by a magnitude of 40, leading to
more effective Salmonella destruction in macrophages. In
another method, the colistin antibiotic is placed inside
liposomes that were functionalized with a protein derived
from bacteria."”" It encouraged colistin’s internalization into
eukaryotic cells, resulting in therapeutic production with high
oral bioavailability.

Another method involved encasing gentamicin-loaded MSN
in lipid bilayers that are responsive to bacterial toxins. Another
example of an intracellular pathogen that can persist within its
host’s macrophages is Mycobacterium tuberculosis, which is
responsible for tuberculosis transmission.'*” Nanomaterials are
active against intracellular Mycobacterium species in several
research studies. In accordance with the findings of one
investigation, a library of cationic polycarbonate nanostruc-
tures in the shape of stars possessed both broad-spectrum

antibacterial action and low hemolysis rates."”” In another
work, AgNPs and zinc oxide nanoparticles encased in PLGA
were employed to transport the antituberculosis rifampin into
M. tuberculosis-infected alveolar macrophages.'>”'** The
antibacterial effects were enhanced by the potential of silver
nanoparticles and zinc oxide nanoparticles to engage with and
weaken the integrity of bacterial membranes. Nanomaterial-
based techniques to fight additional intracellular infections
have also been explored. For example, in in vivo mouse
infection models, peptide-loaded AuNP-DNA aptamer anti-
microbial conjugates displayed usefulness toward intracellular
Salmonella species and Vibrio vulnificus."*>"'*° Another example
demonstrates that intracellular Listeria monocytogenes and P.
aeruginosa can be eliminated using gentamicin-loaded AuNPs
that have been coated with phosphatidylcholine.””

7. STRATEGIES USED TO TREAT BIOFILMS

Infections caused by MDR biofilms provide a challenging
problem for therapeutic intervention. The extracellular
polymeric substances (EPS) are made up of biopolymers
such as nucleic acids, proteins, and polysaccharides, and they
function as a three-dimensional protective scaffold for bacteria.
The matrix made of EPS may act as a defense mechanism
against some cellular and small-molecule attacks (like anti-
biotics, for instance). Bacteria incorporated into the matrix can
engage in synergistic interactions, communicate with one
another at the cell level, and pass on resistance genes.'”**”*
Several fundamental parameters, including size and electro-
static interactions, significantly influence nanomaterials’ biofilm
penetration profiles. The matrix contains many negatively
charged components and hydrophobic groups, and it also has
many pores filled with water to make it easier for nutrients to
move around. In addition, the deeper layers of the matrix have
a lower supply of oxygen and nutrients, which induces the
creation of dormant persister cells.”*™®" These cells promote
antimicrobial tolerance and resistance. In order to remove
biofilms, it is necessary to find a way to circumvent the physical
barrier that they present. Changing the functioning of the
surface of nanoparticles or designing them differently can make
biofilm penetration easier. In general, uncharged nanoparticles
smaller than 350 nm and cationic nanoparticles have superior
mobility across the pores in biofilms."”

7.1. Targeting Resident Pathogens. Nanomaterials have
the potential to combine with bacteria and impose the healing
processes previously mentioned for planktonic bacteria when
they penetrate biofilms. For example, nanoparticles of
poly(oxanorborneneimide) could eliminate MDR biofilms of
the methicillin-resistant S. aureus, E. cloacae, and P. aeruginosa
complex due to their effective biofilm penetrating characteristic
and bacterial membrane-damaging ability.'”’ In an alternative
technique, stimuli-responsive nanoparticles were used to
activate bactericidal activities in a time- and space-controlled
fashion. A pH-responsive silver nanoantibiotic was produced
by employing self-assembly silver-nanoclusters in conjunction
with the switchable charged-ligand PEG-poly(amino-propyl
imidazole-aspartate)-polyalanine.*” The hydronation of imi-
dazole groups of biofilms in the low-pH microenvironment
caused the breakdown of pH-responsive silver nanoantibiotics.
It happened due to electrostatic repulsion with silver ions. The
dissociation of the silver nanoclusters into small units allowed
for biofilm penetration, which resulted in the death of firmly
embedded MRSA bacteria."**
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Similarly, the introduction of an externally applied magnetic
field made it easier for AgNPs to penetrate biofilms. The silver
conferred an antibacterial effect on the nanoparticles. It is also
possible for nanomaterials to supply medicines to bacterial
cells that are implanted within an EPS matrix. Carvacrol oil,
oregano essential oil, and thyme essential oil are three
examples of potent antimicrobial oils that are unable to or
poorly penetrate biofilms.*” It was reported that multiple drug-
resistant biofilms were successfully eradicated utilizing
carvacrol in oil-in-water cross-linked polymeric nanocompo-
sites with limited damage to mammalian cells for Gram-
positive and Gram-negative bacteria infections."”® Guanidi-
nium contributed to the cationic nanocomposite. Maleimide
groups cross-linked and biodegraded the nanocomposite, while
tetra-ethylene-glycol-monomethyl ether made it hydrophilic.
The polymer improved Carvacrol oil’s solubility, stability,
biodegradability, and antibacterial effectiveness, which also
helped it penetrate the biofilm."*

7.2. EPS Matrix Disruption. EPS matrix disruption is
another treatment option for biofilms that can be used in
addition to eliminating the bacteria there. After treatment, the
residual EPS scaffold can be inhabited and colonized by
various types of bacteria.'® Several nanomaterial-based
methods, such as matrix-degrading enzymes and mechanical
disruption, can be used to disperse the EPS matrix. These
matrix-degrading enzymes involved protease, hydrolase, and
DNase. In order to specifically target P. aeruginosa biofilms,
PLGA nanoparticles contain ciprofloxacin and are function-
alized with DNase I developed.'*’ Extracellular DNA was
damaged by DNase I, which made the three-dimensional
network weak and open to attack by ciprofloxacin.

Similarly, Pseudomonas fluorescens biofilms were broken up
by AuNPs that had been functionalized with proteinase K.'*'
Alternately, the application of DC and AC magnetic fields
produced nanoparticles (magnetic iron-oxide), resulting in the
destruction of MRSA biofilms."** The “shield breakers” were
magnetic iron oxide nanoparticles traveling over the 3D
network. These nanoparticles destroyed biofilms through the
process of static friction. The introduction of magnetic iron-
oxide nanoparticles triggered a localized rise in temperature
into an AC magnetic field. This led to the release of cells that
were embedded within the particles. Because these magnetic
iron oxide nanoparticles do not kill bacteria as part of their
mechanisms of action, the system provides an antibiofilm
method that can be used over the long-term and may
circumvent the development of resistance.'*’ Interrupting
bacterial communication networks is a viable technique for
combating the creation of biofilms because these systems are
crucial for coordinated bacterial actions, such as colonization
and the development of biofilms. Bacteria interact with one
another through a mechanism known as quorum sensing. This
process can be disrupted to stop biofilms” production or make
them disperse.'*’ In accordance with the findings of one
investigation, inhibiting quorum sensing can effectively mute
bacterial transmission. The communication between Vibrio
fischeri cells was inhibited by silicon dioxide nanoparticles
coated with beta-cyclodextrin.** Bioluminescence is exhibited
by V. fischeri and is determined by the population density of
the organism. This bioluminescence can be observed due to
acyl-homoserine lactone working as a signaling molecule
during quorum sensing. The action of acyl-homoserine lactone
is inhibited because a group of beta-cyclodextrin connected to
silicon dioxide nanoparticles binds to the molecule.

Consequently, the amount of light given off by V. fischeri was
diminished. In addition, there was a reduction in the activity of
the luminescence genes luxA and luxR. Nanomaterials, which
have a wide range of controllable properties, offer a versatile
toolkit for combating various biofilm diseases. It was
demonstrated that suppressing cell-signaling molecules using
chitosan-, metal-, or liposome-based nanoparticles prevents
biofilms and virulence factors. Nanomaterial penetration
characteristics are a good indicator of whether biofilm removal
will succeed. Nanoparticle dispersion throughout the biofilm is
primarily influenced by size and amphiphilicity. Nanoparticle
interactions with EPS rely on biofilm type, which varies with
bacterial species and strain.”” "

8. BIOFILM INFECTION CONTROL

Biofilms are a significant factor in the development of chronic
and long-lasting infections. The infections number are linked
to biofilms keeps rising from one year to the next. Bacteria can
develop biofilms on and within human tissues and organs, such
as respiratory tract linings, digestive tract linings, oral cavities,
and skin surfaces.””*”’ Nanotherapeutic techniques have
emerged as a viable therapy for biofilm infections in light of
our increased knowledge of medical biofilms.'*

8.1. Oral Biofilms. The oral cavity is one of the most
common sites for the development of biofilms, and
Streptococcus mutans is a prevalent example of a pathogen
that can be found in oral biofilms. The deterioration of tooth
enamel, which ultimately leads to dental caries, is caused by the
acidic microenvironment present in dental biofilms, also
known as plaque.'*® Using the highly acidic environment of
oral biofilms has allowed for developing nanoparticle-based
techniques for treating infections associated with oral biofilms.
The antibiotic doxycycline was delivered to oral biofilms of P.
gingivalis using liposomes coated with quaternary ammonium-
modified chitosan.'*”""*® Chitosan’s residual amines contribute
to pH-responsive groups, which become protonated when
exposed to an acidic environment. This results in an activity
that is pH-dependent. These nanocarriers have been used for
dental caries treatment by transporting chlorhexidine and
farnesol."*” They are made from pH-sensitive block copoly-
mers that firmly attach to hydroxyapatite, a negatively charged
material. Studies on oral biofilm treatment also investigate
nanoparticles that have the potential to trigger ROS generation
and EPS matrix disintegration. For example, the use of catalytic
nanoparticles composed of biocompatible Fe;O, was taken to
use in order to catalyze the in situ generations of free radicals
from H,0,. This resulted in a drop in the number of S. mutans
biofilms that were present."° Iron oxide nanoparticles’
functionalization with oral soft tissues and stability in aqueous
formulations were strengthened by coating them with
dextran.'** Based on iron and licensed by the FDA, this
nanoparticle has a pH-dependent peroxidase-like feature,
enabling it to give localized catalytic activity. This study
showed that ferumoxytol could permeate through biofilm
matrices and create free radicals from H,O,, leading to the
death of bacteria in their natural environment and the
destruction of EPS."”" A human-derived in vivo and in vitro
mice dental cavity/caries model demonstrated effectiveness in
reducing acid erosion to the enamel and suppressing tooth
decay without affecting the oral microbiome, as well as safety
to periodontal and mucosa tissues.'>

8.2. Wound Biofilms. Wound infections afflict over 300
million individuals worldwide, and it is anticipated that treating
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Table 3. Beneficial and Adverse Effects of Nanoparticles in Therapeutic Usage

beneficial effects

low immunosuppression

7,15,33,37,45,55,57,58,62,88,158

adverse effects

insufficient availability of characterization methods that are not influenced by the

characteristics of nanoparticles

controlled drug release
better solubility

a wide range of therapeutic effectiveness

nanotoxicity to organs and metabolic processes

longer lifespan of therapeutic effects as a result of the slow elimination —maximum therapeutic benefit from locally administered drugs through extensive systemic
exposure

the capability of penetrating biological barriers (e.g.,, blood—brain
barrier)

reduced risk of developing bacterial resistance

comparatively minimal adverse effects as contrasted to chemical
antimicrobials

delivery of medications to specific locations through the accumulation of
those medications

deposition of nanomaterials administered intravenously in the body’s organs and cells

these infections will cost at least $25 billion just in the United
States of America.'>® Necrotic tissue helps in the adhesion of
bacteria in these infections while also providing nutrients that
delay the healing of wounds by preventing re-epithelialization
and extending inflammation. The treatment of wound
infections utilizes AgNPs that have been integrated into
hydrogels or wound dressings.">* Additional types of nano-
particles have also been the subject of increasing research for
treating wounds affected by biofilm. For instance, P. aeruginosa
and S. aureus biofilms could not form when copper particles
were inserted into biodegradable nanofibers, and any biofilms
that had already grown were destroyed by the copper
particles.”>> In order to demonstrate that this method may
be used in wound dressings, more in vitro and in vivo
investigations are currently being conducted. In another
method, the amphiphilic nanoparticle DA9SBS is used to
remove MRSA biofilms that have already formed.'*® This is
achieved through a process called “nanoscale bacterial
debridement.” When DA95BS diffuses through the EPS, it
weakens the adhesion of bacteria to the matrix, dispersing the
biofilm. Dispersal of MRSA biofilms was shown to be
successful in an in vivo mouse-excisional-wound biofilm-
model. Hydrogel pad dressings soaked in DA95BS significantly
decreased the number of bacteria up to four logs present in
mice. Nanoparticles showed very little lysis of eukaryotic cells
in vitro and had a very low level of toxicity in animals. In order
to further nanoparticle-based treatment strategies for wound
infections, it may be beneficial to combine these nanoparticles
with molecules (such as extracellular matrix mimics, anti-
inflammatory molecules, and growth factors) that speed up the
wound healing process.

An example of this would be incorporating a pH-responsive
antimicrobial nanofiber network into a hydrogel that was then
loaded with cypate and proline."”” The octapeptide
IKFQFHFD is self-assembled to form this network. The
octapeptide has an inherent antimicrobial property that works
by disrupting cell walls and membranes; cypate is a
photothermal drug responsible for EPS-matrix disruption."’
This was presented in a diabetic mouse model in an in vivo
environment, where MRSA biofilms were treated with
hydrogel, accelerating the chronic wound healing process.

9. TOWARD CLINICAL TRANSLATION (ADVANTAGES
AND DISADVANTAGES OF NPS IN
ANTIMICROBIAL THERAPY)

Exploration of antimicrobial nanomaterials as potential treat-
ments for multidrug-resistant (MDR) planktonic bacteria and
biofilm infections has recently seen a significant uptick (Table
3). Providing clinical feasibility for using nanoparticles requires
the development of suitable in vivo and in vitro models that
represent the safety and efficacy of nanoparticles.”” Most
research has been carried out in vitro with animal models and
human trials. Several reviews have provided in vitro and in vivo
models to investigate, and these models differ depending on
the targeted infection type.'”"**"** Nanocarriers for antibiotic
delivery or antimicrobial AgNPs comprise most formulations
currently undergoing clinical testing. Although, NPs have the
potential to cure bacterial infections, but numerous hurdles
remain for their effective translation to the clinic, including
additional examination of NP interactions with cells, tissues,
and organs; optimal dosage; acceptable delivery routes; and
toxicity after acute and long-term exposure.””'* Nano-
particles (NPs) have shown potential in antimicrobial therapy,
but their use also has some disadvantages (Table 3). Here are
some of them. Toxicity: Some types of NPs can be toxic to
cells, leading to undesirable side effects. The toxicity of NPs
can be influenced by size, shape, and surface charge.'””
Potential for resistance: There is a concern that bacteria may
develop resistance to NPs, just as they do with antibiotics. This
could potentially limit the long-term effectiveness of NP-based
antimicrobial therapies.'*”'®" Limited efficacy against some
bacteria: NPs may be less effective against certain types of
bacteria or bacterial biofilms, making treatment more
challenging."'” Difficulty in targeting specific cells: It can be
challenging to target NPs to specific cells or tissues in the
body, limiting their effectiveness and increasing the risk of side
effects. Cost: The development and production of NPs can be
expensive, limiting their accessibility and affordability for some
patients. Regulatory challenges: The use of NPs in
antimicrobial therapy is a relatively new area of research, and
regulatory approval for their use may be challenging This can
limit their availability and use in clinical settings.'®

In contrast to traditional antibiotics, NPs have several
significant benefits due to their unique physical structure. The
current status of nanoparticles demonstrates a promising
potential for use soon in the topical treatment of skin
ailments.'®® Several people have tried to use NPs on the fibers,
fabrics, and electronics that come into direct touch with the
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human body.'®*~'% Nonetheless, the systemic delivery of NPs
still requires consideration of several factors. For clinical
translation, adequate regulations for the synthesis and scaled-
up production of these nanomaterials, characterization of their
physicochemical characteristics and their implications on
biomaterials, validation of nanotoxicological tests, and method-
ologies to evaluate in vitro and in vivo findings are
anticipated.'®” Future preclinical research must include
therapeutic effectiveness measures in clinical trials, as well as
the safety of NP systems. Moreover, in terms of therapeutic
effectiveness, it is essential to evaluate the financial
ramifications of the clinical translation of these NPs.'**™'"°
It is also essential to research the negative consequences of
nanoparticles that may be responsible for the propagation of
MDR, which may result in additional threats to both public
health and the environment (Table 3).

10. CONCLUSIONS AND FUTURE PERSPECTIVE

Nanomaterials offer a promising alternative approach to
combat persistent multiple drug-resistant bacteria and biofilm
infections resistant to traditional antibiotics. Nanoparticles can
be designed with specific surface functions to enhance the
therapeutic impact and minimize toxicity to the host. The
multimodal antibacterial mechanisms of nanomaterials can
significantly slow down or halt the development of drug
resistance, making them a potential solution to the challenges
of the postantibiotic era. However, the clinical use of
nanomaterials still faces obstacles, including a lack of
understanding concerning nanoparticle toxicity, clearance,
and metabolism. In addition, an in-depth understanding of
the pharmacokinetics and pharmacodynamics of nanoparticles
is necessary to translate this knowledge into clinical practice.
Stimuli-responsive nanoparticles that capitalize on the distinct
microenvironments at infection sites offer a potential solution
to target multidrug-resistant bacteria.

Collaboration between chemists, biomedical researchers,
microbiologists, and engineers is crucial to develop effective
antimicrobial nanomaterials. Similarly, the collaboration
between basic, translational, and industrial research institutions
is essential to bring antimicrobial nanomaterials to clinical use.
In conclusion, nanomaterial-based treatments offer a viable
alternative to antibiotics for severe diseases, and the develop-
ment of antimicrobial nanomaterials has the potential to
revolutionize the medical field. Despite the obstacles that still
exist, the potential benefits of using nanomaterials to combat
antibiotic resistance cannot be ignored, and further research in
this area is essential to overcome the challenges and bring
these therapies to clinical use.
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