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Abstract: The development of bacterial biofilms entails regulatory as well as signalling mechanisms that regulate the shift from a mobile to a
stationary state of existence, the production of the extracellular polymeric matrix, and the progression of 3-dimensional biofilm formation with
emphasis on how easily they may be created and how crucial they are in biological, ecological, and industrial settings, biofilms are the subject of
extensive research. Biofilms and a variety of pathogenic human disorders are frequently linked. Since bacteria in biofilms can resist antibiotics, the
immune system, and other treatments, biofilm infections are typically long-lasting. Many prokaryotes include CRISPR-associated proteins (Cas), a solid
adaptable immunological system that may be programmed to damage the bacterial genomes and induce cell death. Short palindromic repeats that are
grouped and adequately spaced together make up CRISPR-Cas. In light of this, CRISPR-Cas can be seen as an exciting strategy to address and
overcome antibiotic resistance. Furthermore, the CRISPR-Cas system can create "precise antimicrobials" that target bacterial infections according to
specific DNA sequences. This CRISPR-Cas technique is susceptible to drug-resistant microorganisms due to its selective targeting of the genes
involved in biofilm formation, pathogenicity, and antibiotic resistance. However, this method requires potent vectors for the CRISPR-Cas system to
access the bacterial genomes. As vectors, genetically engineered Phage, liposomes, and lipid-mediated nanoparticles are exciting options. This
technique has been used to prevent extracellular and intracellular from forming biofilms. The most current developments in creating innovations and
possible advantages of the various CRISPR-Cas delivery methods for the deliberate eradication of bacterial pathogens will be covered in this review,
focussing mainly on the anti-biofilm potential, which is found to be one of the primary causes of the difficulty of irradiation of Multi-drug resistant
bacteria. Additionally, each distribution system's positive aspects are highlighted, along with its challenges and potential for advancement in the future.
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1. INTRODUCTION

Biofilms, the most prevalent stage of bacterial life in nature,
play a significant role in the prokaryotic life cycle. Almost
every abiotic or biotic surface can support its formation'?.
Biofilms are made up of a syntrophic consortium of
microorganisms that are embedded in a self-made matrix of
extracellular biopolymers. These biofilms offer protection,
interact with the environment, encourage quorum sensing
among bacterial cells, and improve the ability of
microorganisms to disperse from microbial clusters and
colonize new niches**. The pathogenic bacteria that produce
biofilms include Klebsiella pneumonia, Enterococcus faecalis,
Staphylococcus epidermidis, Pseudomonas aeruginosa, Proteus
mirabilis, and other gram-negative bacteria®. They are
frequently associated with chronic infections, thought to be
harmful to human health, and typically resistant to antibiotic
treatments™®. However, non-pathogenic biofilm-forming
bacteria such as Pseudomonas extremorientalis, Paenibacillus
peoriae, and Streptomyces cirrus can successfully defend plants
against disease”'®, increase plant development, and
encourage symbiotic relationships between mycorrhizal fungi
and plant roots'".

I.1. Composition of microbial biofilms

A biofilm is a structured collection of bacteria grows inside
an extracellular polymeric matrix and affixed to a live surface
in an irreversible manner'*". Biofilms cannot be removed
unless they are rapidly rinsed. Extracellular polymeric
compounds are created during the biofilm's adhesion phase
to the surface. The biofilm is typically between 0.2 and 1.0
mm thick. However, it is no larger than 10 to 30 nm in size".
The extracellular matrix, which makes up the majority of the
biofilm's volume and is typically composed of proteins (>2
per cent), polysaccharides (-2 per cent), DNA and RNA
molecules, ions (bound and free), and 97 per cent water,
makes up the remaining volume. Microorganisms typically
comprise 5-35 per cent of the biofilm's volume. The water
content of a biofilm is attributed to the flow of essential
nutrients inside it'>'®. Further, the extracellular matrix is a
scavenging mechanism to remove crucial nutrients and
minerals from the environment and trap them.

1.2 Steps of biofilm formation

The first step in forming a biofilm is adhesion to a surface,
irrespective of being living or not, this attachment will
produce a microcolony, which will give rise to three-
dimensional structures, and it will end with separation after
maturation. Next, quorum sensing, unique signalling between
the microorganism's cells, is required. The transcription of
specific gene sets necessary for biofilm production differs
from planktonic forms of the same microbial species. Finally,
the extracellular polymeric material matrix's visco-elastic
characteristics are responsible for the mechanical stability of
biofilm'’.

I. The first contact and attachment to the surface have been
established via appendages like pili and flagella, which is
the first step in creating a biofilm. Other physical forces,
like the Vander Woaals and electrostatic interaction
forces, can also hold them together. These appendages
strengthen the connection between the attachment
surface and the bacteria. Additionally, during the creation
of a biofilm, microbial cells connect to a surface
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(adhesion) and interact with one another (cohesion)'®'?.
Since it reduces the repulsive force between the
bacterium and the character, surface hydrophobicity can
also contribute to better microbe attachment®.

2. Micro-colony formation is the second stage of biofilm
formation. A phase of microbial cell multiplication and
division starts once microorganisms connect to the
surface. This process usually begins inside the
extracellular polymeric substances by specific chemical
signalling. The establishment of a syntrophic association
an affiliation of two or more metabolically distinct
bacteria for using particular substrates as a source of
energy, dependent upon one another can be fully
facilitated by biofilm?'.

3. Maturation and architecture comprise the third step in
the creation of a biofilm. Here, auto-inducer signals are
used by microbial cells to connect with one another?*?,
In addition, quorum sensing is made easier by this
autoinducers®. At this stage of development, specific
gene products thought to be necessary for synthesizing
extracellular polymeric compounds are expressed.

4. Dispersion or detachment of the biofilm is the fourth step
in creating a biofilm. First, the biofilm's microbial
inhabitants rapidly replicate and disperse to transit to a
motile state. Next, a natural pattern of dissociation takes
place?. Finally, various saccharolytic enzymes, including
hyaluronidase produced by Streptococcus equi®®, are
produced by microbial communities within the biofilm
during the detachment process that transfers the bacteria
into a new colonization zone. Infections spread more
readily when microbial cells separate and move to a new
place?.

1.3. Pathogenesis of disease: The role of biofilm

A decreased metabolic rate along with a reduced rate of cell
division may arise from the bacteria living inside biofilms,
altering their gene expression, metabolism, and protein
synthesis in response to ambient anoxia and nutrients?*=3°,
These alterations make the bacteria more resilient to
antimicrobial treatment in addition to inactivating the anti-
bacterial targets or lowering the requirements. Additionally,
by developing biofilms, the bacteria can subvert the host's
immune system®'. A biofilm infection can simultaneously
activate the host's innate and acquired immune systems. Still,
neither of these systems can eradicate the biofilm pathogen
and speed up collateral tissue damage®?. Therefore, biofilm-
related disorders are typically recurrent infections that
progress slowly, are seldom treated by the immune system,
and have variable responses to antimicrobials. Biofilms can
result in severe chronic disorders and are associated with
more significant morbidity and mortality rates. Therefore, a
better technique is required to prevent pathogenic organisms
from forming biofilms. Treating biofilm infections s
particularly challenging when dealing with antibiotic
resistance and tolerance. Antimicrobial agent deactivation in
the outer layers of the biofilm by binding to matrix
components or enzymatic  modification  restricted
antimicrobial agent diffusion in the biofilm matrix, and the
presence of niches in the biofilm with less responsive cells,
such as starved cells and persisted cells, have all been
proposed as mechanisms for antimicrobial resistance and
tolerance®®*. We urgently require novel approaches that can
prevent these resistance mechanisms. The CRISPR-Cas
system is one option that is now generating much interest.
Thus, the review focused on the clinical significance of biofilm
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formation and increased virulence; further CRISPR-CAS
system as an alternative approach for biofilm inhibition has
been highlighted with particular emphasis on CRISPR-Cas
Delivery methods.

2. CRISPR-CAS SYSTEM TO INHIBIT BIOFILM
FORMATION

Numerous bacterial as well as archaeal genomes contain
"Clustered and Regularly Interspersed Short Palindromic
Repeats (CRISPR)" and CRISPR-associated (Cas) genes.
Variable sequences found in prokaryotes have been
employed as an additional typing technique in clinical,
epidemiological, and evolutionary investigations since the
usual CRISPR loci were identified in the 1980s, long before
their physiological relevance was understood. Ultimately, the
explanation of CRISPR-Cas as an adaptive immune system
was made possible by the realization that CRISPR spacers
match sequence pieces of mobile genetic components. Small
CRISPR RNAs serve as the primary building blocks of this
particular prokaryotic defence system, directing nucleases to
target the complementary nucleic acids of invasive viruses
and plasmids. CRISPR-Cas systems can affect bacterial
pathogenicity and other genetic changes through two non-
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exclusive pathways®. On the one hand, CRISPR-Cas
protection can lessen the possibility of bacterial pathogenicity
since mobile elements can transfer foreign DNA containing
possible virulence factors such as toxins or antibiotic-
resistance genes. On the other hand, however, gene
expression is controlled, which may cause the expression
underlying virulence genes to decrease. This effectively stops
many bacteria from building biofilms (figure 2). Three steps
make up the CRISPR-Cas immunity system (figure I):

I. Spacer acquisition or adaptation, the initial step *’, adds
the sequences of recognized spacers to the CRISPR array.

2. In the second phase, referred to as biogenesis or CRISPR
RNA (crRNA) expression, RNA polymerase transcribes
pre-CRISPR RNA (pre-crRNA) (RNAP). Then, distinct
endoribonucleases separate these pre-crRNAs into
imperceptible crRNAs. Based on the role of crRNA,
these RNAs are also referred to as guide RNAs*®*?,

3. Interference, the third and last step, is where interference
happens*. CrRNAs recognize and shape base pairs
exclusive to international RNA/DNA that are almost
perfectly complementary. This makes it easier to separate
the complex of the foreign nucleic acid and crRNA.

MOBILE GENETIC
ELEMENT

| |

SPACER ACQUISITION
FORTARGET

ADAPTATION —
EXPRESSION -

INTERFERENCE
—

1H RNA POLYMERASE

TARGET DEGRADATION
OF CRISPR RNA AND Cas
PROTEINS

Fig I: The main steps in CRISPR-CAS immunity are depicted here. 1) Adaptation: New spacers are inserted in
to the CRISPR locus; 2) Expression: CRISPR locus transcription and CRISPR RNA processing; 3) Interference:
CRISPR RNA and CAS protein detect and degrade mobile genetics.
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Fig 2: Use of CRISPR technique as an antimicrobial

2.1. Three different CRISPRI/Cas system types

Type I, Type Il, and Type Ill categorize the CRISPR-Cas
system (as listed in Table |). The classification was done
using the distinctive genes that each type possessed. As an
illustration, type | carries the cas3 gene, type Il the Ccas9
gene, and class lll the CSM/CMR gene. Since these two
proteins are essential for the spacer, it is noteworthy that
they are present in all forms and subtypes of the CRISPR
system*"*2(Table I).

2.1.1. Type I system

The majority of the organisms in this system are bacteria and
archaea®’. Six subtypes (A—F) that code for the cas3 gene.
Cas344 exhibits multi-domain helicase and nuclease activity.
It consists of two domains: the helicase domain DExH for
double-stranded DNA cleavage and the phosphohydrolase
domain HD for DNA cleavage®®*'. Together, these domains
break down invading DNA. Each subtype of the type | system
contains an abundance of Cas proteins that come together to
form the complex known as the CRISPR-associated complex
or the crRNA-guided surveillance complex (CAS-CADE) for
defence against viral complexity. The targets complementary
to the crRNA spacer can be found and attached with the
help of these complexes*'. The first instance of them was in
Escherichia coli K12*.

2.1.2 Type Il system

The majority of this system is made up of bacteria. It is the
system that connects to other CRISPR systems., This system
is divided into type II-A as well as type II-B. Accordingly, the
type II-A system comprises the csn2 gene, whereas the type
[I-B system consists of casl, cas4, cas9 and cas2 genes. The
type |l system contains a specific protein called Cas9 that
participates in the production of crRNA and the cleavage of
foreign DNA*, The cas9 gene has the HNH domains and
RuvC domains*’. The HNH domain assists in DNA cleavage
that complements the crRNA guide, whereas the RuvC
domain is involved in non-complement strand cleavage*’**®.
The trans-activating crRNA is necessary for the type Il
system's crRNA synthesis (tracrRNA).

2.1.3 Type lll system

Type llI-A and type IlI-B are the two subtypes of the Type lli
system. The type Il CRISPR-Cas system encodes for both
the casé and cas|0 genes. Endoribonuclease Casé performs
its tasks independently of and unrelated to the CASCADE
complex®. However, in developing crRNA and DNA
cleavage, CaslO, also known as "repeat-associated mystery
protein", plays a prominent role®®*!. Foreign RNA is cut by
the type lll CASCADE complex facilitated by the binding to
mature crRNA®'. The bacterium Staphylococcus epidermidis
use this process.

Table 1. The existence of different CRISPR-Cas system variants in various bacterial species

Type of CRISPR-Cas
system

Associated Bacteria

Type | system®® 5257

Myxococcus Xanthus, Escherichia coli Campylobacter foetus, Bacillus halodurans, Campylobacter fetus,

Propionibacterium acnes and Salmonella sp.

50, 58-64

Type Il system

Streptococcus pyogenes, Staphylococcus aureus, Listeria monocytogenes, Neisseria meningitides,

Campylobacter jejuni, and Enterococcus faecalis.

65-67

Type |l system

Pyrococcus furiosus, Staphylococcus epidermidis and Mycobacterium tuberculosis.

3. CRISPR-CAS SYSTEM DELIVERY

For the CRISPR system to work and deliver its genes inside a
cell's genome, the ribonucleoprotein complex, which includes
the key components endonuclease Cas9 and guide RNA,

must be present in the cell's nucleus. However, numerous
significant obstacles have been in delivering the CRISPR/Cas9
framework. The CRISPR/Cas9 device's DNA, mRNA, and
protein forms often have vast diameters, making it
challenging to load them onto delivery vehicles. Additionally,
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the target cells must gather in the target organs or tissues,
internalize, and then function as a gene-editing tool in the cell
nucleus when the CRISPR/Cas9 technique is used in vivo.
Since effective delivery systems for the CRISPR/Cas9 system
are crucial for its clinical uses, they have recently gained
research attention and developed quickly . Through skipping
the demands for transcription and translation, the method of
delivering protein-format Cas9 nucleases offers the most
fleeting expression time and permits quick editing of genes.
Furthermore, the payload endonuclease Cas9 should be
protected due to ribonucleoprotein complex delivery, and
RNA should be pointed away from probable breakdown
pathways®’. Here, we summarise current advancements in
the realm of CRISPR/Cas9 system delivery vehicles and their
underlying mechanisms of action.

3.1. Factors influencing the effectiveness
CRISPRICas system delivery

of the

The site-specific gene editing potential of the CRISPR/Cas
system has been demonstrated in several additional
applications. However, its efficacy is governed by several
variable elements that must be considered, mainly if utilized
for in vivo human gene therapy. These elements consist of:
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I. Choosing the target DNA's site.
2. Designing of sgRNA.

3. Cutting off-target.

3.2. Phage-based CRISPR-CAS delivery system
Bacteriophages (phages), the most prevalent and extensively
dispersed microorganism on Earth, provide a limitless
resource for investigating the development of natural
remedies. Bacteriophages are viruses only found in bacteria
and can infect and kill bacteria directly. Phage therapy uses
phages to combat bacterial infections and infectious
disorders. Phagemids and modified temperate/virulent phages
are phage vectors that introduce CRISPR-Cas systems into
bacteria (Table 2)”'. CRISPR-Cas phagemid vectors are made
up of the necessary CRISPR-Cas components and a plasmid
structure that has been cloned into a DNA phage-packaging
sequence. Phage genome-produced CRISPR-Cas9 complex,
which binds specifically to the target region and causes a
double-strand DNA break during phage infection, makes up
CRISPR-Cas-based Phage engineering’>’®>. The donor's
plasmid had the mutations added to it. The DNA break can
be repaired by recombining with the donor to produce
interest mutants.

Table 2: Significant Phage-based CRISPR/Cas clinical trials

Trial strategy Targeted/inhibited Type of Targeted
gene or strain CRISPR-Cas virulent
system used pathogen
An Escherichia coli is created to determine chosen phage gene Non-essential gene, gene | Phage fl
deletions™. 1.77
Using a single plasmid containing donor DNA and CRISPR-Cas
components, the phage genome was cleaved by CRISPR-Cas, vpsR gene | Vibrio cholerae

reconstituted by homologous donor DNA recombination, and
transformed into recombinant phages with deletion/ insertion
mutations”®.

Phage editing was used to create a reliable platform for genome
engineering’®.

Trans-activating crRNA, Cas9, and the other two system
components were cloned into a single plasmid with crRNA. The
CRISPR-Cas9 complex is generated once they are transformed
into host cells, become expressed, and form a double-strand
break by attaching to the target site. As a result, the biofilm
formation is neutralised””.

The transcribed crRNA from an external plasmid is used in
addition to the native endogenous CRISPR-Cas system to
complete the process. The same plasmid was used to clone
donor DNA as well. This finally leads to the mutation of the
genes in charge of biofilm development, producing offspring with
desirable mutations’®.

The biofilm-forming genes were inhibited by creating silent
mutations at numerous genomic loci®.

DGCC7710-pRS9IR Il Streptococcus
strain thermophiles
Listeria phage A51 |
strain. Il Listeria
monocytogenes
LAM104 strain ] Staphylococcus
epidermidis
fnbA gene i Staphylococcus
aureus

3.3. Advantages of phage-based CRISPR-Cas delivery

system

* The delivery rate is very successful.

* The expression of transgenes is very reliable.

* Effective transfection rate.

* Capable of both in vitro as well as in vivo delivery.
3.4. Shortcomings of phage-based CRISPR-Cas
delivery system

* Poor transmission efficiency.

*  We have a limited host population.

* For the potential transfer of virulence genes, generalized
transduction is necessary.

* Limited efficiency.

4. CONJUGATIVE CRISPR-CAS DELIVERY
SYSTEM

The modified CRISPR/Cas 9 system is transmitted among
bacteria through conjugation using a host-independent
conjugative plasmid to delete virulence genes. The most
significant impact on pathogen suppression comes through
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bacterial conjugation®. So, bacterial conjugation is the
optimum method for introducing the CRISPR/Cas 9 system
into the natural environment. It is known that conjugative
plasmids contain genes that make it easier for biofilms to
form®', potentially due to improved cell-to-cell contact®,
which speeds up conjugative plasmid transfer. To modify the
makeup of human microbial communities, conjugative
plasmids may be well suited for delivering molecular tools,
many of which exist as biofilms®2¢, Conjugative plasmids are
a crucial mechanism for CRISPR nuclease delivery to
bacteria. In a cis-conjugative system, the plasmid encodes the
conjugative apparatus and the CRISPR nuclease ®7. A
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Bacterium that acquires the cis-conjugative plasmid develops
into prospective donors for more Bacteria that receive the
cis-conjugative plasmid become potential donors for more
conjugation cycles in the future, leading to an exponential
rise in the population of conjugative donor bacteria. The cis-
conjugative plasmid is tested in a two-species co-culture
system to find a high frequency of conjugate plasmid transfer
from species to species under favourable cell-to-cell
conditions. This, in turn, emphasizes the potential of
conjugative administration of the CRISPR nucleases as a
powerful tool for microbiome alteration®. The related
clinical trials are listed in (Table3).

Table 3. Significant conjugative CRISPR/CAS clinical trials

Trial strategy

Targeted strain/ gene

Type of CRISPR- Targeted
Cas system used virulent
pathogen

Plasmid interference and conjugation efficiency
studies using E. coli as the heterologous host®.

R20291 I

Clostridium difficile

The factors of genotypic and phenotypic EFA A, esp, cyl A Collaboration of |, Enterococcus

pathogenicity were evaluated. The prophage I, and Il faecalis

integrates the plasmid®.

CRISPR nuclease and conjugative machinery Four genes with ambiguous

encode through a cis-conjugative system in the phenotypes, 23 non-essential I Escherichia

plasmid. They developed 65 sgRNA in all’". genes, as well as 38 essential coli
genes.

The broad-host-range conjugative plasmid aacCl gene I Escherichia coli

pKJK5°? expresses cas9 protein.

4.1. Advantages of Conjugative CRISPR-Cas delivery
system’%¢

. Has a broad host range.
. The restriction-modification system cannot be used on

the system.

. The system's huge coding capacity can be quickly
developed.

. No cellular receptor is necessary.

. It offers a simple method for bacterial resistance.

4.2. Shortcomings of Conjugative-based CRISPR-Cas
delivery system®

e  On occasion, it could lead to a low frequency of
conjugation.

e lts random insertion within the host genome is a risk
factor that is connected to it.

e More significant off-target impacts were observed.

5. LIPID NANOPARTICLES/LIPOSOME-
MEDIATED CRISPR-CAS DELIVERY SYSTEM

Since they have been around for a while, lipid nanoparticles
have been utilized to carry nucleic acids and other

compounds to cells. Lipids are also one of the elements used
most frequently in non-viral gene delivery systems®’~’.
Amphiphilic molecules with hydrophobic tail and head groups
make up the majority of lipid molecules. In an aquatic setting,
these amphipathic lipids self-assemble to form bilayer
vesicles. Thus, one or more double layers are present in the
spherical phospholipid vesicles known as liposomes'®.
Because they may attach to phospholipid membranes and
deliver specific components directly to the cell, they are a
flexible system. Furthermore, lipid nanoparticles are used in
polymeric shells by conjugating Rhamnolipid, a biosurfactant
produced by  Pseudomonas  aeruginosa'®. Increased
rhamnolipid composition caused a noticeably lower level of
biofilm biomass and viability'®'. Using lipid nanoparticles,
CRISPR/Cas9 components can be delivered in one of two
ways: either by providing genetic material (plasmid DNA or
mRNA) along with Cas9 and sgRNA or by delivering Cas9:
sgRNA RNP complexes. When Cas9 mRNA and sgRNA are
used, the method performs similarly to microinjection'®
However, many research teams have discovered that Cas9:
sgRNA RNP complexes are extremely efficient'®'%,
Numerous studies have successfully exploited CRISPR-Cas
delivery methods mediated by nanoparticles or liposomes to
stop the development of biofilms (Table 4).

Table 4. Significant lipid nanoparticles/liposome-mediated CRISPR/CAS clinical trials

Nanoparticle Size Charge Mechanism of action Targeted virulent
composition (um) pathogen
DISPC:Chole'® 0.2 Neutral Bacterial membrane fusion Pseudomonas aeruginosa
DSGPC:Chole'* 0.2 Neutral Bacterial membrane fusion Burkholderia cenocepacia
DISPC:Chole:SLA' 0.12 Cationic Targeted release throughout time. Staphylococcus
aureus
PC:Chole: SA'® 29 Cationic  Targeting, continuous-release, and degradation Streptococcus
prevention mutans
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DISPC: PPI'?? 0.1 Anionic Appropriate biofilm targeting Staphylococcus
epidermidis
DISPC: PP|''*!!! 0.1-0.22  Anionic Directly producing and discharging oxyacids Streptococcus
and hydrogen peroxide, two anti-bacterial gorgonian

agents, into the biofilm.

DISPC: 1,2-dipalmitoyl-snglycero-3-phosphocholine; Chole: Cholesterol, DSGPC: I,2-distearoyl-sn-glycero-3-phosphocholine;
SLA: Stearylamine; PC: Phosphatidylcholine; PPI: Phosphatidylinositol.

5.1. Advantages of Lipid Nanoparticles/ Liposome
Mediated CRISPR-Cas delivery system

* This system is compatible with biology.

* Since their structures contain neutrally charged surfaces,
they have a long circulation time.

* It is being able to assemble itself.

* It is a flexible system since it can bind to phospholipid
membranes and transfer components straight to the cell.

* The capacity to deliver high concentrations of inhibitors
to cells at once.

* The liposomes are DNA-free, which helps minimize DNA
toxicity while also increasing immunological responses,
enabling the neutralization of biofilm-forming cells quickly.

5.2, Shortcomings of Lipid Nanoparticles/ Liposome
Mediated CRISPR-Cas delivery system’®

Taking account of internal and external barriers, the delivery
of CRISPR/Cas9 using lipid nanoparticles exhibits certain
serious drawbacks.

*  The nanoparticle becomes enclosed in the endosome
after crossing the cell's surface. The cell will then
immediately drive the enclosed contents via the
lysosomal pathway, rapidly degrading all the contained
lysosomal contents.

. Efficiency is lower compared to other CRISPR-Cas
systems.

. Suppose the complex of sgRNA and Cas9 can exit the
endosome to avoid the situations above. However, in
that case, it must also translocate to the nucleus, which
is again unacceptable as it is a possible point of failure
for the system.

6. ADAPTIVE LABORATORY EVOLUTION FOR
ENHANCING PHAGE FITNESS

For phage treatment to be successful, phage stability and
efficiency are crucial. Wild phages are especially vulnerable to
changes in temperature, solute concentration, and UV
radiation. Adapting laboratory evolution, a strategy for
increasing organisms' evolutionary fitness and adaptation in
novel settings, could be the straightforward solution. This
approach employs mutagenesis combined with selected
environments to push strains to their limits and ensure they
thrive under optimal conditions for development. One of the
research used adaptive laboratory evolution to increase the
stability of three wild-type phages at high temperatures;
these phages were Wc4 (Myoviridae), CX5 (Cytophaga), and
P-PSG-11 (Podoviridae). After being stored at 37 °C for 60
days, the phages were treated at 60 °C for five cycles, and
they showed increased stability when exposed to 60 °C for |
hour. The modified Phage maintained the same lytic efficiency
and infectiousness level throughout the evolution process.
After sequencing their whole genomes, phages were found to
have single favourable single alterations in their tail tubular
proteins, which allowed them to survive at higher
temperatures''>.  This finding added to the reader's

understanding of how well-adapted phages stay when stored
at higher temperatures. Chemically accelerated viral
evolution (CAVE) is a recently developed approach for
speeding up the development of certain traits in
bacteriophages. CAVE employs repeated rounds of
mutagenesis paired with selection criteria to guide the
progression of bacteriophages toward a specified phenotype.
In a nutshell, CAVE consists of i) introducing mutations
across the phage genome, (ii) infecting a host to form a pool
of mutant Phage, (iii) applying selection criteria, and (iv)
analyzing phage variations and cycle repetition. This study
also tested CAVE, which was found to be an effective
method for increasing the thermal stability of T7
bacteriophages'"’.

7. DIRECTED EVOLUTION TO IMPROVE PHAGE
THERAPY

Directed evolution may be used to expeditiously reach a
predetermined objective by simulating natural selection for
genes and the proteins they encode. However, in contrast to
adaptive laboratory evolution, the goal of directed laboratory
evolution is to push the protein toward enhanced
functionality''®. In a study, Mycobacteriophage (ATCC®
I1759BITM) was employed in directed evolutionary
research; it infects a non-pathogenic strain  of
Mycobacterium, M. smegmatis. Mycobacteriophage's lytic
activity and infectiousness were improved by directed
evolution in this work. In addition, the influence of inoculum
size on phage adaptation was examined. Intriguingly, their
results imply that smaller Phage inoculates, as opposed to
bigger regimens, aid in obtaining higher titer, larger plaque
size, and efficient lysis during evolution investigations.
Furthermore, some mycobacteriophages can infect both M.
smegmatis and M. tuberculosis, therefore the same research
might be expanded by utilizing M. tuberculosis as a host to
investigate the therapeutic potential of phage'"* further.
According to the latest study conducted, to overcome the
phage resistance of the E. coli B strain REL606 and improve
medicinal uses, researchers recently employed laboratory
evolution on bacteriophage as proof of concept. After 28
days of training, the phages suppressed the bacteria 1000
times more efficiently and for 3-8 times longer than the
progenitor strain. Interestingly, the bacteria only needed to
undergo a single mutation in order to become resistant to
the untrained Phage. Still, the same result required numerous
changes in the bacterium for phages generated in a
laboratory''®. Therefore, directed evolution is a promising
technique to boost Phage's therapeutic value and specificity.
The next step might be to use the evolved Phage against
clinical isolates and assess the evolved Phage's therapeutic
potential in vivo models''>'",

8. STRATEGIES TO DELIVER THERAPEUTIC
PHAGES

Bacteriophages offer enormous promise as anti-bacterial
options in the post-antibiotic future, as demonstrated by
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both in vitro and clinical research. For the therapy to be
effective, the bacteriophages must be transported to the site
of infection; otherwise, the treatment may be ineffective. To
overcome this obstacle, a significant amount of research is
devoted to the development of delivery techniques that will
permit phages to reach their target location and exert their
full potential. Numerous ways include encasing or trapping
phages within liposomes, fibres, and hydrogels'". Liposomes
are bilayered lipid nanostructures that are spherical and
hollow, enabling them to transport aqueous liquids.
Liposomal encapsulation of bacteriophages has been proven
to protect the phages from the host environmental
conditions, including acidic pH and degrading enzymes in the
intestinal tract, respectively'®. In one such research,
Salmonella phages encapsulated by cationic liposomes were
protected against pH 2.8 simulated stomach fluid. In addition,
encapsulation has been demonstrated to increase the survival
of bacteriophage in chicken digestive tracts''®. In addition to
its stability, liposomes' therapeutic efficacy in several in vivo
models has been explored. For example, encapsulated
bacteriophages are more effective than freely administered
phages at defending broilers from Salmonella sp.''®. Similarly,
the therapeutic benefits of freely administered phages vs
liposomal encapsulated Phages against K. pneumoniae have
been evaluated using mouse models of burn wounds. Blood
and other organs of mice treated with encapsulated phages
exhibited a greater decrease in bacterial load than those
treated with free-living phages. In addition, encapsulated
phages had higher retention values and increased infection-
curing specificity. In addition, phages administered through
liposomal preparation prevented the mortality of mice even
when the therapy was delayed for 24 hours'". Similar wound
healing outcomes were obtained in a diabetic mouse model
infected with S. aureus'”. Hydrogels have been utilized to
create pH-responsive surface coatings for lasting catheters,
which release phages during infection. During an infection,
microorganisms like Proteus mirabilis infiltrate the region and
produce a biofilm, which raises the pH. The Phage is stored
in a lower "reservoir layer" of the hydrogel, and when the pH
is raised, this layer is stimulated, releasing the Phage. Biofilm
development was shown to be postponed when phages were
encased in a pH-responsive hydrogel produced from poly
(methyl methacrylate-co-methacrylic acid) and tested in an in
vitro bladder model'”. Hydrogel-based pH-responsive
surface coating smart systems and thermo-responsive
polymer-based smart systems have been developed to
combat wound infections. These thermo-responsive
polymers, like those typically seen during bacterial skin
infection, can withstand low temperatures without breaking
down but disintegrate at higher temperatures'”.The phages
might be contained in a thermoresponsive polymer and
released gradually during infection. An example of a thermo-
responsive polymer employed as nanospheres to confine S.
aureus phage K and applied to a nonwoven fabric for use in
adhesive bandages is a gel matrix of allylamine copolymerized
with  "Poly-N-isopropyl-acrylamide"'”2. The therapeutic
effects of phages attached to fibres have been investigated in
addition to liposomes and hydrogels. Using phages
immobilized on fibres for topical delivery during wound
dressing or in bandages is a straightforward yet efficient
method'"”. Electrospinning is used to create the nanofibers,
and the bacteriophages are mixed into the liquid polymer
beforehand. Therefore, the Phage is encased in the nanofiber
during manufacture, making it resistant to bacteria.
Nanofibers made from polyethene glycol and polyester urea
have been immobilized with commercially available phage
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cocktails. Phage immobilized on nanofibers showed anti-
bacterial action against their respective hosts for up to 80
hours after application'”. A separate investigation studied the
loading efficiency, dispersion, and release of T7 Phage from
cellulose  microfibers  immobilized by electrostatic
interactions, non-specific adsorption, and protein—ligand
binding. Electrostatic interactions resulted in 15-25% phage
loadings adjusted to the baseline phage titer, but non-specific
adsorption and protein—ligand interaction was insignificant. In
addition, slow phage release from cellulose microfibers was
demonstrated when phages were adhered to utilizing
electrostatic interactions as an immobilization technique'*.
Stability is a big obstacle when encapsulating Phage on fibres.
During the electrospinning procedure, the polymer and
Phage are subjected to high voltage, which causes fast
evaporation of water and changes in the osmotic state,
resulting in drying of the Phage and decreased viability during
storage. It has been shown that the inclusion of magnesium
salts and excipients such as trehalose improves the Phage's
survivability during the electrospinning and storage'?.

9. BIOFILM INHIBITION BY ACTINOBACTERIA

In terms of microbial diversity and abundance, actinobacteria
are among the most impressive groups. Bacteria can be
either anaerobic or aerobic, mobile or immobile, spore-
forming or spore-free. They have a high ratio of guanine to
cytosine and are Gram-positive. It was always thought that
these bacteria only existed in soil, but modern research has
shown that they permeate practically every biome'?.
Antimicrobial, antiviral, and anticancer compounds are all
secondary metabolites produced by actinobacterial species.
Seventy per cent of the known bioactive chemicals found in
nature are now used in human medicine. Studies of the
Streptomyces sp. genome have uncovered over fifty
biosynthetic gene clusters, indicating the organism's potential
for manufacturing new antibiotics. Although Streptomyces
has received much credit for developing the antibiotics now
in use, the possibility of other actinobacterial species should
be considered. Bioactives have been shown to inhibit biofilm
formation in several bacterial species—Casuarina spp. Root
nodules in Tamil Nadu, India, are the source of the
mycelium-forming  actinobacterium known as Frankia
casuarinae. At a dosage of 62.5 g/mL, the secondary
metabolites isolated from F. casuarina suppressed biofilm
development in Candida sp. by 81%; at a 125 g/mL
concentration, they did the same in Pseudomonas. Against
Pseudomonas and Candida sp. biofilm, the unique findings
showed that F. casuarinae generate anti-biofilm compounds'?.
Actinobacteria are a promising approach for the discovery of
novel anti-biofilm agents, as evidenced by the fact that
secondary metabolites extracted from  Streptomyces
cdlifornicus ADR1 have inhibited 90 percent biofilm formation
of S. aureus ATCC 29213 and MRSA ATCC 43300 at
concentrations of 1.80 g/mL and 4.92 g/mL, respectively'”’

10. APPLICATIONS AND ADVANTAGES OF THE
CRISPR/CAS SYSTEM

The CRISPR-cas9 gene controls numerous genes linked to
virulence. CRISPR-Cas systems have been successfully
modified to target virulence factors and antibiotic-resistant
genes in bacteria. They represent an appealing option for
both sequence-specific and programmable antimicrobials'?®.
This system controls transcription and bacterial pathogenicity

by regulating endogenous mechanisms. For example, a
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possible  human  disease-causing pathogen, Francisella
novicida'?, reproduces intracellularly by evading the host
immune system. When propagated by phage capsids in vitro,
they can successfully eradicate a target population, and when
transmitted in vivo, they can diminish the colonization of a
target population. Therefore, it may be possible to
desensitize resistant bacteria to an antibiotic by curing
plasmids that contain resistance genes. To introduce these
approaches to the clinic, particular indications and treatment
plans would need to be established. Based on their sequence,
CRISPR-based antimicrobials have the distinct advantage of
preventing the production of bacterial biofilms'?%. The Cas9
protein can induce chromosomal double-strand breaks in
bacteria, leading to a failure of the replication fork.
Ultimately, cell death inhibits biofilms' creation and favours
the eradication of infections. This technique is practical and
easy to use. This may prove effective in instances where it is
advantageous to eradicate only a small group of bacteria
within a population, something that would be challenging to
perform using present tactics. Consequently, the CRISPR-Cas
method, a recently created approach, offers a toolkit in the
battle against lethal pathogenic diseases.

I1. LIMITATIONS OF THE CRISPR/CAS SYSTEM

Despite the immense potential of the CRISPR/Cas9 system
for gene editing, there are still some substantial challenges to
be solved.

* The mRNA, plasmid, and Cas9 protein are all giant
molecules with distinct charges, making it possible to
package them all into a single vector. However, it is
challenging to produce additional vectors as a result.
Additionally, although typical vectors are designed to be
positively charged, native Cas9 protein is positively
charged, which prevents the electrostatic encapsulation of
Cas9 protein'®,

* |t has larger protein sizes, which reduces the effectiveness
of its editing.

* Expensive approach.

* Takes up a lot of time.

* Resource-intensive.

* A CRISPR/Cas9 system component may cause the host's
immune system to respond.

*  Numerous, random mutations are induced at non-specific
sites in the genome.

» This could result in off-target mutations.

* The Cas9-induced double-strand break activates DNA
repair machinery, which controls the biochemical process
by which DNA fragments are implanted (e.g, cDNAs).
However, as inserting DNA fragments into the genome is
outside the purview of the DNA repair machinery,
targeted alleles typically carry out further changes such as
deletions, partial or multiple targeting vector integrations,
and even duplications'3®'3',

12.  FUTURE DIRECTIONS

Although prokaryotes are the original home of CRISPR-Cas
systems, advances in CRISPR technology have primarily
focused on eukaryotes. Regardless of whether the underlying
objectives are to expand current applications or to introduce
wholly new ones, progress in eukaryotes can serve as a
model for similar advancements in prokaryotes. Before
CRISPR-Cas can be utilized to target microbial communities,
many challenges must be solved. To fully use this
technology's potential to reduce clinical and environmental
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problems, choosing an effective distribution strategy will be
essential. The genes' effectiveness would significantly rise if
CRISPR-Cas constructs could be easily reprogrammed to
target specific genes of interest. Future research is necessary
to examine and improve the expansion of CRISPR-Cas in
more useful microbial communities and to comprehend the
dangers connected with this technology. To enable more
precise alterations to the genome, new technologies are
required. Eliminating random output would guarantee the
technology's success and its therapeutic impact. Therefore,
solving more complicated issues will need specific
adjustments to how CRISPR may evolve.

13. CONCLUSION

The rapid emergence of antibiotic-resistant bacteria has
made it more challenging to combat infectious diseases and
develop new medications. This is frequently due to their
capacity to build biofilms. The CRISPR-Cas system is
acknowledged as one of the most current methods for
controlling antibiotic-resistant strains since it is a bacterial
adaptive immune system. The potential of CRISPR gene
editing to alter any genomic sequence has created many
opportunities for biological study and medical applications.
Making the best delivery methods is necessary for continued
advancements in gene editing. Conjugative CRISPR/Cas
systems and phage-based delivery systems are potential viral
delivery methods. The phage-based CRISPR/Cas technology
does, however, have significant drawbacks. These limitations
may be overcome by recent developments in phage genome
engineering, which include expanding the host range of
phages to support phage therapy and disrupting the
immunodominant epitope of the phage capsid to reduce the
immune response to phages and, as a result, produce precise
variants against infectious diseases. The absence of insertional
mistakes and the capacity to carefully control the dosage,
duration, and specificity of delivery are just two of the many
benefits of non-viral administration. Using liposomal delivery
systems would create fresh opportunities for innovative
research to curb different diseases' capacity to produce
biofilms. The various examples provided in the "Delivery
System" portion of this paper demonstrate the vast
therapeutic potential of the CRISPR/Cas9 system. Therefore,
CRISPR is, without a doubt the most recent genetic
engineering technique.

14. LIST OF ABBREVIATIONS

DISPC: [,2-dipalmitoyl-sn glycerol-3-phosphocholine; Chole:
Cholesterol, DSGPC: |,2-stearoyl-sn-glycerol-3-
phosphocholine; SLA: Stearylamine; PC: Phosphatidylcholine;
PPI: Phosphatidylinositol; CRISPR: Clustered and Regularly
Interspersed Short Palindromic Repeats; Cas: CRISPR-
associated.

15. ACKNOWLEDGEMENT

Guru Nanak Institute of Pharmaceutical Science and
Technology has provided me with the necessary facilities to
complete the project. Therefore, | thank the Guru Nanak
Institute of Pharmaceutical Science and Technology in
Kolkata for their assistance and resources.

16. AUTHORS CONTRIBUTION STATEMENT

Ms Tamalika Chakraborty and Dr Sumana Chatterjee
conceptualized and gathered the data about this work. Dr

L140



ijlpr 2023; doi 10.22376/ijlpr.2023.13.5.L.132-L.145

Lopamudra Datta and Ms Ranjana Shaw contributed to this
manuscript's writing and design.

18.

REFERENCES

Huang H, Peng C, Peng P, Lin Y, Zhang X, Ren H.
Towards the biofilm characterization and regulation in
biological wastewater treatment. Appl Microbiol
Biotechnol. 2019 Feb;103(3):1115-29. doi:
10.1007/s00253-018-9511-6, PMID 30483847.

Hoiby N. A personal history of research on microbial
biofiims and biofilm infections. Pathog Dis.
2014;70(3):205-11. doi: 10.1111/2049-632X.12165,
PMID 24585728.

Gupta P, Sarkar S, Das B, Bhattacharjee S, Tribedi P.
Biofilm, pathogenesis and prevention--a journey to
break the wall: a review. Arch Microbiol
2016;198(1):1-15. doi: 10.1007/s00203-015-1148-6,
PMID 26377585.

Solano C, Echeverz M, Lasa I. Biofilm dispersion and
quorum sensing. Curr Opin Microbiol. 2014;18:96-
104. doi: 10.1016/j.mib.2014.02.008, PMID 24657330.
Kostakioti M, Hadjifrangiskou M, Hultgren §J. Bacterial
biofilms: development, dispersal, and therapeutic
strategies in the dawn of the post-antibiotic era. Cold
Spring Harb Perspect Med. 2013;3(4):a010306. doi:
10.1101/cshperspect.a010306, PMID 23545571.

Jamal M, Ahmad W, Andleeb §, Jalil F, Imran M, Nawaz
MA et al. Bacterial biofilm and associated infections. ]
Chin Med Assoc. 2018;81(1):7-11. doi:
10.1016/j.jcma.2017.07.012, PMID 29042 186.
Allesen-Holm M, Barken KB, Yang L, Klausen M,
Webb S, Kjelleberg S et al. A characterization of
DNA release in Pseudomonas aeruginosa cultures and
biofilms. Mol Microbiol. 2006;59(4):1114-28. doi:
10.1111/j.1365-2958.2005.05008.x, PMID 16430688.
Anderson GG, Moreau-Marquis S, Stanton BA,
O’Toole GA. In vitro Analysis of tobramycin-treated
Pseudomonas aeruginosa biofilms on cystic fibrosis-
derived airway epithelial cells. Infect Immun.
2008;76(4):1423-33. doi: 10.1128/1A1.01373-07, PMID
18212077.

Vurukonda SSKP, Giovanardi D, Stefani E. Plant
growth promoting and biocontrol activity of
Streptomyces spp. as endophytes. Int ] Mol Sci.
2018;19(4):952. doi: 10.3390/ijms19040952, PMID
29565834.

Kim Y, Kim H, Beuchat LR, Ryu JH. Development of
non-pathogenic bacterial biofilms on stainless steel
surface, inhibiting Salmonella enterica. Food Microbiol.
2018;69:136-42. doi: 10.1016/j.fm.2017.08.003, PMID
28941894.

Pandit A, Adholeya A, Cahill D, Brau L, Kochar M.
Microbial biofilms in nature: unlocking their potential
for agricultural applications. ] Appl Microbiol.
2020;129(2):199-211. doi: 10.1111/jam.14609, PMID
32034822.

Hurlow ], Couch K, Laforet K, Bolton L, Metcalf D,
Bowler P. Clinical biofilms: a challenging frontier in
wound care. Adv Wound Care. 2015;4(5):295-301.
doi: 10.1089/wound.2014.0567, PMID 26005595.
Costerton JW, Lewandowski Z, DeBeer D, Caldwell
D, Korber D, James G. Biofilms, the customized
microniche. ] Bacteriol. 1994;176(8):2137-42. doi:
10.1128/jb.176.8.2137-2142.1994, PMID 8157581.

17.

Biotechnology

CONFLICT OF INTEREST

Conflict of interest declared none.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Sleytr UBI. Basic and applied S-layer research: an
overview. FEMS Microbiol Rev. 1997;20(1-2):5-12.

Lu TK, Collins J). Dispersing biofilms with engineered
enzymatic bacteriophage. Proc Natl Acad Sci U S A.
2007 Jul 3;104(27):11197-202. doi:
10.1073/pnas.0704624104, PMID 17592147.
Sutherland IW. The biofilm matrix--an immobilized
but dynamic microbial environment. Trends Microbiol.
2001 May;9(5):222-7. doi: 10.1016/s0966-
842x(01)02012-1, PMID 11336839.

Shaw T, Winston M, Rupp CJ, Klapper |, Stoodley P.
Commonality of elastic relaxation times in biofilms.
Phys Rev Lett. 2004 Aug 27;93(9):098102. doi:
10.1103/PhysRevLett.93.098102, PMID 15447143.
Garrett TR, Bhakoo M, Zhang Z. Bacterial adhesion
and biofilms on surfaces. Prog Nat Sci. 2008 Sep
1;18(9):1049-56. doi: 10.1016/j.pnsc.2008.04.001.
Mari¢ S, Vranes . Characteristics and significance of
microbial biofilm formation. Period Bilogorum.
2007;109:115-21.

Kumar CG, Anand SK. Significance of microbial
biofilms in the food industry: a review. Int ] Food
Microbiol. 1998  Jun  30;42(1-2):9-27.  doi:
10.1016/s0168-1605(98)00060-9, PMID 9706794.
Davey ME, O’toole GA. Microbial biofilms: from
ecology to molecular genetics. Microbiol Mol Biol Rev.
2000 Dec;64(4):847-67. doi: 10.1128/MMBR.64.4.847-
867.2000, PMID 11104821.

Vasudevan R. Biofilms: microbial cities of scientific
significance. JMEN; 1 (3). doi:
10.15406/jmen.2014.01.00014.

Davies DG, Parsek MR, Pearson P, Iglewski BH,
Costerton |W, Greenberg EP. The involvement of
cell-to-cell signals in the development of a bacterial
biofilm. Science. 1998 Apr 10;280(5361):295-8. doi:
10.1126/science.280.5361.295, PMID 9535661.

Federle M], Bassler BL. Interspecies communication in
bacteria. ] Clin Invest. 2003 Nov;112(9):1291-9. doi:
10.1172/JCI20195, PMID 14597753.

Costerton JW, Stewart PS, Greenberg EP. Bacterial
biofilms: a common cause of persistent infections.
Science. 1999 May 21;284(5418):1318-22. doi:
10.1126/science.284.5418.1318, PMID 10334980.

Sutherland IW. Polysaccharides for microbial
exopolysaccharides. Carbohydr Polym.
1999;38(4):319-28. doi: 10.1016/S0144-

8617(98)00114-3.

Otto M. Staphylococcal infections: biofilm maturation
and detachment mechanisms as critical determinants
of pathogenicity. Annu Rev Med. 2013;64:175-88. doi:
10.1146/annurev-med-042711-140023, PMID
22906361.

Hall-Stoodley L, Stoodley P. Evolving concepts in
biofilm infections. Cell Microbiol. 2009 Jul;11(7):1034-
43. doi: 10.1111/j.1462-5822.2009.01323.x, PMID
19374653.

Bjarnsholt T. The role of bacterial biofilms in chronic
infections. APMIS Suppl. 2013 May;136(136):1-51. doi:
10.1111/amp.12099, PMID 23635385.

L141



ijlpr 2023; doi 10.22376/ijlpr.2023.13.5.L.132-L.145

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4].

42.

43.

Donlan RM, Costerton JW. Biofilms: survival
mechanisms of clinically relevant microorganisms. Clin
Microbiol ~Rev. 2002  Apr;15(2):167-93.  doi:
10.1128/CMR.15.2.167-193.2002, PMID 11932229.
Jensen ET, Kharazmi A, Lam K, Costerton JW, Hgiby
N. Human polymorphonuclear leukocyte response to
Pseudomonas aeruginosa grown in biofilms. Infect
Immun. 1990 Jul;58(7):2383-5. doi:
10.1128/iai.58.7.2383-2385.1990, PMID 2114367.
Moser C, Pedersen HT, Lerche CJ, Kolpen M, Line L,
Thomsen K et al. Biofilms and host response - helpful
or harmful. APMIS. 2017 Apr;125(4):320-38. doi:
10.1111/amp.12674, PMID 28407429.

Lewis K. Multi-drug tolerance of biofilms and persister
cells. Curr Top Microbiol Immunol. 2008;322:107-31.
doi: 10.1007/978-3-540-75418-3_6, PMID 18453274.
Fux CA, Costerton |W, Stewart PS, Stoodley P.
Survival strategies of infectious biofilms. Trends
Microbiol. 2005 Jan;13(1):34-40. doi:
10.1016/j.tim.2004.11.010, PMID 15639630.

Fauvart M, De Groote VN, Michiels J. Role of
persister cells in chronic infections: clinical relevance
and perspectives on anti-persister therapies. | Med
Microbiol. 2011 Jun;60(6):699-709. doi:
10.1099/jmm.0.030932-0. PMID 21459912.

Louwen R, Staals RH, Endtz HP, van Baarlen P, van
der Oost ). The role of CRISPR-Cas systems in
virulence of pathogenic bacteria. Microbiol Mol Biol
Rev. 2014 Mar;78(1):74-88. doi:
10.1128/MMBR.00039-13, PMID 2460004 1.

Garneau JE, Dupuis ME, Vilion M, Romero DA,
Barrangou R, Boyaval P et al. The CRISPR/Cas
bacterial immune system cleaves bacteriophage and
plasmid DNA. Nature. 2010 Nov 4;468(7320):67-71.
doi: 10.1038/nature09523, PMID 21048762.

Brouns §J, Jore MM, Lundgren M, Westra ER, Slijkhuis
RJ, Snijders AP et al. Small CRISPR RNAs guide
antiviral defence in prokaryotes. Science. 2008 Aug
15;321(5891):960-4. doi: 10.1126/science.| 159689,
PMID 18703739.

Carte |, Wang R, Li H, Terns RM, Terns MP. Casé is
an endoribonuclease that generates guide RNAs for
invader defence in prokaryotes. Genes Dev. 2008 Dec
15;22(24):3489-96. doi: 10.1101/gad.1742908, PMID
19141480.

Deveau H, Garneau JE, Moineau S. CRISPR/Cas
system and its role in phage-bacteria interactions.
Annu  Rev  Microbiol.  2010;64:475-93.  doi:
10.1146/annurev.micro.|12408.134123, PMID
20528693.

Shabbir MA, Hao H, Shabbir MZ, Hussain HI, Igbal Z,
Ahmed S et al. Survival and evolution of CRISPR-Cas
system in prokaryotes and its applications. Front
Immunol. 2016 Sep 26;7:375. doi:
10.3389/fimmu.2016.00375, PMID 27725818.

Shabbir MA, Hao H, Shabbir MZ, Wu Q, Sattar A,
Yuan Z. Bacteria vs bacteriophages: parallel Evolution
of Immune Arsenals. Front Microbiol. 2016 Aug
17;7:1292.  doi: 10.3389/fmicb.2016.01292, PMID
27582740.

Makarova KS, Wolf YI, Alkhnbashi OS, Costa F, Shah
SA, Saunders S et al. An updated evolutionary
classification of CRISPR-Cas systems. Nat Rev
Microbiol. 2015 Nov;13(11):722-36. doi:
10.1038/nrmicro3569, PMID 26411297.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Biotechnology

Sinkunas T, Gasiunas G, Fremaux C, Barrangou R,
Horvath P, Siksnys V. Cas3 is a single-stranded DNA
nuclease and ATP-dependent helicase in the
CRISPR/Cas immune system. EMBO |. 2011 Apr
6;30(7):1335-42. doi: 10.1038/emboj.2011.41, PMID
21343909.

Jore MM, Lundgren M, van Duijn E, Bultema JB,
Westra ER, Waghmare SP et al. Structural basis for
CRISPR RNA-guided DNA recognition by Cascade.
Nat Struct Mol Biol. 2011 May;18(5):529-36. doi:
10.1038/nsmb.2019, PMID 21460843.

Deltcheva E, Chylinski K, Sharma CM, Gonzales K,
Chao Y, Pirzada ZA et al. CRISPR RNA maturation by
trans-encoded small RNA and host factor RNase lIl.
Nature. 2011  Mar  31;471(7340):602-7.  doi:
10.1038/nature09886, PMID 21455174.

Jinek M, Chylinski K, Fonfara |, Hauer M, Doudna JA,
Charpentier E. A programmable dual-RNA-guided
DNA endonuclease in adaptive bacterial immunity.
Science. 2012 Aug 17;337(6096):816-21. doi:
10.1126/science.1225829, PMID 22745249.

Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N et
al. Multiplex genome engineering using CRISPR/Cas
systems. Science. 2013 Feb 15;339(6121):819-23. doi:
10.1126/science.1231143, PMID 23287718.

Zhang |, Rouillon C, Kerou M, Reeks |, Brugger K,
Graham S et al. Structure and mechanism of the CMR
complex for CRISPR-mediated antiviral immunity. Mol
Cell. 2012 Feb 10;45(3):303-13. doi:
10.1016/j.molcel.2011.12.013, PMID 222271 I5.

Bhaya D, Davison M, Barrangou R. CRISPR-Cas
systems in bacteria and archaea: versatile small RNAs
for adaptive defence and regulation. Annu Rev Genet.
201 1;45:273-97. doi: 10.1146/annurev-genet-110410-
132430, PMID 22060043.

Wang R, Preamplume G, Terns MP, Terns RM, Li H.
Interaction of the Casé riboendonuclease with
CRISPR RNAs: recognition and cleavage. Structure.
201 | Feb 9;19(2):257-64. doi:
10.1016/j.5tr.2010.11.014, PMID 21300293.

Haurwitz RE, Jinek M, Wiedenheft B, Zhou K, Doudna
JA. Sequence- and structure-specific RNA processing
by a CRISPR endonuclease. Science. 2010 Sep
10;329(5997):1355-8. doi: 10.1126/science.| 192272,
PMID 20829488.

Viswanathan P, Murphy K, Julien B, Garza AG, Kroos
L. Regulation of dev, an operon that includes genes
essential for Myxococcus Xanthus development and
CRISPR-associated genes and repeats. | Bacteriol.
2007 May;189(10):3738-50. doi: 10.1128/)B.00187-07,
PMID 17369305.

Nam KH, Ding F, Haitjema C, Huang Q, DeLisa MP,
Ke A. Double-stranded endonuclease activity in
Bacillus halodurans clustered regularly interspaced
short palindromic repeats (CRISPR)-associated Cas2
protein. ] Biol Chem. 2012 Oct 19;287(43):35943-52.
doi: 10.1074/jbc.M112.382598, PMID 22942283.
Vergnaud G, Li Y, Gorgé O, Cui Y, Song Y, Zhou D et
al. Analysis of the three Yersinia pestis CRISPR loci
provides new tools for phylogenetic studies and
possibly for the investigation of ancient DNA. Adv Exp
Med Biol. 2007;603:327-38. doi: 10.1007/978-0-387-
72124-8_30, PMID 17966429.

Rezzonico F, Smits TH, Duffy B. Diversity, evolution,
and functionality of clustered regularly interspaced
short palindromic repeat (CRISPR) regions in the fire

L142



ijlpr 2023; doi 10.22376/ijlpr.2023.13.5.L.132-L.145

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

blight pathogen Erwinia amylovora. Appl Environ

Microbiol. 2011 Jun;77(11):3819-29. doi:
10.1128/AEM.00177-11. PMID 21460108, PMCID
PMC312759%6.

Marinelli LJ, Fitz-Gibbon S, Hayes C, Bowman C,
Inkeles M, Loncaric A, et al. Propionibacterium acnes
bacteriophages display limited genetic diversity and
broad killing activity against bacterial skin isolates.
mBio. 2012 Sep 25;3(5):¢00279-12. doi:
10.1128/mBio.00279-12, PMID 23015740.

van der Ploeg JR. Analysis of CRISPR in Streptococcus
mutants suggests the frequent occurrence of acquired
immunity against infection by M102-like
bacteriophages. = Microbiology  (Reading). 2009
Jun;155(6):1966-76.  doi:  10.1099/mic.0.027508-0,
PMID 19383692.

Sampson TR, Saroj SD, Llewellyn AC, Tzeng YL,
Weiss DS, CRISPR A. A CRISPR/Cas system mediates
bacterial innate immune evasion and virulence.
Nature. 2013  May  9;497(7448):254-7.  doi:
10.1038/nature 12048, PMID 23584588.

Louwen R, Horst-Kreft D, de Boer AG, van der Graaf
L, de Knegt G, Hamersma M et al. A novel link
between Campylobacter jejuni bacteriophage defence,
virulence and Guillain-Barré syndrome. Eur | Clin
Microbiol Infect Dis. 2013 Feb;32(2):207-26. doi:
10.1007/s10096-012-1733-4, PMID 22945471.
Gunderson FF, Cianciotto NP. The CRISPR-associated
gene cas?2 of Legionella pneumophila is required for
intracellular infection of amoebae. mBio. 2013 Mar
12;4(2):e00074-13. doi: 10.1128/mBio.00074-13, PMID
23481601.

Sampson TR, Weiss DS. CRISPR-Cas systems: new
players in gene regulation and bacterial physiology.
Front Cell Infect Microbiol. 2014 Apr 4;4:37. doi:
10.3389/fcimb.2014.00037, PMID 24772391.

Kinnevey PM, Shore AC, Brennan Gl, Sullivan D],
Ehricht R, Monecke S et al. Emergence of sequence
type 779 methicillin-resistant Staphylococcus aureus
harbouring a novel pseudo staphylococcal cassette
chromosome  mec  (SCCmec)-SCC-SCCCRISPR
composite element in Irish hospitals. Antimicrob
Agents Chemother. 2013 Jan;57(1):524-31. doi:
10.1128/AAC.01689-12. PMID 23147725, PMCID
PMC353598I.

Bourgogne A, Garsin DA, Qin X, Singh KV, Sillanpaa |,
Yerrapragada S et al. large scale variation in
Enterococcus faecalis illustrated by the genome
analysis  of strain OGIRF. Genome Biol.
2008;9(7):R110. doi: 10.1186/gb-2008-9-7-r110, PMID
18611278.

Hale CR, Zhao P, Olson S, Duff MO, Graveley BR,
Wells L et al. RNA-guided RNA cleavage by a CRISPR
RNA-Cas protein complex. Cell. 2009 Nov
25;139(5):945-56.  doi:  10.1016/j.cell.2009.07.040,
PMID 19945378.

Marraffini LA, Sontheimer EJ. CRISPR interference
limits horizontal gene transfer in staphylococci by
targeting DNA. Science. 2008 Dec 19;322(5909):1843-
5. doi: 10.1126/science.1 165771, PMID 19095942.
Stucki D, Gagneux S. Single nucleotide polymorphisms
in Mycobacterium tuberculosis and the need for a
curated database. Tuberculosis (Edinb). 2013
Jan;93(1):30-9. doi: 10.1016/j.tube.2012.11.002, PMID
23266261.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

8l.

Biotechnology

Wang L, Zheng W, Liu S, Li B, Jiang X. Delivery of
CRISPR/Cas9 by novel strategies for gene therapy.
ChemBioChem. 2019 Mar 1;20(5):634-43. doi:
10.1002/cbic.201800629, PMID 30393919.

Liang P, Xu Y, Zhang X, Ding C, Huang R, Zhang Z et
al. CRISPR/Cas9-mediated gene editing in human
tripronuclear  zygotes.  Protein  Cell. 2015
May;6(5):363-72. doi: 10.1007/s13238-015-0153-5,
PMID 25894090.

Lino CA, Harper JC, Carney JP, Timlin JA. Delivering
CRISPR: a review of the challenges and approaches.
Drug Deliv. 2018;25(1):1234-57. doi:
10.1080/10717544.2018.1474964, PMID 29801422.
Chen Y, Batra H, Dong J, Chen C, Rao VB, Tao P.
Genetic  engineering of bacteriophages against
infectious diseases. Front Microbiol. 2019 May
3;10:954. doi:  10.3389/fmicb.2019.00954, PMID
31130936.

Shmakov S, Smargon A, Scott D, Cox D, Pyzocha N,
Yan W et al. Diversity and evolution of class 2
CRISPR-Cas systems. Nat Rev Microbiol. 2017
Mar;15(3):169-82. doi: 10.1038/micro.2016.184, PMID
2811146l.

Knott GJ, Doudna JA. CRISPR-Cas guides the future
of genetic engineering. Science. 2018;361(6405):866-9.
doi: 10.1126/science.aat501 |, PMID 30166482.

Kiro R, Shitrit D, Qimron U. Efficient engineering of a
bacteriophage genome using the IE CRISPR-Cas
system. RNA Biol. 2014;11(1):42-4. doi:
10.4161/rna.27766, PMID 24457913.

Box AM, McGuffie MJ, O’Hara BJ, Seed KD. Functional
Analysis of bacteriophage immunity through a Type I-E
CRISPR-Cas system in Vibrio cholerae and its
application in bacteriophage genome engineering. |
Bacteriol. 2016;198(3):578-90. doi: 10.1128/)B.00747-
I5, PMID 26598368.

Hynes AP, Villion M, Moineau S. Adaptation in
bacterial CRISPR-Cas immunity can be driven by
defective phages. Nat Commun. 2014 Jul 24;5:4399.
doi: 10.1038/ncomms5399, PMID 25056268.

Hupfeld M, Trasanidou D, Ramazzini L, Klumpp |,
Loessner MJ, Kilcher S. A functional type II-A CRISPR-
Cas system from Listeria enables efficient genome
editing of large non-integrating bacteriophage. Nucleic
Acids Res. 2018 Jul 27;46(13):6920-33. doi:
10.1093/nar/gky544, PMID 30053228.

Bari SMN, Walker FC, Cater K, Aslan B, Hatoum-
Aslan A. Strategies for editing virulent staphylococcal
phages using CRISPR-Cas|0. ACS Synth Biol. 2017
Dec 15;6(12):2316-25. doi:
10.1021/acssynbio.7b00240, PMID 28885820.

Cater K, Dandu VS, Bari SM, Lackey K, Everett GF,
Hatoum-Aslan A. A novel Staphylococcus Podophage
encodes a unique lysin with an unusual modular
design. mSphere. 2017 Mar 22;2(2):e00040-17. doi:
10.1128/mSphere.00040-17, PMID 28357414.

Dong H, Xiang H, Mu D, Wang D, Wang T. Exploiting
a conjugative CRISPR/Cas9 system to eliminate
plasmid harbouring the MCR-I gene from Escherichia
coli. Int ] Antimicrob Agents. 2019 Jan;53(1):1-8. doi:
10.1016/j.ijantimicag.2018.09.017, PMID 30267758.
Ghigo JM. Natural conjugative plasmids induce
bacterial biofilm development. Nature. 2001 Jul
26;412(6845):442-5. doi: 10.1038/35086581, PMID
11473319.

L143



ijlpr 2023; doi 10.22376/ijlpr.2023.13.5.L.132-L.145

82.

83.

84.

85.

86.

87.

88.

89.

90.

9l.

92.

93.

94.

Hausner M, Wouertz S. High conjugation rates in
bacterial biofilms as determined by quantitative in situ
Analysis. Appl Environ Microbiol. 1999
Aug;65(8):3710-3.  doi: 10.1128/AEM.65.8.3710-
3713.1999, PMID 10427070.

Peters JM, Koo BM, Patino R, Heussler GE, Hearne
CC, Qu ] et al. Enabling genetic analysis of diverse
bacteria with Mobile-CRISPRi. Nat Microbiol. 2019
Feb;4(2):244-50. doi:  10.1038/s41564-018-0327-z,
PMID 30617347.

Brophy JAN, Triassi AJ, Adams BL, Renberg RL,
Stratis-Cullum DN, Grossman AD et al. Engineered
integrative and conjugative elements for efficient and
inducible DNA transfer to undomesticated bacteria.
Nat  Microbiol. 2018  Sep;3(9):1043-53.  doi:
10.1038/s41564-018-0216-5, PMID 30127494.

Ronda C, Chen SP, Cabral V, Yaung §J, Wang HH.
Metagenomic engineering of the mammalian gut
microbiome in situ. Nat Methods. 2019 Feb;16(2):167-
70. doi: 10.1038/s41592-018-0301-y, PMID 30643213.
Babic A, Berkmen MB, Lee CA, Grossman AD.
Efficient gene transfer in bacterial cell chains. mBio.
2011 Mar 15;2(2):e00027-11. doi:
10.1128/mBio.00027-11, PMID 21406598.

Wolfs |JM, Hamilton TA, Lant JT, Laforet M, Zhang |,
Salemi LM et al. Biasing genome-editing events toward
precise length deletions with an RNA-guided TevCas9
dual nuclease. Proc Natl Acad Sci U S A.
2016;113(52):14988-93. doi:
10.1073/pnas.16163431 14, PMID 2795661 I.

Hamilton TA, Pellegrino GM, Therrien JA, Ham DT,
Bartlett PC, Karas B) et al. Efficient inter-species
conjugative transfer of a CRISPR nuclease for targeted
bacterial killing. Nat Commun. 2019 Oct 4;10(1):4544.
doi: 10.1038/s41467-019-12448-3, PMID 31586051.
Boudry P, Semenova E, Monot M, Datsenko KA,
Lopatina A, Sekulovic O et al. Function of the
CRISPR-Cas system of the human pathogen
Clostridium difficile. mBio. 2015 Sep 1;6(5):e01112-15.
doi: 10.1128/mBio.01112-15, PMID 26330515.
Gholizadeh P, Aghazadeh M, Ghotaslou R,
Ahangarzadeh Rezaee M, Pirzadeh T, Kose § et al
CRISPR-Cas system in the acquisition of virulence
genes in a dental-root canal and hospital-acquired
isolates of Enterococcus faecalis. Virulence. 2020
Dec; 1 I(1):1257-67. doi:
10.1080/21505594.2020.1809329, PMID 32930628.
Reuter A, Hilpert C, Dedieu-Berne A, Lematre S,
Gueguen E, Launay G et al. Targeted-antibacterial-
plasmids  (TAPs) combining  conjugation and
CRISPR/Cas systems achieve the strain-specific anti-

bacterial activity. Nucleic Acids Res. 2021 Apr
6;49(6):3584-98. doi: 10.1093/nar/gkabl126, PMID
33660775.

Hou M, Sun §, Feng Q, Dong X, Zhang P, Shi B et al.
Genetic editing of the virulence gene of Escherichia
coli using the CRISPR system. Peer]. 2020 Apr
6,;8:e8881. doi: 10.7717/peerj.8881, PMID 32292652.
Jain A, Srivastava P. Broad host range plasmids. FEMS
Microbiol Lett. 2013;348(2):87-96. doi: 10.1111/1574-
6968.12241, PMID 23980652.

Oliveira PH, Touchon M, Rocha EP. The interplay of
restriction-modification systems with mobile genetic
elements and their prokaryotic hosts. Nucleic Acids
Res. 2014;42(16):10618-31. doi: 10.1093/nar/gku734,
PMID 25120263.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Biotechnology

Smillie C, Garcillan-Barcia MP, Francia MV, Rocha EP,
de la Cruz F. Mobility of plasmids. Microbiol Mol Biol
Rev. 2010 Sep;74(3):434-52. doi:
10.1128/MMBR.00020-10, PMID 20805406.
Pérez-Mendoza D, de la Cruz F. Escherichia coli genes
affecting recipient ability in plasmid conjugation: are
there any? BMC Genomics. 2009 Feb 9;10:71. doi:
10.1186/1471-2164-10-71, PMID 19203375.

Du X, Shi B, Tang Y, Dai S, Qiao SZ. Label. Label-free
dendrimer-like silica nanohybrids for traceable and
controlled gene delivery. Biomaterials.
2014;35(21):5580-90. doi:
10.1016/j.biomaterials.2014.03.05 1, PMID 24726748.
Durfee PN, Lin YS, Dunphy DR, Muniz AJ, Butler KS,
Humphrey KR et al. Mesoporous silica nanoparticle-
supported lipid bilayers (protocells) for active
targeting and delivery to individual leukaemia cells.
ACS Nano. 2016;10(9):8325-45. doi:
10.1021/acsnano.6b02819, PMID 27419663.

Dykman LA, Khlebtsov NG. Immunological properties
of gold nanoparticles. Chem Sci. 2017;8(3):1719-35.
doi: 10.1039/c6sc0363 Ig, PMID 28451297.

Fourier K, Raemdonck K, De Smedt SC, Demeester |,
Coenye T, Braeckmans K. Lipid and polymer
nanoparticles for drug delivery to bacterial biofilms. |
Control Release. 2014 Sep 28;190:607-23. doi:
10.1016/j.jconrel.2014.03.055, PMID 24794896.
Chakraborty T, Shaw R, Chatterjee DS, Datta DL,
Sengupta DA. Review on recent advancement of
therapeutic interventions in combating multi-drug
resistant bacteria. Int | Life Sci Pharm Res.
2020;10(5):166-79.

Yin H, Song CQ, Dorkin JR, Zhu L}, Li Y, Wu Q et al.
Therapeutic genome editing by combined viral and
non-viral delivery of CRISPR system components in
vivo. Nat Biotechnol. 2016 Mar;34(3):328-33. doi:
10.1038/nbt.3471, PMID 26829318.

Zuri's JA, Thompson DB, Shu Y, Guilinger JP, Bessen
JL, Hu JH et al. Cationic lipid-mediated delivery of
proteins enables efficient protein-based genome
editing in vitro and in vivo. Nat Biotechnol. 2015
Jan;33(1):73-80.  doi:  10.1038/nbt.3081, PMID
25357182.

Wang Y, Zhang ZT, Seo SO, Lynn P, Lu T, Jin YS et al.
Gene transcription repression in  Clostridium
beijerinckii using CRISPR-dCas9. Biotechnol Bioeng.
2016 Dec;113(12):2739-43. doi: 10.1002/bit.26020,
PMID 27240718.

Mugabe C, Halwani M, Azghani AO, Lafreniere RM,
Omri A. Mechanism of enhanced activity of liposome-
entrapped Aminoglycosides against resistant strains of
Pseudomonas  aeruginosa.  Antimicrob  Agents
Chemother. 2006 Jun;50(6):2016-22. doi:
10.1128/AAC.01547-05, PMID 16723560.

Halwani M, Mugabe C, Azghani AO, Lafreniere RM,
Kumar A, Omri A. Bactericidal efficacy of liposomal
Aminoglycosides against Burkholderia cenocepacia. |
Antimicrob Chemother. 2007 Oct;60(4):760-9. doi:
10.1093/jac/dkm?289, PMID 17673475.

Kim H]J, Michael Gias EL, Jones MN. The adsorption of
cationic liposomes to Staphylococcus aureus biofilms.

Colloids  Surf A Physicochem Eng Aspects.
1999;149(1-3):561-70. doi: 10.1016/50927-
7757(98)00765-1.

Vyas SP, Sihorkar V, Dubey PK. Preparation,

characterization and in vitro antimicrobial activity of

L144



ijlpr 2023; doi 10.22376/ijlpr.2023.13.5.L.132-L.145

109.

110.

112,

113.

114.

I'15.

6.

117.

118.

119.

120.

metronidazole bearing lectinized liposomes for intra-
periodontal pocket delivery. Pharmazie. 2001
Jul;56(7):554-60. PMID 11487975.

Jones MN, Kaszuba M, Reboiras MD, Lyle IG, Hill KJ,
Song YH et al. The targeting of phospholipid
liposomes to bacteria. Biochim Biophys Acta. 1994
Nov 23;1196(1):57-64. doi: 10.1016/0005-
2736(94)90295-X.

Hill K], Kaszuba M, Creeth JE, Jones MN. Reactive
liposomes encapsulate a glucose oxidase-peroxidase
system with anti-bacterial activity. Biochim Biophys
Acta. 1997 May 22;1326(1):37-46. doi: 10.1016/s0005-
2736(97)00007-2, PMID 9188798.

Jones MN, Hill KJ, Kaszuba M, Creeth JE. Anti-
bacterial reactive liposomes were encapsulating
coupled enzyme systems. Int | Pharm. 1998;162(l-
2):107-17. doi: 10.1016/S0378-5173(97)004 18-3.
Bikard D, Barrangou R. Using CRISPR-Cas systems as
antimicrobials. Curr Opin Microbiol. 2017;37:155-60.
doi: 10.1016/j.mib.2017.08.005, PMID 28888103.
Jones CL, Sampson TR, Nakaya HI, Pulendran B,
Weiss DS. Repression of bacterial lipoprotein
production by F Francisella novicida facilitates evasion
of innate immune recognition. Cell Microbiol.
2012;14(10):1531-43. doi: 10.1111/j.1462-
5822.2012.01816.x, PMID 22632124.

Pavlovic G, Erbs V, André P, Sylvie ], Eisenman B,
Dreyer D et al. Generation of targeted
overexpressing models by CRISPR/Cas9 and need of
careful validation of your knock-in line obtained by
nuclease = genome  editing.  Transgenic  Res.
2016;25(2):254-5.

Li J, Shou |, Guo Y, Tang Y, Wu Y, Jia Z et al. Efficient
inversions and duplications of mammalian regulatory
DNA elements and gene clusters by CRISPR/Cas9. |
Mol Cell Biol. 2015;7(4):284-98. doi:
10.1093/jmcb/mjv016, PMID 25757625.

Borin JM, Avrani S, Barrick JE, Petrie KL, Meyer JR.
Coevolutionary phage training leads to greater
bacterial suppression and delays the evolution of
phage resistance. Proc Natl Acad Sci U S A
2021;118(23):e2104592118. doi:
10.1073/pnas.21045921 18, PMID 34083444.

Loh B, Gondil VS, Manohar P, Khan FM, Yang H,
Leptihn S. Encapsulation and delivery of therapeutic
phages. Appl Environ Microbiol. 2020;87(5):e01979-
20. doi: 10.1128/AEM.01979-20, PMID 33310718.
Colom J, Cano-Sarabia M, Otero |, Cortés P, Maspoch
D, Llagostera M. Liposome-encapsulated
bacteriophages for enhanced oral phage therapy
against Salmonella spp. Appl Environ Microbiol.
2015;81(14):4841-9. doi:  10.1128/AEM.00812-15,
PMID 25956778.

Chadha P, Katare OP, Chhibber S. Liposome loaded
phage cocktail: enhanced therapeutic potential in
resolving Klebsiella pneumoniae mediated burn wound
infections. Burns. 2017;43(7):1532-43. doi:
10.1016/j.burns.2017.03.029, PMID 28502784.
Chhibber S, Kaur J, Kaur S. Liposome entrapment of
bacteriophages improves wound healing in a diabetic

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Biotechnology

mouse MRSA infection. Front Microbiol. 2018;9:561.
doi: 10.3389/fmicb.2018.00561, PMID 29651276.

Milo S, Hathaway H, Nzakizwanayo ], Alves DR,
Esteban PP, Jones BV, et al. Prevention of encrustation
and blockage of urinary catheters by Proteus mirabilis
via pH-triggered release of bacteriophage. | Mater
Chem B. 2017;5(27):5403-11. doi:
10.1039/c7tb01302g, PMID 32264080.

Hathaway H, Alves DR, Bean ), Esteban PP, Ouadi K,
Sutton |M, et al. Poly(N-isopropyl acrylamide-co-
allylamine) (PNIPAM-co-ALA) nanospheres for the
thermally triggered release of bacteriophage K. Eur |
Pharm Biopharm. 2015;96:437-41. doi:
10.1016/j.ejpb.2015.09.013, PMID 26423908.

Rosner D, Clark J. Formulations for bacteriophage
therapy and the potential uses of immobilization.
Pharmaceuticals  (Basel).  2021;14(4):359. doi:
10.3390/ph 14040359, PMID 33924739.

Vonasek E, Lu P, Hsieh Y-L, Nitin N. Bacteriophages
immobilized on electrospun cellulose microfibers by
non-specific adsorption, protein—ligand binding, and
electrostatic interactions. Cellulose.
2017;24(10):4581-9. doi: 10.1007/s10570-017-1442-3.
Barka EA, Vatsa P, Sanchez L, Gaveau-Vaillant N,
Jacquard C, Meier-Kolthoff JP et al. Taxonomy,
physiology, and natural products of Actinobacteria.
Microbiol Mol Biol Rev. 2016;80(1):1-43. doi:
10.1128/MMBR.00019-15, PMID 26609051.

Marappa N, Dharumadurai D, Nooruddin T,
Mohammad  Abdulkader = AM. Morphological,
molecular characterization and biofilm inhibition effect
of endophytic Frankia sp. from root nodules of
Actinorhizal plant Casuarina sp. S Afr | Bot.
2020;134:72-83. doi: 10.1016/j.sajb.2020.02.039.

Singh R, Dubey AK. Isolation and characterization of a
new endophytic actinobacterium  Streptomyces
californicus Strain ADRI as a promising source of anti-
bacterial, anti-biofilm and antioxidant metabolites.
Microorganisms. 2020;8(6):929. doi:
10.3390/microorganisms8060929, PMID 32575628.
Bikard D, Barrangou R. Using CRISPR-Cas systems as
antimicrobials. Curr Opin Microbiol. 2017;37:155-60.
doi: 10.1016/j.mib.2017.08.005, PMID 28888103.

Jones CL, Sampson TR, Nakaya HI, Pulendran B,
Weiss DS. Repression of bacterial lipoprotein
production by F rancisella novicida facilitates evasion
of innate immune recognition. Cell Microbiol.
2012;14(10):1531-43. doi: 10.1111/j.1462-
5822.2012.01816.x, PMID 22632124.

Pavlovic G, Erbs V, André P, Sylvie |, Eisenman B,
Dreyer D et al. Generation of targeted
overexpressing models by CRISPR/Cas9 and need of
careful validation of your knock-in line obtained by
nuclease  genome  editing.  Transgenic  Res.
2016;25(2):254-5.

Li J, Shou J, Guo Y, Tang Y, Wu Y, Jia Z et al. Efficient
inversions and duplications of mammalian regulatory
DNA elements and gene clusters by CRISPR/Cas9. |
Mol Cell Biol. 2015;7(4):284-98. doi:
10.1093/jmcb/mjv016, PMID 25757625.

L145





