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1. Introduction
1.1. Tissue regeneration

Tissue regeneration is the restoration of injured tissue to normal
state with full functions [1-7]. Most tissues are composed of specialized
(differentiated) cells and their supporting matrix, called extra cellular
matrix (ECM) [8,9]. In daily tissue maintenance activities or small injury
repairs, the cells in the lost/damaged tissue can be replaced by the pro-
liferation of surrounding undamaged counterparts, including adult stem
cells (ASCs) and/or differentiated normal cells [10,11]. However, for
non-self-healable extensive damages and large defects, special regener-
ation therapies are usually required, including the use of supporting
scaffolds (e.g. artificial polymers, decellularized tissues, and naturally
occurring biomacromolecules) with or without bioactive molecules
(e.g. growth factors, peptides, cytokines, and genes), tissue-specific
therapeutic cells (e.g. implanted stem cells, and endogenous stem
cells), and their combinations [1,10]. Scaffolds are mostly made of bio-
degradable materials to mimic the native ECM. They provide 3D envi-
ronments to support the proliferation and differentiation of
therapeutic cells in vitro and in vivo, go through gradual biodegradation
after implantation, and finally, are replaced by the newly formed con-
nective tissue framework or ECM [10-13]. Recent findings have even
demonstrated that scaffolds with special patterns could direct some of
the cellular behaviors, such as seeding and differentiation. Bioactive
molecules are small biomolecules capable of regulating some crucial
processes to promote the regeneration, such as cell differentiation, cell
proliferation, cell migration, vascularization, and so on [14,15]. They
could be introduced into the scaffolds by various methods, including di-
rect loading, chemical conjugation, cellular expression, and are ex-
pected to function over an extended period of time [14]. Therapeutic
cells play a central role in the tissue regeneration. Differentiated cells
with proliferative capacity have been approved by FDA, such as autolo-
gous fibroblasts, and used for the regeneration of labile and quiescent
tissues (e.g. skin and liver) which are composed of cells that can prolif-
erate in response to injuries [11]. However, most tissue cells are incapa-
ble of proliferation, especially in non-dividing tissues (e.g. cardiac). In
addition, the source of autologous differentiated cells with proliferative
capacity is very limited. With the expanding of our knowledge of ASCs,
these cells have been considered as a better choice for the tissue regen-
eration purpose for several reasons: (1) ASCs can repair the nearby
damaged tissue and some small tissue injuries can be self-healed by
the endogenous ASCs; (2) ASCs are self-renewable; (3) Autologous
ASCs can be isolated from patients and culture-expanded in vitro;
(4) ASCs are multipotent and can be differentiated into many tissue-
specific cell types [16,17].

Although current tissue regeneration therapies have shown promis-
ing results, there are still several challenges in developing them into

efficient regenerative medicines. The first challenge is how to produce
bioactive molecules, particularly the growth factors, in large scale with
lower costs. Most growth factors used for tissue regeneration are re-
combinant polypeptides expressed by E. Coli or mammalian cells from
commercial sources [18]. However, the high production costs (~$40/ug
on the market) and short half-lives limit their broad clinical applications
for tissue regeneration. The second challenge is how to improve the in-
tegration of growth factors into the scaffolds to ensure their long-term
functionalities. Current strategies for incorporating growth factors into
the scaffolds include direct loading, chemical conjugation, and cellular
expression. Growth factors can be directly loaded into the scaffolds
and released by diffusion, but the releasing period is too short for the
long term regeneration process [14,15]. Growth factors can also be
chemically conjugated onto the scaffolds and released as the scaffolds
are being degraded, but the chemical reactions may deactivate their
regular bio-functions [14,15]. Alternatively, growth factors can be
expressed by genetically modified therapeutic stem cells, but the effi-
ciency of the gene transfection into stem cells by non-viral vectors is
low [14,15]. The third challenge is how to regulate ASC function and
control their fate in the scaffolds. Stem cell survival, self-renewal, and
differentiation in vivo are regulated by their local microenvironments
[12], also called a niche, including cell-cell interactions, growth factors,
and cell-matrix adhesions [13]. For the stem cells seeded inside the scaf-
folds, they are controlled by the formed specialized niches from the
scaffolds and/or bioactive molecules [13]. However, a systematic under-
standing of the regulation of ASC fate has not been achieved. ASCs with-
out proper control may lead to serious safety issues [19]. For example,
implanted neural stem cells induced brain tumor to an ataxia telangiec-
tasia patient four years after implantation [20]. Ideally, the implanted
scaffolds carrying bioactive molecules mimic the natural extracellular
matrix (ECM) of tissues and thus regulate the therapeutic stem cells to
promote tissue regeneration process [1,10]. This review is focused on
the use of genetically modifiable filamentous bacteriophage (phage)
bio-nanofibers and phage biopanning identified functional peptides to
overcome these challenges in the field of tissue regeneration.

1.2. Phage and phage display

1.2.1. Classification

Phages are a type of virus that infects and replicates within their host
bacteria. They are categorized into three major branches including lytic
phage, temperate phage, and non-lytic phage. Specifically, a wide vari-
ety of phage types exists, such as T4 phage (lytic phage), T7 phage
(lytic phage), P22 phage (lytic phage), N\ phage (temperate phage),
M13 phage (non-lytic phage), and fd phage (non-lytic phage) [21].
Lytic phages lyse the bacteria to release harmful endotoxins and may
cause safety issues [22]. Temperate phages integrate their DNA into
the bacterial chromosome and may increase pathogenic risk [23].
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Non-lytic phages pose minimum safety concerns and have been mostly
used for biomedical applications [21,24]. To the best of our knowledge,
non-lytic phages, especially the M13 and fd filamentous phages [25], are
almost the only reported phages for tissue regeneration purpose
[24,26]. We will focus on the use of bioengineered filamentous phage
for tissue regeneration in this review.

1.2.2. Phage structure

Filamentous phages are composed of a circular single-stranded DNA
(ssDNA) packed inside a coat protein shell [25,26]. With a unique fiber-
like shape, they can be pictured as a semi-flexible bio-nanofiber with
~900 nm in length and ~7 nm in width [21,24]. The circular ssDNA en-
codes 10 phage genes including the 5 coat proteins (named pllII, pVI,
pVII, pVII], and pIX) [25]. The coat protein shell is composed of a side-
wall assembled from several thousand copies (~2700 for wild-type
M13 phage [27,28], and ~4000 for wild type fd phage [29]) of highly or-
dered major coat protein (pVIII) capped with 5 copies of two minor coat
proteins (pVII and pIX) at one end and two other minor proteins (plII
and pVI) at the other end.[25] Since the length of a phage depends on
the length of the ssDNA within, bioengineered phages with genetically
modified ssDNA usually show different lengths [26].

1.2.3. Phage display

Phage display was first reported by George Smith in 1985 [30]. This
technique is the genetic modification of phage coat proteins to display
foreign peptides by inserting DNA sequences encoding the peptides
into the genes of the coat proteins. Peptides have been successfully
fused to the N-terminus of plll (called plIll display) [31], the N-
terminus of pVI (called pVI display) [32], and the N-terminus of pVIII
(called pVIII display) [29,33]. Besides these single displays, two or
even three different peptides have been displayed on single phages to
form double-displayed (pIIl & pVIII) [34] and triple-displayed (plIII,
pVI, and pVIII) phages [35]. By displaying various functional peptides
at two tips or along the side-wall, the surface chemistry of phage nano-
fibers could be precisely controlled to form multi-functional phage bio-
nanofibers.

1.2.4. Phage biopanning

By displaying peptides on coat proteins, phage-displayed random
peptide libraries that contain billions of phage nanofibers with each
phage displaying a unique peptide sequence could be constructed
[29]. There are two types of reported phage libraries: plll (available
from NEB Inc.) [36] and pVIII phage library [37]. These phage libraries
have been successfully used to select the peptides that specifically
bind to the selection targets, including inorganic crystals [36], polymers
[38], proteins [29], cells [39], and tissues [40,41]. The process of the se-
lections is known as phage biopanning. During a typical phage
biopanning, a phage library is allowed to interact with the targets. The
non-bound phage particles are washed away with a detergent added
buffer. The target-bound phage particles are eluted with an acidic buffer
(pH = ~2.2) and amplified by infecting host bacteria. The amplified
phages serve as a new enriched pool (or sub-library) with significantly
reduced diversity to interact with targets again. This selection process is
repeated for several rounds until a few peptide sequences are dominant
in the output and they are regarded as target specific peptides. The
phage biopanning identified target-binding functional peptides/phages
have been extensively used for tissue regeneration purpose (Table 1).

1.2.5. Phage properties

Filamentous phages are bio-nanofibers with the modifiable surface
[24]. They can be considered as an excellent biomaterial for biomedical
applications for several reasons: (1) More than one foreign peptides can
be genetically displayed on the surface of a single phage through phage
display technique to construct multi-functional phage bio-nanofibers.
(2) The phage-based peptide library is an ideal tool to select target spe-
cific peptides through phage biopanning process. (3) Now it is known

Table 1
Summary of phage display derived functional peptides and bioengineered phages for tis-
sue engineering.

Functional Functions and/or applications References
peptide/protein
identified from phage
biopanning
NPYHPTIPQSVH HAP-binding & HAP-nucleating [42]
SVSVGMKPSPRP HAP-binding [43,44]
MLPHHGA HAP-nucleating [45,46]
VTKHLNQISQSY Apatite-binding [47,48]
DPIYALSWSGMA human bone marrow stromal [49]
cell-binding
TRIP-1 protein TRAP activation and inducing osteoblast [50]
differentiation
GGGAWEAFSSLSGSRVG BMP-2 binding and inducing [51]
osteogenesis
TSPHVPYGGGS BMP-2 binding and inducing [52,53]
osteogenesis
GCPFSSTKTE bone marrow-homing, hematopoietic [54,55]
stem cell-binding, and inducing
osteogenic differentiation
SGHQLLLNKMPN MSC-binding for enhanced gene delivery [56,57]
into MSCs
VTAMEPGQ MSC-binding for enhanced gene delivery [39,58,59]
into MSCs
RRQTLSHQMRRP bind to the 1-35 residues of the Nogo-66 [60,61]
enhance neuronal neurite outgrowth on
CNS myelin substrates, and promote CNS
regeneration after spinal cord injury
(SC1)
HIYTALV NgR1-binding promote axonal [62]
regeneration
CGLPYSSVC murine NSC-targeting [63]
FAQRVPP NSC-derived NPC-targeting promote the [64]
proliferation and neural differentiation
of human and mouse NSCs in vitro and
improve neural tissue regeneration in
acute contusive spinal cord injury in vivo
KLPGWSG murine NSC-targeting enhance NSC [65]
neuronal differentiation
HGEVPRFHAVHL specific to the NSCs derived from rhesus [66]
monkey NSC labeling
PFSSTKT bone marrow-homing and primitive [67-71]
hematopoietic stem cell-binding induce
NSC differentiation and promote neural
regeneration
QTRFLLH & VPTQSSG neural precursor cell-targeting enhance  [72]
the gene delivery into neural precursor
cells in vitro and in vivo
CLEVSRKNC ischemic stroke tissue-homing [73]
HSNGLPL TGF-R1-binding retain TGF-p1 to induce [74-76]
the chondrogenic differentiation of
human MSCs in vitro and promote the
regeneration of articular cartilage in a
chondral defect in a rabbit model with or
without additional TGF-31 growth factor
WYRGRL collagen II o 1-binding articular [76-78]
cartilage-homing
EPLQLKM bone marraw derived MSC-targeting [79-83]
promote the proliferation and
chondrogenic differentiation of MSCs
in vitro and in vivo
GAHWQFNALTVR Hyaluronan (HA)-binding retain HA and  [78,84,85]
promote the proliferation and
chondrogenic differentiation of MSCs
DWRVIIPPRPSA chondrocyte-homing serve as a [86,87]
chondrocyte targeting probe for
cartilage regeneration gene therapies
STMMSRSHKTRSHHV hyaluronan-binding block the [88]
RHAMM/HA signaling to reduce the
wound macrophage number, fibroblast
number, and blood vessel density and
thus promote the scarless healing of skin
CFKHSSHQC & wound-healing matrix [89]
SQIDYATGPRQA (Integra®)-binding introduce drugs into
the matrix for improved performance
CARSKNKDC target skin and tendon wound-homing  [90,91]
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Table 1 (continued)

Functional Functions and/or applications References
peptide/protein
identified from phage
biopanning
favor early stages of wound healing
ACHSALTKHCG skin penetrating and cell entering [92-96]
penetrate across stratum corneum into
epidermis and dermis layers and into
cells in skin tissue
CGLLPVGRPDRNVWRWLC  bind to the TGF- type Il receptor block  [97]
& CKGQCDRFKGLPEWC  the interaction between TGF-31 and
TGF-p type Il receptor induce the VSMC
migration and affect the expression of
TGF-p1 related proteins
QPFTTSLTPPAR mouse ESC-derived [98]
cardiomyocyte-targeting
APWHLSSQYSRT cardiac-homing [99]
CSTSMLKAC home to ischemic heart tissue [100]
KLWVLPK vascular wall-binding home to injured [101,102]
carotid arteries
TVKHRPDALHPQ & human ESC-binding [103]
LTTAPKLPKVTR
LTGKNFPMFHRN & bind to the extracellular domain of [104,105]
MHRMPSFLPTTL TGF-p receptor [ and II
concentrate endogenous TGF-3 and
regulate TGF-> responsive genes to
induce the epithelial to mesenchymal
transition, which has potential
applications in tissue regeneration
Bioengineered phage as the Applications
substrate/scaffold component
for bone regeneration
Wild type phage Form the HAP-phage hybrid [106]
bundle structure
Phage displaying EEEEEEEE Form the HAP-phage hybrid [107]
bundle structure
Phage displaying ESQES Phage Form the HAP-phage hybrid [28]
displaying QESQSEQDS bundle structure
Phage displaying RGD Enhance cell adhesion [108-110]
Phage displaying GRGDS A mixture of both phages and [111]
Phage displaying DDYD alginate forms hydrogels in the
presence of calcium ion.
Enhance cell (MC3T3-E1) viability,
proliferation, and osteogenesis
Phage displaying DGEA Support the adhesion, [112]
proliferation, spreading, and
induce the early osteogenic
differentiation of the bone
progenitor cells (MC3T3)
Phage displaying an Phage ridge/groove films enhance  [27]
OCN-derived peptide the MSC elongation.
(PDPLEPRREVCE) Phage ridge/groove films
Phage displaying an accelerate and enhance the
OGP-derived peptide (YGFGG)  osteogenic differentiation of MSCs
in osteogenic medium.
Phage displaying a Phage ridge/groove films greatly [113]
fibronectin-derived adhesive  favored the proliferation of MSCs.
peptide (PHSRN) Phage ridge/groove films
Phage displaying a assembled from a mixture of
fibronectin-derived adhesive RGD-phage and PHSRN-phage
peptide (RGD) promote the osteogenic
differentiation of MSCs in the
primary media without osteogenic
supplements.
Phage displaying the OGP Phage ridge/groove films control [114]
(ALKRQGRTLYGFGG) the morphology of iPSCs
Phage displaying a Phage ridge/groove films induce
BMP-2-derived peptide (KIPK the osteoblastic differentiation of
ASSVPTELSAISTLYL) iPSCs
Phage displaying RGD Phage functionalized 3D scaffolds ~ [115]
could induce both osteogenesis
and angiogenesis for vascularized
bone regeneration in vivo.
Phages displaying RGD, IKVAV,  RGD-phage formed films could [116-118]

and HPQ

direct the elongation of cell
growth.

Bioengineered phage as the
substrate/scaffold component
for bone regeneration

Applications

Films made of a mixture of
HPQ-phage and RGD-phage could
facilitate the immobilization of
growth factors/ligands and direct
orientation of the growth of NPCs.
Films made of a mixture of
IKVAV-phage and RGD-phage
could support the proliferation and
differentiation of NPCs and control
their morphology and growth.

Phage displaying RGD promote the proliferation and [119]
myogenic differentiation of CAC12
myoblasts in the presence of
graphene oxide

Wild type phage Phages form films to induce the [120-125]

Phage displaying RGD directional growth of human

NIH-3T3 fibroblasts

that phages are naturally present in human body, in particular, in
human microbiota and bladder [126,127], indicating that in vivo use of
phages is safe to the human body. Several groups have injected phage
libraries (up to 10'4 phage particles into one patient) into patients and
conducted in vivo biopanning to identify human tissue-specific peptides
without obvious side effects, suggesting its good tolerability in human
beings [103,128-130]. (4) Phages are stable under physiological condi-
tions for hours so that they could even retain their infectivity during in-
travenous (IV) injection and circulation in the human body for in vivo
biopanning or biodistribution studies [103,128-130]. (5) Due to the
specificity of infection, error-free nature of replication, and easy proce-
dure of production, phage nanofibers could be manufactured in large
scale to form the white macroscopic pellets with high cost effectiveness
[24,131] and easily quantified by counting the macroscopic phage
plaques which are the clear zones formed in a lawn of bacteria due to
bacterial infection by the phages. (6) The capability of forming liquid
crystalline structures at certain concentrations makes phages a great
biomaterial to self-assemble into highly ordered 3D scaffolds.

2. Roles of phages in tissue regeneration
2.1. Advantages

Recent research has demonstrated that filamentous phages could be
genetically engineered to promote tissue regeneration [21,24,132-135]
in four different ways or their combinations (Fig. 1): (i) Bioengineered
phages displaying functional peptides serve as growth factor alterna-
tives to improve tissue regeneration; (ii) Bioengineered phages self-
assemble into 3D scaffolds to regulate the ASCs by providing both phys-
ical and chemical cues; (iii) ASC-binding peptides selected from a
phage-displayed random peptide library are used as targeting mole-
cules to enhance ASC gene/drug delivery so that the transfected ASCs
could continually express growth factors over a long period of time
after implantation; (iv) Phage biopanning identified functional peptides
could be conjugated with biomaterials to form scaffolds for tissue re-
generation. In addition, filamentous phage nanofibers could be
manufactured in large scale using fermentation systems [131] with
low costs to support their increasing applications for tissue
regeneration.

2.2. Function as growth factor alternatives

Growth factors, the signaling small proteins/polypeptides capable of
stimulating and regulating cellular proliferation, differentiation, migra-
tion, adhesion, and gene expression [136-138], play a critical role in
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promoting tissue repair processes. They have even been considered as
one of the most important components (cells, scaffold, and growth fac-
tors) in tissue engineering [139]. In most current tissue regeneration
strategies, growth factors are incorporated inside the scaffolds and
gradually released during the regeneration process. The currently used
growth factors are commercial recombinant exogenous growth factors
produced through the cell-based or E. Coli-based recombinant technol-
ogies, but the production and purification costs are still high (about
$4000-$6000/mg) and their half-lives are short (up to several hours)
[15]. During the long period of tissue regeneration, a large amount of
growth factors will be needed for clinical treatments and the total
costs will be extremely high. Growth factors initiate their functions by
binding to the specific cell surface receptors through the interaction be-
tween the receptor-binding domain of growth factors and the extracel-
lular domain of the receptors. Besides the growth factors, cellular
functional signaling can also be activated by growth factor alternatives,
such as functional peptides [140]. For examples, RDG peptide interacts
with integrins to promote cell adhesion and differentiation [141-144].
Osteogenic growth peptide (OGP) with a sequence of YGFGG could en-
hance cell adhesion and proliferation with low concentrations
[145,146]. Some other functional peptides that can enhance tissue re-
generation have been summarized in a recent review article.[140] Re-
cently, several peptides that can induce the differentiation of stem
cells and enhance the tissue regeneration have even been identified di-
rectly by phage display technique [50,54,55,68,69,147].

Although these functional peptides were mostly studied in the form
of synthetic molecules, they could also be used as molecules displayed
on the phage nanofibers [27,113-115,134]. Taking advantage of the
phage display technologies, several groups have recently displayed
functional peptides on the phage protein shell to form bioengineered
phage nanofibers and demonstrated that these phage nanofibers could
regulate ASC proliferation, differentiation, migration, adhesion, and
gene expression [27,112-117,134]. They also found that when
displayed on the phage surface, the functional peptides (e.g., RGD
[120-125]) still retain the same biological functions for cell adhesion
[27,112-117,134]. The advantages of using phage-based functional
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Fig. 1. Overview of phage- and phage display-based tissue regeneration strategies. Phage
biopanning enables the identification of regeneration associated functional phages/
peptides. The direct or indirect use of the functional peptides and bioengineered phages
could promote the regeneration of a variety of tissues, including bone, nerves, cartilage,
skin, and heart.

peptides as growth factor alternatives for tissue regeneration include:
(1) Bioengineered phage nanofibers can be easily manufactured in
large scale with high-cost effectiveness; (2) More than one peptide
can be displayed on one single phage nanofiber using the phage double
or triple display techniques so that displayed peptides could function
collectively to achieve better regeneration efficiency; (3) By co-
displaying both the functional peptide and scaffold material-binding
peptide on phage surface, these bioengineered phage nanofibers could
be conveniently introduced into the scaffolds without any chemical re-
actions. The potential problems of using phage nanofibers as growth
factor alternatives include: (1) Filamentous phages may activate a
range of immune responses [148]. However, the previous work has
also demonstrated that the injection of phages didn’t cause serious
side effects to the patients [128]. (2) Phages may be eliminated shortly
(in 1 hour) after implantation in vivo by B cells, based on a study of the
in vivo fate of T7 phages in mice [149]. However, one previous study has
found that bioengineered M13 phages decorating the inside of a 3D
printed bone scaffold successfully induced vascularized osteogenesis
in diaphysis defect Sprague Dawley (SD) rat models [115]. Studies in
the in vivo fate of bioengineered filamentous phages are still needed
to further evaluate the direct use of phage in tissue regeneration.

2.3. Function as scaffolds

Scaffolds play a central role in tissue regeneration. An ideal scaffold
should have good biocompatibility to support and control the prolifera-
tion and differentiation of ASCs on them, a unique architecture to load
growth factors before implantation and release them during the regen-
eration, an appropriate porosity to allow ASCs and other molecules to
reach the inside of the scaffold, a good wettability for the attachment,
ingrowth, and proliferation of the cells, tissue-mimetic mechanical
properties, and great biodegradability in accordance with the regenera-
tion [150,151]. The mostly used three types of biomaterials for con-
structing tissue regeneration scaffolds are ceramics (e.g.
hydroxyapatite and tricalcium phosphate), synthetic polymers (e.g.
poly-dl-lactic-co-glycolic acid and poly-I-lactic acid), and natural mac-
romolecules (e.g. collagen fibers) [150]. Due to their inherent limita-
tions [150], combinations of these materials have recently been used
to build composite scaffolds, such as collagen-hydroxyapatite compos-
ite scaffolds for bone regeneration [152]. During or after the construc-
tion of these scaffolds, bioactive molecules, such as growth factors, are
loaded or functionalized into the scaffolds through diffusion or chemical
reactions [15]. As a non-toxic fiber-like natural macromolecule with a
genetically modifiable surface [24,103,128-130], genetically engineered
phage nanofibers that display functional peptides can not only self-
assemble into scaffolds to support ASC proliferation and differentiation
[27] but also decorate pre-formed scaffolds to introduce bioactive mol-
ecules for tissue regeneration [115]. Since the phage surface is actually a
protein shell, it can be mixed or conjugated with a material or a chem-
ical (including polymers) that does not denature proteins. Although the
phages themselves can’t work as the main building block for generating
3D structures for hard tissue regeneration (e.g., bone) due to its soft-
ness, bioengineered phages can serve as an important component of re-
generation scaffolds with two obvious advantages. First, the engineered
phages display peptides may replace the traditional bioactive mole-
cules, such as expensive growth factors, in decorating the scaffolds
without any chemical conjugation [115]; Second, the scaffolds assem-
bled from such engineered phage nanofibers is an ideal tool to system-
ically study how the physical and chemical cues collectively affect the
ASC behaviors [27].

24. Improve gene/drug delivery
One strategy to introduce growth factors into regeneration scaffolds

is to deliver the growth factor gene into the therapeutic ASCs, then im-
plant ASCs into scaffolds, and finally allow the genetically modified ASCs
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to continually express the growth factors during regeneration. Although
growth factor genes can be delivered into ASCs using viral vectors with a
high transfection efficiency, there are still concerns about using the viral
vectors for patient treatments. On the other hand, the transfection effi-
ciencies using non-viral gene delivery vectors to stem cells are still low
and need to be improved. To promote gene transfection efficiencies into
ASCs, phage biopanning technique has been used to identify ASC-
binding peptides which in turn are conjugated onto non-viral gene de-
livery vectors to achieve targeted gene transfection [39,58,59].

2.5. Phage biopanning for tissue regeneration

In vitro phage biopanning has led to the discovery of peptide ligands
that can target the tissue regeneration associated proteins and stem-cell
targeting peptides that are capable of guiding stem cell adhesion, prolif-
eration, and differentiation in scaffolds [153]. These peptides are usually
functionalized onto the tissue regeneration scaffolds to enhance the
in vitro therapeutic stem cell expansion and control the stem cell behav-
iors within the scaffolds [153]. For example, when the self-assembled
monolayer (SAM) of alkanethiols on gold was functionalized to display
the human embryonic stem cell (hESCs)-targeting peptides identified
through phage display technique, it could support the adhesion and
growth of the undifferentiated hESCs similar to the Matrigel [154]. In
vivo phage biopanning has been used to identify organ/tissue-
targeting peptides, including the injured organ targeting peptides
(blood vessel) [155,156]. These peptides could be integrated into inject-
able nanomedicines to achieve targeted drug delivery to target tissues
[155,156].

3. Phages for promoting tissue regeneration
3.1. Bone regeneration

For bone regeneration, the mostly used therapeutic stem cells are
mesenchymal stem cells (MSCs) [157-159], preosteoblasts [111,112],
and recently developed induced pluripotent stem cells (iPSCs)
[160-162]. The behaviors of the therapeutic stem cells can be controlled
by growth factors, and/or scaffolds to achieve osteogenic differentiation
during the regeneration process [163,164]. Hydroxyapatite (HAP) is the
main inorganic component of natural bones. Bone scaffold containing
HAP shows good osteoconductivity and osteoinductivity [165-169], so
HAP has been widely used in the development of bone regeneration
scaffolds [170,171]. Phage and phage display technique has been used
for bone regeneration in the following directions: (1) Phage display de-
rived functional peptides could be integrated into scaffolds to enhance
the bone regeneration; (2) Bioengineered phage nanofibers could be
used as a biomaterial component/substrate of the bone scaffolds;
(3) Phage display derived peptides could promote the gene delivery ef-
ficiency into MSCs to form genetically modified MSCs for promoting tis-
sue regeneration.

3.1.1. Phage display derived functional peptides for bone regeneration
HAP (Ca;o(PO4)s(OH),), the main inorganic component of bone, has
been widely used for developing bone regeneration scaffolds [170,171].
The availability of HAP-binding peptides could facilitate the introducing
of HAP into bone scaffolds for better osteoconductivity and
osteoinductivity [165-169]. Several groups have successfully identified
HAP-binding peptides using the phage biopanning technique [42-49].
Lee et al. screened Ph.D.-12, Ph.D.-7, and Ph.D.-C7C phage libraries
(from New England Biolabs) against the (001) faces of single-crystal
HAP rods and identified three potential HAP-binding peptides, includ-
ing NPYHPTIPQSVH (CLP12) from Ph.D.-12 library, HAPVQPQ (CLP7)
from Ph.D.-7 library, and CNYPTLKSC (CLP7C) from Ph.D.-C7C library
[42]. During the following tests, the CLP7C peptide showed the best
HAP-binding affinity and CLP12 successfully induced the nucleation of
HAP crystals from a precursor Ca>*/HPO3" solution. The periodic proline

and hydroxyl residues (Y, T, and S) of the CLP12 peptide mimic the type
I collagen repeated sequence and also match the periodic lattice of the
HAP (001) face. These findings suggest that the binding of the CLP12
peptide to HAP (001) face depends on collective noncovalent interac-
tions and native collagen may also have the HAP-nucleating ability.
Backer et al. identified a HAP-binding peptide, SVSVGMKPSPRP (HA 6-
1), through six rounds of phage display selection using the Ph.D.-12
phage library [43]. The HA 6-1 peptide showed both strong binding af-
finity and specificity to HAP crystals. Then the same group measured
the binding affinity of the HA 6-1 (SVSVGMKPSPRPGGGK, termed HA-
1) peptide and its derived peptide fragments, SVSVGGK (HA-2) and
VSMKPSPGGGK (HA-3), to HAP crystals by using the surface plasmon
resonance imaging technique [44]. The results showed that the binding
affinity of the HA-1 peptide to HAP was relatively high (Kp = 14.1 uM +
3.8 uM) but those of the HA-2 (Kp = 54.4 uM =+ 7.6 uM) and HA-3 pep-
tides (-) were low, suggesting the fragment SVSV contributed to the in-
teraction of HA 6-1 and fragment MKPSP may function as a
conformational dependent component for enhancing the binding affin-
ity. Sarikaya et al. identified a HAP-binding peptide, CMLPHHGAC
(HABP1), through phage biopanning using the Ph.D.-C7C phage library
[45]. The HABP1 peptide could regulate the nucleation process of HAP
crystals and the addition of HABP1 peptide in a precursor solution re-
sulted in a slower nucleation process and larger HAP crystals. The
same group [46] combined a self-assembly peptide, VKVKVKVKV-
PPPTKVEVKVKV (MAX8), with the HABP1 peptide form a dual func-
tional peptide, VKVKVKVKVPPPTKVEVKVKV-MLPHHGA (MDG1). The
MDGT1 peptide could form hydrogels through the self-assembly of the
MAX 8 fragment. The HAP-nucleating HABP1 fragment of the MDG1
peptide could direct the mineralization of HAP crystals on the formed
hydrogel to form a HAP-hydrogel 3D network capable of supporting
the cementoblasts (OCCM-30 cells). Kohn et al. identified three
apatite-binding peptides, APWHLSSQYSRT (A), STLPIPHEFSRE (S) and
VTKHLNQISQSY (VTK), through phage biopanning using the Ph.D.-12
phage library [47]. The phosphorylation of the two serine amino acids
on the VTK peptide further enhanced the binding affinity of VTK to
bone-like mineral [48]. The same group [49] identified a human bone
marrow stromal cell (hBMSC)-specific peptide, DPIYALSWSGMA
(DPI), through phage biopanning using the Ph.D.-12 phage library and
combined the HAP-binding VTK and hBMSC-specific DPI peptides into
a dual functional peptide, DPIYALSWSGMA-VTKHLNQISQSY (DPI-
VTK). They found that the DPI-VTK peptide could be used to coat apatite
substrates and thus improve hBMSC adhesion, spreading, proliferation
and differentiation on the apatite substrates. All these results have dem-
onstrated that phage display technique is a powerful tool to identify
HAP-binding/nucleating peptide that can be decorated onto scaffolds/
substrates for bone regeneration applications.

Bioactive small proteins such as BMP-2 play an important role in the
bone regeneration process.[172] The peptides capable of specifically
binding to these proteins can be identified by phage biopanning tech-
nique [50,51,53]. These peptides could regulate the functions of their
targeting proteins [50] or help the immobilization of the proteins onto
artificial bone scaffolds for tissue regeneration [51,53]. Tartrate-
resistant acid phosphatase (type V) (TRAP), a glycosylated monomeric
metalloprotein enzyme, is critical for bone formation and development.
Puzas et al. identified a TRAP-binding protein, TGF receptor interacting
protein 1 (TRIP-1), from the osteoblasts by using an osteoblast cDNA T7
phage-display library [50]. They found that the TRAP could interact with
the TRIP-1, activate the TGFp differentiation pathway, and trigger the
osteoblast differentiation process. Hodges et al. first selected 59 BMP-
2-binding peptides from a 17-mer phage display library and identified
two peptide patterns (W-X-X-F-X-X-L and L-X-F-P-L-K) that may con-
tribute to the binding of peptides to BMP-2 [51]. Based on the two pat-
terns, they built two 2™ generation focused phage display libraries and
further  selected two  better = BMP-2-binding peptides,
GGGAWEAFSSLSGSRVG and GGALGFPLKGEVVEGWA, using the two li-
braries. Then, they combined one of the identified BMP-2-binding
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peptides with the collagen-binding peptide to form a dual functional
peptide (SWWGFWNGSAAPVWSR-GSSG-AGAWEAFSSLSGSRV, BC-1)
and found that BC-1 peptide could help the immobilization of free
standing BMP-2 onto the collagen matrix. Finally, they found the injec-
tion of the collagen matrix with BMP-2 and BC-1 resulted in more oste-
ogenic cellular activity, a larger area of bone formed, and better bone
maturity than the collagen matrix with BMP-2 (but without BC-1).
Stupp et al. identified a BMP-2-binding peptide, TSPHVPYGGGS,
through phage biopanning using the Ph.D.-12 phage library [52]. The
same group integrated the identified BMP-2-binding peptide with the
peptide amphiphile (PA) or diluted PA nanofibers as building blocks
(BMP2b-PA or D-BMP2b-PA, Fig. 2-A and B) to form gel scaffolds with
a high BMP-2-binding affinity for bone regeneration [53]. The in vitro
osteogenesis-inducing study results showed that more ALP-active cells
were found after treatment of the D-BMP2b-PA gel for four days on
C2C12 pre-myoblasts in the presence of BMP-2 (1 and 10 pg/mL)
(Fig. 2-C), suggesting the D-BMP2b-PA gel captured more BMP-2 mole-
cules and significantly enhanced the BMP-2-induced osteogenesis of
C2C12 cells. The in vivo spinal fusion (bone forming) study results indi-
cated that the D-BMP2b-PA gel greatly (10-fold) enhanced spinal fusion
with less additional BMP-2 (0.1 or 1 pg) in a rat postero-lateral lumbar
intertransverse spinal fusion model (Fig. 2-D), indicating that less
BMP-2 is needed for osteogenesis at the regeneration sites in the pres-
ence of the D-BMP2b-PA gel. All these results suggest that phage display
technique is a powerful tool to identify a bioactive molecule-binding
peptide that can be used to induce the osteogenic differentiation of ther-
apeutic stem cells for bone regeneration. Moreover, the display and con-
jugation of such peptides onto the scaffolds will greatly improve their
regeneration effects.

Recently, the peptides that can specifically home to bone marrow
have been successfully identified by in vivo phage biopanning and
have shown great potential to induce the osteogenesis and heal bone
defects.[54,55,147] Becker et al. identified a bone marrow-homing and
primitive hematopoietic stem cell-binding peptide, GCPFSSTKTE (bone
marrow homing peptide 1 or BMHP1), through an in vivo phage
biopanning [55]. Zhang et al. found that the BMHP1 peptide and its cir-
cular form, cBMHP1, could not only enhance the adhesion and prolifer-
ation of bone marrow derived MSCs on peptide-coated quartz
substrates but also induce the osteogenic differentiation of the stem
cells either in an osteogenic differentiation medium or regular MSC cul-
ture medium without osteogenic supplements [54]. Balian et al. identi-
fied two bone marrow-homing peptides, L7 and R1, through an in vivo
phage biopanning [147]. Mesenchymal cells treated with 5 nM of L7
or R1 showed higher ALP activity (2 fold for L7 and 3.5 folds for R1)
and higher gene expression of bone cell transcription factors or bone
matrix proteins (higher Osterix and Runx2 gene expression for R1,
and higher BSP and osteocalcin gene expression for L7), suggesting
that both peptides could enhance the osteogenesis in mesenchymal
cell cultures. When the R1 peptide was introduced into the gel foam
for bone repair, the best cortical repairs were achieved by using the
gel foam-R1, suggesting the R1 peptide can promote cortical bone re-
generation. These reported findings have demonstrated that in vivo
phage biopanning technique can identify bone marrow-binding pep-
tides that can induce the osteogenesis of therapeutic stem cells in vitro
and promote bone regeneration in vivo.

3.1.2. Bioengineered phage nanofibers as a substrate for bone regeneration

Filamentous phages are genetically engineerable bio-nanofibers that
mimic the collagen fibrils in natural bone.[25,106] When displaying
functional peptides (e.g. RGD) on the surface, the bioengineered
phage bio-nanofibers could serve as a substrate/scaffold component
for bone regeneration [27,28,106-115]. Our group has demonstrated
that bioengineered phage bio-nanofibers could nucleate HAP on them
to form HAP-phage bundle structures as a potential bone scaffold build-
ing block [27,28,106]. We found that positively charged Ca®* triggered
the self-assembly of the negatively charged wild type M13 phage into

the Ca®*-loaded phage structures, which could further interact with
phosphate and hydroxyl ions to induce the oriented nucleation of HAP
along phage bundles to form the HAP-phage hybrid nanostructures
[106]. We also used a bioengineered phage bio-nanofiber that surface
displays a negatively charged peptide, EEEEEEEE, as a biotemplate to
form phage bundles (Fig. 3A-1) and found that oriented HAP crystals
could be formed along phage bundles (Fig. 3A-2). The c-axis direction
of the HAP matched the direction of the long axis of phage bundles
(Fig. 3A-3), which mimics some features of the lowest level of bone
structure. We co-assembled collagen and phages into hybrid bundles
which could also induce the oriented nucleation of HAP on them to
form a HAP-collagen-HAP hybrid nanostructure (Fig. 3B) [107]. More-
over, we genetically displayed two HAP-nucleating peptides, ESQES
(pE) and QESQSEQDS (pQ), derived from the dentin matrix protein-1
on the M13 phage surface to form the E phage (displaying pE) and Q
phage (displaying pQ), respectively. The E and Q phage could self-
assemble into phage bundles through the formation of beta structure
between the pE and pQ that are displayed on the phage surface. The
formed beta structure induced the oriented nucleation and growth of
HAP crystals along the phage bundles. The c-axis of HAP had the same
direction as the long axis of phage bundles, mimicking the collagen-
HAP hybrid structures in natural bone [28]. These results suggest that
PE and pQ could be collectively decorated onto scaffolds to induce
HAP nucleation for potantial bone regeneration applications.

Bioengineered phage bio-nanofibers have also been used as a sub-
strate for enhancing bone cell adhesion and controlling their elongation
[108-110]. Han et al. genetically displayed a cell-adhesive RGD peptide
derived from the proteins in ECM for integrin receptors onto M13 phage
surface to form the RGD-phage and then fabricated 3D porous ECM-
mimicking nanofiber sheets composed of electrospinning poly(lactic-
co-glycolic acid) (PLGA) and RGD-phage bionanofibers [108]. They
found that the adhesion and proliferation behaviors of the
preosteoblastic MC3T3-E1 cells on the RGD-phage-PLGA nanofiber
sheets were significantly enhanced due to the decorated RGD peptides
on the phage surface, suggesting the phage-PLGA nanofiber sheet is a
great cell-adhesive substrate for bone scaffolds. Lee et al. fabricated
smectic helicoidal or nematic hierarchical nanofilament (SHN and
NHN) films using the RGD-phage nanofibers through a self-assembly-
templating process with different pulling speeds [109]. They found
that the SHN-NHN double patterned films made from RGD-phage
could elongate the resident preosteoblastic MC3T3-E1 cells perpendicu-
lar to the long axis of the phage nanofibers on SHN regions but parallel
to them on NHN regions (Fig. 4), suggesting that the phage substrate
could provide both the physical (pattern) and biochemical (RGD pep-
tide) cues to cells for controlling cell morphology. This method could
be used to regenerate the tissue consisting of multiple layers with
each layer holding unique cell properties (type, growth direction and
So on).

Bioengineered phage bio-nanofiber based substrates can provide
both the physical and biochemical cues to therapeutic stem cells for in-
ducing their osteogenic differentiation [27,110,112-114]. Kim et al. fab-
ricated a 3D multi-layered porous hybrid scaffold with a high modulus
(9.4-12.9 MPa) using a mixture of RGD-M13 phage that was pre-
conjugated with alginate and poly(&-caprolactone) (PCL) through a
low-temperature printing process [110]. The formed RGD-phage/PCL
hybrid scaffold could absorb functional proteins via its pore structure,
induce the formation of HAP on it, and support the adhesion and prolif-
eration as well as osteoblastic differentiation of the osteoblast-like
MG63 cells, suggesting its potential applications in various hard tissue
regeneration. The same group constructed a tissue-mimetic 3D printing
cell-laden scaffold using pre-osteoblast MC3T3-E1 cell-containing
phage hydrogel as the bioink [111]. The phage hydrogel was made of
a mixture of the phages displaying an integrin-binding peptide
GRGDS, the phages displaying a calcium-binding peptide DDYD, and al-
ginate cross-linked by calcium ions. The 3D cell-laden scaffold enhanced
the cell viability, proliferation, and osteogenesis. Lee et al. genetically
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Fig. 2. BMP-2-binding peptide functionalized amphiphile (PA) nanofibers (D-BMP2b-PA) as biomaterials for BMP-2 absorption and in vivo spinal fusion (bone forming). (A) Cryo-TEM
images of the filamentous morphologies of the diluent PA (A-1) and the diluted BMP-2-binding PA (D-BMP2b-PA) (A-2). (B) Photograph of the self-supporting D-BMP2b-PA gel.
(C&D) ALP enzyme activities of the BMP-2-induced osteoblast differentiation of C2C12 pre-myoblasts after 4 days of culturing in the presence (C) or absence (D) of BMP-2 or without
BMP-2. Measurements were normalized to their respective DNA content, and the final average values from treatments are normalized to control treatment with BMP-2 alone. The
results showed that D-BMP2b-PA gel could capture and retain BMP-2 molecules and significantly enhanced the BMP-2-induced osteogenesis of C2C12 cells in the presence or absence
of BMP-2. (E) Micro-CT images of representative spine fusions showing that D-BMP2b-PA efficiently induced the fusion of spine. White arrows indicate the presence of fusion mass in

the transverse processes. (Reprinted with permission from ref. [53], copyright 2015, Wiley)
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Fig. 3. Bioengineered phage bio-nanofibers as biotemplates to enable the oriented nucleation of hydroxyapatite (HAP). (A-1) TEM image of the bioengineered phage (displaying EEEEEEEE
peptide) formed bundle structures induced by calcium ions. (A-2) Oriented HAP crystals formed along Ca?* induced phage bundles by adding phosphate ions. (A-3) The electron
diffraction pattern of the oriented HAP crystals (A-2) showing the c-axis direction of the HAP matched the direction of the long axis of phage bundles. (B) Co-assembled collagen-
phage hybrid bundles could induce the oriented nucleation of HAP on them. (Reprinted with permission from ref. [107], copyright 2010, Wiley)

displayed a collagen-derived DGEA peptide onto M13 phage surface to
form the DGEA-phage and prepared 2D phage films through a self-
assembly process [112]. They found that the film derived from DGEA-
phage could support the adhesion, proliferation and spreading of the
bone progenitor cells (MC3T3) and induce their osteogenic
differentiation.

Recently, our group [27,113,114] have developed a layer-by-layer
(LBL) self-assembly strategy to fabricate phage films with variable pat-
terns and systemically studied how the physical and biochemical cues,
offered by the phage films, affected the osteogenic differentiation of
MSCs and iPSCs. In the first study [27], we genetically fused an
osteocalcin (OCN)-derived PDPLEPRREVCE (PD) peptide and an osteo-
genic growth peptide (OGP)-derived YGFGG (YG) peptide onto M13
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phage surface to form the PD- and YG-phage, respectively. Then we pre-
pared phage films through the LBL method. The resultant phage films
showed a unique highly ordered ridge/groove topography where
phage bundle ridges were separated by grooves and parallel to each
other. The diameter of phage bundles (or ridges) could be controlled
by the concentration of phage solutions used in the film fabrication.
Higher concentration of phage (10'* pfu/mL) resulted in the larger di-
ameter of the formed phage bundles on the film surface, while smaller
diameter of phage bundles was formed when a lower concentration of
phage solution (10'? pfu/mL) was used. When seeded on the phage
films, the MSCs were elongated along the phage bundle direction, sug-
gesting the topography of phage films could affect the morphologies
of resident MSCs. Cell proliferation was affected by both the topography

100'um

Fig. 4. Control over the growth orientation of preosteoblastic MC3T3-E1 cells by bioengineered phage assembled films with different structures. (A) MC3T3-E1 cells cultured on the phage
films with SHN (smectic helicoidal nanofilament, top) and NHN (nematic hierarchical nanofilament, bottom) structures. Insets: AFM images showing the directional guidance of cell
elongation in response to the orientation of the underlying film microstructure. (B) Fluorescence image showing that the MC-3T3-E1 cells grew in the desired directions on the self-
assembled RGD phage films, suggesting that phage assembled substrates could provide physical cues to cells for morphology controls. (Reprinted with permission from ref. [109]

copyright 2011, Springer Nature)
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of phage films and the peptide sequences displayed on the phage sur-
face. Phage films assembled from YG-phage at a lower concentration fa-
vored the proliferation of MSCs. In addition, both the phage films
assembled from PD- and YG-phage could accelerate and enhance the
osteogenic differentiation of MSCs in the osteogenic medium.

Based on these previous findings [27], we [113] further studied the
fate of MSCs directed by the grooved phage films assembled from the
RGD-phage that displays a fibronectin-derived adhesive peptide
(RGD), the PHSRN-phage that displays a fibronectin-derived adhesive
peptide (PHSRN), or their combination. We found that the phage films
made from RGD-phage and a mixture of RGD- and PHSRN phages at a
lower concentration (10'2 pfu/mL) greatly favored the proliferation of
MSCs. The films assembled from a mixture of RGD-phage and PHSRN-
phage showed the greatest efficiency in promoting the osteogenic dif-
ferentiation of MSCs in the primary media without osteogenic supple-
ments. Besides the MSCs, our group [114] successfully applied the
phage film system to control the behaviors of iPSCs. We constructed
four bioengineered phages: (1) FN1-phage that displays RGD;
(2) FN2-phage that is a mixture of RGD-phage and PHSRN-phage;
(3) OGP-phage that displays the OGP (ALKRQGRTLYGFGG); and
(4) BMP-2-phage that displays a BMP-2-derived peptide KIPK
ASSVPTELSAISTLYL. The resident iPSCs were elongated and aligned
along the phage bundles. The morphology of the iPSCs-derived embry-
onic bodies (EBs) changed from nearly spherical to bipolar fibroblast-
like and then to polygonal over time. These findings suggested that
the topography of the phage films could control the cell morphologies
and regulate their behaviors. Then we studied the osteoblastic differen-
tiation of iPSCs on the phage films assembled from different
bioengineered phages in the primary media without osteogenic supple-
ments (Fig. 5A). We found that iPSCs were differentiated into osteo-
blasts only on the phage films with ordered ridge/groove topography
but not on those with random topography. We also found that iPSCs
were more efficiently differentiated into osteoblasts on the ridge/
groove phage films assembled from OGP-phage and BMP-2-phage
than on the films assembled from other phages (wild-type phage,
FN1-phage, FN2-phage), suggesting that the phage film system can effi-
ciently regulate the osteoblastic differentiation of iPSCs by varying its
topography (physical cue) and phage-displayed peptide (chemical
cue) (Fig. 5B-D). These results suggest that when the peptides derived
from bone proteins are displayed on the phages, the resultant phages
could induce the differentiation of stem cells [113,114]. Such phages
have a great potential to be used for controlling stem cell differentiation.

Besides the in vitro studies, our group [115] has recently integrated
the RGD-phage into a 3D printed bone scaffold for the regeneration of
vascularized bone in vivo (Fig. 6). We introduced the RGD-phage into
the pores of a pre-printed 3D mineral scaffold along with chitosan and
then seeded MSCs into the scaffold to form a virus-activated matrix
(VAM). We found that the VAM containing the RGD-phage and regular
MSCs induced bone tissues and blood vessels more efficiently than the
control scaffolds (containing wildtype (WT) phage or without phage)
but less efficiently than the VAM containing the RGD-phage and
VEGF-expressing MSCs (Fig. 6). These in vivo study results indicated
that RGD-phage could induce both osteogenesis and angiogenesis for
vascularized bone regeneration. The study suggests that the
bioengineered phage is an ideal biological molecule to be introduced
into 3D scaffolds for enhancing tissue regeneration.

3.1.3. Phage display assisted gene delivery into MSCs

Genetically modified MSCs could continually express functional pro-
teins, such as growth factors, inside the implanted 3D scaffolds to en-
hance in vivo bone regeneration [115]. However, genes are difficult to
be efficiently transfected into MSCs using non-viral gene delivery
vectors [39,58,59]. Phage biopanning technique has been used to iden-
tify a MSC-targeting peptide which could be integrated onto non-viral
gene delivery vectors to enhance the gene delivery into MSCs
[39,56,58,59].

Balian et al. identified a high-affinity MSC-binding (HAB) peptide,
SGHQLLLNKMPN, through both in vitro and in vivo phage biopanning
against bone tissues [57]. They [56] found that the poly(amidoamine)
(PAMAM) dendrimer-based gene delivery vectors modified with the
HAB peptide could greatly enhance the Luc gene transfection efficiency,
suggesting the high MSC-binding affinity of the peptide identified
through phage biopanning could advance the non-viral gene delivery
into MSCs for tissue regeneration purpose. Our group [39] identified a
MSC-binding peptide, VTAMEPGQ (VT peptide), through an in vitro
phage biopanning using an 8-mer landscape (pVIII) phage library. We
[58] integrated the phage coat protein pVIII displaying the VT peptide
into a gene delivery nanocluster to form a virus-mimetic magnetic/silica
nanocluster (VMSNC), which could efficiently enter target cells in the
presence of a magnetic field (1 T) and release the target gene by intra-
cellular glutathione (GSH) inside cells. We demonstrated that the
VMSNC reached a high gene transfection efficiency of 40.01% in MSCs
(Fig. 7A-C). In another study [59], we conjugated the VT peptide either
alone or in the repeated form onto the surface of the lipid-based nano-
particles (LBNs) and found that the MSC-targeting VT peptide greatly
improved the gene (VEGF and GFP) transfection efficiencies. Surpris-
ingly, the LBNs modified with both triple reiterated VT peptide and nu-
clear localization signaling peptide (NLS, DKKKRKV) even reached a
gene transfection efficiency of 52.52% (Fig. 7D-F). The study demon-
strated that the phage biopanning derived peptides are ideal targeting
molecules for enhancing gene delivery into the stem cells.

3.2. Neural regeneration

For neural regeneration, the mostly used therapeutic stem cells are
neural progenitor cells (NPCs), neural stem cells (NSCs), and embryonic
stem cells (ESCs) [63-71,73,173]. The behaviors of the therapeutic stem
cells can be controlled by functional peptides [174] or proteins to
achieve their neuritogenesis and/or neural differentiation for the regen-
eration process [63-71,73,173]. Phage and phage display technique
have been used for neural regeneration in a variety of ways. First,
phage display derived functional peptides could be used to enhance
the neural regeneration. Second, bioengineered phage nanofibers
could be used as a biomaterial component/substrate to support neural
regeneration. Third, phage display derived peptides could promote the
gene delivery to neurons.

3.2.1. Phage display derived functional peptides/proteins for neural
regeneration

Several groups have conducted phage biopanning against critical
proteins in the central nervous system and identified several functional
peptides that could promote neuritogenesis and/or neural differentia-
tion.[60-62,175] L1 cell adhesion molecule (L1CAM) is a cell surface
glycoprotein involved in neural cell migration and neurite outgrowth.
Schachner et al. identified two single-chain variable fragment antibod-
ies (scFvs), 175 and 1105, which can specifically bind to both the H3 pep-
tide (GSQRKHSKRHIHKDHYV) and the extracellular domain of L1ICAM by
using a phage display scFv Tomlinson I library [175]. They found that the
175 and 1105 scFvs could increase neurite outgrowth of SK-N-SH cells by
activating the signal transducers Erk and Src in these cells, suggesting
their potential use in the therapy of neurodegenerative diseases.
Nogo-A, an important myelin inhibitor, triggers the inhibition of CNS
myelin and axonal regeneration by binding to its receptor NgR1. The
neutralization of the 66 residues of the C terminal of the Nogo-A
(termed Nogo-66) could reduce its inhibition of myelin and thus pro-
mote the regeneration of axons [60]. Su et al. identified a peptide,
RRQTLSHQMRRP, that specifically binds to the 1-35 residues of the
Nogo-66 (NEP1-35) through phage biopanning using the Ph.D.-12
phage library [60,61]. Their results showed that the identified NEP1-
35-binding peptide strongly bound to the Nogo-66, interrupted the in-
teraction between Nogo-66 and its receptor NgR1, neutralized the inhi-
bition of CNS myelin by Nogo-66, enhanced neuronal neurite outgrowth
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Fig. 5. Efficient regulation of the osteoblastic differentiation of iPSCs by varying the peptides displayed on the side walls of filamentous phages. (A) Fabrication of bioengineered phage films
through a layer-by-layer self-assembly method. The formed phage films could induce the osteoblastic differentiation of iPSCs. (B) The ALP activity of the cells cultured on different phage
films showing a significant increase in all of the phage matrices compared with the control (**, p<0.01). (C) Real-time PCR and (D) immunofluorescence staining assays for evaluating the
expression levels of the osteogenic mark proteins, including osteoclacin (OCN) and osteopontin (OPN). Collagen (COL) was used as a reference protein and plates without phage films were
the control (CON). (Reprinted with permission from ref. [114] copyright 2014, American Chemical Society)

on CNS myelin substrates, and promoted CNS regeneration after spinal
cord injury (SCI). Sun et al. [62] identified a NgR1-binding peptide,
HIYTALV (NAP2), through phage biopanning using the Ph.D.-7 phage li-
brary and demonstrated the NAP2 peptide could also block the Nogo-
66-induced inhibition of neurite growth to promote axonal
regeneration.

Phage biopanning has successfully been applied to identify NSC-,
NPC-binding peptides, which have shown great potential for neural re-
generative applications [63-66,73]. Arap et al. identified a murine NSC-
specific peptide, CGLPYSSVC, through phage biopanning using the Ph.
D.-C7C phage library [63]. The identified peptide shares a motif of
netrin-4 (404-410) and could bind to laminin y1 chain. Based on this
finding, they found that the netrin-4, laminin y1 chain, and o631
integrin could form a complex to promote the proliferation, adhesion,
and migration of NSC, and the differentiation of MSCs is along with
the decrease of netrin-4 receptors, indicating a molecular mechanism
for affecting neural cell behaviors. Gelain et al. [64] identified a NSC-

derived NPC-specific peptide, FAQRVPP, through phage biopanning
using the Ph.D.-7 phage library. They also linked acetylated FAQRVPP
to the LDLK12 self-assembly peptide (SAPeptide) to form Ac-
FAQRVPP-GGG-(LDLK)3-CONH, (Ac-FAQ peptide). They found that the
Ac-FAQ peptide hydrogel could promote the proliferation and neural
differentiation of human and mouse NSCs in vitro (Fig. 8A-C) and im-
prove neural tissue regeneration in acute contusive spinal cord injury
in vivo (Fig. 8D-G). The same group [65] identified a murine NSC-
specific peptide, KLPGWSG, using the Ph.D.-7 phage library and linked
acetylated KLPGWSG to the SAPeptide to form Ac-KLP peptide. They
found that although the KLP peptide itself could not support the prolif-
eration of NSCs, both the KLP peptide and the Ac-FAQ peptide hydrogel
could enhance neuronal differentiation of NSCs. Zhao et al. identified a
peptide, HGEVPRFHAVHL, which can specifically bind NSCs derived
from rhesus monkey ESCs through phage biopanning using the Ph.D.-
12 phage library [66]. The peptide was conjugated to quantum dots
(QDs) for labeling NSCs. All these results have demonstrated the
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Fig. 6. Integration of phages into 3D printed scaffolds for induce vascularized bone formation. (A) RGD-phage can induce both osteogenesis and angiogenesis for in vivo vascularized bone
regeneration. (B) Micro-CT images of the bone regeneration by using the scaffold (B-1) filled with wild type phage (negative control, B-2), with RGD-phage (VAM, B-3), and with both
RGD-phage and VEGF (positive control, B-4). (C) H&E staining of the sections of implants showing both VAM (C-3 & C-4) and its negative (C-1 & C-2) and positive (C-5 & C-6) controls
could induce the formation of new bone tissue in the scaffolds. The VAM significantly promoted the formation of bone in comparison with negative control, but not as efficient as the
positive control, suggesting the combination of VAM and VEGF was able to enhance the osteogenesis. (D) The number of newly formed blood vessels within the scaffolds showing
significantly more blood vessels formed in VAM scaffold than the negative control. (E) The quantification of bone volume density (bone volume/tissue volume) within the scaffolds
showing the bone volume density within the VAM scaffold is higher than the blank and negative control groups. (Reprinted with permission from ref. [115], copyright 2014, Wiley)

peptides identified from the phage biopanning against NSC/NPC could
be displayed or conjugated onto scaffolds to promote neural
regeneration.

Becker et al. identified two unique bone marrow-homing and prim-
itive hematopoietic stem cell-binding peptides, PFSSTKT (BMHP1) and
SKPPGTSS (BMHP2), through an in vivo phage biopanning [55]. Al-
though the peptides were initially identified by phage biopanning
against bone marrow tissue, they have shown great neural regenerative
properties [67-71]. The possible reason is that bone marrow cells share
some differentiating pathways and adhesion receptors with NSCs [176].

In the first study, Becker et al. linked a self-assembly peptide (SAP)
RADA16 with several functional peptides, including the BMHP1,
BMHP2, fibronectin-derived RGDS, collagen VI-derived RGDSGYRGDS,
laminin derived motifs (YIGSR, IKVAV, PDSGR), and a myelo-peptide
GFLGFPT, to form 3-D scaffolds and investigated the cell behaviors of
mouse NSCs on them [67,69]. The results showed that both the
BMHP1 and BMHP2 peptides favored the adhesion, survival, and prolif-
eration of NSCs and the BMHP1 peptide promoted the neural differenti-
ation of NSCs. In the in vivo study [70], they injected the BMHP1-SAP
scaffold into the rat spinal cord. They found that cellular infiltration,
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Fig. 7. MSC-binding peptide selected from phage biopanning can promote the efficiency of gene delivery into MSCs by non-viral vectors, including (A) virus-mimetic magnetic/silica
nanocluster (VMSNC) and (D) lipid-based nanoparticles (LBNs). (B) EGFP gene expression in MSCs transfected by VMSNCs under 1T magnetic field. (C) The EGFP gene transfection effi-
ciency by VMSNCs and control vectors. (E) EGFP gene expression in MSCs transfected by LBNs modified with both triple reiterated VT peptide (VTAMEPGQ) and nuclear localization sig-
naling peptide (NLS, DKKKRKV). (F) The EGFP gene transfection efficiency by lipid-based nanoparticles (LBNs) modified with both triple reiterated VT peptide and NLS peptide and control
vectors. (Reprinted with permission from ref. [58], copyright 2013, Wiley and ref. [59], copyright 2015, American Chemical Society)

basement membrane deposition and axon regeneration/sprouting
within the cyst were increased 8 weeks after spinal cord injury (SCI).
They also found that the injected BMHP1-SAP scaffold partially filled
the cavities and was compatible with the surrounding nervous tissue,
and the scaffold also improved hindlimbs’ motor performance and
forelimbs-hindlimbs coordination. These results demonstrated that
the BMHP1-SAP scaffold could provide a physical and chemical support
to the regeneration applications in the injured CNS. The same group [68]
redesigned the SAP sequences and generated several novel BMHP1-SAP
structures in the nano- or micro-scale, including tabular fibers, twisted
ribbons, tubes and hierarchical self-assembled sheets. They demon-
strated that these BMHP1-SAP 3D scaffolds could promote hNSC sur-
vival, proliferation, and differentiation in vitro and showed great
in vivo biocompatibility. Besides the direct use of the BMHP1-SAP scaf-
fold, Becker et al. also assembled the BMHP1-SAP into electrospun
micro channel guidance constructs made of PLGA and PCL blended fi-
bers and transplanted them for the regeneration in chronic injuries of
the spinal cord [71]. Six months after the implantation, cavities were
filled with the newly formed tissues, and a vascular network was well
developed. In addition, immature and mature axons and myelination
were regenerated throughout the lesion area. Moreover, astrocytes,
neuronal fibers, myelin, microglial cells, fibroblasts, basement mem-
brane components, and endothelial vessels were located around the
degrading guidance channels (Fig. 9). These results indicate a significant
level of anatomical and functional regeneration by the BMHP1-SAP-
electrospun PLGA/PCL hybrid structures in chronic SCI. All these results

indicated that the BMHP1 peptide is a functional small molecule that
could be introduced into the scaffolds for inducing NSC differentiation
and promoting neural regeneration.

3.2.2. Bioengineered phage nanofibers as a substrate to support NSCs/NPCs

Lee et al. have employed the bioengineered phage nanofiber assem-
blies as a biomaterial component/substrate to support NSCs/NPCs. They
first constructed the bioengineered phages displaying RGD, IKVAV (a
laminin motif known to promote neural cell adhesion and neurite ex-
tension) [177], and HPQ (a biotin-like peptide) to form GRD-, IKVAV-,
and HPQ-phages and then assembled the phage nanofibers into cell-
supporting long-range-ordered liquid crystalline phage films for con-
trolling cell behaviors of NSCs and NPCs [116-118]. They found that
RGD-phage formed films were biocompatible with neural cells and
could direct the elongation of cell growth [118]. They also found that
the films made of a mixture of HPQ-phage and RGD-phage could facili-
tate the immobilization of growth factors/ligands on them and direct
orientation of the growth of NPCs [116]. In addition, they found that
the films made of a mixture of IKVAV-phage and RGD-phage could sup-
port the proliferation and differentiation of NPCs and control their mor-
phology and growth [117].

3.2.3. Phage display assisted drug/gene therapy

Neural cell- or tissue-targeting peptides identified by phage
biopanning could be integrated onto delivery vectors to enable the
targeted drug/gene therapy for treating neural disease and damages.
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Fig. 8. Ac-FAQ peptide formed through linking of a NSC-derived NPC-specific peptide, FAQRVPP, and the LDLK12 self-assembly peptide (SAPeptide) as well as the hydrogels derived from
the Ac-FAQ peptide for promoting the neural differentiation of human NSCs in vitro and neural tissue regeneration in acute contusive spinal cord injury in vivo. (A-C) Neural differentiation
of human NSCs. Quantification of human neurons (A) and astrocytes (B) cultured on different scaffolds. (C) Fluorescence image of BIII-Tubulin positive (green) neurons and GFAP positive
(red) astrocytes on the scaffold. (D) In vivo Ac-FAQ delivery into acute spinal cord injury. Hindlimb motor recovery of injured rats was assessed via BBB scale, showing Ac-FAQ treated rats
achieved a better locomotor recovery than control groups. (E-G) Longitudinal spinal cord sections of Ac-FAQ-treated rats at 8 weeks post-injury/injection. Arrows point at the interface
between nervous tissue and scaffold. (E) HE staining image. Scale bar: 800 pm (F) Immunofluorescence staining for GAP-43 (red) and PIII-Tubulin (green). Nerve fibers expressing
both markers are colored in yellow. Scale bar: 50 um. (G) Immunofluorescence staining for CD68 (green) and Iba1 (red), which reveal the markers of macrophages and microglia cells,
respectively. Scale bar: 30 um. (Reprinted with permission from ref. [64], copyright 2012, Royal Society of Chemistry)

Hou et al. identified a mouse cerebellar granule neuron specific peptide, 3.3.1. Phage display derived TGF-(31- and collagen II-binding peptides for
D(E)-W(F)-I(N)-D-W, which may serve as a targeting molecule to cartilage regeneration

promote selective drug/gene delivery to neurons [178]. Putzer et al. Stupp et al. identified a TGF-B1-binding peptide, HSNGLPL, through
identified two neural precursor cell-specific peptides, QTRFLLH and phage display and integrated the peptide with the PA to form nanofiber
VPTQSSG, and conjugated them onto the GFP/RFP gene carrying adeno- gel materials with high TGF31-binding affinity [74,75]. The formed gels
virus [72]. The peptide-functionalized adenovirus could selectively showed the better capability of retaining TGF-31 within gels. They
bind, be internalized, and deliver genes into the neural precursor cells found that the materials could induce the chondrogenic differentiation
in vitro and in vivo, suggesting a novel strategy for manipulating neural of human MSCs in vitro and promote the regeneration of articular carti-
precursor cells in CNS. Han et al. identified an ischemic stroke tissue- lage in a chondral defect in a rabbit model with or without additional
homing peptide, CLEVSRKNC, through in vivo phage biopanning using TGF-31 growth factor (Fig. 10). Hubbell et al. identified a collagen Il o
the Ph.D.-C7C phage library [73]. The identified CLEVSRKNC peptide 1-binding peptide, WYRGRL, through phage biopanning using a
could specifically detect the apoptotic neuronal cells, suggesting its po- fUSE5/6-mer phage library and functionalized the 38-nm-diameter-
tential use for targeted drug/gene delivery to stroke tissue. Solomen poly(propylene sulfide) (PPS) nanoparticles with the peptide [77]. The
et al. used an ABP antibody-displaying scFv phage as both a probe and resultant WYRGRL functionalized PPS nanoparticles showed high colla-
a delivery vector to scan brain AP deposits and successfully targeted gen Il a 1-binding affinity and could efficiently home to articular carti-
the 3 amyloid deposition both in vitro and in vivo [179]. All these results lage up to 72-fold more than control nanoparticles in the mouse,
indicate that phage biopanning derived peptides or bioengineered suggesting a great strategy to target a vascular tissue for drug therapy.
phage nanofibers could serve as a targeting probe and/or delivery vector Jonkeijm et al. immobilized both the TGF-B1- (HSNGLPL) and collagen

for neural drug/gene therapies. I[I- (WYRGRL) binding peptides on a fluorogenic surface [76]. They
found that the co-immobilized peptides were able to selectively capture
3.3. Cartilage regeneration TGF-B1 and collagen II, and the HSNGLPL coated surface supplemented

with TGF-B1 could support the proliferation of human articular

For cartilage regeneration, the mostly used therapeutic stem cells chondrocytes and also stimulate their expression of chondrogenic
are MSCs [74,76-87,180,181]. The behaviors of the therapeutic stem markers. The results suggest that a combination of biopanning derived
cells can be controlled by functional peptides or proteins to achieve TGF-p1- and collagen II-binding peptides can be used to functionalize
the chondrogenic differentiation for the regeneration process the scaffolds for enhancing cartilage regeneration.
[74,76-87,180,181]. Phage-based techniques have been used for carti-
lage regeneration. Phage display derived functional peptides could be 3.3.2. Phage display derived MSC-binding peptide, E7, for cartilage
used to control the chondrogenic differentiation of MSCs and enhance regeneration
the cartilage regeneration. Furthermore, phage display derived Ao et al. identified a bone marrow derived MSC-specific peptide,
chondrocyte-homing peptides could promote the gene delivery to EPLQLKM (E7), through phage biopanning using the Ph.D.-7 phage li-
chondrocyte for regeneration. brary and chemically conjugated the peptide onto polycaprolactone
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Fig. 9. Assembly of identified primitive hematopoietic stem cell-binding peptide (BMHP1) and self-assembly peptide (SAP) into electrospun micro channel guidance constructs made of
PLGA and PCL blended fibers and their transplantation into chronic injuries of the spinal cord. BMHP1-SAP-electrospun PLGA/PCL hybrid scaffolds can induce a significant level of
anatomical and functional regeneration in chronic injuries of the spinal cord. (A) Electrospun PCL/PLGA microguidance channel construct. (B) Schematic of the implantation of PCL/
PLGA microguidance channel with self-assembled BMHP1-SAP. (C-I) Nervous regeneration in the chronically injured rat spinal cord. (C-E) Transverse sections. Dashed lines outline
channel walls. (C) GAP-43 positive fibers (red) inside and between transplanted tubes (arrows; coronal section). (D) NF200 positive fibers (red) crossing the top rostral interface of
the lesion. (E) PIII tubulin positive fasciculi (red) stretched through the lumen of the conduits in a longitudinal spinal cord section. (F) NF200 (green) and GAP43 (red) are not
overlapped inside the same fiber. (G) Myelinated (green, arrow) and unmyelinated (red, arrowhead) RIII tubulin positive fibers could be observed. Both SMI-32 (H, green) and SMI-31
(1, red) positive fibers could be detected within guidance conduits in adjacent coronal sections. (Reprinted with permission from ref. [71], copyright 2010, American Chemical Society)

(PCL) electrospun meshes to construct E7-conjugated PCL electrospun
meshes [79]. When implanted into a cartilage defect site of rat knee
joints combined with a microfracture procedure, the E7-conjugated
PCL electrospun meshes could trigger the homing of the endogenous
MSCs and result in the significantly better MSC recruitment than RGD-
modified meshes in vivo. In addition, they [80] conjugated the peptide
and seeded MSCs onto the lattice-like PLLA mesh to promote healing
of ligament bone after rabbit ACL reconstruction. They found that the
scaffold could absorb endogenous MSCs and support MSCs proliferation
and osteogenic differentiation. They also discovered that the regener-
ated insertion contained more abundant collagen I, II, and III, better
fibrocartilage growth, and higher tensile strength than controls, indicat-
ing an enhanced ligament-bone healing using the E7-modified lattice-
like PLLA meshes. In another study, they [81] fabricated coaxial
electrospun fibers with poly(e-caprolactone) (PCL) as the shell and
PVP/BSA/TGF-P31 as the core and chemically functionalized them with
the E7 peptide. They found that the E7-coated TGF-B1-releasing scaf-
folds could promote the MSCs adhesion, favor their proliferation, and in-
duce their chondrogenic differentiation for cartilage repair. Moreover,
the E7 peptide was integrated with demineralized bone matrix (DBM)
and a chitosan (CS) hydrogel to form a composite scaffold for in vivo car-
tilage repair [82,83]. The results showed that the composite scaffold
stimulated the proliferation and chondrogenic differentiation of MSCs
in vitro, and the conjugated E7 peptide facilitated the recruitment and
homing of surrounding endogenous MSCs to further enhance cartilage
regeneration and favor the integration within the host tissue in vivo
(Fig. 11). The results suggest that the biopanning derived MSC-

binding peptide, E7, can be functionalized on the scaffolds for improved
cartilage regeneration.

3.3.3. Phage display derived hyaluronan-binding peptide, Pep-1 or HABPep,
for cartilage regeneration

Hyaluronan (HA), a glycosaminoglycan produced in the ECM in large
amount, could bind many adhesion molecules such as the receptor
CD44 to regulate cell activities. Its main function in joints is to lubricate
and protect cartilage [182]. Mummert et al. identified a HA-binding pep-
tide, GAHWQFNALTVR (Pep-1 or HABPep), through phage biopanning
using the Ph.D.-12 phage library and found that the Pep-1 could inhibit
the HA-mediated “two-way” trafficking of leukocytes [84]. Elisseeff
et al. conjugated the HABPep peptide onto the poly(ethylene glycol)
(PEG) to form the HA-interacting hydrogel [85]. They found that the hy-
drogel containing exogenous HA could retain HA and promote the pro-
liferation and chondrogenic differentiation of MSCs in vitro. They
applied the hydrogels to an osteochondral defect model in the rat
knee and found that the HA-binding hydrogels promoted the cartilage
tissue production in defects and reduced the degeneration of cartilage
surrounding the defects. These results indicated that the HA-binding
peptide facilitated the hydrogels to concentrate local or exogenous HA
for the regeneration of cartilage tissues. The same group [78] conjugated
the HABPep peptide and phage display identified collagen II-binding
peptide (WYRGRL, termed ColBpep) with PEG to form the HABPep-
PEG-ColBpep and applied it to the joint environment. The in vivo
study results showed that the HABPep-PEG-ColBpep coating could re-
tain the HA for much longer time and increase the lubrication in the
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Fig. 10. Integration of TGF-31-binding peptide, HSNGLPL, with the peptide amphiphile (PA) to form nanofiber gel materials with high TGF-31-binding affinity. The regeneration of articular
cartilage was achieved in a chondral defect in a rabbit model with TGF-p1-binding PA (TGFBPA) nanofiber gel. The regeneration of articular cartilage 12 weeks after treatment with (A-1)
100 ng/mLTGF-31, (B-1) filler PA+100 ng/mLTGF-31, (C-1) 10%TGFBPA+100 ng/mLTGF-31, and (D-1) 10%TGFBPA alone. Safranin-O staining for glycosaminoglycans (A-2, B-2, C-2 and
D-2) and type Il collagen staining (A-3, B-3, C-3, and D-3) in articular cartilage defects treated with (A-2&3) 100 ng/mL TGF-1, (B-2&3) filler PA+100 ng/mL TGF-31, (C-2&3) 10%TGFBPA
-+100 ng/mL TGF-31, and (D-2&3) 10%TGFBPA alone. All the results showed that 10%TGFBPA could greatly promote the regeneration process. (Reprinted with permission from ref. [74],

copyright 2010, National Academy of Sciences)

joint. They also constructed the HABPep-PEG-collagen I-binding peptide
and applied it in eye drops to bind ocular tissue surface. The recruitment
and retention of HA on damaged eye surface resulted in the decreased
evaporation of water.

3.3.4. Phage display assisted gene delivery for cartilage regeneration

Ao et al. identified a chondrocyte-homing peptide, DWRVIIPPRPSA
(CAP), through phage biopanning using the Ph.D.-12 phage library
and then chemically conjugated the peptide with polyethyleneimine
(PEI) to construct a non-viral gene vector [86]. They found that CAP-
functionalized PEI vectors could retain in the cartilage and increase
the gene transfection efficiency into knee joints, suggesting the CAP-
functionalized vector is a cartilage-specific vector for cartilage therapy.
They [87] also employed the chondrocyte-homing CAP-functionalized
vector to deliver small interfering RNA (siRNA) into the cartilage of
the knee joints of a mouse to silence the expression of Hif-2ct, which
is a key factor in triggering the cartilage degradation in osteoarthritis
(OA). The results showed that the CAP was concentrated and retained
siRNA in the cartilage and the cartilage degeneration and synovium in-
flammation in the knee joints were alleviated. Both studies demon-
strated that the chondrocyte-homing peptide discovered by phage
display, CAP, could serve as a chondrocyte targeting probe for cartilage
regeneration gene therapies.

3.4. Skin regeneration and wound healing

One of the challenges in skin regeneration and wound healing is how
to efficiently deliver drugs to skin cells and wounds. Phage display tech-
nique has been used for skin regeneration and wound healing in two
major directions. One is to use phage display derived functional pep-
tides to home to wound and recognize/inhibit HA in skin tissues
[88-91,181]. Another is to use phage display derived skin-penetrating

peptides to promote the drug/siRNA delivery for skin regeneration
[92-96].

3.4.1. Phage display derived functional peptides for wound healing

The expression level of HA in the skin is associated with several dis-
eases. The phage display identified HA-binding peptide Pep-1 [84] could
be used for the strong dermal staining but weak epidermis staining
[181]. In another study, Turley et al. identified a HA-binding peptide,
STMMSRSHKTRSHHV (P15-1), through phage biopanning using a 15-
mer phage library [88]. The peptide could block the RHAMM/HA signal-
ing to reduce the number of wound macrophages and fibroblasts as well
as the blood vessel density, promoting the scarless healing of the skin.
To facilitate the linking of drugs to a wound-healing matrix (Integra®),
Baird et al. identified two matrix-binding peptides, CFKHSSHQC and
SQIDYATGPRQA, through phage biopanning from the Ph.D.-C7C and
Ph.D.-12 phage library, respectively [89]. They found both peptides
could efficiently help the introducing of drugs into the matrix for im-
proved performance. Ruoslahti et al. identified two peptides,
CARSKNKDC (CAR) and CRKDKC (CRK), which can specifically target
skin and tendon through phage biopanning using a CX,C T7 phage li-
brary [90]. In addition, they found that the two peptides could selec-
tively home to wound sites in vivo. They also found that CAR favored
early stages of wound healing and CRK favored later stages of wound
healing. Decorin is a therapeutic molecule that can inhibit TGF-3 to pre-
vent tissue fibrosis and promote tissue regeneration. In the following
study, Ruoslahti et al. genetically displayed the wound-homing CAR
peptide on the decorin surface to form a recombinant CAR-decorin
[91]. They found that the LV. injected CAR-decorin could selectively ac-
cumulate in the wound sites, greatly promote wound healing, and effi-
ciently inhibit scar formation in a mice-wounding model. All these
studies indicate that phage display is a powerful tool to identify func-
tional peptides for skin regeneration and wound healing.
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Fig. 11 (continued).

3.4.2. Phage display assisted gene/drug delivery into skin

Mitragotri et al. [92] identified a skin penetrating and cell entering
(SPACE) peptide, ACHSALTKHCG, through phage biopanning using a
Ph.D.-C7C phage library. The SPACE peptide could enable vectors to
penetrate across stratum corneum into epidermis and dermis layers
and into cells in skin tissue such as keratinocytes, fibroblasts, and endo-
thelial cells.[93] In addition, they found that when functionalized onto
siRNAs, SPACE was able to selectively deliver the siRNA into the skin
and reduce the expression level of the target genes in the skin
(Fig. 12) [92,96]. Similarly, the SPACE peptide could also help the
targeted delivery of drugs, including HA [94] and cyclosporine A [95],
into the skin for potential regeneration applications. The results suggest
that the SPACE peptide can be functionalized on vectors for improved
drug delivery for skin regeneration.

3.5. Cardiac regeneration

One of the challenges in cardiac regeneration and heart disease
treatment is how to efficiently deliver drugs to injured vasculature,
heart tissue, myocardial ischemia, cardiomyocyte and so on
[97-102,119,183,184]. Phage display technique has been used for car-
diac regeneration. In vitro phage display derived functional peptides
could be used to home to cardiomyocytes. Moreover, in vivo phage dis-
play derived injured vasculature and myocardial ischemia-homing pep-
tides could promote the targeted drug delivery for cardiac regeneration
and heart disease treatment.

3.5.1. In vitro phage display derived functional peptides and bioengineered
phage nanofibers for cardiac regeneration

TGF-P1 plays a critical role in vascular smooth muscle cell (VSMC)
proliferation and migration. Michon et al. [97] identified two peptides,
CGLLPVGRPDRNVWRWLC (IM-1) and CKGQCDRFKGLPEWC (IM-2),
which can specifically bind to the TGF-p type II receptor. Both IM-1
and IM-2 peptides could block the interaction between TGF-31 and
TGF-p type Il receptor and serve as the antagonists of several TGF-3
pathways to induce the VSMC migration and affect the expression of
TGF-B1 related proteins. Han et al. [119] successfully used the RGD-
phage functionalized PLGA to promote the proliferation and myogenic
differentiation of CAC12 myoblasts in the presence of graphene oxide.
Ma et al. identified a peptide, QPFTTSLTPPAR, which can specifically
bind to the mouse ESC-derived cardiomyocytes through phage
biopanning using a Ph.D.-12 phage library, providing a cardiomyocyte-
targeting molecule for further regeneration applications [98].

3.5.2. In vivo phage display derived functional peptides for cardiac
regeneration

Robbins et al. identified a cardiac targeting peptide,
APWHLSSQYSRT, through in vivo phage biopanning using a Ph.D.-12
phage library, providing a cardiac-homing molecule to deliver drugs/
genes to the heart [99]. Lee et al. identified a peptide, CSTSMLKAC,
that can specifically home to ischemic heart tissue through in vivo
phage biopanning using a Ph.D.-C7C phage library [100]. They geneti-
cally fused the peptide onto the surface of the protein Sumo-mCherry
and LV. injected the recombinant protein into a mouse model of
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myocardial ischemia-reperfusion injury. The biodistribution results
showed that the fusion protein selectively homed to ischemic myocar-
dium, suggesting that the peptide is a novel molecular tool for deliver-
ing drugs/genes into the injured myocardium. Kelly et al. identified
the peptides that can specifically bind to the cardiomyocytes (clones I-
1, B-42), endothelial cells (clones B-40, B-47), myofibroblasts (clones
B-7, B-29), and c-Kit + cells (clones B-50, B-27) in the border zone of
the remodeling infarct through in vivo phage biopanning using a Ph.
D.-7 phage library [184]. They conjugated liposomes with the cardio-
myocyte specific peptide (I-1) to deliver a PARP-1 (poly [ADP-ribose]
polymerase 1) inhibitor, AZ7379, and found that more AZ7379 mole-
cules aggregated in the infarct/border zone 24 h after L.V. injection.
Langer et al. identified a vascular wall-binding peptide, KLWVLPK,
through in vivo phage biopanning using a Ph.D.-7 phage library and con-
jugated the peptide with nanoparticles (NPs) [101]. They found that
after LV.injection, the KLWVLPK-NPs homed and retained to the injured
carotid arteries in vivo and abdominal aortas ex vivo (Fig. 13). Stupp
et al. conjugated the vascular wall-binding peptide, KLWVLPK, to the
PA that can self-assemble into spherical and fiber-like supramolecular
structures [102]. They found that only the fiber-like PA conjugated
with KLWVLPK could home to and retain at the site of arterial injury
for up to two days after injection. All these results have demonstrated
the cardiac or vascular wall targeting peptides identified from in vivo
biopanning could work as a targeting ligand to be integrated into a
drug delivery system for efficient bio-imaging and cardiac regeneration.

3.6. Other applications

Fibroblast cells are a type of cells that generate the extracellular ma-
trix and collagen to form the structural framework for various tissues.
They are abundant in connective tissues and play an important role in
the wound healing process [185]. Wang and Lee et al. assembled wild
type and bioengineered phage nanofibers into liquid crystalline films
to induce the directional growth of human NIH-3T3 fibroblasts, suggest-
ing a novel strategy for controlling the orientation of fibroblasts and
their generated ECM components [120-125]. ESC is a powerful stem
cell source for tissue regeneration but the use of human ESC raised eth-
ical concerns. Kiessling et al. identified two human ESC-binding pep-
tides, TVKHRPDALHPQ and LTTAPKLPKVTR, through phage biopanning
using a Ph.D.-12 phage library and found that both peptides could sup-
port the proliferation of ESCs without differentiation [103]. The same
group [104] also identified two peptides, LTGKNFPMFHRN and
MHRMPSFLPTTL, that could specifically bind to the extracellular domain
of TGF-P receptor I and II through phage biopanning and cultured
NMuMG, A549, and C2C12 cells on the peptide-coated substrate [105].
They found the peptides could concentrate endogenous TGF-3 and reg-
ulate TGF-p responsive genes to induce the epithelial to mesenchymal
transition, which has potential applications in tissue regeneration.

4. Summary and future perspectives

As summarized in this review article, bioengineered phages and
phage display derived peptides have recently been employed to assist
the regeneration of various tissues, including bone, neuron, cartridge,
skin, heart, and so on (Table 1). The exciting findings have demon-
strated the great potential of phages and phage display technique for ef-
ficient tissue regeneration. But there are some emerging problems in
the field: (1) Due to the presence of various molecules on the cellular
surface, different peptides targeting to the same cell type might be se-
lected. It is necessary to identify the specific targeting molecules (e.g.
cell surface receptor) corresponding to each selected peptide for the
better use of the peptides; (2) Most groups preferred conjugating
phage display identified functional peptides onto polymer/substrate/
PA system for tissue regeneration applications. It might be better to di-
rectly use bioengineered human-safe phages which genetically display
such peptides; (3) How to decide which phage library (e.g. Ph.D. M13
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Fig. 12. Enhanced delivery of siRNA into skin tissues by a skin penetrating and cell entering
(SPACE) peptide identified from phage biopanning. (A) The structure of SPACE
functionalized siRNA-carrying liposomes. (B) Confocal microscopy images of the skin
penetration profiles of SPACE (B-1) and control peptide (B-2) into porcine skin,
respectively, showing that the SPACE peptide could efficiently penetrate across stratum
corneum into epidermis and dermis layers. (C) Percentage knockdown of GAPDH
protein levels in mice 72 h after treatment, showing that SPACE could deliver siRNA into
the skin and reduce the GAPDH expression level. (Reprinted with permission from ref.
[96], copyright 2014, Elsevier and ref. [92], copyright 2011, National Academy of Sciences)

series, pVIII displayed M13, T7, and scFvs libraries) is better for a specific
selection of a target molecule/cell/tissue; and (4) How to study the
in vivo fate of bioengineered phages to reveal the direct use of phages
in tissue regeneration. Researchers with multidisciplinary backgrounds
will address these problems and continuously take advantage of phages
and phage display technique to further advance this exciting field. We
believe the future directions in this field include: (1) Different types of
phages have their unique advantages, so more types of phages and
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Fig. 13. Selective binding to the sites of arterial injury by a vascular wall targeting peptide
identified from in vivo phage biopanning. (A) In vivo A infusion in a carotid injury model. A
catheter was inserted via the external carotid into the common carotid and advanced into
the aortic arch. Nanoparticles were allowed to circulate for 1 h. Fluorescence images
overlaid on the photographs of carotid arteries incubated with nanoparticles. (B) In vivo
systemic delivery in a carotid angioplasty model. Nanoparticles were LV. injected
through tail vein and allowed to circulate for 1 h. Fluorescence images overlaid on
photographs of carotid arteries incubated with nanoparticles. For imaging, Alexa Fluor
647-PLGA dye conjugates were encapsulated in place of Ptxl-PLA drug conjugates. The
results showed that targeted nanoparticles could selectively home to and retain at the
injured carotid arteries (Scale bar, 1 cm.) (Reprinted with permission from ref. [101],
copyright 2010, National Academy of Sciences)

phage libraries will be developed for tissue regeneration; (2) In vivo
phage biopanning will be more often conducted to identify tissue-
targeting peptides for in vivo tissue regeneration; (3) Due to the unique
advantages of iPSCs in tissue regeneration, more studies will be focused
on using bioengineered phage-based substrates to control the iPSC fate.
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