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Abstract

The main goal of drug delivery systems is to target therapeutic cargoes to desired cells and to
ensure their efficient uptake. Recently a number of studies have focused on designing bio-inspired
nanocarriers, such as bacteriophages, and synthetic carriers based on the bacteriophage structure
Bacteriophages are viruses that specifically recognize their bacterial hosts. They can replicate only
inside their host cell and can act as natural gene carriers. Each type of phage has a particular
shape, a different capacity for loading cargo, a specific production time, and their own
mechanisms of supramolecular assembly, that have enabled them to act as tunable carriers. New
phage-based technologies have led to the construction of different peptide libraries, and
recognition abilities provided by novel targeting ligands. Phage hybridization with non-organic
compounds introduces new properties to phages and could be a suitable strategy for construction
of bio-inorganic carriers. In this review we try to cover the major phage species that have been
used in drug and gene delivery systems, and the biological application of phages as novel targeting
ligands and targeted therapeutics.
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1. Introduction

In nature, viruses are natural gene carriers that transfer biological information between
different species, which can range from prokaryotic cells such as bacteria to more
complicated biological systems like mammalian cells. A wide variety of viruses have been
used as drug delivery systems (DDSs) with varying properties. The most commonly-
employed eukaryotic viruses such as adenoviruses, retroviruses and lentiviruses, although
efficient in infecting target cells, might stimulate immune responses and could cause cancer
by disrupting tumor suppressor genes. These possible drawbacks have encouraged
researchers to consider bacteriophages and other virus-like particles that are considered
safer. The basic structure of viruses has inspired the construction of newly engineered viral
particles by a process called pseudotyping. This involves changing their surface proteins and
glycoproteins that can lead to generation of de novo particles such as virosomes, that consist
of a virion-like phospholipid bilayer that can be coated with specifically chosen surface
glycoproteins.

Among all viruses, bacteriophages have a wide range of potential applications in both
clinical and non-clinical fields. Phages have been used for food preservation in the food
industry[1], as an eradicator of bacterial biofilms[2], and in bio-sensing in wastewater
treatment[3]. The fundamental benefits of bacteriophage systems include their ease of use
and development, a great capacity for packaging cargos, an ability to be loaded with non-
DNA cargos, and their relative safety in humans. These favorable properties suggest that
phages can be considered as nanocarriers[1, 3, 4]. Moreover bacteriophages do not undergo
alterations in their natural tropism or mutation which is an advantage compared to
eukaryotic viruses. This property makes them safer to be used for treatment and prevention
of infections in human and animal populations. Bacteriophages have two main stages in their
life cycle, which are the lytic cycle and the lysogenic cycle, although few phages are capable
of carrying out both[4]. Since DNA and RNA molecules are unstable in their native form in
body fluids [5-60 minutes for RNA and 10 minutes for DNA] because they are destroyed by
nucleases, phages are ideal vehicles for transferring nucleic acids. Their simple production
and purification methods as well as their large capacity for containing genetic material are
additional advantages.
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The therapeutic application of phages began in the former Soviet Union and Eastern Europe
and their unique properties suggested they could be promising agents in clinical applications
as anti-infectives. Phages are highly specific for their target and their self-regulating
systems, such as a limitation of propagation to specific cells, make them versatile and
modifiable carriers in targeted delivery systems[5]. Rather than using intact phages, some
phage-derived molecular products can also be used as therapeutic agents. For instance phage
endolysins specifically hydrolyze the peptidoglycan component of different bacterial species
and are therefore bactericidal[6].In recent years, more researchers have studied new
application of phages in the pharmaceutical and biotechnology industries. In this review we
are will cover recent studies that have focused on phages as delivery vehicles.

2. Basic properties of bacteriophages

Bacteriophages are viruses with a highly efficient ability for compressing and wrapping
DNA to form a compact particle. The phage genome encodes only a few to hundreds of
genes and is considered a useful model to study DNA replication[7]. The discovery of
bacteriophages first took place in 1915 by Fredrick Twort[8]. In 1917 D’Herelle discovered
the potential ability of phages to kill the bacteria they infected via the lytic phase. He
suggested that phages could be used as antimicrobial agents in a therapeutic application if
they were targeted to bacteria that caused human diseases [8]. After the discovery of
penicillin in the 1940s, the application of phages in therapy for human infectious disease
was abandoned. Concurrent studies categorized phages as obligate intracellular parasites,
and research on-phages provided fundamental discoveries of biological systems such as the
identification of nucleic acids as the genetic material. During these studies the nature,
chemical composition and life cycles of phages were identified. It became clear that the
phage was composed of a protein envelope encapsulating nucleic acids. Thanks to the efforts
of Martha Chase and Al Hershey who discovered that the nucleic acids entered the bacterial
cells during phage infection while the proteins did not, this led to the realization that
hereditary information was solely transmitted by DNA molecules[9]. The properties of
phages vary depending on the regulatory mechanism of host cells, their genetic content and
physiological variants[10]. Based on their properties, phages have been classified into
different groups of which the double stranded (ds) DNA tailed phages are the most common
type. It has been calculated that there are no less than 103! different phages that exist on the
planet Earth, making them the most diverse grouping of biological entities in existence. The
new classification system called the “Phage Proteomic Tree”, has classified phages in a
sequence-based taxonomic system according to their genome in which average distance
between pairs of phages is determined and phages are grouped in the context of all other
phages[11]. Improvements in electron microscopy have provided more information about
the phage morphology, and their interactions with bacterial cells[12]. Studies in this area
have found different morphologies for the phage structure. Each type of phage has a
particular shape and shows different mechanisms of supramolecular assembly. Some basic
morphological and other properties of selected phages are shown in Table 1.

A variety of phages exist with a different range of hosts and mechanisms of production.
Phages are divided into three main classes based on their production and generation: lytic
phages such as T4; temperate phages like Lambda; and lysogenic phages such as M13. M13
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is a filamentous phage that converts the host cell into a generation factory without lytic
disruption. This phage can cross the bacterial membrane to escape by leaking out without
disruption of the cell wall and membrane. By contrast in lytic phage infections, bacterial
cells are lysed and disrupted by replication of the virions inside the bacterial cell and the
infection is rapidly transferred to new hosts[13]. The third type, temperate phages can
choose between a lytic and lysogenic pathway of development. In temperate phages, the
phage genes become integrated into the bacterial genome. The phages replicate through the
natural bacterial cell cycles and are transmitted into the next generation of bacteria, although
in stressful conditions such as UV irradiation, the phages become activated and the lytic
phase begins.

The genome sequence of phages that have been integrated into bacteria is called the
“prophage” and 2/3rd of the genomes of “low CG” bacteria contain these sequences. This
phenomenon can alter the properties of the host bacterial cells and can alter their
pathogenicity and virulence by changing their physiology and pathology[14]. The actual
mechanism of lysogeny is due to the presence of repressor genes that are encoded in
temperate phages. These genes generate repressor proteins that repress various bacterial
operons. They bind to the phage genomes and interrupt the formation of intact phage
particles, but the prophage sequence is translated in bacteria and leads to expression of new
properties in the host cells. This phenomenon, which is called “lysogenic conversion”, is
important in medicine. Some bacteria such as Corynebacterium diphtheriae, streptococci and
Clostridium botulinum are not able to produce their toxins without prophage sequences.

Cell penetration of the phage into the bacterial cell occurs through the recognition and
attachment of phages to specific receptors that are expressed on the surface of the host cell,
and the surface properties of the host membrane also affect this phenomenon[15]. The
tolerance of the phage surface to be chemically altered provides opportunity for insertion of
foreign peptides such as RGD (Arg-Gly-Asp) or DGEA (Asp-Gly-Glu-Ala). These moieties
can have therapeutic effects in a targeted delivery approach. Studies of Young’s group
showed that not only could the surface of phages be modified, but also their genetic material
can be manipulated to enhance their ability to be used in drug and gene delivery
applications[16]. Genes and drugs that need to be delivered by phages are usually bound to
coat proteins of engineered bacteriophage species without significant effects on the phage
structure. These bound moieties could involve targeting ligands such as antibodies against
specific receptors or targeting peptides, or could include therapeutic moieties such as
different types of growth factors, drugs or metabolites[17]. Another strategy to enhance the
targeting of bacteriophages to mammalian cells is their hybridization with synthetic
polymers (e.g. cationic polymers). In such a strategy, cytotoxic genes could be transferred
into different cancer cells in a safe and controlled manner, and the major limitation of
phages for mammalian cell targeting could be overcome[18]. In several in vivo studies, it has
been shown that phages could be applied for specific targeted drug delivery (that is more
effective than un-targeted drug) in both the killing of pathogenic bacteria and in the
destruction of cultured tumor cells[1, 3, 9].

The genetic material of phages can also play a carrier role in the delivery of small interfering
RNAs and other nucleic acid-based therapeutics. The DNA packaging systems of
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bacteriophages have been identified as a special type of nano-vehicle for gene delivery.
Previously it was shown that DNA packaging motor of Phi29 could be an efficient machine
for packaging viral ds-DNA which is used in DNA sequencing technology. Phi29 RNA has
high a tendency to form dimers, trimers and hexamers[19]. By using this property of Phi 29
bacteriophage RNA, Hox at al. used molecular engineering to produce a nanocage. This
biological RNA used for packaging consisted of three main branches of helical domains and
a single stranded internal loop that could efficiently interact with other small RNA
molecules[20]. Later Lee et al. conjugated folic acid to a pRNA-3-way junction derived
from Phi29 to generate targeted RNA nanoparticles for gene silencing in glioblastoma
cancer cells (that have high expression of folate receptors) in the brain[21]. Additionally, it
has been reported that the packaging RNA (pRNA) of bacteriophage phi29 could self-
assemble into multivalent nanoparticles to deliver siRNA to silence metallothionein-lla (MT-
I1A) and survin mRNA, and could trigger the expression of interferon alpha and beta and
thereby enhance inhibition of ovarian cancer cells[22].

3. Phage display

Phage display techniques have been widely used as an efficient tool for target discovery in
pharmacology. This technique, used for the first time in 1985[23], is based on the insertion
of DNA coding for heterologous peptide sequences into the phage genome leading to
expression of exogenous proteins joined to coat proteins on the surface of the phage (Figure
1) . Indeed, phage display is used to produce a physical association between phenotype and
genotype. The first step in phage display technology is the construction of a phage display
library. This library is obtained by generating random oligonucleotide sequences through
recombinant DNA technology. Then the randomized DNA sequences are introduced into
specific sites of the phage DNA, which are responsible for encoding the surface proteins and
the process leads to expression of varying fusion peptides on the surface of the phage
nanoparticles. Although the entire library contains a huge number of peptides, each phage
expresses only one specific peptide according to the incorporated sequence. Next, the
relevant surface ligands [expressed peptides] are selected by affinity-based screening of the
phage display libraries. Those phages that exhibit tight binding with the target cells are
isolated in cell culture after a suitable period of time, and the rest of the phages are washed
out. The collected tight-binding phages are then further amplified in host bacteria, and the
associated DNA sequences are determined by gene sequencing techniques. The result of this
process is a newly discovered high-affinity ligand that binds to the desired cells and can be
used to improve targeted delivery systems[24, 25].

The peptides selected by phage display technology usually require further modification. A
common way to modify the peptide is by extending the length by adding specific amino
acids such as GGGSAK-amide to the C-terminal end of hydrophobic peptides to increase the
solubility, ease the purification by adding biotin, and allow the detection of the peptides by
adding a fluorescent dye. Moreover peptides with the ability to bind to more than one target
domain can be linked together to enhance the specificity and binding affinity of the obtain
molecules[26]. Modifications to the peptides also can be carried out by using enzymes,
when the displayed peptide contains a domain subject to enzymatic conversion[27]. Among
different types of phage, the filamentous phages particularly M13, are the main platform
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used in display libraries[28]. T4, T7 and lambda phages have also been used to a lesser
extent as alternative vectors to construct display libraries. Lambda phage with its high
capacity for gene insertion is able to express more than one peptide located in the head and
the tail, either individually or simultaneously[29]. Filamentous phages possess critical
advantages compared to other viruses. Their length is variable according to the size of the
packaged DNA, because the vPIII subunit can be altered to accommodate different DNA
sequences, while their diameter remains constant leading to a more flexible structure. The
special anisotropic shape of M13, and its long rod-like structure shows liquid-crystal like
properties, and due to their high length to diameter (aspect) ratio, their penetration into the
targeted cells is improved due to a higher number of ligand-receptor interactions. In contrast
to spherical-shaped phages, filamentous phages have a tendency to migrate toward the
blood-vessel walls when injected in vivo, and therefore have a better chance to interact with
their receptors[30].

Although the basic principles of phage display technology were introduced around 30 years
ago, new applications and developments of this technology are constantly emerging. This
technology can not only facilitate the recognition of de novo ligands, but can enable the
production of recombinant peptide libraries, that are unobtainable by traditional techniques
such as using the heavy chain binding protein of antibodies[31]. Furthermore, phage display
technology enhances in vivo selection of different peptide targets as well allows their real
time detection[32]. For instance, Chen et al.[33] discovered that peptide-431 was a specific
ligand for the insulin-like growth factor 2 receptor in hepatic stellate cells to allow targeted
delivery of antifibrotic agents into the liver. The combination of phage display with other
techniques has enabled the production of difficult hydrophobic proteins such as HIV-1 nef
(negative factor). The integration of sequences of unusual amino acids into the phage
genome, combined with covalent binding of synthetic molecules to the wild-type phage coat
produced a new hybrid system for the identification of ligands with unique properties[34].

On the other hand, in vivo applications of phage display have led to enhanced targeted
delivery of therapeutic and diagnostic nanocarriers to target tissues. Chen’s group[35] used
the synthetic peptide ACSSSPSKHCG to improve the transdermal delivery of proteins such
as human growth hormone and insulin. Hofmeister et al.[36]found that the peptide
GSPREYTSYMPH (PREY) could guide the nanocarriers to bind to atherosclerotic
vasculature.

In phage display technology, ligands such as antibodies, specific peptides and receptor-
selective proteins can be loaded onto the surface of the engineered phages[37]. Phage
antibody display can be used to manipulate the affinity of antibodies in vivo. Enzyme
display, improvements in vaccines, and production of fusion phages for gene therapy are
other applications of phage display technology[26].

4. Bacteriophages as nanocarriers

Phages can be used as designed nanocarriers for the targeted delivery of both therapeutic
agents and diagnostic reporter molecules, and represents a new aspect of nanotechnology in
drug delivery systems. Targeted ligand displays on the surface of the phage provide
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versatility and high specificity in this regard. Large amounts of drugs can be conjugated into
the phage either by genetic manipulation or by chemical interaction. Specific recognition of
targeted cells can then lead to controlled release of the payloads. Phage-based nanocarriers
can also be efficiently used for eradication of both pathogenic microorganisms and also
tumor cells, when compared to unbound free drug, particularly in the case of poorly water-
soluble drugs. In this section we cover the major reports concerning phages that have been
used as nanocarriers in the delivery of drugs and genes.

4.1 Filamentous phage based nanocarriers

Filamentous phages are defined by their special structure in which a long rod-shaped protein
coat encircles single-stranded DNA. These phages are able to infect their host cells without
killing them, and become integrated into their hosts that are mostly Gram-negative bacteria
such as species of Escherichiaand Pseudomonas. The filamentous phages that infect
Escherichiacoli are the most fertile bacteriophages in the nature and are called “Ff phages”
(this group is sub-divided into f1, M13 and fd phages)[38]. The major coat protein in these
phages is called pVI1I that consists of just 50 amino acids. pVIII is common among all types
of filamentous phages, although its configuration might be slightly different. Furthermore,
additional proteins such as plll, pVI, pVII and plX play co-constructive roles in the
construction of the phage coat. The size of these phages is determined by the length of the
DNA core, and can be altered by insertion and deletion of nucleic acids. Filamentous phages
follow two main life cycles; some of them produce very large numbers of individual phages,
while others integrate into the chromosome and only produce 1 phage per 10-100 cells, and
are able to switch between one cycle to another under poorly understood conditions.
Insertion of the phages into the bacterial host takes place via interaction with specific
receptors. The primary receptors are structures called pili on the surface of the bacterial cell
wall that help the phage to come very close to the bacterial surface, while the secondary
receptors are located in the inner membrane of Gram-negative bacteria. As a result of this
interaction the phages gain entry into the bacterial cytoplasm. By contrast, the entry of the
phage nanocarrier into experimental eukaryotic cells takes place by the process of
endocytosis[39]. After entry of the phage genome into the host cells, bacterial enzymes
convert the single stranded DNA genome to a double stranded replicative form that serves as
a template for expression of the phage genes. The genome of the episomal filamentous
phages is significantly shorter than that of chromosomally integrated phages; they lack
required sequences for host genome integration and expression of regulatory genes. The
genome of episomal phages replicates in the bacterial cytoplasm, whereas the genome of
chromosomally integrated lysogenic phages is transferred into the host chromosome. The
assembly process of the newly produced phages is performed by coating the phage DNA
with the pVI1I1 and plll proteins[40].

Filamentous phages are highly immunogenic; and this is a property that is taken advantage
of in applications in vaccination. This immunogenic property is probably due to the repeated
structure of the coat proteins, and the relatively large size of filamentous phages[41]. Fusion
peptides with pVI1I1 have higher immunogenicity compared to fusion proteins with plll,
which could be due to the higher number of pVII protein molecules in the surface coat of the
phage[42]. Experiments have shown that displaying the targeted epitope fused to pVIII can
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trigger high titers of antibody[43]. Pioneering studies in this regard have reported the
production of vaccines against HIV-1 and malaria parasites, in which epitopes of gp120 and
gp 41 of HIV, and epitopes of circumsporozoite proteins of malaria were coated onto the
surface of phages[44, 45]. Therapeutic antibodies against other disorders such as cancer and
Alzheimer’s disease have also been generated by these phages[46—48]. By utilizing
filamentous phages, an anti-IgE antibody was generated that could reduce the allergic
immune-response by reducing IgE, and could be a promising method to control allergic
reactions[49]. In addition, filamentous phages can be used to present antigenic epitopes to T-
cells to produce specific cytotoxic T-cells. Phages displaying an HIV epitope[50], and an
epitope derived from the hepatitis B virus[51] could protect experimental animals against
these infectious diseases. Sartorius et al.[52]reported that if two different epitopes were
simultaneously displayed on both the pVIII and plll proteins, the immune response by
cytotoxic T-cells would be significantly stronger. In their study the ovalbumin CTL epitope
was displayed fused to pVI1II protein and a dendritic cell marker (DEC-205) was expressed
on the plll protein. This T-cell dual-stimulating phage was used against B16-OVA
expressing tumors in mice. Paul and Marks in 1999, first showed targeted delivery of the
GFP gene-expression cassette into breast cancer cells, when Fd phages were selected to
recognize HER2-expressing cancer cells, and the GFP gene was engineered into the
phage[53]. Ghosh’s group[54]displayed prostate cancer cell targeting ligands on the pllI
protein of M13 phage, and then loaded doxorubicin onto the pVIII protein to generate a
targeted treatment for prostate cancer in vitro. Furthermore, Deporter at al.[55], used genetic
manipulation of M13 phage to express a cell-penetrating peptide on the plll protein and a
biotin acceptor peptide (BAP) on the pIX protein. The BAP provided a biotin binding site in
which a biotinylated exogenous therapeutic cargo could be attached, and taken up into
prostate cancer cells (Figure 2). Jin et al.[56]displayed a collagen mimetic peptide and a
streptavidin binding peptide (which was used to attach a streptavidin-conjugated fluorescent
dye) to produce a phage-based nanoconstruct that could lead to degradation of collagen in
A549 human lung adenocarcinoma cells with an additional diagnostic capability. Li’s
group[57] showed that genetic manipulation was not compulsory for tumor targeting of the
phage nanoparticles. They suggested that chemical modification of tyrosine residues of
pVI11 would create a chemical binding site on the surface of the phage, and subsequently
two different moieties could be attached to the phage surface; one (such as folic acid) for
tumor targeting, and another as a diagnostic agent such as a fluorescent dye. Since previous
studies have shown the role of opsonization in the control of tumor growth by stimulating
the immune response[58], phage display constructs using tumor specific antigens or Fab
antibody fragments would be a potential method to disrupt tumor growth mainly by
stimulation and recruitment of immune cells to the tumor.

One application of phages is using phage-based nanocariers for the delivery of antibiotics. In
this regard, Vaks’ group[59] displayed an antibody on the plll minor coating protein of f1
phage and chemically conjugated that with chloramphenicol as a selected antibiotic. The
conjugation took place between the amine group provided by neomycin-chloramphenicol
and the carboxyl group of the phage surface. This type of conjugation process could change
the properties of the phage; the immunogenicity of the phages diminished and their
infectivity and toxicity was significantly reduced, whereas the half-life of the conjugated
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phage increased in the bloodstream. On the other hand, this experiment confirmed that the
toxicity and side effects of hazardous drugs could be controlled by conjugation to the
filamentous phages. After injection of 101! antibiotic-loaded phage particles per dose, no
toxic side effects of either the drug or the phage were observed. Displaying tissue targeting
peptides on the phage coat surface, is another strategy for delivery of therapeutic compounds
into a specific cell type. Zahid at al[60] showed that modifying the M13 surface proteins
with the APWHLSSQYSRT peptide sequence led to attachment of the phages cardiac
myoblasts. More interestingly filamentous phages also possess the ability to penetrate the
blood-brain barrier and this property could make them suitable to be used in treatment of
Alzheimer’s disease[61]. By using this property, Rakover et al[62] applied the myelin
glycoprotein as an immune-recognized epitope for the treatment of multiple sclerosis by
inactivation of demyelinating antibodies in the central nervous system. These studies show
promise for the ability of the phages to carry large amounts of therapeutic agents as well as
their capability to access otherwise unavailable tissue. Filamentous phage nanocarriers can
also be used in bio-detection of a particular antigen in solution. This property is possible due
to the separation between the location of the plll protein at one pole of the phage structure,
and a large number (thousands) of pVIII proteins in the lateral parts of the phage surface.
The plll protein can be used to display a targeting sequence, whereas the pVI1II protein can
be modified with an external diagnostic reporter moiety. Lee et al[63] showed that pVIII
modification with plasmon-resonant gold nanoparticles could generate a rapid and sensitive
sensor for the targeted antigen that was recognized by peptides displayed on the plll protein.

Despite the large capacity of the filamentous phages to display different peptides, the lack of
a wide range of chemically distinct amino acids on their surface has limited their
modification. To solve this problem, Carrico et al[64] suggested a new method to convert the
pVI1I N-terminal amino group into a ketone group which is then converted to alkoxyamine
groups. They showed that fluorophores and polyethyleneglycol could be attached to the
phage coat, while the plll displayed peptides could direct the phage to recognize breast
cancer cells, while the properties of phages remained unchanged. Although application of
filamentous phages in delivery of the therapeutic materials is interesting, they may still
produce severe adverse reactions in clinical treatment due to two main limitations; firstly,
since they are assembled in a bacterial host, they may contain variable levels of
lipopolysaccharide (LPS) that must be reduced. To this end, a more effective purification
system is required, and the amount of LPS could be diminished in the final product by using
size exclusion columns combined with polymyxin B binding chromatography, and finally
treating with a detergent like Triton. Secondly, the use of phages might be restricted in high-
risk patients owing to their immune status and the heterogeneity of the particles[28].

4.2 MS2 phages as nanocarriers

MS2 bacteriophage was discovered in 1961 by Alvin John Clark[65]. This phage contains a
single-stranded RNA in its genome, and a symmetric icosahedral capsid structure formed
from 180 protein-subunits that surrounds its genome[66]. The MS2 genome, with 3569
nucleic acids, encodes only four proteins and is known as one of the shortest genome
sequences in nature[67]. The average size of this phage is around 27 nm, and the DNA-free
protein envelope can be generated by recombinant technology. The presence of 32 pores
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each with a radius of 1.8 nm on its surface, provide a good platform for modification[66].
Some interesting properties of MS2 phages suggest they could be good candidates in drug
delivery systems. They can be easily produced, their capsid is able to be genetically and
chemically modified, and after removing their genome they are able to encapsulate other
modified cargos such as RNA[68]. Since the purification of phage capsid is relatively easy
though an E£. coliexpression system, researchers have used its functionalized capsid as virus-
like particles (VLP). The empty envelope of this phage is resistant to pH fluctuations in the
range of 3-10, and to severe environmental conditions including temperature. To enhance
the modification of this phage coat-protein, a cysteine residue(C87) is added to the sequence
of each monomer in the interior portion of the coat[69]. The exterior surface of the phage
can be used to display an unnatural amino acid, p-aminophenylalanine(paF). This amino
acid provides an aniline group to be conjugated with an N,N-dialkyl-phenylenediamine
derivative[70]. This genetic manipulation, chemical conjugation, and the removal of DNA
creates an empty nano-vehicle to be loaded with different drugs and fluorescent dyes.

Ashley et al.[71]introduced these phages as an efficient cargo vehicle for delivery of
diagnostic agents, therapeutic compounds and RNA molecules. Stephanopoulos et al.[72]by
dual modification of the MS2 coat protein, generated a therapeutic nanocarrier targeted
against Jurkat leukemic T-cells. They conjugated a cell specific DNA sequence on the
exterior surface of the phage envelope and attached porphyrins on the inner surface. In the
targeted cells, after cargo delivery, illumination of the porphyrins generated a large volume
of reactive oxygen radicals by the photodynamic effect, leading to destruction of the cells
only 20 min after the treatment. The basic structure of this carrier is shown in Figure 3. In
another study, Glasgow et al.[73]proposed two methods for encapsulation of a protein inside
the MS2 capsid in the presence of osmolyte molecules (charged polymers or peptides). In
one application, any protein larger than 1.8 nm could be modified with negatively-charged
polymers and the phage capsid could be reassembled around it, while in the second method,
negatively-charged tagging linkers could be genetically encoded in the phage capsid, and the
protein encapsulated into the phage.

Owing to high instability of free RNA, its sensitivity to RNase enzymes, and the difficulty of
using dendritic cell in RNA transduction, MS2 VLP could be a promising nanocarrier for
delivery of the RNA. Wei’s group[74] used MS2 VLP for transferring antisense RNA into
Huh-7 cells containing HCV reporter systems. They applied a heterobiofunctional cross-
linker consisting of sulfosuccinidyl-4-(p-maleidophenyl)-butyrate (sulfo-SMPB) for the
attachment of tat peptide as a specific targeting moiety. Pan et al[75] found that the
attachment of the RNA to the MS2 VLP, did not change the RNA topological structure.
They expressed a micro-RNA146 on the surface of VLP and allowed it to interact with the
anti-nuclear antibodies (ANA) that cause the lupus autoimmune disorder. The results
showed that this carrier efficiently neutralized the antibody and could be a promising
therapeutic vehicle to control this disease, and could also be used against allergies and other
antibody-mediated disorders. Gene therapy with a reduced risk of permanent integration into
the nucleus, could be achieved by direct transfer of mMRNA into the cytoplasm of desired
cells. Production of MS2-coat-retrovirus chimeras is a recent strategy for direct transfer of
mRNA inducing protein expression. Prel et al[76] recombined the MS2-coat protein with
lentiviral RNA derived from HIV-1. This vehicle contained more than two different RNA
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sequences with the ability of gene transduction. They transferred mRNA coding an
osteogenic transcription factor into bone marrow-derived mesenchymal stem cells and
shifted their transcription program.

The capsid of this phage also has been used for tissue-specific delivery of loaded cargo by
adding targeting peptides such as VOWMEPAY QRFLGGG that recognizes breast cancer
and neuroblastoma cells[77]. Further recent studies have suggested MS2 VLP as an efficient
carrier for delivery of mMRNA as a vaccine carrier into prostate cancer cells[78]. MS2 empty
capsids have some limitation of use in vivo conditions due to their high number of surface
modification sites. These vacant sites might conjugate with other biologically active
molecules to form a corona (especially a protein corona) when applied in vivo. To prevent
this, Farkas’ group[79] applied dual surface-modification of the capsid; they first modified
the phage surface with desired signaling peptides, and then chemically capped all the
remaining free sites with polyethylene glycol and Cu. By this dual modification the MS2
capsid nanocarrier could more efficiently deliver the cargo to the targeted cells, take up by
the spleen was reduced, and no immune response was observed. Although we mentioned
that formation of a protein corona could change the fate of phage-based nanocarriers to
produce deleterious effects, however it is possible that in the future a controlled formation of
a corona with desired biological activity could be a new strategy. A surface-engineered
phage-based nanocarrier possessing a peptide with a high affinity to apolipoproteins was
developed by a phage display strategy, that could recruit a lipoprotein-based protein corona
as an agent for crossing the blood-brain barrier(BBB). It was shown that nanoparticles
possessing apolipoproteins on their surface survived in the blood circulation and could cross
the BBB[80].

4.3 Lambda bacteriophage-based nanocarriers

Lambda phage is a member of coliphage family that was discovered in 1950 by Esther
Lederberg, and possesses the ability to undergo both lysogenic and lytic life cycles[81]. The
structure of lambda phage consists of three main parts; the head or capsid, the tail and tail
nanofibers, and a dsDNA sequence as the genome encapsulated by the capsid. The lambda
genome contains 48490 bp ds-DNA and two 12 bp sticky ends at both 5" terminals[82]. The
host infection of the phage takes place by the specific interaction of the tail J protein with
the LamB protein on the £. colibacteria, and is followed by genome injection from the tail
end into the host cytoplasm[83]. The lambda phage has been widely used in molecular
genetics either as a “shuffling cloning vector” or as an efficient vehicle for specific cargo
delivery. This phage also is ideal for phage display application due to ability for vaccine
presentation and its capacity for gene delivery. Two main structural proteins of this phage
are called gpD in the capsid and gpV in the tail region. These proteins are produced in the
cytoplasm and form the procapsid, then the phage genome is encapsulated into them, and
finally the completed is released into the environment after host lysis[84—86]. The capacity
of the lambda phage to carry large nucleic acid sequences, and its unique formation of the
gpD capsid protein that can be modified with a variety of ligands, offers several applications
for this phage. The gpD protein of the lambda phage is incorporated into the icosahedral
phage head with 405-420 copies on a mature phage head as strongly protruding thimble-
shaped trivalent spikes. These are promising for multiple tag expression by being attached to
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different chemical or biological ligands to improve the specificity of cellular uptake, reduce
the unwanted immune responses and improve the pharmacokinetics of lambda
nanoparticles[87]. Chang at al.[88]introduced the lambda capsid as a designed nanoparticle,
and incorporated a variety of synthetic moieties and genetically integrated peptides, that
were simultaneously displayed on the phage surface.

The first application of lambda phage as a cloning vector took place in the 1980s when
Okayama transduced lambda packaged with cDNA into mammalian cells[89]. Gene therapy
by lambda phage began with the work of Merril et al[90] in 1971 in which the gene for
galactose transferase was delivered into human fibroblast cells isolated from a child with a
deficiency in the galactose transferase enzyme. Thereafter, Lankes et al.[91]displayed an
integrin-binding peptide on the lambda phage and transferred genes into dendritic cells in
vivo to express luciferase. This experiment expanded the application of lambda phage by
providing real time visualization of gene delivery. Additionally, using the integrin-binding
peptide led to internalization of the phage through pinocytosis, and prevented fusion of the
phage with the mammalian cell membrane[92]. Sapinoro et al. [93] suggested an antibody-
dependent enhancement (ADE) method to increase the transformation of phage-
encapsulated genetic material into the targeted cells that were recognized by the antibody.
Although this method increased gene expression, it would require pre-immunization and
also needs the presence of the specific receptor on the targeted cells.

Further studies that led to the development of Cre-loxP a method for site-specific
recombination, that could be used to facilitate peptide expression on the surface of gpD[94].
The high potential of lambda phage to allow multiple numbers of the same antigen on the
surface makes it a more efficient candidate for vaccine production compared to low antigen-
displaying phage[94]. Clark and Marck[95] demonstrated the immune stimulation ability of
lambda phage delivered via the oral administration route. They cloned the V-antigen of
Yersinia pestis into the phage genome, and reported a higher immune response after
absorption in the oral mucosa. Ghaemi et al[96] encapsulated the gene for GFP and the E7
gene of human papilloma virus (HPV) into the lambda-ZAP-CMV vector to enhance anti-
tumor immune response against HPV-expressing cancers. Dual modification of lambda
phage for targeted delivery of genes of interest to the immune system is a promising method
for combating various diseases. The surface of the lambda phage displays specific ligands
and the capsid encapsulates the selected gene sequence that is protected from degradation by
enzymes[97]. Thoma et al[98] also confirmed that this strategy could produce higher
immune response in the absence of any adjuvant and at physiological pH. Recently, Pavoni
et al[29]introduced a new strategy for modification of lambda phage. They modified gpD
with a targeting moiety and gpV with GFP, while the capsid could still carry a therapeutic
agent or a gene such as alkaline phosphatase.

4.4 T bacteriophage-based nano carrier

The T family of the £. coliinfecting bacteriophages has been divided into seven types based
on their morphological and genetic properties. Both T-even and T-odd phages possess lytic
life cycles and incorporate ds-DNA. These members are Type 1 (T1), Type 2 (T2), Type 3
(T3) and so on, in which T2, T4 and T6 have similar structures and T3 and T7 are shorter in
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size. T-even phages have been used in studies in fundamental biology and (as mentioned
above) T2 phage was used by Hershey and Chase in 1952, to show that genetic materials
were the only requirement for phage replication[99]. Among all types of T phages, T4 and
T4 like phages are more useful as a cargo delivery vehicle due to their comparatively larger
size with a high capacity for gene integration, the presence of 105 functional groups in
capsid proteins on the surface, that can be used for modification, or for efficient peptide
display[100]. The most useful member of the T-odd phages for delivery systems, is T7 that
was discovered in 1945. T7 possesses an icosahedral head with 55 nm diameter and a tail 19
nm long, with two main capsid proteins including 10A and 10B that encapsulate a 40 kbp
genome sequence coding for 55 proteins. In optimal conditions, each T7 phage reproduces
within 11 minutes and produces about 1013 progenitors in 1 hour of replication cycle[101].
The T7 promoter sequence has been widely used in molecular biology studies owing to its
high affinity for the T7 RNA polymerase and resulting good expression levels[102].

The high replication rate of T7 means it is an efficient agent to control bacterial infections.
Moreover, the titer of phage increases only in the presence of its host bacterial cells, and
therefore provides a self-limiting system to control infections. Lu’s group[103] modified the
T7 genome with a biofilm-degrading enzyme to digest the exopolysaccharide components of
bacterial biofilm. The lysozyme enzyme of T4 phage and the lytic transglycosylase enzymes
of T7 also can destroy the peptidoglycan in bacterial cell walls, and have the potential to be
used as antimicrobial agents. Despite the above-mentioned advantages, phages might also
have some limitation when applied in clinical situations. Phage attack may change the
normal balance of the population of commensal bacteria, and in the case of the high degrees
of bacterial disruption, toxic compounds derived from bacteria (such as LPS and
enterotoxin) can be released into the body[104]. Vascular endothelial growth factor (VEGF)
is one of the basic compounds implicated in cancer progression, and its expression on the
surface of T7 phage could break immunologic tolerance to this protein, and thereby reduce
the invasion of Lewis lung cancer cells[105]. One of the critical challenges in drug delivery
systems is targeting of therapeutic cargos into the liver. Although these therapeutics can be
administered by injection, their recognition by Kupffer cells (that are also found in the liver)
might stimulate an undesirable immune response. The labeling of the tail fiber protein (P17)
of T7 phage with the asialoglycoprotein receptor (ASGPr) could guarantee the delivery of
the cargo into hepatocytes. Wong et al[106]. reported that adding a targeting ligand
composed of 33 amino acids to P17 could transfer cargos including siRNA, liposomes, and
DNA polyplexes into hepatocytes.

T4 phage is a comparatively large particle, 90 nm wide and 200 nm long, with an
icosahedral head that encapsulates the genome, a hollow structural tail to transfer the
genome, and tail nanofibers for specific recognition of receptors on the host surface. The
genome of T4 phage encodes 289 proteins coded by 169 kbp ds DNA[107, 108]. The T4
capsid proteins are divided into two main categories, including major essential capsid
proteins, gp23 which forms the hexagonal capsid lattice gp24 which forms pentamers at 11
of the 12 vertices, and gp20, which forms the unique dodecameric portal vertex through
which DNA enters during packaging. There is also a non-essential capsid protein, called
highly immunogenic outer capsid protein (Hoc) and a small outer capsid protein (Soc)[109,
110]. The interaction of T4 phage with the mammalian cell surface takes place as a result of
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interaction between the integrin-binding site (KGD) of the gp 24 and integrins on the cell
surface; therefore the tail of the phage plays no role and can be removed. Moreover deletion
of Hoc improves gp24 exposure, and increases uptake by mammalian cells[107].
Furthermore, Wu et al[111]proposed that displaying two antigenic peptides on SOC and
HOC could elevate the immune responses against a particular pathogen. T4 phages do not
contain normal cytosine, but replace it with hydroxymethyl-cytosine to protect the phage
genome from degradation by endonucleases, and further modification by attachment of
glycosides occurs[112].

The DNA packaging mechanism of the T4 phage is very rapid and powerful (up to ~2000
bp/Sec) and can display more than 1000 molecules on the capsid surface. Tao et al.
suggested the DNA packaging mechanism of T4 phage would be a good strategy for gene
delivery for combating cancer and infections such as HIV and TB. The existence of two
envelope proteins on the surface of the T4 head also allows its utilization in vaccine
applications[113]. The basic principles of this application are depicted in Figure 4. The
enzymes of T4 phage such as polynucleotide kinase and ligase are used in the assembly of
other phage carriers such as those based on lambda phage[114, 115].

Ren et al.[116] found that displaying the appropriate peptide on the T4 capsid could
stimulate an immune response. They, previously had shown that the separate respective
genetic modification of SOC and HOC with the polyprotein and proteinase of foot-and-
mouth disease virus (FMDV) produced 100% immunogenicity compared to the wild type of
T4[117]. Next, they recombined the Fms-like tyrosine kinase 4 gene into the T4 phage and
stimulated an immune response against Lewis lung carcinoma, although this intervention
was not actually able to inhibit the tumor growth, but it could prevent its metastasis. They
went on to display murine VEGF receptor 2 (MVEGFR2) and generated T4-mVEGFR2 as a
new vaccine vector, and reported that this specific immunotherapy completely inhibited
tumor growth and increased the survival time of the experimental animals[118]. Further
studies have shown that application of T4 phage could trigger an immune response against
infectious bacteria. Tao et al[113]. genetically modified the T4 capsid with the F1-V protein
of Y. pestis and targeted it to dendritic cells to induce antibody-dependent immune
protection. Production of synthetic proteins with desired motifs could be a promising
strategy for drug delivery systems, but the presence of the p-helical configuration has limited
this strategy. Yokoi et al. suggested[119] that the baseplate protein (gp5) assembly system of
T4 could be a suitable method to solve this obstacle. They determined that the C-terminus of
the triple B-helix gp5 ((gp5C) 3) was the most rigid area of the baseplate and generated a
nanotube-shaped structural template in which different classes of expressed protein could be
aligned.

5. Hybrid bacteriophage based nanomaterials

Several organic and inorganic materials have been tested for construction of nanocarriers
and many ligands have been introduced to target them towards particular cells and
tissues[120-123]. A combination of organic structures with inorganic compounds can
generate a hybrid vehicle which is another approach in drug delivery systems.
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Bacteriophages are a multivalent versatile platform that can be modified by combination
with different moieties to form synthetic hybrid bacteriophage-based nanocarriers.

Although phages have a large capacity for integration of external genetic material, they are
not able to broadly compete with mammalian viruses, due to the lack of inherent
mechanisms for recognition and cargo delivery into mammalian cells[124]. Genes coding
for the capsid proteins can be modified to ultimately lead to generation of hybrid peptide
libraries. These hybrid phages have been widely used as an adjuvant-free vaccine to
stimulate both cellular and humoral immunity[125, 126]. Recently, Wang et al[127]
displayed the SLAQVKYTSASSI peptide as a targeting agent for Th cells on the surface of
hybrid phages containing the recombinant protein called “secreted aspartic proteins “(Saps)
to trigger efficient immune-protection against Candida albicans. The monodispersity of the
phage coat protein would be an ideal advantage for hybrid preparation via the phage self-
assembly process. Filamentous phages with their rod-shaped structure have been extensively
studied as a liquid crystal model system; factors such as the ionic strength of the solution,
the concentration of phages, and application of external force have encouraged the formation
the liquid crystal phase[28, 128, 129].The introduction of inorganic materials onto the
surface of phages displaying ligands, imparts novel properties to the phage carriers. Previous
studies have shown that phages displaying peptides are able to recognize the specific
topography of semiconductor substrates, and can also distinguish differences between amine
groups and hydroxyl groups of a surface. Moreover, some particular amino acids can
influence the interaction between the phage surface and inorganic molecules. For example
ala-nine may play an important role in this reaction, and the aromatic ring of tryptophan
residues can bind to graphite, and help the attachment of carbon nanotubes[130]. Ghosh et
al.[131] conjugated fluorescent-labeled single wall carbon nanotubes (SWCNT) to the
surface of engineered M13 phage that displayed peptides specific for prostate cancer to
generate a deep-tissue diagnostic imaging agent. This M13-SWCNT phage had four times
higher accumulations in the target tumor and provided clearer fluorescent images of the
tumor site. This carrier is depicted in Figure 5.

Conventional methods for constructing hybrid bio-inorganic nanostructures include
directional freezing[132], polymer-templating[133], bio-templating[134], and
electrospinning. He’s group[135] proposed a new strategy based on self-assembly of M13
phage by using hydroxyapatite (HAP) as an inorganic precursor and the phage as a model
bio-fiber. First, they displayed negatively charged E8 peptide on the pVIII protein to produce
an anionic nanofiber, and then allowed cationic ions, such as Ca?*, to electrostatically
interact with the nanofiber, and finally added anionic compounds such as PO~ to produce
nanofiber bundles that aggregated to form HAP-coated fibers. Gold nanoparticles (GNP)
have been applied as a component in a phage assembly due to its unique plasmon resonance
properties. A combination of positively charged GNPs with the highly negatively charged
phage surface through electrostatic interaction generated a highly ordered scaffold for
biomedical application[136].

Hajitou et al.[137] combined an adeno-associated virus (AAV) with M13 phage to generate a
new hybrid virus that had a mammalian virus packaging system and a phage envelope to
prevent tropism in resulting vector. This virus was genetically modified by displaying
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CDCRGDCEFC (called RGD-4C) peptide to target cancer cells. Recently, Yata’s group[18]
modified the M13 phage with the RGD4C-ligand (an integrin receptor) and encapsulated the
luciferase gene. The whole vector was then covered by two cationic polymers, poly-D-lysine
and DEAE-DEX. They reported that the positive charge the polymers produced on the phage
surface, increased the particle size, and thus enhanced the phage interaction with the target
surface, and subsequently enhanced endosomal escape of the particle. The same
hybridization strategy was also used by Dasa’s group[138], where they genetically modified
T7 phage with the RGD-4C peptide at the C-terminus of the phage capsid and a
polyhistidine (6His) motif at the extra GGGS arm for binding copper ions. The chemical
attachment of copper-64 PET isotope to the resulting phage enhanced the specific binding of
this nanocarrier to MCF-7 cancer cells as well as allowed PET imaging of the carrier site.
Then they converted copper ions into copper metal on the phage surface to enhance the
stability and specificity of the carrier. Phage-based hybrid carriers have other advantages.
They can increase the solubility of poorly-water soluble drugs by attachment of appropriate
moieties to the phage surface that can dissolve and sequester drug molecules. These hybrids
can be designed to have better stability under environmental conditions such as pH and
temperature. Hybrid phages can be rapidly produced both in vitro and in vivo conditions[71]
and they are able to transfer multiple cargoes into either multiple separate targets, or
alternatively to different regions on the same target[139]. On the other hand, hybrid phages
might have hazardous properties due to their high versatility and multivalent reactivity[77].
These phages could stimulate both cellular and humeral immune responses which might
remain active for a longer time[113].

6. Targeting using phage-based nanoparticles

Targeting modalities provide several advantages including: (1) reduced side-effects
increasing specificity for the target; 2) need for decreased amounts of therapeutic agents; 3)
can be used for a range of various drugs with different pharmaceutical properties[77].
Targeting of nanocarriers is influenced by their specific properties such as size, shape,
composition, surface charge, structure, and physiological characteristics. Viruses have a
significant ability to recognize their cognate cell receptors, and deliver their payload of
genes or drugs into the target cells. In addition to their inexpensive production, they offer
versatile surface functionality through genetic engineering and tailoring their coat proteins.
Their specific tropism for their host cells, the combination of genetic and proteomic
information in one structure, and their potential utilization in recombinant technology makes
them an ideal candidate for targeted delivery systems[129]

The tunable surface functionality of phages and their comparatively good safety profile have
led to phages being more often considered as nanocarriers compared to other viral and
polymeric carriers[129, 140]. Phage targeting methods can be divided into two main
categories, passive targeting, and active targeting. In passive targeting, nanoparticles avoid
the immune systems by their nano-size, and accumulate in tissues due to the leaky
vasculature found in sites of inflammation and tumors. Some phage based delivery systems
have intrinsic passive targeting ability due to prolonged circulation times and ability to
escape clearance by the reticuloendothelial system (RES)[140]. In addition, the enhanced
permeability and retention effect (EPR) allows them to preferentially accumulate in
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tumors[141-143]. Two strains of long-circulating lambda phage, Argo 1 and Argo 2, showed
a high capacity to escape the RES and a long circulation half-life[144], resulting in higher
accumulation at pathological sites. The long circulation time was provided by the amino acid
residues displayed on the major head protein E exposed on the phage surface. These results
highlighted the importance of the capsid protein; alteration of the capsid reduces the rapid
clearance of phage particles by the host defense. Similarly, mammalian viruses and dsSDNA
phages have demonstrated similar results with various levels of DNA encapsulation,
different structural capsid proteins and packaging proteins[145, 146]. All drug delivery
systems that have been marketed up to the present date, are based on passive targeting;
however this approaches suffers from limitations such as poor specificty and potential
induction of multiple-drug resistance (MDR)[143, 147]. On the other hand, active targeting
uses surface ligands to mediate specific molecular recognition with motifs expressed on the
target cells or tissues. Specific binding may improve the accumulation of drugs and the cell
uptake, thereby, reducing side-effects[142, 143]. Different surface ligands can be used for
active targeting such as folate (vitamin), transferrin (protein), aptamers (RNA), antibodies
and peptides. Moreover, insertion of DNA sequences by recombinant DNA technology
producing peptide libraries is now used for enhanced active targeting of phage
nanocarriers[129, 140].

Several extrinsic and intrinsic mechanisms have been used for active targeting of phages. In
extrinsic mechanisms, gene insertions and additional modification with chemical moieties
are used for enhancement of the targeting properties of the carriers. By contrast, the intrinsic
mechanism uses the inherent recognition ability properties of phages for specific proteins on
their host cell. Different chemical compounds can be used for surface modification, and
amino acids with reactive side chains (such as glutamate, aspartate, cysteine and lysine) are
used to attach surface modifications, for conjugation of drugs, peptides, antibodies,
carbohydrates and oligonucleotides, with the help of different chemical linkers[148].
Chemical modification methods have been used variously for phage-based delivery systems,
as it is considered a straightforward strategy, with potential application using a wide range of
different chemical moieties[149]. Table 2 summarizes the applications of chemical
modification of phage-based delivery systems in recent years.

Depending on the target cell/tissue, suitable ligand can be utilized. For example, different
cancer tissues have over-expressed markers and antigens that can be targeted by using
appropriate antibodies[143]. Application of peptides as a targeting agent is another efficient
way, especially in intracellular targeting strategies[147]. Inexpensive chemical synthesis of
short peptides, their possibility for large scale production, small size and non-
immunogenicity make them advantageous compared to other ligands such as antibodies and
proteins[122]. For example conjugation of human immunodeficiency virus-1 (HIV-1)
derived Tat peptide to MS2 phage by using sulfosuccinimidyl-4-(p-maleimidophenyl)-
butyrate (sulfo-SMPB) cross-linker allowed RNA delivery into Huh-7 cells that effectively
inhibited HCV translation[74].

As noted earlier, phage-based nanocarriers have genetic flexibility that can be used for
different surface modification. The genomic flexibility of phages makes them appropriate
choices for genetic modification to display targeting ligands in the proteins that compose the
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phage surface, and these ligands can direct the carrier to the desired cells via binding to
specific receptors. Genetic engineering and the resulting modified proteins can be used for
different applications including peptide-based affinity tags, reactive handles for
bioconjugation, as targeting peptides, and as stimulators of immune response[148]. For
example a study used recombinant DNA technology to engineer the F88.4 phage to express
cyclic-RGD (cRGD) peptides[154]. Enhanced internalization into HeLa cells was reported
using this structure, in comparison with the linear RGD-modified M13 phages. In addition,
treatment of autoimmune encephalomyelitis using the immunodominant epitope of myelin
oligodendrocyte glycoprotein expressed in a filamentous phage[62], and targeting of A549
cells through deletion of the Hoc and Soc capsid proteins in T4 phage[54] have been
reported using this method. Table 3 summarizes some peptides that have been obtained from
phage-display libraries that recognize various targets.

Many studies have investigated liposomal nanocarriers with phage display techniques for
enhanced targeting[165-167]. A study was conducted for in vivo assessment of the anti-
tumor activity of MCF-7-specific phage fusion protein-modified liposomal doxorubicin
(Doxil)[168]. Enhanced tumor accumulation of “Phage-Doxil” and high anticancer activity
with low side-effects was reported in tumor-bearing treated mice (Figure 6). Some other
hybrid nanocarriers and their applications for targeting of different cells/organs, especially
cancer tissues are summarized in Table 4.

7. Applications of targeted phage-based nanocarriers

Phage therapy has been used as a treatment for various bacterial infections since the 1930s.
However the discovery of antibiotics in the 1940s was a major setback for phage therapy.
However since the emergence of multi-antibiotic resistance as a world-wide problem, phage
therapy may finally be starting to stage a comeback. Three important issues regarding the
use of phages as an antimicrobial therapy (phage therapy) need to be commented upon. The
first issue is the emergence of drug-resistant bacterial clones. This could be restricted using
antibiotiaprobiotic bacteria categorized as safe and beneficial in humans. The safety of
pharmaceutical preparations of bacteriophages is also an important issue. Purification
techniques have greatly improved in recent years, and standard operating procedures may be
developed, improving the homogeneity and quality control of these preparations[5, 171-
174]. Some pharmaceutical companies have tried to screen small-molecule chemical
libraries against new protein targets that are broadly conserved in clinically relevant bacterial
species. Large amounts of evidence show that this high-throughput screening has not been
able to make such a big effect in the anti-bacterial drug discovery pipeline as was first
expected. By contrast high-throughput screening (HTS) efforts in other therapeutic areas,
usually yield numerous leads for each screen carried out[175, 176]. There are two major
problems with target selection using HTS antibacterial screens: the limitation of chemical
variety in currently utilized compound libraries; and targets that are susceptible to fast
development of resistance when new drugs are isolated. Anti-bacterial drugs existing in the
pharmaceutical market seemingly do not follow Lipinski’s rule of five, which explains drug-
like structure of chemical compounds through solubility, hydrophobicity, and permeability
features[177, 178]. Moreover the restricted return on investment and the long timelines
required for drug development have rendered antibacterial HTS efforts less tempting for
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pharmaceutical companies,. However progress in small-molecule libraries could make HTS
more productive and economic[179-182]. The development of techniques based on phages
may have an impact on antibacterial drug discovery[183, 184]. The major problem of
antibiotic resistance has been aggravated by constantly using new drugs that are simply
variants of older, timeworn wide-spectrum antibiotics. Antimicrobial agents which are
commercially available target only a few families of bacterial proteins, while genome-wide
studies have found that bacteria need in fact encode ten times more essential proteins,
especially for in vivo growth, and to maximize pathogenesis and virulence[185-189].
Consequently, it is highly likely that there are a lot of unexploited targets for antibacterial
drug discovery. A favorable outcome depends on choosing targets with the highest potential
for commercial success[190]. Historically, many researchers have studied the applications of
bacteriophage therapy for the treatment of resistant bacterial infections. In this context
bacteriophages have numerous advantages over the traditional antibiotic treatments, such as
reduced side-effects and enhanced bacterial targeting[191]. Traditional phage therapy is
based on lytic bacteriophages that lead to rupture of the the bacterial cell membrane, and as
a result cause cell death. This strategy may cause side-effects through the release of
endotoxins into the circulation[103]. Phagemids are a recent concept that employs
bacteriophage proteins and selective packaging of a totally synthetic plasmid. This approach
offers advantages over standard bacteriophage therapies with less risk of side-effects and
high throughput delivery and expression[191]. For example Krom et al. designed a M13
bacteriophage-based modular bacterial phagemid system that expressed various nonlytic
antimicrobial peptides (AMPs) and also toxic proteins[191]. The engineered system had two
plasmids, one for desired antibacterial genes and the phagemid helper system. Rapid, non-
lytic bacterial cell death was found both in vitro and in vivo, and high efficacy was reported
using this system against £. coli.

Broxmeyer and coworkers investigated the efficacy of phage treatment against an
intracellular human pathogen using a mouse model[192]. The work verified the ability of a
myco-bacteriophage developed with the aid of a nonvirulent mycobacterium species, to kill
Mycobacterium tuberculosis and M. avium(both common diseases in sufferers from AIDS).
Vacuoles were developed inside macrophages to contain the phage, and they found that
treatment of M. avium-infected (and to an even greater extent) M. tuberculosis-infected cells
with the phage led to decreased bacterial numbers. They concluded that infecting
macrophages with both M. aviumand M. smegmatis resulted in fusion of the vacuoles
containing the two bacteria, which in turn led to delivery of the phage to the target bacteria.

Phages can act as gene delivery carriers in gene therapy applications[87, 193-196]. The
motivation of utilizing phages for targeted gene delivery is similar to that of applying phages
for delivery of DNA vaccines in which the capsid coat preserves the inner DNA from
degradation. Phages are able to display foreign proteins on their surfaces to enable them to
target specific cell types which is needed for successful gene therapy[197, 198]. Artificial
covalent conjugation combined with phage display are used to display targeting molecules
on the surfaces of phages[199-202]. The use of phages, displaying sequences like fibroblast
growth factor (FGF)-derived peptides have been proposed to the target cells having the
suitable receptors[87, 122, 203, 204]. Increasing the uptake and endosomal release of phages
can be accomplished with protein sequences like the “penton base of adenovirus” which
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facilitates entry and endosomal release[122, 140, 160, 205].Larocca and coworkers were
pioneer to demonstrate that FGF2-targeted filamentous phages were able to mediate
transient and stable transduction of FGF receptor-positive mammalian cells[199]. They used
phagemids with a cytomegalovirus driven reporter gene that were packaged with the helper
phage M13KO?7, and were targeted to cell surface-bound receptors making use of avidin-
biotin-linked FGF2. This approach for targeted and phage-mediated transduction required
FGF2 targeting and was phage concentration-dependent; however the overall transduction
efficiency was low.

Researchers have proposed that the number of targeting ligands displayed on the phage
particles could dictate the efficiency of cell-surface binding and of internalization[201, 206—
208]. Multivalent display of targeting-molecules is said to facilitate both high-avidity
binding and receptor-dimerization, by making available a multi-valent interaction between
the phages and the cells, and in turn triggering internalization. Transduction efficiencies on
the scale of 8% were found for human prostate carcinoma cells that were targeted by a
display of EGF[208]. Because most cells seem to internalize phages fairly well, some groups
have proposed that the transduction frequency remains limited by post-uptake events.
Recently another approach has been tested. It was known that genotoxic interventions
(camptothecin or UV irradiation) to cancer cells can increase the transduction efficiency of
single-stranded adeno-associated virus. This approach was also investigated to increase
phagemid-mediated transduction of mammalian cells[201, 209]. Inhibition of topoisomerase
I increased EGF-targeted phage transduction in each of the cell lines examined and in
prostate tumor xenografts.

The use of polymeric nanoparticles to deliver various therapeutic cargos has limitations with
regard to the need for multiple synthetic and purification steps, and difficulties in designing
the precise size, shape, composition, and rigidity of the carrier[55] Genetically-engineered
nanoparticles may be solutions for these limitations with a well-defined set of external
ligands for better targeting. Furthermore, delivery of multiple protein cargos can be achieved
by these phage-based nanocarriers [55]. For example a study engineered M13 phage to
display a prostate cancer cell-penetrating peptide (Ypep2) in plll and a biotin-acceptor
peptide on pIX and horseradish peroxidase [HRP] as a reported molecule. By using £. coli
biotin ligase, conjugation of the protein cargo with the phage was obtained. Enhanced
delivery of the protein payload to PC-3 cells and significant cell death was reported using
this nanocarrier (Figure 7).Debadyuti Ghosh et al. redesigned the M13 genome with
overlapping of the end of gene VII and the beginning of gene IX [54]. They attached DOX
to pVII. plll displayed the peptides and pIX was biotinylated and loaded with a fluorophore
for simultaneous in vitro imaging and killing of prostate cancer cells.

Some clinical studies on phage therapy in humans have been reported with the most coming
from centers in Eastern Europe and the former Soviet Union[4]. A serious study evaluating
the use of therapeutic phages for prophylaxis against infectious diseases was carried out in
Thilisi, Georgia (1963-1964) using phages against bacterial dysentery[210]. Phages have
been claimed to be successful in treating varying bacterial infections like cerebrospinal
meningitis in an infant[211], skin infections caused by Staphylococcus, Proteus,
Pseudomonas, Klebsiella, E. coli, subhepatic abscesses, recurrent subphrenic abscesses,
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Staphylococcal lung infections, P, aeruginosalung infections in cystic fibrosis patients,
neonatal sepsis, eye infections, urinary tract infections, and cancer[212-215]. Abdul-Hassan
and coworkers described the therapy of 30 cases of burn-wound-related antibiotic-resistant 2
aeruginosa infections[216]. Three times daily bandages that had been soaked with 10(10)
phages/mL were applied to the burns. About half of the cases were observed to make a full
recovery. Markoishvili and coworkers, described the use of “PhagoBioDerm”, which is a
biodegradable polymer loaded with bacteriophages, as a wound-healing and antibacterial
treatment for infected venous-stasis skin ulcers[217]. PhagoBioDerm was applied to ulcers-
that had not responded to many other treatment strategies. Complete healing of ulcers-was
reported in most of the patients. In one study, PhagoBioDerm combined with ciprofloxacin
was used in three Georgian laborers who were exposed to a strontium-90 source. Besides
systemic radiation effects, two of them developed acute local radiation burns which became
infected with S. aureus. About 30 days after the incident, therapy with PhagoBioDerm was
begun. Purulent drainage ceased in less than 7 days. The clinical improvement was
accompanied with rapid and complete removal of the S. aureus, including strains that were
resistant to ciprofloxacin [218].

7. Conclusions

Bacteriophages have led to many discoveries, and to some extent could be considered to be
one of the cornerstones of modern molecular biology. In addition to the discovery that DNA
was the sole source of heritable information, phages were used to confirm the theory of
natural selection and have provided most of the enzymes that are ubiquitously used in
laboratory protocols. Phage display technology has been used in many combinatorial and
high throughput screening approaches to drug discovery and target discovery. Phage therapy
was discovered before the advent of antibiotics, but was laid aside in the face of the biggest
advance in pharmaceutical drugs ever made, the antibacterial antibiotics, that save countless
millions of lives. With the resurgence of untreatable bacterial infections, many authorities
have suggested that phage therapy could be revisited, if certain well-known problems could
be overcome. These problems include the risk of large-scale lytic disruption of bacteria
releasing LPS and other toxins, the possibility of contamination by the bacterial hosts used
in production, and ensuring that have the correct tropism for the infecting bacteria.

However it is the use of phages as drug and gene delivery vehicles that concerns us here.
The wide adoption of the principles and techniques of nanotechnology has led to an
astonishing array of different nanocarriers that have been introduced for the controlled,
targeted, and smart-release delivery of therapeutic cargos that include drugs, imaging
reporters and genes. Phages have many advantages amongst this panoply of different kinds
of nanocarriers. The most impressive is their enormous versatility due to their ability to
express a wide range of peptides and proteins attached to their coat proteins using genetic
engineering techniques. This phage display approach can be used to attach targeting
peptides, to provide handles for chemical modification, and to allow attachment of moieties
for loading cargos. Various hybrid phages have been developed including inorganic hybrid
phages. The large capacity for introducing foreign genetic material in the phage genome has
suggested that phages could be used in gene therapy. The advantage of phages over more
conventional viral vectors would then be a greater level of safety, as phages could not
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reproduce naturally in mammalian hosts. The disadvantages of phages are as follows. They
have a high level of immunogenicity (which makes them good in vaccine applications) but
would be problematic in repeated application of a therapeutic cargo. Phages tend to have
rapid clearance by the host RES, which necessitates special measures to avoid recognition
and uptake.
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modified mge
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Figure 1.
Phage display and phage-based targeted delivery technology; A: Insertion of ligand-

encoding hybrid oligonucleotides into a gene encoding a capsid (e.g. gene I11) and
consequent display of the ligand on the surface of phage and B: targeted delivery of the
loaded genes or therapeutic compounds into the desired cells.
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Figure 2.

Genetic manipulation of M13 bacteriophage for prostate tumor targeting; A) the phage is
genetically manipulated to express prostate-specific penetrating peptide on PlII protein and
biotin acceptor protein (BAP) on PIX protein. B) Further modification of BAP by biotin-
streptavidin provides a binding site for conjugation of exogenous cargo to be transferred into

the targeted cells. Reprinted with permission from[55]. Copyright (2016) American
Chemical Society.
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exterior surface

interior surface

Figure 3.
Basic structure of MS2 nanocarriers: A) the external surface of the MS2 coat displays the

modified aminoacid p-aminophenyllalamine(paF19) and the protein on the internal phage
surface displays cysteine residues (Cys 87). B) After removing the phage genome, the Cys
87 is modified with a maleimide-conjugated porphyrin, and a Jurkat leukemia T cell-specific
DNA aptamer is attached to the paF19. After the carrier enters into the targeted cell and is
illuminated, reactive oxygen species are produced and the cancerous cells are disrupted.
(Reprinted from ref.[72] Copyright (2016) American Chemical Society).
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Figure 4.
Mechanism of gene delivery by T4 capsid-based nanoparticles. A) Initiation of DNA

packaging by aggregation of gp17; B) DNA encapsulation into the head by ATP utilization;
C) Adding the Soc proteins; D) Fusing the Hoc- targeting peptide; E) Nonspecific binding of
the nanoparticle to the cell surface; F) Receptor mediated binding to the cell surface; G) As a
result of cell binding internalization takes place; (H and I) Either the transferred gene
produces the displayed peptide such as beta-galactosidase; (K, L,M) Or DNA is transformed
in the nucleus and encodes the desired protein such as luciferase (Reprinted from ref.[113]
with permission from PNAS).
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Figure 5.

Basic properties of M13-SWCNT fluorescent-labeled nanocarrier; A) basic structure of the
imaging vector: SWCNT is embedded in the pVI1I1 structure and plll is engineered to bind to
prostate cancer; B) UV-absorption spectra at different wavelengths; C) comparison of PL
excitation of M13-SWNTs in sodium cholate (SC) and phosphate-buffer saline (PBS); D)
stability test of SWNTSs in serum(Reprinted from ref.[54] Copyright (2016) American
Chemical Society).
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Figure 6.

Efficient activity of MCF-7-targeted “Phage-Doxil”. A) Fluorescence images of tumor
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accumulation of DOX (Red fluorescence). (Blue fluorescence: DAPI-stained nuclei). B)
Antitumor activity of Doxil with MR images of tumors in different groups (Doxil, non-
targeted Phage-Doxil and MCF-7 targeted Phage-Doxil). C) Antitumor activity images of

tumor sections with H & E staining. Necrotic cells (N) and viable cells (V) showing

eosinophilic cytosol (pink) accompanied by hematoxylin stained nuclei (blue) (Reproduced

from ref. [168] with permission from ELSEVIER).
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Figure 7.
A) Delivery of horseradish peroxidase (HRP) to prostate cancer cells. 1) no treatment; 2) 50

x 10% 3) 10 x 10%; 4) 5 x 10%; 5) 1 x 10° Ypep2(p3)/SAVHRP(p9) or SPARC binding
peptide (SBP)(p3)/SAV-HRP(p9) pfu/mL phage; 6) ~1.6nM recombinant SAV-HRP. (B)
Quantitative demonstration of image (A) results (SAV-HRP: streptavidin- horseradish
peroxidase) (Reprinted from ref. [55] with permission from American Chemical Society).
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Table 2

Chemical modification of phage-based nanocarriers.
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Cargo Nanocarrier Chemical agent Target Ref
Green fluorescent protein [GFP] encoding Phage lambda Human holotransferrin | Human 293T cell line [149]
gene

Fluorescence dye HK97 phages Transferrin Hela and HT-29 tumor cells [150]
Nanoparticles, chemotherapeutic drugs, siRNA | MS2 SP94 peptide Human hepatocellular carcinoma | [71]
cocktails, and protein

Doxorubicin [DOX] M13-polymer hybrid | Folate KB cells [151]
Fluorophore Phage lambda Transferrin HeLa cells [152]
GFP expression cassette M13 Transferrin Human AGS cell line [153]
Fluorescent dye MS2 Aptamer Jurkat T cells [69]
Photodynamic agents MS2 Aptamer Jurkat T cells [72]
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Table 3

Some examples of targeting peptides obtained from phage libraries and used to target various cargos.
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Cargo Carrier Peptide Target Ref

DOX Liposomes HSYWLRS Neuroblastoma [155]
ALAAHKL

Coumarin 6 Poly [ethyleneglycol]-poly [lactic- TGNYKALHPHNG Brain [118]

coglycolic acid] [PEG-PLGA]
nanoparticles
Anticancer drugs | M13 ETAPLSTMLSPY Gastric cancer [156]
multidrug resistant cells

- Phage Clone CTSTSAPYC Brain [157]

SiRNA Liposome-phage hybrid DMPGTVLP Breast cancer [158]

miR-145 Polyethylenimine [PEI] polymer CRIMRILRILKLAR Breast cancer [159]
RIMRILRILKLARC

miR-145 Polyethylenimine [PEI] polymer CRIMRILRILKLAR Breast cancer [159]
RIMRILRILKLARC

GAPDH siRNA Phage-like nanoparticles/Nanophage | VEEGGYIAA Breast cancer [160]
DWRGDSMDS

VEGF siR-NA Poly [cystaminebisacrylamide- WLSEAGPVVTVR Cardiomyocyte [161]

and SHP1 and diaminohexane, CBA-DAH] ALRGTGSW

Fas siRNA polymer

BH4 Liposome GSPREYTSYMPH Atheroprone vasculature | [36]

- M13 -CVNHPAFAC-HTMYYHHYQHHL-NH, Melanoma [162]
CVNHPAFAC-GYGHT-MYYHHYQHHL-NH,

miR-92a Polyelectrolyte complex micelles VHPKQHR Endothelial cells [163]

Docetaxel Docetaxel nanoparticles LPLTPLP Non-small cell lung [164]

cancer
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Table 4
Phage-based targeting using hybrid nanocarriers.

Nanoparticle Cargo Phage/peptide Target Ref

Poly[e-caprolactone] 5-fluorouracil | Gene E from the phage | Colon cancer [150]
Liposomes - Filamentous phages Breast cancer [148]
Liposomes - DMPGTVLP MCEF-7 cancer cell [151]
Poly[caprolactone-b-2-vinylpyridine] | DOX M13 KB cancer cells [126]
Liposome SiRNA DMPGTVLP MCEF-7 cancer cells [139]
Liposomes DOX VPEGAFSS PC3 prostate cancer cells | [147]
PEG-PLGA nanoparticles Coumarin 6 TGNYKALHPHNG Brain [148]
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