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Abstract: Antibiotics is a class of drug that plays an eminent role in combating the deadly infections caused by harmful pathogenic organisms. 
However, irrational use of these antibiotics leads to multidrug resistance in bacterial species which in turn contributes to the morbidity and 
mortality worldwide, due to which they are referred to as superbugs. Thus, multidrug resistance is known as the resistance of a microorganism 
to different initially sensitive antibiotics. Though research has led to the development of new antibiotics and its derivatives, the development of 
new antibiotics is challenged at every step due to the emergence of microbial resistance. The emergence of drug resistance resulted due to the 
presence of Drug Resistant Plasmid, transposon, antibiotic resistant cassette and further the resistant phenotype can be transferred from 
resistant to a sensitive microorganism making sensitive organism resistant. Some bacteria acquire the property of being Multi Drug Resistant due 
to the presence of efflux transporter proteins which can expel antibiotics in a nonspecific manner and overcoming such medical emergencies is 
the demand of the era. Thus, the lack of novel antibiotics has created the need for certain technological tools to combat this deadly 
phenomenon. Among them, anti-microbial peptide, anti-virulence compounds, phage therapy, nanotechnology and CRISPR-Cas system are the 
most commonly used techniques to combat multidrug resistance. The present review highlights different multidrug resistance tools such as the 
application of Phage therapy, use of nanotechnology, CRISPR-Cas system and antimicrobial peptides together, their working mechanism, utility, 
efficacy, credibility and relevance along with the modifications needed in the techniques for improvisation.  
 
Keywords: Antibiotic, Multi Drug Resistance, Bacteriophage, Nanotechnology, CRISPR-Cas System. 
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1. INTRODUCTION 
 
During the last few decennials, the prevalence of microbial 
infections has increased dramatically. Perpetual distribution 
of antimicrobial drugs in treating infections has led to the 
emergence of resistance among the sundry strains of 
microorganisms 1. Multidrug resistance (MDR) is defined as 
the resistance of a microorganism to multiple drugs at a 
time2,3. Bacteria usually overcome the antimicrobial activity of 
antibiotics using three related mechanisms namely resistance, 
persistence and tolerance4. Multidrug resistance in bacteria 
occurs by mechanisms such as presence of drug resistant 
plasmid which can undergo horizontal transmission from a 
resistant bacterium to sensitive one rendering it resistant, 
presence of transposons and antibiotic resistance cassettes 
are some other contributing factors to the present medical 
emergency. Bacteria of certain genera exhibit multi drug 
resistance due to the presence of multidrug efflux pumps 
which can pump out multiple drugs non-specifically from the 
cell5. Some bacteria are termed as “Persisters” as they are 
non-growing, metabolically inactive and dormant and found 
to play a role in recurrent or chronic infections as they can 
survive both antibiotic interventions and host immune 
response, as the drug pressure is removed, they can revert 
back to its wild type conferring antibiotic susceptibility6. 
Resistant phenotype is exhibited by tolerant bacteria and 
thus, tolerance is defined as the ability to survive in the 
conditions of transient exposure to high concentrations of 
antibiotics.  The World Health Organization has studied these 
and concluded that resistant microorganisms such as 
bacteria, fungi, viruses, and parasites can resist antimicrobial 
drugs leading to ineffective treatment resulting in 
sedulousness and spreading of infections. In the year of 2017, 
two important studies were done related to the evolution of 
resistance by tolerant bacteria and persisters. Studies 
revealed that after long exposure of Mycobacterium 
tuberculosis to Rifampicin the persisters basically results from 
source of de novo resistant mutants whereas generation of 
increased tolerance results from induced mutation in 
Escherichia coli population after intermittent exposure of 
Ampicillin. In the year of 2019 a strong correlation between 
persister and probability of resistance development in the 
laboratory isolates of Escherichia coli. Many antibiotics are 
tested upon the clinical isolates and all led to a common 

conclusion strongly suggesting a link between persistence and 
tolerance to antibiotics and evolution of resistance to these 
antibiotics (Table 2). Currently many evidences are there 
which suggests that many bacteria bear the ability to live 
inside some cells like macrophages and formation of biofilm 
are associated with persistent infection. Clinical isolates 
responsible for chronic infections such as Pseudomonas 
aeruginosa, and uro pathogenic Escherichia coli exposed to a 
long-term antibiotic pressure may result in persistent 
infection with respect to those responsible for acute 
infection. As discussed previously persisters results from 
mutation and studies have revealed the presence of hip A 
mutation in Escherichia coli associated with persistent urinary 
tract infection and importance of hipA7 mutation resulting in 
mersister formation in vitro. It was determined by various 
research that a bacterium exposed to high concentration of 
antibiotic results in the development of Persisters while 
exposing the same microorganism to low concentration of 
antibiotics results in development of resistance. Thus, the 
present condition demands a better therapeutic intervention 
to overcome multi drug resistance7. The review aims at 
describe the alternative approaches to overcome the threat, 
application of Phage therapy, Nanotechnology and various 
Nano formulations, CRISPR-Cas system (figure1) and 
antimicrobial peptides were highlighted with their recent 
advancements affecting biofilm formation by inhibiting 
quorum sensing has been elaborated in details. By studying 
many cases, the World Health Organization has prepared a 
report that shows varying rates of resistance in different 
bacterial species (Table 1). Antimicrobial resistance is a 
threatening phenomenon associated with high mortality and 
medical costs and has significance in the efficacy of 
antimicrobial agents. The ecumenical trade and tourism are 
expanding continuously leading to the incremented potential 
of MDR to spread worldwide, also the decrease in export 
and import of sundry products which directly affects the 
economy of developing countries 5,9,10. To combat this deadly 
effect, the government takes initiative to conduct many 
programs to optimize antimicrobial therapy, minimize 
treatment-cognate cost, ameliorate clinical outcomes and 
safety, and minimize or stabilize MDR 11. Also, for better-
combating purposes, many efficient tools have been designed 
to combat this, including Phage therapy, Nanotechnology, 
CRISPR-Cas system as described in this review.

 

 
1.1 Technological Tools To Combat Multidrug Resistant Bacteria 

 

Following Table 1 and Table 2 gave an insight to various Multi Drug Resistant Bacteria and their mechanism of Resistance. 
 

Table 1. Common MDR bacterial species along with their respective diseases 12-15. 

Name of MDR bacterial species Drugs resistant to Diseases 

Staphylococcus aureus  Methicillin  
Skin related diseases cause wound 
and bloodstream infections. 

Streptococcus pneumoniae  Penicillin  
Bloodstream infections, infections in 
the middle ear. 

Mycobacterium tuberculosis Isoniazid, Rifampicin, and Fluoroquinolone 
Pneumonia, urinary tract infections, 
meningitis. 

Klebsiella pneumoniae Carbapenems and Cephalosporins Bloodstream infections. 
Escherichia coli  Fluoroquinolones and Cephalosporins Urinary tract infections. 

Neisseria gonorrhoeae 

Sulphonamides, Penicillin, Tetracyclines, 
Macrolides, Fluoroquinolones, and early 
generation Cephalosporins 

Gonorrhoea 

 
Table highlighting Multi Drug Resistant Bacteria 
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Fig 1: Technological tools to combat Multidrug Resistant Bacteria.  
More than one tool can be used. 

 

Table 2. Mechanism of Resistance to common antibiotics12-17 

Class of 

Antibiotics 

Examples from the class of 

Antibiotics 
                            Modes of Resistance 

β lactam 
antibiotics 

Penicillins, Cephalosporin and 
Monobactam 

β lactamase, hydrolysis, degrading enzymes 

Aminoglycosides 
 

Neomycin, Paromycin, 
Ribostamycin, Amikacin, 
Gentamycin 

Ribosomal mutation, Ribosomal modification by Methyltransferases, A-
G modifying enzymes, cell membrane modification, Efflux pumps. 

Tetracyclines 
 

Limecycline, Clomocycline, 
Minocycline, Methacycline, 
Tigecycline 

Ribosomal binding site mutation, Ara C transcriptional activators for 
development of resistance, Lon Protease, Intrinsic efflux of 
Tetracycline, 

Macrolides 
Josamycin, Midecamycin, 
Miocamycin, Rokitamyin, and 
Spiramycin 

Ribosomal methylation, Antibiotic efflux, Target mutation, Drug 
modification, 

Glycopeptides Vancomycin, Teicoplanin 

Van A and Van B and 9 resistant operons have been identified, 
morphological changes in cell wall synthesis, thickening of cell wall, 
reduce autolysis and change in content of Teichoic acid. 

Quinolones Norfloxacin, Ofloxacin 
Alteration in target enzyme, Altered Drug Permeation, Alternate 
permeation of drug, Plasmid mediated Quinolone enzyme, Qnr 
plasmids, Acetylation by AAC(6′)-Ib-cr   

Sulfonamides Sulfamethoxazole 
Chromosomal Sul Resistance like mutation in dhps gene, plasmid borne 
DHFR (Dihydrofolate reductase) resistance, resistance by horizontal 
gene transfer, Cassette mediated resistance. 

 
Table explaining the mechanism of resistance to common Antibiotics 

 
1.1.1 Phage Therapy As A Promising Agent To Combat 

Multidrug-Resistant Bacteria 
 
Bacteriophages are viruses composed of DNA or RNA and 
viral proteins and vary in their genetic diversity and 
complexity which infect bacteria using different mechanisms. 
They are pervasive, present in large concentrations in 
environmental sources like the sea, marsh, sewage 18. 
Wherever bacteria are present in high quantities, they 
constitute the next layer of the human microbiota, infecting 
normal microflora of the human digestive tract and other 
niches. Bacteriophages can be lysogenic or lytic 19. Lysogenic 
phages can integrated into the chromosome of the bacterial 
cell. Lytic phages infect the bacterial cell by attachment to 
particular receptors, replicate and assemble in the cellular 
cytoplasm, lyse the cells and release their offspring, which can 

further infect additional targeted bacteria. From the 
perspective of antibacterial agents, bacteriophages can be 
easily differentiated from different characteristic features 
including the production of Virolysin, antimicrobial peptide 
encoding, distributing system for genes encoding 
antimicrobial agents, causing infection to sensitive bacteria in 
the form of a living phage 20. Various Phages and their mode 
of action against Multi-Drug Resistant Bacteria is given in 
Table 3. 
 
1.1.2 Therapy By Using Virolysin 
 
A significant type of bacterial cell wall hydrolases are 
Virolysins that helps to release phages through the 
degradation of peptidoglycan in the bacterial cell wall. 
Virolysins are encoded by the Lytic double-stranded phages 
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as the final stages of the phage lytic cycle 21. Virolysins 
performs the bacterial cell wall hydrolysis mechanism in two 
steps: The first step comprises the proper binding to the 
specific sites on the bacterial cell wall followed by the second 
step which comprise Streptococcus pneumoniae, Staphylococcus 
aureus, Bacillus anthracis. Thus, this the has very high potential 
in overcoming Multi Drug Resistance as immunogenicity has 

least effect in its efficacy. Various studies reveal that the 
development of enzyme-resistant strains of pathogenic 
bacteria gets inhibited a promising therapeutic option for 
many pathogenic multidrug resistant bacteria such as: 
Streptococcus process delivers antimicrobial genes into 
intracellular bacterial pathogenic cells 38. 
 

 
1.1.3 Therapy By Using Phage-Encoded Antimicrobial 

Peptides 
 
Two types of antimicrobial peptides such as lytic factors and 
phage tailed complexes are encoded by bacteriophages. The 
former functions as an inducer that induces bacteriolysis at a 
particular time. Various lytic factors are there, such as E lytic 
factor and L lytic factor encoded by φX174 and MS2/GA classes 
of RNA phages respectively. The latter works through scanning 
of specific receptors on the bacterial cell surface, once they 
identify gets penetrate through the outer membrane, resulting in 
lysis of peptidoglycan followed by successful incorporation of the 
phage genome inside the bacterial cell. The tail of bacteriophage 
T4 28-31 serves as the best example. Further, research is still 
needed in this area 32-34. 
 
1.1.4 Phages Serving As A Therapy Delivery System 

 
Significant viral delivery systems are developed nowadays for the 
insertion of the proper genome to the target cells 35. One such 
efficient delivery system consists of phages that deliver genes 
encoding antimicrobials into target bacterial cells 36,37. Hence, 
this  
 
1.1.5 Combating Therapy Using Living Phages 

 
All phages are not appropriate for phage therapy. Lytic 
phages are preferred as compared to the lysogenic phages 
since lytic phages are capable of rapidly infecting their hosts 
followed by fast replication which results in the production of 
a lot of progeny phage cells which lyse the bacterial cells. A 
survey was conducted to see the efficacy of phage therapy 
with a suppurative bacterial infection on 370 cases in which 
positive therapeutic results were obtained in 342 cases, 
confirming the efficacy of bacteriophages in the treatment of 
septic infection, caused by Staphylococci, Escherichia, Klebsiella, 
Proteus38. 
 

1.1.6 Alteration Of Biofilm Formation 
 
Drug resistance in Bacteria is sometimes enhanced due to 
the presence of Biofilm formation. Thick biofilm allows lesser 
penetration of the antibiotics rendering the bacteria resistant 
to it. However, Bacteriophage can express certain enzymes 
like EPS depolymerase on the surface of the capsid that can 
degrade extracellular polymeric surface reducing the extent 
of surface colonization allowing the phage to access the 
bacteria associated with the EPS matrix. Complete removal 
of bacteria by biofilm inhibition is rare and usually bacteria 
are regrown after removal of antibiotic treatment. Evidence 
revealed phage treatment has resulted in complete removal 
of biofilms from various bacteria namely Pseudomonas 
aeruginosa, Staphylococcus epidermidis and Listeria 
monocytogenes39. 
 
1.1.7 Phage Cocktails 
 
Phage cocktail preparation can be an alternative strategy to 
combat Multi Drug Resistant Bacteria however, due to the 
huge diversity of bacteriophage, designing a phage cocktail for 
optimal effect is more complicated than going for 
combinatorial treatment of antibiotics. Success of the phage 
therapy depends upon correct composition of Phage 
cocktails. The most important fact needs to be resolved is 
the selection of standardized cocktail or customized phage 
cocktail for the Phage Therapy. Customizing phage cocktails 
to each type of infection is time consuming whereas taking 
different spectrum into account standard phage cocktails 
with constancy in the type of phages may not bring out 
optimal clinical results due to non-specificity of phages to 
bacterial isolates. Novel approaches for Phage cocktail design 
consist of phages which act on the virulence factors reducing 
them making bacteria sensitive to the lytic phages present in 
the cocktail39. 
 

Table 3.  Major phages under Experimental studies and their mode of action40-41 

Phages Types of Resistant Bacteria Outcomes of Experimental Study 

ØA392 
 

Pseudomonas aeruginosa resistant to 
Imipenem 

Mortality reduced in animals treated with bacterial specific virulent 
phage strain 

LS2a 
Drug resistant strain of Staphylococcus 

aureus 
Abscess formation inhibited in Rabbit when phage was 
simultaneously inoculated Staphylococcus aureus 

PS5 
Multi Drug Resistant Pseudomonas 

aeruginosa 
Deep wound infection was treated by topical application of the 
Phage 

WP1, WP2, WP3, 
WP4, and WP5 

XDR and MDR strain of Pseudomonas 

aeruginosa 
WP2, WP3,WP4 conferred highest lytic activity against 
Pseudomonas aeruginosa 

ϕMR11 MDR strain of Staphylococcus aureus Able to efficiently eradicate MRSA from mice. 

pVp-1 
 

MDR strain of Vibrio. parahaemolyticus 
Mice treated with the specific phage displayed protection from 

Vibrio. parahaemolyticus and survived intraperitoneal and oral 
challenges with the bacteria. 

Biophage-PA 
MDR Pseudomonas aeruginosa associated 
with chronic otitis  

Count of Pseudomonas aeruginosa is relatively lower in the treated 
group with respect to the placebo group. 

PEV20 
Pseudomonas aeruginosa isolated from 
patient with cystic fibrosis and wound 

Ciprofloxacin in conjunction with PEV20 inhibited the biofilm 
formation by the bacteria. 
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infection. 

ZCKP1 
Klebsiella pneumonia isolated from foot 
wound of a diabetic patient. 

Increasing the multiplicity of infection results in decrease in 
bacterial count and formation of biofilm. 

MSa Methicillin Resistant Staphylococcus aureus. 
Phage successfully killed the bacteria, prevented the formation of 
abscess resulting in reduction of bacterial load. 

 

Table explaining the mode of action of various Bacteriophages against Multi Drug Resistant Bacteria 
 

Table 4: Role of different Bacteriophages to combat Multi Drug Resistant Bacteria42-45. 

Sl. 

No. 
Phage Bacteria 

Places where clinical trials are 

conducted 

1 PBAB08 and PBAB25 Acinetobacter baumannii South Korea 
2. BC-BP-01 to BC-BP-06,15 NCIMB 

deposit numbers 41174–41179 
Pseudomonas aeruginosa 

UCL Ear Institute and Royal National Throat, 
Nose and Ear Hospital, Nottingham, UK 

3. 
BPA43 

Klebsiella 

pneumoniae subsp. pneumoniae 
Hisar, Haryana 

4. 
WCHABP1 and WCHABP12 Acinetobacter baumannii 

West China Hospital, Sichuan University, 
Chengdu, China 

5. KpJH46Φ2 Klebsiella pneumoniae Mayo Clinic, Rochester, Minnesota, USA 
 

Table showing various Phage whose clinical trials are conducted and clinically proved to be effective against Multi Drug Resistant Bacteria. 
 

1.1.8 Advantages And Disadvantages Of Phage Therapy 
 
Phage therapy has various advantages over traditional 
antibiotic therapy. Isolation of Phage is easier because of 
their ubiquitous distribution and they are absolutely abundant 
in every ecological niche which reduces their production cost 
with respect to the antibiotics. The locations where one can 
isolate bacteriophage are soil, water, hospital effluent, sewage 
effluent, hot spring, faecal material and also human and 
animals’ gastrointestinal tracts. Moreover, Phage therapy may 
contribute to reduction of inflammatory response due to 
decrease in mean C-reactive protein and Leucocyte count 
making it one of the promising alternatives to Antibiotic 
treatment. Bacteriophages are highly specific to a particular 
bacterial strain hence they don’t affect the normal microbial 
flora as compared to the antibiotics which may result in 
various superinfections and complications. Due to their 
innate self-replicating property the concentration of phages 
usually increases at the site of the infection preventing the 
growth of secondary pathogens which lowers the 
requirement for application of multiple doses to cure the 
disease. Other advantages of the phage are the absence of 
cross-resistance to the antibiotics. Though there are few 
disadvantages such as development of bacterial resistance to 
the phage, application of novel phage cocktails can be a 
potential solution to this problem. In absence of host phage 
doesn’t multiply moreover phage may sometimes carry 
virulence factors and antibiotic resistant genes. Though there 
are clinically established bacteriophages against Multi Drug 
Resistant bacteria (table 4) but due to its various 
disadvantages phages are not accepted as pharmaceutical 
drugs hence efficient research needs to be conducted in this 
field to make this innovative tool functional for eradicating 
Multi Drug Resistant Bacteria from the society. 
 
2. USE OF NANOTECHNOLOGY TO COMBAT 

MULTIDRUG-RESISTANT BACTERIA 
 
2.1 Silver Nanoparticles As Nano-Bactericidal 
 
Silver nanoparticles are one of the most studied and used 
metal nanoparticles as an effective antimicrobial agent 46. The 
bactericidal mechanism of silver nanoparticles initiates 

through anchoring and penetration of Gram-negative 
bacteria's cell wall which leads to structural changes in the 
morphology of the cell membrane, resulting in increased 
membrane permeability that changes the transport pathways 
through plasma membrane leading to cell death 47.Thiol 
groups of vital enzymes and the phosphate groups of DNA 
interact more with silver nanoparticles leading to inhibition 
of DNA replication followed by cell death 48,49.The free 
radical formation is linked with the antimicrobial mechanism 
of silver nanoparticles which results in induced membrane 
damage 50. This has been applied to Gram positive as well as 
Gram negative bacteria. It has been shown that 
physicochemical properties exhibited by nanoparticles edited 
the bactericidal effect 51. Silver nanoparticles using 
biosynthetic machineries like fungus, yeast, bacteria and plant 
extracts possess strong antibacterial efficacy against many 
multidrug resistant pathogens like Mycobacterium tuberculosis, 
Pseudomonas aeruginosa, Streptococcus pneumoniae, Methicillin-
resistant Staphylococcus aureus, Klebsiella pneumoniae. 
Biologically synthesized silver nanoparticles used against the 
standard strain of Mycobacterium tuberculosis and 26 clinical 
isolates including multidrug resistant (MDR) strains were 
evaluated 52. Various clinically approved Nanoparticles was 
found to be effective against Multi Drug Resistant Bacteria 
(Table 5). 
 
2.2 Nanoprisms As Nano-Bactericidal 
 
Nanoprisms show efficacy in combating methicillin-resistant 
Staphylococcus aureus 51. The nano prisms work through 
different mechanisms as they possess different crystalline 
planes with different surface energy having variations in 
surface reactivity, thereby releasing silver nanoparticles from 
the tips and edges to promote efficient bactericidal effect.  
 
2.3 Nitric Oxide Releasing Nanoparticles As Nano-

Bactericidal 
  

Broad spectrum antibacterial activity is possessed by iron 
oxide nanoparticles. It can inhibit the growth of many 
antibiotic resistant bacteria such as Klebsiella pneumoniae, 
Enterococcus faecalis, E. coli. NO is a natural gas that is 
lipophilic and hydrophilic in nature, being unstable in an 
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oxygen environment 53. The reaction between nitric oxide 
and oxygen or superoxide produces reactive oxygen as well 
as nitrogen intermediate products that are toxic to the cell, 
thus acting as an antimicrobial agent. The reactive nitrogen 
oxide species (RNOS) like peroxynitrite (OONO−) 54. Lipid 
peroxidation of liposomes is mediated by Peroxynitrite, 
which contributes to the antimicrobial activities of nitric 
oxide nanoparticles 55. Autoxidation of nitric oxide causes 
DNA damage through RNOS where deamination of cytosine, 
adenine, guanine occurs 56. It also inhibits DNA repair 
enzymes that are associated with the repair of alkylation to 
DNA 57. Further, it has been reported that this method is 
efficient against methicillin-resistant Staphylococcus aureus 
(MRSA) and Acinetobacter baumannii.  
 
2.4 Zinc Oxide Nanoparticles As Antibacterial Agent 
 
Zinc oxide nanoparticles exhibit good antibacterial 
properties 58 such as photocatalytic activity which is 
attributed to the generation of reactive oxygen species 
(ROS) 59,60. Toxic effects have been shown by zinc oxide 
nanoparticles to (methicillin)-resistant bacterial strains such 
as Staphylococcus aureus and Streptococcus agalactiae 61. The 
mechanism through which nanoparticles works initiates with 
its internalization inside the cell which increases the oxidative 
stress and causes damage to all the components of cell 
including proteins, lipid and DNA 61 resulting in 
disorganization of cell wall followed by damage of cell 
membrane. The toxicity of zinc nanoparticles depends upon 
concentration and is very little toxic at low concentrations. 
Zinc oxide nanoparticles exhibit antibacterial properties 
against Gram-positive as well as Gram-negative 
microorganisms 62. These nanoparticles are also effective 
against extended-spectrum β lactamases-producing E coli and 
Klebsiella pneumonia 63. 
 
2.5 Titanium Dioxide, A Nanocomposite As 

Antibacterial Agent 
 
As a substitute for metal nanoparticles, metal oxide 
nanoparticles have also been widely used as an antimicrobial 
agent. Titanium dioxide is one of the most commonly used 
non-silver nanoparticles 64–67. Its antibacterial action is photo 
dependent, consequently generates free radicals during 
photocatalytic reactions. These free radicals operate further 
through degradation of lipopolysaccharide, peptidoglycan, 
phospholipids bilayer owing to peroxidation in the bacterial 
cell. The efficacy of twenty-two different antibiotics with 
titanium dioxide nanoparticles has been studied 68. Titanium 
dioxide particles target S. mutants and A. 
actinomycetemcomitans, both are multidrug resistant organism 
66. 
 
2.6 Copper Nanoparticles, A Nanocomposite As 

Antibacterial Agent  
 
The mechanism of action of copper nanoparticles is based on 
the release of Cu (II) ions on contact with moisture from the 
nanoparticles itself. These copper ions then bind with the –
SH and –COOH groups of protein molecules of the bacterial 
cell wall for further processing. Copper nanoparticles target 
A. baumannii, a multidrug resistant organism 69. 
 
2.7 Biofilm Formation And Quorum Sensing Inhibition 

By Nanoparticles 

 
Many studies have revealed that surface-functionalized NPs 
combined with b-cyclodextrin (b-CD) are being able to 
interfere with the signalling molecules preventing the 
molecules interact with their cognate receptors therefore 
repressing the process of Quorum sensing and obstructing 
bacterial communication. Biofilm inhibition by gold NPs 
(AuNPs) has been reported in many papers. Recently 
Gopalakrishnan with his colleagues (Vinoj et al., 2015)70 
established AuNPs coated AiiA (N-acylated homoserine 
lactonase proteins) purified from Bacillus licheniformis were 
found to inhibit EPs production and antibiofilm activity against 
Proteus sp. at concentration of 2-8 µM. A recent study 
revealed by Yu. et al. that AuNPs can strongly attenuate 
Biofilm formation associated with Pseudomonas aeruginosa. 
The mechanism of inhibition was due to interruption of 
interaction mediated by adhesins between bacteria and the 
substrate surface due to electrostatic interactions established 
between AuNPs and the cell wall surface of Pseudomonas 
aeruginosa. Thus, the use of NPs demonstrates an innovative 
approach to penetrate the infectious biofilm targeting the 
bacterial communication resulting in prevention of major 
health issues associated with Multidrug Resistant Bacteria71. 
 
2.8 Antibiotic Conjugated Nanoparticles 
 
Recent studies have highlighted a newer approach to combat 
multidrug resistance where vancomycin has been conjugated 
with nanoparticles have shown to enhance antibacterial 
efficacy against Vancomycin resistant Staphylococcus aureus71. 
Gu et al. in 2003 72 have conjugated gold nanoparticles 
(Au@Van) with vancomycin and used it against Vancomycin 
resistant enterococcus and an increased antibacterial efficacy 
was established. Other formulation (VBGNPs) was tested 
against Escherichia coli and drug resistant strains of S.aureus. 
Another interesting formulation was antimicrobial activity of 
C-AuNp-Amp (Gold nanoparticle capped with chitosan and 
coupled with ampicillin), the application of this formulation 
resulted in two-fold increase in antimicrobial efficacy with 
respect to free ampicillin alone. Other examples are amino 
substituted pyrimidine do not possess any antibacterial 
activity but when coupled with Gold nanoparticles shows 
antibacterial activity against Multi Drug Resistant isolates of 
Escherichia coli and Pseudomonas aeruginosa.73 

 
2.9 Nanotheranostics 
 
The term Theranostics explains the combination of Diagnosis 
and Therapy into one single platform which results in bio 
detection and real time monitoring of the required therapy. 
The following strategy can be done in nanoscale and hence 
termed as Nanotheranostics. Research is conducted and 
many nanoplatforms are prepared to target drug resistance 
bacteria. A selenium nanoplatform (Se@PEP-Ru) was 
developed with potential fluorescent properties which can 
not only help in imaging bacteria but also confer efficient 
antimicrobial properties. Zhao and co-workers have 
developed an innovative theranostics nanoprobe for near-
infrared fluorescence imaging and photothermal therapy for 
MRSA infection. Kuo and his co-workers contributed to the 
development of nano theranostics system using Au nanorods 
conjugated with a photosensitizer hydrophilic in nature which 
can serve as dual-function agents in photodynamic 
inactivation and hyperthermia against MRSA71. 
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2.10 Lipid Polymer Nanoparticles 
 
As previously discussed about the inhibition of biofilm 
formation as a novel strategy to combat Multi Drug 
Resistance73. Another approach that supports the hypothesis 
is the synthesis of Lipid Polymer nanoparticle by conjugation 
of Rhamnolipid a biosurfactant secreted by Pseudomonas 
aeruginosa to polymeric nanoparticle use to overcome 
resistance of Helicobacter pylori. The mentioned novel 
particulate system comprises chitosan polymer as a core of 
the structure having clarithromycin encapsulated in it and the 
shell is composed of 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000) 
DSPE-PEG2000-decoratedrhamnolipids. The eradication of 
the microorganism was enhanced as the composition of 
Rhamnolipid was enhanced resulting in considerable 
reduction of biofilm biomass and viability. 
 
2.11 Anti-Microbial Oligonucleotides 
 
Anti-microbial oligonucleotides are Transcriptional factor 
Decoys (TFD) which are found to be effective against Multi 
Drug Resistant bacteria. These are very short fragments of 
oligonucleotide specific to certain regions of the DNA 
capturing certain regulatory proteins to repress certain 
essential genes in the bacterial cell overcoming drug 
resistance74. One of the greatest challenges is the DNA 
encapsulation in a suitable carrier protecting it from nuclease 
degradation and targeting to the specific site of action. 
Gonzalez-Paredes et al. gave a solution by coating anionic 
solid lipid nanoparticles with protamine or cationic bola 
amphiphile 12-bis-tetrahydroacridinium. Both the compound 
shifted the zeta potential to positive values and revealed the 

protective effect of TFD from the attack of nuclease. Many 
authors reported other possibilities of conjugating 
oligonucleotide antimicrobials with various cationic materials 
like peptides for penetrating the cell. 
 
2.12 Cationic Peptides 
 
Inclusion of Cationic peptides can be an alternative option to 
conventional antibiotics. The unique features of these 
peptides are their amphiphilic nature and their cationic 
charge, which help them to target negatively charged 
bacterial membranes leading to release of intracellular 
contents and death75. As the restoration of cell structure is 
practically impossible hence the emergence of bacterial 
resistance can be successfully minimized. 
 
2.13 Nano-Antibiotic 
 
A new innovative method where the therapeutic agents are 
transformed into nano-sized assemblies, this may result in a 
carrier-free drug delivery approach. This approach can alter 
the physical properties of antibiotics, increasing their rate of 
dissolution, drug bioavailability, side effects potentially 
reduced, improved interaction and penetration within the 
bacterial membranes, thus can efficiently inhibit against 
antibiotic-resistant strains. Studies have revealed the effect of 
Clarithromycin nanocrystals towards Helicobacter pylori. The 
bioavailability and concentration of the drug at the desired 
site of action was better with respect to coarse 
clarithromycin powder. Hyperbranched polyester was 
developed to be a new nano-grade antibiotic thus 
overcoming the complication of antibiotic encapsulation76.

 
Table 5 shows the role of Nanotechnology to combat MDR by using different nanoparticles 61,66,77,78. 

Nanotechnology using 

nanoparticles 

Particle size 

(nm) 

Target MDR organisms Place where clinical trials are 

conducted 

Silver nanoparticles 5–100 
Methicillin-resistant Staphylococcus 

aureus 
University of Silesia, ul. Jagiellońska 4, 
41-200 Sosnowiec, Poland 

Nitric oxide releasing 
nanoparticles 

20–100 (NO 
donor particle) 

Klebsiella pneumoniae, E. coli 
University of Michigan 
Medical School, Ann Arbor, Michigan 

Zinc oxide 12–60 
Methicillin resistant Streptococcus 

agalactiae and Staphylococcus aureus 
University of Michigan; Ann Arbor, 
USA 

Titanium oxide 20 Staphylococcus aureus 
Plymouth University, Plymouth, Devon, 
PL6 8BU, UK 

Copper nanoparticle–
cotton composites 

5 nm A.baumannii 

Uniformed Services University of the 
Health Sciences, Bethesda, Maryland, 
USA 

 

Table explaining Nanotechnology and use of clinically approved nanoparticle to combat Multi Drug Resistant Bacteria. 
 

2.14 Use Of Crispr-Cas System To Combat Multidrug-
Resistant Bacteria 

 
Genome editing has transformed the modern world by the 
availability of genome editing which edits the genomes of 
organisms meticulously 79. The CRISPR-Cas system is one of 
the most widely used genome editing tools. The emergence 
of Clustered Regularly Interspersed Short Palindromic 
Repeat (CRISPR) that function with CRISPR Associated (Cas) 
proteins as (CRISPR)-Cas9 system is an RNA guided 
endonuclease that targets DNA to knock-on and knock-out 
DNA specific antibiotic target sites. 80 This system shows 
enormous applications in various fields like in the treatment 

of genetic diseases 81, to perform genome engineering of 
many bacteria 82, plants 83, mice 84, also antibiotic resistance is 
reversed in different multidrug resistant bacteria through 
successful targeting of resistance genes. 85 Sometimes, it 
functions as a molecular recording device 86. This genome 
editing system is found in bacterial genomes as well as 
archaeal genomes around 50% and 87% respectively 87. The 
genetic loci of the CRISPR-Cas systems comprise the CRISPR 
array, which consists of short repeated sequences (repeats) 
and similarly sized flanking sequences (spacers). CRISPR array 
spacers are known as protospacers, which are derived from 
DNA sequences from invasive phage or plasmid. Cas 
proteins are essential functional elements of CRISPR systems 
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that are encoded upstream of the CRISPR array for 
determining the behaviour of the system 88.The CRISPR-Cas 
system is used efficiently to combat multidrug-resistant 
Staphylococcus aureus (MRSA), a dangerous human pathogen 
that is resistant to β -lactam antibiotics 89. The pathogen is 
resistant since the mecA methicillin resistance gene is 
present which codes for penicillin-binding protein 2A, 
resulting in the inhibition of the activity of β -lactam 
antibiotics. To combat this MRSA, the promoter region of 
mecA in MRSA is targeted by the electroporation technique 
to introduce the effector plasmid vectors and 
oligonucleotides for the suppression of transcription. This 
suppression mechanism requires the designing of CRISPR- 
dCas9 system 90. The mechanism of CRISPR systems is 
similar to RNA interference (RNAi) in eukaryotic cells, that 
use small RNAs (sRNAs) to identify and neutralize. In short, 
the CRISPR- dCas9 system requires the creation of the RNA 
Guide (gRNA), including a target-specific nucleotide spacer 
(~20nt) and an endonuclease of Cas9 91. The gRNA signals 
Cas9 to the target DNA, to produce a double-stranded 
break 92. The pathway of homologous repair or non-

homologous end junction is used to resolve this split. The 
former works based on an error-prone mechanism that can 
knock out the gene by a combination of absurd-mediated 
decay of the mRNA transcript and pre-maturity truncation of 
protein mechanisms, a process that is not always especially 
successful while the latter works on another method for 
fixing a double-strand break in DNA by introducing a 
particular mutation with the insertion of a homologous piece 
of DNA 93. Mutants are produced through these processes. 
Additionally, this device may be used for activation as well as 
inhibition of transcription by using the catalytically dead Cas9 
(dCas9). One of the commonly utilized expression tools for 
MecA gene expression levels is Reverse Transcriptase 
Quantitative Real-Time Polymerase Chain Reaction (RT-
qPCR) 93. By analyzing with this tool, it was known that the 
expression of the mecA gene in the CRISPR-treated sample 
was reduced which reflects a positive decrease in gene 
transcription, thus combating multidrug- resistant bacteria. 
The CRISPR-Cas system provides new insights for the 
elimination of MDR pathogens, making differentiation 
between beneficial and pathogenic microorganisms (Table 6). 

  
 

Table 6 Role of CRISPR-Cas system to combat MDR 94-99. 

Sl. No. Phage/ plasmid Bacteria Places where clinical training are conducted  

1. 

Staphylococcus 

aureus 
strain RF122 
ϕSaBov-Cas9-nuc 

Staphylococcus aureus str
ain ATCC 6538 

Mississippi State University, Mississippi State, Mississippi, United 
States of America 

2. 
plasmid 
pRESAFRESBL 

Escherichia coli K12 

BW25113 
Sungkyunkwan University, Suwon 16419, Republic of Korea 

3. 
Plasmid pKH88 
[sp-ermB] 

Enterococcus faecalis 

Department of Biological Sciences, The University of Texas at 
Dallas, Richardson, Texas, USA Department of Immunology & 
Microbiology, The University of Colorado School of Medicine, 
Aurora, Colorado, USA 

4. Plasmid pSH12 Clostridium difficile 
Auburn University, Auburn, AL, USA 
Guizhou Medical University, Ministry of Education, Guiyang, 
People's Republic of China 

5. 
plasmids 
pVPL3004 and 
pVDM10001 

Enterococcus faecium 
strain E745 

Department of Medical Microbiology, University Medical Centre 
Utrecht, Utrecht, The Netherlands. 
Department of Food Science, University of Wisconsin-Madison, 
Madison WI, United States of America. 
College of Medical and Dental Sciences 
Institute of Microbiology and Infection, University of Birmingham, 
Birmingham, United Kingdom. 

 
Table shows the application of CRISPR-Cas system under clinical trials used for combating Multi Drug Resistant Bacteria. 

 
2.15 Antimicrobial Peptides 
 
Recently many studies are being conducted to overcome the 
problem of Multi Drug Resistance and it was treated as a 
potential alternative to conventional antibiotics100. 
Antimicrobial peptide confers weak antimicrobial activity but 
strong immunomodulatory activity when the host organism is 
invaded by pathogenic microorganisms. They are sometimes 
termed as “host-defence” peptides, they are unable to 
activate the adaptive immune system but modulate the 
immune system through adjuvant-like activity. Report of 
bacteria getting resistant to antimicrobial peptides by altering 
the charge of surface molecules or proteolytic cleavage by 
secreting extracellular protease is rare and takes a long 
period when compared with conventional antibiotics. 

Antimicrobial peptides incur more cost with respect to 
antibiotics but studies revealed that antimicrobial peptides 
can act in a synergistic fashion when applied with 
antibiotics100. 
 
3. ANTIMICROBIAL PEPTIDES AND ITS MODE OF 

ACTION 
 
3.1 Effect On Cell Wall Lipid II 
 
Production of bacterial cell wall also termed as peptidoglycan 
can be inhibited resulting in development of resistance in 
bacteria against β lactam antibiotic such as penicillin. MRSA 
was found to have penicillin-binding protein 2a (PBP 2a) 
which was absent in susceptible Staphylococcus aureus. 
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Vancomycin resistance was developed due to the presence of 
depsipeptide D-Ala-D-Ala in the peptidoglycan. However 
antimicrobial peptides having unusual amino acids also 
termed as Lantibiotics may exert antibacterial activity via 
interaction with the cell wall components. Lantibiotics are 
antimicrobial peptides which are ribosomal-synthesized and 
post translationally modified peptides that consist of 
intramolecular ring structure usually produced by Gram 
positive bacteria and acts on broad range of bacteria 
comprising both Gram positive and Gram negative in nature. 
Lantibiotics are classified into either type-A or type-B that 
can damage bacterial membranes and inhibit production of 
enzymes respectively. Examples of Type A-Lantibiotics 
include Subtilin, epidermin, nisin and Pep5 whereas Type-B 
include Cinnamycin and Metsacidin. Recently studies revealed 
nisin can produce transient pores that results in cytoplasmic 
membranes to be permeable. Subtilin permeabilizes lipid 
containing membrane in lipid II dependent manner 101,102. 
 
3.2 Ameliorating The Membrane Potential For 

Induction Of Membrane Permeabilization 
 
Major two mechanisms of multidrug resistance are 
phenotypic changes in microbes under certain growth 
conditions and lesser accumulation of antibiotics due to 
nonspecific pumping out of drugs by the efflux transporter 
proteins. The most common mechanism of evading the 
action of antibiotics is due to disruption of cytoplasmic 
membrane by formation of pore through mechanisms of 
barrel-stave, toroidal pore or through a non-pore carpet like 
mechanism. Furthermore, antimicrobial peptides should be 
able to permeate the cell wall and the plasma membrane to 
reach their desired intracellular targets such as nucleic acids 
and functional proteins. In the barrel-stave model channel 
forming peptides of variable number are positioned in a 
barrel-like ring surrounding an aqueous pore. These types of 
transmembrane pores are induced by Alamethicin and 
Ceratotxin103. In the Carpet model, antimicrobial peptides 
start accumulating on the membrane surface forming an 
electrostatic interaction with the anionic phospholipid heads 
of the plasma membrane carpeting various sites of the 
membrane. At the verge of reaching the threshold 
concentration of the phospholipid, disruption of membrane 
occurs in a detergent like manner without any formation of 
pores. Cercopin P1 and Caerin 1.1 are the examples of 
antimicrobial peptides following the carpet model of 
membrane disruption104. Toroidal pore model involves the 
antimicrobial peptide associated with the phospholipid head 
group regions of the bilayer resulting in the induction of high 
curvature fold in the bilayer resulting in both the leaflets of 
the bilayer communicate directly at a torus which is lined by 
the leaflets. Examples are Magainin, Cathelicidin and HPA3102.   
 
4. FUTURE DIRECTIONS 
 
Phages possess differences in biological, physical, and 
pharmacological properties aa compared to conventional 
antimicrobials, and need attention. Phages are highly specific 
so there is a need to employ multiple phages isolates for 
more efficient treatment. Alternative approval pathways 
required to be addressed for phage therapy 105. Clues have 
been provided from the in vivo and in vitro studies related to  
 

the specific mechanisms on which nanotechnology works on, 
as nanoparticles trigger an adverse effect which enlightened 
the future surface modification of nanoparticles to make 
them less toxic and safer 106. These concerns are related to 
nano safety and need to be addressed. In vitro methods to 
establish the toxicological profile of nanoparticles are needed 
for the classification according to the data derived from this 
profiling. These efforts might provide information on the 
concentration of nanoparticles that should be taken for safe 
medical purposes. The CRISPR-Cas system can prompt off-
target effects, likely resulting in damaging outcomes. To 
overcome this, many techniques are still left to be devised in 
the near future. A proper tool for the selection of sgRNAs 
should be designed. Also, an effective delivery system with 
fewer somaclonal variations is required to be developed. 
Furthermore, more research is required to be conducted to 
increase on-target efficacy with minimal off-target effects 106. 
The current momentum to soothsay the ‘future of CRISPR’ 
lies in controlling the composition of the microbial 
community to being utilized as a conventional broad-
spectrum antibiotic. 
 
5. CONCLUSION 
 
The strategies addressed in this present review can include 
new ways to combat the multidrug resistant bacteria. In 
summery one can conclude that one possible line of study to 
fight against the deadly Multi Drug Resistant bacteria is in 
analysing several strategies associated with molecular 
mechanism of Multi Drug Resistance. In this context many 
clinically approved bacteriophages were found to be effective 
against various strains of MDR and this method had gained 
importance due to lack of immunogenicity in human host. 
Even scientific findings on evolution of nanoparticles and 
nano formulations against Multi Drug Resistant bacteria led 
to a new innovative method where nano-sized assemblies 
resulted in a carrier free drug delivery approach. Further 
highlights on CRISPR-Cas system and Antimicrobial peptides 
led to a positive insight for elimination of MDR pathogen 
from environment. However, the techniques require further 
research for their optimization and fruitful application.  
 
6. AKNOWLEDGEMENT  
 
I am grateful to Guru Nanak Institute of Pharmaceutical 
Science and Technology for providing me proper 
infrastructure for completion of the work.  I like to 
acknowledge the facility and resource provided by Guru 
Nanak Institute of Pharmaceutical Science and Technology, 
Kolkata  
 
7. AUTHORS CONTRIBUTION STATEMENT 
 

Ms Tamalika Chakraborty and Dr. Sumana Chatterjee 
conceptualized and gathered the data with regards to this 
work. Ms Ranjana Shaw put necessary inputs towards 
designing of the manuscript. All authors including Dr. 
Lopamudra Datta and Dr. Abhijit Sengupta discussed the 
results and conclusion and contributed to the final 
manuscript. 
 
8. CONFLICT OF INTEREST 
 
Conflict of interest declared none. 

9. REFERENCES 



 

ijlpr 2020; doi 10.22376/ijpbs/ijlpr.2020.10.5.L166-179           Microbiology 

 

 

L-176 

 

 
1. Tanwar J, Das S, Fatima Z, Hameed S. Multidrug 

resistance: an emerging crisis. Interdiscip Perspect 
Infect Dis. 2014;2014:541340.  
doi: 10.1155/2014/541340. 

2. Méndez-Vilas A, editor. Microbial pathogens and 
strategies for combating them: science, technology 
and education. Formatex Research Center; 2013. 
ISBN (13) Volume 1: 978-84-939843-9-7. 

3. Popęda M, Płuciennik E, Bednarek AK. Proteins in 
cancer multidrug resistance. Postepy Hig Med Dosw 
(Online). 2014 May 20; 68:616-32.  
doi: 10.5604/17322693.1103268, PMID 24864112. 

4. Levin-Reisman I, Brauner A, Ronin I, Balaban NQ. 
Epistasis between antibiotic tolerance, persistence, 
and resistance mutations. Proc Natl Acad Sci U S A. 
2019;116(29):14734-9. 
doi: 10.1073/pnas.1906169116, PMID 31262806. 

5. Nikaido H. Multidrug resistance in bacteria. Annu Rev 
Biochem. 2009 Jul 7;78:119-46. doi: 
10.1146/annurev.biochem.78.082907.145923, PMID 
19231985. 

6. Kim JS, Wood TK. Tolerant, growing cells from 
nutrient shifts are not persister cells. mBio. 
2017;8(2):e00354-17.  
doi: 10.1128/mBio.00354-17, PMID 28420737. 

7. Brauner A, Fridman O, Gefen O, Balaban NQ. 
Distinguishing between resistance, tolerance and 
persistence to antibiotic treatment. Nat Rev 
Microbiol. 2016;14(5):320-30.  
doi: 10.1038/nrmicro.2016.34, PMID 27080241. 

8. World Health Organization. Antimicrobial resistance: 
global report on surveillance. World Health 
Organization; 2014. Available from: 
https://www.who.int/drugresistance/documents/surveil
lancereport/en/ [cited 27/11/2020]. 

9. Alqumaizi KI, Anwer R. An emerging multidrug-
resistant pathogen: Streptococcus pneumoniae. In 
Staphylococcus and Streptococcus 2019 Jul 31.  
doi: 10.5772/intechopen.88524. 

10. Ferreira RL, da Silva BCM, Rezende GS, Nakamura-
Silva R, Pitondo-Silva A, Campanini EB, Brito MCA, da 
Silva EML, Freire CCM, da Cunha AF, Pranchevicius 
MDS. High Prevalence of Multidrug-Resistant 
Klebsiella pneumoniae Harboring Several Virulence 
and β-Lactamase Encoding Genes in a Brazilian 
Intensive Care Unit. Front Microbiol. 2018;9:3198. 
doi: 10.3389/fmicb.2018.03198. PMID 30723463. 

11. Ramírez-Castillo FY, Moreno-Flores AC, Avelar-
González FJ, Márquez-Díaz F, Harel J, Guerrero-
Barrera AL. An evaluation of multidrug-resistant 
Escherichia coli isolates in urinary tract infections from 
Aguascalientes, Mexico: cross-sectional study. Ann 
Clin Microbiol Antimicrob. 2018 Dec;17(1):34.  
doi: 10.1186/s12941-018-0286-5, PMID 30041652. 

12. Zaman SB, Hussain MA, Nye R, Mehta V, Mamun KT, 
Hossain N. A review on antibiotic resistance: alarm 
bells are ringing. Cureus. 2017 Jun 28;9(6):e1403.  
doi: 10.7759/cureus.1403, PMID 28852600. 

13. Garneau-Tsodikova S, Labby KJ. Mechanisms of 
resistance to aminoglycoside antibiotics: overview and 
perspectives. Medchemcomm. 2016;7(1):11-27.  
doi: 10.1039/C5MD00344J, PMID 26877861. 

14. Grossman TH. Tetracycline antibiotics and resistance. 
Cold Spring Harb Perspect Med. 2016;6(4):a025387. 
doi: 10.1101/cshperspect.a025387, PMID 26989065. 

15. Lebreton F, Cattoir V. Resistance to glycopeptide 
antibiotics. Bacterial Resist Antibiot Mol Man. 
2019:51-80. doi: 10.1002/9781119593522.ch3. 

16. Hooper DC, Jacoby GA. Mechanisms of drug 
resistance: quinolone resistance. Ann NY Acad Sci. 
2015;1354:12-31.  
doi: 10.1111/nyas.12830, PMID 26190223. 

17. Huovinen P, Sundström L, Swedberg G, Sköld O. 
Trimethoprim and sulfonamide resistance. Antimicrob 
Agents Chemother. 1995;39(2):279-89.  
doi: 10.1128/aac.39.2.279, PMID 7726483. 

18. Lowy FD. Antimicrobial resistance: the example of 
Staphylococcus aureus. J Clin Invest. 2003 May 
1;111(9):1265-73. doi: 10.1172/JCI18535, PMID 
12727914. 

19. Fishbain J, Peleg AY. Treatment of Acinetobacter 
infections. Clin Infect Dis. 2010 Jul 1;51(1):79-84. doi: 
10.1086/653120, PMID 20504234. 

20. Owens Jr RC. Antimicrobial stewardship: concepts 
and strategies in the 21st century. Diagn Microbiol 
Infect Dis. 2008 May 1;61(1):110-28. doi: 
10.1016/j.diagmicrobio.2008.02.012, PMID 18384997. 

21. Aslam S, Courtwright AM, Koval C, Lehman SM, 
Morales S, Furr CL, Rosas F, Brownstein MJ, Fackler 
JR, Sisson BM, Biswas B, Henry M, Luu T, Bivens BN, 
Hamilton T, Duplessis C, Logan C, Law N, Yung G, 
Turowski J, Anesi J, Strathdee SA, Schooley RT. Early 
clinical experience of bacteriophage therapy in 3 lung 
transplant recipients. Am J Transplant. 2019 
Sep;19(9):2631-9.  
doi: 10.1111/ajt.15503, PMID 31207123. 

22. Doss J, Culbertson K, Hahn D, Camacho J, Barekzi N. 
A review of phage therapy against bacterial pathogens 
of aquatic and terrestrial organisms. Viruses. 2017 
Mar;9(3):50. doi: 10.3390/v9030050, PMID 28335451. 

23. Sabouri Ghannad MS, Mohammadi A. Bacteriophage: 
time to re-evaluate the potential of phage therapy as a 
promising agent to control multidrug-resistant 
bacteria. Iran J Basic Med Sci. 2012 Mar;15(2):693-701. 
PMID 23494063, PMCID PMC3586887. 

24. Stone R. Stalin’s forgotten cure, Science Magazine. 
Oct 2002;298:738-1. 

25. Sulakvelidze A, Alavidze Z, Morris JG. Bacteriophage 
therapy. Antimicrob Agents Chemother. 2001 Mar 
1;45(3):649-59. doi: 10.1128/AAC.45.3.649-659.2001, 
PMID 11181338. 

26. Parisien A, Allain B, Zhang J, Mandeville R, Lan CQ. 
Novel alternatives to antibiotics: bacteriophages, 
bacterial cell wall hydrolases, and antimicrobial 
peptides. J Appl Microbiol. 2008 Jan;104(1):1-13. doi: 
10.1111/j.1365-2672.2007.03498.x, PMID 18171378. 

27. García P, García JL, García E, López R. Nucleotide 
sequence and expression of the pneumococcal 
autolysin gene from its own promoter in Escherichia 
coli. Gene. 1986 Jan 1;43(3):265-72.  
doi: 10.1016/0378-1119(86)90215-5, PMID 2875013. 

28. Fischetti VA. Bacteriophage lytic enzymes: novel anti-
infectives. Trend Microb. 2005;13(10):491-6.  
doi: 10.1016/j.tim.2005.08.007, PMID 16125935. 

29. Leverentz B, Conway WS, Alavidze Z, Janisiewicz WJ, 
Fuchs Y, Camp MJ, Chighladze E, Sulakvelidze A. 



 

ijlpr 2020; doi 10.22376/ijpbs/ijlpr.2020.10.5.L166-179           Microbiology 

 

 

L-177 

 

Examination of bacteriophage as a biocontrol method 
for Salmonella on fresh-cut fruit: a model study. J Food 
Prot. 2001 Aug 1;64(8):1116-21.  
doi: 10.4315/0362-028x-64.8.1116, PMID 11510645. 

30. Panthel K, Jechlinger W, Matis A, Rohde M, Szostak 
M, Lubitz W, Haas R. Generation of Helicobacter 
pylori ghosts by PhiX protein E-mediated inactivation 
and their evaluation as vaccine candidates. Infect 
Immun. 2003 Jan 1;71(1):109-16. 
doi: 10.1128/IAI.71.1.109-116.2003, PMID 12496155. 

31. Young I, Wang I, Roof WD. Phages will out: strategies 
of host cell lysis. Trends Microbiol. 2000;8(3):120-8. 
doi: 10.1016/s0966-842x(00)01705-4. PMID 
10707065. 

32. Remaut E, Waele PD, Marmenout A, Stanssens P, 
Fiers W. Functional expression of individual plasmid-
coded RNA bacteriophage MS2 genes. EMBO J. 
1982;1(2):205-9. doi: 10.1002/j.1460-
2075.1982.tb01148.x. PMID 16453413. 

33. Model P, Webster RE, Zinder ND. Characterization 
of Op3, a lysis-defective mutant of bacteriophage f2. 
Cell. 1979 Oct 1;18(2):235-46.  
doi: 10.1016/0092-8674(79)90043-6, PMID 498270. 

34. Arisaka F, Kanamaru S, Leiman P, Rossmann MG. The 
tail lysozyme complex of bacteriophage T4. Int J 
Biochem Cell Biol. 2003 Jan 1;35(1):16-21. doi: 
10.1016/s1357-2725(02)00098-5, PMID 12467643. 

35. Leiman PG, Kanamaru S, Mesyanzhinov VV, Arisaka F, 
Rossmann MG. Structure and morphogenesis of 
bacteriophage T4. Cell Mol Life Sci. 2003 Nov 
1;60(11):2356-70.  
doi: 10.1007/s00018-003-3072-1, PMID 14625682. 

36. Miller ES, Kutter E, Mosig G, Arisaka F, Kunisawa T, 
Rüger W. Bacteriophage T4 genome. Microbiol Mol 
Biol Rev. 2003;67(1):86-156, table of contents. 
doi: 10.1128/MMBR.67.1.86-156.2003, PMID 
12626685. 

37. Rossmann MG, Mesyanzhinov VV, Arisaka F, Leiman 
PG. The bacteriophage T4 DNA injection machine. 
Curr Opin Struct Biol. 2004 Apr 1;14(2):171-80. doi: 
10.1016/j.sbi.2004.02.001, PMID 15093831. 

38. Ghannad MS, Zamani A. The full-length hepatitis C 
virus polyprotein and interactions with the interferon-
beta signalling pathways in vitro. Iran Biomed J. 2008 
Jan 10;12(1):23-34. PMID 18392092. 

39. Lin DM, Koskella B, Lin HC. Phage therapy: an 
alternative to antibiotics in the age of multi-drug 
resistance. World J Gastrointest Pharmacol Ther. 
2017;8(3):162-73. doi: 10.4292/wjgpt.v8.i3.162, PMID 
28828194. 

40. Taati Moghadam M, Amirmozafari N, Shariati A, 
Hallajzadeh M, Mirkalantari S, Khoshbayan A, 
Masjedian Jazi F. How phages overcome the challenges 
of drug resistant bacteria in clinical infections. Infect 
Drug Resist. 2020;13:45-61.  
doi: 10.2147/IDR.S234353, PMID 32021319.  

41. Embleton ML, Nair SP, Heywood W, Menon DC, 
Cookson BD, Wilson M. Development of a novel 
targeting system for lethal photosensitization of 
antibiotic-resistant strains of Staphylococcus aureus. 
Antimicrob Agents Chemother. 2005 Sep 
1;49(9):3690-6. doi: 10.1128/AAC.49.9.3690-
3696.2005, PMID 16127041. 

42. Yacoby I, Shamis M, Bar H, Shabat D, Benhar I. 
Targeting antibacterial agents by using drug-carrying 

filamentous bacteriophages. Antimicrob Agents 
Chemother. 2006 Jun 1;50(6):2087-97. 
doi: 10.1128/AAC.00169-06, PMID 16723570. 

43. Larocca D, Burg MA, Jensen-Pergakes K, Ravey EP, 
Gonzalez AM, Baird A. Evolving phage vectors for cell 
targeted gene delivery. Curr Pharm Biotechnol. 2002 
Mar 1;3(1):45-57.  
doi: 10.2174/1389201023378490, PMID 11883506. 

44. Wright A, Hawkins CH, Änggård EE, Harper DR. A 
controlled clinical trial of a therapeutic bacteriophage 
preparation in chronic otitis due to antibiotic‐resistant 
Pseudomonas aeruginosa; a preliminary report of 
efficacy. Clin Otolaryngol. 2009 Aug;34(4):349-57. doi: 
10.1111/j.1749-4486.2009.01973.x. PMID 19673983. 

45. Anand T, Virmani N, Kumar S, Mohanty AK, Pavulraj 
S, Bera BC, Vaid RK, Ahlawat U, Tripathi BN. Phage 
therapy for treatment of virulent Klebsiella pneumoniae 
infection in a mouse model. J Glob Antimicrob Resist. 
2020 Jun 1;21:34-41.  
doi: 10.1016/j.jgar.2019.09.018, PMID 31604128. 

46. Zhou W, Feng Y, Zong Z. Two new lytic 
bacteriophages of the Myoviridae family against 
carbapenem-resistant Acinetobacter baumannii. Front 
Microbiol. 2018 Apr 30;9:850.  
doi: 10.3389/fmicb.2018.00850, PMID 29760690. 

47. Cano EJ, Caflisch KM, Bollyky PL, Van Belleghem JD, 
Patel R, Fackler J, Brownstein MJ, Horne BA, Biswas B, 
Henry M, Malagon F, Lewallen DG, Suh GA. Phage 
therapy for limb-threatening prosthetic knee Klebsiella 
pneumoniae infection: case report and in vitro 
characterization of anti-biofilm activity. Clin Infect Dis. 
2020 Jul 23. doi: 10.1093/cid/ciaa705, PMID 32699879. 

48. Prabhu S, Poulose EK. Silver nanoparticles: mechanism 
of antimicrobial action, synthesis, medical applications, 
and toxicity effects. Int Nano Lett. 2012 Dec 
1;2(1):32. doi: 10.1186/2228-5326-2-32. 

49. Raffi M, Hussain F, Bhatti TM, Akhter JI, Hameed A, 
Hasan MM. Antibacterial characterization of silver 
nanoparticles against E. coli ATCC-15224. J Mater Sci 
Technol. 2008 Jan 1;24(2):192-6. 

50. Klueh U, Wagner V, Kelly S, Johnson A, Bryers JD. 
Efficacy of silver‐coated fabric to prevent bacterial 
colonization and subsequent device‐based biofilm 
formation. J Biomed Mater Res. 2000;53(6):621-31. 
doi: 10.1002/1097-4636(2000)53:6<621::aid-
jbm2>3.0.co;2-q, PMID 11074419. 

51. Jung WK, Koo HC, Kim KW, Shin S, Kim SH, Park 
YH. Antibacterial activity and mechanism of action of 
the silver ion in Staphylococcus aureus and Escherichia 
coli. Appl Environ Microbiol. 2008 Apr 1;74(7):2171-8. 
doi: 10.1128/AEM.02001-07, PMID 18245232. 

52. Panacek A, Kvítek L, Prucek R, Kolar M, Vecerova R, 
Pizúrova N, Sharma VK, Nevecna T, Zboril R. Silver 
colloid nanoparticles: synthesis, characterization, and 
their antibacterial activity. J Phys Chem B. 2006 Aug 
24;110(33):16248-53. doi: 10.1021/jp063826h, PMID 
16913750. 

53. Singh R, Smitha MS, Singh SP. The role of 
nanotechnology in combating multi-drug resistant 
bacteria. J Nanosci Nanotechnol. 2014 Jul 
1;14(7):4745-56.  
doi: 10.1166/jnn.2014.9527, PMID 24757944. 

54. Agarwal P, Mehta A, Kachhwaha S, Kothari SL. Green 
Synthesis of Silver Nanoparticles and Their Activity 



 

ijlpr 2020; doi 10.22376/ijpbs/ijlpr.2020.10.5.L166-179           Microbiology 

 

 

L-178 

 

Against <I>Mycobacterium tuberculosis</I>. Adv Sci 
Eng Med. 2013 Jul 1;5(7):709-14.  
doi: 10.1166/asem.2013.1307. 

55. Fang FC. Perspectives series: host/pathogen 
interactions. Mechanisms of nitric oxide-related 
antimicrobial activity. Perspectives series. J Clin Invest. 
1997 Jun 15;99(12):2818-25.  
doi: 10.1172/JCI119473, PMID 9185502. 

56. Jones ML, Ganopolsky JG, Labbé A, Wahl C, Prakash 
S. Antimicrobial properties of nitric oxide and its 
application in antimicrobial formulations and medical 
devices. Appl Microbiol Biotechnol. 2010 Sep 
1;88(2):401-7.  
doi: 10.1007/s00253-010-2733-x, PMID 20680266. 

57. Deupree SM, Schoenfisch MH. Morphological analysis 
of the antimicrobial action of nitric oxide on Gram-
negative pathogens using atomic force microscopy. 
Acta Biomater. 2009 Jun 1;5(5):1405-15. 
doi: 10.1016/j.actbio.2009.01.025, PMID 19250890. 

58. Ames BN, Shigenaga MK, Hagen TM. Oxidants, 
antioxidants, and the degenerative diseases of aging. 
Proc Natl Acad Sci U S A. 1993 Sep 1;90(17):7915-22. 
doi: 10.1073/pnas.90.17.7915, PMID 8367443. 

59. Sidorkina O, Espey MG, Miranda KM, Wink DA, Laval 
J. Inhibition of poly (ADP-ribose) polymerase (PARP) 
by nitric oxide and reactive nitrogen oxide species. 
Free Radic Biol Med. 2003 Dec 1;35(11):1431-8. 
doi: 10.1016/j.freeradbiomed.2003.08.015, PMID 
14642390. 

60. Okyay TO, Bala RK, Nguyen HN, Atalay R, Bayam Y, 
Rodrigues DF. Antibacterial properties and 
mechanisms of toxicity of sonochemically grown ZnO 
nanorods. RSC Adv. 2015;5(4):2568-75. doi: 
10.1039/C4RA12539H. 

61. Tong G, Du F, Wu W, Wu R, Liu F, Liang Y. Enhanced 
reactive oxygen species (ROS) yields and antibacterial 
activity of spongy ZnO/ZnFe 2 O 4 hybrid micro-
hexahedra selectively synthesized through a versatile 
glucose-engineered co-precipitation/annealing process. 
J Mater Chem B. 2013;1(20):2647-57. doi: 
10.1039/C3TB20229A, PMID 32260952. 

62. Obuya EA, Joshi PC, Gray TA, Keane TC, Jones Jr 
WE. Application of Pt. TiO2 nanofibers in 
photosensitized degradation of rhodamine b. Int J 
Chem. 2014;6(1):1-16. doi: 10.5539/ijc.v6n1p1. 

63. Huang Z, Zheng X, Yan D, Yin G, Liao X, Kang Y, Yao 
Y, Huang D, Hao B. Toxicological effect of ZnO 
nanoparticles based on bacteria. Langmuir. 2008 Apr 
15;24(8):4140-4.  
doi: 10.1021/la7035949, PMID 18341364. 

64. Raghupathi KR, Koodali RT, Manna AC. Size-
dependent bacterial growth inhibition and mechanism 
of antibacterial activity of zinc oxide nanoparticles. 
Langmuir. 2011 Apr 5;27(7):4020-8.  
doi: 10.1021/la104825u, PMID 21401066. 

65. Ansari MA, Khan HM, Khan AA, Sultan A, Azam A. 
Synthesis and characterization of the antibacterial 
potential of ZnO nanoparticles against extended-
spectrum β-lactamases-producing Escherichia coli and 
Klebsiella pneumoniae isolated from a tertiary care 
hospital of North India. Appl Microbiol Biotechnol. 
2012 Apr 1;94(2):467-77.  
doi: 10.1007/s00253-011-3733-1, PMID 22159886. 

66. Yuan Y, Ding J, Xu J, Deng J, Guo J. TiO2 
nanoparticles co-doped with silver and nitrogen for 

antibacterial application. J Nanosci Nanotechnol. 2010 
Aug 1;10(8):4868-74. doi: 10.1166/jnn.2010.2225, 
PMID 21125821. 

67. Yun K, Oh G, Vang M, Yang H, Lim H, Koh J, Jeong 
W, Yoon D, Lee K, Lee K, Park S. Antibacterial effect 
of visible light reactive TiO2/Ag nanocomposite thin 
film on the orthodontic appliances. J Nanosci 
Nanotechnol. 2011 Aug 1;11(8):7112-4.  
doi: 10.1166/jnn.2011.4874, PMID 22103136. 

68. Hassan MS, Amna T, Mishra A, Yun SI, Kim HC, Kim 
HY, Khil MS. Fabrication, characterization and 
antibacterial effect of novel electrospun TiO2 
nanorods on a panel of pathogenic bacteria. J Biomed 
Nanotechnol. 2012 Jun 1;8(3):394-404. 
doi: 10.1166/jbn.2012.1393, PMID 22764408. 

69. Shah RR, Kaewgun S, Lee BI, Tzeng TJ. The 
Antibacterial Effects of Biphasic Brookite-Anatase 
Titanium Dioxide Nanoparticles on Multiple-Drug-
Resistant <I>Staphylococcus aureus</I>. J Biomed 
Nanotechnol. 2008 Sep 1;4(3):339-48. 
doi: 10.1166/jbn.2008.324. 

70. Vinoj G, Pati R, Sonawane A, Vaseeharan B. In 
vitrocytotoxic effects of gold nanoparticles coated 
with functional acyl homoserinelactone lactonase 
protein from Bacillus licheniformis and their antibiofilm 
activity against proteus species. Antimicrob Agents 
Chemother. 2015;59(2):763-71. doi: 
10.1128/AAC.03047-14, PMID 25403677. 

71. Baptista PV, McCusker MP, Carvalho A, Ferreira DA, 
Mohan NM, Martins M, Fernandes AR. Nano-
Strategies to Fight Multidrug Resistant Bacteria-”A 
Battle of the Titans” Front Microbiol. 2018;9:1441. 
doi: 10.3389/fmicb.2018.01441, PMID 30013539. 

72. Guo H, Wang X, Huang L, Jin X, Yang Z, Zhou Z, Hu 
H, Zhang YY, Lu H, Zhang Q, Shen C, Lin X, Gu L, 
Dai Q, Bao L, Du S, Hofer W, Pantelides ST, Gao HJ. 
Insulating SiO2 under Centimeter-Scale, Single-Crystal 
Graphene Enables Electronic-Device Fabrication. 
Nano Lett. 2020. doi: 10.1021/acs.nanolett.0c03254. 
PMID 33200603. 

73. Sood U, Singh DN, Hira P, Lee JK, Kalia VC, Lal R, 
Shakarad M. Rapid and solitary production of mono-
rhamnolipid biosurfactant and biofilm inhibiting 
pyocyanin by a taxonomic outlier Pseudomonas 
aeruginosa strain CR1. J Biotechnol. 2020;307:98-106. 
doi: 10.1016/j.jbiotec.2019.11.004, PMID 31705932. 

74. McArthur M. Transcription factor decoys for the 
treatment and prevention of infections caused by 
bacteria including Clostridium difficile. U.S.; 
US20140274800A1, 2013. 

75. Zhang Y, Algburi A, Wang N, Kholodovych V, Oh 
DO, Chikindas M, Uhrich KE. Self-assembled cationic 
amphiphiles as antimicrobial peptides mimics: role of 
hydrophobicity, linkage type, and assembly state. 
Nanomedicine. 2017;13(2):343-52.  
doi: 10.1016/j.nano.2016.07.018. PMID 27520722. 

76. Shimanovich U, Lipovsky A, Eliaz D, Zigdon S, 
Knowles TP, Nitzan Y, Michaeli S, Gedanken A. 
Tetracycline nanoparticles as antibacterial and gene-
silencing agents. Adv Healthc Mater. 2015;4(5):723-8. 
doi: 10.1002/adhm.201400631, PMID 25425122. 

77. S. Roy A, Parveen A, R. Koppalkar A, Prasad MVNA. 
Effect of Nano - Titanium Dioxide with Different 
Antibiotics against Methicillin-Resistant 



 

ijlpr 2020; doi 10.22376/ijpbs/ijlpr.2020.10.5.L166-179           Microbiology 

 

 

L-179 

 

Staphylococcus Aureus. J Biomater 
Nanobiotechnology. 2010;01(1):37-41.  
doi: 10.4236/jbnb.2010.11005. 

78. Rai MK, Deshmukh SD, Ingle AP, Gade AK. Silver 
nanoparticles: the powerful nanoweapon against 
multidrug‐resistant bacteria. J Appl Microbiol. 2012 
May;112(5):841-52. doi: 10.1111/j.1365-
2672.2012.05253.x, PMID 22324439. 

79. Friedman A, Blecher K, Sanchez D, Tuckman-Vernon 
C, Gialanella P, Friedman JM, Martinez LR, Nosanchuk 
JD. Susceptibility of Gram-positive and -negative 
bacteria to novel nitric oxide-releasing nanoparticle 
technology. Virulence. 2011 May 1;2(3):217-21. 
doi: 10.4161/viru.2.3.16161, PMID 21577055. 

80. Chen W, Ji Q. Genetic manipulation of MRSA using 
CRISPR/Cas9 technology. Methods Mol Biol. 
2020;2069:113-24. doi: 10.1007/978-1-4939-9849-4_9, 
PMID 31523770. 

81. Gholizadeh P, Köse Ș, Dao S, Ganbarov K, Tanomand 
A, Dal T, Aghazadeh M, Ghotaslou R, Ahangarzadeh 
Rezaee M, Yousefi B, Samadi Kafil H. How CRISPR-cas 
system could be used to combat antimicrobial 
resistance. Infect Drug Resist. 2020;13:1111-21.  
doi: 10.2147/IDR.S247271, PMID 32368102. 

82. Hussain W, Mahmood T, Hussain J, Ali N, Shah T, 
Qayyum S, Khan I. CRISPR/Cas system: a game 
changing genome editing technology, to treat human 
genetic diseases. Gene. 2019 Feb 15;685:70-5.  
doi: 10.1016/j.gene.2018.10.072, PMID 30393194. 

83. Jiang W, Bikard D, Cox D, Zhang F, Marraffini LA. 
RNA-guided editing of bacterial genomes using 
CRISPR-Cas systems. Nat Biotechnol. 2013 
Mar;31(3):233-9.  
doi: 10.1038/nbt.2508, PMID 23360965. 

84. Feng Z, Zhang B, Ding W, Liu X, Yang DL, Wei P, 
Cao F, Zhu S, Zhang F, Mao Y, Zhu JK. Efficient 
genome editing in plants using a CRISPR/Cas system. 
Cell Res. 2013 Oct;23(10):1229-32.  
doi: 10.1038/cr.2013.114, PMID 23958582. 

85. Li D, Qiu Z, Shao Y, Chen Y, Guan Y, Liu M, Li Y, 
Gao N, Wang L, Lu X, Zhao Y, Liu M. Heritable gene 
targeting in the mouse and rat using a CRISPR-Cas 
system. Nat Biotechnol. 2013;31(8):681-3.  
doi: 10.1038/nbt.2661, PMID 23929336. 

86. Zhang H, Cheng QX, Liu AM, Zhao GP, Wang J. A 
novel and efficient method for bacteria genome editing 
employing both CRISPR/Cas9 and an antibiotic 
resistance cassette. Front Microbiol. 2017 May 
5;8:812.  
doi: 10.3389/fmicb.2017.00812, PMID 28529507. 

87. Shipman SL, Nivala J, Macklis JD, Church GM. 
Molecular recordings by directed CRISPR spacer 
acquisition. Science. 2016 Jul 29;353(6298):aaf1175. 
doi: 10.1126/science.aaf1175, PMID 27284167. 

88. Tenaillon O, Barrick JE, Ribeck N, Deatherage DE, 
Blanchard JL, Dasgupta A, Wu GC, Wielgoss S, 
Cruveiller S, Médigue C, Schneider D, Lenski RE. 
Tempo and mode of genome evolution in a 50,000-
generation experiment. Nature. 2016 
Aug;536(7615):165-70.  
doi: 10.1038/nature18959, PMID 27479321. 

89. Makarova KS, Grishin NV, Shabalina SA, Wolf YI, 
Koonin EV. A putative RNA-interference-based 
immune system in prokaryotes: computational analysis 
of the predicted enzymatic machinery, functional 

analogies with eukaryotic RNAi, and hypothetical 
mechanisms of action. Biol Direct. 2006;1(7):7. doi: 
10.1186/1745-6150-1-7, PMID 16545108. 

90. Liu Q, Jiang Y, Shao L, Yang P, Sun B, Yang S, Chen D. 
CRISPR/Cas9-based efficient genome editing in 
Staphylococcus aureus. Acta Biochim Biophys Sin. 
2017 Sep 1;49(9):764-70. doi: 10.1093/abbs/gmx074, 
PMID 28910979. 

91. Wang K, Nicholaou M. Suppression of antimicrobial 
resistance in MRSA using CRISPR-dCas9. Clin Lab Sci. 
2017 Oct 1;30(4):207-13. doi: 10.29074/ascls.30.4.207. 

92. Austin CM, Bose JL. Genetic manipulations of 
staphylococcal chromosomal DNA. In: MRSA 
Methicillin-resistant Staphylococcus aureus. New York: 
Humana Press. 

93. Lieber MR. The mechanism of double-strand DNA 
break repair by the nonhomologous DNA end-joining 
pathway. Annu Rev Biochem. 2010 Jul 7;79:181-211. 
doi: 10.1146/annurev.biochem.052308.093131, PMID 
20192759. 

94. Karthik L, Kumar G, Keswani T, Bhattacharyya A, 
Chandar SS, Bhaskara Rao KV. Protease inhibitors 
from marine Actinobacteria as a potential source for 
antimalarial compound. PLOS ONE. 2014 Mar 
11;9(3):e90972.  
doi: 10.1371/journal.pone.0090972, PMID 24618707. 

95. Park JY, Moon BY, Park JW, Thornton JA, Park YH, 
Seo KS. Genetic engineering of a temperate phage-
based delivery system for CRISPR/Cas9 antimicrobials 
against Staphylococcus aureus. Sci Rep. 2017 Mar 
21;7:44929. doi: 10.1038/srep44929, PMID 28322317. 

96. Kim JS, Cho DH, Park M, Chung WJ, Shin D, Ko KS, 
Kweon DH. CRISPR/Cas9-mediated re-sensitization of 
antibiotic-resistant Escherichia coli harboring 
extended-spectrum β -lactamases. J Microbiol 
Biotechnol. 2016 Feb 1;26(2):394-401. doi: 
10.4014/jmb.1508.08080, PMID 26502735. 

97. Rodrigues M, McBride SW, Hullahalli K, Palmer KL, 
Duerkop BA. Conjugative delivery of CRISPR-Cas9 
for the selective depletion of antibiotic-resistant 
enterococci. Antimicrob Agents Chemother. 2019 
Nov 1;63(11):e01454-19. doi: 10.1128/AAC.01454-19, 
PMID 31527030. 

98. Wang S, Hong W, Dong S, Zhang ZT, Zhang J, Wang 
L, Wang Y. Genome engineering of Clostridium difficile 
using the CRISPR-Cas9 system. Clin Microbiol Infect. 
2018 Oct 1;24(10):1095-9. doi: 
10.1016/j.cmi.2018.03.026, PMID 29604353. 

99. Park SC, Park Y, Hahm KS. The role of antimicrobial 
peptides in preventing multidrug-resistant bacterial 
infections and biofilm formation. Int J Mol Sci. 
2011;12(9):5971-92. doi: 10.3390/ijms12095971, PMID 
22016639. 

100. Brötz H, Bierbaum G, Leopold K, Reynolds PE, Sahl 
HG. The lantibiotic mersacidin inhibits peptidoglycan 
synthesis by targeting lipid II. Antimicrob Agents 
Chemother. 1998;42(1):154-60. doi: 
10.1128/AAC.42.1.154, PMID 9449277, PMCID 
PMC105472. 

101. Bessin Y, Saint N, Marri L, Marchini D, Molle G. 
Antibacterial activity and pore-forming properties of 
ceratotoxins: A mechanism of action based on the 
barrel stave model. Biochim Biophys Acta. 
2004;1667(2):148-56. doi: 
10.1016/j.bbamem.2004.09.011, PMID 15581850. 



 

ijlpr 2020; doi 10.22376/ijpbs/ijlpr.2020.10.5.L166-179           Microbiology 

 

 

L-180 

 

102. Wong H, Bowie JH, Carver JA. The solution structure 
and activity of caerin 1.1, an antimicrobial peptide 
from the Australian green tree frog, Litoria splendida. 
Eur J Biochem. 1997 Jul 15;247(2):545-57. doi: 
10.1111/j.1432-1033.1997.00545.x, PMID 9266696. 

103. Park SC, Kim JY, Shin SO, Jeong CY, Kim MH, Shin 
SY, Cheong GW, Park Y, Hahm KS. Investigation of 
toroidal pore and oligomerization by melittin using 
transmission electron microscopy. Biochem Biophys 
Res Commun. 2006;343(1):222-8. 
doi: 10.1016/j.bbrc.2006.02.090, PMID 16540094. 

104. De Maat V, Stege PB, Dedden M, Hamer M, van 
Pijkeren JP, Willems RJL, van Schaik W. CRISPR-Cas9-
mediated genome editing in vancomycin-resistant 

Enterococcus faecium. FEMS Microbiol Lett. 2019 
Nov;366(22):fnz256. doi: 10.1093/femsle/fnz256, PMID 
31905238. 

105. Aminov R, Caplin J, Chanishvili N, Coffey A, Cooper I, 
De Vos D, Doškař J, Friman VP, Kurtböke İ, Pantucek 
R, Pirnay JP, Resch G, Rohde C, Sybesma W, 
Wittmann J. Application of bacteriophages. Microbiol 
Aust. 2017 May 24;38(2):63-6. doi: 10.1071/MA17029. 

106. De Matteis V. Exposure to inorganic nanoparticles: 
routes of entry, immune response, biodistribution and 
in vitro/in vivo toxicity evaluation. Toxics. 2017 
Dec;5(4):29. doi: 10.3390/toxics5040029, PMID 
29051461. 

 


