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Abstract: Phage display is a versatile method often used in the discovery of peptides that targets
disease-related biomarkers. A major advantage of this technology is the ease and cost efficiency
of affinity selection, also known as biopanning, to identify novel peptides. While it is relatively
straightforward to identify peptides with optimal binding affinity, the pharmacokinetics of the se-
lected peptides often prove to be suboptimal. Therefore, careful consideration of the experimental
conditions, including the choice of using in vitro, in situ, or in vivo affinity selections, is essential in
generating peptides with high affinity and specificity that also demonstrate desirable pharmacoki-
netics. Specifically, in vivo biopanning, or the combination of in vitro, in situ, and in vivo affinity
selections, has been proven to influence the biodistribution and clearance of peptides and peptide-
conjugated nanoparticles. Additionally, the marked difference in properties between peptides and
nanoparticles must be considered. While peptide biodistribution depends primarily on physiochemi-
cal properties and can be modified by amino acid modifications, the size and shape of nanoparticles
also affect both absorption and distribution. Thus, optimization of the desired pharmacokinetic
properties should be an important consideration in biopanning strategies to enable the selection of
peptides and peptide-conjugated nanoparticles that effectively target biomarkers in vivo.
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1. Introduction

Phage display was pioneered by Dr. George Smith at the University of Missouri
in 1985 [1]. The technology is a combinatorial technique that employs the use of an
assembled library of filamentous bacteriophages, in which the DNA has been genetically
modified, resulting in the fusion of a foreign peptide or antibody to the N-terminal end
of one of the viral coat proteins [1–7]. Such phage libraries provide researchers with a
vast pool from which polypeptide-based ligands that exhibit high affinity and specificity
towards a target antigen can be selected. The versatility of phage display technology has
made it invaluable in various applications, particularly in the discovery of therapeutic
and diagnostic peptides. The technique has been used to develop ligands that exhibit
high binding affinity and specificity for their target and that can be used in either their
soluble form or conjugated to biological nanoparticles [6,8–11]. However, while equally
important to ligand binding affinity and specificity, the pharmacokinetic properties are
often overlooked when developing ligands using phage display technology. Here we argue
that careful optimization of phage display affinity selections leads to the identification of
peptides with desirable binding affinity, specificity, as well as pharmacokinetic properties
for direct delivery to tissues.

Biopanning of phage display libraries is the most widely used method for affinity
selection and identification of peptides. In general terms, this procedure involves incubating
a phage display library with the target antigen and subsequently eluting and collecting
the bound phages. Although such affinity selections are a relatively straightforward and
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efficient technique, it necessitates the meticulous optimization of various parameters to
obtain ligands with sufficient affinity and without off-target binding. These parameters
encompass the selection of the phage display library type, as well as the concentrations
of phage particles and antigen molecules. Additionally, factors such as antigen type
(e.g., recombinant proteins, cell lines, whole tissues, organs, etc.), incubation conditions
such as temperature and duration, and the method of phage amplification must be carefully
considered [12].

Affinity selections are incredibly versatile as they allow for the screening of peptide
libraries against a wide range of targets. In vitro biopanning experiments typically involve
affinity selecting the phage display library against recombinant proteins or other isolated
molecules, often leading to the identification of high-affinity binders. However, several
research studies have shown that peptides selected through an in vitro phage display fail
to exhibit optimal binding in live tissues and whole organisms, and their pharmacokinetic
properties are often suboptimal [13]. Such ligands may bind to non-target tissues due to
low specificity, resulting in possible side effects and reduced effectiveness when used for
therapeutic purposes [14,15]. Furthermore, peptides often have low stability in vivo due to
the presence of proteases that facilitate rapid degradation and thus limit the therapeutic
potential [16,17]. For these reasons, it is important to design and optimize peptides to
improve their stability and selectivity, which can be achieved through modifications such
as cyclization and the incorporation of non-natural amino acids [18–21]. However, the
selection of peptides with optimal pharmacokinetics may also be achieved by carefully
designing the phage display biopanning experiments and using phage display for peptide
maturation [22]. In particular, researchers are increasingly recognizing the advantages of
in situ phage display against cells and tissues [23–27], as well as in vivo selections in live
animals or patients [28–31]. Such biopanning strategies are better able to recapitulate the
complex and treacherous milieu that diagnostic and therapeutic peptides are challenged
with, and they should therefore be built into the phage display protocol as a selective
pressure. The use of cell lines or animal models, or the combination of both, has proven
particularly useful for developing and optimizing peptides that target biomarkers that are
not easily replicated in vitro.

Enhancing the pharmacokinetics of peptides and peptide-conjugated biological nanopar-
ticles can be achieved by utilizing phage display to select peptide sequences that exhibit the
following: (1) enhanced binding affinity, (2) target specificity, and (3) desired biodistribution
and clearance. Strategies to optimize binding affinity have been intensely discussed in
other studies [12,32–34]. Here, we discuss how phage display technology can be used to
enhance target specificity, and the biodistribution and clearance of peptides that are used
in the targeting of disease-relevant biomarkers. Specifically, the utilization of biopanning
strategies that recapitulate the complex milieu in vivo leads to the identification of peptides
with such desired properties.

2. Filamentous Bacteriophages

Ff-specific phages are a subgroup of the filamentous phage family that infects Gram-
negative bacteria, such as Escherichia coli, carrying the F plasmid. These bacteriophages
belong to the Inoviridae family and Inovirus genus, and they include the M13 and fd species.
Phage display technology harnesses the unique characteristics and replication cycle of
these filamentous bacteriophages. Specifically, fd and M13 are widely employed in phage
display applications [35]. The Ff group of filamentous bacteriophages possesses a ssDNA
genome comprising 98% similarity among the different strains. Both the fd and M13
species contain a 6.4 kb ssDNA genome that comprises 11 genes, and the virions measure
approximately 6.5 nm in diameter and 930 nm in length. The genes are categorized into
groups based on the functions of the corresponding proteins, including the following:
(i) capsid proteins (pIII, pVI, pVII, pVIII, and pIX), (ii) DNA replication proteins (pII, pV,
and pX), and (iii) proteins involved in virion assembly (pI, pIV, and pXI). The minor coat
proteins, pIII and pVI, are found at one end of the rod-shaped phage virion, while the other



Viruses 2024, 16, 570 3 of 24

end displays the minor coat proteins, pVII, and pIX [36,37]. Thousands of copies of the
major capsid protein, pVIII, form the body of the filamentous phage capsid surrounding
the ssDNA genome [38].

The filamentous bacteriophage infection of E. coli induces a lysogenic state wherein
infected bacteria assemble and release progeny into the growth medium under cultured
laboratory conditions. Infection occurs through the attachment of the phage minor coat
protein pIII to the F pilus of a male E. coli cell. During this phase, the circular ssDNA is
transferred to the bacterial cell, where it is transformed into a double-stranded plasmid
by the replication machinery of the host cell. Rolling circle replication produces ssDNA
that encodes the proteins required for packaging the DNA into the viral capsid. The fully
assembled bacteriophages exit the bacterium without lysing the cell, which is a tremendous
advantage of filamentous phages regarding phage display technology [35,39].

3. Principles of Phage Display

The first phage display system was developed using the fd–tet filamentous phage by
George Smith in 1985 [1]. While numerous phage display systems have been constructed
since then, those based on the Ff phages, fd and M13, remain the most prevalent and
widely utilized [35]. This can be attributed in part to the simplicity of the phage structure
with minor coat proteins on each end of the filamentous virion and the major coat protein
along the body of the capsid. In addition, the phage genome is simple to manipulate, and
the phage particles are easily propagated in bacterial cells, enabling the generation of a
vast number of virions in a short period [39]. The latter is of particular importance in
comparison to lytic phages that exhibit more complicated propagation in culture due to
bacterial cell killing.

A key component of phage display technology involves the insertion of a foreign
sequence at a specific position within a functional viral gene. Importantly, the insertion
must maintain the functionality of the protein product and lead to the display of the
expressed foreign sequence as a fusion protein on the viral surface. A phage display library
is constructed by inserting foreign sequences of random nucleotides, creating a collection
of potentially over 1010 distinct peptides, each displayed as a coat protein fusion with the
phage particle [40]. The extensive variability enables the construction of diverse libraries of
peptides, proteins, antibody fragments, and enzymes.

3.1. Phage Display Systems

The filamentous phage structure provides numerous possibilities for displaying
polypeptide-based ligands, including peptides, antibodies, and antibody fragments (Table 1).
While the most common approach is to express foreign ligands on coat proteins pIII, each
coat protein utilization offers unique advantages. The pIII protein is located at the tip of
the phage and is typically expressed in five copies [41]. The N-terminal domain of pIII
initiates the transduction of viral DNA into E. coli during infection and is responsible for
binding to the F pilus of male E. coli [41]. For phage display technology, the most commonly
used expression system displays antibodies and peptides on the N-terminus of pIII and
is typically separated from the wild-type (WT) protein by a short peptide linker [42,43].
A phage display system with pIII results in the expression of 3–5 copies of the foreign
peptide at the phage tip when the bacteriophage vectors that have been built on the fd or
M13 phage genomes are used [44]. Phagemid vectors that are smaller and lack most of
the WT phage genes have been created that allow for the display of a single peptide on
the N-terminus of pIII. Remarkably, the N-terminus of the pIII protein can accommodate
relatively large molecules, up to 38 amino acids, without affecting phage infectivity [45].
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Table 1. Comparison of phage display vectors.

Vector Type Coat Protein Displayed Molecules (n) Comments

3 pIII 5 The type 3 vectors carry only one modified pIII gene.

33 pIII 1–3 The type 33 vector systems carry both a wild-type pIII
phage gene and a modified pIII gene.

3 + 3 pIII ~1
The vector systems referred to as 3 + 3 have a

modified pIII gene on a phagemid and utilize helper
phage to introduce an additional wild-type pIII gene.

8 pVIII 2700 The type 8 vectors carry only one modified pVIII gene.

88 pVIII ~100–200 The type 88 vector systems carry both the wild-type
pVIII phage gene and a modified pVIII gene.

8 + 8 pVIII ~100–200
The 8 + 8 vector systems have a modified pVIII gene
on a phagemid and utilize helper phage to introduce

an additional wild-type pVIII gene.

Second in popularity to the pIII phage display is display on the major coat protein
VIII (pVIII). Around 2700 copies of the pVIII protein are tightly arranged along the phage
surface [35]. While not all the copies of pVIII are typically utilized for phage display, the
expression of a substantial number (200–300) of peptide copies can be achieved by a type
88 system that expresses both the WT pVIII gene and the recombinant fusion peptide-pVIII
protein [46,47]. This type of phage display offers distinct advantages in certain selection
strategies, especially those targeting polyvalent antigens. Nonetheless, the avidity effect of
expressing in the hundreds of peptides can lead to selecting peptides with lower binding
affinity compared to ligands that were selected using the oligo- or monovalent display.
The pVIII display of large polypeptides, such as full-length monoclonal antibodies and
antibody fragments, often presents challenges as it can severely impede the release of
virions from the E. coli host cell during the phage lifecycle [48,49]. However, shorter
peptides can be successfully expressed. In addition to the pIII and pVIII display systems,
the other filamentous phage coat proteins have also been employed in phage display to
present foreign peptides and small proteins. Coat protein VI (pVI) is located at the tip
of the phage virion adjacent to pIII. While far less common than the pIII display, pVI
has proven advantageous in expressing larger proteins at both the N- and C-termini.
Notably, the utilization of pVI expression in creating cDNA libraries provides distinct
advantages compared to similar methods such as yeast-2-hybrid [50]. Coat protein VII
(pVII) is positioned at the opposite end of the phage virion relative to pIII and pVI. The
utilization of pVII for displaying antibodies and antibody fragments has been receiving
increasing attention in recent years. Furthermore, combining the pVII display with the other
types of expression systems (i.e., pIII) can facilitate tagging and post-screening analysis.
Recent improvements have significantly enhanced the display of the coat protein IX (pIX)
by leveraging diverse phagemid systems and signal sequences. These pIX systems tend
to exhibit lower expression levels, which augments the probability of monovalent display
and thus enables the selection of high-affinity ligands [9,51–53].

3.2. Bacteriophage Vectors and Phagemids

The original phage display libraries created by Dr. George Smith utilized the genetic
modification of the fd filamentous phage genome to incorporate foreign peptide sequences
onto pIII [1,54,55]. These and the M13 bacteriophage vectors would encode a genetically
engineered version of the complete phage genome. Along with the wild-type genes, most
bacteriophage vectors also contain an antibiotic selection gene, as well as a recombinant
fusion gene that encodes the foreign, displayed peptide or antibody fused to a coat protein.
Such type 3 + 3 systems can be used for displaying peptides, antibodies, or antibody
fragments with minimal impairment of the E. coli infection [54–56]. An advantage of bacte-
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riophage vectors is that they do not require the use of helper phage for viral propagation,
as the genome contains all the necessary replication genes. However, the large size of
antibody sequences can hinder proper transformation of the phage genome into E. coli by
the heat-shock method and electroporation. For this reason, the traditional bacteriophage
vectors are most often used for peptide display.

Since the initial development of phage display, a second type of vector has gained
significant popularity. Phagemids are plasmid-based vectors that combine phage and
bacterial replication origins, along with an antibiotic selection gene [57]. These versatile
vectors enable the display of full-length antibodies, antibody fragments, and peptides due
to the small size of the DNA molecule (<4000 bp) and the common practice of propagating
virions from the phagemid DNA rather than relying on an E. coli infection. However,
phagemids lack most of the genes necessary for virion assembly and release, and for this
reason, a helper phage that carries these genes is required for the production of viral
progeny. Furthermore, the compact size of phagemid vectors simplifies their genetic
manipulation and makes it possible to insert large sequences, and they have, for this reason,
become the vector of choice for the display of large proteins such as full-length antibodies
and antibody fragments [58].

3.3. Affinity Selection (Biopanning)

Affinity selection, also known as biopanning, of phage libraries is a widely employed
technique for selecting polypeptide-based ligands that exhibit specific binding to a target
antigen. The traditional biopanning procedure involves incubating a phage display library
with the desired target, followed by the elution of bound phages. Each biopanning protocol
comprises crucial steps that must be carefully considered [12].

The initial stage of biopanning is the actual step of affinity selection, wherein the phage
display library is incubated with the target molecule. Phage clones with affinity for the
target are allowed to bind by ensuring that the experimental conditions sufficiently facilitate
the interaction [59]. This can be achieved by adjusting the temperature, duration, pH, ionic
strength, detergent concentrations, etc. of the selection. Most biopanning protocols are
performed in vitro against immobilized recombinant proteins; however, it is also possible
to use carbohydrates and other biological and non-biological molecules as targets [60–62].
Moreover, successful biopanning protocols have made use of in situ and in vivo strategies
that target whole cells, tissues, and organisms (Figure 1) [22,31,63–66].
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When performing affinity selections, it is crucial to consider the level of stringency
in the selection process. This can be optimized by modifying the experimental conditions
as described above and by optimizing the concentration of either the phage library or the
target antigens [12]. For instance, to isolate high-affinity ligands, one can enhance the
competition between different phage clones by increasing the concentration of the phage
library or decreasing the concentration of the target molecule. By implementing such
rigorous conditions, the probability of identifying desirable phage clones is significantly
enhanced. Biopanning procedures commonly involve multiple rounds of affinity selection.
Typically, four rounds of biopanning are used to ensure a substantial selection pressure.
Moreover, biopanning often comprises various types of affinity selections to identify phage
clones with specific binding characteristics. One such approach involves combining the
phage display selection against a recombinant protein with a selection round using a cell
line that expresses the target protein on the cell surface, or vice versa. Such multi-tier
biopanning strategies are used to increase the probability of selecting ligands that exhibit
optimal binding properties in both in vitro and in vivo settings [22].

After the affinity selection step, unbound phages are usually removed by washing
with a buffer containing a low concentration of detergent. Weakly bound phages, which are
generally undesirable in phage display selection, can be eliminated by either increasing the
detergent concentration or adding extra washing steps. In standard biopanning procedures,
the collection of bound phages is accomplished through elution using detergents, pH
changes, or other methods that disrupt the non-covalent interactions between the phage and
target. These elution methods generally recover the majority of the bound phages. However,
phage clones with high binding affinity may not be effectively eluted through the disruption
of non-covalent interactions alone. Therefore, phage display libraries that contain a trypsin
digestion site between the displayed peptide or antibody and the coat protein have become
widely used. This feature facilitates trypsin elution that is indiscriminate of the binding
affinity between the displayed ligand and the target molecule [12,67,68].

After each selection round, eluted phages are usually amplified and used in subsequent
selections. Amplification of the collected phages can be conducted in different ways and
depends on the type of vector used for the phage library. Bacteriophage vectors, such as the
fUSE5 and f3TR1 libraries, are most often amplified by the infection of E. coli. Phagemid
particles can also infect E. coli; however, require a helper phage for the propagation of
viral particles. In addition, phagemid vectors are also easily transformed into E. coli as
plasmids for amplification [12]. Amplification of the affinity-selected phage in E. coli
is an easy and efficient method. However, the infection of E. coli can be influenced by
the phage-displayed peptide or antibody. As described above, the infection of E. coli is
facilitated by the interaction between pIII and the bacterial F pili. The utilization of the
widely used pIII display libraries can potentially alter the infection efficiency of E. coli
and introduce a selection bias towards specific phage clones [69,70]. Similar selection
biases can also arise with the other display systems (pVI, pVII, pVIII, and pIX), where
the displayed peptides or antibodies may impact various stages of the filamentous phage
lifecycle, including the assembly and release of progeny. These biases can be overcome
by employing PCR to amplify the sequences that encode the foreign peptide or antibody.
Subsequently, the PCR amplicons can be reintroduced into the bacteriophage vector or
phagemid for transformation and propagation in E. coli.

The phage clones collected from the affinity selections are identified through DNA
sequencing of the foreign inserts that encode the phage-displayed peptides or antibodies.
Typically, only the phage clones from the final round of affinity selection undergo DNA
sequencing. However, there can be advantages to sequencing the phage mixtures after each
round of selection. This approach allows the researcher to track the efficiency of the phage
display procedure, as phage particles with binding affinity for the target should become
more abundant as the selection proceeds. Traditionally, phages have been identified by
Sanger sequencing of individual E. coli colonies infected by the selected clones. However,
this method is tedious and low throughput. Instead, most researchers now take advantage
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of next-generation sequencing (NGS) to identify millions of phage clones. Furthermore,
the large amount of data that are obtained in this manner can be used to sort identified
sequences based on motifs as well as other characteristics [71–73].

3.4. Peptide Phage Display

Historically, peptides were selected for high affinity and specificity within an in vitro
environment and only then tested within an in vivo environment. This methodology
has produced mixed results [74–76]. Thus, for the past ~20 years in vivo phage display
selections have been more widely utilized to select for peptides that optimally target
tissues and organs within the milieu of a live animal [77–81]. More recently, in vivo phage
selections have been performed to identify peptides with the capability of modifying
biodistribution and clearance of themselves and/or larger particles [78,82–84]. These
phage display-selected peptides are often discovered to have specific capabilities such
as extravasation out of the vasculature and into specific tissues, extended serum/blood
half-lives, or preference clearance by a specific organ [77,82,84]. Each type of biopanning
strategy encompasses its own advantages and disadvantages, which are summarized in
Table 2 and further discussed in the next sections. Overall, in vitro selections against
recombinant proteins and other isolated biomolecules result in peptides with relatively low
Kd-values compared to the other methods, but they also suffer from poor pharmacokinetics
and stability. The opposite is true when employing in vivo selections in live animals or
patients. This type of biopanning typically leads to enhanced pharmacokinetics, stability,
and specificity, but it also often produces higher Kd-values compared to in vitro strategies.
However, the binding kinetics can be substantially improved by affinity maturation after
the initial phage display selections. In situ biopanning provides advantages from each of
the aforementioned strategies, including low-to-mid range Kd, enhanced binding specificity,
and stability. However, this type of method can fail to discover peptides with optimal
pharmacokinetics. Often, it is an advantage to combine two or all three of these biopanning
methods in a so-called multi-tier strategy to develop peptides that exhibit all the desired
properties such as high binding affinity and specificity, as well as enhanced stability
and pharmacokinetics.

Table 2. Comparison of phage display biopanning strategies.

Strategy Targets Advantages Disadvantages

In vitro Recombinant proteins and
other isolated biomolecules.

Easy setup, fast, cheap,
low Kd.

Poor pharmacokinetics, low
specificity, low stability.

In situ Cell lines, organoids, ex vivo
tissues and organs.

Reflects the complex milieu of a cell,
low-to-mid range Kd, enhanced binding

specificity and stability.

Higher Kd compared to
in vitro selections.

In vivo Live animals and patients.
Reflects the complexity of an in vivo
milieu, enhanced pharmacokinetics,

binding specificity, and stability.

Mid-range Kd, expensive,
time-consuming.

3.4.1. In Vitro Selected Peptides

Selection of peptides within the in vitro environment often aids in the discovery and
development of high-affinity and high-specificity peptides. Examples of this are numer-
ous, including a recent study by Díaz-Perlas et al. [85] that utilized modified versions
of three fd–tet vector-based phage display libraries to select peptide ligands against iso-
lated calprotectin. The libraries were subjected to parallel affinity selections revealing
sequence similarities between the top identified peptides. One peptide was chosen for
X-ray crystallography and alanine scanning experiments that showed that the peptide en-
gaged with calprotectin via hydrogen bonding and the interaction of hydrophobic residues
with cavities on the surface of the target protein. Binding analyses revealed a high binding
affinity in the lower nanomolar range (Kd = 26 ± 3 nM) emphasizing the utility of carefully
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designed phage display selections [85]. Nevertheless, phage display selections against
over-simplified in vitro targets, such as recombinant proteins, are often unable to predict
pharmacokinetic properties in vivo. An example of an in vitro selected peptide with proven
utility in vivo is the anti-galectin-3 peptide, G3-C12. This phage display-selected peptide
was originally found and characterized by Dr. S. L. Deutscher’s laboratory [86,87]. It
has since been utilized by at least two groups to molecularly target N-(2-hydroxypropyl)
methacrylamide (HPMA) copolymers to various types of galectin-3 overexpressing tumors,
including colon and prostate carcinomas [88–91]. The G3-C12 peptide is intriguing due
to its multi-functional target and the fact that the peptide itself seems to have therapeutic
potential. The target, galectin-3, is multifunctional and has been shown to switch between
pro-apoptotic and anti-apoptotic properties, as well as possessing intricate roles in cell–cell
adhesion necessary for metastasis [86,90]. Furthermore, the G3-C12 peptide has been
shown to inhibit cell–cell adhesion via the galectin-3-carbohydrate binding function and
reduce galectin-3 multimerization [86,87]. Additionally, Dr. Y. Huang’s group has detailed
the use of G3-C12 peptide covalently attached to the HPMA copolymers loaded with
doxorubicin and its ability to bind extracellular galectin-3, be internalized, and localized
within the mitochondria forcing the balance of biochemical pathways towards apopto-
sis [90]. While peptide G3-C12 is successful in its own right, the high abundance cell surface
target protein, gal-3, is expressed on the surface of endothelial cells and cancerous cells
within tumors with leaky vasculature. Unfortunately, Gal-3 is also highly expressed on the
surface of the tubules within the kidney, leading to higher-than-normal kidney uptake of
the peptide [92–94]. Thus, the increased kidney uptake complicates the in vivo utility of
the G3-C12 peptide as a gal-3 targeting agent.

Largely, in vitro phage display is apt at selecting peptides with Kd-values in the lower
nanomolar range and that can be used in the targeting of relevant disease biomarkers. How-
ever, this type of biopanning fails to incorporate tissue specificity and the treacherous nature
of the in vivo environment that a diagnostic or therapeutic peptide is challenged with.

3.4.2. In Situ Selected Peptides

In comparison, in situ phage display selections against cells or tissues are viewed
by many as advantageous for the ability to better recapitulate the complex in vivo mi-
lieu and to discover new cancer-specific targets. An increasingly popular choice in the
design and implementation of such phage display selections is the use of subtractive selec-
tions [82,95,96]. One such study was conducted by Asar et al., who utilized a subtractive in
situ phage display strategy to select for peptides against human pancreatic cancer cells. In
this investigation, a 15-mer fUSE5 library was first negatively selected by incubation with
normal immortalized pancreatic cells (hTERT-HPNE), followed by four positive rounds of
increasing stringency against the pancreatic ductal adenocarcinoma cell line, Mia Paca-2.
Next-generation DNA sequencing of the negative and positive selections, combined with
bioinformatic analysis, identified the peptide MCA1. The specificity of the peptide for
the pancreatic cancer cells was validated by modified ELISA and fluorescent microscopy
experiments using the hTERT-HPNE, embryonic kidney (HEK 293), ovarian (SKOV-3),
and prostate cancer (LNCaP) cell lines [97]. This specificity was later conferred showing
that the MCA1 peptide demonstrates no binding to the pancreatic cancer cell lines, Panc
10.05, CFPAC-1, and HPAF-II, thus exhibiting binding specificity to the selector Mia Paca-2
cells [98]. These studies emphasize the utilization of subtractive phage display selections
combined with deep next-generation DNA sequencing when developing peptides with a
high degree of specificity.

In situ phage display has also been successfully used to select for peptides that can
target cancer cells in xenografted mouse models. Phage display has frequently been
employed to create peptide-based targeting molecules with a high affinity for various types
of cancer. However, validation of the selected peptides is often time-consuming and costly
when translating these targeting agents for in vivo use. In contrast, peptide-displaying
phages can be rapidly and affordably analyzed. Thus, phage display selections followed by
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binding analyses of the identified phage clones rather than the soluble peptides can save
time and costs. Soendergaard et al. used a subtractive phage display affinity selection to
identify phage clones with specific binding to the ovarian cancer cell line, SKOV-3. A fUSE5
15-mer peptide library was first pre-cleared against normal ovarian cells (HS-832), and
then subjected to positive selections by incubation with ovarian adenocarcinoma (SKOV-3)
cells. Micropanning, cell binding, and fluorescence microscopy assays identified two phage
clones (M6 and M9) with high binding affinity and specificity to SKOV-3 cells. The SKOV-3
targeting of the phage clones was further validated in vivo using a xenografted mouse
model. Both fluorescently labeled phages demonstrated tumor imaging capabilities in vivo
with desirable biodistribution [99].

Tumor-associated M2 macrophages are a crucial part of the tumor microenvironment
and thus an interesting target in the development of immunotherapies. Recently, Sioud and
Zhang used an in situ phage display selection strategy to identify peptides that bind to M2
macrophages to explore the therapeutic potential of peptide–photosensitizer conjugates.
Initially, subtractive affinity selection was carried out by first negatively selecting the library
against healthy donor peripheral blood mononuclear cells (PBMCs) and M1 macrophages,
followed by three rounds of positive selections against isolated M2 macrophages. However,
this strategy resulted in phage clones that bound to prohibitin, which is expressed in both
M1 and M2 cells. To facilitate the isolation of M2-specific peptides, the group instead
blocked the cells with a known prohibitin-binding peptide, which resulted in the selec-
tion of new peptides that bound specifically to the M2 macrophages. The selected KML
peptide conjugated with an IR700 photosensitizer was used to target M2 cells to induce
photocytotoxicity in the cultured cells [27].

Careful consideration of the experimental parameters of in situ selections can lead to
the discovery of peptides with enhanced binding specificity, as evidenced by the subtractive
phage display selections using target and non-target cell lines. Nonetheless, the specific
conditions of the negative and positive selection rounds must be optimized to avoid the
carry-over of phage clones, leading to the peptides that bind a biomarker present in both
the target and non-target cells. Most often, this can be avoided by optimizing the incubation
times and concentration of virions in each round of biopanning.

3.4.3. In Vivo Selected Peptides

The challenges facing a therapeutic or diagnostic peptide from the time of injection to
reaching and binding to the target are many. Of priority are maintaining sufficient stability,
exhibiting only minimal off-target binding, and extravasation into the intended tissue.
While in situ phage display selections better mimic the in vivo environment compared to
in vitro biopanning strategies using isolated molecules, only selections in live animals or
patients can truly recapitulate these challenges.

Two examples of novel targeting peptides from an in vivo selection protocol are
G1 and H5 peptides, both specific to prostate adenocarcinoma [65,82]. Both peptides
possess interesting abilities to induce unique cellular responses upon binding to the cell
surface. Both of the peptides/phage clones were selected in vivo within PC-3 human
prostate tumor-bearing mice using a phage library depleted from the vasculature binding
phage. The selected phage clones were then further screened by parallel micropanning
experiments to identify specific phage clones with the highest tumor-to-normal tissue
binding ratios. The phage clones were then fluorescently labeled with AlexaFluor680, a
near-infrared fluorophore, and the biodistribution of the labeled phage was investigated
via optical imaging of live mice and ex vivo biodistribution to verify tumor specificity [82].
Microscopic investigation of fluorescently labeled phage clones and peptides revealed that
these in vivo-selected phage clones were able to extravasate the vasculature, bind directly
to the PC-3 tumor tissue, be internalized by the PC-3 cells, and activate apoptosis via
caspase [65,82].

Another example of an in vivo-selected peptide is the RCC1-02 peptide [78]. This
peptide resulted from a selection designed to redirect the biodistribution of the 26 MDa
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phage virion towards clearance through the kidney, instead of the liver and other organs of
the reticuloendothelial system [100]. In short, a phage library was intravenously injected,
and phages were collected from the urine of the mice. The stringency of the protocol
was very high, and the resulting recovery was very low (10.6% to 10.9% for two different
protocols). The lead clone, RCC1-02, was found to increase kidney uptake of the phage
clone by 2.46-fold when compared to a phage clone with no foreign peptide displayed.
Importantly, in vitro studies showed that the RCC1-02 phage clone as well as the RCC1-02
peptide were able to avoid reabsorption by OK proximal tubule cells.

In comparison to other biopanning methods, in vivo phage display selections reiterate
the challenges facing diagnostic and therapeutic peptides regarding optimal pharmacoki-
netics and stability. Even so, the experimental parameters must be taken into careful
consideration to avoid off-target binding. Importantly, the phage display library should be
pre-cleared against non-target tissues, such as in a normal mouse, to enhance target speci-
ficity. The pharmacokinetic properties can then be selected for during positive selection
rounds in a mouse model of the relevant disease by varying the incubation time and the
concentration of injected virions.

3.4.4. Peptide-Conjugated Nanoparticles

The use and utility of phage display-selected peptides have also been expanded
into the directed targeting of larger, more complex biomaterials and other moieties, such
as nanoparticles (including liposomes and exosomes), peptide–protein conjugates, and
polymers. An initial search of Google Scholar for “nanoparticles phage display peptide”
resulted in 26,900 hits. The types of peptides conjugated to and incorporated in nanoparti-
cles can be roughly divided into the following two categories: (1) peptides modifying the
pharmacokinetics, such as the absorbance or clearance, of the nanoparticle versus (2) the
pharmacodynamics of the nanoparticle such as targeting peptides [34,101,102]. Other
types of nanoparticles include tin oxide, iron oxide, titanium oxide, gold, and other core
chemistries [60,103–108]. Still more nanoparticles incorporate aqueous silica nanoparticles,
virus-like particles, and the list goes on [109–112]. Almost all of these have been utilized
with a phage display-derived peptide. Here, we present and highlight a small number of
studies to illustrate the opportunities and potential uses of phage display-selected peptides
for the molecular targeting of larger moieties.

Mammalian cells produce and secrete extracellular vesicles that contain a mix of
proteins and nucleic acids. These vesicles are believed to play an intricate role in cell-to-cell
communications [113–115]. The idea of using lipid bilayer membrane vesicles for the
delivery of bioactive molecules to cells has been readily adopted by the drug delivery field
of research [116,117]. The following two different methodologies are currently utilized: that
of liposomes, and that of exosomes [118,119]. Liposomes and exosomes are structurally
similar, both are composed of a lipid bilayer. However, liposomes contain a limited
number of lipids and no cellular protein or genetic material. In comparison, exosomes
are more complex, with a wider variety of lipid bilayer components and cellular bioactive
materials (proteins, nucleic acids, etc.). To date, liposomes and exosomes are both most
often produced at ~100 nm in diameter. Both can have hydrophilic drugs packaged within
the lumen of the vesicle and both can have hydrophobic drugs packaged in the lipid
bilayer of the vesicle. Pertinent to this review is the use of targeting peptides and ligands
on both types of vesicles. The potential delivery of various forms of RNA, peptides, and
synthetic drugs via liposomes or exosomes has, however, been hampered by rapid off-target
accumulation within the liver, kidney, and spleen [120]. Thus, the improvement of these
liposomes and exosomes has been an attractive field for the use of phage display-selected
targeting peptides. To this point, it is important to note that the structures, organization,
and presentation of a peptide are strongly influenced by the microenvironment created by
the fusion of the peptide to the coat protein upon the surface of a phage virion. This in turn
impacts the binding of the free synthetic peptide versus a phage-displayed peptide. Thus,
a soluble peptide with the same amino acid sequence may have very different binding
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characteristics than that of the same sequence fused to a coat protein. Added drawbacks
to the use of synthesized peptides for imaging and therapy are the covalent conjugation
of drugs, chelators, and fluorescent tags. Each of these can reduce the binding affinity of
a peptide for its target [82,83]. Consequently, some researchers have formulated novel
techniques to maintain the affinity of a phage display-selected peptide. These advances
further the utility of an even greater variety of phage display-derived peptides.

Dr. K.C. Brown and their team have developed a tetrameric display of peptides upon
a trilysine dendrimeric core [121,122]. They have shown that maintaining the valency
and orientation of peptides from the original vector (in this case, the pIII display) within
the tetrameric peptide, in a similar fashion as the surface of a phage particle, preserves
the affinity of the phage display-selected peptides. Furthermore, they have successfully
employed this technique for the molecular targeting of liposomes [122]. They compared
KD values of liposomes loaded with similar numbers of peptides but in a monomeric
versus tetrameric presentation. Their data revealed a significant improvement in the KD
value from 9.2 nM for liposomes with monomerically displayed peptides versus 11 pM for
peptides presented in a tetrameric format with a similar total number of peptides. Thus,
they were able to deliver doxorubicin-loaded liposomes more efficiently leading to six
times more toxicity.

In comparison, a collaboration between Drs. V.A. Petrenko and V.P. Torchilin have
resulted in the design and use of the entire cp8 phage protein with the fused foreign
peptide for the targeted delivery of multiple drugs, including doxorubicin [123–126]. These
researchers found that the inherent physical and chemical properties of the filamentous
phage coat protein VIII lend themselves well to use as a membrane protein within a
liposome. Thus, they utilized landscape phage display (phage with all ~3000 copies of
coat protein VIII genetically modified with the display of a foreign peptide sequence) for
the selection of tumor-targeting peptides. In this way, they were able to avoid unexpected
and undesirable side effects of chemical conjugation chemistries upon peptides [127].
Furthermore, they were able to show that the pVIII phage protein behaves in a fashion
similar to known fusogenic peptides that facilitate the endosomal escape via structural
changes due to acidification. This endosomal escape of the drug-loaded liposome results in
an enhanced cytotoxicity to the targeted tumor cells.

An advantage of using phage display to identify peptides that are to be used conju-
gated to nanoparticles is the nanoscale size of the phage virion. The large size mimics the
size and to some extent, the shape of many nanoparticles and thus the pharmacokinetics of
these. To this point, a landscape phage can be used to match the physiochemical properties
of the intended nanoparticle by changing the pVIII-displayed peptide to tune the overall
charge and hydrophobicity of the phage particle.

4. Pharmacokinetic Principles
4.1. Pharmacokinetics of Peptides

Pharmacokinetic studies focus primarily on distribution, absorption, metabolism,
and elimination with a minor focus on drug-specific effects upon these attributes. For
example, target-mediated drug disposition and immunogenicity. All these things can also
be impacted by the route of administration.

4.1.1. Routes of Administration

Peptides have gained increasing attention as a promising class of therapeutic drugs
due to their specificity and potency for targeting disease pathways [128]. However, their
short half-life in the bloodstream and potential for pre-systemic degradation pose chal-
lenges for effective delivery. Further, different routes of administration each present its
unique challenges [129]. Parenteral administration, although common, has its limitations
for peptide drugs. This route requires repeated dosing to maintain therapeutic levels, and
there is potential for protease or peptidase activity to degrade the drug before it reaches
its target. The development of effective oral peptide drugs has been an ongoing challenge
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due to the complexity of formulating a compound that can survive the harsh environment
of the gastrointestinal tract and be absorbed into the bloodstream. Desmopressin and
cyclosporine are currently the only two marketed oral peptide drugs, with their unique
chemical properties contributing to their relatively high bioavailability [128]. Buccal deliv-
ery offers a promising alternative to oral delivery by providing direct absorption into the
circulation, while bypassing hepatic metabolism and degradation in the gastrointestinal
tract. However, taste and convenience remain significant drawbacks, as the dosing process
can be cumbersome and unappealing to patients.

4.1.2. Distribution and Absorption

The manner in which drugs are distributed depends on their physiochemical and
transport properties. Small peptide molecules mostly rely on passive distribution, while
larger peptide molecules require convective transport [128]. The volume of distribution of
peptides is restricted to the extracellular space. When administered intravenously, most
peptides display a biexponential plasma concentration–time profile [130]. One factor that
can affect peptide distribution is their binding to endogenous proteins. It is important to
consider these aspects when designing drug delivery systems since understanding the
mode of distribution can help increase drug efficacy and minimize potential side effects. To
increase the absorption rates of non-invasive delivery routes, various strategies have been
employed, including modifications to the amino acid backbone, formulation approaches,
chemical conjugation with hydrophobic or targeting ligands, and the use of permeation
enhancers [131].

4.1.3. Clearance

For therapeutic peptides to be eliminated from the body, they either enter the metabolic
pathways or undergo renal or biliary excretion [128]. Renal elimination is the predominate
route of peptide clearance. Depending upon the size of the peptide, the rate of clearance
can almost match that of the glomerular filtration rate [132]. However, renal clearance
may be limited due to the glomerular filtration rate or proteolytic degradation in the
kidney tubules. Some peptide drugs may also undergo hepatic metabolism for elimination,
although intracellular uptake may pose limitations. For predominantly hydrophobic
peptides a combination of passive diffusion and carrier-mediated uptake is the major
uptake mechanism within the liver [133]. An example of hepatic clearance due to passive
diffusion is that of cyclosporine. In comparison, octreotide uptake is facilitated by carrier-
mediated transport [134]. The impact of protease and peptidase activities on peptide
pharmacokinetics is hard to overstate. Different tissues contain varying levels of these
proteolytic enzymes. Specifically, peptide stability should be examined within the blood,
liver, kidneys, and small intestine because these tissues contain a large number of various
proteases and peptidases. Most commonly, amino acid substitution and modifications are
used to confer resistance to peptidases and proteases.

4.1.4. Drug-Specific Issues

A unique pharmacokinetic characteristic known as target-mediated drug disposition
can affect how biologics, including peptides, are distributed and eliminated from the
body [135]. Target-mediated drug disposition can produce a nonlinear pharmacokinetic
profile. For example, some antibodies are known to have a significant proportion of the
drug dose bound with high affinity to the pharmacological target, which in turn affects
the subsequent elimination profile of the drug [136]. Three examples of peptides with
target-mediated drug disposition include thrombopoietin mimetic peptide (PEG-TPOm),
thrombopoietin mimetic peptibody (romiplostim), and peptidic erythropoiesis receptor
agonist (ERA) [137–139]. Therefore, understanding the various routes of elimination for
therapeutic peptides and the impact of target-mediated drug disposition is crucial in the
development and use of peptide drugs.
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Immunogenicity pertains to the undesirable immune response that may be caused
by a therapeutic agent. Anti-drug antibodies (ADA) may arise upon recurrent or ex-
tended administration, potentially altering the pharmacokinetics of the drug and triggering
hypersensitivity or anaphylaxis [140]. Though small peptides are typically inadequate im-
munogens, certain exceptions occur due to human immunity complexity. Immunogenicity
is influenced by the method of administration, with subcutaneous injection being more
likely to trigger an immune response than other routes [141,142]. Strategies to diminish
peptide immunogenicity include avoiding antigenic sequences in amino acid composition
and incorporating modifications, such as glycosylation and PEGylation.

4.2. Pharmacokinetics of Phage and Nanoparticles

Pharmacokinetic studies of larger particles like filamentous phage or other nanoparti-
cles can be more complex due to the large size and molecular complexity of the particles.
However, these studies still focus primarily on administration, distribution, metabolism,
and elimination. Furthermore, the size and shape of each type of nanoparticle and phage
strongly impact the absorption and biodistribution within the vasculature and into other
body tissues. The metabolism and excretion of a large particle are generally viewed in the
context of “clearance”, which might be better defined as the inactivation of a nanoparticle
or phage via metabolism and the subsequent removal via excretion.

4.2.1. Pharmacokinetic Profile of Filamentous Phage

Phages have been administered to mice and other animals via numerous routes
including orally, intranasally, intravenously, intraperitoneally, topically, and more (Table 1).
However, here, we focus on the fate of intravenously injected filamentous fd or M13 phage.
The biodistribution of filamentous phage, specifically the fd and M13 phage, includes an
extended blood half-life and clearance by the reticuloendothelial system [100,143,144].

4.2.2. Distribution and Absorption

Multiple articles report a blood half-life of the phage of around 30 min with tissue
accumulation starting as early as about 5 min [100,144]. However, the clarity of this is
complicated by the continuous but low levels of phage in the blood even at 24 h. The
blood-to-tissue ratios of various timepoints throughout the first 24 h post-injection strongly
suggest that extravasated phages are not necessarily retained within the tissues [100,144].
Also, the presence of a displayed foreign peptide influences the overall biodistribution;
however, the accumulation, retention, and clearance of phage by the organs of the retic-
uloendothelial system are difficult to overcome [78]. Further, phages can extravasate
the vasculature and penetrate the surrounding tissues [100]. Molenaar et al. reported
predominate uptake of 35S-methionine and 35S-cysteine radiolabeled M13 phage by the
reticuloendothelial system and a serum half-life of 4.5 h, while phage particles display-
ing antibody fragments were reported to have serum half-life of less than 4 h [144,145].
Interestingly, Zou et al. reported a peptide phage display library to have a vastly short-
ened serum half-life of 20 min or less [100]. These studies emphasize the strong influence
that the displayed peptide or antibody fragment has upon the pharmacokinetics of the
nanoparticle. Phage extravasation is thought to be restricted by the continuous endothe-
lium of capillaries, especially in tissues with tight cell–cell junctions. Examples of these are
skeletal muscle, skin, connective tissues, and the brain [100,144]. In contrast, organs of the
reticuloendothelial system have discontinuous endothelium, and contain open fenestrae
as well as discontinuous basement membranes. Thus, the distribution and absorbance of
phage particles into tissues are thought to be mostly regulated by the ultrastructure of the
vasculature in different tissues. Given the heterogeneous and leaky nature of the tumor
vasculature [144,146], it is possible that by 24 h post-injection, the phage may diffuse into
the tumor interstitium, although high tumor interstitial pressure may reduce such penetra-
tion [144]. The enhanced permeability and retention (EPR) effect allows for an increased
accumulation of particles at tumor sites and can be further enhanced by combining it with



Viruses 2024, 16, 570 14 of 24

ligand-mediated targeting. The display of peptides on the phage can thus also improve
their pharmacokinetic behavior, increasing their chances of interaction and accumulation
at the target site.

4.2.3. Clearance

Many studies have determined that the main route of phage clearance is via the
liver [144]. Specifically, the hepatic uptake is attributed to Kupffer cells. Immunohistological
data reveal phage coat proteins in the feces by 24 h, but the phage titer usually remains
low at this timepoint. This suggests that the feces probably contain fragments of phage
proteins, presumably excreted via the bile duct. Interestingly, most biodistribution reports
reveal closely correlated phage infectivity and immunohistochemistry staining in most of
the tissues investigated. The only exception is the poor correlation between staining and
titer data derived from the feces, suggesting that the main site for phage metabolism and
breakdown is in the liver. Some evidence exists of the phage being cleared through the
kidneys. Yip et al. showed glomeruli immunohistology staining for phage coat proteins
at timepoints as early as 5 min, followed by positive staining in the proximal tubule by
24 h [144].

4.2.4. Effect of Size, Shape, and Charge upon Phage Pharmacokinetics

Nanomedicine is an advancing field that has led to breakthrough innovations in
various drug delivery methods. Nanoparticles have increasingly become the focus of
research as they offer unprecedented control over particle size, shape, and surface properties
for downstream applications; in particular, filamentous phage particles have attracted
significant attention as potential vehicles for drug delivery due to their unique morphology
and desirable mechanical properties. The filamentous fd/M13 virus particle is ~6.6 nm in
diameter and up to ~900 nm in length [147]. This elongated cylindrical virion has ~2700 coat
protein VIII with a surface charge density of 0.46 eq/nm2 at pH 7.4 [147,148]. This leads
most researchers to hypothesize that the major contributor to intrinsic phage effects is that
of electrostatic interactions. But this characteristic is also what lends the phage particle
resistance to a range of pH (2 to 11), chaotropic agents, high salt concentrations, and other
harsh conditions. This structure of the phage also creates a flexible but strong particle. The
measure of a persistence length is a basic mechanical property that quantifies the stiffness
or rigidity of the polymeric capsid [149]. Interestingly, a filamentous bacteriophage is
considered more rigid than single DNA strands but softer than microtubules [150]. The
persistence length of a phage virion is 1265.7 ± 220.4 nm and has an elastic stretching
modulus of ~50 MPa [150]. This is important as the dynamics of the rods in laminar
flows are strongly affected by their flexibility. Thus, it is postulated by Driessen et al.
that the elongated phage virion would display a pole-vaulting motion along the vascular
wall within the hydrodynamic forces of physiological laminar flow [150,151]. This type
of motion would predispose an interaction between the tip of the virion displaying coat
protein III with the endothelial cells of the vascular wall [151]. As a result, the slender
filamentous phage shape favors binding regardless of its orientation, as long as the tip
of the virion is exposed to the endothelium. Further, when considering the drag force,
wall shear rate, and the loading rate for a rod-shaped virion the rupture forces needed are
such that a phage virion seems to be able to remain bound to its targeted biomarker under
most conditions [152,153]. In fact, because of the flexibility of the virion, it is assumed
that the bound phage would tend to rotate and be pushed down to the cell membrane
without detaching from the target. This, in turn, would allow the phage to be quickly
and easily internalized. Several studies have shown that phage-displayed peptides can be
internalized by the target cells in a receptor-mediated manner [154]. However, the factors
that influence the binding and internalization of phage-displayed peptides are complex
and not well understood. Driessen et al. have developed a mathematical model that
predicts the binding and receptor-mediated internalization of phage-displayed peptides
based on mass balance equations that describe the kinetics of phage binding to cell surface
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receptors and subsequent internalization [150,155]. The binding process is characterized
by both forward and reverse reaction rates, while internalization is characterized by a
single forward rate. The model predicts that the ratio between the concentration of bound
phage and initially injected phage is proportional to the number of receptors available and
inversely proportional to Kd (dissociation constant).

The role of intermolecular forces in biological processes cannot be overstated. Electro-
static, Van der Waals, and hydrophobic forces are all crucial contributors to the total free
energy of these processes [156,157]. Understanding these forces is key to making informed
decisions regarding targeting and delivery of therapeutic agents, as well as optimizing the
pharmacokinetics of potential treatments. In particular, diffusion and extravasation can
be achieved through active or passive targeting of organs or diseased vasculature [158].
Researchers must carefully consider the intermolecular forces involved in the process.
These forces will play a key role in determining how the phage interacts with the target
tissue, as well as how it is distributed throughout the body. For example, hydrophobic
interactions may play a significant role in the binding of the phage to the target tissue,
while Van der Waals forces may play a role in the distribution of the phage throughout
the body [150,159]. In addition to understanding the intermolecular forces involved in
the process, researchers must also carefully consider the pharmacokinetics of the phage
itself [159]. This includes factors such as the rate of clearance from the bloodstream, the
rate of internalization by the target cells, and the overall bioavailability of the agent.

Further, multivalent ligand–receptor interactions are a fundamental aspect of biology,
characterized by the binding of multiple ligands to multiple receptors. These interactions
are seen in a variety of natural processes, such as virus attachment, where the virus utilizes
multiple ligands to attach to host cells that have several receptors [159]. The use of multiva-
lent interactions in biotechnology has been of great interest, and phage display is a method
used to achieve this [122]. The use of multivalent interactions in phage display can lead
to higher binding affinities than monovalent interactions by stabilizing the conformation,
statistical rebinding, and clustering of receptors [160]. In addition, stochastic modeling
studies have shown that a multivalent phage can survive more easily during selection
than a monovalent phage, contributing greatly to the successful use of phage display
in vivo [161]. It is hypothesized that multivalency plays an important role in recognizing
multiprotein complexes and altering the proximity between receptors. The use of multi-
valent interactions in phage display has many applications in biotechnology, including
drug discovery, diagnostics, and vaccine development. Furthermore, the high binding
affinities and selectivity of multivalent interactions make them a promising approach for
the identification of disease markers and the production of therapeutic agents.

4.2.5. Pharmacodynamics of Phage Display Selected Peptides

To date, most in vivo phage display selections and other subsequent in vivo exper-
iments have focused mainly upon the pharmacokinetics of the phage particle itself and
how the targeting ligand can modify the biodistribution of the particle. For example,
BCP-1 and BCP-2 peptides prolong the blood circulation time, and RCC1-02 increases
kidney clearance of phage (Table 3) [78,84]. Table 3 contains many examples of phage
display-selected peptides with pharmacodynamic effects, from internalization by various
organs to translocation across the blood–brain barrier or the intestines, all with tissue or
cell type-specific homing abilities. Another example of a phage display-selected peptide
with pharmacokinetic effects is a new class of peptides that can form transient pores or
penetrate the skin [162,163]. The majority of phage clones identified with pharmacody-
namic capabilities are identified via phage display selection in situ against cells, or in vivo
against whole tissues. Hypothetically, the advantage of in situ and in vivo selections is
the different possible conformations of a cell surface target due to multiple factors, in-
cluding the presence of binding partners, and protein complexes, as well as variations in
post-translational modifications.
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Table 3. Peptides from phage display.

Tissue/Organ Name Target Effect Sequence Reference

Cancer-Immune
Interactions

PD-L1 Pep-1
PD-L1 Pep-2

Programed Cell Death
Ligand 1 (PD-L1)

Tumor Homing/
Blocking of T cell Function

CLQKTPKQC
CVRARTR [164]

Peripheral
Blood Cells

BCP-1
BCP-2

RGD Integrin Targeting on
Peripheral Blood Cells

Prolong
Circulation within Blood

CNARGDMHC
CIVRGDNVC [84]

Blood-Brain
Barrier Clone 7 Unknown

Nose to Brain
Translocation Capability/

Olfactory and Brain Homing
ACTTPHAWLCG [165]

Heart
Cardiac

Targeting
Peptide (CTP)

Unknown
Heart/Cardio Myoblast

Homing and
Internalization

APWHLSSQYSRT [166]

Ischemic Heart None Unknown
Myocardium Damaged by

Ischemia-
Reperfusion

CSTSMLKAC [167]

Lung GFE-1 Membrane
Dipeptidase (MDP) Mouse Lung Vasculature CGFECVRQCPERC [168]

Lung Epithelial LTP-1 Unknown
Pulmonary
Epithelial

Translocation
CTSGTHPRC [169]

Lung Cancer Pep1 Unknown

Lung
Adenocarcinoma with

Increased
Uptake Post

Radiation
Treatment

CAKATCPAC [170]

Non-Small Cell
Lung Cancer Thx Unknown Non-Small Cell Lung Cancer ARRPKLD [171]

Kidney/Kidney
Cancer None Kidney Injury Molecule

(KIM-1) Kidney Cancer CNWMINKEC [172]

Kidney RCC1-02 Unknown

Redistribution Towards
Kidney Clearance/

Avoidance of
Protein

Reabsorption

AGGLSFGTRRFEIGR [78]

Intestine 4–1
4–11 Unknown Internalization by Normal

Intestine
SGHQLLLNKMP
SFKPSGLPAQSL [173]

Intestine Sequence
Homology (HIV gp120)

Translocation Across the
Intestine YPRLLTP [174]

Injured Intestine 4–5 Unknown Internalized by
Injured Intestine ILANDLTAPGPR [173]

Colon Cancer CP15 Unknown Colon Cancer VHLGYAT [175]

Peritoneal
Metastasis of Gastric

Cancer
pIII Unknown Homing to-and Prevention of-

Metastases of Gastric Cancer SMSIASPYIALE [176]

Gastric Cancer Peptide 1131
Kita-Kyushu Lung Cancer

Antigen-1
(KK-LC-1)

Gastric Cancer Not given [177]

Liver Cancer HCBP1 Unknown Liver Cancer FQHPSFI [178]

Pancreas None

Putative EphA4
Receptor/
Sequence

Similarity with
Ephrin-A
Ligands

Pancreas Islet Cells CHVLWSTRC
CVSNPRWKC [15]
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Table 3. Cont.

Tissue/Organ Name Target Effect Sequence Reference

Pancreatic
cancer

RGR
RSR
KAA
KAR
VGV
EYQ

Sequence
Similarity with Various

Proteins

Angiogenic
Vasculature of
Pancreatic Islet
Tumorigenesis

CRGRRST
CRSRKG

CKAAKNK
FRVGVADV
CEYQLDVE

[179]

Pancreas None Unknown Pancreatic
Beta Cells LNTPLKS [180]

Bone Cancer NF-1 Unknown Osteosarcoma Vasculature CTKPDKGYC [181]

Bone Cancer OSP-1

Putative
Heparan
Sulfate

Proteoglycan

Osteosarcoma ASGALSPSRLDT [182]

Bone Marrow None
Putative
Sequence

Similarity with CD84
Bone Marrow STFTKSP [183]

Adipose TDA1 Unknown Transdermal Targeting of
Visceral Adipose Tissue CGLHPAPQC [184]

Skin/psoriatic
lesions Pep3D Interferon-

Alpha Receptor Reduces Psoriasis Symptoms CIGNSNTLC [185]

Skin T2 Peptide Lipids Skin Penetrating LVGVFH [92]

Skin None Unknown
Transient Pore Formation

Within the Skin for
Transdermal Protein Delivery

ACSSSPSKHCG [163]

Skin

Skin
Penetrating

and Cell
Entering (SPACE)

Peptide

Unknown Keratinocytes, Fibroblasts,
and Endothelial Cells ACTGSTQHQCG [162]

5. Conclusions

Phage display technology continues to be a versatile and widely utilized method for
discovering peptides that target disease-related biomarkers via biopanning. While biopan-
ning is efficient, it requires careful optimization of the various parameters to obtain specific
and high-affinity peptides. Experimental factors, such as the type of the phage display
library, phage and antigen concentrations, and incubation and elution conditions must be
considered. Of the utmost importance is the choice of utilizing in vitro, in situ, or in vivo
affinity selections, which is known to strongly influence the stability and selectivity, as well
as the biodistribution and clearance of both peptides and peptide-conjugated nanoparti-
cles. Current efforts by researchers to maximize pharmacodynamic effects through both
active and passive targeting strategies will continue to drive this field of research. Overall,
understanding and utilizing these mechanisms is crucial for developing effective targeted
drug delivery systems. By thoughtfully considering these factors, researchers can develop
peptides with enhanced affinity, specificity, and the desired pharmacokinetic profiles.
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49. Jończyk, E.; Kłak, M.; Międzybrodzki, R.; Górski, A. The influence of external factors on bacteriophages—Review. Folia Microbiol.

2011, 56, 191–200. [CrossRef]
50. Jespers, L.S.; Messens, J.H.; De Keyser, A.; Eeckhout, D.; Van den Brande, I.; Gansemans, Y.G.; Lauwereys, M.J.; Vlasuk, G.P.;

Stanssens, P.E. Surface expression and ligand-based selection of cdnas fused to filamentous phage gene vi. Biotechnology 1995, 13,
378–382. [CrossRef]

51. Gao, X.; Huang, Y.; Zhu, S. Construction of murine phage antibody library and selection of ricin-specific single-chain antibodies.
IUBMB Life 1999, 48, 513–517.

52. Løset, G.Å.; Bogen, B.; Sandlie, I. Expanding the versatility of phage display i: Efficient display of peptide-tags on protein vii of
the filamentous phage. PLoS ONE 2011, 6, e14702. [CrossRef]

53. Løset, G.; Roos, N.; Bogen, B.; Sandlie, I. Expanding the versatility of phage display ii: Improved affinity selection of folded
domains on protein vii and ix of the filamentous phage. PLoS ONE 2011, 6, e17433. [CrossRef]

54. Smith, G.P. Preface. Gene 1993, 128, 1–2. [CrossRef]
55. Smith, G.P.; Petrenko, V.A. Phage display. Chem. Rev. 1997, 97, 391–410. [CrossRef] [PubMed]
56. Kang, T.H.; Seong, B.L. Solubility, stability, and avidity of recombinant antibody fragments expressed in microorganisms.

Front. Microbiol. 2020, 11, 1927. [CrossRef]

https://doi.org/10.3390/cancers15072009
https://www.ncbi.nlm.nih.gov/pubmed/37046671
https://doi.org/10.3389/fmicb.2022.962124
https://www.ncbi.nlm.nih.gov/pubmed/36225354
https://doi.org/10.1093/nar/gkaa1279
https://doi.org/10.3390/pharmaceutics13101598
https://doi.org/10.1039/D0BM00943A
https://doi.org/10.1093/femsre/fuab052
https://www.ncbi.nlm.nih.gov/pubmed/34673942
https://doi.org/10.2174/0929867327666201111144353
https://www.ncbi.nlm.nih.gov/pubmed/33176631
https://doi.org/10.1007/s43441-019-00059-5
https://www.ncbi.nlm.nih.gov/pubmed/32072579
https://doi.org/10.1007/978-3-319-72077-7_1
https://www.ncbi.nlm.nih.gov/pubmed/29549632
https://doi.org/10.1002/btm2.10142
https://www.ncbi.nlm.nih.gov/pubmed/31989033
https://doi.org/10.1111/mmi.14187
https://www.ncbi.nlm.nih.gov/pubmed/30556628
https://doi.org/10.1007/s12033-019-00156-8
https://doi.org/10.1517/17460441.2015.1037738
https://www.ncbi.nlm.nih.gov/pubmed/25910798
https://doi.org/10.1016/S0167-7799(03)00194-X
https://doi.org/10.1016/j.drudis.2013.09.001
https://www.ncbi.nlm.nih.gov/pubmed/24051398
https://doi.org/10.1590/S1415-47572005000100001
https://doi.org/10.1093/nar/29.10.e50
https://www.ncbi.nlm.nih.gov/pubmed/11353095
https://doi.org/10.1126/science.1696028
https://doi.org/10.1016/S0014-5793(98)01140-5
https://www.ncbi.nlm.nih.gov/pubmed/9781692
https://doi.org/10.1007/s12223-011-0039-8
https://doi.org/10.1038/nbt0495-378
https://doi.org/10.1371/journal.pone.0014702
https://doi.org/10.1371/journal.pone.0017433
https://doi.org/10.1016/0378-1119(93)90145-S
https://doi.org/10.1021/cr960065d
https://www.ncbi.nlm.nih.gov/pubmed/11848876
https://doi.org/10.3389/fmicb.2020.01927


Viruses 2024, 16, 570 20 of 24

57. Qi, H.; Lu, H.; Qiu, H.-J.; Petrenko, V.; Liu, A. Phagemid vectors for phage display: Properties, characteristics and construction.
J. Mol. Biol. 2012, 417, 129–143. [CrossRef] [PubMed]

58. Rader, C. The pcomb3 phagemid family of phage display vectors. Cold Spring Harb. Protoc. 2023. [CrossRef]
59. Ehrlich, G.K.; Berthold, W.; Bailon, P. Phage display technology. Affinity selection by biopanning. Methods Mol. Biol. 2000, 147,

195–208. [CrossRef] [PubMed]
60. Nakazawa, H.; Umetsu, M.; Tatsuya, H.; Hattori, T.; Kumagai, I. Identification of indium tin oxide nartoparticle-biliding peptides

via phage display and biopanning under various buffer conditions. Protein Pept. Lett. 2020, 27, 557–566. [CrossRef] [PubMed]
61. Stevens, C.A.; Bachtiger, F.; Kong, X.D.; Abriata, L.A.; Sosso, G.C.; Gibson, M.I.; Klok, H.A. A minimalistic cyclic ice-binding

peptide from phage display. Nat. Commun. 2021, 12, 2675. [CrossRef]
62. Landon, L.A.; Peletskaya, E.N.; Glinsky, V.V.; Karasseva, N.; Quinn, T.P.; Deutscher, S.L. Combinatorial evolution of high-affinity

peptides that bind to the thomsen-friedenreich carcinoma antigen. J. Protein Chem. 2003, 22, 193–204. [CrossRef]
63. Li, J.; Feng, L.; Jiang, X. In vivo phage display screen for peptide sequences that cross the blood-cerebrospinal-fluid barrier. Amino

Acids 2015, 47, 401–405. [CrossRef]
64. Li, X.; Ma, Z.; Wang, H.R.; Ren, L.; Zhang, D.W.; Liang, W.G.; Zhang, G.J.; Zhang, J.R.; Yu, D.H.; Fang, X.X. Screening, identification,

and characterization of an affinity peptide specific to mt1-mmp and its application in tumor imaging. Bioconjug. Chem. 2019, 30,
1507–1517. [CrossRef] [PubMed]

65. Northup, J.R.N.; Deutscher, S.L. Cytotoxic tumor-targeting peptides from in vivo phage display. Comb. Chem. High. Throughput
Screen. 2016, 19, 370–377. [CrossRef] [PubMed]

66. Peng, L.; Shang, W.T.; Guo, P.Y.; He, K.S.; Wang, H.Z.; Han, Z.Y.; Jiang, H.M.; Tian, J.; Wang, K.; Xu, W.H. Phage display-derived
peptide-based dual-modality imaging probe for bladder cancer diagnosis and resection postinstillation: A preclinical study.
Mol. Cancer Ther. 2018, 17, 2100–2111. [CrossRef] [PubMed]

67. Loset, G.A.; Kristinsson, S.G.; Sandlie, I. Reliable titration of filamentous bacteriophages independent of pIII fusion moiety and
genome size by using trypsin to restore wild-type piii phenotype. Biotechniques 2008, 44, 551–552, 554. [CrossRef] [PubMed]

68. Thomas, W.D.; Smith, G.P. The case for trypsin release of affinity-selected phages. BioTechniques 2010, 49, 651–654. [CrossRef]
[PubMed]

69. Plessers, S.; Van Deuren, V.; Lavigne, R.; Robben, J. High-throughput sequencing of phage display libraries reveals parasitic
enrichment of indel mutants caused by amplification bias. Int. J. Mol. Sci. 2021, 22, 5513. [CrossRef] [PubMed]

70. Sloth, A.B.; Bakhshinejad, B.; Jensen, M.; Stavnsbjerg, C.; Liisberg, M.B.; Rossing, M.; Kjaer, A. Analysis of compositional bias in a
commercial phage display peptide library by next-generation sequencing. Viruses 2022, 14, 2402. [CrossRef] [PubMed]

71. Van Deuren, V.; Plessers, S.; Lavigne, R.; Robben, J. Application of Deep Sequencing in Phage Display; Methods in Molecular Biology;
Springer: Berlin/Heidelberg, Germany, 2024; Volume 2738, pp. 333–345. [CrossRef]

72. Spiliotopoulos, A.; Maurer, S.K.; Tsoumpeli, M.T.; Bonfante, J.A.F.; Owen, J.P.; Gough, K.C.; Dreveny, I. Next-generation phage
display to identify peptide ligands of deubiquitinases. Methods Mol. Biol. 2023, 2591, 189–218. [CrossRef]

73. Vaisman-Mentesh, A.; Wine, Y. Monitoring phage biopanning by next-generation sequencing. Methods Mol. Biol. 2018, 1701,
463–473. [CrossRef]

74. Bratkovic, T. Progress in phage display: Evolution of the technique and its application. Cell Mol. Life Sci. 2010, 67, 749–767.
[CrossRef]

75. Szardenings, M. Phage display of random peptide libraries: Applications, limits, and potential. J. Recept. Signal Transduct. Res.
2003, 23, 307–349. [CrossRef] [PubMed]

76. Newton-Northup, J.; Duetscher, S.L. Contending with target unrelated peptides from phage display. J. Mol. Imaging Dynam 2012,
2, 1–3. [CrossRef]

77. Newton-Northup, J.; Deutscher, S.L. Characterization of in vivo selected bacteriophage for the development of novel tumor-
targeting agents with specific pharmacokinetics and imaging applications. Methods Mol. Biol. 2017, 1572, 445–465. [CrossRef]
[PubMed]

78. Newton-Northup, J.R.; Dickerson, M.T.; Kumar, S.R.; Smith, G.P.; Quinn, T.P.; Deutscher, S.L. In vivo bacteriophage peptide
display to tailor pharmacokinetics of biological nanoparticles. Mol. Imaging Biol. 2014, 16, 854–864. [CrossRef] [PubMed]

79. Newton-Northup, J.R.; Figueroa, S.D.; Deutscher, S.L. Streamlined in vivo selection and screening of human prostate carcinoma
avid phage particles for development of peptide based in vivo tumor imaging agents. Comb. Chem. High. Throughput Screen. 2011,
14, 9–21. [CrossRef]

80. Trepel, M.; Arap, W.; Pasqualini, R. In vivo phage display and vascular heterogeneity: Implications for targeted medicine. Curr.
Opin. Chem. Biol. 2002, 6, 399–404. [CrossRef] [PubMed]

81. Pasqualini, R.; Ruoslahti, E. Organ targeting in vivo using phage display peptide libraries. Nature 1996, 380, 364–366. [CrossRef]
[PubMed]

82. Newton, J.R.; Kelly, K.A.; Mahmood, U.; Weissleder, R.; Deutscher, S.L. In vivo selection of phage for the optical imaging of pc-3
human prostate carcinoma in mice. Neoplasia 2006, 8, 772–780. [CrossRef] [PubMed]

83. Newton, J.; Deutscher, S.L. Phage peptide display. Handb. Exp. Pharmacol. 2008, 185 Pt 2, 145–163. [CrossRef]
84. Jin, P.; Sha, R.; Zhang, Y.; Liu, L.; Bian, Y.; Qian, J.; Qian, J.; Lin, J.; Ishimwe, N.; Hu, Y.; et al. Blood circulation-prolonging peptides

for engineered nanoparticles identified via phage display. Nano Lett. 2019, 19, 1467–1478. [CrossRef]

https://doi.org/10.1016/j.jmb.2012.01.038
https://www.ncbi.nlm.nih.gov/pubmed/22310045
https://doi.org/10.1101/pdb.over107756
https://doi.org/10.1385/1-59259-041-1:195
https://www.ncbi.nlm.nih.gov/pubmed/10857097
https://doi.org/10.2174/0929866526666191113151934
https://www.ncbi.nlm.nih.gov/pubmed/31729292
https://doi.org/10.1038/s41467-021-22883-w
https://doi.org/10.1023/A:1023483232397
https://doi.org/10.1007/s00726-014-1874-0
https://doi.org/10.1021/acs.bioconjchem.9b00220
https://www.ncbi.nlm.nih.gov/pubmed/30986050
https://doi.org/10.2174/1386207319666160408151423
https://www.ncbi.nlm.nih.gov/pubmed/27055748
https://doi.org/10.1158/1535-7163.MCT-18-0212
https://www.ncbi.nlm.nih.gov/pubmed/30082470
https://doi.org/10.2144/000112724
https://www.ncbi.nlm.nih.gov/pubmed/18476820
https://doi.org/10.2144/000113489
https://www.ncbi.nlm.nih.gov/pubmed/20854266
https://doi.org/10.3390/ijms22115513
https://www.ncbi.nlm.nih.gov/pubmed/34073702
https://doi.org/10.3390/v14112402
https://www.ncbi.nlm.nih.gov/pubmed/36366500
https://doi.org/10.1007/978-1-0716-3549-0_20
https://doi.org/10.1007/978-1-0716-2803-4_12
https://doi.org/10.1007/978-1-4939-7447-4_26
https://doi.org/10.1007/s00018-009-0192-2
https://doi.org/10.1081/RRS-120026973
https://www.ncbi.nlm.nih.gov/pubmed/14753295
https://doi.org/10.4172/2155-9937.1000e101
https://doi.org/10.1007/978-1-4939-6911-1_29
https://www.ncbi.nlm.nih.gov/pubmed/28299705
https://doi.org/10.1007/s11307-014-0762-z
https://www.ncbi.nlm.nih.gov/pubmed/25001195
https://doi.org/10.2174/1386207311107010009
https://doi.org/10.1016/S1367-5931(02)00336-8
https://www.ncbi.nlm.nih.gov/pubmed/12023122
https://doi.org/10.1038/380364a0
https://www.ncbi.nlm.nih.gov/pubmed/8598934
https://doi.org/10.1593/neo.06331
https://www.ncbi.nlm.nih.gov/pubmed/16984734
https://doi.org/10.1007/978-3-540-77496-9_7
https://doi.org/10.1021/acs.nanolett.8b04007


Viruses 2024, 16, 570 21 of 24

85. Díaz-Perlas, C.; Ricken, B.; Farrera-Soler, L.; Guschin, D.; Pojer, F.; Lau, K.; Gerhold, C.B.; Heinis, C. High-affinity peptides
developed against calprotectin and their application as synthetic ligands in diagnostic assays. Nat. Commun. 2023, 14, 2774.
[CrossRef]

86. Zou, J.; Glinsky, V.V.; Landon, L.A.; Matthews, L.; Deutscher, S.L. Peptides specific to the galectin-3 carbohydrate recognition
domain inhibit metastasis-associated cancer cell adhesion. Carcinogenesis 2005, 26, 309–318. [CrossRef] [PubMed]

87. Newton-Northup, J.R.; Dickerson, M.T.; Ma, L.; Besch-Williford, C.L.; Deutscher, S.L. Inhibition of metastatic tumor formation
in vivo by a bacteriophage display-derived galectin-3 targeting peptide. Clin. Exp. Metastasis 2013, 30, 119–132. [CrossRef]
[PubMed]

88. Yang, Y.; Zhou, Z.; He, S.; Fan, T.; Jin, Y.; Zhu, X.; Chen, C.; Zhang, Z.R.; Huang, Y. Treatment of prostate carcinoma with
(galectin-3)-targeted hpma copolymer-(g3-c12)-5-fluorouracil conjugates. Biomaterials 2012, 33, 2260–2271. [CrossRef] [PubMed]

89. Yang, Y.; Li, L.; Zhou, Z.; Yang, Q.; Liu, C.; Huang, Y. Targeting prostate carcinoma by g3-c12 peptide conjugated n-(2-
hydroxypropyl)methacrylamide copolymers. Mol. Pharm. 2014, 11, 3251–3260. [CrossRef] [PubMed]

90. Sun, W.; Li, L.; Yang, Q.; Shan, W.; Zhang, Z.; Huang, Y. G3-c12 peptide reverses galectin-3 from foe to friend for active targeting
cancer treatment. Mol. Pharm. 2015, 12, 4124–4136. [CrossRef]

91. Kopansky, E.; Shamay, Y.; David, A. Peptide-directed hpma copolymer-doxorubicin conjugates as targeted therapeutics for
colorectal cancer. J. Drug Target. 2011, 19, 933–943. [CrossRef] [PubMed]

92. Kumar, S.; Sahdev, P.; Perumal, O.; Tummala, H. Identification of a novel skin penetration enhancement peptide by phage display
peptide library screening. Mol. Pharm. 2012, 9, 1320–1330. [CrossRef]

93. Kumar, S.R.; Deutscher, S.L. 111in-labeled galectin-3-targeting peptide as a spect agent for imaging breast tumors. J. Nucl. Med.
2008, 49, 796–803. [CrossRef]

94. Geng, Q.; Sun, X.; Gong, T.; Zhang, Z.R. Peptide-drug conjugate linked via a disulfide bond for kidney targeted drug delivery.
Bioconjug. Chem. 2012, 23, 1200–1210. [CrossRef]

95. Whitney, M.; Crisp, J.L.; Olson, E.S.; Aguilera, T.A.; Gross, L.A.; Ellies, L.G.; Tsien, R.Y. Parallel in vivo and in vitro selection
using phage display identifies protease-dependent tumor-targeting peptides. J. Biol. Chem. 2010, 285, 22532–22541. [CrossRef]
[PubMed]

96. Weber, T.; Pscherer, S.; Gamerdinger, U.; Teigler-Schlegel, A.; Rutz, N.; Blau, W.; Rummel, M.; Gattenlohner, S.; Tur, M.K. Parallel
evaluation of cell-based phage display panning strategies: Optimized selection and depletion steps result in aml blast-binding
consensus antibodies. Mol. Med. Rep. 2021, 24, 767. [CrossRef] [PubMed]

97. Asar, M.C.; Franco, A.; Soendergaard, M. Phage display selection, identification, and characterization of novel pancreatic cancer
targeting peptides. Biomolecules 2020, 10, 714. [CrossRef] [PubMed]

98. Anjorin, F.F. Pancreatic cancer specificity of phage display-selected peptide mca1. In Proceedings of the ACS Meeting Spring
2023, Washington, DC, USA, 26–30 March 2023.

99. Soendergaard, M.; Newton-Northup, J.R.; Deutscher, S.L. In vitro high throughput phage display selection of ovarian cancer avid
phage clones for near-infrared optical imaging. Comb. Chem. High. Throughput Screen. 2014, 17, 859–867. [CrossRef] [PubMed]

100. Zou, J.; Dickerson, M.T.; Owen, N.K.; Landon, L.A.; Deutscher, S.L. Biodistribution of filamentous phage peptide libraries in mice.
Mol. Biol. Rep. 2004, 31, 121–129. [CrossRef] [PubMed]

101. Jin, P.; Wang, L.; Sha, R.; Liu, L.; Qian, J.; Ishimwe, N.; Zhang, W.; Qian, J.; Zhang, Y.; Wen, L. A blood circulation-prolonging
peptide anchored biomimetic phage-platelet hybrid nanoparticle system for prolonged blood circulation and optimized anti-
bacterial performance. Theranostics 2021, 11, 2278–2296. [CrossRef]

102. Barile, L.; Vassalli, G. Exosomes: Therapy delivery tools and biomarkers of diseases. Pharmacol. Ther. 2017, 174, 63–78. [CrossRef]
[PubMed]

103. You, F.; Yin, G.; Pu, X.; Li, Y.; Hu, Y.; Huang, Z.; Liao, X.; Yao, Y.; Chen, X. Biopanning and characterization of peptides with fe3o4
nanoparticles-binding capability via phage display random peptide library technique. Colloids Surf. B Biointerfaces 2016, 141,
537–545. [CrossRef] [PubMed]

104. Inoue, I.; Ishikawa, Y.; Uraoka, Y.; Yamashita, I.; Yasueda, H. Selection of a novel peptide aptamer with high affinity for
tio(2)-nanoparticle through a direct electroporation with tio(2)-binding phage complexes. J. Biosci. Bioeng. 2016, 122, 528–532.
[CrossRef]

105. Konoeda, H.; Takizawa, H.; Gower, A.; Zhao, M.; Adeyi, O.A.; Liu, M. Pharmacokinetics, tissue distribution and safety of gold
nanoparticle/pkc delta inhibitor peptide hybrid in rats. Nanotoxicology 2020, 14, 341–354. [CrossRef]

106. Kalishwaralal, K.; Luboshits, G.; Firer, M.A. Synthesis of gold nanoparticle: Peptide-drug conjugates for targeted drug delivery.
Methods Mol. Biol. 2020, 2059, 145–154. [CrossRef] [PubMed]

107. Shen, H.; Liu, J.; Lei, J.; Ju, H. A core-shell nanoparticle-peptide@metal-organic framework as ph and enzyme dual-recognition
switch for stepwise-responsive imaging in living cells. Chem. Commun. 2018, 54, 9155–9158. [CrossRef] [PubMed]

108. Raju, C.V.; Manohara Reddy, Y.V.; Cho, C.H.; Shin, H.H.; Park, T.J.; Park, J.P. Highly sensitive electrochemical peptide-based biosen-
sor for marine biotoxin detection using a bimetallic platinum and ruthenium nanoparticle-tethered metal-organic framework
modified electrode. Food Chem. 2023, 428, 136811. [CrossRef]

109. Bruun, T.U.J.; Andersson, A.C.; Draper, S.J.; Howarth, M. Engineering a rugged nanoscaffold to enhance plug-and-display
vaccination. ACS Nano 2018, 12, 8855–8866. [CrossRef]

https://doi.org/10.1038/s41467-023-38075-7
https://doi.org/10.1093/carcin/bgh329
https://www.ncbi.nlm.nih.gov/pubmed/15528216
https://doi.org/10.1007/s10585-012-9516-y
https://www.ncbi.nlm.nih.gov/pubmed/22851004
https://doi.org/10.1016/j.biomaterials.2011.12.007
https://www.ncbi.nlm.nih.gov/pubmed/22189143
https://doi.org/10.1021/mp500083u
https://www.ncbi.nlm.nih.gov/pubmed/24955652
https://doi.org/10.1021/acs.molpharmaceut.5b00568
https://doi.org/10.3109/1061186X.2011.632011
https://www.ncbi.nlm.nih.gov/pubmed/22074249
https://doi.org/10.1021/mp200594z
https://doi.org/10.2967/jnumed.107.048751
https://doi.org/10.1021/bc300020f
https://doi.org/10.1074/jbc.M110.138297
https://www.ncbi.nlm.nih.gov/pubmed/20460372
https://doi.org/10.3892/mmr.2021.12407
https://www.ncbi.nlm.nih.gov/pubmed/34490477
https://doi.org/10.3390/biom10050714
https://www.ncbi.nlm.nih.gov/pubmed/32380649
https://doi.org/10.2174/1386207317666141031152828
https://www.ncbi.nlm.nih.gov/pubmed/25360673
https://doi.org/10.1023/B:MOLE.0000031459.14448.af
https://www.ncbi.nlm.nih.gov/pubmed/15293788
https://doi.org/10.7150/thno.49781
https://doi.org/10.1016/j.pharmthera.2017.02.020
https://www.ncbi.nlm.nih.gov/pubmed/28202367
https://doi.org/10.1016/j.colsurfb.2016.01.062
https://www.ncbi.nlm.nih.gov/pubmed/26896661
https://doi.org/10.1016/j.jbiosc.2016.04.003
https://doi.org/10.1080/17435390.2019.1702731
https://doi.org/10.1007/978-1-4939-9798-5_6
https://www.ncbi.nlm.nih.gov/pubmed/31435919
https://doi.org/10.1039/C8CC04621B
https://www.ncbi.nlm.nih.gov/pubmed/30062341
https://doi.org/10.1016/j.foodchem.2023.136811
https://doi.org/10.1021/acsnano.8b02805


Viruses 2024, 16, 570 22 of 24

110. Patwardhan, S.V.; Emami, F.S.; Berry, R.J.; Jones, S.E.; Naik, R.R.; Deschaume, O.; Heinz, H.; Perry, C.C. Chemistry of aqueous
silica nanoparticle surfaces and the mechanism of selective peptide adsorption. J. Am. Chem. Soc. 2012, 134, 6244–6256. [CrossRef]
[PubMed]

111. Raja, I.S.; Kim, C.; Song, S.J.; Shin, Y.C.; Kang, M.S.; Hyon, S.H.; Oh, J.W.; Han, D.W. Virus-incorporated biomimetic nanocompos-
ites for tissue regeneration. Nanomaterials 2019, 9, 1014. [CrossRef]

112. Parent, K.N.; Deedas, C.T.; Egelman, E.H.; Casjens, S.R.; Baker, T.S.; Teschke, C.M. Stepwise molecular display utilizing icosahedral
and helical complexes of phage coat and decoration proteins in the development of robust nanoscale display vehicles. Biomaterials
2012, 33, 5628–5637. [CrossRef]

113. Zou, M.; Wang, J.; Shao, Z. Therapeutic potential of exosomes in tendon and tendon-bone healing: A systematic review of
preclinical studies. J. Funct. Biomater. 2023, 14, 299. [CrossRef] [PubMed]

114. Zheng, Z.; Yu, Y. A review of recent advances in exosomes and allergic rhinitis. Front. Pharmacol. 2022, 13, 1096984. [CrossRef]
115. Zheng, T. A review of the roles of specialized extracellular vesicles, migrasomes, and exosomes in normal cell physiology and

disease. Med. Sci. Monit. 2023, 29, e940118. [CrossRef]
116. Zheng, J.; Hu, X.; Zeng, Y.; Zhang, B.; Sun, Z.; Liu, X.; Zheng, W.; Chai, Y. Review of the advances in lipid anchors-based

biosensors for the isolation and detection of exosomes. Anal. Chim. Acta 2023, 1263, 341319. [CrossRef] [PubMed]
117. Yin, Y.; Han, X.; Li, C.; Sun, T.; Li, K.; Liu, X.; Liu, M. The status of industrialization and development of exosomes as a drug

delivery system: A review. Front. Pharmacol. 2022, 13, 961127. [CrossRef] [PubMed]
118. Shafiei, M.; Ansari, M.N.M.; Razak, S.I.A.; Khan, M.U.A. A comprehensive review on the applications of exosomes and liposomes

in regenerative medicine and tissue engineering. Polymers 2021, 13, 2529. [CrossRef]
119. Mirzaaghasi, A.; Han, Y.; Ahn, S.H.; Choi, C.; Park, J.H. Biodistribution and pharmacokinectics of liposomes and exosomes in a

mouse model of sepsis. Pharmaceutics 2021, 13, 427. [CrossRef] [PubMed]
120. Pereira, S.; Ma, G.; Na, L.; Hudoklin, S.; Kreft, M.E.; Kostevsek, N.; Al-Jamal, W.T. Encapsulation of doxorubicin prodrug in

heat-triggered liposomes overcomes off-target activation for advanced prostate cancer therapy. Acta Biomater. 2022, 140, 530–546.
[CrossRef] [PubMed]

121. Oyama, T.; Rombel, I.T.; Samli, K.N.; Zhou, X.; Brown, K.C. Isolation of multiple cell-binding ligands from different phage
displayed-peptide libraries. Biosens. Bioelectron. 2006, 21, 1867–1875. [CrossRef] [PubMed]

122. Gray, B.P.; Li, S.; Brown, K.C. From phage display to nanoparticle delivery: Functionalizing liposomes with multivalent peptides
improves targeting to a cancer biomarker. Bioconjug. Chem. 2013, 24, 85–96. [CrossRef] [PubMed]

123. Wang, T.; Petrenko, V.A.; Torchilin, V.P. Optimization of landscape phage fusion protein-modified polymeric peg-pe micelles for
improved breast cancer cell targeting. J. Nanomed. Nanotechnol. 2012, S4, 008. [CrossRef]

124. Wang, T.; Kulkarni, N.; D’Souza, G.G.; Petrenko, V.A.; Torchilin, V.P. On the mechanism of targeting of phage fusion protein-
modified nanocarriers: Only the binding peptide sequence matters. Mol. Pharm. 2011, 8, 1720–1728. [CrossRef]

125. Wang, T.; Hartner, W.C.; Gillespie, J.W.; Praveen, K.P.; Yang, S.; Mei, L.A.; Petrenko, V.A.; Torchilin, V.P. Enhanced tumor delivery
and antitumor activity in vivo of liposomal doxorubicin modified with mcf-7-specific phage fusion protein. Nanomedicine 2014,
10, 421–430. [CrossRef]

126. Bedi, D.; Musacchio, T.; Fagbohun, O.A.; Gillespie, J.W.; Deinnocentes, P.; Bird, R.C.; Bookbinder, L.; Torchilin, V.P.; Petrenko, V.A.
Delivery of sirna into breast cancer cells via phage fusion protein-targeted liposomes. Nanomedicine 2011, 7, 315–323. [CrossRef]
[PubMed]

127. Wang, T.; D’Souza, G.G.; Bedi, D.; Fagbohun, O.A.; Potturi, L.P.; Papahadjopoulos-Sternberg, B.; Petrenko, V.A.; Torchilin, V.P.
Enhanced binding and killing of target tumor cells by drug-loaded liposomes modified with tumor-specific phage fusion coat
protein. Nanomedicine 2010, 5, 563–574. [CrossRef] [PubMed]

128. Diao, L.; Meibohm, B. Pharmacokinetics and pharmacokinetic-pharmacodynamic correlations of therapeutic peptides. Clin.
Pharmacokinet. 2013, 52, 855–868. [CrossRef]

129. Vlieghe, P.; Lisowski, V.; Martinez, J.; Khrestchatisky, M. Synthetic therapeutic peptides: Science and market. Drug Discov. Today
2010, 15, 40–56. [CrossRef] [PubMed]

130. Latham, P.W. Therapeutic peptides revisited. Nat. Biotechnol. 1999, 17, 755–757. [CrossRef] [PubMed]
131. Sato, A.K.; Viswanathan, M.; Kent, R.B.; Wood, C.R. Therapeutic peptides: Technological advances driving peptides into

development. Curr. Opin. Biotechnol. 2006, 17, 638–642. [CrossRef] [PubMed]
132. Lin, J.H. Pharmacokinetics of biotech drugs: Peptides, proteins and monoclonal antibodies. Curr. Drug Metab. 2009, 10, 661–691.

[CrossRef] [PubMed]
133. Hosseinimehr, S.J.; Tolmachev, V.; Orlova, A. Liver uptake of radiolabeled targeting proteins and peptides: Considerations for

targeting peptide conjugate design. Drug Discov. Today 2012, 17, 1224–1232. [CrossRef] [PubMed]
134. Vickers, A.E.; Fischer, V.; Connors, S.; Fisher, R.L.; Baldeck, J.P.; Maurer, G.; Brendel, K. Cyclosporin a metabolism in human liver,

kidney, and intestine slices. Comparison to rat and dog slices and human cell lines. Drug Metab. Dispos. 1992, 20, 802–809.
135. Peletier, L.A.; Gabrielsson, J. Dynamics of target-mediated drug disposition. Eur. J. Pharm. Sci. 2009, 38, 445–464. [CrossRef]
136. Mager, D.E. Target-mediated drug disposition and dynamics. Biochem. Pharmacol. 2006, 72, 1–10. [CrossRef]
137. Woo, S.; Krzyzanski, W.; Duliege, A.M.; Stead, R.B.; Jusko, W.J. Population pharmacokinetics and pharmacodynamics of peptidic

erythropoiesis receptor agonist (era) in healthy volunteers. J. Clin. Pharmacol. 2008, 48, 43–52. [CrossRef] [PubMed]

https://doi.org/10.1021/ja211307u
https://www.ncbi.nlm.nih.gov/pubmed/22435500
https://doi.org/10.3390/nano9071014
https://doi.org/10.1016/j.biomaterials.2012.04.026
https://doi.org/10.3390/jfb14060299
https://www.ncbi.nlm.nih.gov/pubmed/37367263
https://doi.org/10.3389/fphar.2022.1096984
https://doi.org/10.12659/MSM.940118
https://doi.org/10.1016/j.aca.2023.341319
https://www.ncbi.nlm.nih.gov/pubmed/37225343
https://doi.org/10.3389/fphar.2022.961127
https://www.ncbi.nlm.nih.gov/pubmed/36304147
https://doi.org/10.3390/polym13152529
https://doi.org/10.3390/pharmaceutics13030427
https://www.ncbi.nlm.nih.gov/pubmed/33809966
https://doi.org/10.1016/j.actbio.2021.12.019
https://www.ncbi.nlm.nih.gov/pubmed/34954416
https://doi.org/10.1016/j.bios.2005.11.016
https://www.ncbi.nlm.nih.gov/pubmed/16386888
https://doi.org/10.1021/bc300498d
https://www.ncbi.nlm.nih.gov/pubmed/23186007
https://doi.org/10.4172/2157-7439.S4-008
https://doi.org/10.1021/mp200080h
https://doi.org/10.1016/j.nano.2013.08.009
https://doi.org/10.1016/j.nano.2010.10.004
https://www.ncbi.nlm.nih.gov/pubmed/21050894
https://doi.org/10.2217/nnm.10.30
https://www.ncbi.nlm.nih.gov/pubmed/20528452
https://doi.org/10.1007/s40262-013-0079-0
https://doi.org/10.1016/j.drudis.2009.10.009
https://www.ncbi.nlm.nih.gov/pubmed/19879957
https://doi.org/10.1038/11686
https://www.ncbi.nlm.nih.gov/pubmed/10429238
https://doi.org/10.1016/j.copbio.2006.10.002
https://www.ncbi.nlm.nih.gov/pubmed/17049837
https://doi.org/10.2174/138920009789895499
https://www.ncbi.nlm.nih.gov/pubmed/19702530
https://doi.org/10.1016/j.drudis.2012.07.002
https://www.ncbi.nlm.nih.gov/pubmed/22781499
https://doi.org/10.1016/j.ejps.2009.09.007
https://doi.org/10.1016/j.bcp.2005.12.041
https://doi.org/10.1177/0091270007309702
https://www.ncbi.nlm.nih.gov/pubmed/18025524


Viruses 2024, 16, 570 23 of 24

138. Wang, Y.M.; Krzyzanski, W.; Doshi, S.; Xiao, J.J.; Perez-Ruixo, J.J.; Chow, A.T. Pharmacodynamics-mediated drug disposition
(pdmdd) and precursor pool lifespan model for single dose of romiplostim in healthy subjects. AAPS J. 2010, 12, 729–740.
[CrossRef] [PubMed]

139. Samtani, M.N.; Perez-Ruixo, J.J.; Brown, K.H.; Cerneus, D.; Molloy, C.J. Pharmacokinetic and pharmacodynamic modeling of
pegylated thrombopoietin mimetic peptide (peg-tpom) after single intravenous dose administration in healthy subjects. J. Clin.
Pharmacol. 2009, 49, 336–350. [CrossRef] [PubMed]

140. Chirmule, N.; Jawa, V.; Meibohm, B. Immunogenicity to therapeutic proteins: Impact on pk/pd and efficacy. AAPS J. 2012, 14,
296–302. [CrossRef] [PubMed]

141. Richter, W.F.; Bhansali, S.G.; Morris, M.E. Mechanistic determinants of biotherapeutics absorption following sc administration.
AAPS J. 2012, 14, 559–570. [CrossRef] [PubMed]

142. De Groot, A.S.; Scott, D.W. Immunogenicity of protein therapeutics. Trends Immunol. 2007, 28, 482–490. [CrossRef] [PubMed]
143. Sun, L.; Chu, T.; Wang, Y.; Wang, X. Radiolabeling and biodistribution of a nasopharyngeal carcinoma-targeting peptide identified

by in vivo phage display. Acta Biochim. Biophys. Sin. 2007, 39, 624–632. [CrossRef]
144. Yip, Y.L.; Hawkins, N.J.; Smith, G.; Ward, R.L. Biodistribution of filamentous phage-fab in nude mice. J. Immunol. Methods 1999,

225, 171–178. [CrossRef]
145. Molenaar, T.J.; Michon, I.; de Haas, S.A.; van Berkel, T.J.; Kuiper, J.; Biessen, E.A. Uptake and processing of modified bacteriophage

m13 in mice: Implications for phage display. Virology 2002, 293, 182–191. [CrossRef]
146. Dvorak, H.F.; Nagy, J.A.; Dvorak, J.T.; Dvorak, A.M. Identification and characterization of the blood vessels of solid tumors that

are leaky to circulating macromolecules. Am. J. Pathol. 1988, 133, 95–109. [PubMed]
147. Wiseman, R.L.; Berkowitz, S.A.; Day, L.A. Different arrangements of protein subunits and single-stranded circular DNA in the

filamentous bacterial viruses fd and pf1. J. Mol. Biol. 1976, 102, 549–561. [CrossRef] [PubMed]
148. Zimmermann, K.; Hagedorn, H.; Heuck, C.C.; Hinrichsen, M.; Ludwig, H. The ionic properties of the filamentous bacteriophages

pf1 and fd. J. Biol. Chem. 1986, 261, 1653–1655. [CrossRef]
149. Khalil, A.S.; Ferrer, J.M.; Brau, R.R.; Kottmann, S.T.; Noren, C.J.; Lang, M.J.; Belcher, A.M. Single m13 bacteriophage tethering and

stretching. Proc. Natl. Acad. Sci. USA 2007, 104, 4892–4897. [CrossRef]
150. Driessen, W.H.; Bronk, L.F.; Edwards, J.K.; Proneth, B.; Souza, G.R.; Decuzzi, P.; Pasqualini, R.; Arap, W. On the synergistic effects

of ligand-mediated and phage-intrinsic properties during in vivo selection. Adv. Genet. 2010, 69, 115–133. [CrossRef] [PubMed]
151. Naderi, S.; Pouget, E.; Ballesta, P.; van der Schoot, P.; Lettinga, M.P.; Grelet, E. Fractional hoppinglike motion in columnar

mesophases of semiflexible rodlike particles. Phys. Rev. Lett. 2013, 111, 037801. [CrossRef] [PubMed]
152. Merkel, R.; Nassoy, P.; Leung, A.; Ritchie, K.; Evans, E. Energy landscapes of receptor-ligand bonds explored with dynamic force

spectroscopy. Nature 1999, 397, 50–53. [CrossRef] [PubMed]
153. Evans, E.A.; Calderwood, D.A. Forces and bond dynamics in cell adhesion. Science 2007, 316, 1148–1153. [CrossRef] [PubMed]
154. Decuzzi, P.; Ferrari, M. The receptor-mediated endocytosis of nonspherical particles. Biophys. J. 2008, 94, 3790–3797. [CrossRef]
155. Ivanenkov, V.; Felici, F.; Menon, A.G. Uptake and intracellular fate of phage display vectors in mammalian cells. Biochim. Biophys.

Acta 1999, 1448, 450–462. [CrossRef]
156. Ziegler, A.; Blatter, X.L.; Seelig, A.; Seelig, J. Protein transduction domains of hiv-1 and siv tat interact with charged lipid vesicles.

Binding mechanism and thermodynamic analysis. Biochemistry 2003, 42, 9185–9194. [CrossRef] [PubMed]
157. Goncalves, E.; Kitas, E.; Seelig, J. Binding of oligoarginine to membrane lipids and heparan sulfate: Structural and thermodynamic

characterization of a cell-penetrating peptide. Biochemistry 2005, 44, 2692–2702. [CrossRef] [PubMed]
158. Matsumura, Y.; Maeda, H. A new concept for macromolecular therapeutics in cancer chemotherapy: Mechanism of tumoritropic

accumulation of proteins and the antitumor agent smancs. Cancer Res. 1986, 46, 6387–6392.
159. Dabrowska, K. Phage therapy: What factors shape phage pharmacokinetics and bioavailability? Systematic and critical review.

Med. Res. Rev. 2019, 39, 2000–2025. [CrossRef]
160. Park, H.; Sut, T.N.; Yoon, B.K.; Zhdanov, V.P.; Kim, J.W.; Cho, N.J.; Jackman, J.A. Multivalency-induced shape deformation of

nanoscale lipid vesicles: Size-dependent membrane bending effects. J. Phys. Chem. Lett. 2022, 13, 1480–1488. [CrossRef]
161. Levitan, B. Stochastic modeling and optimization of phage display. J. Mol. Biol. 1998, 277, 893–916. [CrossRef] [PubMed]
162. Hsu, T.; Mitragotri, S. Delivery of sirna and other macromolecules into skin and cells using a peptide enhancer. Proc. Natl. Acad.

Sci. USA 2011, 108, 15816–15821. [CrossRef]
163. Chen, Y.; Shen, Y.; Guo, X.; Zhang, C.; Yang, W.; Ma, M.; Liu, S.; Zhang, M.; Wen, L.P. Transdermal protein delivery by a

coadministered peptide identified via phage display. Nat. Biotechnol. 2006, 24, 455–460. [CrossRef]
164. Gurung, S.; Khan, F.; Gunassekaran, G.R.; Yoo, J.D.; Poongkavithai Vadevoo, S.M.; Permpoon, U.; Kim, S.H.; Kim, H.J.; Kim,

I.S.; Han, H.; et al. Phage display-identified pd-l1-binding peptides reinvigorate t-cell activity and inhibit tumor progression.
Biomaterials 2020, 247, 119984. [CrossRef]

165. Wan, X.M.; Chen, Y.P.; Xu, W.R.; Yang, W.J.; Wen, L.P. Identification of nose-to-brain homing peptide through phage display.
Peptides 2009, 30, 343–350. [CrossRef]

166. Zahid, M.; Phillips, B.E.; Albers, S.M.; Giannoukakis, N.; Watkins, S.C.; Robbins, P.D. Identification of a cardiac specific protein
transduction domain by in vivo biopanning using a m13 phage peptide display library in mice. PLoS ONE 2010, 5, e12252.
[CrossRef] [PubMed]

https://doi.org/10.1208/s12248-010-9234-9
https://www.ncbi.nlm.nih.gov/pubmed/20963535
https://doi.org/10.1177/0091270008329559
https://www.ncbi.nlm.nih.gov/pubmed/19246731
https://doi.org/10.1208/s12248-012-9340-y
https://www.ncbi.nlm.nih.gov/pubmed/22407289
https://doi.org/10.1208/s12248-012-9367-0
https://www.ncbi.nlm.nih.gov/pubmed/22619041
https://doi.org/10.1016/j.it.2007.07.011
https://www.ncbi.nlm.nih.gov/pubmed/17964218
https://doi.org/10.1111/j.1745-7270.2007.00321.x
https://doi.org/10.1016/S0022-1759(99)00044-7
https://doi.org/10.1006/viro.2001.1254
https://www.ncbi.nlm.nih.gov/pubmed/2459969
https://doi.org/10.1016/0022-2836(76)90333-8
https://www.ncbi.nlm.nih.gov/pubmed/775111
https://doi.org/10.1016/S0021-9258(17)35990-2
https://doi.org/10.1073/pnas.0605727104
https://doi.org/10.1016/S0065-2660(10)69005-0
https://www.ncbi.nlm.nih.gov/pubmed/20807605
https://doi.org/10.1103/PhysRevLett.111.037801
https://www.ncbi.nlm.nih.gov/pubmed/23909360
https://doi.org/10.1038/16219
https://www.ncbi.nlm.nih.gov/pubmed/9892352
https://doi.org/10.1126/science.1137592
https://www.ncbi.nlm.nih.gov/pubmed/17525329
https://doi.org/10.1529/biophysj.107.120238
https://doi.org/10.1016/S0167-4889(98)00162-1
https://doi.org/10.1021/bi0346805
https://www.ncbi.nlm.nih.gov/pubmed/12885253
https://doi.org/10.1021/bi048046i
https://www.ncbi.nlm.nih.gov/pubmed/15709783
https://doi.org/10.1002/med.21572
https://doi.org/10.1021/acs.jpclett.2c00090
https://doi.org/10.1006/jmbi.1997.1555
https://www.ncbi.nlm.nih.gov/pubmed/9545380
https://doi.org/10.1073/pnas.1016152108
https://doi.org/10.1038/nbt1193
https://doi.org/10.1016/j.biomaterials.2020.119984
https://doi.org/10.1016/j.peptides.2008.09.026
https://doi.org/10.1371/journal.pone.0012252
https://www.ncbi.nlm.nih.gov/pubmed/20808875


Viruses 2024, 16, 570 24 of 24

167. Kanki, S.; Jaalouk, D.E.; Lee, S.; Yu, A.Y.; Gannon, J.; Lee, R.T. Identification of targeting peptides for ischemic myocardium by
in vivo phage display. J. Mol. Cell. Cardiol. 2011, 50, 841–848. [CrossRef] [PubMed]

168. Rajotte, D.; Ruoslahti, E. Membrane dipeptidase is the receptor for a lung-targeting peptide identified by in vivo phage display.
J. Biol. Chem. 1999, 274, 11593–11598. [CrossRef] [PubMed]

169. Morris, C.J.; Smith, M.W.; Griffiths, P.C.; McKeown, N.B.; Gumbleton, M. Enhanced pulmonary absorption of a macromolecule
through coupling to a sequence-specific phage display-derived peptide. J. Control Release 2011, 151, 83–94. [CrossRef] [PubMed]

170. Lee, K.J.; Lee, J.H.; Chung, H.K.; Ju, E.J.; Song, S.Y.; Jeong, S.Y.; Choi, E.K. Application of peptide displaying phage as a novel
diagnostic probe for human lung adenocarcinoma. Amino Acids 2016, 48, 1079–1086. [CrossRef]

171. Koivistoinen, A.; Ilonen, I.I.; Punakivi, K.; Rasanen, J.V.; Helin, H.; Sihvo, E.I.; Bergman, M.; Salo, J.A. A novel peptide (thx)
homing to non-small cell lung cancer identified by ex vivo phage display. Clin. Transl. Oncol. 2013, 15, 492–498. [CrossRef]

172. Haque, M.E.; Khan, F.; Chi, L.; Gurung, S.; Vadevoo, S.M.P.; Park, R.W.; Kim, D.K.; Kim, S.K.; Lee, B. A phage display-identified
peptide selectively binds to kidney injury molecule-1 (kim-1) and detects kim-1-overexpressing tumors in vivo. Cancer Res. Treat.
2019, 51, 861–875. [CrossRef]

173. Costantini, T.W.; Eliceiri, B.P.; Putnam, J.G.; Bansal, V.; Baird, A.; Coimbra, R. Intravenous phage display identifies peptide
sequences that target the burn-injured intestine. Peptides 2012, 38, 94–99. [CrossRef]

174. Duerr, D.M.; White, S.J.; Schluesener, H.J. Identification of peptide sequences that induce the transport of phage across the
gastrointestinal mucosal barrier. J. Virol. Methods 2004, 116, 177–180. [CrossRef]

175. Zhang, Y.; Chen, J.; Zhang, Y.; Hu, Z.; Hu, D.; Pan, Y.; Ou, S.; Liu, G.; Yin, X.; Zhao, J.; et al. Panning and identification of a colon
tumor binding peptide from a phage display peptide library. J. Biomol. Screen. 2007, 12, 429–435. [CrossRef]

176. Bai, F.; Liang, J.; Wang, J.; Shi, Y.; Zhang, K.; Liang, S.; Hong, L.; Zhai, H.; Lu, Y.; Han, Y.; et al. Inhibitory effects of a specific
phage-displayed peptide on high peritoneal metastasis of gastric cancer. J. Mol. Med. 2007, 85, 169–180. [CrossRef] [PubMed]

177. Yu, X.; Yan, J.; Chen, X.; Wei, J.; Yu, L.; Liu, F.; Li, L.; Liu, B. Identification of a peptide binding to cancer antigen kita-kyushu lung
cancer antigen 1 from a phage-display library. Cancer Sci. 2021, 112, 4335–4345. [CrossRef] [PubMed]

178. Zhang, B.; Zhang, Y.; Wang, J.; Zhang, Y.; Chen, J.; Pan, Y.; Ren, L.; Hu, Z.; Zhao, J.; Liao, M.; et al. Screening and identification of
a targeting peptide to hepatocarcinoma from a phage display peptide library. Mol. Med. 2007, 13, 246–254. [CrossRef]

179. Joyce, J.A.; Laakkonen, P.; Bernasconi, M.; Bergers, G.; Ruoslahti, E.; Hanahan, D. Stage-specific vascular markers revealed by
phage display in a mouse model of pancreatic islet tumorigenesis. Cancer Cell 2003, 4, 393–403. [CrossRef] [PubMed]

180. Wang, Q.; Zheng, L.; Wu, K.; Zhang, B. Identification and validation of a new peptide targeting pancreatic beta cells. Molecules
2022, 27, 2286. [CrossRef] [PubMed]

181. Guan, M.; Wang, J.; Yang, L.; Zhao, Z.; Lu, K.; Zhao, L.; Xiao, J.; Li, Z.; Shi, Z. Targeting osteosarcoma vasculature with peptide
obtained by phage display. Contemp. Oncol. 2014, 18, 165–170. [CrossRef]

182. Sun, X.; Niu, G.; Yan, Y.; Yang, M.; Chen, K.; Ma, Y.; Chan, N.; Shen, B.; Chen, X. Phage display-derived peptides for osteosarcoma
imaging. Clin. Cancer Res. 2010, 16, 4268–4277. [CrossRef]

183. Nowakowski, G.S.; Dooner, M.S.; Valinski, H.M.; Mihaliak, A.M.; Quesenberry, P.J.; Becker, P.S. A specific heptapeptide from
a phage display peptide library homes to bone marrow and binds to primitive hematopoietic stem cells. Stem Cells 2004, 22,
1030–1038. [CrossRef] [PubMed]

184. Lee, N.K.; Kim, H.S.; Kim, K.H.; Kim, E.B.; Cho, C.S.; Kang, S.K.; Choi, Y.J. Identification of a novel peptide ligand targeting
visceral adipose tissue via transdermal route by in vivo phage display. J. Drug Target. 2011, 19, 805–813. [CrossRef]

185. Zapi-Colin, L.A.; Gutierrez-Gonzalez, G.; Rodriguez-Martinez, S.; Cancino-Diaz, J.C.; Mendez-Tenorio, A.; Perez-Tapia, S.M.;
Gomez-Chavez, F.; Cedillo-Pelaez, C.; Cancino-Diaz, M.E. A peptide derived from phage-display limits psoriasis-like lesions in
mice. Heliyon 2020, 6, e04162. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.yjmcc.2011.02.003
https://www.ncbi.nlm.nih.gov/pubmed/21316369
https://doi.org/10.1074/jbc.274.17.11593
https://www.ncbi.nlm.nih.gov/pubmed/10206967
https://doi.org/10.1016/j.jconrel.2010.12.003
https://www.ncbi.nlm.nih.gov/pubmed/21182881
https://doi.org/10.1007/s00726-015-2153-4
https://doi.org/10.1007/s12094-012-0959-z
https://doi.org/10.4143/crt.2018.214
https://doi.org/10.1016/j.peptides.2012.08.015
https://doi.org/10.1016/j.jviromet.2003.11.012
https://doi.org/10.1177/1087057106299164
https://doi.org/10.1007/s00109-006-0115-8
https://www.ncbi.nlm.nih.gov/pubmed/17043801
https://doi.org/10.1111/cas.15109
https://www.ncbi.nlm.nih.gov/pubmed/34387029
https://doi.org/10.2119/2006-00115.Zhang
https://doi.org/10.1016/S1535-6108(03)00271-X
https://www.ncbi.nlm.nih.gov/pubmed/14667506
https://doi.org/10.3390/molecules27072286
https://www.ncbi.nlm.nih.gov/pubmed/35408679
https://doi.org/10.5114/wo.2014.41384
https://doi.org/10.1158/1078-0432.CCR-10-0968
https://doi.org/10.1634/stemcells.22-6-1030
https://www.ncbi.nlm.nih.gov/pubmed/15536193
https://doi.org/10.3109/1061186X.2011.572974
https://doi.org/10.1016/j.heliyon.2020.e04162

	Introduction 
	Filamentous Bacteriophages 
	Principles of Phage Display 
	Phage Display Systems 
	Bacteriophage Vectors and Phagemids 
	Affinity Selection (Biopanning) 
	Peptide Phage Display 
	In Vitro Selected Peptides 
	In Situ Selected Peptides 
	In Vivo Selected Peptides 
	Peptide-Conjugated Nanoparticles 


	Pharmacokinetic Principles 
	Pharmacokinetics of Peptides 
	Routes of Administration 
	Distribution and Absorption 
	Clearance 
	Drug-Specific Issues 

	Pharmacokinetics of Phage and Nanoparticles 
	Pharmacokinetic Profile of Filamentous Phage 
	Distribution and Absorption 
	Clearance 
	Effect of Size, Shape, and Charge upon Phage Pharmacokinetics 
	Pharmacodynamics of Phage Display Selected Peptides 


	Conclusions 
	References

