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Abstract: Antibiotic resistance, and, in a broader perspective, antimicrobial resistance (AMR), con-
tinues to evolve and spread beyond all boundaries. As a result, infectious diseases have become 
more challenging or even impossible to treat, leading to an increase in morbidity and mortality. 
Despite the failure of conventional, traditional antimicrobial therapy, in the past two decades, no 
novel class of antibiotics has been introduced. Consequently, several novel alternative strategies to 
combat these (multi-) drug-resistant infectious microorganisms have been identified. The purpose 
of this review is to gather and consider the strategies that are being applied or proposed as potential 
alternatives to traditional antibiotics. These strategies include combination therapy, techniques that 
target the enzymes or proteins responsible for antimicrobial resistance, resistant bacteria, drug de-
livery systems, physicochemical methods, and unconventional techniques, including the CRISPR-
Cas system. These alternative strategies may have the potential to change the treatment of multi-
drug-resistant pathogens in human clinical settings.  

Keywords: antimicrobial resistance; antibiotic resistance; antibiotic alternatives; enzyme inhibitors; 
antimicrobial peptides; bacteriophages; antimicrobial-resistant enzymes; anti-plasmids; biofilms; 
anti-virulence 
 

1. Introduction  
Multiple antimicrobials have been developed and marketed over many decades with 

one common objective – to treat and cure mild to serious infections. A serendipitous dis-
covery of penicillin in the late 1920s led to the discovery of diverse antimicrobials: includ-
ing multiple advances on the ground-breaking antibiotic penicillin itself. Research has 
also led to new anti-viral drugs for the treatment of previously impossible to treat dis-
eases, including AIDS, amongst others. Similarly, antifungal (also known as anti-mycotic) 
and anti-parasitic agents have emerged as crucial tools to combat infection. 

While these antimicrobials have played a critical role in improving our health and 
life expectancy, their utility has largely been compromised by the emergence of the phe-
nomenon of antimicrobial resistance (AMR) in response to antimicrobials. The major con-
sequence of AMR is that, as antimicrobials lose their efficacy, infections become more dif-
ficult to treat and significantly increase the risk of disease transmission, severe illness, and 
death. Notably, AMR comes in all shapes and sizes. Increasingly, many organisms are 
multi-drug-resistant (MDR) and even more challenging to treat. Of critical concern, 
though, are organisms that are extensively drug-resistant (XDR) and pan-resistant (PDR) 
which are practically impossible to treat with standard therapies. The WHO has officially 
recognized that antibiotics and other antimicrobial medications are becoming increasingly 
ineffective as a result of AMR, and illnesses have become more difficult or even impossible 
to treat [1] The OIE (World Organization for Animal Health) international committee 
unanimously adopted the list of Antimicrobial Agents of Veterinary Importance at its 75th 
general session in May 2007 [2]. 

AMR has significant effects in terms of pharmaco-economic burdens. For example, 
the Infectious Disease Society of America (IDSA) published a study that reported the 
costly burden of AMR among the U.S Medicare population, which showed that, in 2017, 
infections caused by bacteria resistant to various antibiotics cost the US $1.9 billion in 
health care costs, 400,000 days in the hospital, and caused 10,000 deaths among the elderly 
[3]. This was preceded by the 2014 UK Review on Antimicrobial Resistance chaired by 
Lord Jim O’Neill that revealed 700,000 annual deaths from resistant infections, expected 
to rise to 10 million annual deaths at a total cost of $100 trillion in economic output by 
2050 if we do not find proactive solutions to prevent the rise in drug resistance [4]. In a 
first-ever first comprehensive assessment of the global burden of AMR based on the sta-
tistical analysis of the available data in 2019 from 204 countries, it was estimated that AMR 
contributes to 1.27 million deaths among the 4.95 million deaths associated with bacterial 
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AMR. The AMR deaths due to resistance were predicted to be the highest in sub-Saharan 
Africa and lowest in Australasia. Furthermore, it was predicted that methicillin-resistant 
Staphylococcus aureus (MRSA) was responsible for half a million deaths, while the six path-
ogens Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, Streptococcus pneumoniae, 
Acinetobacter baumannii, and Pseudomonas aeruginosa were attributed to between 50 000 and 
100 000 deaths [5]. 

AMR has no real boundaries and has silently evolved into a global public health issue 
that threatens populations from high, medium, and low-risk countries. The environment, 
food production, poverty, health security, and the achievement of the UN’s Sustainable 
Development Goals (SDGs) will all be affected, emphasizing the need for a multisectoral 
One Health strategy for curbing AMR [6]. The increased frequencies of AMR, especially 
among clinically significant ESKAPEE pathogens (Enterococcus species, Staphylococcus au-
reus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter 
species, and Escherichia coli), has put tremendous pressure on the healthcare, veterinary, 
and agriculture industries, making it one of the world’s most urgent public health con-
cerns [7,8]. Further, in a ‘One Health’ context, the consequences of the spread of AMR 
bacteria from food animals may have a profound impact on both animal health and public 
health [9]. Considering the global health impact of AMR bacteria and the need for new 
antibiotics, new strategies are being implemented to protect and treat MDR, XDR, and 
PDR infections as even so-called ‘antibiotics of last resort’ are becoming ineffective in clin-
ical settings [10].  

This review is to comprehensively highlight various alternative strategies (Figure 1) 
in the following categories:  
(1) targeting antimicrobial-resistant enzymes;  
(2) targeting antimicrobial-resistant bacteria;  
(3) drug delivery systems;  
(4) physiochemical methods; and  
(5) unconventional strategies.  

 
Figure 1. Categories of alternative strategies to combat antimicrobial resistance. 

2. Historical Perspectives 
Antimicrobial medications have revolutionized not just the treatment of infectious 

diseases but also the human life span. Many of these developments are highlighted in 
Figure 2. Salvarsan, a syphilis treatment developed by Ehrlich in 1910 [11], was among 
the world's first early antimicrobial agents. However, perhaps the best-known antibiotic 
is penicillin, discovered by Alexander Fleming in 1928, followed by Domagk and other 
researchers, who synthesized sulfonamides in 1935. Nevertheless, the sulfonamides had 
some notable safety and efficacy limitations. During the next two decades, a variety of 
new classes of antimicrobial agents were developed, leading to the so-called ‘golden age 
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of antimicrobial chemo-therapy’. Some examples include streptomycin, an aminoglyco-
side antibiotic, which was isolated in 1944 from a soil bacterium called Streptomyces 
griseus. Other soil microorganisms yielded chloramphenicol, rifampicin, tetracyclines, 
macrolides, and glycopeptides (such as vancomycin and, later, teicoplanin). In 1962, the 
antibacterial agent nalidixic acid, a quinolone antimicrobial, was developed, followed by 
the cephalosporins that were discovered in the 1960s and rapidly became popular with 
clinicians. Since then, antimicrobial agents have continued to improve with respect to in-
trinsic efficacy and spectrum of activity. A very good example of this is the carbapenem 
class, which was designed to possess broad spectrum antibacterial activity, including 
against pathogens that exhibited resistance to other classes of antibiotics at that time [12]. 

Though numerous companies originally competed in the development of newer an-
timicrobial agents, the number of novel antimicrobials has been steadily declining in re-
cent years, with only a few antimicrobial agents of new classes becoming accessible. At 
the beginning of the 1980s, several companies lost interest in the development of antimi-
crobial agents as they did not guarantee continuous market expansion and profits [13]. 
When coupled with increasingly widespread global AMR, the situation ensured that non-
traditional strategies became potentially attractive as new therapeutic avenues. In contrast 
to past decades, the majority of the companies now involved in antimicrobial agent de-
velopment are small- to medium-size pharmaceutical companies. The positive news is 
that multiple alternative strategies, such as anti-virulence strategies, microbiome-modify-
ing strategies, immunomodulators, modified phages, and probiotics, are now being pur-
sued. It should be noted that phage therapy dates back many decades in Europe, with 
bacteriophages used in Russia for treating soldiers who had dysentery or gangrene in the 
1940s [14]. 

 
Figure 2. Timeline of eight decades of antimicrobials discovery alongside AMR emergence. MDR: 
multi-drug-resistant, XDR: extensively-drug-resistant, and PDR: pan-drug-resistant. 

3. Conventional Antibiotics to Combination Therapy 
3.1. Antibiotics Groups and Their Mode of Action  

As listed in Table 1, antibiotics are classified into groups based on their class of mol-
ecules and targets/primary mode of action; antimicrobial targets include cell membranes, 
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cell walls, protein synthesis, DNA or RNA synthesis, and biological metabolic compound 
synthesis.  

Table 1. Antibiotics class and mode of action. 

Antibiotic Class Mechanism of Action References 
Beta lactams: carbapenems, cephalosporins, 

monobactam, penicillin, glycopeptides 
Inhibit cell wall synthesis [15] 

Lipopeptides  Depolarize cell membrane [16] 

Aminoglycosides, tetracyclines 
Chloramphenicol, macrolides 

Inhibit protein synthesis by 
binding to 30S ribosomal 

unit and 50S ribosomal unit 
[17,18] 

Quinolones  Inhibit nucleic acid synthesis [19] 
Sulfonamides, trimethoprim Inhibit metabolic pathways [20] 

3.2. Understanding AMR Mechanisms and the Use of Inhibitors 
Increasing global antibiotic resistance in bacteria is driven by a variety of mecha-

nisms, both ancestrally intrinsic to a pathogen’s biology or by emerging mechanisms, trig-
gered by the steadily growing selective pressure exerted by the overuse and misuse of 
antibiotics in the human, veterinary, and agricultural sectors.  

At least four mechanisms of bacterial antimicrobial resistance (Figure 3) have been 
well defined: 
(1) Enzymatic degradation of antibiotics, e.g., bacterial synthesis of β-lactamases that de-

grade the β-lactam class of antibiotics;  
(2) Modification of the antibiotic target, i.e., the target becomes modified so that the an-

tibiotic is no longer able to bind to its site of action;  
(3) Control of drug entry through mutations in bacterial cell wall porin molecules and 

membrane modifications; and  
(4) Activation of efflux pump systems that are able to pump antibiotics out of the cell 

before antibiotic–target interactions take place. 
Understanding the mechanisms of antibiotic resistance has helped in the develop-

ment and use of several resistance mechanism inhibitors, such as:  

(a) AMR gene silencers, which silence the AMR genes, e.g.: CRISPR-Cas system  
(b) Ribosomal inhibitors, which bind with ribosomal subunits and alter the pro-

tein production so that the bacteria cannot fight by proteins; and  
(c) efflux pump inhibitors.  
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Figure 3. Classes of antibiotics, mode of action, and inhibitors. 

3.3. Combination Therapy  
Antibiotic combination therapy entails prescribing two or more antibiotics simulta-

neously, with the goal of obtaining synergistic activity that may be more beneficial for the 
treatment of patients. The term ‘antibiotic synergy’ is defined as the enhanced effect of 
one antibiotic with another when combined at the optimal ratio [21]. Different combina-
tions exist (for example, antibiotic + antibiotic or antibiotic + biocide, antibiotic + small 
molecule and antibiotic + enzyme inhibitor). We need to bear in mind that, for several 
decades, this combination principle has been tested to find a combination that is translated 
from in vitro to in vivo and finally into clinical combination. Not many have succeeded, 
although a few have, especially among the β-lactam with β-lactamase inhibitor combina-
tion, and an aminoglycoside combination. 

3.3.1. Antibiotic Combinations 
Traditionally, there are several antibiotic combinations that have been used to com-

bat MDR infections. In particular, the broad spectrum and synergy of β-lactam antibiotics 
allows them to synergistically combine with several other groups of antibiotics. For exam-
ple, the use of a β-lactam antibiotic in combination with an aminoglycoside antibiotic is a 
well-studied combination, being widely used for the treatment of various Gram-negative 
bacterial infections [22]. Essentially, the impairment of peptidoglycan synthesis by β-lac-
tam antibiotics potentiates aminoglycosides by rapidly increasing their intracellular con-
centration in the bacterial cell [23,24]. Other commonly used clinical antibiotic combina-
tions include β-lactam/fluoroquinolone and β-lactam/tetracycline combinations. The ami-
noglycoside antibiotic amikacin also displayed synergy when combined with colistin, but 
its therapeutic benefits in treating clinical infections are challenging due to excessive renal 
toxicity [25]. On the other hand, certain combinations of antibiotics have long been be-
lieved to be more effective than using a single antibiotic; however, the real effectiveness 
of those antibiotics’ combinations is not clear as the resistance mechanisms continue to 
evolve [22,26]. Therefore, the effectiveness of those antibiotics pairs or any emerging 
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alternative strategy in multi-drug environments should be continuously assessed to com-
bat AMR [27].  

3.3.2. Antibiotic Combination with β-Lactamase Inhibitors 
For β-lactam antibiotic-resistant infections, the combination of β-lactamase inhibitors 

(such as sulbactam, clavulanic acid, and tazobactam) with β-lactam antibiotics helps re-
store the action of β-lactam antibiotics. This specific type of combination is referred to as 
a β-lactam/β-lactamase inhibitor (BLBLI) combination. In recent years, new Bis, such as 
avibactam, relebactam, taniboractam, tazobactam, vaborbactam, enmetazobactam, and 
zidebactam, have been used to optimize antibiotic therapy for resistance to the newer β-
lactam antibiotics (carbapenem resistance), or as carbapenem-sparing antibiotic combina-
tions [28]. For example, the aztreonam–avibactam combination is currently effective 
against NDM (New Delhi metallo-beta-lactamase), VIM (Verona Integron-encoded 
metallo-β-lactamase), and IMP-producing bacteria (inactivate imipenem) and is used in 
clinical settings to treat carbapenem-resistant Enterobacteriaceae (recently renamed as En-
terobacterales). In contrast to avibactam, aztreonam is resistant to the action of metallo-β-
lactamases (because the prevalence of carbapenem antibiotic-degrading metallo-β-lac-
tamases is high)[29]. Similarly, fourth generation broad-spectrum cephalosporins, such as 
cefepime’s activity, is restored in combination with enmetazobactam[30]. 

During the last ten years, resistance in ESKAPE pathogens has increased exponen-
tially worldwide, and PDR has become widespread in clinical settings [31]. Several anti-
biotic combinations have been studied for treating PDR infections as there are few remain-
ing ‘drugs of last resort’. Studies have reported the improved treatment efficacy of colistin 
(a drug of last resort) in combination with rifampicin or meropenem or tigecycline [32].  

3.3.3. Combination of Antibiotics with Biocides 
Combination of antibiotics with biocides (disinfectants, antiseptics, and preserva-

tives), although theoretically effective, has received little interest [33]. In a study to inves-
tigate the effect of combining antibiotics and biocides using three antibiotics and seven 
biocides having different modes of action tested against P. aeruginosa, the results demon-
strated different combinations of effects varying between synergism and antagonism[34]. 
Future research should explore the potential evolutionary consequences of the physiolog-
ical interaction between antibiotics and biocides as these combinations showed broad po-
tential for countering AMR using existing agents. 

4. Strategies Targeting Antimicrobial-Resistant Enzymes 
4.1. Enzyme Inhibitors 

Enzyme inhibitors are low sub-atomic weight synthetic particles that can diminish or 
completely inhibit enzyme catalytic activity either irreversibly or reversibly. This is exem-
plified by the inhibitors of monoamine oxidases (MAO) and the cholinesterases (ChE), 
which are used for several pharmacological purposes [35]. Enzymes remain ideal targets 
for therapeutic drugs as modifying the chemical action of an enzyme has a proven positive 
impact on the course of disease. Indeed, 47% of all the current medications inhibit enzyme 
targets, even with the increase in the use of medications for receptors to adjust signals 
from outside the cell [35]. 

Several antibiotics inhibit enzymes, and correspondingly, many bacterial enzymes 
play a key role in the development of resistance to these antibiotics. Many antibiotics are 
developed to target enzymes, and the development of resistance occurs when there are 
structural changes in those target enzymes or enzymatic modifications in the elements 
affected by antibiotics. The enzymes that usually serve as targets for antibiotics include 
enzymes involved in cell wall synthesis, nucleic acid replication, and metabolites. For ex-
ample, penicillin binding proteins (PBPs) are components of bacterial cell walls that play 
a major role in the synthesis of peptidoglycan (major constituent of bacterial cell walls). 



Antibiotics 2022, 11, 200 8 of 39 
 

PBPs catalyze transglycosilation and transpeptidase reactions, which leads to elongation 
and crosslinking of respective peptide chains. PBPs are major targets for most of the anti-
biotics currently used today. These antibiotics act as competitive inhibitors of PBPs and 
disrupt the synthesis of the bacterial cell wall [36]. Another example of bacterial targets is 
the type II topoisomerases (DNA gyrase and topoisomerase IV), enzymes that regulate 
the supercoiling of DNA during replication and transcription. These enzymes serve as 
targets for antibiotics that are derivatives of quinolones, which bind covalently to the ac-
tive sites of these enzymes and inhibit replication and transcription [19,36]. 

A traditional example of a β -lactamase inhibitor is clavulanic acid, a semi-synthetic 
molecule commonly administered in combination with β-lactam antibiotics to inactivate 
β -lactamases involved in the degradation of β -lactam antibiotics. The molecule contains 
a β -lactam ring and is a ‘suicide’ inhibitor of β-lactamases. More recently, several other 
molecules with inhibitory activity against enzymes that confer antimicrobial-resistant ac-
tivity have been evaluated as promising natural or recombinant weapons in the fight 
against clinically relevant antibiotic-resistant pathogens [15,37].  

4.2. Medicinal Plants and Phytochemicals  
Plants have evolved unique mechanisms to protect themselves from microorganisms 

via natural phytochemicals (secondary metabolites) found in seeds, roots, leaves, stems, 
flowers, and fruits [38–42]. Further, plants synthesize many structurally different chemi-
cals that possess a specific role in their response to microbial attack [41,43,44]. Therefore, 
the potential efficacy of plant-derived compounds as drug candidates has attracted the 
attention of the pharmaceutical and scientific communities, who have evaluated many 
diverse plant extracts and oils as potential antibacterial and antibiotic resistance-modify-
ing agents [38–40]. The screening programs implemented for such novel drug discovery 
include random, computational, and ethnopharmacological approaches [42]. 

The medically important plant-derived substances (PDSs) that exert the strongest an-
timicrobial activity include alkaloids, organosulfur, phenolic compounds, coumarin, and 
terpenes [43,44]. The in vitro antibacterial activity of PDSs has been shown against a broad 
range of bacteria, including MDR [41,45–56], with the mechanisms of action including: (i) 
inhibition of bacterial cell wall synthesis, (ii) inhibition of bacterial physiology, (iii) mod-
ulation of antibiotic susceptibility, (iv) biofilm inhibition, (v) attenuation of bacterial vir-
ulence, and (vi) inhibition of efflux pumps [44]. For example, alkaloids and phenolic com-
pounds have an inhibitory effect on the efflux pumps of E.coli [57,58], Staphylococcus aureus 
(S. aureus) [59–66], and methicillin-resistant S. aureus (MRSA) [67–69]. Alkaloids also in-
hibit cell division, protein synthesis, and DNA in E.coli [70] and the inhibition of ATP 
synthase in Listeria, Bacillus, and Staphylococcus spp. [71]. Phenolic compounds inhibit β-
ketoacyl acyl carrier protein synthase (KAS) III, a key catalyst in bacterial fatty acid bio-
synthesis, with MIC values of Enterococcus faecalis in the range of 128 to 512 μg/mL [72]. 
The antibacterial mode of action of organosulfur compounds includes the inhibition of 
sulfhydryl-dependent enzymes, ATP synthase, DNA, and protein synthesis and the de-
struction of the bacterial membrane of Escherichia coli, Staphylococcus epidermidis, Pseudo-
monas aeruginosa, Streptococcus agalactiae, and Campylobacter jejuni [62,73,74]. Coumarin in-
hibits DNA gyrase of Staphylococcus aureus [75–77], Methicillin-resistant Staphylococcus au-
reus (MRSA) [78], E. coli [77], P. aeruginosa [77], and Helicobacter pylori [75], and terpenes 
lead to cell membrane disturbance of S. aureus, P. aeruginosa, E.coli, and H. pylori [79,80]. 
Additionally, the efficiency and efficacy of the antibiotic ceftiofur against important mas-
titis-causing bacteria in bovines was reported to be enhanced in combination with phyto-
chemical phosphorylcholine[81]. PDSs have demonstrated a potent antimicrobial activity, 
either alone or when combined with antibiotics, and have promising potential in the de-
velopment of novel drugs to fight AMR [44]. Finally, the use of phytochemical products 
with proven antimicrobial properties may be a viable alternative to the use of antibiotic-
based growth promoters as feed additives in livestock and poultry farming [82].  
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4.3. Small Molecules-Improved Chemical Entities (ICE)   
Natural products and their semi-synthetic derivatives, for example, β- lactam antibi-

otics, aminoglycosides, tetracyclines, and macrolides, are the mainstays of the current an-
tibiotic therapies. However, the effectiveness of these antibiotics is now threatened by the 
global spread of multi-drug-resistant pathogens [83–85]. Fortunately, advances in ge-
nomics and innovative technologies offer the possibility of re-examining discarded chem-
ical scaffolds, revitalizing natural product programs, and ultimately finding new leads 
[84,85]. Newer direct-acting small molecules may be generated as improved derivatives 
of older antibiotics or new chemicals with new targets and novel mechanisms of action 
[83,86]. The newer small molecules include three groups comprising (i) synthetic and nat-
ural antimicrobial peptides (AMPs), (ii) natural chemicals, and (iii) inhibitors, such as 
LpxC and LpxA [83,87].  

Antimicrobial peptides (AMPs) are a naturally abundant and diverse group of anti-
bacterial agents [88–90]. These direct-acting small molecules have broad-spectrum activ-
ity, a rapid and sustained bactericidal effect, and are highly selective [90]. Their limitations 
are related to their short plasma half-life due to proteolytic degradation and issues with 
toxicity [90,91]. Antimicrobial peptidomimetic compounds, for example, α-peptoids, 
mimic the structure and biological activity of natural AMPs [90] yet offer the advantage 
of overcoming some of the functional issues associated with natural AMPs, such as stabil-
ity in the presence of biological matrices [91,92].  

Inhibitors targeting essential enzymes may be of use; for example, LpxC is an enzyme 
of lipid A biosynthesis in Gram-negative bacteria and a promising target for developing 
antibiotics that selectively target Gram-negative pathogens [92]. In the mid-1990s, a clini-
cal candidate exhibiting LpxC inhibitory activity and low MIC values against a wide range 
of Gram-negative bacteria failed in phase 1 human clinical trial due to the toxicity of the 
product [83,85]. A growing body of knowledge and experience may help overcome some 
of the current hurdles, such as undesired effects caused by the common structural ele-
ments of enzyme inhibitors [85].  

Most of the direct-acting new molecules now studied target Gram-negative bacteria, 
such as Enterobacterales and non-fermenters, and few broadly target both Gram-negative 
and Gram-positive bacteria [83]. More push and pull incentives are needed to revitalize 
the clinical pipeline and find novel therapies [83,85]. 

Besides, recent studies highlight the role of small molecules from mixed microbial 
communities in hampering the effects of the antibiotics and/or rescuing antibiotic mole-
cules from degradation [93–98].  

4.4. Essential oils  
‘’Essential oils” (EOs) are mixtures of volatile chemical compounds synthesized from 

different plant parts during secondary metabolism [99–101]. The term ‘essential oil’ was 
first used by Paracelsus von Hohenheim, a medieval Swiss physician [102]. EOs include 
terpenes, aldehydes, phenolic, terpenoids, and other aromatic constituents that have 
demonstrated antimicrobial activities [99–101,103–114]. EOs mainly contribute to the dis-
ruption of the bacterial cell membrane and inhibition of the efflux pump responsible for 
certain AMR in Gram-negative bacteria [100,105,114–117]. Other documented modes of 
action include inhibition of the peptidoglycan layer synthesis of bacterial cell walls by 
binding to PBPs for Gram-positive bacteria [105,114–117]. Recent advances in genomics 
and proteomics demonstrated the ability of EOs to inhibit biofilm formation and quorum 
sensing (QS) production and increase the expression of oxidative stress proteins [100] 
[105]. Eos, either alone, in combination, or associated with other antibiotics, demonstrated 
effective antibacterial activity against different pathogens, including MDR bacteria 
[100,105,118]. More in-depth studies are necessary to discover and identify novel EO com-
pounds that may one day be used in clinical practice [100,103]. EOs that have been exten-
sively studied include cinnamon bark [119–123], lavender [107,124,125], peppermint 
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[126,127], and tea tree oil [128–131]. Other studied EOs include, but are not limited to, 
eucalyptus, black pepper, lemongrass, and palmarosa [100,104,132]. Furthermore, the use 
of antibiotics as growth promoters in livestock/aquaculture production seems necessary 
in today’s world. Under these circumstances, EOs are ‘green’ and promising as alterna-
tives to the current antibiotic growth promoters used by livestock/aquaculture farmers 
[133,134]. It has also been documented that EOs exhibit food preservation properties, and 
various EOs have been tried as food preservatives to prolong the shelf life of meat, meat 
products, dairy products, vegetables, and fruits [135]. Coupling EOs with nanoparticle 
technology could potentially facilitate a promising improvement in the chemical stability 
and solubility of EOs [136]. Nanotechnology potentially allows the delivery of nano-en-
capsulated EOs to the target site, thereby minimizing toxicity while maximizing EO effi-
ciency. An appreciation of the interplay between the components of crude EOs, the dis-
covery of novel compounds, and the clinical approval of EOs as antimicrobial agents is 
increasingly gaining importance [100,103].  

It is worthwhile to highlight the demonstration of the bacteria developing resistance 
and tolerance towards EOs; however, cross-resistance to antibiotics was not reported 
[137]. Treatment of P. aeruginosa infection with a sub-inhibitory concentration of cinnamon 
bark oil or cinnamaldehyde as an adjunctive therapy may potentially induce expression 
of efflux pumps, and this needs further investigation to ascertain the use of EOs with any 
antagonistic effects [138]. 

4.5. RNA Silencing 
A strategy that also has the potential to generate novel antimicrobials is RNA silenc-

ing. RNA silencing is naturally found in bacteria, was first described in 1985, and is now 
known to be associated with the regulation of many genes. The mechanism involves cis 
and trans sequences that are complementary to regulatory regions on a single m-RNA 
(antisense sequence) and which, upon binding, can reversibly block translation. Cis anti-
sense sequences can be found near regulatory regions on a single RNA or may be tran-
scribed from the complementary strand at the same genetic locus. Trans sequences are 
transcribed from a distant genetic locus and form most of the natural antisense sequence. 
Synthetic antisense sequences can potentially be developed to repress the translation of 
enzymes that enable bacteria to resist antibiotics. RNA silencing is applied in the discov-
ery of new antimicrobial compounds, determination of the stringency requirement for 
those targets, development of highly sensitized antimicrobial screens, and mode of action 
[139].  

RNA silencing may also be applied in the development of antibacterial screening. 
This enables genes of target interest to be knocked down. For example, 250,000 natural 
products for FabF/FabH inhibitors (which prevent bacterial fatty acid biosynthesis path-
way) were screened by Merck Research Laboratories using an S. aureus strain expressing 
antisense RNA to fabF. RNA silencing can also be applied in detecting the mode of action 
of novel antibiotics; for example, RNA silencing was used in the discovery of antimicro-
bial agents involving novel enoyl–acyl carrier protein reductase (Fabl) inhibitors [139]. 

4.6. CRISPR-Cas System 
CRISPR-Cas (clustered regularly interspersed short palindromic repeats-CRISPR as-

sociated protein) is a bacterial adaptive immune system that uses DNA-encoded, RNA-
mediated, or DNA-targeting processes to counter the invasion of bacteria by foreign ge-
netic material and mobile genetic elements, such as plasmids and phages [140–142]. 
CRISPR-Cas are genomic engineering tools offering promising new leads as programma-
ble sequence-specific antimicrobials [140,143]. These gene-editing tools can target quanti-
tatively, specifically, and selectively bacterial genomes to reduce or eliminate antibiotic 
resistance and create new opportunities to treat MDR infections [140–144]. CRISPR-Cas 
systems can discriminate between pathogenic and commensal bacteria and are potentially 
capable of selectively removing AMR genes from bacterial populations and bacterial 
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virulence factors, or sensitizing bacteria to an antibiotic by eliminating plasmids harbor-
ing antibiotic resistance genes [143,145].  

Within all Cas proteins, the ones used that show the most promise for AMR include 
(i) CRISPR-Cas9, an RNA-guided-DNA cleavage, (ii) dCas9, (iii) nSpCas9:rAPOBEC1, 
and (iv) Cas13a [146]. CRISPR-Cas offers new potential with respect to AMR [140–151]. 
Further studies are needed to address the limitations while focusing on in vivo experi-
ments [145], such as (1) the delivery issues addressed by the use of phage-delivery and 
phagemids, conjugative plasmids, to polymeric nanoparticles; (2) the side effects of po-
tential off-target modifications in the host’s genome [145,152–155]. 

5. Strategies Targeting Antimicrobial-Resistant Bacteria 
5.1. Lantibiotics and Bacteriocins 

The term “lantibiotic” designates gene-encoded peptides that contain unusual amino 
acids, including the thioether amino acids lanthionine (Lan) and/or methyllanthionine 
(MeLan), which are formed by post-translational modification and consequently intro-
duce intramolecular cyclic structures in the peptide needed for the specific exporters and 
for posttranslational modification [156]. Many lantibiotics have been discovered over re-
cent years, and descriptions of different lantibiotics have been published. Notably, all of 
these substances are produced specifically by Gram-positive bacteria and exert their in-
hibitory action mainly against this group [156,157]. For the purposes of this publication, 
it is worth mentioning that the majority of lantibiotics possess some kind of antimicrobial 
activity, and the designation “lantibiotic” was derived from the term “lanthionine con-
taining antibiotic”. 

Lantibiotics can be grouped into type-A and type-B peptides. In general, type-A lan-
tibiotics are elongated, cationic peptides consisting of up to 34 residues in length that show 
similarities in the arrangement of their Lan bridges [158]. These peptides primarily act by 
disrupting the membrane integrity of target organisms and include nisin, subtilin, and 
epidermin. Type-B peptides are globular, up to 19 residues in length, and act through 
disruption of enzyme function, e.g., inhibition of cell wall biosynthesis. The duramycins 
produced by Streptomyces species, mersacidin and actagardine, are examples of type-B 
peptides. However, a number of lantibiotics do not fall into either category, suggesting 
that lantibiotic classification will undoubtedly become more complex as more compounds 
are discovered [158]. 

Bacteriocins, a type-A lantibiotic, are proteinaceous or peptidic toxins produced by 
bacteria. These molecules are able to kill or inhibit closely related bacterial strains or un-
related bacteria but will not harm the original bacteria through specific immunity pro-
teins. Importantly, bacteriocins have a large diversity of structure and function, and are 
notably stable to heat [159]. Bacteriocins emerged through extensive pharmaceutical drug 
discovery efforts and have become an important addition to the current armamentarium 
of agents that can be used in the future to treat serious bacterial infections [160]. Bacteri-
ocins attracted significant interest due to their wide-ranging properties as antimicrobial 
specialist agents against a variety of organisms, including various bacterial, parasitic, and 
viral species, and notably also against more complex systems, such as bacterial biofilms 
[161]. These ribosomally produced peptides are secreted by microbes living in a highly 
complex polymicrobial climate and are utilized to inhibit neighboring bacterial species, 
especially closely related species. The variety of distinctive bacteriocins generated by mi-
croorganisms means that these toxins possess an expansive range of action. A considera-
ble number of diverse bacteriocins have been identified, and there remains scope for the 
identification of many more bacteriotoxins. Furthermore, bacteriocins are also useful 
against microbes that generate anti-toxin mechanisms [162]. The diversity of bacteriotox-
ins permits a wide scope of biotechnological and drug applications. One of the main areas 
affected by the use of bacteriocins is the agro-food industry.  

5.2. Antimicrobial Peptides (AMP)—Including AMP + Antibiotics Combination  
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Among the different strategies to develop novel and effective antibiotics are AMPs, 
used either alone or in combination with traditional antibiotics [163–168]. AMPs found in 
nature range between 10 and 50 amino acids, possess an overall cationic charge, and are 
amphipathic in nature, featuring a similar or even improved antimicrobial activity com-
pared with traditional antibiotics [169,170]. AMPs are ubiquitous and are found in nature 
in various environments. Typically, AMPs have a role as components of the innate im-
mune system of many terrestrial and/or aquatic organisms. AMPs of bacterial origin are, 
in natural conditions, part of the bacterial cell protection system, facilitating protection 
from toxic invasions (e.g., bacteriophages, exogenous molecules). This process affects in-
flammation and enhances pathogen killing [171]. Moreover, bacterial AMPs warrant 
“space” to the producing bacteria in the context of complex microbial communities that 
harbor the same ecological niches [95,172–175]. AMPs can target a variety of bacteria, both 
Gram-positive and Gram-negative, through the common mechanisms of traditional anti-
biotics [94,170,175,176]. Once AMPs have penetrated the bacterial cell wall, they exert fur-
ther antimicrobial activity by targeting protein biosynthesis, nucleic acids, and/or impair-
ing the cell wall and membrane production [177]  

Extensive research on AMPs has already led to the production of so-called “de-
signer”-like molecules, i.e., synthetic peptides produced by exploitation of knowledge re-
garding naturally occurring AMPs. In this case, different portions of well-known AMPs 
are assembled to design tailored AMPs containing unique and desired features 
[90,170,178,179]. Unfortunately, however, native AMPs used in clinical practice (in human 
and veterinary fields) suffer from an important drawback associated with their ease of 
degradation by proteolytic enzymes and the acidic gastric environment. Therefore, topical 
or subdermal administration is favored, although this is not an efficient delivery of the 
molecules at the systemic level. To overcome these issues, a variety of approaches to im-
prove AMP stability are being evaluated, such as the production of constrained AMPs, 
cyclotides, hybrid AMPs, AMP conjugates, AMP mimetics, and immobilized AMPs [180]. 
Among these, the conjugation of AMPs with traditional antibiotics is generating promis-
ing results via the potential synergistic combination of two compounds, enabling effective 
targeting and killing of several pathogenic-resistant bacteria [181,182]. For example, the 
conjugation of AMP magainin with vancomycin showed very exciting results against van-
comycin-resistant Enterococci [183]. Similar results have been obtained by coupling cati-
onic antimicrobial peptide ubiquicidin with chloramphenicol via a glutaraldehyde linker, 
showing enhanced activity of the antibiotic against E. coli and S. aureus and a reduced 
toxicity against human cells [184]. Interestingly, encouraging results have also been ob-
tained by coupling AMPs with antibiotics with the goal of enhancing in situ drug delivery, 
thereby improving drug specificity and reduced toxicity [185]. This is dependent on the 
primary mechanism of action of AMPs on bacterial external wall structures. AMPs act 
more effectively in synergy with antibiotics than when used individually since they are 
unable to penetrate the microbial cell when the resistance mechanism of the antibiotic re-
lates to membrane modification. Being able to overcome this barrier, AMPs may be able 
to return activity to antibiotics that were previously rendered ineffective [165].  

Nanotechnology-based drug delivery methods (nanocarriers) are a recent innovation 
that may evolve into a powerful strategy for the efficacious delivery of AMPs. AMP de-
livery via nanocarriers could be advantageous by protecting peptides against extracellular 
degradation by proteases and other peptide-hydrolyzing environments. Targeted 
nanocarriers could also assist in target selectivity and improved drug pharmacokinetic 
profiles. There are several types of drug delivery systems, such as liposomes, micelles, 
polymeric nanoparticles, and dendrimers [186,187]. 

Apart from stability issues and efficacious delivery of AMPs, toxicity is yet another 
hurdle to this approach. Most AMPs fail preclinical studies due to high in vivo toxicity. 
Murepavadin (POL7080), a cyclic protegrin analogue, is an example of a cyclic peptide 
with promising activity against P. aeruginosa, which was discontinued in a phase III study 
for the treatment of P. aeruginosa ventilator-associated bacterial pneumonia due to 
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nephrotoxicity and a setback to preclinical studies [165,188,189]. Currently, as of Decem-
ber 2021, another clinical trial is running to evaluate and develop a novel pharmaceutical 
formulation based on murepavadin for inhalatory use to treat cystic fibrosis patients af-
fected by Pseudomonas spp infections. [190]. Despite having promising antimicrobial ac-
tivity against key human pathogens where the medical need is high, AMPs in clinical trials 
usually end up being investigated as topical agents due to their instability and toxicity 
issues, besides the non-favorable pharmacokinetics [191]. 

5.3. Insect Derived Enzymes and AMPs 
Many insects produce complex and various families of enzymes both as survival and 

defense mechanisms. The diversity of insects is enormous, and there is growing evidence 
that the natural system of insects is particularly dynamic. AMPs produced by insects are 
smaller in size and contain cationic groups. Fundamentally, four groups of AMPs are 
found in insects based on their structure and amino acid composition. They include pro-
line-rich peptides (e.g., drosocin, apidaecin, and lebocin), α-helical peptides (e.g., moricin 
and cecropin), cysteine rich peptides (e.g., defensin and drosomycin), and glycine-rich 
proteins (e.g., attacin and gloverin) [192]. The major components of innate immunity of 
insects are cysteine-rich peptides, which are known for their ability to inhibit biofilm for-
mation [193]. Overall, the interaction of peptide and membrane directly promotes antibi-
ofilm/antibacterial activity. It is now well evident that the main immune effector mole-
cules of insects are AMPs. At the same time, due to the conserved biological evolution, 
bioactive molecules and signaling pathways within the natural system of insects exhibit 
distinctly more similarity with vertebrates, including humans. Researchers worldwide are 
in search of novel bioactive molecules with novel mechanisms of action as antimicrobials. 
Moreover, AMPs may well act synergistically with classical antibiotics for combating var-
ious infections. Several factors such as sequence, the charge, the helicity, the amphipathi-
city, and the overall hydrophobicity of AMPs, are crucial in considering them as effective 
antimicrobial agents [193,194]. 

5.4. Nanoparticle Based Strategies 
Nanoparticles (NPs) are particles whose sizes lie in the range of 1 to 100 nm [195]. 

NPs are increasingly used as inhibitors of bacterial growth in applications such as coatings 
for implantable devices / medical materials and the delivery of antibiotics. They may also 
be used directly as antibacterial agents [196]. Some bulk metals are known to have anti-
bacterial activity against Gram-positive and Gram-negative bacteria; however, there are 
other metals that are only active in the NP form [197]. 

The exact mechanism of action through which NPs exert their antimicrobial activity 
is not yet fully understood, but three processes have been proposed to occur simultane-
ously. These include oxidative stress, metal ion release, and non-oxidative mechanisms 
[196,198]. Specifically, these processes result in: (1) the disintegration of the bacterial outer 
membrane and/or general cell wall damage, (2) the interaction between intra- and extra-
cellular components and ions from the NPs, (3) the production via photocatalysis of reac-
tive oxygen species that damage bacterial structures, (4) the inhibition of DNA synthesis, 
(5) the inhibition of enzyme activity, and (6) the interruption of energy transduction [199].  

The mechanisms through which metallic NPs exert their actions directly depend on 
their physical characteristics. Depending on their size, NPs can inhibit bacterial growth 
through bacterial membrane disruption and affect biofilm formation, with small NPs usu-
ally showing potent antimicrobial and antibiofilm activity (e.g., Ag, ZnO, Mg, and NO). 
Shape also influences activity, with rod-shaped particles inhibiting biofilms better than 
spherical shaped NPs [200]. The particle characteristics and intrinsic factors, such as size, 
zeta potential, charge, morphology of the surface, and crystal structure, are responsible 
for the antimicrobial activity of NPs [196]. 

Several studies have indicated that the relationship between NPs and the external 
cell wall structures of bacteria are key in the mechanism of action of NPs and that bacterial 
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cell wall composition affects NP activity [201–205]. NPs need to either interact or over-
come these structural components, and they can do so through different interactions. Lip-
opolysaccharide (LPS) in Gram-negative bacteria is a negatively charged outer region that 
attracts NPs, while, in Gram-positive bacteria, NPs are hypothesized to distribute 
throughout the teichoic acid net [196]. 

Due to their physiochemical characteristics, potential antimicrobial applications of 
NPs include administration by inhalation, oral ingestion, dermal contact, and intravenous 
injection. One of the main drawbacks regarding using NPs as novel antimicrobials is their 
toxicity. NPs are generally toxic to eukaryotic cells at concentrations that inhibit bacterial 
growth, with the long-term effect of NPs in eukaryotic cells and tissues having been as-
sessed through both in vitro and in vivo studies. Interestingly, toxicity could potentially 
be overcome by targeted delivery of NPs to the infection site, although this strategy influ-
ences NPs potential [198,199]. 

5.5. Coinfection Strategies & Probiotic Bacteria against Pathogens 
Among the complimentary alternatives to reduce the spread of AMR pathogens in 

human and veterinary medicine, adoption of coinfection strategies and/or administration 
of microbial species having probiotic effects is gaining popularity [206]. Probiotics are vi-
able microorganisms whose administration can confer beneficial effects. The strength of 
probiotics in the fight against AMR relies on preventing the direct selective pressure ex-
erted by antibiotics on pathogenic microorganisms. Probiotics act to prevent infection via 
a variety of ecological mechanisms, ranging from competition for ecological space, colo-
nization resistance, and nutrients to the production of AMPs with specific bactericidal 
activity [167]. In this respect, several studies have already demonstrated the capability of 
probiotics in maintaining a healthy and balanced microbiota composition and improved 
function [207,208]. This, in turn, contributes to helping maintain ‘optimal’ health, thereby 
reducing the chance of opportunistic infection. Additionally, probiotic administration is 
linked with a significant reduction in antibiotic usage and reduction in the selective pres-
sure associated with conventional therapeutic interventions [209]. 

Probiotics are mostly administered orally in both human and veterinary practice. Mi-
croorganisms with probiotic activities include mostly bacteria, although fungi and yeasts 
are also commonly used. The most common probiotic bacteria are Lactobacilli and 
Bifidobacteria. Several studies have demonstrated their ability to adhere to intestinal epi-
thelial cells and survive in acidic environments and fluids, including bile. Furthermore, 
investigations have demonstrated their ability to kill, or inactivate, a variety of common 
pathogens, such as E.coli, S. aureus, K. pneumoniae, S. typhimurium, B. subtilis, and P. aeru-
ginosa [210]. Other than Lactobacilli and Bifidobacteria, the other genera being commonly 
adopted as probiotics include Escherichia, Lactococcus, Streptococcus, Enterococcus, and Ba-
cillus. Although known as the common inhabitant of the human and animal gastrointesti-
nal tract, the genus Escherichia also includes species with health-promoting properties. Of 
these, E. coli has been reported to be beneficial for the treatment of constipation, inflam-
matory bowel disease, colon cancer, and Crohn’s disease [211–213]. Additionally, analo-
gous strains of the genus Lactococcus (e.g., Lactococcus lactis subsp. Lactis) may show im-
portant antibacterial activity against pathogenic and spoilage bacteria in milk products, 
and their ability to adhere to epithelial cells make them good candidates for probiotic in-
terventions [211,214]. Strains of the genera Streptococcus and Enterococcus are also worthy 
of note for their probiotic activities, although the opportunistic pathogenic behavior of 
some of these bacteria prevent their widespread use in human clinical practice, leaving 
their major application restricted to the veterinary sector [174,215]. Finally, the genus Ba-
cillus includes bacteria with demonstrated probiotic features (e.g., B. subtilis, B. coagulans, 
B. subtilis, B. cereus) whose health-promoting properties find applications in both human 
and veterinary fields [216–218].  

On the other hand, probiotics also include the potential risk of introduction and/or 
transfer AMR traits through a range of mechanisms and may also trigger non-genetically 
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determined resistance in the endogenous microflora (phenotypic susceptibility due to the 
probiotic strain) [167,219]. Lactobacilli have been identified as carriers of vancomycin re-
sistance. Resistance to macrolide, lincosamide, and streptogramin antibiotics is quite often 
found in lactobacilli, although deepened tailored studies on single probiotic strains are 
needed. Bifidobacteria are reported to carry the tetW gene, and the consequent resistance 
to tetracycline. Notably, β-lactam resistance in Bifidobacteria is rare. Nevertheless, defining 
a generalized trend is rather difficult owing to the important differences observed in the 
resistance profiles of the bacteria and probiotics isolated from diverse geographical areas 
[219]. Several research groups and regulatory agencies are focusing on overcoming these 
issues in order to define standardized guidelines in the assessment of the safety of probi-
otics before licensing their use in clinical practice [219].  

5.6. Utility of Monoclonal Antibodies against Pathogens 
Monoclonal antibody (mAb) therapy is progressively gaining interest in treating in-

fectious diseases. Indeed, mAbs are an important pharmacotherapy tool with a serious 
level of particularity. They have unrivalled viability and tolerance when compared with 
ordinary polyclonal antisera. Generally, mAbs developed for bacterial infections typically 
target surface-exposed antigens or secreted toxins that are not currently targeted by anti-
biotics and unlikely to be affected by existing resistance mechanisms [220]. In the race to 
address the global threat of antibiotic resistance, attention is focused on developing ther-
apeutic antibodies as an alternative approach as it has potential advantages over broad 
spectrum antibiotics [221]. The history of using antibodies for treating infections in hu-
mans dates back to the early 1900s. Antibiotics were soon preferred due to allergic reac-
tions, variable efficacy between lots, and limited spectrum [222]. The advent of molecular 
biology tools has led to the development of therapeutic mAbs with improved efficacy, 
safety, and purity, which enabled the successful translation of antibodies to the clinic 
[220,223]. Most of the currently practiced antibody therapies are aimed at treating diseases 
of non-infectious origin and only a few antibodies were approved for treating bacterial 
infections [224].  

According to the literature, initiatives to produce mAbs to treat infections caused by 
nosocomial bacterial pathogens have met with varying degrees of success, and there are 
now 14 therapeutic mAb products in various phases of development [221]. Raxibacumab, 
obiltoxaximab, and bezlotoxumab are the three therapeutic mAbs currently licensed for 
the prevention or treatment of bacterial infections caused by Bacillus anthracis and Clos-
tridium difficile, respectively [225,226]. There are additionally several mAbs in various 
stages of development for viral and bacterial conditions. As contrasting options to the 
customary antivirals and antibacterials, the antimicrobial mAbs are of great importance. 
These mAbs are more applicable to the administration of conditions, such as arising viral 
flare-ups where there is an absence of prophylactic antibodies. 

5.7. Bacteriophages Based-Specific or Selective or Both! 
Bacteriophages, also known informally as phages, are viruses that infect, and repli-

cate within, bacteria and archaea. The relationship between the two organisms is parasitic, 
where the bacteriophages use the biosynthetic machinery of the host to create important 
components, such as proteins and lipids essential for phage capsid formation and repro-
duction [227]. Despite appearances, these organisms are not pathogenic to humans or an-
imals and can be used to treat bacterial diseases. Phages exist in two main cycles. In the 
‘lytic cycle’, the viral activity within the bacterial cell leads to cellular destruction, while, 
in the ‘lysogenic cycle’, the genetic material of the phage is inserted into the host bacterial 
DNA. The lytic phage is the most relevant cycle to the therapeutic treatment of AMR dis-
ease [228]. 

5.7.1. Phage Therapy 
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The use of phage therapy for bacterial infectious diseases has existed for decades, 
with bacteriophages being first discovered by Frederick Twort in 1915 and Félix d’Hérelle 
in 1917, who described a bactericidal effect after isolation from the feces of patients recov-
ering from dysentery [229,230]. During this time, there was a rapid spike in the develop-
ment of phage therapy, particularly in Europe, the United States, and the Soviet Union 
[231]. However, this was quickly followed by a decline in phage therapy use during the 
1940s, when the production and use of antibiotics increased in the United States as peni-
cillin use took hold and sulfonamide use continued (synthetic antibiotics that were ini-
tially discovered in Germany during the 1930s) [231]. Despite this preference, phage ther-
apy remained (and remains) in use in several countries previously allied to the Soviet 
Union, i.e., Poland, Georgia, and Russia itself [232]. Further, the rise of antibiotic resistance 
means that there is a potential niche for phage therapy in treating/preventing AMR bac-
terial infections. For example, phage therapy cured a patient with cystic fibrosis who was 
infected with disseminated drug-resistant M. abscessus, while another patient, infected 
with a resistant A. baumannii, was cured [228,233]. Other examples include the use of bac-
teriophages in the treatment of colistin-only-sensitive Pseudomonas aeruginosa septicemia 
and burn wound infections, as well as their potential use in elderly patients presenting 
with relapsing S. aureus prosthetic-joint infection [234–236]. Additionally, the potential 
efficacy of phage therapy has been widely explored in farm animals, poultry, and pet an-
imals, especially for zoonoses and animal diseases linked to economic loss, with some 
encouraging results [237].  

5.7.2. Phage-Derived Lytic Proteins as a Antibacterials 
Phages that target bacteria encode several lytic proteins, most notably peptidoglycan 

hydrolases (PGH), called endolysins and virion-associated peptidoglycan hydrolase 
(VAPGH), necessary for the disruption of phage-infected bacteria, thereby allowing the 
release of progeny phage particles into the environment. On the other hand, small lytic 
phages of family Microviridae and Leviviridae accomplish the lysis of the bacterial host by 
a single gene, encoding a protein lacking any peptidoglycan degrading activity [238]. En-
dolysin accumulates in the cytoplasm of the bacterium at the end of the phage replication 
cycle. The accumulated endolysins can infiltrate the cytoplasmic membrane through holes 
created by holins and break down extracellular peptidoglycan, allowing the cell to osmo-
lyse.  

Currently, phage-derived lytic proteins are being investigated as potential treatments 
for AMR bacterial infections, food preservation, animal feed, and plant cultivation. For 
example, purified pneumococcal bacteriophage lytic enzyme (Pal) has been shown to be 
effective against penicillin-resistant strains of S. pneumoniae in the human oropharynx 
with minimal effect on the commensal flora [239]. Additionally, in vivo investigations car-
ried out on the activity of lysozymes Cpl-1 and Cpl-7 reported a significant reduction in 
the colonization of S. pneumoniae in a nasopharyngeal mucosal tissue in a mouse model of 
infection. Studies have also demonstrated synergistic activities of these endolysins when 
used in combination with other antibacterial agents [240]. The phage endolysin SAL-1 has 
been shown to be a novel antibacterial drug for the control of multi-drug-resistant Staph-
ylococci infections [241,242]. This was further formulated to N-Rephasin® SAL200 for clin-
ical use. Currently, this formulation is being investigated for safety and efficacy of a single 
intravenous dose of N-Rephasin® SAL200 for persistent S. aureus bacteremia under phase 
IIa clinical study [243]. Considering the efficacy of phages and phage-derived lysins, the 
USFDA has approved the application of bacteriophage-based products as an eco-friendly 
approach for the control of food borne pathogens [240,244]. Further, phage-derived lytic 
proteins possess several advantages over antibiotics, namely: (a) rapid and extensive bac-
tericidal action against the target pathogen, (b) lack of resistance development due to their 
specific action on conserved structural components of bacteria, (c) synergistic action with 
other lysins or antibiotics, and (d) their effect on phenotypically resistant persister cells 
growing on mucosal surfaces or in biofilms [245]. Continuing advances in genetic 
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engineering have further revolutionized the area of bacteriophage research and identified 
and characterized several endolysins active against a range of pathogenic bacteria 
[240,246].  

5.8. Biofilm Dispersion Methods 
Biofilms are microbial communities that exist as complex structures that may be pre-

sent on biotic or abiotic surfaces in food and medical sectors. Biofilm formation is an ad-
aptation and survival strategy and is frequently the underlying reason for the failure of 
antibiotic treatment, responsible for 65 to 80% of all infections [247]. The biofilm develops 
as a multi-layer complex community that may be mono- or polymicrobial in nature [248]. 
Biofilms are initially formed via reversible attachment of single cells of “planktonic phase“ 
bacteria to surfaces, with most bacterial cells subsequently becoming encased in a self-
produced extracellular matrix material, referred to as “sessile communities”. Bacterial 
cells may continually escape (’disperse’) from biofilms, particularly during the later stage 
of biofilm formation. This dispersion process is a possible mechanism for reducing biofilm 
mass since the free-living ‘planktonic’ phase of the bacterial lifecycle is often more sensi-
tive to antimicrobial drugs and immunological responses. [249]. In fact, biofilm dispersion 
mechanisms can be split into two categories: active and passive dispersion. The produc-
tion of enzymes that destroy the biofilm matrix and promote dispersion is dependent on 
a reduction in intracellular c-di-GMP levels, which leads to active dispersion. On the other 
hand, passive dispersion is based on triggers that directly release cells from the biofilm 
[250]. In this respect, both intercellular quorum sensing signals and intracellular c-di-GMP 
signaling are involved in biofilm development. Interference of these two signaling path-
ways is being used to develop new biofilm control approaches [251]. However, both active 
and passive dispersion strategies have their drawbacks. The transcriptome of experi-
mental model dispersed cells is distinct from that of biofilm and naturally released plank-
tonic cells, with dispersed cells possessing lower c-di-GMP concentrations—associated 
with greater virulence and implying that dispersed cells are more pathogenic than plank-
tonic cells. The timing and concentration of dispersion treatments also remains a challenge 
[250].  

5.9. Discovery and Role of Anti-persister Antimicrobials 
Persistence was discovered in 1944 by Joseph Bigger and involved colonies of bacte-

rial cells that could not be completely eliminated by penicillin treatment. This residual 
population of bacteria remained viable after antibiotic exposure. These populations of 
cells were not antibiotic-resistant mutants but rather bacterial subpopulations that could 
resist antibiotic treatment by physiological adaptation [252]. Bacterial persistence is asso-
ciated with an increased risk of AMR during treatment as persister cells, which have the 
ability to cause recolonization and relapse after antibiotic treatment, ultimately lead to 
chronic resistant infections [253]. Anti-persister drugs have been developed to enhance 
the eradication of persister cells. A classic example is the combination of tobramycin (an 
aminoglycoside antibiotic) with fumerate (antipersistance compound) to reduce chronic 
Pseudomonas aureus infections [254]. An ideal anti-persister compound should be able to 
passively transport inside the bacterial cell and independently kill persister cells without 
the requirement of active metabolism [255]. The identification of novel molecules with 
anti-persister activity can be one of the strategies to tackle AMR. Future anti-persister ap-
proaches should also target the membrane structure with enhanced permeability for slow 
growing pathogens [255].  

5.10. Disruption of Quorum Sensing 
The processes of biofilm formation and quorum sensing (QS) are inextricably linked. 

Biofilm development is cooperative group behavior in which bacterial populations live 
immersed in an extracellular matrix that they produce themselves. QS can be defined as a 
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cell–cell communication process that harmonizes and regulates gene expression [256]. QS 
is different for Gram-negative and Gram-positive bacteria [257]. Bacteria use signaling 
molecules, called autoinducers (Ais), to synchronize gene expression, virulence, and bio-
film formation. On the other hand, bacteria, respectively, use quorum sensing inhibitors 
and quorum quenching enzymes to control AIs and to degrade signaling molecules[258]. 
The microbial quorum induction can be controlled by the use of quorum-quenching 
agents, leading to the reduction in microbial infections, pathogenicity, biofilm formation, 
and also to increasing bacterial susceptibility to antimicrobial agents, such as antibiotics 
and bacteriophages [258,259]. For example, a study employing mathematical modelling 
was conducted to assess the effect of combining the therapy strategies of a quorum-
quenching enzyme and a quorum-sensing inhibitor in controlling quorum sensing path-
ways in P. aeruginosa. These results were promising when used in vitro, and further re-
search is needed to focus on determining the efficacy of the combined therapy in vivo 
[260]. The identification of potential new research is important before the use of QS-based 
treatments against pathogens [261]. 

6. Strategies Based on Drug Delivery Systems 
6.1. Facilitated Drug Delivery Systems  

One of the main challenges that antibiotic research is facing is the poor cell permea-
bility of antibiotics. The development of antimicrobial delivery systems is a promising 
approach to enhance the entrance of the antibiotic into the intracellular space [262]. An 
important strategy is to take advantage of bacterial iron transport systems. Synthetic si-
derophores analogues can act as a delivery system when conjugated with antibiotics, fa-
cilitating their entrance into the bacteria. The inclusion of a conjugate with ampicillin was 
reported to have a 1000-fold increase in activity against P. aeruginosa and 100-fold increase 
in the case of gram-negative enterobacteria. They also demonstrated that the conjugate 
siderophore + ampicillin was not a substrate for efflux pumps in P. aeruginosa and, there-
fore, was able to evade one of the main resistance mechanism in this species [263]. Another 
example of conjugates with antipseudomonal activity was with the use of an artificial tris-
catecholate siderophore with a tripodal backbone to subsequently conjugate it with am-
picillin and amoxicillin. Both conjugates considerably enhanced the in vitro antimicrobial 
activity of the antibiotics by using energy-dependent iron uptake systems to cross the 
outer membrane [264].  

On the other hand, polymeric nanoparticles are emerging as a strategy to improve 
the solubility, stability, and bioavailability of antimicrobials as well as reduce the expo-
sure of the microbiota to sub-lethal doses that can lead to the development of resistance. 
Polymeric nanostructured systems allow precise drug release based on different methods, 
such as diffusion, elution, or chemically/stimuli-controlled, and they are synthesized from 
natural precursors, such as chitosan, collagen, or gelatine, which makes them biocompat-
ible and less toxic. Synthetic precursors, such as polylactic acid or polyethylene glycol, can 
also be found [265,266]. Developed phosphatidylcholine–chitosan hybrid nanoparticles 
coated with gentamycin confirmed the capacity of the construct to avoid biofilm for-
mation and bacterial growth in both Gram-negative and -positive bacteria [267]. Another 
variant nanocapsule demonstrated that the hydrophilic polymersomes encapsulated van-
comycin, which also serves to treat infections more efficiently, in this case, those caused 
by methicillin-resistant S. aureus [266].  

Since 1990, biodegradable nanoparticles such as nanocarriers have been studied to 
improve drug delivery. Nanoencapsulation has proved to increase antimicrobial efficacy 
and efficiency by protecting it from degradation, enhancing the targeting accuracy, and 
increasing cellular uptake [268,269]. A typical approach to generate nanocarriers involves 
nanovesicles, for instance, metallic and, as mentioned above, polymeric nanoparticles, lip-
osomes, carbon nanotubes, or dendrimers. Liposomes, small lipid-based nano-systems 
composed of a concentric phospholipid bilayer and a biodegradable structure, are 
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versatile in their delivery of both hydrophobic and hydrophilic drugs due to their external 
liposomal bilayer and the posterior internal aqueous compartment [270,271]. Some lipo-
somes are already available in the market as topical formulations, such as polyvinyl-pyr-
rolidone-iodine hydrogel, with activity against a wide range of bacteria for use on external 
wounds [272]. This strategy provides the possibility of regulating the dose at higher than 
MIC concentrations while reducing dose-dependent toxic effects [271]. Furthermore, it 
was demonstrated that liposomes increased the antimicrobial activity against species such 
as E. coli, K. pneumoniae, A. baumannii, or P. aeruginosa by entrapping polymyxin B in 
DPPC/Chol-1,2-dipalmitoyl-sn-glycero-3-phosphocholine and cholesterol- liposomes 
[273].  

This same concept of conjugation is being studied with monoclonal antibodies. An-
tibody–drug conjugates consist of a monoclonal antibody that binds, through a covalent 
bond, with a chemical drug, such as an antibiotic, although it has wider use in antitumoral 
drugs. An antibody–drug conjugate was approved for the first time by the FDA in 2000 
(gemtuzumab–ozogamicin) used in the treatment of myeloid leukemia [274]. For bacterial 
infections, the molecule DSTA4637S (a novel THIOMABTM IgG antibody linked by a pro-
tease cleavable linker to rifamycin class antibiotic (dmDNA31)) conjugate) is an antibody 
conjugate currently studied at preclinical levels as a potential treatment for complicated 
S. aureus bacteriemia [275].  

6.2. Anti-Plasmid and Plasmid Curing-However, Not Suitable for In Vivo  
Plasmids can confer resistance to almost all classes of antibiotics. In fact, the dissem-

ination of AMR genes among Gram-negative bacteria is importantly attributed to plasmid 
mobilization by conjugation, transformation, or transduction [276]. Novel anti-plasmid 
and plasmid curing strategies are intended to reduce the prevalence and spread of AMR 
genes. In other words, plasmid curing procedures are performed to remove plasmids from 
bacterial populations, which is a striking approach to combatting AMR. Unfortunately, 
few curing mechanisms have been tested “in vivo”. Research in this area is greatly needed 
because of the potential for curing agents for humans and animals, especially food-pro-
ducing animals. Other approaches, with a One Health perspective, consider curing plas-
mids in environmental hot spots, such as wastewater or agricultural settings [277].  

However, despite applicability issues, anti-plasmid technology is successfully pro-
gressing. Curing agents encompass chemicals to more sophisticated genetic engineering 
tools, such as CRISPR-Cas Systems. Chemical compounds targeting plasmids include de-
tergents, DNA intercalating agents, or psychotropic drugs. Bile acid detergents can lead 
to the loss of the Salmonella Typhimurium plasmid pSLT [278], or that the heterocyclic com-
pound phenothiazine is effective in curing plasmids from E. coli [279]. Chlorpromazine, 
for example, can eliminate plasmids from P. aeruginosa, P. mirabilis, or E. cloacae, and the 
DNA intercalating agent ethidium bromide has been known to cure plasmids in S. aureus 
since the early 1970s [280]. DNA intercalators nonetheless have a powerful mutagenic ac-
tivity, leading to significant toxicity and carcinogenic consequences that confine its use to 
“in vitro” plasmid curing.  

Alternatively, apart from chemical strategies, the principle of plasmid incompatibil-
ity can be exploited to eliminate plasmids. Plasmids belonging to the same incompatibility 
groups cannot survive inside a cell as they compete for the same resources. In this way, 
introducing small high copy-number plasmids will eliminate a resident plasmid. This 
method can reduce associated toxicity to curing agents and avoid the minimum chromo-
somal mutations. An example of curing by incompatibility is constructing the pCURE1 
plasmid, designed to target pO157, an IncF plasmid present in the host E. coli O157:H7 
[281]. The possibility of delivering plasmids to humans or animals through bacteria or 
phages is currently under study, with the main handicap being antimicrobial pressure 
and resistance cassettes in selecting curing plasmids. In the case of bacteriophages, some-
times merely their presence is sufficient to cure a plasmid, such as the presence of the 
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filamentous phage M13, whose minor coat protein g3p is not only necessary but enough 
to avoid F-plasmid conjugation in E. coli strains [282].  

A novel approach includes the use of the CRISPR-Cas systems to target AMR genes 
present in plasmids and, sometimes, cure the plasmid completely due to the destabilizing 
double-stranded breaks generated by the nucleases [148,283]. This system can be adapted 
in transformative and conjugative plasmids. For example, the gene mcr-1 confers re-
sistance to colistin and subsequently introduced colistin-resistant plasmids to an E. coli 
strain. A transformative plasmid followed by a conjugative plasmid containing the 
CRISPR-Cas9 targeting the gene mcr-1 was demonstrated to not only interrupt the mcr-1 
gene but to cure the plasmid completely out of the cell and, in this way, eliminate the 
resistance to colistin [284]. Although the utility of the system to resensitize bacteria is un-
deniable, the delivery method is still a barrier, especially for “in vivo” models. Bacterio-
phages and phagemids have also been studied to deliver plasmids incorporating the 
CRISPR-Cas system on them, which resulted in good outcomes “in vitro” but, again, lim-
ited when applied “in vivo” [283,285]. 

6.3. Antivirulence Compounds  
Another approach different from typical cell growth inhibitors is reducing the path-

ogenicity of clinically relevant species through the development of antivirulence com-
pounds. This strategy prevents the development of resistances by attacking pathogenesis 
pathways but does not affect bacterial viability and, therefore, helps to reduce their 
spread, while the host immune system proceeds with bacterial clearance. Numerous fac-
tors are involved in bacterial virulence, so, depending on the target of the compound, 
there are different categories of virulence inhibitors [189].  

Quorum sensing inhibitors affect the bacterial communication system, often required 
to modulate virulence responses, which makes them ideal to reduce the pathogenicity of 
the species in question. Quorum sensing regulates actions such as siderophore produc-
tion, biofilm formation, or protease releasing. Interruption of quorum signaling can occur 
through synthase inhibitors that block the synthesis of signal molecules. Other stages of 
the pathway can be targeted. Quorum signaling can be inhibited by specific enzymes that 
degrade the signaling molecules. Environmental conditions can also affect this stage of 
the process. Additionally, analogs/antagonists of signaling molecules can attach the re-
ceptor of the molecules involved in quorum sensing, displacing them and stopping the 
process [286]. Quorum sensing inhibitors can be natural and synthetic. Flavonoids are 
natural plant metabolites known to target the autoinducer-binding receptors, LasR and 
RhlR, essential for quorum sensing, in P. aeruginosa. The presence of the two hydroxyl 
moieties in the A-ring backbone of the flavone is fundamental for its antagonistic activity 
[287,288]. Quenching acyl-homoserine lactone with lactonases is also an effective strategy 
against P. aeruginosa [289]. In another study, the potential activity of synthetic derivates of 
3-acylpyrrole, which is a motif present in many drugs and biologically active compounds, 
to control V. cholerae infections through quorum sensing inhibition was examined [290].  

Antivirulence compounds can also act at numerous levels, as, for example, host im-
mune modulation, such as Lipid A inhibitors [189]. For example, fimbria antagonists and 
pili formator inhibitors target secretion systems or two-component systems. E.coli’s FimH 
is a Type 1 fimbrin D-mannose adhesin precursor and is one of the best known carbohy-
drate-specific lectins, and α-D-mannosides are a promising approach to inhibit fimbria 
formation through their FimH antagonism capacity [291]. Another virulence factor, espe-
cially important in Gram-negative bacteria, is Type Three Secretion Systems (T3SSs), 
which allows pathogens to inject virulence proteins directly into host cells, easing disease 
progression. It was demonstrated that the salicylidene acylhydrazydes were used to block 
the virulence of S. enterica serovar Typhimurium [292,293]. 
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7. Physicochemical Methods 
7.1. Atmospheric Pressure Non-Thermal Plasma (APNTP) 

The non-thermal (or cold) atmospheric pressure plasma is an emerging technology 
that is currently under investigation concerning antimicrobial properties [294]. APNTP in 
vitro application for a range of microorganisms indicated that it is effective in the inacti-
vation of bacteria, viruses, fungi, and parasites. Due to its relative ease of use and cost-
effective operation with only limited local side effects known to date, it presents a prom-
ising potential alternative to conventional antimicrobial treatments, including for some 
infections in certain applications [295]. This field of plasma medicine has been evaluated 
for bacterial inactivation, air sterilization, tooth root canal therapy, and wound healing, 
especially where traditional antibiotics often fail [296]. The exact mechanisms of APNTP-
mediated bacterial inactivation are still under investigation, but it seems to be effective 
through generated products, such as Reactive Oxygen Species (ROS), Reactive Nitrogen 
Species (RNS), UV radiation, and charged particles within a plasma gas phase [297]. The 
ROS considered to be involved in bacterial inactivation are ozone, atomic oxygen, singlet 
oxygen, superoxide, peroxide, and hydroxyl radicals [298,299]. The basic operation of 
these mechanisms is the damage of nucleic acids by UV radiation, lipid peroxidation 
caused by ROS occurring mainly in fatty acids near the cell surface, and the chemical 
modification and degradation of proteins caused mainly by hydroxyl radicals. Other stud-
ies also reported apoptosis in bacterial cells probably induced by ROS [300]. Mechanical 
cell damage, in particular electrostatic disruption caused by the electrostatic forces of 
charged particles, accumulates on the cells. Mechanical cell damage is also caused by elec-
troporation through the direct bombardment of charged particles [301]. 

Interestingly, it was demonstrated that Gram-negative organisms were more sensi-
tive to APNTP than Gram-positive organisms, indicating that APNTP-induced damage 
to the cell membrane and cell wall is a critical factor [295]. Clinically important bacteria 
have been reportedly inactivated using cold plasma [302]. APNTP was also shown to in-
hibit bacteria both in suspension and in biofilms [294]. The in vitro inactivation of P. aeru-
ginosa biofilm was also demonstrated using the cold plasma system [298]. A potential ad-
vantage of APNTP is the inactivation of bacteria without damaging mammalian cells 
[295,303,304]. Cold plasma can also be combined with antibiotic therapy, although at-
tempts to quantify the cold plasma dosage are yet to be found. [305].  

7.2. Sonodynamic Antimicrobial Chemotherapy  
Sonodynamic antimicrobial chemotherapy (SACT) is based on the synergistic effect 

of ultrasound (US) and a chemical compound referred to as “sonosensitizer” (SS) [306], 
whereby an inaudible sound with a frequency less than 20 kHz is capable of killing mi-
croorganisms [307–309]. SACT uses the sensitization of the target site with a non-toxic 
sonosensitizer, relatively low-intensity US, and molecular oxygen, which may produce 
micro-bubbles through the acoustic cavitation process during the interactions between the 
US wave and target cells [13]. Inactivation of E. coli was reported by the application of US 
in combination with the conventional antibiotics Ciprofloxacin and Levofloxacin due to 
enhanced uptake and the production of cytotoxic ROS [310,311]. However, the ability of 
US to enhance the bacterial uptake of antibiotics without activation by radiation is well 
established [312]. More importantly, due to the excellent regional focusing characteristics 
and the ability to penetrate strong tissue, SACT is known to be a more efficient therapy 
with fewer side effects [13]. The advantage of US from a clinical point of view is a very 
good tissue penetrating ability without major attenuation of its energy. This is an attrac-
tive feature, and an extensive evaluation is warranted [313]. 

Both organic and inorganic sonosensitizers have been identified. Many inorganic 
sonosensitizers have superior physiochemical properties, but the clinical translation re-
mains unresolved because of non-biodegradation and potential biosafety issues. 
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However, organic sonosensitizers have the advantages of clear structure and easy metab-
olism, which is conducive to clinical applications [314]. 

7.3. Photoinactivation  
Photoinactivation or photodynamic antimicrobial chemotherapy (PACT) is a prom-

ising strategy to eliminate pathogenic bacteria, which utilizes visible light, a photosensi-
tizer (PS)-chromophore, and molecular oxygen to create reactive oxygen species (ROS), 
resulting in bacterial cell death [315,316]. PACT has been demonstrated to act on a wide 
range of bacteria, i.e., Gram-negative and Gram-positive, antibiotic-resistant, or suscepti-
ble bacteria strains [315]. This technique has gained much research attention as an alter-
native strategy to combat AMR [317,318]. The advantages of PACT over the conventional 
antibiotics in clinical settings include its localized wound application and minimal side 
effects, resistance, and toxicity (Huang et al., 2010). In contrast to antibiotics, sub-inhibi-
tory doses of photodynamic inactivation (PDI) have failed to induce genomic mutations 
and elevate antibiotic or photodynamic resistance [319,320]. 

Several improvements have been made to position PACT as an effective alternative 
to antimicrobial chemotherapy, for example. Antimicrobial inactivation is the conjugation 
of porphyrins to nanoparticles [315]. By taking advantage of the small size of the porphy-
rins and porphyrin-nanoparticle conjugates, the photosensitizers can attach to the bacte-
rial cell wall through a self-assembly process, resulting in cell deaths [315].  

It is pertinent to improve the application of PACT in dermatological and control of 
infectious diseases, especially in the management of acne and skin infections in general. 
Given the wide range of bacteria, it has been noted that the potential application of PACT 
in the treatment of infectious diseases is still lagging [315]. While the application of the 
PACT systems has been extensively evaluated for the topical/local approach for animal 
model evaluations, more studies on systemic application still need to be done to fully 
evaluate their in vivo stability and therapeutic modality. It is important to fully understand 
their mechanisms of action and fine-tune them appropriately to improve their sensitivity 
and selectivity. Notably, most studies lacked toxicity data, and there is a need, therefore, 
for future studies to include toxicity studies. Toxicity profile evaluation will be important 
in providing confidence in PACT systems before submitting the final products for regu-
latory endorsements [315]. 

The PACT is also severely limited by the inability of light to penetrate to depth 
through mammalian tissue, mainly due to endogenous pigments, such as melanin, com-
peting for light absorption with the sensitizer, and it is a particular problem in localized 
infection where the wound area may be severely discolored due to bruising or inflamma-
tion, or in ethnic groups where the skin is naturally heavily pigmented (Huang et al., 
2008). Currently, approved sensitizers absorb in the visible region of the electromagnetic 
spectrum, limiting light penetration to only a few millimeters and reducing the ability of 
APDT to eradicate bacteria located deeper within infected wounds [321]. 

7.4. Other Physicochemical Means  
Metals and metal oxides have been widely studied for their antimicrobial activities 

[322]. Metal oxide nanoparticles, well known for their highly potent antibacterial effect, 
include silver (Ag), iron oxide (Fe3O4), titanium oxide (TiO2), copper oxide (CuO), and 
zinc oxide (ZnO). Most metal oxide nanoparticles exhibit bactericidal properties through 
the generation of ROS, although some are only effective due to their physical structure 
and metal ion release. 

Following the European Union (EU)-wide ban on the use of antibiotics as growth 
promoters, the use of copper or zinc was promoted in food animals and aquaculture. 
However, the use of copper or zinc results in not only damage to the environment but also 
might promote the spread of antibiotic resistance via co-selection [323,324]. It is now un-
der legislation to ban the use of ban ZnO as a veterinary medicinal product above the 
levels of 150 ppm in the EU from June 2022[325].  
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8. Expected Role of Vaccines in Combating AMR Pathogens  
Vaccination represents an interesting approach to prevent the development of an in-

fection and/or disease in humans and animals, reducing the use of antibiotics and, thus, 
preventing the emergence and spread of resistant pathogens. Pneumococcal conjugate 
vaccines are a clear example that vaccines are effective when it comes to reducing AMR, 
and so is the H. influenzae type B vaccine. In the 1990s, before the polyvalent pneumococcal 
conjugate vaccine, there were approximately 63000 cases of pneumococcal disease in the 
US, leading to an important increase of resistance to penicillin in S. pneumoniae among 
other classes of antibiotics. After the introduction of the vaccine, it not only reduced the 
prevalence of the disease but significantly reduced the bacterial colonization of this path-
ogen, which clearly affected the spread of AMR-strains [326].  

The role of vaccines in fighting AMR is both direct and indirect. Vaccines have a di-
rect effect on resistant pathogens by reducing the infection incidence and, indirectly, 
through reducing the circulation of AMR-resistant strains to other non-resistant species. 
A reduced incidence of infections is linked with a diminished prescription of antibiotics 
and a reduced onset of secondary infections and superinfections that would, otherwise, 
unavoidably require massive antibiotic usage [327,328]. The reduced circulation of re-
sistant pathogens makes vaccinal strategy and the achievement of herd immunity, a val-
uable tool against AMR [329]. Recently, vaccination programs in livestock and poultry 
resulted in a drastic reduction of antibiotic usage and a concomitant decrease of AMR in 
the herd [330], with important benefits also to human health through reduced circulation 
of AMR traits in zoonotic agents [328]. Therefore, vaccination leads to decreased load of 
AMR and, hence, the use of antibiotics; otherwise, the overuse of antibiotics represents a 
major driver for the emergence and spread AMR in veterinary, agriculture and aquacul-
ture.  

Furthermore, vaccine strategies over the past decades enabled the eradication of im-
portant pathogens, such as smallpox and rinderpest virus [330]. Vaccines are also respon-
sible for the near complete elimination of poliomyelitis, diphtheria, tetanus, pertussis, 
measles, mumps, and rubella [331]. Moreover, the mechanism by which vaccines reduce 
pathogens and AMR circulation is completely different from those of antibiotics, resulting 
in little to no selective pressure on microorganisms; thus, the probability of the emergence 
of resistant pathogens is much lower than for antibiotics.  

Resistance to antibiotics is a common occurrence, while vaccination resistance is rel-
atively minimal [332]. Vaccine resistance has been documented for some critical patho-
gens, such as hepatitis B virus [333] and Bordetella pertussis [334]. Moreover, vaccines com-
monly target a plurality of antigens, raising the likelihood of success of the prophylactic 
measures over time; whereas, antibiotic molecules concern a single target, resulting in a 
drastic loss of efficiency once a single mutation occurs in the microbial specimens 
[328,335].  

Nevertheless, the development of vaccines against the major antibiotic-resistant 
pathogens is still needed, and important efforts are being undertaken in this area. Recent 
advances in the research of omics sciences and bioinformatics open new avenues for in-
novative vaccines against pathogens, including antibiotic-resistant ones. Traditional vac-
cinal strategies rely on the administration of live attenuated pathogens or inactivated 
germs. Both methods enable efficient immunization and the stimulation of a good immu-
nological memory, although the second strategy is safer and less efficient and multiple 
stimulations are necessary to maintain the protection of the vaccinated subjects. Following 
the advent of the recombinant DNA techniques, vaccinology has powerfully evolved with 
the production of recombinant vaccines featuring higher safety levels and the immuno-
logical power of the live attenuated vaccines. This ensures better control of pathogens, 
such as hepatitis B virus, and the generation of the genetically detoxified B. pertussis toxin 
[336]. Recombinant DNA technology has been employed to produce subunit vaccines, 
where is it expected that the administration of antigenic determinants only will provide 
good protection and almost no risk to the vaccinated subject’s health. This technology has 
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been successfully applied to produce the influenza attenuated vaccine and the rotavirus 
vaccine [336–338]. 

Among the latest achievements in the field of vaccinology, reverse vaccinology is also 
worthy of note. This innovative approach relies on the genomic information of the patho-
gen of interest, namely the list of antigens and epitopes the microorganism is capable of 
expressing, thus enabling the rapid and fair screening of candidate antigens to be em-
ployed for the vaccinal formulation [339]. Reverse vaccinology has led to an efficient vac-
cine against meningococcal serogroup B; 4CMenB was reported. A similar approach has 
been pivotal for the selection of antigen candidates for the development of a vaccine 
against E.coli [340] and P. aeruginosa [341]. 

Another innovative vaccinology strategy is the use of outer membrane vesicles as a 
vaccine platform. This approach relies on the production of outer membrane-based vesi-
cles from Gram-negative bacteria opportunely modified to reduce lipopolysaccharide-
mediated reactogenicity and other unwanted interfering reactions. These serve as safe and 
potent immunostimulants against Gram-negative bacterial pathogens, such as Neisseria 
meningitidis and Shigella sonnei [342–345].  

Recently, the generation of antimicrobial glycoconjugate vaccines has been suggested 
as a simple in vivo strategy to produce vaccines against antibiotic-resistant bacteria. This 
simple strategy relies on the genetic modification of a single strain of E. coli to produce the 
desired vaccine through oligosaccharyltransferase, PglB. This enzyme catalyzes the link-
age of a selected antigenic polysaccharide to target carrier proteins that contain specific 
N-glycosylation sites. Through the guided glycosylation of specific polysaccharide bacte-
rial antigens, it is possible for the efficient production of glycoconjugate vaccines against 
antimicrobial-resistant pathogens, such as Shigella flexneri, S. aureus, P. aeruginosa, and K. 
pneumoniae [346,347], in a safe (there is no requirement to grow these high-risk pathogens) 
and efficient way [348]. 

A recent approach for combining antibiotics and vaccines to treat AMR is the use of 
a hypothetical narrow-spectrum vaccine to target the most resistant strains, thereby en-
couraging replacement with susceptible-strains. Antibiotics might then be used to suc-
cessfully treat these infections.[332].  

Finally, there is a theoretical possibility that reducing the density of microbial popu-
lations by vaccination reduces the opportunities for genetic exchange of resistance ele-
ments for vaccines against organisms, such as S. pneumoniae, S. aureus, and members of 
the Enterobacterales family, which asymptomatically colonize the nasopharynx, skin, gut, 
and other sites [349]. 

While vaccines are not meant to replace antibiotics, they can help to minimize AMR 
by reducing the antimicrobial use (AMU), to avoid illness resulting from AMR bacterial 
infections, and to prevent the spread of AMR bacteria. 

9. Unconventional Strategies  
In view of the AMR emergency, several alternative drugs have been tested, which 

include antihistaminic, anesthetics, non-steroidal anti-inflammatory drugs (NSAID), an-
tipsychotics, and cardiovascular drugs [350]. Fecal microbiota transplantation (FMT) is an 
important alternative strategy being tested to fight AMR. Through the administration of 
fresh, frozen, or encapsulated fecal matter from a suitable donor, the unhealthy gut mi-
crobiota of the patient is restored, re-establishing the alpha-diversity. Treatment with FMT 
is especially recommended for recurrent Clostridium difficile infections, showing over a 
90% of efficacy in randomized clinical trials [351]. FMT is also efficient in displacing van-
comycin-resistant Enterococcus when they are predominant over the rest of gut microbi-
ota and also when C. difficile is present [352].  

10. Conclusions  
AMR, especially antibiotic resistance, continues to emerge and spread beyond all 

boundaries. This is not a single issue; rather, it is associated with multiple parameters. 
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Coordinated efforts and multidisciplinary collaborations are required to tackle AMR at 
the local, national, and international levels. Strong political commitment can play a vital 
role in formulating policy, implementation, and regular educational updates based on sci-
entific evidence to better regulate the use and sale of antibiotics for both humans and an-
imals. The unethical promotion of antibiotics must be controlled, and strategies to elimi-
nate the overuse or inappropriate use of antibiotics must be implemented. Several new 
approaches have been tested to enhance antibiotic efficacy through novel targets and 
mechanisms that include resistant gene inactivation, silencing, and editing. Importantly, 
most of the novel alternative strategies do not trigger antibiotic resistance. Fortunately, 
many new avenues are being explored with the view to combatting current and emerging 
resistance, although it will be a number of years before we will be able to determine their 
utility—both alone and in combination—with efforts being made by regulatory authori-
ties, institutions, and governments. 

Author Contributions: Conceptualization, J.M., J.P.H. and M.B.M.v.D.; methodology, J.M.; writ-
ing—original draft preparation, J.M., P.A.K., G.S.R., K.I., S.H., J.P.H., Y.M., S.A., W.A.A., R.A.M.J., 
N.S., E.P.N., B.T., P.R., N.R.-C., J.M.-M., R.A., B.K.K., A.K., A.-R.T., T.N.Z., O.O.A., M.P.S. and 
M.B.M.v.D.; writing—review and editing, J.M., J.P.H., S.H. and M.P.S.; visualization, J.M., S.A. and 
R.A.M.J.; supervision, J.M. and M.B.M.v.D.; project administration, J.M. and M.B.M.v.D.; All au-
thors have read and agreed to the published version of the manuscript. 

Funding: This research received no external funding. 

Acknowledgments: We sincerely acknowledge Joanne Matthews for English language corrections. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. World Health Organization. Antimicrobial Resistance. Available online: https://www.who.int/news-room/fact-sheets/de-

tail/Antimicrob.ial-resistance (accessed on 31 October 2021). 
2. World Organization for Animal Health. OIE List of Antimicrobial Agents of Veterinary Importance. June 2019. Available online: 

https://www.oie.int/en/document/a_oie_list_Antimicrob.ials_june2019/ (accessed on 11 December 2021). 
3. Nelson, R.E.; Hyun, D.; Jezek, A.; Samore, M.H. Mortality, Length of Stay, and Healthcare Costs Associated With Multidrug-

Resistant Bacterial Infections Among Elderly Hospitalized Patients in the United States. Clin. Infect. Dis. 2021, ciab696. 
https://doi.org/10.1093/cid/ciab696. 

4. O'Neil, J. Tackling Drug-Resistant Infections Globally: Final Report and Recommendations; Government of the United King-
dom: London, UK, 2016. 

5. Murray, C.J.; Ikuta, K.S.; Sharara, F.; Swetschinski, L.; Aguilar, G.R.; Gray, A.; Han, C.; Bisignano, C.; Rao, P.; Wool, E.; et al. 
Global burden of bacterial Antimicrob.ial resistance in 2019: A systematic analysis. Lancet 2022. https://doi.org/10.1016/S0140-
6736(21)02724-0. 

6. Jee, Y.; Carlson, J.; Rafai, E.; Musonda, K.; Huong, T.T.G.; Daza, P.; Sattayawuthipong, W.; Yoon, T. Antimicrobial resistance: A 
threat to global health. Lancet Infect. Dis. 2018, 18, 939–940. https://doi.org/10.1016/S1473-3099(18)30471-7. 

7. Ansari, S.; Hays, J.P.; Kemp, A.; Okechukwu, R.; Murugaiyan, J.; Ekwanzala, M.D.; Ruiz Alvarez, M.J.; Paul-Satyaseela, M.; Iwu, 
C.D.; Balleste-Delpierre, C.; et al. The potential impact of the COVID-19 pandemic on global antimicrobial and biocide re-
sistance: An AMR Insights global perspective. JAC Antimicrob. Resist. 2021, 3, dlab038. https://doi.org/10.1093/jacamr/dlab038. 

8. Hay, S.I.; Rao, P.C.; Dolecek, C.; Day, N.P.J.; Stergachis, A.; Lopez, A.D.; Murray, C.J.L. Measuring and mapping the global 
burden of Antimicrobial resistance. BMC Med. 2018, 16, 78. https://doi.org/10.1186/s12916-018-1073-z. 

9. Bengtsson, B.; Greko, C. Antibiotic resistance—Consequences for animal health, welfare, and food production. Upsala J. Med. 
Sci. 2014, 119, 96–102. https://doi.org/10.3109/03009734.2014.901445. 

10. Mulani, M.S.; Kamble, E.E.; Kumkar, S.N.; Tawre, M.S.; Pardesi, K.R. Emerging Strategies to Combat ESKAPE Pathogens in the 
Era of Antimicrobial Resistance: A Review. Front. Microbiol. 2019, 10, 539. https://doi.org/10.3389/fmicb.2019.00539. 

11. Williams, K.J. The introduction of 'chemotherapy' using arsphenamine—The first magic bullet. J. R. Soc. Med. 2009, 102, 343–
348. https://doi.org/10.1258/jrsm.2009.09k036. 

12. Saga, T.; Yamaguchi, K. History of Antimicrobial agents and resistant bacteria. Jpn. Med. Assoc. J. 2009, 52, 103–108. 
13. Ventola, C.L. The antibiotic resistance crisis: Part 1: Causes and threats. Pharm. Ther. 2015, 40, 277–283. 
14. Abedon, S.T.; Kuhl, S.J.; Blasdel, B.G.; Kutter, E.M. Phage treatment of human infections. Bacteriophage 2011, 1, 66–85. 

https://doi.org/10.4161/bact.1.2.15845. 



Antibiotics 2022, 11, 200 26 of 39 
 

15. Bush, K.; Bradford, P.A. β-Lactams and β-Lactamase Inhibitors: An Overview. Cold Spring Harb. Perspect. Med. 2016, 6, a025247. 
https://doi.org/10.1101/cshperspect.a025247. 

16. Huang, E.; Yousef, A.E. The lipopeptide antibiotic paenibacterin binds to the bacterial outer membrane and exerts bactericidal 
activity through cytoplasmic membrane damage. Appl. Environ. Microbiol. 2014, 80, 2700–2704. 
https://doi.org/10.1128/AEM.03775-13. 

17. Lambert, T. Antibiotics that affect the ribosome. Rev. Sci. Tech. 2012, 31, 57–64. https://doi.org/10.20506/rst.31.1.2095. 
18. Chukwudi, C.U. rRNA Binding Sites and the Molecular Mechanism of Action of the Tetracyclines. Antimicrob. Agents Chemother. 

2016, 60, 4433–4441. https://doi.org/10.1128/AAC.00594-16. 
19. Aldred, K.J.; Kerns, R.J.; Osheroff, N. Mechanism of quinolone action and resistance. Biochemistry 2014, 53, 1565–1574. 

https://doi.org/10.1021/bi5000564. 
20. Daschner, F. Inhibition of cell wall synthesis by sulfonamides and trimethoprim. Chemotherapy 1976, 22, 12–18. 

https://doi.org/10.1159/000221905. 
21. Coates, A.R.M.; Hu, Y.; Holt, J.; Yeh, P. Antibiotic combination therapy against resistant bacterial infections: Synergy, rejuvena-

tion and resistance reduction. Expert Rev. Anti-Infect. Ther. 2020, 18, 5–15. https://doi.org/10.1080/14787210.2020.1705155. 
22. Tamma, P.D.; Cosgrove, S.E.; Maragakis, L.L. Combination therapy for treatment of infections with gram-negative bacteria. 

Clin. Microbiol. Rev. 2012, 25, 450–470. https://doi.org/10.1128/CMR.05041-11. 
23. Davis, B.D. Bactericidal synergism between β-lactams and aminoglycosides: Mechanism and possible therapeutic implications. 

Rev. Infect. Dis. 1982, 4, 237–245. https://doi.org/10.1093/clinids/4.2.237. 
24. Giamarellou, H. Aminoglycosides plus beta-lactams against gram-negative organisms: Evaluation of in vitro synergy and 

chemical interactions. Am. J. Med. 1986, 80, 126–137. https://doi.org/10.1016/0002-9343(86)90490-0. 
25. Yu, L.; Zhang, J.; Fu, Y.; Zhao, Y.; Wang, Y.; Zhao, J.; Guo, Y.; Li, C.; Zhang, X. Synergetic Effects of Combined Treatment of 

Colistin With Meropenem or Amikacin on Carbapenem-Resistant Klebsiella pneumoniae in vitro. Front. Cell. Infect. Microbiol. 2019, 
9, 422. https://doi.org/10.3389/fcimb.2019.00422. 

26. Gunnison, J.B.; Shevky, M.C.; Bruff, J.A.; Coleman, V.R.; Jawetz, E. Studies on antibiotic synergism and antagonism: The effect 
in vitro of combinations of antibiotics on bacteria of varying resistance to single antibiotics. J. Bacteriol. 1953, 66, 150–158. 
https://doi.org/10.1128/jb.66.2.150-158.1953. 

27. Hegreness, M.; Shoresh, N.; Damian, D.; Hartl, D.; Kishony, R. Accelerated evolution of resistance in multidrug environments. 
Proc. Natl. Acad. Sci. USA 2008, 105, 13977–13981. https://doi.org/10.1073/pnas.0805965105. 

28. Papp-Wallace, K.M. The latest advances in β-lactam/β-lactamase inhibitor combinations for the treatment of Gram-negative 
bacterial infections. Expert Opin. Pharmacother. 2019, 20, 2169–2184. https://doi.org/10.1080/14656566.2019.1660772. 

29. Wenzler, E.; Deraedt, M.F.; Harrington, A.T.; Danizger, L.H. Synergistic activity of ceftazidime-avibactam and aztreonam 
against serine and metallo-β-lactamase-producing gram-negative pathogens. Diagn. Microbiol. Infect. Dis. 2017, 88, 352–354. 
https://doi.org/10.1016/j.diagmicrobio.2017.05.009. 

30. Belley, A.; Barth, P.; Kashyap, S.; Lahlou, O.; Motta, P.; Knechtle, P.; Velicitat, P. LB-4. Cefepime-Enmetazobactam Demonstrates 
Superiority to Piperacillin-Tazobactam in a Subgroup of Patients with Complicated Urinary Tract Infections/Acute Pyelone-
phritis Caused by Extended Spectrum β-Lactamase-Producing Enterobacterales. Open Forum Infect. Dis. 2020, 7, S845-S845. 
https://doi.org/10.1093/ofid/ofaa515.1901. 

31. Mancuso, G.; Midiri, A.; Gerace, E.; Biondo, C. Bacterial Antibiotic Resistance: The Most Critical Pathogens. Pathogens 2021, 10, 
1310. https://doi.org/10.3390/pathogens10101310. 

32. Lenhard, J.R.; Nation, R.L.; Tsuji, B.T. Synergistic combinations of polymyxins. Int. J. Antimicrob. Agents 2016, 48, 607–613. 
https://doi.org/10.1016/j.ijantimicag.2016.09.014. 

33. Brochado, A.R.; Telzerow, A.; Bobonis, J.; Banzhaf, M.; Mateus, A.; Selkrig, J.; Huth, E.; Bassler, S.; Zamarreno Beas, J.; Zietek, 
M.; et al. Species-specific activity of antibacterial drug combinations. Nature 2018, 559, 259–263. https://doi.org/10.1038/s41586-
018-0278-9. 

34. Pietsch, F.; Heidrich, G.; Nordholt, N.; Schreiber, F. Prevalent Synergy and Antagonism Among Antibiotics and Biocides in 
Pseudomonas aeruginosa. Front. Microbiol. 2020, 11, 615618. https://doi.org/10.3389/fmicb.2020.615618. 

35. Ramsay, R.R.; Tipton, K.F. Assessment of Enzyme Inhibition: A Review with Examples from the Development of Monoamine 
Oxidase and Cholinesterase Inhibitory Drugs. Molecules 2017, 22, 1192. https://doi.org/10.3390/molecules22071192. 

36. Egorov, A.M.; Ulyashova, M.M.; Rubtsova, M.Y. Bacterial Enzymes and Antibiotic Resistance. Acta Naturae 2018, 10, 33–48. 
37. Tooke, C.L.; Hinchliffe, P.; Bragginton, E.C.; Colenso, C.K.; Hirvonen, V.H.A.; Takebayashi, Y.; Spencer, J. β-Lactamases and β-

Lactamase Inhibitors in the 21st Century. J. Mol. Biol. 2019, 431, 3472–3500. https://doi.org/10.1016/j.jmb.2019.04.002. 
38. Savoia, D. Plant-derived Antimicrobial compounds: Alternatives to antibiotics. Future Microbiol. 2012, 7, 979–990. 

https://doi.org/10.2217/fmb.12.68. 
39. Shahid, M.; Shahzad, A.; Sobia, F.; Sahai, A.; Tripathi, T.; Singh, A.; Khan, H.M.U. Plant Natural Products as a Potential Source 

for Antibacterial Agents: Recent Trends Anti-Infect. Agents Med. Chem. Former. Curr. Med. Chem. Anti-Infect. Agents 2009, 8, 211–
225. 

40. Abreu, A.C.; McBain, A.J.; Simoes, M. Plants as sources of new antimicrobials and resistance-modifying agents. Nat. Prod. Rep. 
2012, 29, 1007–1021. https://doi.org/10.1039/c2np20035j. 



Antibiotics 2022, 11, 200 27 of 39 
 

41. Simoes, M.; Bennett, R.N.; Rosa, E.A. Understanding antimicrobial activities of phytochemicals against multidrug resistant bac-
teria and biofilms. Nat. Prod. Rep. 2009, 26, 746–757. https://doi.org/10.1039/b821648g. 

42. AlSheikh, H.M.A.; Sultan, I.; Kumar, V.; Rather, I.A.; Al-Sheikh, H.; Tasleem Jan, A.; Haq, Q.M.R. Plant-Based Phytochemicals 
as Possible Alternative to Antibiotics in Combating Bacterial Drug Resistance. Antibiotics 2020, 9, 480. https://doi.org/10.3390/an-
tibiotics9080480. 

43. Gupta, P.D.; Birdi, T.J. Development of botanicals to combat antibiotic resistance. J. Ayurveda Integr. Med. 2017, 8, 266–275. 
https://doi.org/10.1016/j.jaim.2017.05.004. 

44. Khameneh, B.; Iranshahy, M.; Soheili, V.; Fazly Bazzaz, B.S. Review on plant antimicrobials: A mechanistic viewpoint. Antimi-
crob. Resist. Infect. Control 2019, 8, 118. https://doi.org/10.1186/s13756-019-0559-6. 

45. Stavri, M.; Piddock, L.J.; Gibbons, S. Bacterial efflux pump inhibitors from natural sources. J. Antimicrob. Chemother. 2007, 59, 
1247–1260. https://doi.org/10.1093/jac/dkl460. 

46. Gibbons, S.; Oluwatuyi, M.; Kaatz, G.W. A novel inhibitor of multidrug efflux pumps in Staphylococcus aureus. J. Antimicrob. 
Chemother. 2003, 51, 13–17. https://doi.org/10.1093/jac/dkg044. 

47. Kang, H.K.; Kim, H.Y.; Cha, J.D. Synergistic effects between silibinin and antibiotics on methicillin-resistant Staphylococcus au-
reus isolated from clinical specimens. Biotechnol. J. 2011, 6, 1397–1408. https://doi.org/10.1002/biot.201000422. 

48. Willers, C.; Wentzel, J.F.; du Plessis, L.H.; Gouws, C.; Hamman, J.H. Efflux as a mechanism of antimicrobial drug resistance in 
clinical relevant microorganisms: The role of efflux inhibitors. Expert Opin. Ther. Targets 2017, 21, 23–36. 
https://doi.org/10.1080/14728222.2017.1265105. 

49. Li, X.Z.; Plesiat, P.; Nikaido, H. The challenge of efflux-mediated antibiotic resistance in Gram-negative bacteria. Clin. Microbiol. 
Rev. 2015, 28, 337–418. https://doi.org/10.1128/CMR.00117-14. 

50. Aghayan, S.S.; Kalalian Mogadam, H.; Fazli, M.; Darban-Sarokhalil, D.; Khoramrooz, S.S.; Jabalameli, F.; Yaslianifard, S.; Mir-
zaii, M. The Effects of Berberine and Palmatine on Efflux Pumps Inhibition with Different Gene Patterns in Pseudomonas aeru-
ginosa Isolated from Burn Infections. Avicenna J. Med. Biotechnol. 2017, 9, 2–7. 

51. Subramani, R.; Narayanasamy, M.; Feussner, K.D. Plant-derived antimicrobials to fight against multi-drug-resistant human 
pathogens. 3 Biotech 2017, 7, 172. https://doi.org/10.1007/s13205-017-0848-9. 

52. Sun, J.; Marais, J.P.; Khoo, C.; LaPlante, K.; Vejborg, R.M.; Givskov, M.; Tolker-Nielsen, T.; Seeram, N.P.; Rowley, D.C. Cranberry 
(Vaccinium macrocarpon) oligosaccharides decrease biofilm formation by uropathogenic Escherichia coli. J. Funct. Foods 2015, 17, 
235–242. https://doi.org/10.1016/j.jff.2015.05.016. 

53. Ulrey, R.K.; Barksdale, S.M.; Zhou, W.; van Hoek, M.L. Cranberry proanthocyanidins have anti-biofilm properties against Pseu-
domonas aeruginosa. BMC Complement. Altern. Med. 2014, 14, 499. https://doi.org/10.1186/1472-6882-14-499. 

54. Wojnicz, D.; Tichaczek-Goska, D.; Korzekwa, K.; Kicia, M.; Hendrich, A.B. Study of the impact of cranberry extract on the 
virulence factors and biofilm formation by Enterococcus faecalis strains isolated from urinary tract infections. Int. J. Food Sci. Nutr. 
2016, 67, 1005–1016. https://doi.org/10.1080/09637486.2016.1211996. 

55. Bag, A.; Chattopadhyay, R.R. Efflux-pump inhibitory activity of a gallotannin from Terminalia chebula fruit against multidrug-
resistant uropathogenic Escherichia coli. Nat. Prod. Res. 2014, 28, 1280–1283. https://doi.org/10.1080/14786419.2014.895729. 

56. Simoes, L.C.; Lemos, M.; Pereira, A.M.; Abreu, A.C.; Saavedra, M.J.; Simoes, M. Persister cells in a biofilm treated with a biocide. 
Biofouling 2011, 27, 403–411. https://doi.org/10.1080/08927014.2011.579599. 

57. Dwivedi, G.R.; Maurya, A.; Yadav, D.K.; Singh, V.; Khan, F.; Gupta, M.K.; Singh, M.; Darokar, M.P.; Srivastava, S.K. Synergy of 
clavine alkaloid 'chanoclavine' with tetracycline against multi-drug-resistant E. coli. J. Biomol. Struct. Dyn. 2019, 37, 1307–1325. 
https://doi.org/10.1080/07391102.2018.1458654. 

58. Maurya, A.; Dwivedi, G.R.; Darokar, M.P.; Srivastava, S.K. Antibacterial and synergy of clavine alkaloid lysergol and its deriv-
atives against nalidixic acid-resistant Escherichia coli. Chem. Biol. Drug Des. 2013, 81, 484–490. https://doi.org/10.1111/cbdd.12103. 

59. Holler, J.G.; Christensen, S.B.; Slotved, H.C.; Rasmussen, H.B.; Guzman, A.; Olsen, C.E.; Petersen, B.; Molgaard, P. Novel inhib-
itory activity of the Staphylococcus aureus NorA efflux pump by a kaempferol rhamnoside isolated from Persea lingue Nees. J. 
Antimicrob. Chemother. 2012, 67, 1138–1144. https://doi.org/10.1093/jac/dks005. 

60. Brown, A.R.; Ettefagh, K.A.; Todd, D.; Cole, P.S.; Egan, J.M.; Foil, D.H.; Graf, T.N.; Schindler, B.D.; Kaatz, G.W.; Cech, N.B. A 
mass spectrometry-based assay for improved quantitative measurements of efflux pump inhibition. PLoS ONE 2015, 10, 
e0124814. https://doi.org/10.1371/journal.pone.0124814. 

61. Morel, C.; Stermitz, F.R.; Tegos, G.; Lewis, K. Isoflavones as potentiators of antibacterial activity. J. Agric. Food Chem. 2003, 51, 
5677–5679. https://doi.org/10.1021/jf0302714. 

62. Stermitz, F.R.; Beeson, T.D.; Mueller, P.J.; Hsiang, J.; Lewis, K. Staphylococcus aureus MDR efflux pump inhibitors from a Berberis 
and a Mahonia (sensu strictu) species. BioChem. Syst. Ecol. 2001, 29, 793–798. https://doi.org/10.1016/s0305-1978(01)00025-4. 

63. Belofsky, G.; Percivill, D.; Lewis, K.; Tegos, G.P.; Ekart, J. Phenolic metabolites of Dalea versicolor that enhance antibiotic activity 
against model pathogenic bacteria. J. Nat. Prod. 2004, 67, 481–484. https://doi.org/10.1021/np030409c. 

64. Holler, J.G.; Slotved, H.C.; Molgaard, P.; Olsen, C.E.; Christensen, S.B. Chalcone inhibitors of the NorA efflux pump in Staphy-
lococcus aureus whole cells and enriched everted membrane vesicles. Bioorganic Med. Chem. 2012, 20, 4514–4521. 
https://doi.org/10.1016/j.bmc.2012.05.025. 



Antibiotics 2022, 11, 200 28 of 39 
 

65. de Araujo, R.S.; Barbosa-Filho, J.M.; Scotti, M.T.; Scotti, L.; da Cruz, R.M.; Falcao-Silva Vdos, S.; de Siqueira-Junior, J.P.; Men-
donca-Junior, F.J. Modulation of Drug Resistance in Staphylococcus aureus with Coumarin Derivatives. Scientifica 2016, 2016, 
6894758. https://doi.org/10.1155/2016/6894758. 

66. Khameneh, B.; Iranshahy, M.; Ghandadi, M.; Ghoochi Atashbeyk, D.; Fazly Bazzaz, B.S.; Iranshahi, M. Investigation of the 
antibacterial activity and efflux pump inhibitory effect of co-loaded piperine and gentamicin nanoliposomes in methicillin-
resistant Staphylococcus aureus. Drug Dev. Ind. Pharm. 2015, 41, 989–994. https://doi.org/10.3109/03639045.2014.920025. 

67. Mun, S.H.; Joung, D.K.; Kim, S.B.; Park, S.J.; Seo, Y.S.; Gong, R.; Choi, J.G.; Shin, D.W.; Rho, J.R.; Kang, O.H.; et al. The mecha-
nism of antimicrobial activity of sophoraflavanone B against methicillin-resistant Staphylococcus aureus. Foodborne Pathog. Dis. 
2014, 11, 234–239. https://doi.org/10.1089/fpd.2013.1627. 

68. Abulrob, A.N.; Suller, M.T.; Gumbleton, M.; Simons, C.; Russell, A.D. Identification and biological evaluation of grapefruit oil 
components as potential novel efflux pump modulators in methicillin-resistant Staphylococcus aureus bacterial strains. Phyto-
chemistry 2004, 65, 3021–3027. https://doi.org/10.1016/j.phytochem.2004.08.044. 

69. Roy, S.K.; Kumari, N.; Pahwa, S.; Agrahari, U.C.; Bhutani, K.K.; Jachak, S.M.; Nandanwar, H. NorA efflux pump inhibitory 
activity of coumarins from Mesua ferrea. Fitoterapia 2013, 90, 140–150. https://doi.org/10.1016/j.fitote.2013.07.015. 

70. Boberek, J.M.; Stach, J.; Good, L. Genetic evidence for inhibition of bacterial division protein FtsZ by berberine. PLoS ONE 2010, 
5, e13745. https://doi.org/10.1371/journal.pone.0013745. 

71. Guay, I.; Boulanger, S.; Isabelle, C.; Brouillette, E.; Chagnon, F.; Bouarab, K.; Marsault, E.; Malouin, F. Tomatidine and analog 
FC04-100 possess bactericidal activities against Listeria, Bacillus and Staphylococcus spp. BMC Pharmacol. Toxicol. 2018, 19, 7. 
https://doi.org/10.1186/s40360-018-0197-2. 

72. Jeong, K.W.; Lee, J.Y.; Kang, D.I.; Lee, J.U.; Shin, S.Y.; Kim, Y. Screening of flavonoids as candidate antibiotics against Enterococ-
cus faecalis. J. Nat. Prod. 2009, 72, 719–724. https://doi.org/10.1021/np800698d. 

73. Wu, H.Z.; Fei, H.J.; Zhao, Y.L.; Liu, X.J.; Huang, Y.J.; Wu, S.W. [Antibacterial mechanism of sulforaphane on Escherichia coli. 
Sichuan Da Xue Xue Bao. Yi Xue Ban 2012, 43, 386–390. 

74. Reiter, J.; Levina, N.; van der Linden, M.; Gruhlke, M.; Martin, C.; Slusarenko, A.J. Diallylthiosulfinate (Allicin), a Volatile Anti-
microbial from Garlic (Allium sativum), Kills Human Lung Pathogenic Bacteria, Including MDR Strains, as a Vapor. Molecules 
2017, 22, 1711. https://doi.org/10.3390/molecules22101711. 

75. Basile, A.; Sorbo, S.; Spadaro, V.; Bruno, M.; Maggio, A.; Faraone, N.; Rosselli, S. Antimicrobial and antioxidant activities of 
coumarins from the roots of Ferulago campestris (Apiaceae). Molecules 2009, 14, 939–952. https://doi.org/10.3390/mole-
cules14030939. 

76. Tan, N.; Yazici-Tutunis, S.; Bilgin, M.; Tan, E.; Miski, M. Antibacterial Activities of Pyrenylated Coumarins from the Roots of 
Prangos hulusii. Molecules 2017, 22, 1098. https://doi.org/10.3390/molecules22071098. 

77. El-Seedi, H.R. Antimicrobial arylcoumarins from Asphodelus microcarpus. J. Nat. Prod. 2007, 70, 118–120. 
https://doi.org/10.1021/np060444u. 

78. Bazzaz, B.S.; Memariani, Z.; Khashiarmanesh, Z.; Iranshahi, M.; Naderinasab, M. Effect of galbanic Acid, a sesquiterpene cou-
marin from ferula szowitsiana, as an inhibitor of efflux mechanism in resistant clinical isolates of Staphylococcus aureus. Braz. J. 
Microbiol. 2010, 41, 574–580. https://doi.org/10.1590/S1517-83822010000300006. 

79. Rathinam, P.; Vijay Kumar, H.S.; Viswanathan, P. Eugenol exhibits anti-virulence properties by competitively binding to 
quorum sensing receptors. Biofouling 2017, 33, 624–639. https://doi.org/10.1080/08927014.2017.1350655. 

80. Ali, S.M.; Khan, A.A.; Ahmed, I.; Musaddiq, M.; Ahmed, K.S.; Polasa, H.; Rao, L.V.; Habibullah, C.M.; Sechi, L.A.; Ahmed, N. 
Antimicrobial activities of Eugenol and Cinnamaldehyde against the human gastric pathogen Helicobacter pylori. Ann. Clin. Mi-
crobiol. Antimicrob. 2005, 4, 20. https://doi.org/10.1186/1476-0711-4-20. 

81. Rajamanickam, K.; Yang, J.; Chidambaram, S.B.; Sakharkar, M.K. Enhancing Drug Efficacy against Mastitis Pathogens-An In 
Vitro Pilot Study in Staphylococcus aureus and Staphylococcus epidermidis. Animals 2020, 10, 2117. 
https://doi.org/10.3390/ani10112117. 

82. Jouany, J.P.; Morgavi, D.P. Use of 'natural' products as alternatives to antibiotic feed additives in ruminant production. Animal 
2007, 1, 1443–1466. https://doi.org/10.1017/S1751731107000742. 

83. Theuretzbacher, U.; Outterson, K.; Engel, A.; Karlen, A. The global preclinical antibacterial pipeline. Nat. Rev. Microbiol. 2020, 
18, 275–285. https://doi.org/10.1038/s41579-019-0288-0. 

84. Rossiter, S.E.; Fletcher, M.H.; Wuest, W.M. Natural Products as Platforms To Overcome Antibiotic Resistance. Chem. Rev. 2017, 
117, 12415–12474. https://doi.org/10.1021/acs.chemrev.7b00283. 

85. Kalinin, D.V.; Holl, R. LpxC inhibitors: A patent review (2010–2016). Expert Opin. Ther. Pat. 2017, 27, 1227–1250. 
https://doi.org/10.1080/13543776.2017.1360282. 

86. World Health Organization. 2020 Antibacterial Agents in Clinical and Preclinical Development: An Overview and Analysis. 
Available online: https://www.who.int/publications/i/item/9789240021303 (accessed on 25 October 2021). 

87. Ryan, M.D.; Parkes, A.L.; Corbett, D.; Dickie, A.P.; Southey, M.; Andersen, O.A.; Stein, D.B.; Barbeau, O.R.; Sanzone, A.; 
Thommes, P.; et al. Discovery of Novel UDP-N-Acetylglucosamine Acyltransferase (LpxA) Inhibitors with Activity against 
Pseudomonas aeruginosa. J. Med. Chem. 2021, 64, 14377–14425. https://doi.org/10.1021/acs.jmedchem.1c00888. 



Antibiotics 2022, 11, 200 29 of 39 
 

88. Ciumac, D.; Gong, H.; Hu, X.; Lu, J.R. Membrane targeting cationic antimicrobial peptides. J. Colloid Interface Sci. 2019, 537, 163–
185. https://doi.org/10.1016/j.jcis.2018.10.103. 

89. Kang, H.K.; Kim, C.; Seo, C.H.; Park, Y. The therapeutic applications of antimicrobial peptides (AMPs): A patent review. J. 
Microbiol. 2017, 55, 1–12. https://doi.org/10.1007/s12275-017-6452-1. 

90. Molchanova, N.; Hansen, P.R.; Franzyk, H. Advances in Development of Antimicrobial Peptidomimetics as Potential Drugs. 
Molecules 2017, 22. https://doi.org/10.3390/molecules22091430. 

91. Kuppusamy, R.; Willcox, M.; Black, D.S.; Kumar, N.; Kuppusamy, R.; Willcox, M.; Black, D.S.; Kumar, N. Short Cationic Pep-
tidomimetic Antimicrobials. Antibiotics 2019, 8, 44. https://doi.org/10.3390/antibiotics8020044. 

92. Wright, G.D. Opportunities for natural products in 21st century antibiotic discovery. Nat. Prod. Rep. 2017, 34, 694–701. 
https://doi.org/10.1039/c7np00019g. 

93. Rogers, G.B.; Carroll, M.P.; Bruce, K.D. Enhancing the utility of existing antibiotics by targeting bacterial behaviour? Br. J. Phar-
macol. 2012, 165, 845–857. https://doi.org/10.1111/j.1476-5381.2011.01643.x. 

94. Tilocca, B.; Balmas, V.; Hassan, Z.U.; Jaoua, S.; Migheli, Q. A proteomic investigation of Aspergillus carbonarius exposed to yeast 
volatilome or to its major component 2-phenylethanol reveals major shifts in fungal metabolism. Int. J. Food Microbiol. 2019, 306, 
108265. https://doi.org/10.1016/j.ijfoodmicro.2019.108265. 

95. Freimoser, F.M.; Rueda-Mejia, M.P.; Tilocca, B.; Migheli, Q. Biocontrol yeasts: Mechanisms and applications. World J. Microbiol. 
Biotechnol. 2019, 35, 154. https://doi.org/10.1007/s11274-019-2728-4. 

96. Tilocca, B.; Cao, A.; Migheli, Q. Scent of a Killer: Microbial Volatilome and Its Role in the Biological Control of Plant Pathogens. 
Front. Microbiol. 2020, 11, 41. https://doi.org/10.3389/fmicb.2020.00041. 

97. Wang, C.H.; Hsieh, Y.H.; Powers, Z.M.; Kao, C.Y. Defeating Antibiotic-Resistant Bacteria: Exploring Alternative Therapies for 
a Post-Antibiotic Era. Int. J. Mol. Sci. 2020, 21, 1061. https://doi.org/10.3390/ijms21031061. 

98. Gray, D.A.; Wenzel, M. Multitarget Approaches against Multiresistant Superbugs. ACS Infect. Dis. 2020, 6, 1346–1365. 
https://doi.org/10.1021/acsinfecdis.0c00001. 

99. Swamy, M.K.; Akhtar, M.S.; Sinniah, U.R. Antimicrobial Properties of Plant Essential Oils against Human Pathogens and Their 
Mode of Action: An Updated Review. Evid. Based Complementary Altern. Med. 2016, 2016, 3012462. 
https://doi.org/10.1155/2016/3012462. 

100. Yang, S.K.; Tan, N.P.; Chong, C.W.; Abushelaibi, A.; Lim, S.H.; Lai, K.S. The Missing Piece: Recent Approaches Investigating 
the Antimicrobial Mode of Action of Essential Oils. Evol. Bioinform. 2021, 17, 1176934320938391. 
https://doi.org/10.1177/1176934320938391. 

101. Valdivieso-Ugarte, M.; Gomez-Llorente, C.; Plaza-Diaz, J.; Gil, A. Antimicrobial, Antioxidant, and Immunomodulatory Prop-
erties of Essential Oils: A Systematic Review. Nutrients 2019, 11, 2786. https://doi.org/10.3390/nu11112786. 

102. Boyle, W.S. pices and Essential Oils as Presservatives. Am. Perfum. Essent. Oil Rev. 1955, 66, 25–28. 
103. Chouhan, S.; Sharma, K.; Guleria, S. Antimicrobial Activity of Some Essential Oils-Present Status and Future Perspectives. Med-

icines 2017, 4, 58. https://doi.org/10.3390/medicines4030058. 
104. Helal, I.M.; El-Bessoumy, A.; Al-Bataineh, E.; Joseph, M.R.P.; Rajagopalan, P.; Chandramoorthy, H.C.; Ben Hadj Ahmed, S. 

Antimicrobial Efficiency of Essential Oils from Traditional Medicinal Plants of Asir Region, Saudi Arabia, over Drug Resistant 
Isolates. Biomed Res. Int. 2019, 2019, 8928306. https://doi.org/10.1155/2019/8928306. 

105. Iseppi, R.; Mariani, M.; Condo, C.; Sabia, C.; Messi, P. Essential Oils: A Natural Weapon against Antibiotic-Resistant Bacteria 
Responsible for Nosocomial Infections. Antibiotics 2021, 10, 417. https://doi.org/10.3390/antibiotics10040417. 

106. Trifan, A.; Luca, S.V.; Greige-Gerges, H.; Miron, A.; Gille, E.; Aprotosoaie, A.C. Recent advances in tackling microbial multidrug 
resistance with essential oils: Combinatorial and nano-based strategies. Crit. Rev. Microbiol. 2020, 46, 338–357. 
https://doi.org/10.1080/1040841X.2020.1782339. 

107. Ciocarlan, A.; Lupascu, L.; Aricu, A.; Dragalin, I.; Popescu, V.; Geana, E.I.; Ionete, R.E.; Vornicu, N.; Duliu, O.G.; Hristozova, 
G.; et al. Chemical Composition and Assessment of Antimicrobial Activity of Lavender Essential Oil and Some By-Products. 
Plants 2021, 10, 1829. https://doi.org/10.3390/plants10091829. 

108. Sakkas, H.; Gousia, P.; Economou, V.; Sakkas, V.; Petsios, S.; Papadopoulou, C. In vitro antimicrobial activity of five essential 
oils on multidrug resistant Gram-negative clinical isolates. J. Intercult. EthnoPharmacol. 2016, 5, 212–218. 
https://doi.org/10.5455/jice.20160331064446. 

109. Caceres, M.; Hidalgo, W.; Stashenko, E.; Torres, R.; Ortiz, C. Essential Oils of Aromatic Plants with Antibacterial, Anti-Biofilm 
and Anti-Quorum Sensing Activities against Pathogenic Bacteria. Antibiotics 2020, 9, 147. https://doi.org/10.3390/antibiot-
ics9040147. 

110. Condo, C.; Anacarso, I.; Sabia, C.; Iseppi, R.; Anfelli, I.; Forti, L.; de Niederhausern, S.; Bondi, M.; Messi, P. Antimicrobial activity 
of spices essential oils and its effectiveness on mature biofilms of human pathogens. Nat. Prod. Res. 2020, 34, 567–574. 
https://doi.org/10.1080/14786419.2018.1490904. 

111. Oliva, A.; Costantini, S.; De Angelis, M.; Garzoli, S.; Bozovic, M.; Mascellino, M.T.; Vullo, V.; Ragno, R. High Potency of Mela-
leuca alternifolia Essential Oil against Multi-Drug Resistant Gram-Negative Bacteria and Methicillin-Resistant Staphylococcus au-
reus. Molecules 2018, 23, 2584. https://doi.org/10.3390/molecules23102584. 



Antibiotics 2022, 11, 200 30 of 39 
 

112. Yap, P.S.; Krishnan, T.; Chan, K.G.; Lim, S.H. Antibacterial Mode of Action of Cinnamomum verum Bark Essential Oil, Alone 
and in Combination with Piperacillin, Against a Multi-Drug-Resistant Escherichia coli Strain. J. Microbiol. Biotechnol. 2015, 25, 
1299–1306. https://doi.org/10.4014/jmb.1407.07054. 

113. Vasconcelos, N.G.; Queiroz, J.; Silva, K.E.D.; Vasconcelos, P.C.P.; Croda, J.; Simionatto, S. Synergistic effects of Cinnamomum 
cassia L. essential oil in combination with polymyxin B against carbapenemase-producing Klebsiella pneumoniae and Serratia 
marcescens. PLoS ONE 2020, 15, e0236505. https://doi.org/10.1371/journal.pone.0236505. 

114. Yap, P.S.; Yiap, B.C.; Ping, H.C.; Lim, S.H. Essential oils, a new horizon in combating bacterial antibiotic resistance. Open Micro-
biol. J. 2014, 8, 6–14. https://doi.org/10.2174/1874285801408010006. 

115. Langeveld, W.T.; Veldhuizen, E.J.; Burt, S.A. Synergy between essential oil components and antibiotics: A review. Crit. Rev. 
Microbiol. 2014, 40, 76–94. https://doi.org/10.3109/1040841X.2013.763219. 

116. Kuok, C.F.; Hoi, S.O.; Hoi, C.F.; Chan, C.H.; Fong, I.H.; Ngok, C.K.; Meng, L.R.; Fong, P. Synergistic antibacterial effects of 
herbal extracts and antibiotics on methicillin-resistant Staphylococcus aureus: A computational and experimental study. Exp. Biol. 
Med. 2017, 242, 731–743. https://doi.org/10.1177/1535370216689828. 

117. Gill, A.O.; Holley, R.A. Disruption of Escherichia coli, Listeria monocytogenes and Lactobacillus sakei cellular membranes by plant 
oil aromatics. Int. J. Food Microbiol. 2006, 108, 1–9. https://doi.org/10.1016/j.ijfoodmicro.2005.10.009. 

118. Yap, P.S.; Lim, S.H.; Hu, C.P.; Yiap, B.C. Combination of essential oils and antibiotics reduce antibiotic resistance in plasmid-
conferred multidrug resistant bacteria. Phytomedicine 2013, 20, 710–713. https://doi.org/10.1016/j.phymed.2013.02.013. 

119. Domadia, P.; Swarup, S.; Bhunia, A.; Sivaraman, J.; Dasgupta, D. Inhibition of bacterial cell division protein FtsZ by cinnamal-
dehyde. BioChem. Pharmacol. 2007, 74, 831–840. https://doi.org/10.1016/j.bcp.2007.06.029. 

120. Nazzaro, F.; Fratianni, F.; De Martino, L.; Coppola, R.; De Feo, V. Effect of essential oils on pathogenic bacteria. Pharmaceuticals 
2013, 6, 1451–1474. https://doi.org/10.3390/ph6121451. 

121. Clemente, I.; Aznar, M.; Nerin, C. Synergistic properties of mustard and cinnamon essential oils for the inactivation of food-
borne moulds in vitro and on Spanish bread. Int. J. Food Microbiol. 2019, 298, 44–50. https://doi.org/10.1016/j.ijfoodmi-
cro.2019.03.012. 

122. de Rapper, S.; Viljoen, A.; van Vuuren, S. The In Vitro Antimicrobial Effects of Lavandula angustifolia Essential Oil in Combina-
tion with Conventional Antimicrobial Agents. Evid. Based Complement. Altern. Med. 2016, 2016, 2752739. 
https://doi.org/10.1155/2016/2752739. 

123. Yang, S.K.; Yusoff, K.; Thomas, W.; Akseer, R.; Alhosani, M.S.; Abushelaibi, A.; Lim, S.H.; Lai, K.S. Lavender essential oil in-
duces oxidative stress which modifies the bacterial membrane permeability of carbapenemase producing Klebsiella pneumoniae. 
Sci. Rep. 2020, 10, 819. https://doi.org/10.1038/s41598-019-55601-0. 

124. Yap, P.S.; Krishnan, T.; Yiap, B.C.; Hu, C.P.; Chan, K.G.; Lim, S.H. Membrane disruption and anti-quorum sensing effects of 
synergistic interaction between Lavandula angustifolia (lavender oil) in combination with antibiotic against plasmid-conferred 
multi-drug-resistant Escherichia coli. J. Appl. Microbiol. 2014, 116, 1119–1128. https://doi.org/10.1111/jam.12444. 

125. Prashar, A.; Locke, I.C.; Evans, C.S. Cytotoxicity of lavender oil and its major components to human skin cells. Cell Prolif. 2004, 
37, 221–229. https://doi.org/10.1111/j.1365-2184.2004.00307.x. 

126. Muntean, D.; Licker, M.; Alexa, E.; Popescu, I.; Jianu, C.; Buda, V.; Dehelean, C.A.; Ghiulai, R.; Horhat, F.; Horhat, D.; et al. 
Evaluation of essential oil obtained from Mentha×piperita L. against multidrug-resistant strains. Infect. Drug Resist. 2019, 12, 
2905–2914. https://doi.org/10.2147/IDR.S218141. 

127. Unalan, I.; Slavik, B.; Buettner, A.; Goldmann, W.H.; Frank, G.; Boccaccini, A.R. Physical and Antibacterial Properties of Pep-
permInt Essential Oil Loaded Poly (ε-caprolactone) (PCL) Electrospun Fiber Mats for Wound Healing. Front. Bioeng. Biotechnol. 
2019, 7, 346. https://doi.org/10.3389/fbioe.2019.00346. 

128. Ziolkowska-Klinkosz, M.; Kedzia, A.; Meissner, H.O.; Kedzia, A.W. Evaluation of the Tea Tree Oil Activity to Anaerobic Bacte-
ria--in Vitro Study. Acta Pol. Pharm. 2016, 73, 389–394. 

129. Cox, S.D.; Mann, C.M.; Markham, J.L.; Gustafson, J.E.; Warmington, J.R.; Wyllie, S.G. Determining the Antimicrobial Actions of 
Tea Tree Oil. Molecules 2001, 6, 87–91. 

130. Li, W.R.; Li, H.L.; Shi, Q.S.; Sun, T.L.; Xie, X.B.; Song, B.; Huang, X.M. The dynamics and mechanism of the Antimicrobial activity 
of tea tree oil against bacteria and fungi. Appl. Microbiol. Biotechnol. 2016, 100, 8865–8875. https://doi.org/10.1007/s00253-016-
7692-4. 

131. Brun, P.; Bernabe, G.; Filippini, R.; Piovan, A. In Vitro Antimicrobial Activities of Commercially Available Tea Tree (Melaleuca 
alternifolia) Essential Oils. Curr. Microbiol. 2019, 76, 108–116. https://doi.org/10.1007/s00284-018-1594-x. 

132. Pattnaik, S.; Subramanyam, V.R.; Kole, C. Antibacterial and antifungal activity of ten essential oils in vitro. Microbios 1996, 86, 
237–246. 

133. Dawood, M.A.O.; El Basuini, M.F.; Zaineldin, A.I.; Yilmaz, S.; Hasan, M.T.; Ahmadifar, E.; El Asely, A.M.; Abdel-Latif, H.M.R.; 
Alagawany, M.; Abu-Elala, N.M.; et al. Antiparasitic and Antibacterial Functionality of Essential Oils: An Alternative Approach 
for Sustainable Aquaculture. Pathogens 2021, 10, 185. https://doi.org/10.3390/pathogens10020185. 

134. Nehme, R.; Andres, S.; Pereira, R.B.; Ben Jemaa, M.; Bouhallab, S.; Ceciliani, F.; Lopez, S.; Rahali, F.Z.; Ksouri, R.; Pereira, D.M.; 
et al. Essential Oils in Livestock: From Health to Food Quality. Antioxidants 2021, 10, 330. https://doi.org/10.3390/antiox10020330. 



Antibiotics 2022, 11, 200 31 of 39 
 

135. Falleh, H.; Ben Jemaa, M.; Saada, M.; Ksouri, R. Essential oils: A promising eco-friendly food preservative. Food Chem. 2020, 330, 
127268. https://doi.org/10.1016/j.foodchem.2020.127268. 

136. Patra, J.K.; Das, G.; Fraceto, L.F.; Campos, E.V.R.; Rodriguez-Torres, M.D.P.; Acosta-Torres, L.S.; Diaz-Torres, L.A.; Grillo, R.; 
Swamy, M.K.; Sharma, S.; et al. Nano based drug delivery systems: Recent developments and future prospects. J. NanoBiotechnol. 
2018, 16, 71. https://doi.org/10.1186/s12951-018-0392-8. 

137. Berdejo, D.; Pagan, E.; Merino, N.; Pagan, R.; Garcia-Gonzalo, D. Incubation with a Complex Orange Essential Oil Leads to 
Evolved Mutants with Increased Resistance and Tolerance. Pharmaceuticals 2020, 13, 239. https://doi.org/10.3390/ph13090239. 

138. Tetard, A.; Zedet, A.; Girard, C.; Plesiat, P.; Llanes, C. Cinnamaldehyde Induces Expression of Efflux Pumps and Multidrug 
Resistance in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 2019, 63. https://doi.org/10.1128/AAC.01081-19. 

139. Good, L.; Stach, J.E. Synthetic RNA silencing in bacteria—Antimicrobial discovery and resistance breaking. Front. Microbiol. 
2011, 2, 185. https://doi.org/10.3389/fmicb.2011.00185. 

140. Gholizadeh, P.; Kose, S.; Dao, S.; Ganbarov, K.; Tanomand, A.; Dal, T.; Aghazadeh, M.; Ghotaslou, R.; Ahangarzadeh Rezaee, 
M.; Yousefi, B.; et al. How CRISPR-Cas System Could Be Used to Combat Antimicrobial Resistance. Infect. Drug Resist. 2020, 13, 
1111–1121. https://doi.org/10.2147/IDR.S247271. 

141. Duan, C.; Cao, H.; Zhang, L.H.; Xu, Z. Harnessing the CRISPR-Cas Systems to Combat Antimicrobial Resistance. Front. Micro-
biol. 2021, 12, 716064. https://doi.org/10.3389/fmicb.2021.716064. 

142. Briner, A.E.; Barrangou, R. Deciphering and shaping bacterial diversity through CRISPR. Curr. Opin. Microbiol. 2016, 31, 101–
108. https://doi.org/10.1016/j.mib.2016.03.006. 

143. Palacios Araya, D.; Palmer, K.L.; Duerkop, B.A. CRISPR-based Antimicrobials to obstruct antibiotic-resistant and pathogenic 
bacteria. PLoS Pathog. 2021, 17, e1009672. https://doi.org/10.1371/journal.ppat.1009672. 

144. Aslam, B.; Rasool, M.; Idris, A.; Muzammil, S.; Alvi, R.F.; Khurshid, M.; Rasool, M.H.; Zhang, D.; Ma, Z.; Baloch, Z. CRISPR-
Cas system: A potential alternative tool to cope antibiotic resistance. Antimicrob. Resist. Infect. Control 2020, 9, 131. 
https://doi.org/10.1186/s13756-020-00795-6. 

145. Gonzalez de Aledo, M.; Gonzalez-Bardanca, M.; Blasco, L.; Pacios, O.; Bleriot, I.; Fernandez-Garcia, L.; Fernandez-Quejo, M.; 
Lopez, M.; Bou, G.; Tomas, M. CRISPR-Cas, a Revolution in the Treatment and Study of ESKAPE Infections: Pre-Clinical Stud-
ies. Antibiotics 2021, 10, 756. https://doi.org/10.3390/antibiotics10070756. 

146. Kiga, K.; Tan, X.E.; Ibarra-Chavez, R.; Watanabe, S.; Aiba, Y.; Sato'o, Y.; Li, F.Y.; Sasahara, T.; Cui, B.; Kawauchi, M.; et al. 
Development of CRISPR-Cas13a-based Antimicrobials capable of sequence-specific killing of target bacteria. Nat. Commun. 
2020, 11, 2934. https://doi.org/10.1038/s41467-020-16731-6. 

147. Lam, K.N.; Spanogiannopoulos, P.; Soto-Perez, P.; Alexander, M.; Nalley, M.J.; Bisanz, J.E.; Nayak, R.R.; Weakley, A.M.; Yu, 
F.B.; Turnbaugh, P.J. Phage-delivered CRISPR-Cas9 for strain-specific depletion and genomic deletions in the gut microbiome. 
Cell Rep. 2021, 37, 109930. https://doi.org/10.1016/j.celrep.2021.109930. 

148. Kim, J.S.; Cho, D.H.; Park, M.; Chung, W.J.; Shin, D.; Ko, K.S.; Kweon, D.H. CRISPR/Cas9-Mediated Re-Sensitization of Antibi-
otic-Resistant Escherichia coli Harboring Extended-Spectrum β-Lactamases. J. Microbiol. Biotechnol. 2016, 26, 394–401. 
https://doi.org/10.4014/jmb.1508.08080. 

149. Rodrigues, M.; McBride, S.W.; Hullahalli, K.; Palmer, K.L.; Duerkop, B.A. Conjugative Delivery of CRISPR-Cas9 for the Selective 
Depletion of Antibiotic-Resistant Enterococci. Antimicrob. Agents Chemother. 2019, 63, e01454-19. 
https://doi.org/10.1128/AAC.01454-19. 

150. Park, J.Y.; Moon, B.Y.; Park, J.W.; Thornton, J.A.; Park, Y.H.; Seo, K.S. Genetic engineering of a temperate phage-based delivery 
system for CRISPR/Cas9 Antimicrobials against Staphylococcus aureus. Sci. Rep. 2017, 7, 44929. https://doi.org/10.1038/srep44929. 

151. Tagliaferri, T.L.; Guimaraes, N.R.; Pereira, M.P.M.; Vilela, L.F.F.; Horz, H.P.; Dos Santos, S.G.; Mendes, T.A.O. Exploring the 
Potential of CRISPR-Cas9 Under Challenging Conditions: Facing High-Copy Plasmids and Counteracting Beta-Lactam Re-
sistance in Clinical Strains of Enterobacteriaceae. Front. Microbiol. 2020, 11, 578. https://doi.org/10.3389/fmicb.2020.00578. 

152. Fage, C.; Lemire, N.; Moineau, S. Delivery of CRISPR-Cas systems using phage-based vectors. Curr. Opin. Biotechnol. 2021, 68, 
174–180. https://doi.org/10.1016/j.copbio.2020.11.012. 

153. Kang, Y.K.; Kwon, K.; Ryu, J.S.; Lee, H.N.; Park, C.; Chung, H.J. Nonviral Genome Editing Based on a Polymer-Derivatized 
CRISPR Nanocomplex for Targeting Bacterial Pathogens and Antibiotic Resistance. Bioconjugate Chem. 2017, 28, 957–967. 
https://doi.org/10.1021/acs.bioconjchem.6b00676. 

154. Wan, F.; Draz, M.S.; Gu, M.; Yu, W.; Ruan, Z.; Luo, Q. Novel Strategy to Combat Antibiotic Resistance: A Sight into the Combi-
nation of CRISPR/Cas9 and Nanoparticles. Pharmaceutics 2021, 13, 352. https://doi.org/10.3390/pharmaceutics13030352. 

155. Lima, R.; Del Fiol, F.S.; Balcao, V.M. Prospects for the Use of New Technologies to Combat Multidrug-Resistant Bacteria. Front. 
Pharmacol. 2019, 10, 692. https://doi.org/10.3389/fphar.2019.00692. 

156. Bierbaum, G.; Sahl, H.G. Lantibiotics: Mode of action, biosynthesis and bioengineering. Curr. Pharm. Biotechnol. 2009, 10, 2–18. 
https://doi.org/10.2174/138920109787048616. 

157. Daly, K.M.; Cotter, P.D.; Hill, C.; Ross, R.P. Lantibiotic production by pathogenic microorganisms. Curr. Protein Pept. Sci. 2012, 
13, 509–523. https://doi.org/10.2174/138920312803582997. 

158. McAuliffe, O.; Ross, R.P.; Hill, C. Lantibiotics: Structure, biosynthesis and mode of action. FEMS Microbiol. Rev. 2001, 25, 285–
308. https://doi.org/10.1111/j.1574-6976.2001.tb00579.x. 



Antibiotics 2022, 11, 200 32 of 39 
 

159. Mullur, R.; Liu, Y.Y.; Brent, G.A. Thyroid hormone regulation of metabolism. Physiol. Rev. 2014, 94, 355–382. 
https://doi.org/10.1152/physrev.00030.2013. 

160. Cotter, P.D.; Ross, R.P.; Hill, C. Bacteriocins—A viable alternative to antibiotics? Nat. Rev. Microbiol. 2013, 11, 95–105. 
https://doi.org/10.1038/nrmicro2937. 

161. Mathur, H.; Field, D.; Rea, M.C.; Cotter, P.D.; Hill, C.; Ross, R.P. Fighting biofilms with lantibiotics and other groups of bacteri-
ocins. NPJ Biofilms Microbiomes 2018, 4, 9. https://doi.org/10.1038/s41522-018-0053-6. 

162. Simons, A.; Alhanout, K.; Duval, R.E. Bacteriocins, Antimicrobial Peptides from Bacterial Origin: Overview of Their Biology 
and Their Impact against Multidrug-Resistant Bacteria. Microorganisms 2020, 8, 639. https://doi.org/10.3390/microorgan-
isms8050639. 

163. Dijksteel, G.S.; Ulrich, M.M.W.; Middelkoop, E.; Boekema, B. Review: Lessons Learned from Clinical Trials Using Antimicrobial 
Peptides (AMPs). Front. Microbiol. 2021, 12, 616979. https://doi.org/10.3389/fmicb.2021.616979. 

164. Ageitos, J.M.; Sanchez-Perez, A.; Calo-Mata, P.; Villa, T.G. Antimicrobial peptides (AMPs): Ancient compounds that represent 
novel weapons in the fight against bacteria. BioChem. Pharmacol. 2017, 133, 117–138. https://doi.org/10.1016/j.bcp.2016.09.018. 

165. Sierra, J.M.; Fuste, E.; Rabanal, F.; Vinuesa, T.; Vinas, M. An overview of Antimicrobial peptides and the latest advances in their 
development. Expert Opin. Biol. Ther. 2017, 17, 663–676. https://doi.org/10.1080/14712598.2017.1315402. 

166. Zharkova, M.S.; Orlov, D.S.; Golubeva, O.Y.; Chakchir, O.B.; Eliseev, I.E.; Grinchuk, T.M.; Shamova, O.V. Application of Anti-
microbial Peptides of the Innate Immune System in Combination With Conventional Antibiotics-A Novel Way to Combat An-
tibiotic Resistance? Front. Cell Infect. Microbiol. 2019, 9, 128. https://doi.org/10.3389/fcimb.2019.00128. 

167. Palma, E.; Tilocca, B.; Roncada, P. Antimicrobial Resistance in Veterinary Medicine: An Overview. Int. J. Mol. Sci. 2020, 21, 1914. 
https://doi.org/10.3390/ijms21061914. 

168. Tilocca, B.; Costanzo, N.; Morittu, V.M.; Spina, A.A.; Soggiu, A.; Britti, D.; Roncada, P.; Piras, C. Milk microbiota: Characteriza-
tion methods and role in cheese production. J. Proteom. 2020, 210, 103534. https://doi.org/10.1016/j.jprot.2019.103534. 

169. Blondelle, S.E.; Houghten, R.A. Design of model amphipathic peptides having potent Antimicrobial activities. Biochemistry 1992, 
31, 12688–12694. https://doi.org/10.1021/bi00165a020. 

170. Sheard, D.E.; O’Brien-Simpson, N.M.; Wade, J.D.; Separovic, F. Combating bacterial resistance by combination of antibiotics 
with Antimicrobial peptides. Pure Appl. Chem. 2019, 91, 199–209. 

171. Kumar, P.; Kizhakkedathu, J.N.; Straus, S.K. Antimicrobial Peptides: Diversity, Mechanism of Action and Strategies to Improve 
the Activity and Biocompatibility In Vivo. Biomolecules 2018, 8, 4. https://doi.org/10.3390/biom8010004. 

172. Wang, G. Human Antimicrobial peptides and proteins. Pharmaceuticals 2014, 7, 545–594. https://doi.org/10.3390/ph7050545. 
173. Huan, Y.; Kong, Q.; Mou, H.; Yi, H. Antimicrobial Peptides: Classification, Design, Application and Research Progress in Mul-

tiple Fields. Front. Microbiol. 2020, 11, 582779. https://doi.org/10.3389/fmicb.2020.582779. 
174. Troscher-Mussotter, J.; Tilocca, B.; Stefanski, V.; Seifert, J. Analysis of the Bacterial and Host Proteins along and across the 

Porcine Gastrointestinal Tract. Proteomes 2019, 7, 4. https://doi.org/10.3390/proteomes7010004. 
175. Brogden, K.A. Antimicrobial peptides: Pore formers or metabolic inhibitors in bacteria? Nat. Rev. Microbiol. 2005, 3, 238–250. 

https://doi.org/10.1038/nrmicro1098. 
176. Rima, M.; Rima, M.; Fajloun, Z.; Sabatier, J.M.; Bechinger, B.; Naas, T. Antimicrobial Peptides: A Potent Alternative to Antibi-

otics. Antibiotics 2021, 10, 1095. https://doi.org/10.3390/antibiotics10091095. 
177. Nguyen, L.T.; Haney, E.F.; Vogel, H.J. The expanding scope of Antimicrobial peptide structures and their modes of action. 

Trends Biotechnol. 2011, 29, 464–472. https://doi.org/10.1016/j.tibtech.2011.05.001. 
178. Otvos, L.; Jr.; Wade, J.D.; Lin, F.; Condie, B.A.; Hanrieder, J.; Hoffmann, R. Designer antibacterial peptides kill fluoroquinolone-

resistant clinical isolates. J. Med. Chem. 2005, 48, 5349–5359. https://doi.org/10.1021/jm050347i. 
179. Luther, A.; Urfer, M.; Zahn, M.; Muller, M.; Wang, S.Y.; Mondal, M.; Vitale, A.; Hartmann, J.B.; Sharpe, T.; Monte, F.L.; et al. 

Chimeric peptidomimetic antibiotics against Gram-negative bacteria. Nature 2019, 576, 452–458. https://doi.org/10.1038/s41586-
019-1665-6. 

180. Brogden, N.K.; Brogden, K.A. Will new generations of modified Antimicrobial peptides improve their potential as pharmaceu-
ticals? Int. J. Antimicrob. Agents 2011, 38, 217–225. https://doi.org/10.1016/j.ijantimicag.2011.05.004. 

181. Grassi, L.; Maisetta, G.; Esin, S.; Batoni, G. Combination Strategies to Enhance the Efficacy of Antimicrobial Peptides against 
Bacterial Biofilms. Front. Microbiol. 2017, 8, 2409. https://doi.org/10.3389/fmicb.2017.02409. 

182. Wenyi, L.; O'Brien-Simpson, N.M.; Holden, J.A.; Otvos, L.; Reynolds, E.C.; Separovic, F.; Hossain, M.A.; Wade, J.D. Covalent 
conjugation of cationic Antimicrobial peptides with a beta-lactam antibiotic core. Peptide Sci. 2018, 110, 9. 

183. Arnusch, C.J.; Pieters, R.J.; Breukink, E. Enhanced membrane pore formation through high-affinity targeted Antimicrobial pep-
tides. PLoS ONE 2012, 7, e39768. https://doi.org/10.1371/journal.pone.0039768. 

184. Reinhardt, A.; Neundorf, I. Design and Application of Antimicrobial Peptide Conjugates. Int. J. Mol. Sci. 2016, 17. 
https://doi.org/10.3390/ijms17050701. 

185. Riber, C.F.; Smith, A.A.; Zelikin, A.N. Self-Immolative Linkers Literally Bridge Disulfide Chemistry and the Realm of Thiol-
Free Drugs. Adv. Healthc. Mater. 2015, 4, 1887–1890, 701. https://doi.org/10.1002/adhm.201500344. 



Antibiotics 2022, 11, 200 33 of 39 
 

186. Biswaro, L.S.; da Costa Sousa, M.G.; Rezende, T.M.B.; Dias, S.C.; Franco, O.L. Antimicrobial Peptides and Nanotechnology, 
Recent Advances and Challenges. Front. Microbiol. 2018, 9, 855. https://doi.org/10.3389/fmicb.2018.00855. 

187. Ritsema, J.A.; der Weide, H.V.; Te Welscher, Y.M.; Goessens, W.H.; van Nostrum, C.F.; Storm, G.; Bakker-Woudenberg, I.A.; 
Hays, J.P. Antibiotic-nanomedicines: Facing the challenge of effective treatment of antibiotic-resistant respiratory tract infec-
tions. Future Microbiol. 2018, 13, 1683–1692. https://doi.org/10.2217/fmb-2018-0194. 

188. Sader, H.S.; Flamm, R.K.; Dale, G.E.; Rhomberg, P.R.; Castanheira, M. Murepavadin activity tested against contemporary (2016–
17) clinical isolates of XDR Pseudomonas aeruginosa. J. Antimicrob. Chemother. 2018, 73, 2400–2404. 
https://doi.org/10.1093/jac/dky227. 

189. Vila, J.; Moreno-Morales, J.; Balleste-Delpierre, C. Current landscape in the discovery of novel antibacterial agents. Clin. Micro-
biol. Infect. 2020, 26, 596–603. https://doi.org/10.1016/j.cmi.2019.09.015. 

190. Polyphor. A Novel Class of Highly Specific Outer Membrane Protein Targeting Antibiotic to Treat Pseudomonas Infections in 
People with Cystic Fibrosis. Available online: https://www.polyphor.com/pol7080/ (accessed on 15 October 2021). 

191. Greber, K.E.; Dawgul, M. Antimicrobial Peptides Under Clinical Trials. Curr. Top. Med. Chem. 2017, 17, 620–628. 
https://doi.org/10.2174/1568026616666160713143331. 

192. Otvos, L., Jr. Antibacterial peptides isolated from insects. J. Pept. Sci. 2000, 6, 497–511. https://doi.org/10.1002/1099-
1387(200010)6:10<497::AID-PSC277>3.0.CO;2-W. 

193. Sahoo, A.; Swain, S.S.; Behera, A.; Sahoo, G.; Mahapatra, P.K.; Panda, S.K. Antimicrobial Peptides Derived From Insects Offer 
a Novel Therapeutic Option to Combat Biofilm: A Review. Front. Microbiol. 2021, 12, 661195. 
https://doi.org/10.3389/fmicb.2021.661195. 

194. Jenssen, H.; Hamill, P.; Hancock, R.E. Peptide Antimicrobial agents. Clin. Microbiol. Rev. 2006, 19, 491–511. 
https://doi.org/10.1128/CMR.00056-05. 

195. Zamborini, F.P.; Bao, L.; Dasari, R. Nanoparticles in measurement science. Anal. Chem. 2012, 84, 541–576. 
https://doi.org/10.1021/ac203233q. 

196. Wang, L.; Hu, C.; Shao, L. The Antimicrobial activity of nanoparticles: Present situation and prospects for the future. Int. J. 
Nanomed. 2017, 12, 1227–1249. https://doi.org/10.2147/IJN.S121956. 

197. Slavin, Y.N.; Asnis, J.; Hafeli, U.O.; Bach, H. Metal nanoparticles: Understanding the mechanisms behind antibacterial activity. 
J. NanoBiotechnology 2017, 15, 65. https://doi.org/10.1186/s12951-017-0308-z. 

198. Seil, J.T.; Webster, T.J. Antimicrobial applications of nanotechnology: Methods and literature. Int. J. Nanomed. 2012, 7, 2767–
2781. https://doi.org/10.2147/IJN.S24805. 

199. Herman, A.; Herman, A.P. Nanoparticles as Antimicrobial agents: Their toxicity and mechanisms of action. J. NanoSci. Nano-
technol. 2014, 14, 946–957. https://doi.org/10.1166/jnn.2014.9054. 

200. Slomberg, D.L.; Lu, Y.; Broadnax, A.D.; Hunter, R.A.; Carpenter, A.W.; Schoenfisch, M.H. Role of size and shape on biofilm 
eradication for nitric oxide-releasing silica nanoparticles. ACS Appl. Mater. Interfaces 2013, 5, 9322–9329. 
https://doi.org/10.1021/am402618w. 

201. Sarwar, A.; Katas, H.; Samsudin, S.N.; Zin, N.M. Regioselective Sequential Modification of Chitosan via Azide-Alkyne Click 
Reaction: Synthesis, Characterization, and Antimicrobial Activity of Chitosan Derivatives and Nanoparticles. PLoS ONE 2015, 
10, e0123084. https://doi.org/10.1371/journal.pone.0123084. 

202. Yu, J.; Zhang, W.; Li, Y.; Wang, G.; Yang, L.; Jin, J.; Chen, Q.; Huang, M. Synthesis, characterization, Antimicrobial activity and 
mechanism of a novel hydroxyapatite whisker/nano zinc oxide biomaterial. Biomed. Mater. 2014, 10, 015001. 
https://doi.org/10.1088/1748-6041/10/1/015001. 

203. Hyldgaard, M.; Mygind, T.; Vad, B.S.; Stenvang, M.; Otzen, D.E.; Meyer, R.L. The Antimicrobial mechanism of action of epsilon-
poly-l-lysine. Appl. Environ. Microbiol. 2014, 80, 7758–7770. https://doi.org/10.1128/AEM.02204-14. 

204. Sohm, B.; Immel, F.; Bauda, P.; Pagnout, C. Insight into the primary mode of action of TiO2 nanoparticles on Escherichia coli in 
the dark. Proteomics 2015, 15, 98–113. https://doi.org/10.1002/pmic.201400101. 

205. Ansari, M.A.; Khan, H.M.; Khan, A.A.; Cameotra, S.S.; Saquib, Q.; Musarrat, J. Interaction of Al2O3 nanoparticles with Escherichia 
coli and their cell envelope biomolecules. J. Appl. Microbiol. 2014, 116, 772–783. https://doi.org/10.1111/jam.12423. 

206. Lee, J.S.; Chung, M.J.; Seo, J.G. In Vitro Evaluation of Antimicrobial Activity of Lactic Acid Bacteria against Clostridium difficile. 
Toxicol. Res. 2013, 29, 99–106. https://doi.org/10.5487/TR.2013.29.2.099. 

207. Deusch, S.; Tilocca, B.; Camarinha-Silva, A.; Seifert, J. News in livestock research—Use of Omics-technologies to study the mi-
crobiota in the gastrointestinal tract of farm animals. Comput. Struct. Biotechnol. J. 2015, 13, 55–63. 
https://doi.org/10.1016/j.csbj.2014.12.005. 

208. Tilocca, B.; Witzig, M.; Rodehutscord, M.; Seifert, J. Variations of Phosphorous Accessibility Causing Changes in Microbiome 
Functions in the Gastrointestinal Tract of Chickens. PLoS ONE 2016, 11, e0164735. https://doi.org/10.1371/journal.pone.0164735. 

209. Aponte, M.; Murru, N.; Shoukat, M. Therapeutic, Prophylactic, and Functional Use of Probiotics: A Current Perspective. Front. 
Microbiol. 2020, 11, 562048. https://doi.org/10.3389/fmicb.2020.562048. 

210. Celestine Sau-Chan Tham; Kok-Khiang Peh; Bhat, R.; Liong, M.-T. Probiotic properties of bifidobacteria and lactobacilli isolated 
from local dairy products. Ann. Microbiol. 2012, 62, 1079–1087. 



Antibiotics 2022, 11, 200 34 of 39 
 

211. Fijan, S. Microorganisms with claimed probiotic properties: An overview of recent literature. Int. J. Environ. Res. Public Health 
2014, 11, 4745–4767. https://doi.org/10.3390/ijerph110504745. 

212. Behnsen, J.; Deriu, E.; Sassone-Corsi, M.; Raffatellu, M. Probiotics: Properties, examples, and specific applications. Cold Spring 
Harb. Perspect. Med. 2013, 3, a010074. https://doi.org/10.1101/cshperspect.a010074. 

213. Chmielewska, A.; Szajewska, H. Systematic review of randomised controlled trials: Probiotics for functional constipation. World 
J. Gastroenterol. 2010, 16, 69–75. https://doi.org/10.3748/wjg.v16.i1.69. 

214. Guo, Q.; Goldenberg, J.Z.; Humphrey, C.; El Dib, R.; Johnston, B.C. Probiotics for the prevention of pediatric antibiotic-associ-
ated diarrhea. Cochrane Database Syst. Rev. 2019, 4, CD004827. https://doi.org/10.1002/14651858.CD004827.pub5. 

215. Cao, G.T.; Zeng, X.F.; Chen, A.G.; Zhou, L.; Zhang, L.; Xiao, Y.P.; Yang, C.M. Effects of a probiotic, Enterococcus faecium, on 
growth performance, intestinal morphology, immune response, and cecal microflora in broiler chickens challenged with Esch-
erichia coli K88. Poult. Sci. 2013, 92, 2949–2955. https://doi.org/10.3382/ps.2013-03366. 

216. Tompkins, T.A.; Xu, X.; Ahmarani, J. A comprehensive review of post-market clinical studies performed in adults with an Asian 
probiotic formulation. Benef. Microbes 2010, 1, 93–106. https://doi.org/10.3920/BM2008.1005. 

217. Trapecar, M.; Leouffre, T.; Faure, M.; Jensen, H.E.; Granum, P.E.; Cencic, A.; Hardy, S.P. The use of a porcine intestinal cell 
model system for evaluating the food safety risk of Bacillus cereus probiotics and the implications for assessing enterotoxigenic-
ity. APMIS 2011, 119, 877–884. https://doi.org/10.1111/j.1600-0463.2011.02797.x. 

218. Tilocca, B.; Burbach, K.; Heyer, C.M.E.; Hoelzle, L.E.; Mosenthin, R.; Stefanski, V.; Camarinha-Silva, A.; Seifert, J. Dietary 
changes in nutritional studies shape the structural and functional composition of the pigs' fecal microbiome—From days to 
weeks. Microbiome 2017, 5, 144. https://doi.org/10.1186/s40168-017-0362-7. 

219. Ouwehand, A.C.; Forssten, S.; Hibberd, A.A.; Lyra, A.; Stahl, B. Probiotic approach to prevent antibiotic resistance. Ann. Med. 
2016, 48, 246–255. https://doi.org/10.3109/07853890.2016.1161232. 

220. Motley, M.P.; Banerjee, K.; Fries, B.C. Monoclonal antibody-based therapies for bacterial infections. Curr. Opin. Infect. Dis. 2019, 
32, 210–216. https://doi.org/10.1097/QCO.0000000000000539. 

221. Zurawski, D.V.; McLendon, M.K. Monoclonal Antibodies as an Antibacterial Approach Against Bacterial Pathogens. Antibiotics 
2020, 9, 155. https://doi.org/10.3390/antibiotics9040155. 

222. Casadevall, A. Antibody-based therapies for emerging infectious diseases. Emerg. Infect. Dis. 1996, 2, 200–208. 
https://doi.org/10.3201/eid0203.960306. 

223. Saeed, A.F.; Wang, R.; Ling, S.; Wang, S. Antibody Engineering for Pursuing a Healthier Future. Front. Microbiol. 2017, 8, 495. 
https://doi.org/10.3389/fmicb.2017.00495. 

224. Tsao, L.C.; Force, J.; Hartman, Z.C. Mechanisms of Therapeutic Antitumor Monoclonal Antibodies. Cancer Res. 2021, 81, 4641–
4651. https://doi.org/10.1158/0008-5472.CAN-21-1109. 

225. Dejnirattisai, W.; Wongwiwat, W.; Supasa, S.; Zhang, X.; Dai, X.; Rouvinski, A.; Jumnainsong, A.; Edwards, C.; Quyen, N.T.H.; 
Duangchinda, T.; et al. A new class of highly potent, broadly neutralizing antibodies isolated from viremic patients infected 
with dengue virus. Nat. Immunol. 2015, 16, 170–177. https://doi.org/10.1038/ni.3058. 

226. Wilcox, M.H.; Gerding, D.N.; Poxton, I.R.; Kelly, C.; Nathan, R.; Birch, T.; Cornely, O.A.; Rahav, G.; Bouza, E.; Lee, C.; et al. 
Bezlotoxumab for Prevention of Recurrent Clostridium difficile Infection. N. Engl. J. Med. 2017, 376, 305–317. 
https://doi.org/10.1056/NEJMoa1602615. 

227. Ofir, G.; Sorek, R. Contemporary Phage Biology: From Classic Models to New Insights. Cell 2018, 172, 1260–1270. 
https://doi.org/10.1016/j.cell.2017.10.045. 

228. Brives, C.; Pourraz, J. Phage therapy as a potential solution in the fight against AMR: Obstacles and possible futures. Palgrave 
Commun. 2020, 6, 110. 

229. Twort, F.W. An Investigation on the Nature of Ultra-Microscopic Viruses. Lancet 1915, 186, 1241–1243. 
230. D'Herelle, F. On an invisible microbe antagonistic toward dysenteric bacilli: Brief note by Mr. F. D'Herelle, presented by Mr. 

Roux. 1917. Res. Microbiol. 2007, 158, 553–554. https://doi.org/10.1016/j.resmic.2007.07.005. 
231. Myelnikov, D. Creature features: The lively narratives of bacteriophages in Soviet biology and medicine. Notes Rec. R. Soc. J. 

Hist. Sci. 2020, 74, 579–597. https://doi.org/10.1098/rsnr.2019.0035. 
232. Gorski, A.; Miedzybrodzki, R.; Wegrzyn, G.; Jonczyk-Matysiak, E.; Borysowski, J.; Weber-Dabrowska, B. Phage therapy: Cur-

rent status and perspectives. Med. Res. Rev. 2020, 40, 459–463. https://doi.org/10.1002/med.21593. 
233. Dedrick, R.M.; Guerrero-Bustamante, C.A.; Garlena, R.A.; Russell, D.A.; Ford, K.; Harris, K.; Gilmour, K.C.; Soothill, J.; Jacobs-

Sera, D.; Schooley, R.T.; et al. Engineered bacteriophages for treatment of a patient with a disseminated drug-resistant Mycobac-
terium abscessus. Nat. Med. 2019, 25, 730–733. https://doi.org/10.1038/s41591-019-0437-z. 

234. Jennes, S.; Merabishvili, M.; Soentjens, P.; Pang, K.W.; Rose, T.; Keersebilck, E.; Soete, O.; Francois, P.M.; Teodorescu, S.; Ver-
ween, G.; et al. Use of bacteriophages in the treatment of colistin-only-sensitive Pseudomonas aeruginosa septicaemia in a patient 
with acute kidney injury-a case report. Crit. Care 2017, 21, 129. https://doi.org/10.1186/s13054-017-1709-y. 

235. Ferry, T.; Leboucher, G.; Fevre, C.; Herry, Y.; Conrad, A.; Josse, J.; Batailler, C.; Chidiac, C.; Medina, M.; Lustig, S.; et al. Salvage 
Debridement, Antibiotics and Implant Retention ("DAIR") With Local Injection of a Selected Cocktail of Bacteriophages: Is It an 
Option for an Elderly Patient With Relapsing Staphylococcus aureus Prosthetic-JoInt. Infection? Open Forum Infect. Dis. 2018, 5, 
ofy269. https://doi.org/10.1093/ofid/ofy269. 



Antibiotics 2022, 11, 200 35 of 39 
 

236. Jault, P.; Leclerc, T.; Jennes, S.; Pirnay, J.P.; Que, Y.A.; Resch, G.; Rousseau, A.F.; Ravat, F.; Carsin, H.; Le Floch, R.; et al. Efficacy 
and tolerability of a cocktail of bacteriophages to treat burn wounds infected by Pseudomonas aeruginosa (PhagoBurn): A ran-
domised, controlled, double-blind phase 1/2 trial. Lancet Infect. Dis. 2019, 19, 35–45. https://doi.org/10.1016/S1473-3099(18)30482-
1. 

237. Loponte, R.; Pagnini, U.; Iovane, G.; Pisanelli, G. Phage Therapy in Veterinary Medicine. Antibiotics 2021, 10, 421. 
https://doi.org/10.3390/antibiotics10040421. 

238. Young, I.; Wang, I.; Roof, W.D. Phages will out: Strategies of host cell lysis. Trends Microbiol. 2000, 8, 120–128. 
https://doi.org/10.1016/s0966-842x(00)01705-4. 

239. Corsini, B.; Diez-Martinez, R.; Aguinagalde, L.; Gonzalez-Camacho, F.; Garcia-Fernandez, E.; Letrado, P.; Garcia, P.; Yuste, J. 
Chemotherapy with Phage Lysins Reduces Pneumococcal Colonization of the Respiratory Tract. Antimicrob. Agents Chemother. 
2018, 62, 02212–02217. https://doi.org/10.1128/AAC.02212-17. 

240. Xu, Y. Phage and phage lysins: New era of bio-preservatives and food safety agents. J. Food Sci. 2021, 86, 3349–3373. 
https://doi.org/10.1111/1750-3841.15843. 

241. Jun, S.Y.; Jung, G.M.; Son, J.S.; Yoon, S.J.; Choi, Y.J.; Kang, S.H. Comparison of the antibacterial properties of phage endolysins 
SAL-1 and LysK. Antimicrob. Agents Chemother. 2011, 55, 1764–1767. https://doi.org/10.1128/AAC.01097-10. 

242. Bae, J.Y.; Jun, K.I.; Kang, C.K.; Song, K.H.; Choe, P.G.; Bang, J.H.; Kim, E.S.; Park, S.W.; Kim, H.B.; Kim, N.J.; et al. Efficacy of 
Intranasal Administration of the Recombinant Endolysin SAL200 in a Lethal Murine Staphylococcus aureus Pneumonia Model. 
Antimicrob. Agents Chemother. 2019, 63, 02009–02018. https://doi.org/10.1128/AAC.02009-18. 

243. Phase IIa Clinical Study of N-Rephasin® SAL200. Available online: https://clinicaltrials.gov/ct2/show/NCT03089697 (accessed 
on 15 December 2021). 

244. Ramos-Vivas, J.; Elexpuru-Zabaleta, M.; Samano, M.L.; Barrera, A.P.; Forbes-Hernandez, T.Y.; Giampieri, F.; Battino, M. Phages 
and Enzybiotics in Food Biopreservation. Molecules 2021, 26, 5138. https://doi.org/10.3390/molecules26175138. 

245. Abdelrahman, F.; Easwaran, M.; Daramola, O.I.; Ragab, S.; Lynch, S.; Oduselu, T.J.; Khan, F.M.; Ayobami, A.; Adnan, F.; Tor-
rents, E.; et al. Phage-Encoded Endolysins. Antibiotics 2021, 10, 124. https://doi.org/10.3390/antibiotics10020124. 

246. Vazquez, R.; Garcia, E.; Garcia, P. Phage Lysins for Fighting Bacterial Respiratory Infections: A New Generation of Antimicro-
bials. Front. Immunol. 2018, 9, 2252. https://doi.org/10.3389/fimmu.2018.02252. 

247. Jamal, M.; Ahmad, W.; Andleeb, S.; Jalil, F.; Imran, M.; Nawaz, M.A.; Hussain, T.; Ali, M.; Rafiq, M.; Kamil, M.A. Bacterial 
biofilm and associated infections. J. Chin. Med. Assoc. 2018, 81, 7–11. https://doi.org/10.1016/j.jcma.2017.07.012. 

248. Penesyan, A.; Paulsen, I.T.; Kjelleberg, S.; Gillings, M.R. Three faces of biofilms: A microbial lifestyle, a nascent multicellular 
organism, and an incubator for diversity. NPJ Biofilms Microbiomes 2021, 7, 80. https://doi.org/10.1038/s41522-021-00251-2. 

249. Rumbaugh, K.P.; Sauer, K. Biofilm dispersion. Nat. Rev. Microbiol. 2020, 18, 571–586. https://doi.org/10.1038/s41579-020-0385-0. 
250. Wille, J.; Coenye, T. Biofilm dispersion: The key to biofilm eradication or opening Pandora's box? Biofilm 2020, 2, 100027. 

https://doi.org/10.1016/j.bioflm.2020.100027. 
251. Chew, S.C.; Yang, L. Biofilms; In Encyclopedia of Food and Health; Caballero, B., Finglas, P.M., Toldrá, F., Eds.; Academic Press: 

Cambridge, MA, USA, 2016; pp. 407–415. https://doi.org/10.1016/B978-0-12-384947-2.00069-6. 
252. Lewis, K. Persister cells. Annu. Rev. Microbiol. 2010, 64, 357–372. https://doi.org/10.1146/annurev.micro.112408.134306. 
253. Windels, E.M.; Michiels, J.E.; Fauvart, M.; Wenseleers, T.; Van den Bergh, B.; Michiels, J. Bacterial persistence promotes the 

evolution of antibiotic resistance by increasing survival and mutation rates. ISME J. 2019, 13, 1239–1251. 
https://doi.org/10.1038/s41396-019-0344-9. 

254. Koeva, M.; Gutu, A.D.; Hebert, W.; Wager, J.D.; Yonker, L.M.; O'Toole, G.A.; Ausubel, F.M.; Moskowitz, S.M.; Joseph-McCarthy, 
D. An Antipersister Strategy for Treatment of Chronic Pseudomonas aeruginosa Infections. Antimicrob. Agents Chemother. 2017, 61, 
e00987-17. https://doi.org/10.1128/AAC.00987-17. 

255. Salcedo-Sora, J.E.; Kell, D.B. A Quantitative Survey of Bacterial Persistence in the Presence of Antibiotics: Towards Antipersister 
Antimicrobial Discovery. Antibiotics 2020, 9, 508. https://doi.org/10.3390/antibiotics9080508. 

256. Solano, C.; Echeverz, M.; Lasa, I. Biofilm dispersion and quorum sensing. Curr. Opin. Microbiol. 2014, 18, 96–104. 
https://doi.org/10.1016/j.mib.2014.02.008. 

257. Rutherford, S.T.; Bassler, B.L. Bacterial quorum sensing: Its role in virulence and possibilities for its control. Cold Spring Harb. 
Perspect. Med. 2012, 2, a012427. https://doi.org/10.1101/cshperspect.a012427. 

258. Remy, B.; Mion, S.; Plener, L.; Elias, M.; Chabriere, E.; Daude, D. Interference in Bacterial Quorum Sensing: A Biopharmaceutical 
Perspective. Front. Pharmacol. 2018, 9, 203. https://doi.org/10.3389/fphar.2018.00203. 

259. Zhao, X.; Yu, Z.; Ding, T. Quorum-Sensing Regulation of Antimicrobial Resistance in Bacteria. Microorganisms 2020, 8, 425. 
https://doi.org/10.3390/microorganisms8030425. 

260. Fong, J.; Zhang, C.; Yang, R.; Boo, Z.Z.; Tan, S.K.; Nielsen, T.E.; Givskov, M.; Liu, X.W.; Bin, W.; Su, H.; et al. Combination 
Therapy Strategy of Quorum Quenching Enzyme and Quorum Sensing Inhibitor in Suppressing Multiple Quorum Sensing 
Pathways of P. aeruginosa. Sci. Rep. 2018, 8, 1155. https://doi.org/10.1038/s41598-018-19504-w. 

261. Krzyzek, P. Challenges and Limitations of Anti-quorum Sensing Therapies. Front. Microbiol. 2019, 10, 2473. 
https://doi.org/10.3389/fmicb.2019.02473. 



Antibiotics 2022, 11, 200 36 of 39 
 

262. Pham, T.N.; Loupias, P.; Dassonville-Klimpt, A.; Sonnet, P. Drug delivery systems designed to overcome Antimicrobial re-
sistance. Med. Res. Rev. 2019, 39, 2343–2396. https://doi.org/10.1002/med.21588. 

263. Mollmann, U.; Heinisch, L.; Bauernfeind, A.; Kohler, T.; Ankel-Fuchs, D. Siderophores as drug delivery agents: Application of 
the "Trojan Horse" strategy. Biometals 2009, 22, 615–624. https://doi.org/10.1007/s10534-009-9219-2. 

264. Ji, C.; Miller, P.A.; Miller, M.J. Iron transport-mediated drug delivery: Practical syntheses and in vitro antibacterial studies of 
tris-catecholate siderophore-aminopenicillin conjugates reveals selectively potent antipseudomonal activity. J. Am. Chem. Soc. 
2012, 134, 9898–9901. https://doi.org/10.1021/ja303446w. 

265. Spirescu, V.A.; Chircov, C.; Grumezescu, A.M.; Andronescu, E. Polymeric Nanoparticles for Antimicrobial Therapies: An Up-
To-Date Overview. Polymers 2021, 13. https://doi.org/10.3390/polym13050724. 

266. Walvekar, P.; Gannimani, R.; Salih, M.; Makhathini, S.; Mocktar, C.; Govender, T. Self-assembled oleylamine grafted hyaluronic 
acid polymersomes for delivery of vancomycin against methicillin resistant Staphylococcus aureus (MRSA). Colloids Surf. B Bio-
interfaces 2019, 182, 110388. https://doi.org/10.1016/j.colsurfb.2019.110388. 

267. Qiu, Y.; Xu, D.; Sui, G.; Wang, D.; Wu, M.; Han, L.; Mu, H.; Duan, J. Gentamicin decorated phosphatidylcholine-chitosan nano-
particles against biofilms and intracellular bacteria. Int. J. Biol. Macromol. 2020, 156, 640–647. https://doi.org/10.1016/j.ijbi-
omac.2020.04.090. 

268. Kumari, A.; Yadav, S.K.; Pakade, Y.B.; Singh, B.; Yadav, S.C. Development of biodegradable nanoparticles for delivery of quer-
cetin. Colloids Surf. B Biointerfaces 2010, 80, 184–192. https://doi.org/10.1016/j.colsurfb.2010.06.002. 

269. Kumari, A.; Singla, R.; Guliani, A.; Yadav, S.K. Nanoencapsulation for drug delivery. EXCLI J. 2014, 13, 265–286. 
270. Li, M.; Du, C.; Guo, N.; Teng, Y.; Meng, X.; Sun, H.; Li, S.; Yu, P.; Galons, H. Composition design and medical application of 

liposomes. Eur. J. Med. Chem. 2019, 164, 640–653. https://doi.org/10.1016/j.ejmech.2019.01.007. 
271. Ferreira, M.; Ogren, M.; Dias, J.N.R.; Silva, M.; Gil, S.; Tavares, L.; Aires-da-Silva, F.; Gaspar, M.M.; Aguiar, S.I. Liposomes as 

Antibiotic Delivery Systems: A Promising Nanotechnological Strategy against Antimicrobial Resistance. Molecules 2021, 26, 
2047. https://doi.org/10.3390/molecules26072047. 

272. Augustin, M.; Goepel, L.; Jacobi, A.; Bosse, B.; Mueller, S.; Hopp, M. Efficacy and tolerability of liposomal polyvinylpyrrolidone-
iodine hydrogel for the localized treatment of chronic infective, inflammatory, dermatoses: An uncontrolled pilot study. Clin. 
Cosmet. Investig. Dermatol. 2017, 10, 373–384. https://doi.org/10.2147/CCID.S141887. 

273. Alipour, M.; Halwani, M.; Omri, A.; Suntres, Z.E. Antimicrobial effectiveness of liposomal polymyxin B against resistant Gram-
negative bacterial strains. Int. J. Pharm. 2008, 355, 293–298. https://doi.org/10.1016/j.ijpharm.2007.11.035. 

274. Beck, A.; Goetsch, L.; Dumontet, C.; Corvaia, N. Strategies and challenges for the next generation of antibody-drug conjugates. 
Nat. Rev. Drug Discov. 2017, 16, 315–337. https://doi.org/10.1038/nrd.2016.268. 

275. Deng, R.; Zhou, C.; Li, D.; Cai, H.; Sukumaran, S.; Carrasco-Triguero, M.; Saad, O.; Nazzal, D.; Lowe, C.; Ramanujan, S.; et al. 
Preclinical and translational pharmacokinetics of a novel THIOMAB™ antibody-antibiotic conjugate against Staphylococcus au-
reus. MAbs 2019, 11, 1162–1174. https://doi.org/10.1080/19420862.2019.1627152. 

276. Carattoli, A. Plasmids and the spread of resistance. Int. J. Med. Microbiol. 2013, 303, 298–304. 
https://doi.org/10.1016/j.ijmm.2013.02.001. 

277. Buckner, M.M.C.; Ciusa, M.L.; Piddock, L.J.V. Strategies to combat Antimicrobial resistance: Anti-plasmid and plasmid curing. 
FEMS Microbiol. Rev. 2018, 42, 781–804. https://doi.org/10.1093/femsre/fuy031. 

278. Garcia-Quintanilla, M.; Prieto, A.I.; Barnes, L.; Ramos-Morales, F.; Casadesus, J. Bile-induced curing of the virulence plasmid 
in Salmonella enterica serovar Typhimurium. J. Bacteriol. 2006, 188, 7963–7965. https://doi.org/10.1128/JB.00995-06. 

279. Spengler, G.; Molnar, A.; Schelz, Z.; Amaral, L.; Sharples, D.; Molnar, J. The mechanism of plasmid curing in bacteria. Curr. 
Drug Targets 2006, 7, 823–841. https://doi.org/10.2174/138945006777709601. 

280. Rubin, S.J.; Rosenblum, E.D. Effects of ethidium bromide on growth and on loss of the penicillinase plasmid of Staphylococcus 
aureus. J. Bacteriol. 1971, 108, 1200–1204. https://doi.org/10.1128/jb.108.3.1200-1204.1971. 

281. Hale, L.; Lazos, O.; Haines, A.; Thomas, C. An efficient stress-free strategy to displace stable bacterial plasmids. Biotechniques 
2010, 48, 223–228. https://doi.org/10.2144/000113366. 

282. Lin, A.; Jimenez, J.; Derr, J.; Vera, P.; Manapat, M.L.; Esvelt, K.M.; Villanueva, L.; Liu, D.R.; Chen, I.A. Inhibition of bacterial 
conjugation by phage M13 and its protein g3p: Quantitative analysis and model. PLoS ONE 2011, 6, e19991. 
https://doi.org/10.1371/journal.pone.0019991. 

283. Bikard, D.; Euler, C.W.; Jiang, W.; Nussenzweig, P.M.; Goldberg, G.W.; Duportet, X.; Fischetti, V.A.; Marraffini, L.A. Exploiting 
CRISPR-Cas nucleases to produce sequence-specific Antimicrobials. Nat. Biotechnol. 2014, 32, 1146–1150. 
https://doi.org/10.1038/nbt.3043. 

284. Dong, H.; Xiang, H.; Mu, D.; Wang, D.; Wang, T. Exploiting a conjugative CRISPR/Cas9 system to eliminate plasmid harbouring 
the mcr-1 gene from Escherichia coli. Int. J. Antimicrob. Agents 2019, 53, 1–8. https://doi.org/10.1016/j.ijantimicag.2018.09.017. 

285. Yosef, I.; Manor, M.; Kiro, R.; Qimron, U. Temperate and lytic bacteriophages programmed to sensitize and kill antibiotic-
resistant bacteria. Proc. Natl. Acad. Sci. USA 2015, 112, 7267–7272. https://doi.org/10.1073/pnas.1500107112. 

286. Buroni, S.; Chiarelli, L.R. Antivirulence compounds: A future direction to overcome antibiotic resistance? Future Microbiol. 2020, 
15, 299–301. https://doi.org/10.2217/fmb-2019-0294. 



Antibiotics 2022, 11, 200 37 of 39 
 

287. Defoirdt, T. Quorum-Sensing Systems as Targets for Antivirulence Therapy. Trends Microbiol. 2018, 26, 313–328. 
https://doi.org/10.1016/j.tim.2017.10.005. 

288. Paczkowski, J.E.; Mukherjee, S.; McCready, A.R.; Cong, J.P.; Aquino, C.J.; Kim, H.; Henke, B.R.; Smith, C.D.; Bassler, B.L. Fla-
vonoids Suppress Pseudomonas aeruginosa Virulence through Allosteric Inhibition of Quorum-sensing Receptors. J. Biol. Chem. 
2017, 292, 4064–4076. https://doi.org/10.1074/jbc.M116.770552. 

289. Fleitas Martinez, O.; Cardoso, M.H.; Ribeiro, S.M.; Franco, O.L. Recent Advances in Anti-virulence Therapeutic Strategies With 
a Focus on Dismantling Bacterial Membrane Microdomains, Toxin Neutralization, Quorum-Sensing Interference and Biofilm 
Inhibition. Front. Cell. Infect. Microbiol. 2019, 9, 74. https://doi.org/10.3389/fcimb.2019.00074. 

290. Perez, L.J.; Karagounis, T.K.; Hurley, A.; Bassler, B.L.; Semmelhack, M.F. Highly Potent, Chemically Stable Quorum Sensing 
Agonists for Vibrio Cholerae. Chem. Sci. 2014, 5, 151–155. https://doi.org/10.1039/C3SC52572D. 

291. Firon, N.; Ofek, I.; Sharon, N. Interaction of mannose-containing oligosaccharides with the fimbrial lectin of Escherichia coli. 
BioChem. Biophys. Res. Commun. 1982, 105, 1426–1432. https://doi.org/10.1016/0006-291x(82)90947-0. 

292. Duncan, M.C.; Linington, R.G.; Auerbuch, V. Chemical inhibitors of the type three secretion system: Disarming bacterial path-
ogens. Antimicrob. Agents Chemother. 2012, 56, 5433–5441. https://doi.org/10.1128/AAC.00975-12. 

293. Hudson, D.L.; Layton, A.N.; Field, T.R.; Bowen, A.J.; Wolf-Watz, H.; Elofsson, M.; Stevens, M.P.; Galyov, E.E. Inhibition of type 
III secretion in Salmonella enterica serovar Typhimurium by small-molecule inhibitors. Antimicrob. Agents Chemother. 2007, 51, 
2631–2635. https://doi.org/10.1128/AAC.01492-06. 

294. Brun, P.; Bernabe, G.; Marchiori, C.; Scarpa, M.; Zuin, M.; Cavazzana, R.; Zaniol, B.; Martines, E. Antibacterial efficacy and 
mechanisms of action of low power atmospheric pressure cold plasma: Membrane permeability, biofilm penetration and Anti-
microbial sensitization. J. Appl. Microbiol. 2018, 125, 398–408. https://doi.org/10.1111/jam.13780. 

295. Mai-Prochnow, A.; Murphy, A.B.; McLean, K.M.; Kong, M.G.; Ostrikov, K.K. Atmospheric pressure plasmas: Infection control 
and bacterial responses. Int. J. Antimicrob. Agents 2014, 43, 508–517. https://doi.org/10.1016/j.ijantimicag.2014.01.025. 

296. Ermolaeva, S.A.; Varfolomeev, A.F.; Chernukha, M.Y.; Yurov, D.S.; Vasiliev, M.M.; Kaminskaya, A.A.; Moisenovich, M.M.; Ro-
manova, J.M.; Murashev, A.N.; Selezneva, I.I.; et al. Bactericidal effects of non-thermal argon plasma in vitro, in biofilms and in 
the animal model of infected wounds. J. Med. Microbiol. 2011, 60, 75–83. https://doi.org/10.1099/jmm.0.020263-0. 

297. Bourke, P.; Ziuzina, D.; Han, L.; Cullen, P.J.; Gilmore, B.F. Microbiol.ogical interactions with cold plasma. J. Appl. Microbiol. 
2017, 123, 308–324. https://doi.org/10.1111/jam.13429. 

298. Alkawareek, M.Y.; Algwari, Q.T.; Laverty, G.; Gorman, S.P.; Graham, W.G.; O'Connell, D.; Gilmore, B.F. Eradication of Pseudo-
monas aeruginosa biofilms by atmospheric pressure non-thermal plasma. PLoS ONE 2012, 7, e44289. https://doi.org/10.1371/jour-
nal.pone.0044289. 

299. Joshi, S.G.; Cooper, M.; Yost, A.; Paff, M.; Ercan, U.K.; Fridman, G.; Friedman, G.; Fridman, A.; Brooks, A.D. Nonthermal die-
lectric-barrier discharge plasma-induced inactivation involves oxidative DNA damage and membrane lipid peroxidation in 
Escherichia coli. Antimicrob. Agents Chemother. 2011, 55, 1053–1062. https://doi.org/10.1128/AAC.01002-10. 

300. Ctvrtecková, L.; Pichová, A.; Scholtz, V.; Khun, J.; Julák, J. Non-thermal plasma-induced apoptosis in yeast Saccharomyces cere-
visiae. Contrib. Plasma Phys. 2019, 59, e201800064. 

301. Scholtz, V.; Pazlarova, J.; Souskova, H.; Khun, J.; Julak, J. Nonthermal plasma—A tool for decontamination and disinfection. 
Biotechnol. Adv. 2015, 33, 1108–1119. https://doi.org/10.1016/j.biotechadv.2015.01.002. 

302. Scholtz, V.; Vankova, E.; Kasparova, P.; Premanath, R.; Karunasagar, I.; Julak, J. Non-thermal Plasma Treatment of ESKAPE 
Pathogens: A Review. Front. Microbiol. 2021, 12, 737635. https://doi.org/10.3389/fmicb.2021.737635. 

303. Heinlin, J.; Isbary, G.; Stolz, W.; Zeman, F.; Landthaler, M.; Morfill, G.; Shimizu, T.; Zimmermann, J.L.; Karrer, S. A randomized 
two-sided placebo-controlled study on the efficacy and safety of atmospheric non-thermal argon plasma for pruritus. J. Eur. 
Acad. Dermatol. Venereol. 2013, 27, 324–331. https://doi.org/10.1111/j.1468-3083.2011.04395.x. 

304. Maisch, T.; Shimizu, T.; Li, Y.F.; Heinlin, J.; Karrer, S.; Morfill, G.; Zimmermann, J.L. Decolonisation of MRSA, S. aureus and E. 
coli by cold-atmospheric plasma using a porcine skin model in vitro. PLoS ONE 2012, 7, e34610. https://doi.org/10.1371/jour-
nal.pone.0034610. 

305. Bayliss, D.L.; Shama, G.; Kong, M.G. Restoration of antibiotic sensitivity in meticillin-resistant Staphylococcus aureus following 
treatment with a non-thermal atmospheric gas plasma. Int. J. Antimicrob. Agents 2013, 41, 398–399. 
https://doi.org/10.1016/j.ijantimicag.2012.12.005. 

306. Rosenthal, I.; Sostaric, J.Z.; Riesz, P. Sonodynamic therapy--a review of the synergistic effects of drugs and ultrasound. Ultrason. 
SonoChemistry 2004, 11, 349–363. https://doi.org/10.1016/j.ultsonch.2004.03.004. 

307. Serpe, L.; Giuntini, F. Sonodynamic Antimicrobial chemotherapy: First steps towards a sound approach for microbe inactiva-
tion. J. PhotoChem. Photobiol. B Biol. 2015, 150, 44–49. https://doi.org/10.1016/j.jphotobiol.2015.05.012. 

308. Rengeng, L.; Qianyu, Z.; Yuehong, L.; Zhongzhong, P.; Libo, L. Sonodynamic therapy, a treatment developing from photody-
namic therapy. Photodiagnosis Photodyn. Ther. 2017, 19, 159–166. https://doi.org/10.1016/j.pdpdt.2017.06.003. 

309. Harris, F.; Dennison, S.R.; Phoenix, D.A. Using sound for microbial eradication--light at the end of the tunnel? FEMS Microbiol. 
Lett. 2014, 356, 20–22. https://doi.org/10.1111/1574-6968.12484. 

310. Liu, B.; Wang, J.; Wang, X.; Liu, B.M.; Kong, Y.M.; Wang, D.; Xu, S.K. Spectrometric studies on the sonodynamic damage of 
protein in the presence of levofloxacin. J. Fluoresc. 2010, 20, 985–992. https://doi.org/10.1007/s10895-010-0645-x. 



Antibiotics 2022, 11, 200 38 of 39 
 

311. Liu, B.; Wang, D.J.; Liu, B.M.; Wang, X.; He, L.L.; Wang, J.; Xu, S.K. The influence of ultrasound on the fluoroquinolones anti-
bacterial activity. Ultrason. SonoChemistry 2011, 18, 1052–1056. https://doi.org/10.1016/j.ultsonch.2011.02.001. 

312. Erriu, M.; Blus, C.; Szmukler-Moncler, S.; Buogo, S.; Levi, R.; Barbato, G.; Madonnaripa, D.; Denotti, G.; Piras, V.; Orru, G. 
Microbial biofilm modulation by ultrasound: Current concepts and controversies. Ultrason. SonoChemistry 2014, 21, 15–22. 
https://doi.org/10.1016/j.ultsonch.2013.05.011. 

313. Wang, L.V.; Hu, S. Photoacoustic tomography: In vivo imaging from organelles to organs. Science 2012, 335, 1458–1462. 
https://doi.org/10.1126/science.1216210. 

314. Son, S.; Kim, J.H.; Wang, X.; Zhang, C.; Yoon, S.A.; Shin, J.; Sharma, A.; Lee, M.H.; Cheng, L.; Wu, J.; et al. Multifunctional 
sonosensitizers in sonodynamic cancer therapy. Chem. Soc. Rev. 2020, 49, 3244–3261. https://doi.org/10.1039/c9cs00648f. 

315. Oyim, J.; Omolo, C.A.; Amuhaya, E.K. Photodynamic Antimicrobial Chemotherapy: Advancements in Porphyrin-Based Pho-
tosensitize Development. Front. Chem. 2021, 9, 635344. https://doi.org/10.3389/fchem.2021.635344. 

316. Klausen, M.; Ucuncu, M.; Bradley, M. Design of Photosensitizing Agents for Targeted Antimicrobial Photodynamic Therapy. 
Molecules 2020, 25, 5239. https://doi.org/10.3390/molecules25225239. 

317. Zeina, B.; Greenman, J.; Purcell, W.M.; Das, B. Killing of cutaneous microbial species by photodynamic therapy. Br. J. Dermatol. 
2001, 144, 274–278. https://doi.org/10.1046/j.1365-2133.2001.04013.x. 

318. Sobotta, L.; Skupin-Mrugalska, P.; Piskorz, J.; Mielcarek, J. Porphyrinoid photosensitizers mediated photodynamic inactivation 
against bacteria. Eur. J. Med. Chem. 2019, 175, 72–106. https://doi.org/10.1016/j.ejmech.2019.04.057. 

319. Giuliani, F.; Martinelli, M.; Cocchi, A.; Arbia, D.; Fantetti, L.; Roncucci, G. In vitro resistance selection studies of RLP068/Cl, a 
new Zn(II) phthalocyanine suitable for Antimicrobial photodynamic therapy. Antimicrob. Agents Chemother. 2010, 54, 637–642. 
https://doi.org/10.1128/AAC.00603-09. 

320. Tavares, A.; Carvalho, C.M.; Faustino, M.A.; Neves, M.G.; Tome, J.P.; Tome, A.C.; Cavaleiro, J.A.; Cunha, A.; Gomes, N.C.; 
Alves, E.; et al. Antimicrobial photodynamic therapy: Study of bacterial recovery viability and potential development of re-
sistance after treatment. Mar. Drugs 2010, 8, 91–105. https://doi.org/10.3390/md8010091. 

321. O’Riordan, K.; Akilov, O.E.; Hasan, T. The potential for photodynamic therapy in the treatment of localized infections. Photodi-
agnosis Photodyn. Ther. 2005, 2, 247–262. 

322. Loomba, L.; Scarabelli, T. Metallic nanoparticles and their medicinal potential. Part II: Aluminosilicates, nanobiomagnets, quan-
tum dots and cochleates. Ther. Deliv. 2013, 4, 1179–1196. https://doi.org/10.4155/tde.13.74. 

323. Fu, Z.; Wu, F.; Chen, L.; Xu, B.; Feng, C.; Bai, Y.; Liao, H.; Sun, S.; Giesy, J.P.; Guo, W. Copper and zinc, but not other priority 
toxic metals, pose risks to native aquatic species in a large urban lake in Eastern China. Environ. Pollut. 2016, 219, 1069–1076. 
https://doi.org/10.1016/j.envpol.2016.09.007. 

324. Seiler, C.; Berendonk, T.U. Heavy metal driven co-selection of antibiotic resistance in soil and water bodies impacted by agri-
culture and aquaculture. Front. Microbiol. 2012, 3, 399. https://doi.org/10.3389/fmicb.2012.00399. 

325. Ew Nutrition. 5 Key Facts Pig Producers Need to Know about the EU’s ZnO Ban. Available online: https://ew-nutrition.com/5-
key-facts-pig-producers-need-to-know-about-the-eus-zno-ban/ (accessed on 1 February 2022). 

326.   
326. Jansen, K.U.; Anderson, A.S. The role of vaccines in fighting Antimicrobial resistance (AMR). Hum. Vaccines Immunother. 2018, 

14, 2142–2149. https://doi.org/10.1080/21645515.2018.1476814. 
327. Klugman, K.P.; Black, S. Impact of existing vaccines in reducing antibiotic resistance: Primary and secondary effects. Proc. Natl. 

Acad. Sci. USA 2018, 115, 12896–12901. https://doi.org/10.1073/pnas.1721095115. 
328. Micoli, F.; Bagnoli, F.; Rappuoli, R.; Serruto, D. The role of vaccines in combatting Antimicrobial resistance. Nat. Rev. Microbiol. 

2021, 19, 287–302. https://doi.org/10.1038/s41579-020-00506-3. 
329. Sihvonen, R.; Siira, L.; Toropainen, M.; Kuusela, P.; Patari-Sampo, A. Streptococcus pneumoniae Antimicrobial resistance de-

creased in the Helsinki Metropolitan Area after routine 10-valent pneumococcal conjugate vaccination of infants in Finland. 
Eur. J. Clin. Microbiol. Infect. Dis. 2017, 36, 2109–2116. https://doi.org/10.1007/s10096-017-3033-5. 

330. Hoelzer, K.; Bielke, L.; Blake, D.P.; Cox, E.; Cutting, S.M.; Devriendt, B.; Erlacher-Vindel, E.; Goossens, E.; Karaca, K.; Lemiere, 
S.; et al. Vaccines as alternatives to antibiotics for food producing animals. Part 1: Challenges and needs. Veter. Res. 2018, 49, 64. 
https://doi.org/10.1186/s13567-018-0560-8. 

331. Mishra, R.P.; Oviedo-Orta, E.; Prachi, P.; Rappuoli, R.; Bagnoli, F. Vaccines and antibiotic resistance. Curr. Opin. Microbiol. 2012, 
15, 596–602. https://doi.org/10.1016/j.mib.2012.08.002. 

332. Buchy, P.; Ascioglu, S.; Buisson, Y.; Datta, S.; Nissen, M.; Tambyah, P.A.; Vong, S. Impact of vaccines on Antimicrobial re-
sistance. Int. J. Infect. Dis. 2020, 90, 188–196. https://doi.org/10.1016/j.ijid.2019.10.005. 

333. Romano, L.; Paladini, S.; Galli, C.; Raimondo, G.; Pollicino, T.; Zanetti, A.R. Hepatitis B vaccination. Hum. Vaccines Immunother. 
2015, 11, 53–57. https://doi.org/10.4161/hv.34306. 

334. Octavia, S.; Sintchenko, V.; Gilbert, G.L.; Lawrence, A.; Keil, A.D.; Hogg, G.; Lan, R. Newly emerging clones of Bordetella pertussis 
carrying prn2 and ptxP3 alleles implicated in Australian pertussis epidemic in 2008–2010. J. Infect. Dis. 2012, 205, 1220–1224. 
https://doi.org/10.1093/infdis/jis178. 

335. Bagnoli, F.; Payne, D.J. Reaction: Alternative Modalities to Address Antibiotic-Resistant Pathogens. Catalysis 2017, 3, 369–372. 



Antibiotics 2022, 11, 200 39 of 39 
 

336. Rosini, R.; Nicchi, S.; Pizza, M.; Rappuoli, R. Vaccines Against Antimicrobial Resistance. Front. Immunol. 2020, 11, 1048. 
https://doi.org/10.3389/fimmu.2020.01048. 

337. Nogales, A.; Martinez-Sobrido, L. Reverse Genetics Approaches for the Development of Influenza Vaccines. Int. J. Mol. Sci. 2016, 
18, 20. https://doi.org/10.3390/ijms18010020. 

338. Finco, O.; Rappuoli, R. Designing vaccines for the twenty-first century society. Front. Immunol. 2014, 5, 12. 
https://doi.org/10.3389/fimmu.2014.00012. 

339. Serruto, D.; Serino, L.; Masignani, V.; Pizza, M. Genome-based approaches to develop vaccines against bacterial pathogens. 
Vaccine 2009, 27, 3245–3250. https://doi.org/10.1016/j.vaccine.2009.01.072. 

340. Moriel, D.G.; Bertoldi, I.; Spagnuolo, A.; Marchi, S.; Rosini, R.; Nesta, B.; Pastorello, I.; Corea, V.A.; Torricelli, G.; Cartocci, E.; et 
al. Identification of protective and broadly conserved vaccine antigens from the genome of extraintestinal pathogenic Escherichia 
coli. Proc. Natl. Acad. Sci. USA 2010, 107, 9072–9077. https://doi.org/10.1073/pnas.0915077107. 

341. Bianconi, I.; Alcala-Franco, B.; Scarselli, M.; Dalsass, M.; Buccato, S.; Colaprico, A.; Marchi, S.; Masignani, V.; Bragonzi, A. Ge-
nome-Based Approach Delivers Vaccine Candidates Against Pseudomonas aeruginosa. Front. Immunol. 2018, 9, 3021. 
https://doi.org/10.3389/fimmu.2018.03021. 

342. Martinez-Becerra, F.J.; Kissmann, J.M.; Diaz-McNair, J.; Choudhari, S.P.; Quick, A.M.; Mellado-Sanchez, G.; Clements, J.D.; Pa-
setti, M.F.; Picking, W.L. Broadly protective Shigella vaccine based on type III secretion apparatus proteins. Infect. Immun. 2012, 
80, 1222–1231. https://doi.org/10.1128/IAI.06174-11. 

343. Launay, O.; Ndiaye, A.G.W.; Conti, V.; Loulergue, P.; Scire, A.S.; Landre, A.M.; Ferruzzi, P.; Nedjaai, N.; Schutte, L.D.; Auer-
bach, J.; et al. Booster Vaccination With GVGH Shigella sonnei 1790GAHB GMMA Vaccine Compared to Single Vaccination in 
Unvaccinated Healthy European Adults: Results From a Phase 1 Clinical Trial. Front. Immunol. 2019, 10, 335. 
https://doi.org/10.3389/fimmu.2019.00335. 

344. Launay, O.; Lewis, D.J.M.; Anemona, A.; Loulergue, P.; Leahy, J.; Scire, A.S.; Maugard, A.; Marchetti, E.; Zancan, S.; Huo, Z.; et 
al. Safety Profile and Immunologic Responses of a Novel Vaccine Against Shigella sonnei Administered Intramuscularly, Intra-
dermally and Intranasally: Results From Two Parallel Randomized Phase 1 Clinical Studies in Healthy Adult Volunteers in 
Europe. EBioMedicine 2017, 22, 164–172. https://doi.org/10.1016/j.ebiom.2017.07.013. 

345. Gerke, C.; Colucci, A.M.; Giannelli, C.; Sanzone, S.; Vitali, C.G.; Sollai, L.; Rossi, O.; Martin, L.B.; Auerbach, J.; Di Cioccio, V.; et 
al. Production of a Shigella sonnei Vaccine Based on Generalized Modules for Membrane Antigens (GMMA), 1790GAHB. PLoS 
ONE 2015, 10, e0134478. https://doi.org/10.1371/journal.pone.0134478. 

346. Riddle, M.S.; Kaminski, R.W.; Di Paolo, C.; Porter, C.K.; Gutierrez, R.L.; Clarkson, K.A.; Weerts, H.E.; Duplessis, C.; Castellano, 
A.; Alaimo, C.; et al. Safety and Immunogenicity of a Candidate Bioconjugate Vaccine against Shigella flexneri 2a Administered 
to Healthy Adults: A Single-Blind, Randomized Phase I Study. Clin. Vaccine Immunol. 2016, 23, 908–917. 
https://doi.org/10.1128/CVI.00224-16. 

347. Kampf, M.M.; Braun, M.; Sirena, D.; Ihssen, J.; Thony-Meyer, L.; Ren, Q. In vivo production of a novel glycoconjugate vaccine 
against Shigella flexneri 2a in recombinant Escherichia coli: Identification of stimulating factors for in vivo glycosylation. Microb. 
Cell Factories 2015, 14, 12. https://doi.org/10.1186/s12934-015-0195-7. 

348. Poolman, J.T.; Wacker, M. Extraintestinal Pathogenic Escherichia coli, a Common Human Pathogen: Challenges for Vaccine De-
velopment and Progress in the Field. J. Infect. Dis. 2016, 213, 6–13. https://doi.org/10.1093/infdis/jiv429. 

349. Lipsitch, M.; Siber, G.R. How Can Vaccines Contribute to Solving the Antimicrobial Resistance Problem? mBio 2016, 7, e00428-
16. https://doi.org/10.1128/mBio.00428-16. 

350. 350. Pereira, S.G.; Domingues, V.S.; Theriaga, J.; Chasqueira, M.J.; Paixao, P. Non-Antimicrobial Drugs: Etodolac as a Possible 
Antimicrobial or Adjuvant Agent Against ESKAPE Pathogens. Open Microbiol. J. 2018, 12, 353. 
https://doi.org/10.2174/1874285801812010353. 

351. Dharmaratne, P.; Rahman, N.; Leung, A.; Ip, M. Is there a role of faecal microbiota transplantation in reducing antibiotic re-
sistance burden in gut? A systematic review and Meta-analysis. Ann. Med. 2021, 53, 662–681. 
https://doi.org/10.1080/07853890.2021.1927170. 

352. Stripling, J.; Kumar, R.; Baddley, J.W.; Nellore, A.; Dixon, P.; Howard, D.; Ptacek, T.; Lefkowitz, E.J.; Tallaj, J.A.; Benjamin, W.H.; 
Jr.; et al. Loss of Vancomycin-Resistant Enterococcus Fecal Dominance in an Organ Transplant Patient With Clostridium difficile 
Colitis After Fecal Microbiota Transplant. Open Forum Infect. Dis. 2015, 2, ofv078. https://doi.org/10.1093/ofid/ofv078. 


