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ARTICLE INFO ABSTRACT

Keywords: Bacteriophages (phages) are nanostructured viruses with highly selective antibacterial properties that have gained
Bacteriophages attention beyond eliminating bacteria. Specifically, M13 phages are filamentous phages that have recently been
M13

studied in various aspects of nanomedicine due to their biological advantages and more compliant engineering
capabilities over other phages. Having nanofiber-like morphology, M13 phages can reach varied target sites and
self-assemble into multidimensional scaffolds in a relatively safe and stable way. In addition, genetic modification
of the coat proteins enables specific display of peptides and antibodies on the phages, allowing for precise and
individualized medicine. M13 phages have also been subjected to novel engineering approaches, including phage-
based bionanomaterial engineering and phage-directed nanomaterial combinations that enhance the bio-
nanomaterial properties of M13 phages. In view of these features, researchers have been able to utilize M13
phages for therapeutic applications such as drug delivery, biodetection, tissue regeneration, and targeted cancer
therapy. In particular, M13 phages have been utilized as a novel bionanomaterial for precisely mimicking natural
tissue environment in order to overcome the shortage in tissue and organ donors. Hence, in this review, we
address the recent studies and advances of using M13 phages in the field of nanomedicine as therapeutic agents
based upon their characteristics as novel bionanomaterial with biomolecules displayed. This paper also empha-
sizes the novel engineering approach that enhances M13 phage's bionanomaterial capabilities. Current limitations
and future approaches are also discussed to provide insight in further progress for M13 phage-based clinical
applications.

Phage display
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1. Introduction

Bacteriophages, or phages, are primarily nano-structured (one geo-
metric dimension less than 100 nm) viruses that naturally infect bacteria
[1]. Phages have recently made a comeback to the forefront of medicine
following a rise in antibiotic-resistant bacteria that pose a serious health
threat to individuals and place a heavy burden on the healthcare system
[2-4]. While phages are well known for their role as antibiotic alterna-
tives, their use as bionanomaterials has many potential applications.
Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), a recent
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pandemic virus, has become one of the largest public health and eco-
nomic crises in present time due to its rapid spread. Along with vaccines
and medicines, researchers have suggested the use of multivalent nano-
materials, such as multivalent phage-based motif displaying viral mim-
otopes of SARS-CoV-2 spike proteins. These materials can bind with
receptors of human cells and provide better understanding of the
mechanism of viral infection, including potential algorithms for ongoing
virus evolution [5].

The advancement of phage-based bionanomaterials is made possible
by the convergence of biological and material science enabled by phage

E-mail addresses: huangrulin@sjtu.edu.cn (R.-L. Huang), gingtianli@sjtu.edu.cn (Q. Li), yzhzhu@sjtu.edu.cn, yzhzhu@hotmail.com (Y. Zhu).

https://doi.org/10.1016/j.mtbio.2023.100612

Received 27 January 2023; Received in revised form 12 March 2023; Accepted 15 March 2023

Available online 24 March 2023

2590-0064/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


mailto:huangrulin@sjtu.edu.cn
mailto:qingtianli@sjtu.edu.cn
mailto:yzhzhu@sjtu.edu.cn
mailto:yzhzhu@hotmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtbio.2023.100612&domain=pdf
www.sciencedirect.com/science/journal/25900064
www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2023.100612
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.mtbio.2023.100612

C. Chang et al.

display technology, a Nobel-prize winning discovery first introduced by
George Smith in 1985 [6]. Phage display involves insertion of foreign
peptide sequences into the phage coat protein gene, which results in
external display of the peptide for the corresponding sequences. By using
phages' mutability and replication, billions of phage clones each dis-
playing unique peptides could be created for peptide libraries, allowing
affinity selection of receptors and enzymes for therapeutic use [7-9].
Among different types of phages, filamentous phage, especially M13

phage, is the most commonly used vector for display and bio-

nanomaterial production [10,11]. Originally discovered and isolated

from Escherichia coli (E. coli) in 1963, M13 phage has been discovered to

offer a desirable capsid protein site for peptide display due to their wide
range of compatibility and ability to display multiple peptides on one
single phage for multifunctional nanomaterials, making them attractive
for present-day biomedical applications [9,12].

Unlike the lytic tailed phages of the Caudovirales (T1, T4, T7, etc.)
seen often in phage therapy, M13 phage is a lysogenic phage that es-
tablishes chronic infection in its host and generates new phages without
lytic disruption. M13 phage, alongside other filamentous phages such as
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fd and f1 phage, belongs to the Inoviridae family and is characterized by
its semi-flexible nanofiber-like shape capable of self-assembling into
different ordered structures according to its environment [13-15]. While
nuclear magnetic resonance spectroscopy revealed that both M13 and fd
phage possess very conserved and stable structures suitable for with-
standing harsh conditions, M13 phage shows slightly higher rigidity
[16]. Considering these characteristics, M13 phage has been exploited as
a preferred resource for bionanomaterial across different fields from
therapeutic to energy production [7,17,18].

Notably, as depicted in Fig. 1, recent advances in phage display and
bionanomaterial fabrication have allowed M13 phage to be used in a
variety of clinical applications, including: 1) drug and gene delivery
system. 2) biomedical sensor. 3) tissue regeneration, and 4) targeted
cancer therapy [14,19-22]. This review focuses on collecting current
research on such medical applications and discussing in depth how bio-
nanomaterial using M13 phage may aid in improving clinical diagnosis
and treatment going forward. As previous insightful reviews have
addressed the use of phages as genetically modifiable biomaterial for
nanomedicine [9,23-25], this review gives an updated summary of the
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Fig. 1. Overview of M13 phage for clinical applications in drug delivery, biosensor, tissue regeneration, and targeted cancer therapy.
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use of M13 phage, covers a broader range of diseases, and highlights
recent advances in tissue regeneration using M13 phage and associated
stem cell therapy for improving the recovery of tissue damage. Moreover,
this paper emphasizes the novel engineering approach, particularly the
phage-based bionanomaterial engineering and phage-directed nano-
material combination that enhances M13 phage's bionanomaterial ca-
pabilities. Ultimately, this review provides a comprehensive overview of
M13 phage research in clinical settings and discusses its significance and
future potential in nanomedicine research.

2. Biology of M13 phage as bionanomaterials

This section presents the advantages of M13 phage as a template for
nanomaterial synthesis by describing its structure and phage life cycle.

2.1. Structure and feature of M13 phage

M13 phage is a filamentous virus with inherent structural advantages
for forming complex nanostructures. Approximately 900 nm long and 6
nm wide, M13 phage is a linear nanostructure with a long-rod shape and
monodispersed arrangement that could self-assemble in response to
external stimuli [15,26] (Fig. 2). When rod-shaped structures collectively
self-assemble, they form unique hierarchical structures that reveal their
liquid crystalline characteristics. Such trait allows the fabrication of
various self-aligned two- and three-dimensional structures on the nano-
meter to centimeter scales [27,28]. The liquid-crystal like properties also
enhance phage delivery into targeted cells due to increased
ligand-receptor interactions [14]. Interestingly, the linear shape and
structure of the M13 phage allows the particle to penetrate the
blood-brain barrier (BBB), which has rigorous permeability restrictions
but is vital to overcome for delivering drugs to the nervous system in an
effective manner [22].

The M13 phage contains a single-stranded DNA genome (ssDNA) with
a length of 6407 bp comprising nine genes that encode 11 proteins [29].
Among 11 different proteins, five of them are coat proteins (proteins
located on the capsid), including ~ 2700 copies of the major coat protein
pVIII located on the side wall of the phage body, and five copies each of
the plII, pIV, pVIL, and pIX minor coat proteins located on two ends (pIII
and pVI on one end, pVII and pIX on the other end), as seen in Fig. 2 [30,
31]. pVIII (g8p) and pllI (g3p) are the most commonly exploited and
modified coat protein for peptide display due to wide range of compat-
ibility [8]. With regard to interacting with foreign molecules, the plIII
proteins are primarily responsible for biorecognition, while pVIII pro-
teins are involved in the structural assembly of phage [32]. These
different protein groups on a viral particle can be modified independently
through genetic engineering to display biochemical ligands precisely
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down to the single amino acid level (see section 3.1) [33]. The ability to
finely program viral protein functions add to the flexibility of assembling
hierarchical nanostructures. Moreover, researchers reported a low
chemical shift deviation over the entire capsid assembly, suggesting that
the capsid is a conserved and robust protective layer vital for resistance to
environmental stresses (pH, temperature, salinity condition, etc.) [16,
34].

2.2. M13 phage life cycle

Filamentous phage's primary host is Gram-negative bacteria [35]. In
particular, M13 phages has a natural affinity for bacteria that express
F-pilus (sex pilus on the F+ male cells), especially E. coli, from which the
virus can produce up to more than 1012 phage particles per milliliter
overnight [36,37]. In contrast to lytic phages, M13 phages infect bacteria
and produce progeny virions without killing the host cells [1]. The
infection begins when the minor coat protein plII binds to the F-pilus of a
bacterial cell [31]. The circular ssDNA then enters the host's cytoplasm,
where it begins to integrate into the bacterial genome through
site-specific recombination and synthesize double stranded replicative
form (RF) for further replication. RF produces linear single stranded DNA
(M13 genome) via rolling circle replication [31,38]. The proteins trans-
lated from the genome assemble into progeny phages and are extruded
from the bacterium with the 11 coat proteins neatly assembled along the
virion [30,38,39]. Although it is reported that lysogenic phages can oc-
casionally enter the lytic cycle upon stimulation by certain environ-
mental factors, M13 phages are generally benign and cause mild immune
reactions as they do not disrupt cell walls and membranes [35,40].
Furthermore, the error-free replication and the specificity of infection
further suggest M13 phages' safe use in humans [40,41].

2.3. Biological advantages

Briefly, M13 phage nanomaterials offer the following biological ad-
vantages suitable for therapeutic applications: 1) The nanoscale fiber-like
structures allow phage to self-assemble into multidimensional scaffolds,
while thin structures also provide increased ligand-receptor interactions
and versatile mobility for phage to reach target sites [14,22,41]. 2) The
ability to precisely and easily modify surface proteins, as well as display
multiple peptides at once, makes this an ideal phage display vector [42].
3) The virion capsids provide robust protection for viruses in unpre-
dictable human body environments to maintain concentration and sta-
bility during drug delivery or biopanning [16]. 4) Being one of the most
abundant biological entities, M13 phage can generate large numbers of
progeny phages upon infecting bacteria, making it an economical and
accessible source of biomedical material [13,37]. 5) By virtue of the

DNA encoding
foreign peptide 3

A\"/4

mmmmmmm  Foreign peptide 3

m

3. plll phage display 4. pVIII + plll phage display

Fig. 2. Schematic representation of the nanofibrous structure of M13 phage displaying distinct peptides on coat proteins for different display system.
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lysogenic cycle and error-free replication, M13 phage can be safely used
in vivo without damaging mammalian cells [14].

3. Engineering of M13 phage for nano-applications
3.1. Genetic engineering

3.1.1. Phage display technology

The phage display system is a genetic engineering process that in-
volves inserting foreign peptides into phage capsid proteins to enable
corresponding peptides to display during the phage assembly process [8].
M13 phages and related phages fd and fl are the most widely used
vectors in phage display [1]. In terms of phage display locations, as
mentioned earlier, the M13 phage typically display peptides at pIIl and
pVIII coat proteins, despite all five coat proteins capable of displaying
material specific peptides [8,43]. The plII protein has only five copies,
but it can insert more than 100 amino acids. The major coat protein pVIII,
on the other hand, displays thousands of copies of peptides, though
shorter in amino acid length (up to 10 amino acids) [8].

3.1.2. Construction of peptide library

In phage display technology, the first step is to assemble a phage
display library, also known as peptide library, which consists of billions
of phage clones that display unique peptide sequences based on genotype
to phenotype association [14]. This library is prepared by creating
random oligonucleotide sequences through codon degeneracy and po-
lymerase chain reaction amplification [9]. By inserting randomized se-
quences into specific sites of the phage coat protein DNA, diverse
peptides are expressed on the phage nanoparticle surface for construction
of random peptide library (Fig. 3). A peptide library typically contains
10° independent phage clones [44]. The plIIl and pVIII phage libraries
were designed to provide broad compatibility under a variety of situa-
tions due to their distinct properties. As part of New England Biolabs' Ph.
D series of phage displayed peptide libraries, the commonly adopted Ph.
D-7 and Ph. D-12 libraries display random sequences of heptapeptides
and dodecapeptides at the N-terminus of the M13 bacteriophage minor
coat protein plII [45]. This system is constructed from the M13-based
vector M13KE, a M13 derivative that replicates easily using standard
M13 techniques without antibiotic selection or helper phage superin-
fection [44-46]. With the application of phage display technology
becoming more prevalent, phage libraries have become more diverse,
incorporating sequences of antibodies and receptor-selective proteins to
the phage DNA for the preparation of corresponding display library [11,
47-49]. The aim of all phage display libraries is to select a specific variant
of interest in a library through screening, which is governed by the af-
finity of peptides displayed and their associated ligands [50]. Such
affinity-based screening of the phage display libraries is also referred to
as phage biopanning.

Binding in vitro or in vivo

Biopanning

(Repeat = 3 times) M B

Washing unbound
phages

Amplification it
Phage titer testing ution

Sequencing

Fig. 3. Phage biopanning process.
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3.1.3. Phage biopanning

Phage biopanning technique is the process of capturing target-
binding phages that display the desired trait from a pool containing
billions of variants [30]. The ligand of interest is mounted on a solid
support, and the phage display library in solution is applied to selectively
bind variants through affinity selection. Based on the binding targets,
biopanning can be conducted at different settings [9]. For binding with
the cell targets in vitro, phage biopanning is conducted on suspension
cells in which phage libraries are incubated. Similarly, material surfaces
can also be biopanned to identify peptides that bind to natural or syn-
thetic materials. Biopanning in vivo is a process that entails injecting a
phage library into the mice tail vein to screen out therapeutic peptides
from the target tissue [51-54]. As seen in Fig. 3, during any biopanning
process, non-binding virions in the libraries are removed by washing
buffers, and bound virions are collected by elution buffers. The remain-
ing phages with high affinity for the ligands are propagated by infecting
E. coli cells. The selected phage clones are used as an input for the sub-
sequent screening to identify the best targeting phages. Repeating the
process several times increases the percentage of phage that recognizes
the target [8]. Through phage DNA gene sequencing, the desired target
sequence can be identified and applied for fabrication of phage-based
nanoparticles with targeting peptide (or antibodies, proteins, enzymes,
etc.) attached. Furthermore, by means of phage display technology and
biopanning, the M13 phage can display specific targeting peptides to
attach to particular ligands or biomarkers, fulfilling the need for
personalized treatment. Patients even with similar diseases have unique
protein profiles, therefore it is crucial to ensure personalized treatment
with target-specific binding, which can be accomplished particularly
with M13 phage display due to its ease of display and other biological
advantages (refer section 2.3) [9].

3.2. M13 phage-based bionanomaterial engineering

3.2.1. Electrospinning

Along with exploiting genetic engineering of M13 phage for phage
display technology, researchers have also engineered M13 phage into
distinctive nanomaterials that modify the template's morphologies and
physiological characteristics to enhance its functions [14,33,55]. One of
the conventional methods is electrospinning. The electrospinning tech-
nique fabricates fibers in the nanometer to micrometer range by passing
polymer solutions through high voltage to create electrically charged jets
that are then used to generate fibrous membranes [56,57]. M13 phage
employs the electrospinning process to tailor fibrous properties and
fabricate bionanofiber for biomedical applications, especially in tissue
engineering [55,58,59]. For instance, Shin et al. produced hybrid nano-
fiber sheets by electrospinning mixed solution of poly (lactic-co-glycolic
acid) (PLGA) and peptide-displaying M13 phages to create an ideal
cell-adhesive substrate [12]. Electrospun bionanofibers have several
advantages, particularly in tissue regeneration, including: 1) High level
of versatility. Through adjusting polymer parameters such as the mo-
lecular weight, solubility, viscosity and conductivity, or processing var-
iables such as degradation rate, voltage and feed rate, the morphological
and functional characteristics of the nanofibers could be customized, as
well as the release kinetics of phage particles [56,60-62]. 2) High surface
area, and enhanced permeability. The complex network of porous
structure and high surface-to-volume ratio of the electrospun nanofibers
resemble the extracellular matrix (ECM) of the native tissues, as well as
provide moisture and nutrients to the wound site, necessary for acti-
vating angiogenesis, fibroblast proliferation and migration, epithelial-
ization, and cell differentiation [56,58,63]. 3) Mixture with bioactive
molecules. Electrospun nanofibers can incorporate many bioactive mol-
ecules, such as antibiotics, anti-inflammatories, anti-cancer drugs,
genomic DNA, enzymes, vitamins, proteins, probiotics, etc., into the
polymer solution during spinning, thereby offering a high efficient drug
delivery system while synthesizing nanomaterials [60,64]. The bioactive



C. Chang et al.

surface could also facilitate the detection and identification of pathogens
and disease biomarkers as desired biomedical sensors [65,66]. 4) Other
attractive features include high rigidity and cost effectiveness [58,64].

3.2.2. Hierarchical nano-to microstructures

Building a nano-to-micro hierarchical structure is an innovative
strategy for assembling M13 phage into unique patterns, which can be
used to develop alternative forms of virus-based materials for therapeutic
purposes [67]. Synthetic building blocks with varying degrees of
anisotropy (irregular patterns such as rough gratings and ridges) provide
topography cues as well as a supportive environment for cell differenti-
ation [68,69]. In particular, the disordered structures were demonstrated
to instigate neurite growth, as well as promote stem cells to differentiate
along the mesodermal lineage, such as neuronal cell differentiation, by
strengthening the adhesion between adjacent cells [70]. In addition,
astrocyte differentiation has been studied using nanofibrous structures
[71-73]. In this regard, Zhou et al. developed a form of hierarchical
structure, referred to as nanoridge-in-microridge (NiM) structure, as a
mimicking matrix to induce bidirectional neural differentiation of stem
cells into neurons and astrocytes [69]. The NiM structure was con-
structed by operating dip-pulling method, which involves dipping a glass
slide precoated with positively charged polylysine into a monodisperse
phage solution and then vertically pulling out of the solution at stable
speed, for self-assembly of M13 phages. As the polylysine coated glass
slide was pulled through the dip-pulling process, negatively charged
phages were attracted to its surface and aligned into a hierarchical NiM
structure [69]. Such assembly of phages into NiM was possible due to the
electrostatic interaction between phages and the polylysine, as well as
the air—fluid-solid interface meniscus evaporation caused by the pulling
force [69]. The phage films show the presence of nanoridges (assembled
from parallel-aligned phages) organized into microridges separated by
the microvalleys. The topography of such phage films was a combination
of anisotropic gratings and nanofibers, resulting in neuronal and astro-
cyte differentiation without additional neural differentiation inducers
[69].

Hierarchical nano-to microstructures composed of highly aligned
nanofibers were also observed in the study by Tanaka et al. [74]. Re-
searchers have demonstrated that the M13 phage can be self-assembled
into single-layer, well-packed and aligned microstructures at the lig-
uid/liquid interface after mixing M13 phage solution with organic sol-
vents, which results in exceptionally stable emulsions that are
characterized by a decrease in surface free energy [74]. Such hierarchical
microstructure showed long-term stability which is essential for further
phage-directed nanomaterial synthesis.

3.3. M13 phage-directed nanomaterial combinations

3.3.1. Carbon nanotube

Multivalent structures such as the M13 phages can be further modi-
fied by integrating different compounds to synthesize phage-directed
fusion substances [14]. The nano-assembly process is often carried out
using components with their own chemical and physical properties
suited to biosensing, scaffold building, microbiome mediating, etc. [75].
Over the past few years, carbon nanotubes have been assembled along
the surface of M13 phage for the detection of bacteria and tumor through
fluorescence imaging [76-78]. Carbon nanotubes are often constructed
as single-walled carbon nanotubes (SWNTSs) [76]. SWNTs offer increased
signal amplification and decreased area spread in deep tissues due to
their higher Stokes' shift (high Stokes' shift indicates reduced
self-quenching from light reabsorption, which makes them more efficient
at harvesting light), low-autofluorescence background, and high photo-
luminescence spectrum at 900-1400 nm. These characteristics make
them more valuable for detecting specific infections in deep living tissues
with enhanced contrast imaging [76,79]. Studies by Bardhan et al. Yi
et al. and Ghosh et al. employed similar approaches in constructing

Materials Today Bio 20 (2023) 100612

M13-SWNT conjugates and showed comparable effects on monitoring
specific bacteria, prostate cancer and ovarian cancer, respectively,
especially in hard-to-reach areas [76-78].

3.3.2. Metal nanoparticles

In addition to the fluorescent imaging with M13-carbon nanotubes,
the combination of M13 phage with metal nanoparticles has also been
demonstrated to substantially improve fluorescence in bioimaging [80].
Among combination with metals, M13 phage has shown to form com-
plexes commonly with silver nanoparticles (AgNP) [79,80,80,81] and
gold nanoparticles (AuNP) [82,83]. Metal nanoparticles amplify the
fluorescence excitation of the nearby fluorophores by increasing the local
electric field, as well as prolonging the fluorescence duration by modu-
lating the decay rate [80]. Metal nanoparticle conjugation with M13
phage could be used to detect bacteria [80,83] and cancer cells [84].
Moreover, AgNPs on M13 phage can also serve as cell targeting agents
[24,81]. By deconstructing bacterial cell walls and intracellular bio-
molecules, as well as by causing oxidative stress, the metal nanoparticles
on the viral structure, designed by Dong et al. selectively killed protu-
moral bacteria for gut microbiota regulation [81,85].

3.3.3. Magnetic nanoparticles

Immunomagnetic approaches have been exploited for detection and
capturing of cancer cells [86,87]. Though commonly used, the traditional
immunomagnetic approaches usually results in low delivery and capture
efficiency [42,88]. Utilizing the multivalent properties of M13 phage,
Ghosh et al. designed a phage vector containing a tumor-targeting pep-
tide and a peptide motif that directs the assembly of magnetic iron oxide
nanoparticles (MNPs) along the major coat protein pVIII, thereby
providing a higher concentration of MNPs [42]. The greater magnetic
resonance potential and the higher fluorescence uptake of M13-MNPs
over MNPs indicate that the former exhibits better contrast properties,
making it ideal for dark contrast imaging for selective cancer detection
[42]. In contrast to attaching MNPs to the major coat protein of M13
phages, Sm et al. assembled M13 phages on magnetic particles through a
“tentacle-like action”, in which the ends of M13 phages were bound to
magnetic particles [89]. Compared to conventional magnetic particles,
the nanotentacle-structured particles showed vastly improved binding
affinity for cancer cells that captured the cells more efficiently and
effectively [89].

4. Theranostic application of M13 phage
4.1. Phage-based delivery system for drugs

Target specificity is an important feature in drug delivery. Non-
targeted drugs release active substances and transport throughout the
human body without accumulating in any specific organ, resulting in
ineffective drug action, and requiring higher doses that cause more side
effects [90]. Drug delivery systems without controlled release may cause
difficulty in preserving drug efficacy and precise delivery at the desired
site of action [91]. Drugs may also be restricted in their delivery to
certain organs by physiological barriers, instead reaching and affecting
peripheral tissues [92,93]. To address these issues, recent studies have
focused on nanotechnology-based approaches [90]. Among them is the
M13 phage, which serves as multivalent nanocarriers to enhance drug
delivery in two ways: 1) Displaying targeting peptides or antibodies to
enhance targeted delivery. 2) Making use of the nanofiber-like thin
structure to penetrate barriers, especially in the brain. As several tar-
geting compounds are capable of inhibiting cancer cell growth, the
multivalent M13 phage could simultaneously display therapeutic agents
for targeted therapy [94]. In addition, M13 phage system has shown to be
a safe and stable process due to its lysogenic properties and robust
structure [14,16].



C. Chang et al.

4.1.1. Improved drug delivery with phage display technique

Through biopanning, researchers have identified cancer targeting
peptides that could be displayed on the coat proteins of M13 phage to
assist drug delivery and generate targeted cancer therapy (see section
4.4). Wang et al. and Ghosh et al. have both displayed cancer cell tar-
geting ligands while loading therapeutic agents on different phage
display sites to target colorectal cancer and prostate cancer, respectively
[95,96]. Moreover, other studies have investigated the use of overex-
pressed extracellular proteins in cancer as peptide-binding targets for
precise drug delivery. For instance, as denatured collagens are upregu-
lated in various cancers, Jin et al. designed M13 phage that displayed
collagen mimetic peptide (7 GPP), which exhibited strong affinity to
TGF-p1 induced abnormal collagens in human lung adenocarcinoma cells
for potential targeted drug delivery [97].

4.1.2. Improved drug delivery in the brain

Neurodegenerative diseases are on the rise, but remain unsolved
[98]. While accurate targeting of pathogenic factors in the cerebral re-
gion could allow for proactive treatment and effective monitoring of
drugs, the crossing of BBB is a major obstacle [99]. This section explores
the possibility of applying nanofiber shaped M13 phage as a novel de-
livery vector to target the protein dysregulation of these diseases, such as
Alzheimer's disease (AD) and Parkinson's diseases (PD), through effective
penetration of the barriers in the brain.

The most prevalent explanation for the pathogenesis of AD is the
increased accumulation of amyloid-p polypeptides (Af), which are pro-
teolytic products from amyloid precursor proteins (APP) [100]. With
M13 phage's linear structure and high permeability, researchers have
used genetically modified M13 phages displaying single-chain variable
fragment (ScFv) of antibodies against the AP fragment to deliver the
antibodies to the central nervous system (CNS) [101]. To first demon-
strate the filamentous phage's ability to reach the CNS, Solomon injected
M13 phage displaying anti-Ap ScFv into Alzheimer's APP transgenic mice
through intranasal route, and showed positive Ap (detected both by
Thioflavin-S staining and fluorescent labeled anti-phage antibodies) in
the olfactory and hippocampal regions, followed by 72-h clearance of the
phage [101]. A six-month Intranasal administration of
antibody-displaying phages to transgenic mice overexpressing human
amyloid-p protein precursor (hAPP) led to a significant reduction in brain
inflammation and a reduction in plaque load by 50%, as well as improved
cognitive functions evaluated by spatial and temporal navigation assay
[101]. Hence, the delivery of M13 phage displayed with anti-Af ScFv
could be used not only to dissolve Af plaques, but also as a highly specific
diagnostic tool to monitor the formation of amyloid plaques in AD pa-
tients. Notably, De Plano et al. used biopanning screening of the pVIII
M13 phage display library to construct structural peptide segments that
form amyloid-like structures. These structures serve as a target for serum
IgG of patients with AD, which could aid in the diagnosis of the disease's
state and stage [102].

Through infiltration of the CNS, moreover, M13 phage itself has
proven to be a potential treatment for PD, which is associated with
amyloidosis characterized by deposits of amyloid fibrils of a-synuclein
(AS) [103,104]. Upon one-week incubation of phage with fibril solutions,
significant disaggregation of fibrils occurred, presumably due to the
interaction between phage and the central hydrophobic domain of AS
[104]. To conclude, M13 phages, with or without displayed antibodies,
proved to be effective and safe viral delivery vectors to the brain,
demonstrating the ability to penetrate into the CNS while binding to and
disrupting protein aggregation associated with neurodegenerative
diseases.

4.2. Biosensors
With M13 phage's natural affinity for F-pilus bacteria and its pro-

grammable phage display, the phage-based bionanomaterial, often
combined with other imaging moieties, can be used as a biosensor to
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detect a wide range of substances, such as pathogens, biomolecules, and
cancer cells [7,36,78,80].

4.2.1. Detection of pathogens

According to recent systematic reviews, bacterial antimicrobial
resistance was associated with 4.95 million deaths in 2019 globally with
an estimated financial impact of $1.0 to $3.5 trillion per year by 2030
[105-107]. A global burden and large increase in antibiotic-resistant
bacterial infections call for more sophisticated imaging modalities to
detect and treat infections early and precisely, ensuring better chances of
successful treatment while maintaining antibiotic efficacy [108,109].
Among the current biodetective methods are conventional bacterial
culture and cell counting, polymerase chain reaction (PCR), as well as
antibody-based detection [110,111]; More recent approaches include
polymer-based detection (e.g., polydiacetylenes) [112], microelectronic
devices [113], metal nanoprobes [114], etc. However, the current
methods have disadvantages in their long detection times (e.g., bacterial
culture), high cost of equipment, tendency to show false positives (e.g.,
PCR tests), low tolerance to extreme environments (e.g., antibody), and
lack of ability to detect in vivo (e.g., polymer-based detection) [7,82,112,
115].

The challenges could be overcome by incorporating above-mentioned
biodetective methods with M13 phage. M13 phage-based biosensors for
pathogen detection could capture bacteria using M13 phage and occa-
sionally bind antibodies to enhance or specify target recognition, while
using integrated sensing probes to generate detection signals. The M13
phage allows for a more accurate pathogen detection within living tis-
sues. Bardhan et al. engineered a multifaceted M13 phage vector capable
of dispersing and stabilizing SWNT, a tissue specific, highly sensitive, and
aqueous-dispersed nanoprobe for non-invasive detection, imaging, and
monitoring deep buried specific F'-negative bacteria in vivo [76]. The
M13 phage was developed as a biological scaffold with SWNTs attached
via major coat protein pVIII and anti-bacterial antibodies attached via
minor coat protein pIIl. The anti-Staphylococcus aureus (S. aureus) anti-
body provides greater specificity towards the relevant strains of bacteria,
showing a 3.8-fold increase in fluorescence signal enhancement of the
deep-tissue S. aureus endocarditis mouse model for the
antibody-integrated model compared to the non-integrated model [76].
Furthermore, in the same study, the SWNTs exhibited a higher signal
amplification at greater depths than traditional fluorescent dyes in
chicken model, as the SWNT group had a 1.4-fold higher amplification
signal. By stabilizing and dispersing SWNTs in an aqueous suspension,
the M13 phage allows for in vivo bioimaging with high specificity and
high photoluminescence properties sustained throughout tissue depths
[76]. The stability of the M13 phage-based biosensor was demonstrated
by Sedki et al. who conjugated M13 phage with AuNP on a glassy carbon
electrode for rapid screening of fecal coliform bacteria [82]. The bio-
sensors showed no significant difference in their sensitivity at 45 °C for
up to 16 days, and their sensitivity remained unaffected at pH ranging
from 4.5 to 8, with slight reductions at pH 3 and 10 [82].

In light of the global burden of antibiotic resistance, researchers have
taken a broader approach than merely detecting the causing pathogens
[107,108,115,116]. To ensure effective antibiotic stewardship, rapid and
accurate characterization of antibiotic susceptibility profiles (ASP) of
infectious bacterial strains is also essential as it helps clinicians identify
appropriate antibiotics and their dosages at early stage without having to
prescribe broad-spectrum antibiotics [117]. Unlike the classic charac-
terization methods, such as disk diffusion and broth dilution that are
time-consuming and laborious, Peng et al.’s M13-AuNP assay could
rapidly detect bacteria's antibiotic susceptibilities via phenotypic anal-
ysis [115,117]. The tetracycline-resistant E. coli strain ER2738, which is
sensitive to ampicillin and kanamycin, was tested for its ASP by diluting
into tubes loaded with one of the three antibiotics. By taking advantage
of M13-AuNP assay's rapid detection of bacteria even at low concentra-
tions, the phage-based technique shortened the time needed for ASP
characterization by reducing the time required to produce detectable
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growth and assess growth. The improved assay duration is approximately
2.5 h (2 h bacterial growth and 30 min determination), which is
considerably shorter than the 16 — 24-h test duration of both disk
diffusion and broth dilution methods [115,117].

4.2.2. Detection of disease biomarkers

The M13 phage can be used to detect proteins as biomarker molecules
to screen diseases including cancer. Protein-coupled receptors and
integrins are overexpressed in certain diseases such as glioblastoma
multiforme, in which heterodimer avp3 integrin cell surface receptors are
highly expressed [118]. In addition, the integrin binding motif
Arg-Gly-Asp (RGD) is identified to recognize integrins for tumor target-
ing [119]. As RGD can be displayed on M13 phage coat proteins to
recognize overexpressed integrins in cancer cells, such binding could aid
in disease diagnosis and imaging [24].

Detection of antigens is relatively common and is made possible by
the structural property of M13 phages. The plIl minor protein located at
the tip of the phage structure could be used to display antibodies that
specifically bind target antigens. In the study by Hou et al. the M13 phage
was genetically engineered at plII protein site to display ScFv of antibody
molecules that targets colorectal cancer cells with overexpressed carci-
noembryonic antigen (CEA) [120]. The phage conjugation could specif-
ically attach to Caco-2 and HT29 cells with CEA expressed, but hardly
bound to HEK293T cells that didn't express CEA. Additionally, the
signal-to-noise ratio of the M13 phage conjugated probe (S/N = 36.7)
was substantially higher than that of the negative control (M13KO7
helper phage) (S/N = 8.3), indicating that the former with anti-CEA ScFv
offers higher specificity when detecting the targeted cancer cell [120].
While plIII minor protein is involved in biological recognition, the pVIII
major protein located at the bilateral sides of the phage could be
simultaneously modified to attach for protein sensing moieties [14]. Lee
et al. engineered M13 phages conjugated with multiple DNA oligonu-
cleotides, antigoat immunoglobulin (IgG) and AuNPs to generate
cost-effective protein sensors that rapidly detect the presence of target
antigen [121]. The pVIII bound AuNPs act as signal-producing materials
that enhance its interaction with M13 phages as antigen concentration in
the solution increases, resulting in immediate color changes. Moreover,
the conjugated M13 phages also allow identification of the detected
antigen by eluding the AuNPs from the phage and transferring the
sequence to DNA microarrays for analysis [121].

Upregulation of matricellular protein, specifically secreted protein
acidic and rich in cysteine (SPARC), is often observed in certain tumor
progressions such as cervical cancer, renal cancer, ovarian cancer and
prostate cancer [122-124]. Ghosh et al. isolated a SPARC-binding pep-
tide (SBP) using phage biopanning and genetically engineered to display
SBP on the plII minor protein of M13 phage, while the MNPs were dis-
played along the PVIII coat protein (see section 3.3.3) [42]. The
M13-SBP-MNP conjugation was injected intravenously in mice model
with either C4-2 B (prostate cancer cell line with high SPARC expression)
or DU145 control (prostate cancer cell line with low SPARC expression)
prostate cancer cell line inoculated for imaging of prostate cancer. After
staining the tumor section using anti-human SPARC antibody, the results
show colored stains on the tumor cells with high expression of SPARC in
comparison to the control group with no staining observed, thereby
suggesting M13 phage-derived biosensor as a promising tool for selec-
tively screening SPARC expressed tumors [42]. A similar study was
conducted by Ceppi et al. who designed SBP-M13 phage-based probe
with SWNTs as near-infrared fluorophores assembled along the phage to
accurately detect microscopic tumors in ovarian cancer mouse model
[122].

Leading research has been conducted by Bhasin et al. who demon-
strated the use of virus bioresistor (VBR) as a platform for incorporating
M13 phage into an electoral apparatus to detect DJ-1 protein, a bladder
cancer biomarker [125]. The M13 phages are embedded on the 3,4-ethyl-
enedioxythiophene to create bioaffinity layers that could rapidly bind
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antibodies. The channel resistance (RVBR) reflects the information on the
targeted protein [126]. The author demonstrated that VBR with M13
phage incorporated could respond to the presence of DJ-1 protein with a
high signal-to-noise ratio (S/N > 100) and excellent reproducibility be-
tween sensors [125]. To further illustrate the versatility of M13
phage-based biosensors for detecting a variety of biomarkers, Cho et al.
used M13 phage for biopanning and displaying targeted peptide for
identification of neutrophil gelatinase-associated lipocalin (NGAL), a
highly selective biomarker for acute kidney injury diagnosis [127]. To
assess the binding affinity and specificity between the peptide displayed
and NGAL, enzyme-linked immunosorbent assay (ELISA) and electro-
chemical impedance spectroscopy (EIS) were conducted, with the results
showing a high binding affinity at certain concentrations and an increase
in impedance, respectively, indicating high specificity and sensitivity in
NGAL detection using M13-derived sensor system [127].

4.3. Tissue regeneration

4.3.1. What is tissue regeneration?

Tissue regeneration is a complex cellular process that involves the
restoration of normal morphology and functionality to injured tissues
[128,129] Tissue and organ lesions are among the most common chal-
lenges in medicine, and the shortage of organ donors, increasing trans-
plantation rates, ineffective compatibility of transplants with the host,
and the possible rejection of the foreign tissue implant necessitate the
development of biocompatible materials based on novel techniques [56,
130]. In order to understand how M13 phage is applied to tissue engi-
neering, a comprehensive understanding of normal tissue regeneration
mechanisms is necessary as well as a review of current biomimicking
approaches.

Tissues are comprised of specialized cells and their supporting matrix,
called extra cellular matrix (ECM). The ECM is a nanofibrous protein
network (diameters ranging from 3 to 300 nm) that carries biochemical
ligands and bioactive molecules (e.g., growth factors and cytokines) for
orchestrating nearby cell fates, including those of seed cells (e.g.,
differentiated cells and stem cells). The mechanically rigid self-organized
structure also provides physical supports and instructive cues through
topographical presentation for regulating cell activities [20,131]. During
regular tissue rejuvenation or minor injury healing, undamaged tissue
cells, including stem cells or differentiated normal cells, can replace the
damaged cells in injured tissue to restore its normal structure and func-
tion. By contrast, when significant traumatic injuries take place, as in the
case of military patients or those with chronic diseases wounds, the
routine regenerative process is impaired due to various reasons such as
ongoing infections, vein obstructions, and peripheral neuropathy [132,
133]. For such irreparable extensive damages, the design of a biode-
gradable, 3D network similar to the ECM holds promise for not only
restoring tissue growth and function, but also improving tissue compat-
ibility during transplantation when needed [1]. To further promote the
interactions between cells and tissues, autologous cellular elements are
incorporated into the nanostructure [132]. Hence, the biomimetic ma-
terials serve as structural scaffolds (in shapes of nanoparticles, nano-
fibrous, 3D printed) with bioactive molecules and seed cells attached to
regulate cell behavior using chemical and physical cues [20,134].

Currently, treatments using ECM-mimicking scaffolds are limited by
biomolecule inclusion, such as the inability to economically produce
bioactive molecules, and the difficulty in integrating them into scaffolds
to sustain their functionality [134]. Moreover, a lack of precise control
over chemically conjugated peptides may also limit the ability to effec-
tively manipulate stem cell fate with currently available peptide-coated
biomaterial substrates [23]. Conversely, peptides can be genetically
introduced onto M13 phage coat proteins in an efficient and precise way,
which further facilitates more effective integration of biomolecules [20].
M13 phage is therefore a potential option for tissue regeneration mate-
rials due to its genetic control and modularity properties.
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4.3.2. M13 phages as novel bionanomaterials for mimicking natural tissue
environment

M13 phage is a highly effective tissue regenerating materials due to
its biological advantages (see section 2.3). The ability to precisely express
functional peptides as signaling molecules on the surface [41], to regu-
late the behavior of macroscopic cells [18], to self-assemble into different
order structures for diverse topological effects [27], to be biocompatible
and biodegradable [135], to provide high surface area and adaptability
for cell interaction and material integration [20] make M13 phage ideal
bionanomaterial for creating artificial cell “niche” (Fig. 4) [41]. Such
multifunctional niche provides both chemical and physical cues to create
a conducive environment for cellular growth. Furthermore, by mixing
with bioactive molecules, therapeutic cells and polymeric solutions
during the electrospinning process, M13 phage can transform into
ECM-mimicking electrospun nanofibers with integration of molecular
components in high efficacy (see section 3.2.1) [64]. Nevertheless, some
studies use M13 phage for displaying functional peptides and integrating
into complementary scaffolds instead of using it as a component for
building tissue scaffolds, as seen in Fig. 4a [136].

M13 phages are genetically engineered for multivalent display of
various peptide ligands, such as RGD, the cell adhesion integrin binding
motif, at their N-termini of pVIII major coat protein to regulate inter-
cellular interactions [18]. By binding to integrins on activated
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endothelial cells (ECs) as well as other cell types, the RGD peptide reg-
ulates the cell behavior and stimulates angiogenesis, neurogenesis, and
osteogenesis within the ECM [137-139].

4.3.3. Skin regeneration and wound healing

Based on a retrospective analysis conducted in the U.S in 2014,
approximately 8.2 million patients suffered from chronic wounds [140].
In order to reduce chronic wound burdens on health systems, more
research is needed on the mechanisms of wound healing and novel ap-
proaches to healing chronic wounds. Wound healing consists of four
phases: hemostasis, inflammation, proliferation, and remodeling [141,
142]. Among four phases, poor proliferation, or impaired regeneration of
tissue, significantly hinders chronic wound healing and is one of the most
challenging obstacles to overcome, due to the difficulty in designing
tissue regeneration materials with precise structural arrangements while
exhibiting signaling motifs to direct cell behavior [18,142]. Proliferation
stage mainly involves reconstruction of vascular channels (angiogenesis)
and growth of fibroblasts (fibroplasia) to form granulation tissues. As
fibroplasia occurs, the surrounding ECs proliferate, assisting in further
blood vessel healing within the granulation tissue for ensuring proper
blood flow and providing wound healing factors [141]. By inducing
angiogenesis and fibroplasia, M13 phage nanofibers can be used to
promote skin cell proliferation.
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Normally, the balance between vessel proliferation and stagnation
determines angiogenesis, a hallmark for healing wounds [143]. Angio-
genesis fails as a result of loss of proangiogenic mediators when factors
such as apoptosis of ECs and macrophage deficits affect the balance
[132]. In accordance, angiogenic and/or integrin-binding peptides (e.g.,
RGD) could be introduced on to M13 phage, allowing the nanofiber to
function as an angiogenic factor as well as an ECM component [144]. Yoo
et al. developed a vascular-like niche, with angiogenic peptides (Ser--
Asp-Lys-Pro; SDKP) and RGD peptides displayed on pVIII and plII coat
proteins of M13 phage, respectively [144]. RGD peptide promotes
angiogenesis by binding to EC integrin and thereby promoting the
migration of quiescent endothelial cells to form new blood vessels,
whereas the SDKP peptide stimulates EC proliferation. Interestingly,
through topographical cues of the phage patterns, M13 phage itself could
promote EC-specific activity, as shown by elongated EC morphologies.
The phage nanofiber's own angiogenic effects were further enhanced by
the expression of SDKP and RGD peptides as biochemical cues [144].

Fibroblast proliferation and migration are activated upon fibroblast
growth factor (FGF), a family of growth factors involved in cellular
signaling pathways for tissue regeneration [145]. The expression of FGF,
however, is reduced during chronic wounds due to downregulated ac-
tivity of FGF receptors (FGFR) and low sensitivity to external environ-
mental cues [132]. Though topically administered FGFs have been
introduced as therapeutic agents, they are easily degradable in vivo and
poorly absorbed through the skin, resulting in a lack of bioactivity in the
wound bed [146,147]. Instead, functional peptides could be displayed on
M13 phage to activate FGF and FGFR-associated signaling pathways.
Through biopanning with Ph.D.-7 library, Zhao et al. identified phage
clones displaying novel peptide H1 that strongly binds to FGFR2IIIc
(recombinant receptor protein responsible for skin tissue repair), which
activates intracellular signals and regulates cellular behavior [146]. The
H1 peptide, which was topically applied to the wound site, accelerated
rat full-thickness wound healing in vivo, stimulated proliferation and
migration of fibroblasts and human umbilical vein endothelial cells
(HUVEC) in accordance with its angiogenic property, and improved skin
wound healing by simultaneously activating MAPKERK1/2, PI3K-AKT,
and vascular endothelial growth factor (VEGF) signals (cell prolifera-
tion and angiogenesis inducers) [146].

It is important to note that wound healing is a multi-stage process that
involves both tissue damage repair and infection prevention. FGF-based
therapies that neglect bacterial complications could result in compro-
mised treatment outcomes [148]. Thus, to achieve optimum wound
healing, antibacterial treatment must also be used for combating bacte-
rial infection and biofilm formation at the wound site [149]. Peng et al.
engineered M13 phage nanofiber conjugates, called phanorod-Zn, that
inhibited the growth of Gram-negative pathogens and provided faster
healing results in vivo compared to conventional antibiotics or antibodies
treatment [150]. The phanorod was based on the conjugation of gold
nanorods (AuNRs), an effective photothermal agent against bacteria, and
M13-g3p (Pfl), a genetically modified M13 phage with the
receptor-binding domain of phage Pf1 swapped at plII to attach to type IV
pili of Pseudomonas aeruginosa (P.aeruginosa). In addition, phanorods
displayed zinc-binding peptides designed to release zinc ions upon
photothermal heating, which promoted collagen deposition and wound
healing. With phanorod-Zn treatment, infected wounds of mice at day 4
had a size under 20% of an untreated wound, and they were completely
healed after 8 days. Phanorod-Zn approach also showed a 50% reduction
in wound size by day 2, versus ciprofloxacin at day 6, demonstrating a
three-fold faster healing rate than standard-of-care antibiotics. According
to the bacterial load measurements, the decrease in wound size corre-
sponded to a decrease in cfu at wound site by > 10-fold on day 2 and >
100-fold on day 4 [150]. Overall, since nanofiber M13 and its antimi-
crobial peptides and materials displayed can effectively control bacterial
infection and skin tissue proliferation, such phage-based approaches
could be highly desirable in novel topical formulations to treat chronic
wounds.
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4.3.4. Bone regeneration

Bone is made up of bone cells surrounded by the ECM, which consists
of organic compounds (40%) including collagen type 1 and non-
collagenous proteins such as proteoglycans, glycoproteins, and glyco-
phosphoproteins, along with inorganic compounds (60%) mainly
composed of calcium phosphate hydroxyapatite (HAP) [151]. Bone cells
consist of multipotent mesenchymal stem cells (MSCs), osteoblasts, os-
teocytes, and osteoclasts (hematopoietic progenitor-derived cells that are
involved in bone degradation) [152]. During osteogenic differentiation,
osteoblasts are differentiated from MSCs and secrete collagen matrix, as
well as mineralize bone matrix. Osteocytes are formed when immature
osteoblasts are surrounded by the secreted matrix that activates their
morphological transformation [152]. The cellular components, there-
fore, dynamically interact with bone ECM to facilitate bone regeneration.
Moreover, to maintain structural stability and health of the skeleton,
bone relies on well-developed blood vessels to supply blood, nutrients
and hormones consistently [153]. Accordingly, current M13 phage-based
bone tissue regeneration materials include elements of ECM-mimicking
scaffolds, biomolecules, along with or without additional seed cells to
promote osteoinductivity, angiogenesis, or both.

Yoo et al. studied the effects of collagen-derived peptides displayed
on the collagen-like structure of the M13 phage on early osteogenic
differentiation of bone stem cells [154]. Researchers constructed nano-
fibrous tissues-like matrices by genetically introducing DGEA-peptides,
natural compounds derived from collagen type 1 with osteodiffer-
entiation properties, onto pVIII of M13 phage with high density, in order
to examine its effects on mouse preosteoblast cells (MC3T3). As a result,
the DGEA-phage matrices showed 70% higher alkaline phosphatase
(ALP) activity than the control group, as did other osteogenic differen-
tiation markers. Shin et al. also reported the enhanced proliferation of
mouse preosteoblastic cells (MC3T3-E1) when seeded onto the 3D porous
scaffold composed of electrospun RGD-M13 phage-PLGA nanofiber
sheet, which served to promote adhesion of the cells [12]. Based on Lee's
research, mechanical cues can modulate osteogenic differentiation of
MC3T3 cells by shifting the stiffness of the ECM-like matrix [155]. The
M13 phage was genetically engineered to express RGD and HPQ, a
biotin-like peptide that binds to streptavidin for phage-to-phage cross-
linking in a controlled manner. The increase in scaffold stiffness resulted
in greater osteogenic gene expression in preosteoblastic cells, indicating
that mechanical cues play a key role in osteogenic differentiation, but
only when cell-matrix interaction is present, as with RGD peptide display
[155].

Moreover, HAP-containing bone regeneration scaffolds have
demonstrated enhanced osteoconductivity and osteoinductivity, for
which phage biopanning effectively identifies HAP binding peptides
[156,157]. Chung et al. used Ph.D.-12, —7, and -C7C phage library to
screen out the best HAP-binding peptide NPYHPTIPQSVH (CLP12 pep-
tide) after four rounds of screening [156]. Isolated CLP12 peptide could
induce HAP nucleation and growth in a sequence- and
composition-selective manner compared with the control group, sug-
gesting its potential display on M13 phage for synthesis of
bone-mimicking biochemical scaffold. It is important to note that Li et al.
by displaying HAP-binding peptide (DSSTPSST, termed DT peptide) on
the pVIII coat protein of fd phage to form phage-HAP scaffold, showed
such bone-mimicking biochemical scaffold to support the proliferation of
MSCs in high stabilization and strong surface interactions with the host
cell [157]. Further studies, therefore, should focus on producing scaffolds
with nanoscale alignment of the M13 phage nanofibers displaying
HAP-binding peptides to compare bone repair outcomes. Nevertheless,
studies by Wang et al. and He et al. both demonstrated the formation of
M13 phage-based nanocrystalline structure with oriented nucleation of
HAP accumulated along phage bundles via anionic and cationic reaction
[158,159]. The M13 phage, genetically engineered to become anionic by
fusing negatively charged peptide to pVIII, self-assembled in the presence
of cationic precursor (Ca + ions) and anionic precursor (PO43- ions),
leading to the oriented nucleation of HAP to form hybrid nanostructures



C. Chang et al.

of HAP and M13 phage, which resembled the hierarchical structure of
bone [159]. Future research should investigate the in vivo application of
such nanostructures.

Several recent bone regeneration strategies, such as the targeting of
type H vascular ECs, focus on improving vasculature in the skeletal sys-
tem for promoting tissue development [160,161]. Meanwhile, M13
phage nanofibers displaying RGD peptides are also employed to facilitate
activated EC migration and adhesion to generate bone tissue with high
density of blood vessels [136]. Wang et al. designed a virus-activated
matrix (VAM) with M13 phage-RGD electrostatically integrated into
the pores of chitosan-decorated 3D printed biomimetic bone scaffold
consisting of biphasic calcium phosphate, HAP, and p-tricalcium phos-
phate. The VAM was then seeded with MSCs and implanted into the
damaged rat bone. As a result, VAM led to enhanced bone formation
following the induction of vascularized bone tissue, as evidenced by the
increased expression of the EC markers and the formation of new blood
vessels [136].

4.3.5. Cardiovascular regeneration

Cardiovascular disease (CVD) remains the leading cause of death
worldwide, including in China, where the disease accounts for 40% of all
deaths in the Chinese population [162]. Atherosclerotic CVD (ASCVD),
including ischemic heart disease and stroke, results in the majority of
CVD deaths and the burden is steadily increasing [162]. Among the
promising therapeutic options is stem cell transplantation that aims to
restore cardiovascular function using progenitor cells such as endothelial
progenitor cells (EPCs) and human cardiac progenitor cells (hCPCs),
which can differentiate into cardiomyocytes, endothelial cells, and
smooth muscle cells [163,164]. However, limitations lie in the low sur-
vival rate of stem cells implanted into the ischemic area and decreased
bioactivity of implanted cells, possibly due to impairment or absence of
the vascular “niche” [165,166]. In this regard, M13 phage has been
exploited both as nano-carrier and as biochemical scaffold to enhance
engraftment ability and stem cell functions.

Lee et al. constructed an artificial stem cell niche comprising of
engineered M13 phage for enhanced EPC function [165]. The researchers
first reported the dual functional motif of M13 phage displaying RGD
peptide, a cell-adhesive motif, and thymosin 4 (Ser-Asp-Lys-Pro; SDKP),
a pro-angiogenic and anti-fibrotic motif, for constructing
peptide-displaying scaffold. EPCs were then treated with engineered M13
phage. Based on the expression levels of cyclin D, scratched wound
healing assay, and Matrigel tube formation assay, the M13 phage dis-
playing both RGD and SDKP promoted proliferation, migration, and tube
formation in EPCs, respectively, suggesting a synergistic effect between
the two displayed peptides. Engineered M13 phage also exhibited
anti-oxidative and anti-inflammatory properties in EPCs. Accordingly, by
transplanting M13 phage-treated EPCs into a murine hindlimb ischemia
model, researchers observed increased EPC survival, neovascularization,
and functional recovery [165]. Genetically engineered M13 phages dis-
playing RGD and SDKP peptides at pIIl and pVIII, respectively, were also
designed by Jang et al. in order to investigate the efficacy and viability of
transplanting hCPCs in ischemic heart regions [166]. Despite no
morphological changes observed in hCPC after pre-treatment with
engineered M13 phage, the engineered M13 carrier significantly
increased hCPC retention in the myocardial infarct zone of mice after
three days. Moreover, hCPCs treated with engineered M13 phage
exhibited enhanced angiogenic activity, as demonstrated by their
increased ability to migrate and form tubes in vitro, as well as the
increased number of smooth muscle cell marker in vivo [166].

4.3.6. Neural regeneration

Neural regeneration in the CNS involves regrowth of axons from
newborn neural cells following traumatic brain injury [167]. Moreover,
in neurological injuries such as brain stroke, autophagy and degradation
of injured tissue cause impairment of the ECM, which hampers regen-
eration of brain tissue [139]. Hence, research has turned to constructing
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ECM-mimicking scaffolds with therapeutic cells, such as neural progen-
itor cells (NPCs), neural stem cells (NSCs) and human induced pluripo-
tent stem cells (hiPSCs) for neurite regeneration, as well as biomolecules
that guide neuron network restoration [18,69,139,168]. Cell delivery
vehicles such as M13 phages could carry therapeutic cells while func-
tional peptides with biochemical cues could be displayed along the
nanostructured virion that assembles into an ECM-like scaffold or in-
tegrates with complementary scaffolds.

Merzlyak et al. designed M13 phages that displayed either RGD or
IKVAV peptides (motifs known to promote neural cell adhesion and
neurite extension) at pVIII and arranged them into three-dimensional
nanofiber matrices with NPCs embedded for cellular proliferation and
differentiation [18]. Within seven-day period, the adult rats' NPCs
aligned along either phage fiber were able to differentiate neural cells
and extend long neurites parallel to the fiber's long axis [18]. Similar
study was conducted by Chung et al. who genetically engineered M13
phages to display RGD peptides and induced virion self-assembly into
matrices featuring anisotropic topography capable of guiding NPC
growth. Due to the biochemical and topographical cues, the seeded NPCs
showed considerably higher proliferation rate in RGD-phage films
compared to that of the control group with wild-type-phage films.
Compared to the control group, differentiated NPC neurites grew at a
much faster rate, and their extension length was four to seven times
longer on day 4 [169]. In addition to neurons, astrocytes, also differen-
tiated from NPCs, are equally essential for the building of the brain and
may stimulate growth-promoting ECM components like fibronectin and
laminin [68,155]. Hence, research conducted by Zhou et al. explored the
bidirectional differentiation of hiPSC-derived NPCs into both neurons
and astrocytes using NiM structure composed of M13 phage [68]. The
topographical cues, in conjunction with the RGD peptides, greatly
induced NPCs to express neuron markers, as well as to generate astro-
cytes within 8 days, as opposed to 30 days required with astrocyte
inducer medium [69].

Similar to other tissue repair, restoring optimum function in damaged
brain tissue also depends on the formation of abundant vascular net-
works. Liu et al. explored the application option of using M13 phages to
display functional peptides and integrate them to microparticles (MPs) as
templates to seed NSCs for achieving both neurogenesis and angiogenesis
after stroke [139]. To achieve this, Liu et al. genetically introduced RGD
peptide to display on pVIII of M13 phage in high density to form
“R-phage”. Silk fibroin MPs were prepared from silkworm cocoons for
biocompatibility, then coated with polyethyleneimine (PEI) to allow
R-phage attachment to the MPs electrostatically [139]. As the
NSC-seeded R-phage-MPs were injected into the stroke sites in the rat
brains, the phage conjugation improved stroke-damaged brain tissue
repair by stimulating NSC differentiation, thereby regenerating densely
connected axon-rich neurons in the brain and improving animal limb
motor function significantly. In addition, the compounds stimulated
revascularization and angiogenesis by activating endothelial cells, which
further promoted the delivery of nutrients and oxygen for neurogenesis
[139].

4.4. Targeted cancer therapy

4.4.1. Breast cancer

Breast cancer (BC) is the most prevalent type of cancer in women
[170]. In clinical practice, conventional treatment methods for BC
include surgery, radiotherapy (RT), chemotherapy, endocrinotherapy
and targeted therapy. However, these methods could induce resistance
and strong side effects, especially in the case of triple negative BC (TNBC)
[171]. The alarming numbers in BC prevalence and deficiency in con-
ventional treatments demand for extensive research in novel tools for BC
therapy.

The utilization of M13 phage display in BC therapy is a promising
method in identifying tumor-targeting agents as well as carriers and
potential vaccines. In 2004, An et al. managed to isolate an anticancer
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peptide, F56, through the screening of M13 phage library. F56 was found
to be both antiangiogenic and antimetastatic when tested in severe
combined immunodeficient mice implanted with human BC cells (BICR-
H1) [172]. Similarly, a human antibody, scFv 12H7, was recognized with
tumor inhibitory effects on TNBC cells both in vitro and in vivo [173].
The use of this antibody significantly reduced tumor size when compared
to the isotype control. BC undergoes epithelial to mesenchymal transition
(EMT) prior to metastasis, hence recognition of EMT could be promising
in BC diagnostics. Jones and colleagues identified LGLRGSL, a phage
peptide that binds specifically to EMT BC cells, possibly providing early
identification of metastatic BC [174].

By displaying exogenous linear dodecapeptides to the minor coat
protein plIIl of M13 phage, peptides with high affinity to BC cell line MCF-
7 were isolated and then evaluated for efficacy in cancer drug delivery
[175]. A MCF-7 xenograft model on female nude mice was used,
demonstrating results of improved antitumor effect of targeted drug
delivery. In a study by Bartolacci et al. M13 phage was engineered to
display A16HER2 (splice variant of HER2 that accelerates BC progres-
sion) epitopes on their coat protein pllI to serve as an anticancer vaccine
[19]. The vaccine was able to avoid immune tolerance as well as induce a
protective response against A16HER2. Moreover, a recent study dis-
cussed recombinant M13 phage particles displaying a total of eight
vaccine immunogens, all of which carrying special proteins and multi-
epitope regions [176]. Using three of the eight vaccines studied, vacci-
nation of 4T1 BC mouse models showed clear tumor growth inhibition.

Interestingly, Li et al. demonstrated genetic engineering of the fd
phage to display both an angiogenin-binding peptide on its side surface
and MCF-7 homing peptides on its tip [177]. This could enable signifi-
cant tumor suppression, as phages not only home in breast tumors, but
also bind to angiogenin which prevents angiogenesis. Considering the
similarities between M13 and fd phage, this study suggests that the M13
phage may be effective at inhibiting angiogenesis in BC therapy, a
research area that could be explored in future studies.

4.4.2. Brain tumor

Glioblastoma, also known as glioblastoma multiforme (GBM), is an
incurable, malignant, and most common primary cerebral tumor in
adults with a less than 2 years median survival time and a 5-year survival
rate of only 5.4% in the United States [178]. Current therapy consisting
of radiation, chemotherapy, and surgery have not produced effective
results in prognosis or mortality [179,180]. In a novel attempt to increase
survival and potentially open routes to cure the disease, it was proposed
that a M13 phage was used to increase the efficacy of current chemo-
therapy drugs [118].

In order to accomplish this, the M13 phage will have to cross the BBB
as mentioned previously. The BBB normally blocks out 98% of small
molecules, thus presenting a large obstacle for current drug delivery
options for glioblastoma [181,182]. Current phage-based drug delivery
has been credited with thermodynamic stability, biocompatibility, ho-
mogeneity, high carrying capacity, self-assembly, scalability, and low
toxicity [183]. Przystal et al. proposed in 2019 that Temozolomide
(TMZ), a chemotherapy drug able to cross the BBB, can be combined with
gene therapy and delivered via the M13 phage directly to the glioblas-
toma site as a result of a synergistic action [118]. Their research was
conducted in vitro in common human cellular models of glioblastoma
(LN229, U87, and SNB19) and determined that tumor cells treated with
TMZ resulted in effective glioblastoma cell killing in vitro as well as
glioblastoma growth inhibition in vivo. Moreover, their research deter-
mined that the M13 phages not only targeted existing cancer cells, but
also cells that help new blood vessels form, and cancer stem cells which
possess the ability to evade initial treatment because of its undifferenti-
ated state [118].

Another factor affecting this form of treatment is the method of de-
livery. A novel approach known as convection-enhanced delivery (CED)
was used for chemotherapy drug administration in pontine glioma brain
tumor patients aged 3-21 years old [184]. This route was also
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determined to be a safe and effective method for M13 phage distribution
to the brain [185]. Further research in method of delivery, recombinant
adeno-associated virus genome therapy, and clinical viability are still
needed.

4.4.3. Colorectal cancer

Colorectal cancer (CRC) is one of the leading causes of cancer death
worldwide, often being diagnosed in its later stages with poor response to
conventional chemotherapy and cancer immunotherapy [186]. Several
underlying factors in the tumor microenvironment (TME) could account
for the suppression of anti-tumor immunity in cancer immunotherapy.
According to current research, the gut microbiota, notably the over-
growth of Fusobacterium nucleatum (Fn) in CRC tissue, triggers the
recruitment of immunosuppressive myeloid cells, creating an immuno-
suppressive TME that inhibits T cell responses [187,188]. To regulate the
microbiota, the use of antibiotics has been proposed, but discouraged due
to its broad target spectrum and its negative effects on immunotherapy
[81,189]. In this case, the M13 phage could be applied to rebuild
tumor-immune microenvironment by precise manipulation of gut
microbiota as well as activating innate immune cells [81,190].

Phage-directed nanomaterial combination therapy was proposed by
Dong et al. to accurately manipulate gut microbiota for CRC suppression
[81]. While M13 phage has shown its capability of screening various
targets, researchers identified a specific Fn-binding M13 phage strain
that demonstrated optimal targeting of bacteria based on three rounds of
biopanning. In order for M13 phage to effectively eliminate Fn, AgNPs
were electrostatically attached to antibacterial phage surfaces to create a
hybridization system called M13@Ag. Results after intravenous injection
of M13@Ag in vivo revealed that AgNPs selectively eliminated protu-
moral Fn following precise phage recognition system and further
inhibited myeloid-derived suppressor cell expansion, thereby suppress-
ing tumor cells and eliminating immunosuppressive TME. Interestingly,
M13@Ag also promoted antigen-presenting cells (APC) activation in vivo
and contributed to antitumor immune response by activating innate
immune cells such as dendritic cells and macrophages [81]. M13 phage
induces innate immune cell inflammation to alleviate tumor-associated
immunosuppression through its immunogenic nature [191].

An additional study demonstrated that M13 phage could be used to
actively promote tumor infiltration of innate immune cells by specifically
targeting highly expressed antigens on the surface of CRC cells [190]. By
designing M13 phage displayed with CEA-specific ScFv at the minor coat
protein, Murgas et al. generated a CEA-targeting phage termed M13
aCEA. Both intratumoral and systemic administration of M13 aCEA
diminished tumor growth and prolonged survival in CRC mouse models,
with a mechanism involving activation of macrophages, neutrophils, and
dendritic cells, along with activation of CD8" T-cell responses [190].
With existing strategies focused on overcoming immunosuppressive TME
to protect against CRC, M13 phage offers the possibility of restoring
tumor immunity. Nonetheless, future studies should explore the combi-
nation of novel and distinctive nanomaterials to maximize the thera-
peutic potential against CRC.

4.4.4. Other cancer

Various other types of cancers have been treated with tumor specific
M13 phages using phage display technology. To exploit the efficacy of
tumor-targeting phages against melanoma, Eriksson et al. designed two
genetically modified M13 phages for selective targeting of specific cancer
cells [192]. One (WDC-2 phage) displaying specific cell-binding peptide
identified through in vivo biopanning, another (HLA-A2 specific
Fab-phage) expressing tumor specific antibody fragments on the phage.
While both treatments resulted in complete tumor regression and pro-
longed survival of the mice, the tumor suppression was likely accom-
plished through engineered phage's pro-inflammatory process via
activation of toll-like receptor 9 on innate immune cells that further
induced adaptive immune responses [192].

Additionally, with the M13 phage, targeted photodynamic therapy
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(PDT) can be performed in epithelial growth factor receptor (EFGR)-
overexpressing cancer cell to effectively destroy tumors by selectively
accumulating photosensitizer (PS) in desired target [33,193]. As EFGR
gene mutations are often linked to cancer progression, Ulfo et al. first
demonstrated the use of EGFR peptide ligands (SYPIPDT) fused to M13
phages along with Rose Bengal (RB) as effective PS for promising EFGR
targeted PDT [33]. The same EGFR-targeting peptide was coupled to
chlorin e6 (Ce6), one of the most widely used PS molecules, for targeting
ovarian cancer cells. Due to the selective targeting of
mitochondria-located EFGR that modulated cell death pathway, the
phage-based phototheranostic platform demonstrated enhanced efficacy
in eliminating two ovarian cancer cell lines by promoting mitochondrial
localization and autophagy induction [193]. Moreover, EGFR has also
been investigated as a potential therapeutic target in other cancer types,
including cervical cancer, bladder cancer, and head and neck cancer
[194]. M13 phage-based bionanomaterials could thus be a promising
novel approach to cancer therapy.

5. Current limitations and future outlooks

With all possibilities come limitations. Phage application including
the use of phage display continues to raise ethical concerns and chal-
lenges half a century after its discovery. Despite being widely used in
animal experiments, M13 phages as bionanomaterials have been limited
in human trials due to the following reasons: 1) Restrictions in peptides
displayed. In order for M13 phages to function as peptide display parti-
cles, they must first be expressed and assembled within a bacterial host,
then secreted without disrupting the host cells, therefore limiting the
types, lengths, and amounts of peptides displayed. In addition, the large
aspect ratio of nanofiber-like phage inhibits the display of large peptides
or antibodies to the pIII protein due to its small tail proportion. Having a
limited range of peptides to display decreases the efficiency of phage-
based applications such as biosensors. A number of studies have pro-
posed ways to reduce the length of M13 phage as much as possible while
retaining the minor coat protein [195,196]. In future studies, shorter
M13 phages could be studied to compare their efficacy in therapeutic
applications. 2) Issues with stability. Despite their structural robustness,
M13 phages are still susceptible to losing activity under various physi-
cochemical conditions. As various encapsulation approaches have shown
to retain bioactivity and stability in other phages, future studies may
explore such strategies for M13 phage [197]. 3) The safety concerns.
While M13 phages do not cause cellular lysis, they are viruses that exhibit
immunogenicity. The immunogenic properties are likely due to repeated
structures of coat proteins which have shown to potentially stimulate
humoral and cellular immune responses [198,199]. In patients at high
risk, therefore, use of phages might be restricted due to their impaired
immunity and the immune-inducing properties of the particles. Addi-
tionally, since M13 phages are constructed in bacteria, they may contain
different levels of lipopolysaccharide (LPS), making it necessary to
develop a more effective purification method for future studies [14]. 4)
Lack of funding. As Henein et al. stated, research on phage-based ther-
apeutic applications might be hindered by the lack of funding from large
pharmaceutical companies and require massive funds for clinical trials
[200]. Current clinical trials have yet to show breakthrough progress in
efficacy and agencies including the FDA have yet to approve widespread
use due to this fact [201]. We believe both public and clinical awareness
regarding phage-based applications remain a target of improvement,
especially in safety and basic knowledge regarding the phage concept.
Nevertheless, the use of M13 phages as bionanomaterials has demon-
strated impressive results that demonstrate their potential for use in a
wide variety of clinical settings.

6. Conclusions

This overview demonstrates that phage application goes beyond
merely bacteria elimination but also in various aspects of nanoscience.
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M13 phages, in particular, are naturally occurring nanomaterials with
filamentous shapes and monodispersed properties that are versatile in
applications. Through the advancement of phage display technology and
material engineering, the M13 phage has been developed as a virus-based
bionanomaterial that is useful in drug delivery, biodetection, tissue
regeneration, and targeted cancer therapy. In order to bridge the gap
between animal and human clinical trials, moreover, future relevant
research should overcome limitations related to peptide display, stabil-
ity, safety concerns, and funding shortages. Importantly, a thorough
understanding of how the M13 phage will behave once it enters the
human body through different pathways is essential. Overall, the use of
M13 phage as bionanomaterial, based on phage display technology, will
become increasingly valuable for precision and individualized medicine
as ongoing biotechnology innovations allow for novel phage derived
nanotherapeutic applications to be discovered.
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