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Staphylococcus aureus is an aerobic Gram-positive spherical bacterium known to cause a broad range of infections
worldwide. It is a major cause of infective skin and soft infections and severe and life-threatening conditions, such
as pneumonia, bloodstream infections, and endocarditis. The emergence of drug-resistant strains of S aureus, par-

Efﬂux,gumps ticularly methicillin-resistant S aureus (MRSA), has become a significant concern in the healthcare community.
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Antibiotic-resistant S aureus is commonly acquired in hospitals and long-term care facilities. It often affects pa-
Nanotechnology

tients with weakened immune systems, those undergoing invasive medical procedures, or those who have been
hospitalized for extended periods. In the US, S aureus is known to cause potentially fatal illnesses, such as toxic
shock syndrome (TSS) and acute-onset toxic shock syndrome (TSS), which are characterized by fever and hy-
potension. It develops resistance to antibiotics through several mechanisms, such as the production of enzymes
that inactivate antibiotics, target site modification, efflux pumps, and plasmid-mediated resistance. Therefore,
preventing the spread of drug-resistant S aureus is needed, and there is an urgent need to explore novel ap-
proaches in the development of anti-staphylococcal agents. This article reviews the principal infections caused by
S aureus, major virulence factors, mechanisms of resistance development, and nanotechnology-based solutions

Inhibitors

for the control of drug-resistant S aureus.

1. Introduction

According to a World Health Organization (WHO) as-
sessment, one of the biggest concerns to public health in
the 21st century is the development of antibiotic resis-
tance among pathogens included in the WHO priority list.
Deaths caused directly by antibiotic-resistant pathogens
are estimated to be highest in Sub-Saharan Africa and
South Asia, at 24 deaths per 100,000 population and 22
deaths per 100,000 populations, respectively. Methicillin-
resistant Staphylococcus aureus (MRSA) directly caused
more than 100,000 deaths in 2019, while 6 more each
caused between 50,000 and 100,000 deaths in the same
year [1].

Injudicious use of antibiotics has caused a dramatic
increase in bacterial resistance to antibiotics that have
threatened the therapeutic value of several antibiotics.
It is becoming increasingly difficult to treat many bac-
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terial diseases since the existing medicines are becom-
ing less effective or ineffective against specific bacterial
species. Moreover, the emergence of antibiotic-resistant
pathogens has made our battle against tuberculosis and
HIV-AIDS extremely difficult. Staphylococcus aureus, a
Gram-positive bacterium, is part of the normal human
flora and is known to cause several life-threatening infec-
tions. Approximately 20% of healthy individuals are car-
riers of S aureus, and they are at a greater risk of infection
and serve as an important source of S aureus. Multidrug
resistance in S aureus has been achieved in a variety of
ways, such as altered target sites/enzymes, target protec-
tion, decreased cell permeability, target overproduction,
and enzyme inactivation [2].

Furthermore, its multidrug resistance phenotype
makes S aureus one of the most difficult pathogenic bac-
teria to treat in the history of antibiotics. MRSA has be-
come prevalent worldwide, and currently, more than half
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of S aureus clinical strains are methicillin-resistant. MRSA
was developed when methicillin-susceptible strains of S
aureus acquired the methicillin-resistance gene mecA by
horizontal gene transfer through a mobile genetic element
staphylococcal cassette chromosome (SCC) [3]. Second,
spontaneous mutations were found to play a major role
in the development of multidrug resistance in S aureus.
It appears that staphylococci never stop evolving. It may
acquire a highly efficient plasmid carrying the vanA gene
in the near future, leading to the development of resis-
tance toward vancomycin. Therefore, the discovery and
development of a new paradigm for future chemotherapy
against the threat of multidrug-resistant S aureus infection
isneeded [2]. This review highlights staphylococcal infec-
tions, the main virulence factors of S aureus, multidrug re-
sistance, and mechanisms of resistance development. The
article also sheds light on commonly used antibiotics in
the control of methicillin-resistant staphylococcal infec-
tions and their limitations. The last section of the article
highlights the recent state of understanding on the poten-
tial of metal nanoparticles as inhibitors of staphylococcal
enzymes and virulence factors.

2. Staphylococcal infections

Staphylococcus aureus can cause a wide range of infec-
tions ranging from mild skin and soft tissue infections
to invasive infections, such as sepsis and pneumonia [4].
Staphylococcus aureus is notorious for causing boils, furun-
cles, styes, impetigo and other superficial skin infections
in humans. It may also cause more serious infections, par-
ticularly in persons debilitated by chronic illness, trau-
matic injury, burns, or immunosuppression. These infec-
tions include pneumonia, deep abscesses, osteomyelitis,
endocarditis, phlebitis, mastitis, and meningitis and are
often associated with hospitalized patients rather than
healthy individuals in the community. Staphylococcus au-
reus and Staphylococcus epidermidis are common causes of
infections associated with indwelling devices such as joint
prostheses, cardiovascular devices, and artificial heart
valves. Staphylococcus aureus causes a range of infections
in humans and animals.

Staphylococcus aureus can cause a range of benign
to immediately life-threatening skin and soft tissue in-
fections, including impetigo and simple cellulitis [5].
It is the most typical pathogen seen in purulent cel-
lulitis, cutaneous abscesses, and surgical site infections
(SSIs).

Bacteremia is a bloodstream infection. Bacteremia due
to S aureus has been reported to be associated with mor-
tality rates of 15% to 60%. MRSA is an important cause
of bacterial endocarditis, which can cause mortality in
approximately one-third of infected patients (30%-37%),
triggering a generalized inflammatory response. One of
the most harmful side effects of S aureus is that it can
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spread throughout the body and impair the operation of
internal organs [6].

Osteomyelitis (OM) is an infection of the bone that
causes inflammatory destruction or bone necrosis. Bone
can become infected via the hematogenous route of infec-
tion by bacteremic seeding of bone from a distant source
of infection, contiguous spread from surrounding tissue
and joints, or direct inoculation from trauma or surgery
[7]. Hematogenous osteomyelitis occurs more frequently
in children than in adults, and long bones are usually
affected. The overall incidence of osteomyelitis in the
United States is mostly unknown, but reports show it to
be as high as 1 in 675 in the United States hospital admis-
sions each year or approximately 50,000 cases annually
[8]. Endocarditis is an infection of the inner lining of the
heart chambers and valves. In wealthy nations, the annual
incidence of endocarditis is between 2.6 and 7 cases per
100,000 people. Patients with endocarditis are 58 years
old on average [9]. MRSA is an important cause of bac-
terial endocarditis, which can cause mortality in approx-
imately one-third of infected patients (30%-37%). Food
poisoning connected to staph is caused by eating foods
contaminated by toxins that are produced by bacteria.
Pneumonia is a frequent infection that results in swelling
and fluid build-up in the lungs’ air sacs, making it ex-
tremely difficult to breathe properly. Three percent of pa-
tients with community-acquired pneumonia (CAP) who
were hospitalized for it developed it because of MRSA,
according to a significant, global multicenter study. De-
pending on the patient’s residence and geography, this
had a different incidence. It was shown that 51% of the
S aureus isolates were secondary to MRSA, and 49% were
secondary to MSSA [5]. According to a different study,
1.7% of inpatients who were hospitalized in the United
States for CAP had secondary S aureus infections, of which
0.7% had MRSA and 1% had MSSA [10,11]. Toxic shock
syndrome (TSS) is a potentially fatal illness caused by
toxins produced by specific bacteria, such as S aureus.
Acute-onset toxic shock syndrome (TSS) is characterized
by fever, hypotension, a rash resembling a sunburn, and
end-organ destruction. In the United States, the incidence
of TSS is thought to range from 0.8 to 3.4 per 100,000
people [12].

3. Main virulence factors of S aureus

It produces several virulence factors, such as exotox-
ins, cytotoxins, superantigens, and cytotoxic enzymes,
which modulate the host’s immune responses that help to
spread the pathogen. In addition to the above virulence
factors, S aureus also produces many virulence factors
that have enzymatic properties. These enzymes are of
2 categories: cofactors that activate host zymogens and
exoenzymes responsible for the degradation of tissue
components. Cytotoxic exoenzymes damage host cells
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and modulate the host immune system and therefore
play an important role in S aureus infections. These ex-
oenzymes breakdown host molecules for the acquisition
of nutrients, bacterial survival, and spreading. They work
through various substrates and methods. Staphylococcal
enzymes that degrade host tissue components include
nucleases, coagulase, proteases (metalloproteases, serine,
and cysteine proteases), hyaluronidase, and lipases. Li-
pases are known to support the persistence of S aureus in
fatty secretions in mammalian skin and therefore directly
contribute to their pathogenic potential. Additionally,
lipase prevents host granulocytes from phagocytosing
infectious S aureus cells that produce lipase, demon-
strating that lipase directly contributes to pathogenesis
[13,14].

Another exoenzyme, hyaluronidase (also called
hyaluronate lyase HysA), cleaves the hyaluronic acid
polymer at the g-1, 4 glycosidic bonds, yielding disac-
charide units of N-acetylglucosamine and d-glucuronic
acid. Hyaluronic acid (HA) is synthesized and secreted
from the plasma membrane of mammalian cells, and it
serves as a cementing structure of connective tissues and
is also involved in water homeostasis, assisting with cell
proliferation, and acting as an immune regulator [15].
Many of these tissues with high HA concentrations are
frequently infected with S aureus due to their ability to
produce hyaluronidase [16].

4. Multidrug resistance in S aureus

Antimicrobial resistance is recognized as one of the
extreme risks to human health and accounts for mil-
lions of deaths every year worldwide. In recent decades,
there has been continuous effort taken by academics
and pharmaceutical industries to discover new antimicro-
bial agents for treating infections caused by antibiotic-
resistant pathogens. However, the overprescription and
improper use of antibiotics lead to the emergence of mul-
tidrug and even pandrug-resistant bacteria. The produc-
tion of extended-spectrum p-lactamases and carbapene-
mases is the major cause of resistance to g-lactam an-
tibiotics. Moreover, other factors, such as target modifi-
cation, overexpression of efflux pumps, and downregula-
tion of outer membrane porin (OMP) channels, are also
responsible for resistance to antibiotics [17,18].

In recent times, the increasing emergence of
carbapenem/f-lactam resistance has been a major
challenge for clinicians to treat infections caused by
these resistant pathogens. Carbapenems are used as
last-resort antibiotics in salvage therapy for various
critical bacterial infections. In Enterobacterales, strains
harboring carbapenem hydrolyzing enzymes (carbapen-
emase), along with down regulation of porin channels
and expression of efflux pumps in Pseudomonas, are the
principal reasons for resistance to carbapenems.
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4.1. Methicillin-resistant S aureus

Another barrier to treating S aureus infections is rais-
ing resistance. Due to their multidrug resistance, they can
avoid the pharmacologic effects of antibiotics. However,
recent reports have shown that S aureus has already devel-
oped resistance to daptomycin [19] and glycopeptide an-
tibiotics (teicoplanin and vancomycin), which have been
used to treat MRSA, particularly in severe infections. Pre-
viously, we knew more about the resistant strains of S
aureus when they were resistant to f-lactams [20].

Staphylococcus aureus has several fundamental resis-
tance mechanisms. One important resistance mechanism
is the emergence of resistance genes. The mecA gene and
its related genes, mec B and mec C, provide methicillin or
cephalosporin resistance [21]. PBP2a or PBP2’, a type of
penicillin-binding protein, is produced by the mecA gene.
These proteins are associated with the bacterial cell enve-
lope and are target sites for f-lactam antibiotics. The g-
lactam ring, which grants penicillin, cephalosporin, and
methicillin their action, will be broken down by these
proteins. Additionally, the S aureus chromosomal cas-
sette mecA genetic element can facilitate the spread of
mecA [22]. The efflux pumps, which can aggressively ef-
flux antimicrobial drugs out of bacteria, is another re-
sistance tactic used by S aureus. Resistance and S au-
reus biofilm formation are related [23]. It was reported
that decreased drug permeability increased S aureus re-
sistance in the biofilm state [24]. At this time, it is crit-
ical to take effective strategic actions incorporating al-
ternate medicines that can lessen S aureus resistance.
Several mechanisms are known for antibiotic resistance
in S aureus.

4.2. Mechanism of methicillin resistance of S aureus

By obtaining the mecA gene, bacteria have become
resistant to semisynthetic p-lactamase-insensitive g-
lactams such as methicillin, oxacillin, and nafcillin. Both
methicillin and all g lactams are ineffective against
MRSA [25,26]. MecI and MecRI, which are independent
regulators, control expression of the mecA gene. Mecl,
which is linked to the promoter-operator region of mecA,
and the mecI-mecRI operon inhibit mecA in the absence
of p-lactam antibiotics, preventing mecA transcription.
When -lactam antibiotics are used or added to growth
media, -lactam binds to MecRI, a -lactam-sensing sig-
nal transducer. Then, MecRI’s metalloprotease domain,
which is in the cytoplasm, is separated and cleaves Mecl,
which is already attached to the operator. MecA is thus
translated to PBP2a, whose affinity for -lactams is modest
[27]. Due to the formation of peptidoglycan in the pres-
ence of p-lactam concentrations that can inactivate the
transpeptidase activity of PBPs, MRSA can spread since
PBP2a has a low affinity for g-lactams. The transpeptidase
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domain and nonpenicillin-binding protein are both found
in PBP2a, a member of the PBP family.

The following biochemical mechanisms can be used to
mediate AMR: (i) enzymatic modification of the antimi-
crobial binding site to reduce the affinity for the antimi-
crobial (for example, resistance to methicillin by PBP 2a);
(ii) enzymatic inactivation/modification of the antimicro-
bial (for example, resistance to f-lactam antibiotics by
production of g-lactamases); (iii) bypassing the metabolic
pathway to avoid antimicrobial (e.g. resistance to fluoro-
quinolones by the NorA efflux pump); (iv) sequestering
the antibiotic to protect the target (e.g. staphylokinase-
mediated resistance to host defence antimicrobial pep-
tides such -defensins); and (v) enhanced production of ef-
flux pumps to expel antibiotic molecules (e.g. resistance
to fluoroquinolones by the NorA efflux pump) [28-32].

4.2.1. Plasmids

Any plasmid that carries one or more genes for antibi-
otic resistance is referred to as a resistance plasmid. It
can also be a metabolic plasmid if it encodes a metabolic
function or a virulence plasmid if it has one or more vir-
ulence genes. The presence of one type of gene does not
prohibit the presence of additional types that do not aid
in the upkeep and spread of the plasmid [33]. Accord-
ing to their size, S aureus plasmids can be divided into 3
categories. The smallest plasmids, type I plasmids, have
only one antibiotic-resistant determinant. The -lactamase
gene is present in type II plasmids of intermediate sizes.
The largest type is type III plasmids, which can resist a va-
riety of drugs, including gentamycin, trimethoprim, and
ethidium bromide [34]. Conjugative type III plasmids are
horizontally transfected into other cells by their own tra
genes.

4.2.2. Efflux-mediated antimicrobial resistance

The production of active efflux pumps is one of the
important mechanisms of defense against antimicrobials
[35]. In the cytoplasmic membrane of bacteria, archaea,
and eukaryotes, a wide variety of transport proteins
known as efflux pumps are dispersed [36]. Chemotherapy
for bacterial infections and human tumors has become in-
creasingly difficult to administer due to efflux-mediated
drug resistance [37,38]. Numerous studies have empha-
sized the role that multidrug efflux pumps play in the de-
velopment of bacterial persistence [39]. Because efflux
pumps help bacteria endure for a while the likelihood of
spontaneous mutations that result in the development of
high-level resistance to antimicrobials is increased. As a
result, the development of additional resistance mecha-
nisms may be aided by efflux pump activity [40,41].

To address the wide variety of antimicrobials used
in clinical settings to treat infections or as antisep-
tics and disinfectants to reduce bacterial load, bacte-
rial pathogens, including S aureus, have evolved drug ef-
flux pumps as an efficient resistance mechanism [42].
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Tetracycline-specific pumps are an example of a bacte-
rial efflux pump that is substrate-specific because it rec-
ognizes and expels only that substance or its closely re-
lated derivatives, as opposed to MDR efflux pumps that
can recognize and export a wide range of structurally un-
related substrates [43]. In other words, the distinguishing
trait of MDR efflux proteins is substrate polyspecificity
(or promiscuity toward substrates) [44]. The extrusion
of host-derived antimicrobials, endogenous toxic metabo-
lites, and virulence factors by bacterial efflux pumps,
in addition to their function in antimicrobial resistance,
raises the possibility that synthetic antimicrobials may
be “accidental substrates” of these membrane transport
proteins [44]. Growing evidence from numerous studies
points to the role of efflux pumps in the development
of bacterial biofilms [45], particularly in a number of
significant pathogenic bacterial species, such S aureus,
Acinetobacter baumannii, Escherichia coli, and Pseudomonas
aeruginosa. Clinical problems can result from biofilm
infections caused by these microorganisms on medical
devices [46].

Due to stringent regulation by several regulators, ef-
flux pump gene expression levels are typically modest
in typical environmental settings [47]. Notably, hospital-
associated bacteria, including S aureus that use efflux
pumps for antimicrobial resistance frequently express
such pumps constitutively at higher levels as a result of
regulatory alterations in the efflux pump promoter re-
gion or in its regulator gene [48]. This offers support
for the idea that efflux pumps originally served physio-
logical purposes unrelated to antimicrobial resistance but
were accidentally used for those purposes by bacterial
pathogens under strong antimicrobial selective pressures
in hospital contexts [48]. To identify variations in antibi-
otic efflux activity, antimicrobial susceptibility measures,
such as the minimum inhibitory concentration (MIC), are
frequently used. When compared to bacteria with lower
efflux pump expression, those with higher efflux pump ex-
pression are less vulnerable to some antimicrobials. How-
ever, various techniques have been developed to specif-
ically identify resistance mediated by an efflux pump in
bacterial cells, reflecting the method’s poor sensitivity.

4.2.3. Modification of the target site

One of the most typical mechanisms of antibiotic re-
sistance in bacterial pathogens, impacting practically all
families of antimicrobial drugs, is the introduction of
changes to the target site. Point mutations in the genes
encoding the target site, enzymatic changes to the bind-
ing site (such as the addition of methyl groups) and/or
replacement or bypass of the original target are some ex-
amples of these target changes. As previously mentioned,
the end result is always the same, a reduction in the an-
tibiotic’s affinity for the target site. Here are some tradi-
tional instances of each of these tactics.
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4.2.4. Mutations of the target site

The emergence of rifampin (RIF) resistance is one of
the most well-known instances of mutational resistance.
RIF is a rifamycin that suppresses DNA-dependent RNA
polymerase, a complex enzyme with a two-subunit struc-
ture, to prevent bacterial transcription. The RNA poly-
merase component, which is encoded by rpoB, contains
a highly conserved structure known as the RIF binding
pocket. After binding, the antibiotic molecule prevents
transcription by directly obstructing the nascent RNA
route [49]. Numerous other genetic alterations have been
described, including single-step point mutations that re-
sult in amino acid substitutions in the rpoB gene, which
have been demonstrated to cause high levels of RIF resis-
tance. Notably, although these changes reduce the drug’s
affinity for its target, they typically preserve the poly-
merase’s catalytic function, allowing transcription to con-
tinue [50].

4.2.5. Enzymatic alteration of the target site

One of the well-studied cases of resistance by enzy-
matic modification of the target site is the methylation
of the ribosome, which is carried out by an enzyme-
encoding generated by the erm genes (erythromycin ri-
bosomal methylation) and leads to macrolide resistance.
These enzymes are capable of mono- or dimethylating the
adenine residue at position A2058 of domain V of the
23S rRNA of the 50S ribosomal subunit. The antimicro-
bial molecule’s ability to bind to its target is compromised
as a result of this metabolic alteration. Importantly, ex-
pression of the erm genes imparts cross-resistance to all
individuals in the MLSB group because macrolides, lin-
cosamides, and streptogramin B antibiotics have overlap-
ping binding sites in 23S rRNA [51,52]. It has been re-
ported that there are over 30 distinct erm genes, many
of which are found in MGEs. This may explain why they
are so widely distributed among various genera, including
aerobic and anaerobic Gram-positive and Gram-negative
bacteria.

4.2.6. Complete replacement or bypass of the target site

By employing this technique, bacteria can evolve new
targets that perform comparable metabolic tasks to the
original target but are not inhibited by the antimicro-
bial molecule. The two most pertinent clinical examples
are vancomycin resistance in enterococci brought on by
changes to the peptidoglycan structure mediated by van
gene clusters and methicillin resistance in S aureus caused
by the acquisition of an exogenous PBP (PBP2a). Finally,
overproducing the antibiotic target is another technique
to “bypass” the metabolic process that antibiotics inhibit.
Trimethoprim-sulfamethoxazole (TMP-SMX) resistance is
an appropriate illustration of this mechanism. It has been
reported that there are over 30 distinct erm genes, many
of which are found in mobile genetic elements (MGEs).
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This may explain why they are so widely distributed
among various genera, including aerobic and anaerobic
Gram-positive and Gram-negative bacteria.

PBPs are crucial enzymes involved in the transpep-
tidation and transglycosylation of peptidoglycan units
that emerge from the cytoplasm, and their inhibition is
what gives lactams their antibacterial activity. A foreign
gene called mecA, likely from Staphylococcus sciuri, is ac-
quired by S aureus and causes resistance to methicillin,
a semisynthetic penicillin stable against staphylococcal
penicillinase. MecA is frequently found in a large DNA
fragment known as the staphylococcal chromosomal cas-
sette mec (SCCmec). PBP2a, a PBP that is encoded by the
mecA gene, has a low affinity for all lactams, including
penicillins, cephalosporins (with the exception of com-
pounds from the most recent generation), and carbapen-
ems. Most lactams are rendered worthless against MRSA
by mecA acquisition, necessitating the adoption of other
treatments for significant infections. Although PBP2a has
a transpeptidase domain, this class B PBP is not a trans-
glycosylase; hence, PBP2a requires the activity of other
native PBPs to perform the latter function and entirely
crosslink peptidoglycan. The penicillin-insensitive trans-
glycosylase domain of PBP2 (a class A PBP) is particu-
larly important for achieving transglycosylation of pepti-
doglycan in the presence of lactams, especially in mecA-
carrying MRSA strains.

5. Commonly used antibiotics in the control of
methicillin-resistant staphylococcal infections and
their drawbacks

Staphylococcus aureus is a well-known and significant
bacterial pathogen. It has a history of hospital epidemics,
community-acquired infections, and a wide range of pyo-
genic lesions affecting several organs. Hospital-acquired
p-lactam antibiotic resistance is linked to S aureus infec-
tions, which frequently have catastrophic outcomes [53].
This type of strain is referred to as MRSA (methicillin-
resistant S aureus) [54]. Due to its connection to various
nosocomial outbreaks and cross infections in the past, it
has received particular attention since 1970 [55].

Over time, this organism’s epidemiology has been al-
tered. Previously exclusive to hospitals, life-threatening
infections are increasingly pervasive in society [56]. Mul-
tiple drug resistance (MDR) in hospital-acquired MRSA
(HA-MRSA) strains has been linked to high antibiotic us-
age in hospitals and antibiotic selection pressure. Similar
to how more antibiotics are being used in animal feed, a
novel MRSA strain called LA-MRSA with resistance to sev-
eral non-g-lactam drugs has emerged. Strict infection con-
trol procedures and prudent antibiotic usage can signifi-
cantly lower the spread of staphylococcal infection [57].
Currently used in clinical settings are common anti-MRSA
drugs such as daptomycin, teicoplanin, vancomycin, and
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Table 1

Mechanisms of action and limitations of currently available anti-MRSA antibiotics.
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Antibiotic Mechanism of action

Limitations

Vancomycin Inhibition of cell wall synthesis
Daptomycin Rapid depolarization may disrupt potential of cell membrane.
Linezolid Inhibition of protein synthesis through binding of 50S

ribosomal subunit. Bacteriostatic activity

Hampers multiple stages in bacterial folate and thymidine

Trimethoprim/sulfamethoxazole synthesis and it has bactericidal activity

Clindamycin
synthesis. Shows
bacteriostatic activity.

Tetracyclines
synthesis. Shows
bacteriostatic activity

Tigecycline
synthesis. Shows
bacteriostatic activity

Quinupristin/dalfopristin

of MLSB resistance
Rifampicin

508 ribosomal subunit-mediated inhibition of protein

308 ribosomal subunit-mediated inhibition of protein

308 ribosomal subunit-mediated inhibition of protein

Combination of two streptogramins that prevent protein

production in a beneficial way. Bactericidal efficacy in absence

Bactericidal action by inhibiting bacterial transcription

Nephrotoxicity risk at higher dosages and when combined with
other nephrotoxic substances

Inactivation by pulmonary surfactant. Ineffective for treatment
of MRSA pneumonia.

Prolonged use may lead to multiple potentially serious side
effects like marrow suppression, lactic acidosis, peripheral and
optic neuropathy, serotonin syndrome etc.

May be ineffective in infections involving undrained pus due to
thymidine scavenging. Limited data supporting use in
bacteremia and endocarditis

Ineffective for treatment of invasive infections in adults.

Ineffective in treating invasive infections

Low serum levels. Ineffective against treatment of
hospital-acquired MRSA pneumonia

Symptoms of arthralgias, myalgias, venous intolerance) that
occur frequently. Little evidence exists to support usage in
invasive disease.

Multiple drug—drug interactions; fast development of
resistance; cannot be administered as monotherapy. Possibility
of liver damage

teicomycin. Worldwide, it has been noted that several of
these medications are developing drug resistance. There
have been infrequent reports of vancomycin-resistant and
intermediate MRSA strains (VRSA and VISA). Further ev-
idence of decreased susceptibility includes an increase in
the minimum inhibitory concentration (MIC) to glycopep-
tides over time. Future therapy choices are projected to
become even more limited due to the growth of resistance
to existing medications and the lack of novel anti-MRSA
medicines in development (Table 1).

5.1. Methicillin

Methicillin (originally called Celbenin) was the first
lactamase-resistant semisynthetic penicillin developed in
1960 to treat infections with penicillin-resistant S aureus.
However, methicillin-resistant strains of S aureus emerged
within 1 year of its clinical use [58]. The early reports of
MRSA among European countries were from the UK and
Denmark [59]. MRSA was also reported in India as early
as 1964 [60].

5.2. Vancomycin

Vancomycin is currently the antibiotic of choice for
treating MRSA infections. It is a branched glycosylated
tricyclic peptide belonging to the glycopeptide antibiotic
class. It binds to the growing ends of peptide chains and
prevents their interaction with transpeptidase enzymes.
Although reports of MRSA strains with diminished sus-
ceptibility to this antibiotic are not infrequent [61], only
a few reports of vancomycin-resistant S aureus (VRSA)
showing MIC > 32 ug/mL have been documented.
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5.3. Linegolid

Linezolid is a new drug class, oxazolidinones. It binds to
domain V of 23S RNA and prevents correct protein syn-
thesis. Linezolid resistance occurs when at least 2 copies
of 23S RNA genes are mutated, especially with increased
clinical use, and the control measure is aggressive an-
tibiotic stewardship (reducing its clinical use) [62]. The
first case of linezolid resistance in MRSA was reported in
2001 [63], and subsequently, 8 cases were reported in the
United States, 2 in Germany and 1 each in Brazil, Colom-
bia and the United Kingdom [64].

5.4. Daptomycin

Daptomycin is a calcium-dependent cyclic lipopeptide
anti-MRSA drug that depolarizes the bacterial cell mem-
brane. However, due to its lipophilic nature, it is incor-
porated into alveolar surfactant and deposited in alve-
oli instead of the bacterial cell membrane, resulting in
eosinophilic pneumonia and limiting its therapeutic use
[65]. There are no defined resistance breakpoints for S
aureus, and isolates are either categorized as susceptible
or nonsusceptible [66,67].

5.5. Clindamycin

Clindamycin is a lincosamide antibiotic classically used
for infections by aerobic Gram-positive cocci and anaer-
obes. Clindamycin resistance in S aureus may be clas-
sified into one of three phenotypes, designated MLSBI,
MLSBc and MS [68]. Inducible resistance to streptogramin
B, macrolide and lincosamide in S aureus is attributed to



A.A. Joshi and R.H. Patil

the erm gene encoding an enzyme that methylates the ade-
nine residue of 23S rRNA. This inducible clindamycin re-
sistance has been found more frequently among MRSA
strains and often leads to treatment failure, as it is not
detected in routine antibiotic susceptibility tests [69].

6. Nanoparticles as inhibitors of staphylococcal
enzymes and their significance in the control of
staphylococcal infections/metallic nanoparticles as
inhibitors of staphylococcal toxins and enzymes

Enzyme inhibitors are widely distributed in living sys-
tems. The clinical and technological applications of en-
zyme inhibitors as antibacterial drugs include the treat-
ment of diabetes, Alzheimer’s disease and some cancers.
Unfortunately, due to low solubility, poor absorption, and
rapid metabolism, the use of several natural and synthetic
products as inhibitors of key enzymes involved in bacte-
rial pathogenesis at the clinical level is not satisfactory.
In this regard, modern nanotechnology can certainly pro-
vide important leads.

Nanotechnology has emerged as one of the most cru-
cial technologies in all fields of research. It involves the
creation and manipulation of nanoparticles, which neces-
sitates major changes in metal characteristics. Nanotech-
nology may offer a promising alternative to emerging
multidrug resistance in S aureus [70]. A variety of materi-
als, including liposomal and polymer-based nanodrug car-
riers, have been investigated, and metallic vectors, such
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as gold NPs, are appealing as core materials due to their
essentially inert and harmless nature [71]. NPs with a
size less than 20 nm can penetrate the bacterial cell wall
and, in turn, hamper biochemical pathways through the
destruction of cell organelles, inhibit enzyme activity by
generating reactive oxygen species (ROS) and cause me-
chanical damage to cell membranes.

Metal NPs exert their bactericidal effect by cell wall
damage, cytoskeleton damage, ROS generation, disrup-
tion of various signaling pathways and inhibition of mem-
brane synthesis enzymes; therefore, NPs can be used as
effective antibacterial agents against widespread antibi-
otic resistance. Earlier studies have reported the mech-
anism of the antibacterial activity of NPs on pathogenic
bacteria. Urease inhibition was found to be greater when
ciprofloxacin capped AgNPs/AuNPs were used [71]. It
was demonstrated the f-galactosidase inhibitory poten-
tial of small zinc oxide nanoparticles in a biomimetic
fashion and showed strong antibacterial activity against
MRSA [72,73]. According to these findings, the cellular
enzyme is either directly or indirectly inhibited by the
NPs, leading to an antibacterial effect. However, no sys-
tematic study using nanotechnology-based principles has
yet been undertaken to target the virulent exoenzymes of
S aureus.

Lipase and hyaluronidase are the major virulence fac-
tors during staphylococcal infections. The inhibition of
these virulent enzymes can be a simple and effective ap-
proach to controlling drug-resistant staphylococci. More-

Table 2
Antibiotic-NP combinations used to treat S aureus.

Sr. No. Antibiotic/metal Nanomaterial carrier Application Reference
1. Gentamicin PLGA Elevated intracellular drug [74,75]
2. Gentamicin Liposomes Increased level of intracellular gentamicin [76]

3. Ceftazidime Liposomes Suppressed biofilm formation [77]

4. Tetracyclin Chitosan NPs Suppressed S aureus infections. [78]

5. Ciprofloxacin PLGA Suppressed biofilm formation [79]

6. Bacillus natto Chitosan nano Suppressed biofilm formation [80]

7. Gold Nanoparticles Improved removal of MRSA biofilm [81]

8. Penicillin G Self-assembled improved cell penetration effects [82]

9. Enrofloxacin SLNs increased capacity for cell accumulation [83]
10. Silver Nanoparticles Increased impact of MRSA inside cells [84]
11. Tilmicosin SLNs better mastitis treatment effectiveness [85]
12. Gold Gold nanoclusters Efficient at preventing MRSA infection [86]
13. Daptomycin Liposomes Increased anti-MRSA activity [87]
14. Azithromycin DP7-C liposomes Improved MRSA protection [88]
15. Ampicillin AuNps A significant antibacterial effect Against MRSA and [89]

compatibility with human dermal fibroblasts
16. Amoxicillin AgNps Antibiotic effectiveness against MRSA [90]
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over, NPs under physiological conditions have better ad-
sorption and less cytotoxicity. Upon proving their safety,
biosynthesized NPs can be of great medical importance in
our fight against staphylococcal infections (Table 2).

7. Use of nanoparticles in combination with
antibiotics

NPs can be customized and packed with various an-
timicrobial agents to combat antibiotic resistance. An-
timicrobial resistance is unlikely to arise if NPs are used
with antibiotics since numerous simultaneous mutations
in the same microorganism are needed. NPs operate on
bacteria through multiple targets and/or a distinct mech-
anism; hence, the probability of resistance development
towards NPs would be less as compare to antibiotics
[91,92]. A promising strategy to fight bacterial resistance
is the functionalization of NPs with antibiotics. Addition-
ally, NPs can target or transport antimicrobial drugs to
diseased locations while lowering the dosage and toxicity
of medicines (Table 2) [93].

Ag NPs, for instance, have been shown to have syn-
ergistic antibacterial effectiveness against S aureus, g-
lactamase- or carbapenemase-producing E coli, P aerugi-
nosa, and A baumannii strains at extremely low concen-
trations [94-96], while Ag, Au, and ZnO NPs and an-
tibiotics have been shown to have synergistic antibac-
terial effects against S aureus, E faecium, E coli, A bau-
mannii, and P aeruginosa through penetration of the bac-
terial cell membrane and disruption of crucial molecular
pathways; thus, developing original antimicrobial mech-
anisms is necessary [93]. Antibiotics infused with NPs
were equally effective in killing Gram-positive and Gram-
negative bacteria, in contrast to how difficult it is to de-
stroy MDROs with antibiotics alone [93]. Functionalized
Ag, Au, or ZnO NPs may be used in combination with
antibiotics to reverse antimicrobial resistance and boost
the antibacterial properties of multiple drugs, such as
polymyxin B, ciprofloxacin, ceftazidime, ampicillin, clin-
damycin, vancomycin, or erythromycin, against MDROs,
such as antibiotic-resistant A baumannii and P aeruginosa
[93].

In terms of antibiotic resistance, the particular phys-
ical structure of NPs offers clear advantages over tradi-
tional antibiotics [97]. The current state of NPs indicates
a significant future potential for topically treating skin in-
fections [97]. The application of NPs to the contact sur-
faces of medical equipment, fibers, and textiles has been
attempted (Table 3).

Antimicrobial nanoparticles show targeted drug deliv-
ery via specific accumulation, have fewer side effects than
chemical antimicrobials, are less prone to bacterial resis-
tance, and can cross tissue barriers (e.g. the blood-brain
barrier). Antimicrobial nanoparticles also have an ex-
tended therapeutic lifetime due to slow elimination, con-
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trolled drug release, a broad therapeutic index, improved
solubility, and low immunosuppression. These character-
istics make this drug delivery system highly desirable for
the treatment of diseases that require targeted delivery
to specific tissues or organs. Additionally, it has the po-
tential to improve patient compliance and reduce the fre-
quency of dosing needed. Despite the potential benefits
of using nanomaterials for drug delivery, concerns have
been raised regarding their accumulation in tissues and
organs. This accumulation can lead to unintended side ef-
fects and toxicity. However, when administered locally at
proper doses, nanomaterials have shown high therapeu-
tic efficacy without causing harm to vital organs such as
the lungs, kidneys, liver, brain, or germ cells. To fully un-
derstand the behavior of these nanoparticles in the body,
reliable characterization techniques are needed that are
not affected by their unique properties.

8. Potential of metal nanoparticles as inhibitors of
staphylococcal enzymes and virulence factors

Metal nanoparticles (MNPs) have gained considerable
attention as potential inhibitors of enzymes and virulence
factors in various pathogenic microorganisms, including
bacteria, viruses, and fungi. Their unique properties, such
as size, shape, surface charge, and resistance to degrada-
tion in environmental conditions, make them promising
candidates for biomedical applications, including antimi-
crobial therapies. Noble MNPs such as AuNPs, PtNPs and
AgNPs have been used in a variety of biomedical appli-
cations, such as the treatment of cancer, the diagnosis of
diseases, the improvement of radiation efficacy, the erad-
ication of pathogens and fungi, thermal ablation, medi-
cation delivery, and gene transport. Metal nanoparticles
can be functionalized with a wide range of functional
groups, including antibodies, peptides, DNA, and RNA,
as well as biocompatible polymers, such as polyethylene
glycol, to target a wide variety of cell types [157]. MNPs
interfere with the activity of enzymes essential for the sur-
vival and replication of pathogens. MNPs can physically
block the active site of the enzyme, preventing its interac-
tion with the substrate and inhibiting its catalytic activity
[158,159]. Nanoparticles are expected to act as broad-
spectrum enzyme inhibitors with potential applications in
the control of infectious diseases [160]. MNPs can induce
conformational changes in the enzyme’s structure, ren-
dering it inactive. Some metal nanoparticles, such as sil-
ver and copper nanoparticles, can produce ROS upon con-
tact with the pathogen. ROS can damage enzymes and in-
hibit their activity. MNPs, which are inorganic nanoparti-
cles, do not contain carbon. Inorganic nanoparticles have
the advantages of being hydrophilic, nontoxic, and bio-
compatible with living systems. The stability of inorganic
nanoparticles is superior to that of organic nanoparticles
[161].
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Table 3
Nanoparticles as inhibitors of staphylococcal enzymes and their applications in the control of S aureus infections.
Sr. no Nanoparticles Method of synthesis Target enzyme(s) Application(s) Reference
1. 2D-MoS,(-) Chemical synthesis ChT To fight against multidrug-resistant bacterial infections. [98]
2. 2D-MoS, (+) Chemical synthesis p-galactosidase. To fight against multidrug-resistant bacterial infections. [98]
3. 3-D copper-f- Chemical synthesis Antibacterial activity Vancomycin and copper nanoparticles’ synergistic effect on [99]
cyclodextrin-graphene against MRSA pathogenic bacteria (MRSA) was investigated.
oxide (Cu-$-CD-GO)
porous nanocomposite
4. AgNPs Green synthesis Urease Biomedical field [100]
5. AgNPs Green synthesis Xanthine Oxidase Biomedical field [100]
6. AgNPs Green synthesis Urease Antimicrobial agent [101]
7. AgNPs Green synthesis Urease Homeopathic and pharmaceutical fields. Also opens a new [102]
Nano approach of antiulcer therapies
8. AgNPs Green synthesis Xanthine oxidase and Against MRSA [103]
Urease enzymes
9. AgNPs Chemical synthesis Enzymes responsible for  Inhibition of Biofilm formation [104]
biofilm formation
10. AgNPs Physicochemical Replicase as a novel tool to study chromosomal DNA replication [105]
11. AgNPs Chemical synthesis Antibacterial activity against S aureus. [106]
12. Ag vanadate nanowires Chemical synthesis Antibacterial activity against S aureus. [107]
(p-AgVO3) with AgNPs.
13. Ag/MMT/Cts Green synthesis Useful for a variety of biological applications, including [108]
bionanocomposites surgical instruments and medication administration systems.
(BNCs)
14. AgNPs Green synthesis Antibacterial activity against MRSA in HIV infections. [109]
15. AgNPs Biogenic synthesis Inhibit the Biofilm Formation and Virulence Activities of MRSA ~ [110]
Strain
16. AgNPs Green synthesis Antibacterial activity against S aureus. [111]
17. AgNPs Biogenic synthesis Antibacterial activity against S aureus. [112]
18. AgNPs Chemical synthesis Antibacterial activity against S aureus (MRSA) and E coli. [113]
19. AgNPs (with chitosan) Chemical synthesis MRSA, a Gram-positive bacteria, and three Gram-negative [114]
bacteria (P aeruginosa, P mirabilis, and A baumannii) prevented
from growing in vitro),
20. AgNPs-Amp Chemical synthesis Antibacterial activity against MRSA [115]
21. AuNPs Green synthesis Urease Homeopathic and pharmaceutical fields. Also opens a new [102]
Nano approach of antiulcer therapies
22. AuNPs Chemical synthesis a-chymotrypsin [116]
23. AUNC-L-Amp Chemical synthesis Antibacterial activity against MRSA [117]
24, AuNPs (&laser) Chemical synthesis Antibacterial activity against MRSA [118]
25. Carbon nanotubes Chemical synthesis VIM-2 Useful for rational design inhibitors for MBLs [119]
Metallo-g-lactamases
(MBLs)
26. CeO, NPs Chemical synthesis Enzymes responsible for  Inhibition of Biofilm formation [104]
biofilm formation
27. CeO, NPs Green synthesis a-amylase and Urease Not reported [103]
28. chitosan-coated silver Chemical synthesis Antibacterial activity Effective for the treatment of MRSA-infected wounds [120]
nanoparticles against MRSA
29. Cr,03 NPs Green synthesis AChE and BChE Not reported [121]
30. CuO NPs Green synthesis Urease Not reported [122,123]
(R.d-CuO NPs)
31. CuO NPs Green synthesis a-amylase Not reported [122]
(R. f-Cu NPs)
32. CuO NPs Green synthesis lipase Not reported [122]
(R.k-Cu NPs)
33. Cur-Au@ZnO laser ablation a-hemolysin toxin Biomedical and pharmaceutical applications. [124]
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Table 3 (continued)

Sr. no Nanoparticles Method of synthesis Target enzyme(s) Application(s) Reference
34. DNA-Au NPs Chemical synthesis Nucleases Recognizing polyvalent DNA-Au NPs as gene regulation tools [125]
35. Doxycycline conjugated Chemical synthesis Antimicrobial activity. [126]
Ag-Au NPs Promising for significant application in burn healing therapy.
36. Gold nanoclusters Chemical synthesis Antibacterial activity against MRSA [127]
37. Graphene oxide Chemical synthesis a-chymotrypsin [128]
38. Graphene oxide Chemical synthesis VIM-2 Useful for rational design inhibitors for MBLs and more specific [119]
Metallo-#-lactamases inhibition might be achieved by further surface modifications
(MBLs) on these nanocarbons.
39. MoS, Chemical synthesis p-galactosidase Future development of 2D material-based enzyme inhibitors [129]
and for their other biological applications.
40. Nanocrystalline silver Chemical synthesis Antibacterial activity against MRSA [130]
dressing
41. Ni O NPs Green synthesis reactive oxygen species Enhanced Bactericidal activity against multiple drug-resistant S  [131]
found responsible for aureus
bacterial cell death
42. Rose Bengal Chemical synthesis Suppress the growth of Gram-positive bacteria, including [132]
(RB)-decorated silica Methicillin-resistant S aureus (MRSA).
(Si0,-NH,-RB)
nanoparticles
43. SiO, NPs Sol-gel method Urease Antimicrobials [133]
44. SnO, NPs Chemical synthesis Enzymes responsible for  Inhibition of Biofilm formation [104]
biofilm formation
45. sPLA,i-loaded micellar Chemical synthesis Phospholipase A, Promising therapeutic agents for OA treatment [134]
NPs (sPLA,i-NPs)
46. TiO, Chemical synthesis Antibacterial activity against MRSA [135]
47. TiO, NPs Hydrothermal Urease Antimicrobials [102]
48. TiO, NPs Chemical synthesis Enzymes responsible for  Inhibition of Biofilm formation [136]
biofilm formation
49. TiO, NPs Chemical synthesis Antibacterial activity against MRSA [137]
50. ZnO NPs Green synthesis urease Not reported [138]
51. ZnO NPs Biogenic synthesis A toxin For use as nanomedicine to treat albino rats with S aureus [139,140]
infections.
52. ZnO NP Chemical synthesis B galactosidase Shape-specific antibacterial activity against [141]
methicillin-resistant S aureus (MRSA).
53. ZnO NPs Sol-gel method Urease Antimicrobials [142]
54. ZnO NPs Coprecipitation method (amylase, urease, and In biomedical sciences, environmental sciences, and [143]
lipase) bioanalytical chemistry.
55. ZnO NPs Obtained from the US a-haemolysin The use of ZnO nanoparticle in sub-MIC concentration as cover  [144,145]
Research Nanomaterial of artificial
Co. instruments such as catheter, intravascular catheters or shunts
to control bacterial infection is suggested for further study.
56. ZnO NPs Chemical synthesis Biofilm formation Support ZnO NPs’ effectiveness in treating S aureus infections [146]
(enzyme not given) by using them as an antibiofilm agent.
57. ZnO NPs Chemical synthesis Enzymes responsible for  Inhibition of Biofilm formation [147]
biofilm formation
58. ZnO NPs Chemical synthesis Enzymes responsible for  Inhibition of Biofilm formation [148]
biofilm formation
59. ZnO NPs Chemical synthesis Enzymes responsible for  Inhibition of Biofilm formation [104]
biofilm formation
60. ZnO NPs Chemical synthesis Enzymes responsible for ~ Inhibited biofilm formation, hemolysis by hemolysin toxin [149]
biofilm formation and producing S aureus.
hemolysin toxin
61. ZnO NPs Chemical synthesis Inhibition of Biofilm formation [151,150]
62. ZnO NPs Chemical synthesis production of reactive Not reported [152]
oxygen species (ROS)
63. ZnO NPs Chemical synthesis -cell membrane damage Agricultural and food safety could be maintained by using ZnO  [153]
/PVA - Cell adhesion NPs/PVA nanofibrous membranes as an efficient antibacterial
inhibition. agent.
64. ZnO, NPs and Chemical synthesis Enzymes responsible for  Inhibition of Biofilm formation [136,154]
ZnO NPs biofilm formation
65. ZnO NPs Chemical synthesis Inhibit biofilm formation [155,156]
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Staphylococcus aureus possesses over fifty proteins and
virulence factors that evade the host’s immune system
and are involved in resistance mechanisms. MNPs can
interfere with the production or function of these viru-
lence factors, thereby reducing the pathogen’s ability to
cause harm. For example, disruption of quorum sensing.
Quorum sensing is a communication mechanism used by
bacteria to coordinate the expression of virulence fac-
tors. MNPs can prevent the formation of biofilms, which
are protective structures that allow bacteria to adhere to
surfaces and resist antimicrobial treatments. Moreover,
MNPs such as silver and copper nanoparticles have shown
broad-spectrum antimicrobial activity. They can inhibit
a wide range of Staphylococcus serotypes, making them
potentially useful in combating different types of infec-
tions. On the other hand, the synthetic drugs available
to treat staphylococcal infections have severe side ef-
fects. Ligands from natural products, secondary metabo-
lites from plants and nanomaterials show less drug resis-
tance and therefore are widely explored as a source of
new drugs. A number of metals and their nanoforms have
been identified with potent antistaphylococcal activities.
Silver and mercury, which form insoluble sulfides, act
as potent urease inhibitors by reacting with sulfhydryl
groups. Although no commercial use of nanomaterials
as anti-staphylococcal molecules has been reported, var-
ious reports of these metal nanomaterials as urease in-
hibitors make them suitable anti-staphylococcal agents.
Table 3 summarizes various nanoparticles, their synthesis
methods and their applications as inhibitors of staphylo-
coccal enzymes in the control of S aureus infections.

9. Conclusion

Most of the commercially available synthetic inhibitors
act on pathogens by targeting important enzymes. This
leads to widespread issue of resistance emergence. Metal
nanoparticles offer a promising alternative to the tradi-
tional arsenal of enzyme inhibitors due to their size ten-
ability, binding of multiple ligands on the surface, and
diverse enzyme inhibitory strategies. Use of nanoparti-
cles as enzyme inhibitors is novel and promising idea due
to high surface area to mass ratio of nanomaterial, their
diverse size, shape, chemical functionalization and their
stability in diverse environmental conditions, etc. In near
future, it nanoparticles are expected to be used as broad-
spectrum enzyme inhibitors for wide range of biomedical
applications.

Despite the several advantages of metal nanoparticles
as a new class of enzyme inhibitor, more research is
needed to study their specific and nonspecific interac-
tions with other proteins normally present in living sys-
tem. Toxicity studies, accumulation of nanoparticles in
nontarget host as well as the environmental consequences
are also needs to be addressed.

Infectious Medicine 2 (2023) 294-307

Funding

This research did not receive a research grant from any
government or nongovernment funding agencies.

Author contributions

R.P. conceptualization, design, supervision, review,
and editing; A.J. data collection, analysis and writing.

Acknowledgments

The authors acknowledge the infrastructure and labo-
ratory facilities provided by the Principal and the man-
agement of R. C. Patel Arts, Commerce and Science Col-
lege, Shirpur, (MS), India.

Declaration of competing interest

The authors declare that there are no known conflicts
or personal financial interests in this work.

Data available statement

Data sharing is not applicable to this article.

Ethics statement

None.

Informed consent

None.

References

[1] C.J. Murray, K.S. Ikuta, F. Sharara, et al., Global burden of bacterial antimicrobial
resistance in 2019: a systematic analysis, Lancet North Am. Ed. 399 (10325) (2022)
629-655.F, doi:10.1016/50140-6736(21)02724-0.

[2] K. Hiramatsu, Y. Katayama, M. Matsuo, et al., Multi-drug-resistant Staphylococcus
aureus and future chemotherapy, J. Infect. Chemother. 20 (10) (2014) 593-601,
doi:10.1016/j.jiac.2014.08.001.

[3] T. Ito, Y. Katayama, K. Hiramatsu, Cloning and nucleotide sequence determina-

tion of the entire mec DNA of pre-methicillin-resistant Staphylococcus aureus N5,

Antimicrob. Agents Chemother. 43 (6) (1999) 1449-1458, doi:10.1128/AAC.43.6.

1449.

S.Y. Tong, J.S. Davis, E. Eichenberger, et al., Staphylococcus aureus infections: epi-

demiology, pathophysiology, clinical manifestations, and management, Clin. Mi-

crobiol. Rev. 28 (3) (2015) 603-661, doi:10.1128/CMR.00134-14.

K.T. Clebak, M.A. Malone, Skin infections, Prim. Care Clin. Off. Pract. 45 (3) (2018)

433-454, doi:10.1016/j.pop.2018.05.004.

A.H. Siddiqui, J. Koirala, Methicillin resistant Staphylococcus aureus [Updated

2020 July 19] In: StatPearls [Internet]. Treasure Island (FL): StatPearls Publish-

ing; 2020 Jan. Available from: https://www.ncbi.nlm.nih.gov/books/NBK482221/

(accessed on 27 July 2023).

[7] S.K. Schmitt, Osteomyelitis, Infect. Dis. Clin. North Am 31 (2) (2017) 325-338,

doi:10.1016/j.idc.2017.01.010.

J. Hatzenbuehler, T.J. Pulling, Diagnosis and management of osteomyelitis, Am.

Fam. Physic 84 (9) (2011) 1027-1033.

V. Vilcan, O. Hai, Bacterial endocarditis [Updated 2022 August 8] StatPearls [In-

ternet], StatPearls Publishing, Treasure Island (FL), 2023 Available from: https:

//www.ncbi.nlm.nih.gov/books/NBK470547/ (accessed on 26 July 2023).

[10] S. Aliberti, L.F. Reyes, P. Faverio, et al., Global initiative for meticillin-resistant
Staphylococcus aureus pneumonia (GLIMP): an international, observational cohort
study, Lancet Infect. Dis. 16 (12) (2016) 1364-1376, do0i:10.1016/51473-3099(16)
30267-5.

[4

=

[5

—

[6

[}

[8

[}

[9

—_


https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1016/j.jiac.2014.08.001
https://doi.org/10.1128/AAC.43.6.1449
https://doi.org/10.1128/CMR.00134-14
https://doi.org/10.1016/j.pop.2018.05.004
https://www.ncbi.nlm.nih.gov/books/NBK482221/
https://doi.org/10.1016/j.idc.2017.01.010
http://refhub.elsevier.com/S2772-431X(23)00061-8/sbref0008
https://www.ncbi.nlm.nih.gov/books/NBK470547/
https://doi.org/10.1016/S1473-3099(16)30267-5

A.A. Joshi and R.H. Patil

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

W.H. Self, R.G. Wunderink, D.J. Williams, et al., Staphylococcus aureus community-
acquired pneumonia: prevalence, clinical characteristics, and outcomes, Clin. In-
fect. Dis. 63 (3) (2016) 300-309, doi:10.1093/cid/ciw300.

D. Berg, H. Gerlach, Recent advances in understanding and managing sep-
sis, F1000Research 7 (2018) 22-27 F1000FacultyRev-F1000Faculty1570, doi:10.
12688/f1000research.15758.1.

B. Christensson, F.J. Fehrenbach, S.A. Hedstrom, A new serological assay for
Staphylococcus aureus infections: detection of IgG antibodies to S. aureus lipase with
an enzyme-linked immunosorbent assay, J. Infect. Dis. 152 (2) (1985) 286-292,
doi:10.1093/infdis/152.2.286.

J. Rollof, J.H. Braconier, C. Soderstrom, et al., Interference of Staphylococcus aureus
lipase with human granulocyte function, Eur. J. Clin. Microbiol. Infect. Dis. 7 (4)
(1988) 505-510, doi:10.1007/BF01962601.

W.L. Hynes, S.L. Walton, Hyaluronidases of gram-positive bacteria, FEMS Micro-
biol. Lett. 183 (2) (2000) 201-207, d0i:10.1111/§.1574-6968.2000.tb08958.x.

S. Patil, B. Bhadane, L. Shirsath, et al., Steroidal fraction of Carissa caran-
das L. inhibits microbial hyaluronidase activity by mixed inhibition mechanism,
Prep. Biochem. Biotechnol. 49 (3) (2019) 298-306, doi:10.1080,/10826068.2018.
1541811.

L. Li, H. Ge, D. Gu, et al., The role of two-component regulatory system in f-lactam
antibiotics resistance, Microbiol. Res. 215 (2018) 126-129, doi:10.1016/j.micres.
2018.07.005.

R.A. Bonomo, D. Szabo, Mechanisms of multidrug resistance in Acinetobacter
species and Pseudomonas aeruginosa, Clin. Infect. Dis. 43 (Suppl 2) (2006) S49-S56,
doi:10.1086/504477.

N. Gémez Casanova, M. Siller Ruiz, J.L. Mufioz Bellido, Mechanisms of resistance
to daptomycin in Staphylococcus aureus, Rev. Esp. Quimioter. 30 (6) (2017) 391-
396.

S. Gardete, A. Tomasz, Mechanisms of vancomycin resistance in Staphylococcus
aureus, J. Clin. Invest. 124 (7) (2014) 2836-2840, doi:10.1172/JCI68834.

K. Becker, B. Ballhausen, R. Kock, et al., Methicillin resistance in Staphylococcus
isolates: the mec alphabet with specific consideration of mecC, a mec homolog as-
sociated with zoonotic S. aureus lineages, Int. J. Med. Microbiol. 304 (7) (2014)
794-804, doi:10.1016/j.ijmm.2014.06.007.

R.H. Deurenberg, E.E. Stobberingh, The molecular evolution of hospital- and
community-associated methicillin-resistant Staphylococcus aureus, Curr. Mol. Med.
9 (2) (2009) 100-115, doi:10.2174/156652409787581637.

L. Hall-Stoodley, P. Stoodley, Evolving concepts in biofilm infections, Cell. Micro-
biol. 11 (7) (2009) 1034-1043, doi:10.1111/§.1462-5822.2009.01323.x.

R. Singh, P. Ray, A. Das, et al., Role of persisters and small-colony variants in
antibiotic resistance of planktonic and biofilm-associated Staphylococcus aureus: an
in vitro study, J. Med. Microbiol. 58 (Pt 8) (2009) 1067-1073, doi:10.1099/jmm.
0.009720-0.

H.F. Chambers, Methicillin resistance in staphylococci: molecular and biochemical
basis and clinical implications, Clin. Microbiol. Rev. 10 (4) (1997) 781-791, doi:10.
1128/cmr.10.4.781.

K. Plata, A.E. Rosato, G. Wegrzyn, Staphylococcus aureus as an infectious agent:
overview of biochemistry and molecular genetics of its pathogenicity, Acta
Biochim. Pol. 56 (4) (2009) 597-612.

R.H. Deurenberg, C. Vink, S. Kalenic, et al., The molecular evolution of methicillin-
resistant Staphylococcus aureus, Clin. Microbiol. Infect. 13 (3) (2007) 222-235,
doi:10.1111/j.1469-0691.2006.01573.x.

T.J. Foster, Antibiotic resistance in Staphylococcus aureus. Current status and fu-
ture prospects, FEMS Microbiol. Rev. 41 (3) (2017) 430-449, doi:10.1093/femsre/
fux007.

J. Xia, J. Gao, W. Tang, Nosocomial infection and its molecular mechanisms of
antibiotic resistance, Biosci. Trends 10 (1) (2016) 14-21, doi:10.5582/bst.2016.
01020.

J.M. Munita, C.A. Arias, Mechanisms of antibiotic resistance, Microbiol. Spectr. 4
(2) (2016) 30-34, doi:10.1128/microbiolspec. VMBF-0016-2015.

K.L. Nawrocki, E.K. Crispell, S.M. McBride, Antimicrobial peptide resistance mech-
anisms of gram-positive bacteria, Antibiotics 3 (4) (2014) 461-492, doi:10.3390/
antibiotics3040461.

S.J. Peacock, G.K. Paterson, Mechanisms of methicillin resistance in Staphy-
lococcus aureus, Annu. Rev. Biochem. 84 (2015) 577-601, doi:10.1146/
annurev-biochem-060614-034516.

P.M. Bennett, Plasmid encoded antibiotic resistance: acquisition and transfer of an-
tibiotic resistance genes in bacteria, Br. J. Pharmacol. 153 (Suppl 1) (2008) S347-
$357, doi:10.1038/sj.bjp.0707607.

R.P. Novick, Staphylococcal plasmids and their replication, Annu. Rev. Microbiol.
43 (1989) 537-563, doi:10.1146/annurev.mi.43.100189.002541.

S.S. Costa, M. Viveiros, L. Amaral, et al., Multidrug efflux pumps in Staphy-
lococcus aureus: an update, Open Microbiol. J. 7 (2013) 59-71, doi:10.2174/
1874285801307010059.

Y. Tanaka, C.J. Hipolito, A.D. Maturana, et al., Structural basis for the drug ex-
trusion mechanism by a MATE multidrug transporter, Nature 496 (7444) (2013)
247-251, doi:10.1038/nature12014.

D. Hughes, D.I. Andersson, Evolutionary consequences of drug resistance: shared
principles across diverse targets and organisms, Nat. Rev. Genet. 16 (8) (2015)
459-471, doi:10.1038/nrg3922.

R.J. Melander, C. Melander, The challenge of overcoming antibiotic resistance:
an adjuvant approach? ACS Infect. Dis. 3 (8) (2017) 559-563, doi:10.1021/
acsinfecdis.7b00071.

A. Lamut, L. Peterlin Masi¢, D. Kikelj, et al., Efflux pump inhibitors of clinically
relevant multidrug resistant bacteria, Med. Res. Rev. 39 (6) (2019) 2460-2504,
doi:10.1002/med.21591.

305

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[501

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Infectious Medicine 2 (2023) 294-307

A.E. Ebbensgaard, A. Lgbner-Olesen, J. Frimodt-Mgller, The role of efflux pumps
in the transition from low-level to clinical antibiotic resistance, Antibiotics 9 (12)
(2020) 855, doi:10.3390/antibiotics9120855.

P.J.F. Henderson, C. Maher, L.D.H. Elbourne, et al., Physiological functions of bac-
terial “multidrug” efflux pumps, Chem. Rev. 121 (9) (2021) 5417-5478, doi:10.
1021 /acs.chemrev.0c01226.

P. Blanco, S. Hernando-Amado, J.A. Reales-Calderon, et al., Bacterial multidrug
efflux pumps: much more than antibiotic resistance determinants, Microorganisms
4 (1) (2016) 14, doi:10.3390/microorganisms4010014.

K. Poole, Mechanisms of bacterial biocide and antibiotic resistance, J. Appl. Micro-
biol. 92 (Suppl) (2002) 555-648S.

F.L. Short, Q. Liu, H.E. Ashwood, et al., Spermidine and spermine are the natural
substrates of the Acinetobacter baumannii AmvA multidrug efflux pump, Biorxiv
(2020), doi:10.1101/2020.10.02.324624.

D. Du, X. Wang-Kan, A. Neuberger, et al., Multidrug efflux pumps: structure, func-
tion and regulation, Nat. Rev. Microbiol. 16 (9) (2018) 523-539, doi:10.1038/
s41579-018-0048-6.

K. Schilcher, A.R. Horswill, Staphylococcal biofilm development: structure, regu-
lation, and treatment strategies, Microbiol. Mol. Biol. Rev. 84 (3) (2020) e00019-
00026, doi:10.1128/MMBR.00026-19.

J. Sun, Z. Deng, A. Yan, Bacterial multidrug efflux pumps: mechanisms, physiol-
ogy and pharmacological exploitations, Biochem. Biophys. Res. Commun. 453 (2)
(2014) 254-267, doi:10.1016/j.bbrc.2014.05.090.

C. de la Fuente-Nuiiez, V. Korolik, M. Bains, et al., Inhibition of bacterial
biofilm formation and swarming motility by a small synthetic cationic peptide,
Antimicrob. Agents Chemother. 56 (5) (2012) 2696-2704, doi:10.1128/AAC.
00064-12.

E.A. Campbell, N. Korzheva, A. Mustaev, et al., Structural mechanism for rifampicin
inhibition of bacterial RNA polymerase, Cell 104 (6) (2001) 901-912, doi:10.1016/
50092-8674(01)00286-0.

H.G. Floss, T.W. Yu, Rifamycin-mode of action, resistance, and biosynthesis, Chem.
Rev. 105 (2) (2005) 621-632, doi:10.1021/cr030112j.

R. Leclercq, Mechanisms of resistance to macrolides and lincosamides: nature of the
resistance elements and their clinical implications, Clin. Infect. Dis 34 (4) (2002)
482-492, doi:10.1086/324626.

B. Weisblum, Erythromycin resistance by ribosome modification, Antimicrob.
Agents Chemother. 39 (3) (1995) 577-585, doi:10.1128/AAC.39.3.577.

R. Pavillard, K. Harvey, D. Douglas, et al., Epidemic of hospital-acquired infection
due to methicillin-resistant Staphylococcus aureus in major Victorian hospitals, Med.
J. Aust. 1 (11) (1982) 451-454.

J.C. Lucet, X. Paoletti, C. Demontpion, et al., Carriage of methicillin-resistant
Staphylococcus aureus in home care settings: prevalence, duration, and transmis-
sion to household members, Arch. Intern. Med. 169 (15) (2009) 1372-1378,
doi:10.1001 /archinternmed.2009.217.

D.C. Shanson, J.C. Kensit, R. Duke, Outbreak of hospital infection with a strain
of Staphylococcus aureus resistant to gentamicin and methicillin, Lancet 2 (7999)
(1976) 1347-1348, doi:10.1016/50140-6736(76)91986-3.

A. Pantosti, M. Venditti, What is MRSA? Eur. Respir. J. 34 (5) (2009) 1190-1196,
doi:10.1183/09031936.00007709.

M.J. Struelens, Guidelines and indicators for methicillin-resistant Staphylococcus
aureus control in hospitals: toward international agreement? Curr. Opin. Infect.
Dis. 22 (4) (2009) 337-338, doi:10.1097/QC0.0b013e32832dbae9.

P. Tattevin, B.A. Diep, M. Jula, et al., Methicillin-ResistantStaphylococcus aureus
USA300 clone in long-term care facility, Emerg. Infect. Dis. 15 (6) (2009) 953-
955, doi:10.3201/eid1506.080195.

S.C. Pal, B.G. Ray, Methicillin-resistant staphylococci, J. Indian Med. Assoc. 42
(1964) 512-517.

DF Brown, DI Edwards, PM Hawkey, et al., Joint Working Party of the British So-
ciety for Antimicrobial Chemotherapy; Hospital Infection Society; Infection Con-
trol Nurses Association. Guidelines for the laboratory diagnosis and susceptibil-
ity testing of methicillin-resistant Staphylococcus aureus (MRSA), J. Antimicrob.
Chemother. 56 (6) (2005) 1000-1018.

H. Hanaki, K. Hiramatsu, Evaluation of reduced vancomycin susceptibility of MRSA
strain Mu50 with various conditions of antibiotic susceptibility tests, Jpn. J. An-
tibiot. 50 (9) (1997) 794-798.

S.J. Rehm, Two new treatment options for infections due to drug-resistant gram-
positive cocci, Cleve. Clin. J. Med. 69 (5) (2002) 397-401 405-413, doi:10.3949/
ccjm.69.5.397.

H. Wong, L. Louie, C. Watt, et al., Characterization of ermA in macrolide-

susceptible strains of methicillin-resistant Staphylococcus aureus, Antimi-
crob. Agents Chemother. 53 (8) (2009) 3602-3603, doi:10.1128/AAC.
00313-09.

G. Morales, J.J. Picazo, E. Baos, et al., Resistance to linezolid is mediated by the
CFR gene in the first report of an outbreak of linezolid-resistant Staphylococcus
aureus, Clin. Infect. Dis. 50 (6) (2010) 821-825, doi:10.1086,/650574.

B.A. Miller, A. Gray, T.W. Leblanc, et al., Acute eosinophilic pneumonia secondary
to daptomycin: a report of three cases, Clin. Infect. Dis. 50 (11) (2010) e63-e68,
doi:10.1086/652656.

P Wayne, Clinical and laboratory standards institute, Performance Standards for
Antimicrobial Susceptibility Testing, 2011.

N.M. Ahmad, A.D. Rojtman, Successful treatment of daptomycin-nonsusceptible
methicillin-resistant Staphylococcus aureus bacteremia with the addition of rifampin
to daptomycin, Ann. Pharmacother. 44 (5) (2010) 918-921, doi:10.1345/aph.
1M665.

K.R. Fiebelkorn, S.A. Crawford, M.L. McElmeel, et al., Practical disk diffusion
method for detection of inducible clindamycin resistance in Staphylococcus aureus


https://doi.org/10.1093/cid/ciw300
https://doi.org/10.12688/f1000research.15758.1
https://doi.org/10.1093/infdis/152.2.286
https://doi.org/10.1007/BF01962601
https://doi.org/10.1111/j.1574-6968.2000.tb08958.x
https://doi.org/10.1080/10826068.2018.1541811
https://doi.org/10.1016/j.micres.2018.07.005
https://doi.org/10.1086/504477
http://refhub.elsevier.com/S2772-431X(23)00061-8/sbref0019
https://doi.org/10.1172/JCI68834
https://doi.org/10.1016/j.ijmm.2014.06.007
https://doi.org/10.2174/156652409787581637
https://doi.org/10.1111/j.1462-5822.2009.01323.x
https://doi.org/10.1099/jmm.0.009720-0
https://doi.org/10.1128/cmr.10.4.781
http://refhub.elsevier.com/S2772-431X(23)00061-8/sbref0026
https://doi.org/10.1111/j.1469-0691.2006.01573.x
https://doi.org/10.1093/femsre/fux007
https://doi.org/10.5582/bst.2016.01020
https://doi.org/10.1128/microbiolspec.VMBF-0016-2015
https://doi.org/10.3390/antibiotics3040461
https://doi.org/10.1146/annurev-biochem-060614-034516
https://doi.org/10.1038/sj.bjp.0707607
https://doi.org/10.1146/annurev.mi.43.100189.002541
https://doi.org/10.2174/1874285801307010059
https://doi.org/10.1038/nature12014
https://doi.org/10.1038/nrg3922
https://doi.org/10.1021/acsinfecdis.7b00071
https://doi.org/10.1002/med.21591
https://doi.org/10.3390/antibiotics9120855
https://doi.org/10.1021/acs.chemrev.0c01226
https://doi.org/10.3390/microorganisms4010014
http://refhub.elsevier.com/S2772-431X(23)00061-8/sbref0043
http://10.1101/2020.10.02.324624
https://doi.org/10.1038/s41579-018-0048-6
https://doi.org/10.1128/MMBR.00026-19
https://doi.org/10.1016/j.bbrc.2014.05.090
https://doi.org/10.1128/AAC.penalty -@M 00064-12
https://doi.org/10.1016/s0092-8674(01)00286-0
https://doi.org/10.1021/cr030112j
https://doi.org/10.1086/324626
https://doi.org/10.1128/AAC.39.3.577
http://refhub.elsevier.com/S2772-431X(23)00061-8/sbref0053
https://doi.org/10.1001/archinternmed.2009.217
https://doi.org/10.1016/s0140-6736(76)91986-3
https://doi.org/10.1183/09031936.00007709
https://doi.org/10.1097/QCO.0b013e32832dbae9
https://doi.org/10.3201/eid1506.080195
http://refhub.elsevier.com/S2772-431X(23)00061-8/sbref0059
http://refhub.elsevier.com/S2772-431X(23)00061-8/sbref0060
http://refhub.elsevier.com/S2772-431X(23)00061-8/sbref0061
https://doi.org/10.3949/ccjm.69.5.397
https://doi.org/10.1128/AAC.penalty -@M 00313-09
https://doi.org/10.1086/650574
https://doi.org/10.1086/652656
http://refhub.elsevier.com/S2772-431X(23)00061-8/sbref0066
https://doi.org/10.1345/aph.1M665

A.A. Joshi and R.H. Patil

691

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]
[92]
[93]

[94]

[95]

and coagulase-negative staphylococci, J. Clin. Microbiol. 41 (10) (2003) 4740-
4744, doi:10.1128/JCM.41.10.4740-4744.2003.

K. Prabhu, S. Rao, V. Rao, Inducible clindamycin resistance in Staphylococcus aureus
isolated from clinical samples, J. Lab. Physicians 3 (1) (2011) 25-27, doi:10.4103/
0974-2727.78558.

Z. Wang, K. Dong, Z. Liu, et al., Activation of biologically relevant levels of reactive
oxygen species by Au/g-C3N, hybrid nanozyme for bacteria killing and wound
disinfection, Biomaterials 113 (2017) 145-157, doi:10.1016/j.biomaterials.2016.
10.041.

G.L. Burygin, B.N. Khlebtsov, A.N. Shantrokha, et al., On the enhanced antibacterial
activity of antibiotics mixed with gold nanoparticles, Nanoscale Res. Lett. 4 (8)
(2009) 794-801, doi:10.1007/s11671-009-9316-8.

M. Nisar, S.A. Khan, M. Qayum, et al., Robust synthesis of ciprofloxacin-capped
metallic nanoparticles and their urease inhibitory assay, Molecules 21 (4) (2016)
411, doi:10.3390/molecules21040411.

S.H. Cha, J. Hong, M. McGuffie, et al., Shape-dependent biomimetic inhibition of
enzyme by nanoparticles and their antibacterial activity, ACS Nano 9 (9) (2015)
9097-9105, doi:10.1021/acsnano.5b03247.

M.M. Alves, O. Bouchami, A. Tavares, et al., New insights into antibiofilm effect of
a nanosized ZnO coating against the pathogenic methicillin resistant Staphylococ-
cus aureus, ACS Appl. Mater. Interfaces 9 (34) (2017) 28157-28167, doi:10.1021/
acsami.7b02320.

E. Imbuluzqueta, C. Gamazo, J. Ariza, et al., Drug delivery systems for potential
treatment of intracellular bacterial infections, Front. Biosci. (Landmark Ed) 15 (2)
(2010) 397-417, doi:10.2741/3627.

C. Dees, R.D. Schultz, The mechanism of enhanced intraphagocytic killing of bac-
teria by liposomes containing antibiotics, Vet. Inmunol. Immunopathol. 24 (2)
(1990) 135-146, do0i:10.1016/0165-2427(90)90016-L.

T.H. Zhou, M. Su, B.C. Shang, et al., Nano-hydroxyapatite/p-tricalcium phosphate
ceramics scaffolds loaded with cationic liposomal ceftazidime: preparation, release
characteristics in vitro and inhibition to Staphylococcus aureus biofilms, Drug Dev.
Ind. Pharm. 38 (11) (2012) 1298-1304, doi:10.3109/03639045.2011.648196.

S. Maya, S. Indulekha, V. Sukhithasri, et al., Efficacy of tetracycline encapsulated
O-carboxymethyl chitosan nanoparticles against intracellular infections of Staphy-
lococcus aureus, Int. J. Biol. Macromol. 51 (4) (2012) 392-399, doi:10.1016/j.
ijbiomac.2012.06.009.

N. Thomas, C. Thorn, K. Richter, et al., Efficacy of poly-lactic-co-glycolic acid
micro- and nanoparticles of ciprofloxacin against bacterial biofilms, J. Pharm. Sci.
105 (10) (2016) 3115-3122, doi:10.1016/j.xphs.2016.06.022.

X.H. Jiang, W.M. Zhou, Y.Z. He, et al., Effects of lipopeptide carboxymethyl chi-
tosan nanoparticles on Staphylococcus aureus biofilm, J. Biol. Regul. Homeost.
Agents 31 (3) (2017) 737-743.

D. Hu, H. Li, B. Wang, et al., Surface-adaptive gold nanoparticles with effective
adherence and enhanced photothermal ablation of methicillin-resistant Staphylo-
coccus aureus biofilm, ACS Nano 11 (9) (2017) 9330-9339, doi:10.1021/acsnano.
7b04731.

N. Sémiramoth, C. Di Meo, F. Zouhiri, et al., Self-assembled squalenoylated peni-
cillin bioconjugates: an original approach for the treatment of intracellular infec-
tions, ACS Nano 6 (5) (2012) 3820-3831, doi:10.1021/1n204928v.

S. Xie, F. Yang, Y. Tao, et al., Enhanced intracellular delivery and antibacterial
efficacy of enrofloxacin-loaded docosanoic acid solid lipid nanoparticles against
intracellular Salmonella, Sci. Rep. 7 (2017) 41104, doi:10.1038/srep41104.

V. Aurore, F. Caldana, M. Blanchard, et al., Silver-nanoparticles increase bacterici-
dal activity and radical oxygen responses against bacterial pathogens in human os-
teoclasts, Nanomedicine 14 (2) (2018) 601-607, doi:10.1016/j.nano.2017.11.006.
X.F. Wang, S.L. Zhang, L.Y. Zhu, et al., Enhancement of antibacterial activity of
tilmicosin against Staphylococcus aureus by solid lipid nanoparticles in vitro and in
vivo, Vet. J. 191 (1) (2012) 115-120, do0i:10.1016/j.tvjl.2010.11.019.

Y. Xie, Y. Liu, J. Yang, et al., Gold nanoclusters for targeting methicillin-resistant
Staphylococcus aureus in vivo, Angew. Chem. Int. Ed Engl. 57 (15) (2018) 3958-
3962, doi:10.1002/anie.201712878.

Y. Li, T. Su, Y. Zhang, et al., Liposomal co-delivery of daptomycin and clar-
ithromycin at an optimized ratio for treatment of methicillin-resistant Staphylococ-
cus aureusinfection, Drug Deliv 22 (5) (2015) 627-637, doi:10.3109/10717544.
2014.880756.

X. Liu, Z. Li, X. Wang, et al., Novel antimicrobial peptide-modified azithromycin-
loaded liposomes against methicillin-resistant Staphylococcus aureus, Int. J.
Nanomed. 11 (5) (2016) 6781-6794, doi:10.2147/1JN.S107107.

Y. Fan, A.C. Pauer, A.A. Gonzales, et al., Enhanced antibiotic activity of ampicillin
conjugated to gold nanoparticles on PEGylated rosette nanotubes, Int. J. Nanomed.
14 (2019) 7281-7289, doi:10.2147/1JN.S209756.

S. Kalita, R. Kandimalla, K.K. Sharma, et al., Amoxicillin functionalized gold
nanoparticles reverts MRSA resistance, Mater. Sci. Eng. C Mater. Biol. Appl. 61
(2016) 720-727, doi:10.1016/j.msec.2015.12.078.

M.A. Fischbach, Combination therapies for combating antimicrobial resistance,
Curr. Opin. Microbiol. 14 (5) (2011) 519-523, doi:10.1016/j.mib.2011.08.003.
Y. Zhao, X. Jiang, Multiple strategies to activate gold nanoparticles as antibiotics,
Nanoscale 5 (18) (2013) 8340-8350, doi:10.1039/¢3nr01990j.

H.A. Hemeg, Nanomaterials for alternative antibacterial therapy, Int. J. Nanomed.
12 (2017) 8211-8225, doi:10.2147/1JN.S132163.

S.Z. Naqvi, U. Kiran, M.A. Alj, et al., Combined efficacy of biologically synthesized
silver nanoparticles and different antibiotics against multidrug-resistant bacteria,
Int. J. Nanomed. 8 (2013) 3187, doi:10.2147/ijn.s49284.

A. Panacek, M. Smékalovd, M. Kilianova, et al., Strong and nonspecific synergistic
antibacterial efficiency of antibiotics combined with silver nanoparticles at very

306

[96]

971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

Infectious Medicine 2 (2023) 294-307

low concentrations showing No cytotoxic effect, Molecules 21 (1) (2015) E26,
doi:10.3390/molecules21010026.

S. Scandorieiro, L.C. de Camargo, C.A. Lancheros, et al., Synergistic and additive
effect of oregano essential oil and biological silver nanoparticles against multidrug-
resistant bacterial strains, Front. Microbiol. 7 (2016) 760, doi:10.3389/fmicb.2016.
00760.

H. Zazo, C.I Colino, J.M. Lanao, Current applications of nanoparticles in infectious
diseases, J. Control. Release 224 (2016) 86-102, doi:10.1016/j.jconrel.2016.01.
008.

S.R. Ali, S. Pandit, M. De, 2D-MoS,-based f-lactamase inhibitor for combination
therapy against drug-resistant bacteria, ACS Appl. Bio Mater. 1 (4) (2018) 967-
974, doi:10.1021/acsabm.8b00105.

A.A.S. Gill, S. Singh, Z. Nate, et al., A novel copper-based 3D porous nanocomposite
for electrochemical detection and inactivation of pathogenic bacteria, Sens. Actuat.
B Chem. 321 (2020) 128449, do0i:10.1016/j.snb.2020.128449.

A. Gul, A.S. Fozia, et al., Green synthesis, characterization, enzyme inhibition, an-
timicrobial potential, and cytotoxic activity of plant mediated silver nanoparticle
using Ricinus communis leaf and root extracts, Biomolecules 11 (2) (2021) 206,
doi:10.3390/biom11020206.

M. Khan, S.T. Khan, M. Khan, et al., Antibacterial properties of silver nanoparticles
synthesized using Pulicaria glutinosa plant extract as a green bioreductant, Int. J.
Nanomed. 9 (2014) 3551-3565, doi:10.2147/IJN.S61983.

S. Ali, M. Bacha, M.R. Shah, et al., Green synthesis of silver and gold nanoparticles
using Crataegus oxyacantha extract and their urease inhibitory activities, Biotech-
nol. Appl. Biochem. 68 (5) (2021) 992-1002, doi:10.1002/bab.2018.

A. Butt, J.S. Ali, A. Sajjad, et al., Biogenic synthesis of cerium oxide nanoparticles
using petals of Cassia glauca and evaluation of antimicrobial, enzyme inhibition,
antioxidant, and nanozyme activities, Biochem. Syst. Ecol. 104 (2022) 104462,
doi:10.1016/j.bse.2022.104462.

F. Khan, J.W. Lee, D.N.T. Pham, et al., Antibiofilm action of ZnO, SnO, and
CeO, nanoparticles towards grampositive biofilm forming pathogenic bacteria,
Recent Pat. Nanotechnol. 14 (3) (2020) 239-249, doi:10.2174/1872210514666
200313121953.

Y. Tao, T. Aparicio, M. Li, et al., Inhibition of DNA replication initiation by sil-
ver nanoclusters, Nucleic. Acids. Res. 49 (9) (2021) 5074-5083, doi:10.1093/nar/
gkab271.

R.D. Holtz, A.G. Souza Filho, M. Brocchi, et al., Development of nanostruc-
tured silver vanadates decorated with silver nanoparticles as a novel antibacterial
agent, Nanotechnology 21 (18) (2010) 185102, doi:10.1088/0957-4484/21/18/
185102.

R.D. Holtz, B.A. Lima, A.G. Souza Filho, et al., Nanostructured silver vanadate as a
promising antibacterial additive to water-based paints, Nanomedicine 8 (6) (2012)
935-940, do0i:10.1016/j.nano.2011.11.012.

K. Shameli, M. Bin Ahmad, W. Yunus, et al., Green synthesis of sil-
ver/montmorillonite/chitosan bionanocomposites using the UV irradiation method
and evaluation of antibacterial activity, Int. J. Nanomed. 5 (2010) 875-887,
doi:10.2147/1JN.S13632.

M. Kasithevar, M. Saravanan, P. Prakash, et al., Green synthesis of silver nanopar-
ticles using Alysicarpus monilifer leaf extract and its antibacterial activity against
MRSA and CoNS isolates in HIV patients, J. Interdiscip. Nanomed. 2 (2) (2017)
131-141, doi:10.1002/jin2.26.

R.S. Hamida, M.A. Ali, D.A. Goda, et al., Novel biogenic silver nanoparticle-induced
reactive oxygen species inhibit the biofilm formation and virulence activities of
methicillin-resistant Staphylococcus aureus (MRSA) strain, Front. Bioeng. Biotech-
nol. 8 (2020) 433, doi:10.3389/fbioe.2020.00433.

N. M.Huang, H.N. Lim, S. Radiman, et al., Sucrose ester micellar-mediated synthesis
of Ag nanoparticles and the antibacterial properties, Colloids Surf. A Physicochem.
Eng. Asp. 353 (2010) 69-76, doi:10.1016/j.colsurfa.2009.10.023.

M. Saravanan, A. Nanda, Extracellular synthesis of silver bionanoparticles from
Aspergillus clavatus and its antimicrobial activity against MRSA and MRSE, Col-
loids Surf. B Biointerfaces 77 (2) (2010) 214-218, doi:10.1016/j.colsurfb.2010.
01.026.

K. Shameli, M. Bin Ahmad, M. Zargar, et al., Synthesis and characterization of sil-
ver/montmorillonite/chitosan bionanocomposites by chemical reduction method
and their antibacterial activity, Int. J. Nanomed. 6 (2011) 271-284, doi:10.2147/
IJN.S16043.

L. Huang, T. Dai, Y. Xuan, et al., Synergistic combination of chitosan acetate with
nanoparticle silver as a topical antimicrobial: efficacy against bacterial burn in-
fections, Antimicrob. Agents Chemother. 55 (7) (2011) 3432-3438, doi:10.1128/
AAC.01803-10.

P. Surwade, C. Ghildyal, C. Weikel, et al., Augmented antibacterial activity
of ampicillin with silver nanoparticles against methicillin-resistant Staphylococ-
cus aureus (MRSA), J. Antibiot. 72 (1) (2019) 50-53, doi:10.1038/541429-018-
0111-6.

C.C. You, M. De, G. Han, et al., Tunable inhibition and denaturation of alpha-
chymotrypsin with amino acid-functionalized gold nanoparticles, J. Am. Chem.
Soc. 127 (37) (2005) 12873-12881, doi:10.1021/ja0512881.

S. Kalita, R. Kandimalla, A.C. Bhowal, et al., Functionalization of g-lactam an-
tibiotic on lysozyme capped gold nanoclusters retrogress MRSA and its persis-
ters following awakening, Sci. Rep. 8 (1) (2018) 5778, doi:10.1038/541598-018-
22736-5.

V.P. Zharov, K.E. Mercer, E.N. Galitovskaya, et al., Photothermal nanothera-
peutics and nanodiagnostics for selective killing of bacteria targeted with gold
nanoparticles, Biophys. J. 90 (2) (2006) 619-627, doi:10.1529/biophysj.105.
061895.


https://doi.org/10.1128/JCM.41.10.4740-4744.2003
https://doi.org/10.4103/0974-2727.78558
https://doi.org/10.1016/j.biomaterials.2016.10.041
https://doi.org/10.1007/s11671-009-9316-8
https://doi.org/10.3390/molecules21040411
https://doi.org/10.1021/acsnano.5b03247
https://doi.org/10.1021/acsami.7b02320
https://doi.org/10.2741/3627
https://doi.org/10.1016/0165-2427(90)90016-L
https://doi.org/10.3109/03639045.2011.648196
https://doi.org/10.1016/j.ijbiomac.2012.06.009
https://doi.org/10.1016/j.xphs.2016.06.022
http://refhub.elsevier.com/S2772-431X(23)00061-8/sbref0087
https://doi.org/10.1021/acsnano.7b04731
https://doi.org/10.1021/nn204928v
https://doi.org/10.1038/srep41104
https://doi.org/10.1016/j.nano.2017.11.006
https://doi.org/10.1016/j.tvjl.2010.11.019
https://doi.org/10.1002/anie.201712878
https://doi.org/10.3109/10717544.2014.880756
https://doi.org/10.2147/IJN.S107107
https://doi.org/10.2147/IJN.S209756
https://doi.org/10.1016/j.msec.2015.12.078
https://doi.org/10.1016/j.mib.2011.08.003
https://doi.org/10.1039/c3nr01990j
https://doi.org/10.2147/IJN.S132163
https://doi.org/10.2147/ijn.s49284
https://doi.org/10.3390/molecules21010026
https://doi.org/10.3389/fmicb.2016.00760
https://doi.org/10.1016/j.jconrel.2016.01.008
https://doi.org/10.1021/acsabm.8b00105
https://doi.org/10.1016/j.snb.2020.128449
https://doi.org/10.3390/biom11020206
https://doi.org/10.2147/IJN.S61983
https://doi.org/10.1002/bab.2018
https://doi.org/10.1016/j.bse.2022.104462
https://doi.org/10.2174/1872210514666penalty -@M 200313121953
https://doi.org/10.1093/nar/gkab271
https://doi.org/10.1088/0957-4484/21/18/penalty -@M 185102
https://doi.org/10.1016/j.nano.2011.11.012
https://doi.org/10.2147/IJN.S13632
https://doi.org/10.1002/jin2.26
https://doi.org/10.3389/fbioe.2020.00433
https://doi.org/10.1016/j.colsurfa.2009.10.023
https://doi.org/10.1016/j.colsurfb.2010.penalty -@M 01.026
https://doi.org/10.2147/IJN.S16043
https://doi.org/10.1128/AAC.01803-10
https://doi.org/10.1038/s41429-018-penalty -@M 0111-6
https://doi.org/10.1021/ja0512881
https://doi.org/10.1038/s41598-018-penalty -@M 22736-5
https://doi.org/10.1529/biophysj.105.penalty -@M 061895

A.A. Joshi and R.H. Patil

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

P.J. Huang, R. Pautler, J. Shanmugaraj, et al., Inhibiting the VIM-2 metallo-g-
lactamase by graphene oxide and carbon nanotubes, ACS Appl. Mater. Interfaces 7
(18) (2015) 9898-9903, doi:10.1021/acsami.5b01954.

Y. Peng, C. Song, C. Yang, et al., Low molecular weight chitosan-coated silver
nanoparticles are effective for the treatment of MRSA-infected wounds, Int. J.
Nanomedicine 12 (2017) 295-304, doi:10.2147/IJN.S122357.

S.A. Zainab, I. Khan, et al.,, A study on green synthesis, characterization of
chromium oxide nanoparticles and their enzyme inhibitory potential, Front. Phar-
macol. 13 (2022) 1008182, doi:10.3389/fphar.2022.1008182.

M. Asghar, A. Sajjad, S. Hanif, et al., Comparative analysis of synthesis, char-
acterization, antimicrobial, antioxidant, and enzyme inhibition potential of roses
petal based synthesized copper oxide nanoparticles, Mater. Chem. Phys. 278 (2022)
125724, doi:10.1016/j.matchemphys.2022.125724.

A.l. Foudah, M.H. Alqarni, S.A. Ross, et al., Site-specific evaluation of bioactive
coumarin-loaded dendrimer G4 nanoparticles against methicillin resistant Staphy-
lococcus aureus, ACS Omega 7 (39) (2022) 34990-34996, doi:10.1021/acsomega.
2¢03659.

M.S. Jabir, T.M. Rashid, U.M. Nayef, et al., Inhibition of Staphylococcus au-
reus a-hemolysin production using nanocurcumin capped Au@ZnO nanocom-
posite, Bioinorg. Chem. Appl. 2022 (2022) 2663812, doi:10.1155/2022/
2663812.

A.E. Prigodich, A.H. Alhasan, C.A. Mirkin, Selective enhancement of nucleases
by polyvalent DNA-functionalized gold nanoparticles, J. Am. Chem. Soc. 133 (7)
(2011) 2120-2123, doi:10.1021/jal110833r.

A. Fakhri, S. Tahami, M. Naji, Synthesis and characterization of core-shell bimetal-
lic nanoparticles for synergistic antimicrobial effect studies in combination with
doxycycline on burn specific pathogens, J. Photochem. Photobiol. B 169 (2017)
21-26, doi:10.1016/j.jphotobiol.2017.02.014.

Y.A. Prada, F. Guzmdn, C. Ortiz, et al., New synthetic peptides conjugated to gold
nanoclusters: antibiotic activity against Escherichia coli 0157: H7 and methicillin-
resistant Staphylococcus aureus (MRSA), Protein J. 38 (5) (2019) 506-514, doi:10.
1007/510930-019-09840-9.

M. De, S.S. Chou, V.P. Dravid, Graphene oxide as an enzyme inhibitor: modulation
of activity of a-chymotrypsin, J. Am. Chem. Soc. 133 (44) (2011) 17524-17527,
doi:10.1021/ja208427j.

S. Karunakaran, S. Pandit, M. De, Functionalized two-dimensional MoS, with tun-
able charges for selective enzyme inhibition, ACS Omega 3 (12) (2018) 17532-
17539, doi:10.1021/acsomega.8b02598.

R. Strohal, M. Schelling, M. Takacs, et al., Nanocrystalline silver dressings as an ef-
ficient anti-MRSA barrier: a new solution to an increasing problem, J. Hosp. Infect.
60 (3) (2005) 226-230, doi:10.1016/j.jhin.2005.04.001.

A. Haider, M. Jjaz, S. Ali, et al., Green synthesized phytochemically (Zingiber of-
ficinale and Allium sativum) reduced nickel oxide nanoparticles confirmed bacteri-
cidal and catalytic potential, Nanoscale Res. Lett. 15 (1) (2020) 50, doi:10.1186/
$11671-020-3283-5.

Y. Guo, S. Rogelj, P. Zhang, Rose Bengal-decorated silica nanoparticles as photosen-
sitizers for inactivation of gram-positive bacteria, Nanotechnology 21 (6) (2010)
065102, doi:10.1088/0957-4484/21/6/065102.

R. Nandanwar, P. Singh, F. Haque, Synthesis and characterization of SiO, nanopar-
ticles by sol-gel process and its degradation of methylene blue, Am. Chem. Sci. J.
5 (1) (2015) 1-10, doi:10.9734/acsj/2015/10875.

Y. Wei, L. Yan, L. Luo, et al., Phospholipase A, inhibitor-loaded micellar nanopar-
ticles attenuate inflammation and mitigate osteoarthritis progression, Sci. Adv. 7
(15) (2021) eabe6374, doi:10.1126/sciadv.abe6374.

A.S. Roy, A. Parveen, A.R. Koppalkar, et al., Effect of nano - titanium diox-
ide with different antibiotics against methicillin-resistant Staphylococcus au-
reus, J. Biomater. Nanobiotechnol. 1 (1) (2010) 37-41, doi:10.4236/jbnb.2010.
11005.

Y. Zhang, J. Zhang, W. Chen, et al., Erythrocyte membrane-coated nanogel for
combinatorial antivirulence and responsive antimicrobial delivery against Staphy-
lococcus aureus infection, J. Control. Release 263 (2017) 185-191, doi:10.1016/j.
jeonrel.2017.01.016.

K. Ullah, S.A. Khan, A. Mannan, et al., Enhancing the antibacterial activity of
erythromycin with titanium dioxide nanoparticles against MRSA, Curr. Pharm.
Biotechnol. 21 (10) (2020) 948-954, doi:10.2174/1389201021666200128124
142.

A. Farooq, U.A. Khan, H. Ali, et al., Green chemistry based synthesis of zinc oxide
nanoparticles using plant derivatives of Calotropis gigantea (giant milkweed) and
its biological applications against various bacterial and fungal pathogens, Microor-
ganisms 10 (11) (2022) 2195, doi:10.3390/microorganisms10112195.

R.A. Hamouda, W.E. Yousuf, A.B.A. Mohammed, et al., Comparative study between
zinc oxide nanoparticles synthesis by biogenic and wet chemical methods in vivo
and in vitro against Staphylococcus aureus, Microb. Pathog. 147 (2020) 104384,
doi:10.1016/j.micpath.2020.104384.

307

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

Infectious Medicine 2 (2023) 294-307

M.R. Mihu, V. Cabral, R. Pattabhi, et al., Sustained nitric oxide-releasing nanoparti-
cles interfere with methicillin-resistant Staphylococcus aureus adhesion and biofilm
formation in a rat central venous catheter model, Antimicrob. Agents Chemother.
61 (1) (2016) e02016-e02020, doi:10.1128/AAC.02020-16.

N. Singh, M. Romero, A. Travanut, et al., Dual bioresponsive antibiotic and quo-
rum sensing inhibitor combination nanoparticles for treatment of Pseudomonas
aeruginosa biofilms in vitro and ex vivo, Biomater. Sci. 7 (10) (2019) 4099-4111,
doi:10.1039/c9bm00773c.

M. Raja, A.M. Shanmugaraj, S.H. Ryu, Preparation of template free zinc oxide
nanoparticles using sol-gel chemistry, J. Nanosci. Nanotechnol. 8 (8) (2008) 4224-
4226, do0i:10.1166/jnn.2008.an24.

A. Sajjad, S.H. Bhatti, Z. Ali, et al., Photoinduced fabrication of zinc oxide nanopar-
ticles: transformation of morphological and biological response on light irradiance,
ACS Omega 6 (17) (2021) 11783-11793, doi:10.1021/acsomega.1c01512.

M. Saghalli, S.K. Bidoki, A. Jamali, et al., Sub-minimum inhibitory concentra-
tions of Zinc Oxide Nanoparticles Reduce the Expression of the Staphylococcus
aureus? -Hemolysin, Indian J. Pharm. Sci. 78 (6) (2016) 763-768, doi:10.4172/
pharmaceutical-sciences.1000181.

Y. Duan, D. Wang, S. Wang, et al., Cell membrane-coated nanoparticles and their
biomedical application, in: Y. Yadong, Lu Yu, X. Younan (Eds.), Encyclopedia of
Nanomaterials, first ed, Elsevier, Riverside, USA, 2023, pp. 519-542.

A. Abdelghafar, N. Yousef, M. Askoura, Zinc oxide nanoparticles reduce biofilm
formation, synergize antibiotics action and attenuate Staphylococcus aureus viru-
lence in host; an important message to clinicians, BMC Microbiol. 22 (1) (2022)
244, doi:10.1186/512866-022-02658-z.

M. Pleszczy 1i ska, A. Wiater, M. Janczarek, et al., 1 —3)- a-D-Glucan hydrolases in
dental biofilm prevention and control: a review, Int. J. Biol. Macromol. 79 (2015)
761-778, doi:10.1016/j.ijbiomac.2015.05.052.

A. Shakerimoghaddam, D. Razavi, F. Rahvar, et al., Evaluate the effect of zinc oxide
and silver nanoparticles on biofilm and icaA gene expression in methicillin-resistant
Staphylococcus aureus isolated from burn wound infection, J. Burn Care Res. 41 (6)
(2020) 1253-1259, doi:10.1093/jber/iraa085.

R. Pati, R.K. Mehta, S. Mohanty, et al., Topical application of zinc oxide nanopar-
ticles reduces bacterial skin infection iFn mice and exhibits antibacterial activ-
ity by inducing oxidative stress response and cell membrane disintegration in
macrophages, Nanomedicine 10 (6) (2014) 1195-1208, doi:10.1016/j.nano.2014.
02.012.

H.M. Kemung, L.T.H. Tan, K.Y. Khaw, et al., An optimized anti-adherence and anti-
biofilm assay: case study of zinc oxide nanoparticles versus MRSA biofilm, Prog.
Microbes Mol. Biol. 3 (1) (2020), doi:10.36877/pmmb.a0000091.

M.A. Fanovich, J. Ivanovic, D. Misic, et al., Development of polycaprolactone scaf-
fold with antibacterial activity by an integrated supercritical extraction and impreg-
nation process, J. Supercrit. Fluids 78 (2013) 42-53, doi:10.1016/j.supflu.2013.03.
017.

U. Kadiyala, E.S. Turali-Emre, J.H. Bahng, et al., Unexpected insights into an-
tibacterial activity of zinc oxide nanoparticles against methicillin resistant Staphy-
lococcus aureus (MRSA), Nanoscale 10 (10) (2018) 4927-4939, doi:10.1039/
¢7nr08499d.

J. Li, Q. Zhang, M. Xu, et al., Antimicrobial efficacy and cell adhesion inhibition of
in situ synthesized ZnO nanoparticles/polyvinyl alcohol nanofibrous membranes,
Adv. Condens. Matter Phys. 2016 (2016) 6394124, doi:10.1155/2016/6394124.
D. Hassan, C.A. Omolo, R. Gannimani, et al., Delivery of novel vancomycin
nanoplexes for combating methicillin resistant Staphylococcus aureus (MRSA) in-
fections, Int. J. Pharm. 558 (2019) 143-156, doi:10.1016/j.ijpharm.2019.01.010.
L. Eckhart, H. Fischer, K.B. Barken, et al., DNaselL2 suppresses biofilm forma-
tion by Pseudomonas aeruginosa and Staphylococcus aureus, Br. J. Dermatol. 156 (6)
(2007) 1342-1345, doi:10.1111/j.1365-2133.2007.07886.x.

G. Han, L.R. Martinez, M.R. Mihu, et al., Nitric oxide releasing nanoparticles are
therapeutic for Staphylococcus aureus abscesses in a murine model of infection, PLoS
One 4 (11) (2009) €7804, doi:10.1371/journal.pone.0007804.

A. Ali Yaqoob, H. Ahmad, T. Parveen, et al., Recent advances in metal decorated
nanomaterials and their various biological applications: a review, Front. Chem. 8
(2020) 341, doi:10.3389/fchem.2020.00341.

T.J. MacCormack, R.J. Clark, M.K.M. Dang, et al., Inhibition of enzyme activity
by nanomaterials: potential mechanisms and implications for nanotoxicity testing,
Nanotoxicology 6 (5) (2012) 514-525, doi:10.3109/17435390.2011.587904.

M. Chen, G. Zeng, P. Xu, et al., How do enzymes ‘meet’ nanoparticles and nano-
materials? Trends Biochem. Sci. 42 (11) (2017) 914-930, doi:10.1016/j.tibs.2017.
08.008.

G. Benelli, Mode of action of nanoparticles against insects, Environ. Sci. Pollut. Res.
Int. 25 (13) (2018) 12329-12341, doi:10.1007/s11356-018-1850-4.

B.H. Alshammari, M.M.A. Lashin, M.A. Mahmood, et al., Organic and inorganic
nanomaterials: fabrication, properties and applications, RSC Adv. 13 (20) (2023)
13735-13785, doi:10.1039/D3RA01421E.


https://doi.org/10.1021/acsami.5b01954
https://doi.org/10.2147/IJN.S122357
https://doi.org/10.3389/fphar.2022.1008182
https://doi.org/10.1016/j.matchemphys.2022.125724
https://doi.org/10.1021/acsomega.2c03659
https://doi.org/10.1155/2022/penalty -@M 2663812
https://doi.org/10.1021/ja110833r
https://doi.org/10.1016/j.jphotobiol.2017.02.014
https://doi.org/10.1007/s10930-019-09840-9
https://doi.org/10.1021/ja208427j
https://doi.org/10.1021/acsomega.8b02598
https://doi.org/10.1016/j.jhin.2005.04.001
https://doi.org/10.1186/s11671-020-3283-5
https://doi.org/10.1088/0957-4484/21/6/065102
https://doi.org/10.9734/acsj/2015/10875
https://doi.org/10.1126/sciadv.abe6374
https://doi.org/10.4236/jbnb.2010.penalty -@M 11005
https://doi.org/10.1016/j.jconrel.2017.01.016
https://doi.org/10.2174/1389201021666200128124penalty -@M 142
https://doi.org/10.3390/microorganisms10112195
https://doi.org/10.1016/j.micpath.2020.104384
https://doi.org/10.1128/AAC.02020-16
https://doi.org/10.1039/c9bm00773c
https://doi.org/10.1166/jnn.2008.an24
https://doi.org/10.1021/acsomega.1c01512
https://doi.org/10.4172/pharmaceutical-sciences.1000181
http://refhub.elsevier.com/S2772-431X(23)00061-8/sbref0120
https://doi.org/10.1186/s12866-022-02658-z
https://doi.org/10.1016/j.ijbiomac.2015.05.052
https://doi.org/10.1093/jbcr/iraa085
https://doi.org/10.1016/j.nano.2014.02.012
https://doi.org/10.36877/pmmb.a0000091
https://doi.org/10.1016/j.supflu.2013.03.017
https://doi.org/10.1039/c7nr08499d
https://doi.org/10.1155/2016/6394124
https://doi.org/10.1016/j.ijpharm.2019.01.010
https://doi.org/10.1111/j.1365-2133.2007.07886.x
https://doi.org/10.1371/journal.pone.0007804
https://doi.org/10.3389/fchem.2020.00341
https://doi.org/10.3109/17435390.2011.587904
https://doi.org/10.1016/j.tibs.2017.08.008
https://doi.org/10.1007/s11356-018-1850-4
https://doi.org/10.1039/D3RA01421E

	Metal nanoparticles as inhibitors of enzymes and toxins of multidrug-resistant Staphylococcus aureus
	1 Introduction
	2 Staphylococcal infections
	3 Main virulence factors of S aureus
	4 Multidrug resistance in S aureus
	4.1 Methicillin-resistant S aureus
	4.2 Mechanism of methicillin resistance of S aureus
	4.2.1 Plasmids
	4.2.2 Efflux-mediated antimicrobial resistance
	4.2.3 Modification of the target site
	4.2.4 Mutations of the target site
	4.2.5 Enzymatic alteration of the target site
	4.2.6 Complete replacement or bypass of the target site


	5 Commonly used antibiotics in the control of methicillin-resistant staphylococcal infections and their drawbacks
	5.1 Methicillin
	5.2 Vancomycin
	5.3 Linezolid
	5.4 Daptomycin
	5.5 Clindamycin

	6 Nanoparticles as inhibitors of staphylococcal enzymes and their significance in the control of staphylococcal infections/metallic nanoparticles as inhibitors of staphylococcal toxins and enzymes
	7 Use of nanoparticles in combination with antibiotics
	8 Potential of metal nanoparticles as inhibitors of staphylococcal enzymes and virulence factors
	9 Conclusion
	Funding
	Author contributions
	Acknowledgments
	Declaration of competing interest
	Data available statement
	Ethics statement
	Informed consent
	References


