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Abstract
There are several bacteria called superbugs that are resistant to multiple antibiotics which can be life threatening specially 
for critically ill and hospitalized patients. This article provides up-to-date treatment strategies employed against some major 
superbugs, like methicillin-resistant Staphylococcus aureus, carbapenem-resistant Enterobacteriaceae, vancomycin-resistant 
Enterococcus, multidrug-resistant Pseudomonas aeruginosa, and multidrug-resistant Escherichia coli. The pathogen-directed 
therapeutics decrease the toxicity of bacteria by altering their virulence factors by specific processes. On the other hand, the 
host-directed therapeutics limits these superbugs by modulating immune cells, enhancing host cell functions, and modify-
ing disease pathology. Several new antibiotics against the global priority superbugs are coming to the market or are in the 
clinical development phase. Medicinal plants possessing potent secondary metabolites can play a key role in the treatment 
against these superbugs. Nanotechnology has also emerged as a promising option for combatting them. There is urgent need 
to continuously figure out the best possible treatment strategy against these superbugs as resistance can also be developed 
against the new and upcoming antibiotics in future. Rational use of antibiotics and maintenance of proper hygiene must be 
practiced among patients.

Introduction

Antimicrobial resistance is the capability of a microorgan-
ism to resist the action of the different antimicrobials. In 
this type of resistance, microbes can resist the medication 
that could once be successful against them [1]. When this 
resistance occurs to multiple drugs, it is known as multidrug 
resistance (MDR). There are different types of resistance 
mechanisms observed in microbes, like natural resistance in 
certain microbes against a particular antimicrobial, genetic 
mutation, or acquired resistance from other species [2].

Globally, the drug resistance is increasing due to indis-
criminate use of antimicrobial agents. Resistance microbes 

are hard to treat, requiring alternative or higher doses of 
antimicrobials or lack/shortage of effective antimicrobials, 
adversely affecting countries at all levels of development. 
As per the statement of World Health Organization (WHO), 
MDR pathogens called ‘superbugs’ are one of the major 
public threats that yearly cause several million deaths glob-
ally [3]. In 2021, WHO published the list of antibiotic-resist-
ant pathogens (priority pathogens), especially highlighting 
the resistant gram-negative bacteria that pose maximum 
threat to human health [4]. On the basis of urgency for new 
antibiotics, the list is categorized into three headings, mainly 
critical, high, and medium priority. The critical group of 
MDR bacteria includes Pseudomonas aeruginosa, Acine-
tobacter baumannii, and Enterobacteriaceae, which cause 
severe infections like pneumonia and blood stream infections 
in hospital-admitted patients. The high and medium prior-
ity group include drug-resistant bacteria like Salmonella 
that causes common diseases, such as gonorrhoea and food 
poisoning.

Many review articles have been published about multi-
drug-resistant bacteria and treatment strategies employed 
to combat them. However, most of these articles focus on 
a particular resistant bacteria or a specific line of treatment 
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[5–9]. Moreover, in the continuous fight against emerging 
MDR bacterial species, knowledge updating is highly rec-
ommended for researchers and medical professionals. This 
article attempts to provide up-to-date treatment strategies 
employed against different antibiotic-resistant bacteria cur-
rently responsible for causing severe infections, mostly in 
hospital-admitted patients. Our review will focus on the 
innovative treatment strategies and promising new chemicals 
currently in the pipeline against multidrug-resistant organ-
isms, such as combinatorial drug approaches, polymeric bio-
materials, nanoparticles, and plant-derived products.

Mechanisms of Bacterial Resistance

Various bacteria exhibit antibiotics resistance by mainly 
four mechanisms (Fig. 1). In the drug inactivation process, 
the antibiotics are deactivated by the protective enzymes of 
the bacteria cell wall such as Penicillin G inactivation by 
β-lactamase enzyme released from the penicillin-resistant 
bacteria [10]. On the other hand, protective protein bound to 
the ribosomes of the bacterial cell inactivates the antibiotics 
via ‘target alteration’ by altering their structural confirma-
tion. This leads to the inhibition of their protein synthesis. 
Such type of resistance can be seen in methicillin-resistant 
Staphylococcus aureus (MRSA), where protective proteins 
bound with the ribosomes of the bacterial cell inactivate 
antibiotics. This prevents antibiotic binding to the ribosome 
and inhibits bacterial protein synthesis [11].

In metabolic pathway alteration, the bacteria usually 
modify or protect the target site and restrict the binding of 
antibiotics to that site, which ultimately decreases the affin-
ity of antibiotic molecules. Bacteria synthesize essential 
folic acid and nucleic acid from the para-amino benzoic acid 
(PABA) precursor [12]. However, when an antibiotic targets 

this pathway, the bacteria adapt themselves using preformed 
folic acid. This restricts the efficacy of antibiotics like sul-
phonamide that block PABA pathway, hence inhibiting bac-
terial growth. Bacteria also use a drug efflux mechanism to 
increase the expression of active efflux pumps or decrease 
the drug permeability from the cell surface, which results in 
low-level susceptibility to antibiotics. Certain bacteria have 
shown this type of resistance against fluoroquinolones prior 
to drug penetration by the inbuilt pump present within the 
bacterial cellular membrane [13].

Gram-negative bacteria use all the above four mecha-
nisms of drug resistance, whereas gram-positive bacteria 
lack drug efflux mechanism due to the absence of lipopol-
ysaccharides in their outer membrane. This suggests the 
structure of the outer membrane of bacteria is the key to 
drug resistance to different types of antibiotics [14]. Any 
changes in the structure of the outer membrane or muta-
tions in porin channel or increase in hydrophobic proper-
ties leads to the development of bacterial drug resistance. 
The major resistant gram-negative bacteria include Enter-
obacteriaceae and P. aeruginosa, which can cause serious 
infections in catheter- and ventilator-related pneumonia 
and complicated urinary tract infections (cUTI). P. aerug-
inosa mostly shows resistance due to over-expression of 
efflux pumps or low membrane permeability or mutations 
of porin-associated genes, resulting in ventilator-linked 
pneumonia and blood stream infections [15]. Likewise, 
Pseudomonas resistance to β-lactam antibiotics was medi-
ated through inactivation of amide bond by β-lactamases 
enzymes [16]. Similarly, different classes of modifying 
enzymes like phosphoryltransferase, adenylyltransferase, 
and acetyltransferase deactivate the aminoglycosides of 
antibiotics by hindering their binding affinity toward bac-
terial outer cell membrane. Some gram-negative bacteria 
also produce plasmid-mediated genes which selectively 

Fig. 1   Mechanisms of 
antimicrobial resistance. (1) 
Drug inactivation by bacterial 
enzyme; (2) drug uptake reduc-
tion by lowering of bacterial 
cell permeability; (3) structural 
modification of drug target by 
gene mutation; and (4) drug 
efflux outside the bacterial cell 
membrane
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bind with DNA gyrase or topoisomerase IV, thereby 
protecting them from the quinolones, like antibiotics. In 
addition, genetic mutation and gene transfer can also con-
tribute to drug resistance. Enterobacteriaceae resistant to 
carbapenem and Enterococcus resistant to vancomycin 
antibiotics come under this category. Major resistance 
mechanisms against some common antibiotic classes are 
provided in Table 1.

Currently, there are mainly two types of therapeutic 
option to combat superbugs, like pathogen-directed thera-
peutics (Table 2) and host-directed therapeutics (Table 3). 
Pathogen-directed therapeutics decrease the toxicity of 
bacteria by altering their virulence factors. The host-
directed therapeutics limit infectious diseases by modu-
lating immune cells, enhancing host cell functions, and 
modifying disease pathology.  

Treatment Strategies Against Critical 
Superbugs

The recent advancement in the treatment of antimicro-
bial resistance applies various options, such as combi-
natorial drug approaches, antimicrobial polymeric bio-
materials products, bio-nanotechnology approaches, and 
many others. The most effective treatment strategies 
currently adopted against various critical superbugs like 
methicillin-resistant S. aureus (MRSA), carbapenem-
resistant Enterobacteriaceae (CRE), vancomycin-resist-
ant Enterococcus (VRE), multidrug-resistant P. aerugi-
nosa (MRPA), and multidrug-resistant E. coli (MREC) 
along with their probable mechanisms are summarized 
in Table 4.

Methicillin‑Resistant S. aureus

MRSA is considered as a major cause of community and 
healthcare-associated infections and is highly resistant to 
different classes of antibiotics. The possible mechanism of 
such resistance is the expression of a unique transpeptidase 
protein penicillin-binding protein (PBP2a) that causes cross-
linking among the peptidoglycan polymers. A study has 
shown that drug-resistant S. aureus acquired mecA genetic 
factor that exhibited phenotypic expression or mutation of 
pathogens. This resulted in its resistance to β-lactam antibi-
otics like methicillin to prevent bactericidal effect of these 
antibiotics [17].

Polyphenolic antioxidant ethyl gallate in combination 
with tetracycline or fusidic acid act as synergistic herb-drug 
combination to delay the development of MRSA resistance. 
The probable mechanism of such action is the changes in the 
mutant selection window [18].

Carbapenem‑Resistant Enterobacteriaceae

The resistance of CRE toward carbapenems is generally 
due to its β-lactamase activity in combination with struc-
tural mutations to produce carbapenemases enzymes which 
hydrolyze carbapenem antibiotics. Ursolic acid, a drug pre-
scribed in nosocomial infections caused by Enterobacter 
cloacae, can be a good choice against CRE. It probably acts 
by inhibition of biofilm formation and disturbance of integ-
rity of bacterial cell membrane [19].

Certain drug combinations have also been successfully 
applied against CRE. For example, combination of mero-
penem and amikacin was introduced to increase the effi-
cacy against CRE. Combination of meropenem and poly-
myxin was also studied against CRE [20]. The outcome 
indicated that polymixins should not be administered first 

Table 1   Drug resistance mechanisms against some commonly used antibiotics

Antibiotic class Examples Target Modes of resistance

β-Lactams Penicillin (ampicillin) Cephalo-
sporins, Penem

Peptidoglycan biosynthesis Hydrolysis, efflux, altered target

Aminoglycoside Gentamycin, Streptomycin Translation Phosphorylation, acetylation, efflux, altered target
Glycopeptides Vancomycin, Teicoplanin Peptidoglycan

Biosynthesis
Reprogramming Peptidoglycan biosynthesis

Tetracyclines Minocycline, tigecycline Translation Mono-oxygenation, altered target
Macrolides Erythromycin, azithromycin Translation Hydrolysis, efflux glycosylation, Phosphorylation
Phenicols Chloramphenicol Translation Acetylation, efflux
Quinolones Ciprofloxacin DNA replication Acetylation, altered target
Sulfonamides Sulfamethoxazole C1 metabolism Efflux, altered target
Rifamycins Rifampin Transcription ADP-ribosylation, efflux
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Table 2   Pathogen-directed therapeutic strategy to combat superbug

Pathogen-directed therapeutics strategy Characteristics

Neutralization of virulence factors • One of the main cause of bacterial infection is the presence of virulence 
factors in the bacterial surface morphology

• This factor helps bacteria in adherence to epithelial mucosal membrane, 
formation of biofilm, and intracellular invasion of host cells

• Therapies that target neutralization of the bacterial virulence factor at 
genetic level can neutralize its harmful effect such as genetic engineering 
technique can significantly reduce shiga toxin production in vitro enteric 
mouse infection model

Blockage of epithelial adherence or Biofilm formation • The small drug molecules with effective anti-adherence characteristics 
may help in resisting the bacterial infections and serve as alternative treat-
ment option against these superbugs

• In case of Pseudomonas aeruginosa, adhesion-mediated binding of 
mucosal pathogens with epithelial cell receptor in host organ and their 
mucosal binding to form a polymeric matrix or biofilm formation is con-
sidered as the initiation step of disease pathogenesis

• Reduction of biofilm formation and enhancing its elimination could also 
be a helpful strategy in minimizing host toxicity

Monoclonal antibody (mAb) • Immunotherapy via monoclonal antibodies are intended for binding to the 
surface of target site of the specific pathogen or antigen having virulence 
factors

• These antibodies help in the clearance of phagocytic part of microorgan-
ism and thus eliminate their pathogenic effect

Strategies for toxin neutralization • Bacteria toxin can be neutralized either by physical sequestration tech-
nique or altering the pathogen binding affinity toward host cell receptor

• Pharmacological agents can be prepared that mimic the structural features 
of the cell membrane of host. This mechanism can sequester the toxins 
away from the target host cell

Reducing bacterial virulence factor changing gene expression • Virstatin is a potent virulence inhibition agent active against Vibrio chol-
era that changes the gene expression by downregulating the dimerization 
of transcriptional activator

• Further, it prevents the biogenesis of pilus, motility, and formation of 
biofilm in resistant pathogens

• Regacin is another similar agent that also inhibits the pathogenic viru-
lence factor by changing its gene expression

Interference with bacterial quorum sensing • Quorum sensing (QS) is a process in which bacterial species released auto 
inducers to increase its concentration as a function of cell density

• Many resistant bacteria species regulate gene expression within host tis-
sue through quorum sensing

• Recent studies found emergence of resistance against tobramycin used 
against Pseudomonas aeruginosa infections; however, the drugs like 
6-gingerol (derived from ginger) is effective in such cases by competi-
tively inhibiting autoinducers of resistant bacteria or inhibits QS. The 
combination of 6-gingerol derivative and tobramycin provides more 
effective inhibition of virulence factor of P. aeruginosa by inhibiting QS 
as well as biofilm production in comparison to single therapy. The anti-
infective activity of this combination was further confirmed in an insect 
model using Tenebrio larvae. The results indicated strong inhibitory activ-
ity at very low dose of adjuvant and suggests combined therapy might act 
as effective strategy for the management of P. aeruginosa infections

Sensitization of the pathogen toward host innate immune clearance • This can be a beneficial approach in treating the patient suffering resistant 
bacterial infections

• When the multidrug-resistant pathogens cause chronic infection to an 
individual, it is important to identify the gene that is withdrawn by the 
resistant bacteria leading to its virulence

• Thus, re-sensitization of the said gene can be helpful in initiating its 
immune destruction
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in this combination therapy. It was further concluded that 
isolated treatment with each antimicrobial has proven to be 
less effective compared to the combination therapy against 
CRE pathogens.

Vancomycin‑Resistant Enterococcus

Enterococcus possess antimicrobial resistance either by 
the acquired or intrinsic means to transfer resistance genes. 
Vancomycin resistance generally occurs when low-affinity 
pentapeptide precursor of the cell wall are formed in place 

of its high affinity variant [21]. A very limited number of 
treatment options are available against VRE. In a study, lin-
ezolid and bactericidal drug daptomycin were only found 
to produce in vivo bactericidal effects against it [22]. These 
antibiotics significantly decreased the mortality rate of the 
patient. However, the delay in initiating the treatment might 
result in increase in the mortality rate in patients with severe 
infections. Therefore, novel strategies are needed to control 
VRE. Among promising results, the UV-stable bacteriocin 
like inhibitory substance (BLIS) produced by Enterococcus 
faecium strain has shown potent bactericidal activity against 
VRE [23]. A glycopeptide antibiotic named LY333328 has 

Table 3   Host-directed therapeutic strategy to combat superbug

Host-directed therapeutics strategy Characteristics

Improving bactericidal activity of phagocytic cells • Severe bacterial infections weaken immune function due to the regular use of medicine 
for the treatment of inflammatory disorder that supress innate immunity

• Pharmacologically improving bactericidal activity of phagocytic cell could therefore be 
effective against superbugs

Manipulating cytokines and chemokine • Cytokine or chemokine are the endogenous pro-immune regulating substances respon-
sible for clearance of resistant pathogen. They have been also used as a new treatment 
strategy to fight superbugs

Lipid mediators of innate immunity • It is reported that macrophages when treated with leukotriene B4 (LTB4) induce pro-
duction of reactive oxygen species through NADPH oxidase system to fight superbugs

Targeting immune regulatory pathways in phagocytes • Host-directed innate immune boosting approach has been studied in knockout mice and 
immune modulatory peptides by altering the susceptibility of resistant pathogens

Enhancing Toll-like receptor signaling pathways • Toll-like receptors play an important role in recognizing pathogen-associated microbial 
patterns to initiate signaling cascade that promote the regulation of innate immune 
response genes. This results in increase in the production of cytokines leading to reduc-
tion in bacterial burdens

Drugs having unanticipated immune boosting effects • Some drugs can boost immune response that results in elimination of bacterial patho-
gen

• For example, Tamoxifen-boosted immune system produce beneficial effect against 
systemic MRSA infection

• A randomized trial reports that statin drugs, used for reduction of cholesterol through 
specific mechanism, also help to reduce the infectious disease like pneumonia, sepsis-
associated comorbidities, and mortality rate in patients with bacterial resistance

Table 4   Current treatment strategies against major superbugs

Superbug Mechanism of resistance Drug of choice Mechanism of drug action

Methicillin-resistant Staphylococcus  
aureus (MRSA)

Production of Penicillin-Binding Pro-
tein (PBP2a)

Vancomycin Inhibits cell wall synthesis by binding to 
the D-Ala-D-Ala terminal of the grow-
ing peptide chain [45]

Carbapenem-resistant Enterobacte-
riaceae (CRE)

β-Lactamase activity and production of 
carbapenemases

Polymyxin, 
Tigecycline, and 
Aminoglycosides

Disrupt the membrane by binding to 
lipopolysaccharide. Inhibition of 
protein synthesis [49]

Vancomycin-resistant Enterococcus 
(VRE)

Production of low-affinity pentapeptide 
precursor of cell wall

Daptomycin Disrupting the membrane potential [51]

Multidrug-resistant Pseudomonas  
aeruginosa

Genetic alterations Ceftazidime–avi-
bactam and 
Ceftolozane–
tazobactam

Inhibits penicillin-binding proteins 
and also inhibits many serine 
β-lactamases. Inhibition of cell wall 
biosynthesis [61]

Multidrug-resistant Escherichia coli Presence of resistance genes Mecillinam Inhibits penicillin-binding protein 2 [65]
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also shown bacteriostatic effect when applied in combination 
with ampicillin, quinupristin–dalfopristin and gentamicin. 
Additionally, LY333328, a semisynthetic N-alkyl derivative 
of LY264826, was found to exert the most potent bacteri-
cidal effect against it.

Multidrug‑Resistant P. aeruginosa

The resistance of P. aeruginosa pathogen is mainly due to 
genetic alterations, antibiotic efflux system, or mutation of 
topoisomerases II/ topoisomerases IV, especially in fluoro-
quinolone antimicrobial compounds [24]. Derepression of 
the chromosomal AmpC β-lactamase reduces susceptibil-
ity to β-lactam antibiotics like penicillin and cephalosporin 
against MRPA [25]. Various approaches have been success-
ful in contradicting MRPA. Lysozyme enzymes like Lysins 
and endolysins are found active against MRPA by disturbing 
the peptidoglycan structure of the outer membrane of the 
bacteria [26]. In an experiment, combination of third-gener-
ation cephalosporin (ceftolozane) with β-lactamase inhibitor 
(tazobactam) was found to exhibit low MIC against the P. 
aeruginosa in ETEST® strips, suggesting its prospective 
antimicrobial activity against MRPA.

Multidrug‑Resistant E. coli

E. coli is a common pathogen associated with serious noso-
comial infections, like urinary tract infections (UTI). The 
emergence of multidrug resistance in E. coli is due to the 
development of inherent R-plasmid genes in them. This 
results in failure of the antimicrobial agents that act via 
dihydropteroate synthase inhibition [27]. Pivmecillinam, 
a prodrug of mecillinam has proven efficacy against acute 
lower UTI. It exerts activity against MREC by inhibition 
of Penicillin-Binding Protein (PBP2a) [28]. Lytic bacterio-
phage has also emerged as an alternative strategy against 
resistant bacteria, but its effectiveness relies on appropriate 
genomic characterization. phiLLS, a unique bacteriophage 
from the Siphoviridae family, has shown significant lytics 
properties against resistant E. coli strains. Recently, probi-
otics have gained interest in combating multidrug-resistant 
E. coli. In a research, six E. coli strains which are resist-
ant to antibiotics like Ampicillin, Clarithromycin, Amoxi-
cillin–Clavulanic acid, and ceftriaxone, when treated with 
probiotics have shown effective antimicrobial activities by 
preventing biofilm formation [29]. The probiotic lactic acid 
bacteria Lactobacillus plantarum Y3 (LPY3) obtained from 
fermented dairy product inhibited biofilm production of mul-
tidrug-resistant E. coli U12 pathogens. Scanning electron 

microscope indicated the adherence rate of LPY3 is only 
14.5% at urinary catheter, i.e., reduced up to four times.

Drugs Beyond Antibiotics

Natural Products

Recently, secondary plant metabolites have been used for the 
management of MDR pathogens. A study reported that the 
secondary plant metabolites like geranial, neral, 1,8-cineole, 
camphene, β-phellandrene, and α-curcumene obtained from 
the essential oil of Zingiber officinale have significant anti-
bacterial properties against 18 resistant pathogens with high 
efficacy against gram-negative MDR pathogens, like carbap-
enem- and polymyxin-resistant ten Klebsiella pneumoniae 
and Serratia marcescens [30]. In a carbapenem-resistant K. 
pneumonia-induced mice sepsis model, researchers exhib-
ited a reduction of bacterial load and increase in survival 
time of infected animals without any toxicity to the host. 
This efficacy might be due to the presence of major second-
ary metabolites, like geranial, neral, and 1,8-cineole [30].

Another study reported the antibacterial efficacy of sec-
ondary metabolites (lariciresinol and berberine) of Zingiber 
officinale Roscoe of the North-Western Himalaya region 
against MDR Salmonella typhimurium by efflux pump inhib-
itory action. Results showed that berberine has increased 
antibacterial activity by 2 to 4 folds, whereas lariciresinol 
decreased the MIC by 2 to 4 folds. It was concluded that 
lariciresinol could be a potential efflux pump inhibitor in 
killing of drug-resistant S. typhimurium [31].

Plant derived secondary metabolites like saponins and 
bromo-polyphenols obtained from Cassia fistula bark were 
found effective against MDR pathogens (E. coli and M. 
tuberculosis) isolated from Ganga river water, milk, and 
chicken meat. The inhibition of bacterial RNA polymerase 
was much higher as compared to the standard rifampicin 
antibiotics. It was concluded that these phytoconstituents 
could be used in future as therapeutic adjunct in the preven-
tion and treatment of MDR bacterial infections [32].

The flavonoids and polyphenol obtained from aerial parts 
of the plant Vernonia auriculifera Hiern showed strong anti-
bacterial action against the E. coli, E. aerogenes, K. pneu-
moniae, P. aeruginosa, and S. aureus with a low MIC value. 
The antibacterial efficacy was further enhanced in combi-
nation therapy with phenylalanine β-naphthylamide (efflux 
pump inhibitor). It was inferred that these phytoconstituents 
have a significant bactericidal effect against MDR pathogens 
by overexpressing efflux pumps [33].

Rolta et al. evaluated bergenin isolated from the rhi-
zome of Bergenia ligulata against MDR E. coli and S. 
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aureus. The high antimicrobial activity was observed 
against both the bacteria, suggesting that the secondary 
metabolite of B. ligulata could be utilized in the treatment 
of drug-resistant bacteria [34].

Pleuromutilin and its derivatives such as valnemulin, 
tiamulin, azamulin, and retapamulin have also shown 
significant antibacterial agents against MRSA. The prob-
able mechanism might be the inhibition of protein syn-
thesis by binding with peptidyl transferase constituents of 
50S-subunit of ribosomes of bacteria [35]. Phloroglucinol 
and its acylphloroglucinol derivatives have shown promis-
ing anti-MRSA action. They prevent such drug resistance 
by disturbing bacterial inner membrane permeability [36]. 
Indole-based natural compound epidithiodioxopiperazine 
have also demonstrated significant bactericidal action 
against MRSA [37]. Additionally, the ketone deriva-
tive of flavonoids like isoorientin, luteolin, quercetin, 
3-o-methylquercetin, and rutin are found to be effective 
against MRSA. Natural guanidine alkaloids, tetrandrine, 
and demethyltetrandrine in combination with ampicillin, 
8-acetoxycycloberberine, 8-substituted cycloberberines, 
xanthone derivatives, and polyphenolic compounds like 
chalcones extracted from the Desmodium congestum have 
also shown significant anti-MRSA activity [38]. Similarly, 
bacterial-derived secondary metabolite teixobactin exerts 
dose-dependent antibacterial action against MRSA due to 
selective replacement of particular amino acid sequence 
of resistance pathogens. Muhsinah et al. have reported that 
the natural flavor obtained from the plant Illicium verum 
possesses significant antibacterial action against MRSA 
clinical isolates [39].

Some phytomedicines have been found effective against 
CRE infection. An essential oil obtained from the seeds of 
Camellia japonica exhibited significant antibacterial action 
against CRE. Similarly, the combination of natural com-
pounds curcumin and chitosan showed significant antibac-
terial and anti-biofilm activities against CRE isolates [40].

The anti-VRE activity of the hydroxyalkenyl salicylic acids, 
active chemical constituents of Ginkgo biloba, exhibited low 
MIC against VRE stains [41]. The antibacterial activity of sev-
eral plant extracts like ethanolic extracts of Ageratum cony-
zoides, Phyllanthus emblica, Camellia sinensis, and Mentha 
longoifolia were evaluated against clinically isolated VRE 
stain by agar well diffusion method. The Mentha longifolia 
extract showed greatest zone of inhibition against VRE, indi-
cating it to be the more potent antimicrobial agent against VRE 
compared to the other plant extracts [42]. In another study, the 
phytocompounds butyryl alkannin obtained from root extract 
of Arnebia euchroma showed superior antibacterial properties 
compared to the vancomycin antibiotics, providing scientific 

validation for the traditional use of these medicinal plants 
against VRE [43].

Phytochemicals–antibiotics combination have also been 
tried against resistant MRPA. The promising results were 
observed by combining the extracts of Rhus coriaria seed, 
Sarcopoterium spinosum seed, and Rosa damascene flower 
with selected antimicrobial agents, like oxytetracycline, 
sulfadimethoxine, and cephalexin [44]. Medicinal plants like 
Terminalia bellerica, Celastrus paniculatus, Kingiodendron 
pinnatum, Schleichera oleosa, Melastoma malabathricum, 
and Garcinia gummi-gutta have also been investigated against 
MRPA [45]. In that study, the extract of Terminalia bellerica 
was found most effective by significant reduction of quorum 
sensing regulated virulence factors and biofilm formation.

Some nutritionally enriched herbs have also been found 
to have significant role in the treatment of MRPA. Glycyr-
rhiza glabra, a natural flavoring agent, showed promising 
bactericidal action against resistant strains of P. aeruginosa in 
comparison to standard antibiotic amikacin. This bactericidal 
activity is attributed to the generation of quinones and superox-
ide ions due to the presence of bioactive phenolic compounds 
in the plant [46].

Researchers have investigated the antimicrobial activity of 
Acacia nilotica extract against E. coli on the basis of cell mem-
brane integrity, permeability, and kill time. Experimental find-
ings showed that it exerted bactericidal activity by damaging 
the cellular membrane of the bacteria [47]. Study reports have 
shown that aqueous and lime extracts of natural spices like gar-
lic, onion, coriander, pepper, and ginger is also having potent 
in vitro antimicrobial activity against MREC strains [48].

Phytochemicals like flavonoids have been used to prevent 
the formation of biofilm of seropathotype E. coli O157:H7 
(STEC) by inhibiting the expression of locomotive surface 
assembly fimbriae. Flavonoid phloretin obtained from apple 
showed significant inhibition of biofilm of STEC at concen-
tration of 50 μg/ml, confirmed by both genomic qRT-PCR 
analysis as well as electron microscope studies [49]. Similarly, 
Ginkgolic acid obtained from Ginkgo biloba and naringenin 
present in grape seed exhibited significant inhibition of STEC 
biofilm by the downregulation of curli gene. The polyphenol 
trans-resveratrol obtained from grape seeds also exhibited anti-
biofilm of STEC effect by similar downregulating of curli gene 
expression. Transcriptional assay indicates trans-resveratrol at 
the dose of 10 μg/ml prevented the adherence of E. coli cell 
onto human epithelial tissue [49].

Nanoparticles (NPs)

Nanotechnology has emerged as a promising option for 
combatting MDR bacteria. Various treatment strategies 
include amplifying drug affinity toward the bacterial cell 
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membrane utilizing the protective nature of NPs against 
bacterial enzyme, enhanced tissular diffusion, larger 
surface to volume ratio and high drug loading capacity. 
Antibiotics conjugated with NPs in the recommendable 
size range have the potential to facilitate the drug binding 
more effectively at the desirable site.

Among their different variants, metal and metal oxide-
based NPs exert more antibacterial activity [50]. The anti-
bacterial activity exerted by these NPs is supposed to be 
due to the exertion of oxidative stress by reactive oxygen 
species (ROS), restriction in biofilm production, direct 
contact with bacterial cell wall, triggering of host immune 
response, and major interaction with DNA fragments and 
protein molecules [51].

The potential bioactivity and antibacterial properties 
of selenium nanoparticles (SeNP) provide a unique plat-
form in the treatment of resistant bacterial infection. Fur-
ther, the antimicrobial action of SeNPs is enhanced when 
synthesized from the extract of different plants. A recent 
article explored the antimicrobial activity of synthesized 
SeNP (245–321 nm) using extract of Allium cepa, Mal-
pighia emarginata, and Gymnanthemum amygdalinum 
against gram-positive resistant pathogens, like Strepto-
coccus agalactiae, S. aureus, and MRSA. It suggested 
that SeNP could be a promising option in the treatment of 
MDR bacteria with high efficacy along with low cytotoxic-
ity in red blood cell [52].

Another noted work studied the effect of ZnO NPs 
(330–350 nm), prepared from ripe fruits and leave of 
Limonia acidissima, against resistant UTI pathogens, such 
as S. paratyphi, Shigella, Streptococcus, Staphylococcus, 
and K. pneumonia. The result of in vitro well diffusion 
antibacterial test and biofilm tube ring formation study 
reveals significant activities against MDR bacteria as well 
as inhibition of bacterial biofilm formation. The study sug-
gested that the plant-derived ZnO NPs have strong antibac-
terial properties and could be utilized for the management 
of resistant bacterial infections [53].

Arshad et al. investigated the effect of Aloe vera-con-
jugated AgNP (30-80 nm) against resistant gram-positive 
strains (S. aureus) and Gram-negative strains (E. coli, A. 
baumannii, and P. pseudomonas) using the Kirby–Bauer 
agar disc diffusion method. The result indicates promis-
ing antibacterial activity against Gram-negative bacteria 
with maximum MBC confirmed for S. aureus (200 µg/ml), 
while the minimum MBC was observed for Candida albi-
cans (50 µg/ml). The possible mechanism of antibacterial 
action of conjugated NP is either due to penetration of 
NP into the negatively charged cell membrane of resistant 
pathogens or generation of more ROS. This could lead to 
inhibition of DNA replication, resulting in the impairment 
of bacterial cell growth and cell death [54].

The green-synthesized mono-dispersed silver 
nanoparticles (AgNP) in the size range of 25–50 nm showed 
potent antibacterial activity against highly resistant MRSA 
strains [55]. A recent study on chitosan nanoparticles for 
delivery of a newly discovered antibiotic N′-((5-nitrofuran-
2-yl) methylene)-2-benzhydrazide (5-NFB) against 
MRSA. The study revealed that the drug-loaded NPs (44% 
encapsulation efficiency) had enhanced antibacterial activity 
against all S. aureus strains and exerted a great synergistic 
effect between chitosan nanoparticles and 5-NFB [56].

Vancomycin is the drug of choice against MRSA which 
acts by inhibiting cell wall synthesis by blocking transpepti-
dase and thus prevents cross-linking of peptidoglycan. How-
ever, after 48 h of administration, free vancomycin starts to 
lose its antimicrobial potency. Researchers used Hyaluronic 
acid (HA) with oleylamine (OLA) conjugate (HA-OLA) as 
nano-drug carrier for Vancomycin. The drug and HA-OLA 
conjugate showed intrinsic and long-lasting antibacterial 
properties and sustains drug release up to 72 h with MIC 
500 µg/ml [22].

The possible antibacterial action of silver nanoparticle 
(AgNP) against P. aeruginosa is due to its high penetrability 
into bacterial membranes, which disrupt the biofilm forma-
tion as well as inhibit the bacterial DNA synthesis. Brown 
et al. have reported that the AgNP-loaded ampicillin at a 
dose of 4 μg/ml completely killed the ampicillin-resistant 
P. aeruginosa pathogens at dose of 4 μg/ml [57]. In another 
investigation by Wahab et al., the antibacterial activity of 
AgNP synthesized from leaf extract of Mukia scabrella with 
zeta potential −21.7 mV exhibited promising anti-MRPA 
activity. It was suggested that the plant extract in AgNP 
interacted strongly with the negative charge cell membrane 
of bacteria, leading to a strong antibacterial action [58].

Khalil M. et.al, studied the efficacy of some antibiotics 
conjugated silver nanoparticles (AgNP) against MRPA. 
They observed the synergistic effect of neomycin and AgNPs 
against MDR P. aeruginosa P8 and P14 isolates. The study 
suggested that AgNP in combination with antibiotics would 
be effective against MRPA [59].

Gabrielyan et  al. reported that the iron oxide 
nanoparticles (Fe3O4NPs) with unique superparamagnetic 
properties, greater stability, nontoxicity, and high magnetic 
susceptibility exhibited strong antibacterial effect on the 
growth mechanism and membrane activity of E.coli strains. 
Additionally, they reported that the Fe3O4NPs could 
successfully reduce the growth rate of bacteria by increasing 
the lag phase duration. Combination of nanoparticles with 
antibiotics provided a synergistic effect to inhibit the 
H2 yield and H+ fluxes, suggesting that the iron oxide 
nanoparticles could be used to combat bacterial multidrug 
resistance [60]. Another study confirmed that the silver 
nanoparticles (AgNPs) synthesized from Arisaema flavum 
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tuber extract having a size range of 12–20 nm had shown 
significant antibacterial activity against MREC QH4 strains 
[61].

Memar et  al. reported that the Meropenem-loaded 
mesoporous silica nanoparticles (MSNs) had much lower 
MIC against CRE than meropenem alone due to the 
efficient fusion of bacteria cell walls. Additionally, MSNs 
showed enhanced physicochemical and biocompatibility 
characteristics with low in vitro cytotoxic activity. They 
concluded that MSNs could become a promising drug 
against CRE [62]. All these reports suggest that plant-
derived nanoparticles could be a cost-effective and eco-
friendly alternative in controlling bacterial MDR.

Approved/Pipeline Drugs Against Critical 
Superbugs

WHO’s global priority pathogen list has provided a vital 
tool in finding out newer antibiotics viable against these 
superbugs. In this context, 32 antibiotics, notified by 
WHO, have been in the clinical development phase [63]. 
Currently, there are nearly 43 new antibiotics in clinical 
development by the top 50 pharmaceutical companies with 
significant antibacterial properties against serious or life-
threatening bacterial infections (Table 4) [63]. Among these 
antibiotics, 18 have shown potential antimicrobial action 
against gram-negative resistant pathogens, particularly 
Enterobacteriaceae and P. aeruginosa. Similarly, 10 
antibiotics are used in the treatment of the resistant pathogen 
Neisseria gonorrhoeae. Some of these drugs are in the 
clinical pipeline and few are already approved by FDA. 
Cefiderocol and Eravacycline have recently been approved 
by FDA, respectively, for the treatment of complicated 
urinary tract infections (cUTI) and intra-abdominal 
infections caused by gram-negative microorganisms, 
including P. aeruginosa. These infections previously had 
limited treatment options. FDA has also stepped forward 
for to reduce the threat of AMR infections by approving 
three new antibiotics, namely oritavancin, dalbavancin, and 
tedizolid for the treatment of acute skin infections actively 
caused by methicillin resistant and susceptible S. aureus 
[64].

Patients affected with serious community-acquired 
pneumonia are very difficult to treat. To address the chal-
lenge, FDA has approved both oral and parenteral Xenleta 
to treat mild-to-severe lung illness of all age groups [65]. 
In addition, FDA also approved intravenous Recarbrio, a 
combination of imipenem–cilastatin and relebactam, for 
the treatment of various serious antimicrobial-resistant 
infections, including hospital and ventilator-acquired bac-
terial pneumonia (due to gram-negative bacteria), cUTI, 
and complicated intra-abdominal infections (cIBI) [66]. 
The administration of Recarbrio, tested for 28 days in a 
randomized controlled clinical trial of 535 hospitalized-
acquired bacterial pneumonia patients, reported less per-
centage of death in comparison to piperacillin–tazobac-
tam-treated patients [66]. Recently, the antibacterial drug 
Fetroja (Shionogi & Co.) got approval from FDA for the 
treatment of gram-negative bacteria-mediated cUTI in 
patients having limited treatment options due to hypersen-
sitive history. The list of antibiotics currently in the phase 
of clinical development against various critical superbugs 
is summarized in Table 5 [67–85].

Conclusion

Antimicrobial resistance has been increasing in the recent 
years. This study presented updated information on treat-
ment methodologies currently adopted worldwide against 
major superbugs. The application of novel strategies like 
nanoparticle-based formulations and new plant-derived 
antimicrobial agents can eliminate such antimicrobial 
resistance and may prevent these superbugs causing 
much damage. Preventive measures must be taken to 
minimize bacterial MDR by rational use of antimicrobial 
drugs whenever needed. Healthcare professionals should 
also promote drug safety awareness to prevent such drug 
resistance. Instead of broad-spectrum antibiotics, narrow-
spectrum antibiotic must be preferred. Additionally, the 
rational use of antibiotics and maintenance of proper 
hygiene and disinfectant must be practiced among patients.
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Table 5   List of antibiotics in the clinical development against various critical superbugs

Sl no. Name of antibiotics Trade name Developer Class Phase of 
clinical 
trial

Application References

1 Lascufloxacin Lasvic (iv) Kyorin Pharma-
ceutical

Fluoroquinolone NDA Lower RTI [67]

2 Cefiderocol Fetroja (iv) Shionogi & Co., 
Ltd., Japan

Siderophore cephalo-
sporins

Phase 3 cUTI, CRE [68]

3 Sulopenem etzadroxil/
probenecid

Oral Sulopenem Iterum Therapeu-
tics

Penem Phase 3 cUTI [68]

4 Durlobactam/sulbactam SUL-DUR (iv) Entasis Thera-
peutics

BL/BLI Phase 3 cUTI [68]

5 Taniborbactam+cefepime CERTAIN-1 
(iv)

Venatorx’s BL/BLI Phase 3 CRE [68]

6 Enmetazobactam+cefepime Exblifep Allecra BL/BLI Phase 3 cUTI [68]
7 Zoliflodacin ETX-0914 Entasis Topoisomerase inhibitor

(spiropyrimidinetrione)
Phase 3 Gonorrhoea 

infection
[68]

8 Gepotidacin GSK2140944 GSK Topoisomerase inhibitor
(triazaacenaphthylene)

Phase 3 cUTI [68]

9 Levonadifloxacin EMROK O Wockhardt Fluoroquinolone Phase 3 MRSA [69]
10 Cefilavancin TD-1792 Theravance and 

GSK
Glycopeptide-cephalo-

sporin
conjugate

Phase 3 Acute bacterial 
skin and skin 
structure 
infections

[70]

11 Solithromycin Solithera Melinta Macrolide Phase 3 Community-
acquired 
pneumonia

[71]

12 Contezolid acefosamil MRX 4 MicuRx Oxazolidinone Phase 2/3 Acute Bacterial 
Skin and Skin 
Structure 
Infection

[72]

13 Afabicin AFN-1720 Debiopharm Enoyl-acyl carrier pro-
tein reductase (FabI) 
inhibitor

Phase 2 Bacterial Skin 
Infection

[73]

14 LYS-228 Ancremonam Boston Monobactam Phase 2 CRE [74]
15 Nafithromycin WCK 4873 Wockhardt Macrolide Phase 2 Community-

acquired 
pneumonia

[75]

16 TNP-2092 CBR-2092 TenNor Rifamycin–quinolone 
hybrid

Phase 2 Acute Bacterial 
Skin and Skin 
Structure 
Infection

[76]

17 Benapenem Benapenum Sihuan Carbapenem Phase 2 cUTI [76]
18 Zidebactam+cefepime WCK 5222 Wockhardt DBO-BLI Phase 1 cUTI [76]
19 Nacubactam+meropenem - NacuGen DBO-BLI Phase 1 Meropenem-

resistant P. 
aeruginosa

[76]

20 ETX0282+cefpodoxime ETX0282CPDP Entasis DBO-BLI Phase 1 CRE [76]
21 VNRX-7145+ceftibuten VNRX-5236 

Etzadroxil
VenatoRx Boronate-BLI Phase 1 CRE [76]

22 SPR-741+β-lactam – Spero Polymyxin+β-lactam Phase 1 Resistance 
Gram-nega-
tive bacterial 
infection

[76]

23 SPR-206 EVER-206 Spero Polymyxin Phase 1 CRE [76]
24 KBP-7072 – KBP Biosciences 3rd-gen tetracycline Phase 2 Multi-resistant 

bacterial 
infection

[76]
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Table 5   (continued)

Sl no. Name of antibiotics Trade name Developer Class Phase of 
clinical 
trial

Application References

25 TP-271 – Tetraphase Tetracycline Phase 1 CRE [76]
26 TP-6076 – Tetraphase Tetracycline Phase 1 CRE [76]
27 Apramycin (EBL-10031) – Juvabis Aminoglycoside Phase 1 CRAB [77]
28 AIC-499 AiCuris β-lactam Phase 1 CRE, CRPA,

CRAB
[78]

29 TNP-2198 – TenNor Rifamycin–nitroimida-
zole hybrid

Phase 1 Bacterial vagi-
nosis

[78]

30 TXA-709 – Taxis FtsZ inhibitor Phase 1 MRSA [78]
31 BCM-0184 Biocidium – Phase 1 MRSA, VRE, 

CRE
[78]

32 Ceftazidime-avibactam Zavicefta Actavis BLI+β-lactam Phase 1 CRE [79]
33 Meropenem and vaborbac-

tam
VABOMERE Melinta β-lactam+BLI US FDA 

approved
cUTI [80]

34 Iclaprim Mersarex Motif Bio PLC Diaminopyrimidine NDA Acute Bacterial 
Skin and Skin 
Structure 
Infection

[81]

35 Omadacycline Nuzyra Paratek Tetracycline NDA cUTI, CRAB [82]
36 Eravacycline Xerava Tetraphase Tetracycline NDA CRE [82]
37 Delpazolid LCB01-0371 LegoChem

Biosciences
Oxazolidinone Phase 1 TB [82]

38 Brilacidin PMX-30063 Innovation Polymer-based antibiot-
ics, Mimetic defensin

Phase 2/
NDA

Coronavirus 
disease 
2019(COVID 
19), Acute 
bacterial 
skin, and 
skin structure 
infections

[83]

39 Nemonoxacin Taigexyn TaiGen Quinolone Phase 2 Acute bacterial 
skin and skin 
structure 
infections

[84]

40 Lefamulin BC-3781 Nabriva Pleuromutilin USFDA Acute bacterial 
skin and skin 
structure 
infections

[85]

41 Murepavadin POL7080 Polyphor Peptidomimetic Phase 3 Hospital-
acquired 
bacterial 
pneumonia

[85]

42 Ceftobiprole Zevtera Basilea β-lactam Phase 3 MRSA [85]
43 Ridinilazole SMT19969 Summit Bis-benzimidazole 11 Phase 2 Clostridioides 

difficile infec-
tion

[85]
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