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1. INTRODUCTION

The surface of a cell represents a collection of macromolecules, which provides the cell with 

a unique cellular landscape specific to the type and state of the cell. Ligands that 

discriminate between subtle differences in cell surface phenotypes have utility in a wide 

variety of research and clinical applications. In particular, cell-binding ligands that can 

deliver biologically active cargo to a specific cell type or a diseased cell are highly sought. 

While the concept of the magic bullet drug was introduced by Paul Erlich over a century 

ago, the scientific community has yet to fully realize this goal.1 This stems primarily from 

hurdles in obtaining high-affinity cell-binding ligands with the necessary discriminating 

power. The difficulty of the problem is realized by considering that the human body contains 

210 distinct cell types, not including diseased cells, and is composed of ~1014 cells. 

Furthermore, once isolated, the ligand must be able to be prepared in large quantities, must 

be amenable to chemical modification for optimal in vivo biodistribution, and must be able 

to be tailored to suit a variety of clinical applications.

As antibodies typically have high affinity and specificity for their targets, they have 

garnered attention as cell-targeting agents. Monoclonal antibodies (mAbs) can be generated 

against differentially expressed cell surface features, and the number of FDA-approved 

mAbs that bind to cell surface antigens continues to grow.2 mAb therapies are used to treat a 

variety of diseases. However, most of the clinically approved therapeutic mAbs are not 

conjugated to drugs or toxins and therefore fall into the category of molecularly targeted 

therapies. Such antibodies function passively by either blocking the activity of receptors or 

activating the immune system to destroy the antibody target.3 Only a few clinically 

approved mAbs carry a deliverable. For example, two radiolabeled antibodies, Zevalin 

(ibritumomab tiuxetan) and Bexxar (iodine-131 tositumomab), are approved in the United 

States; both are anti-CD20 antibodies used for select patients with non-Hodgkin’s 

lymphoma. The only clinically approved antibody–drug conjugate in the United States is 

Adcetris (brentuximab vedotin). Approved in 2011, Adcetris is an anti-CD30 antibody 
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conjugated to the highly toxic microtubule-disrupting agent monomethyl auristatin E and is 

utilized for the treatment of Hodgkin’s lymphoma (HL) or systemic anaplastic large-cell 

lymphoma (sALCL). Mylotarg, a calicheamicin anti-CD33 antibody conjugate, was recently 

removed from the market after 10 years in the clinic for failing to show efficacy.

Despite their successes, mAbs have limitations, especially in their ability to serve as delivery 

vehicles. Significantly, chemically modifying antibodies is challenging, and production 

costs are substantial. Additionally, nonspecific clearance of antibodies by the 

reticuloendothelial system can lead to accumulation of conjugated drugs or toxins in 

unwanted sites such as the liver and bone, damaging these organs.4,5 Recently, concerns 

have risen over post-translational modifications on mAbs, especially glycosylation, which 

can trigger severe hypersensitivity reactions. Due to their long in vivo half-lives, intact 

mAbs are not well suited for molecular imaging techniques, requiring the use of antibody 

fragments (Fab’s). Of the approved mAb therapies, only 11 different cell surface biomarkers 

are targeted. This is a minute fraction of the cell surface repertoire.

Peptides are an attractive alternative to antibody-targeting therapies. Unlike antibodies, 

peptides are easy to synthesize in large quantities,6 and their smaller size improves tissue 

penetration while preventing nonspecific uptake by the reticuloendothelial system. 

Additionally, peptides can be chemically modified to alter affinity, charge, hydrophobicity, 

stability, and solubility and can be optimized for in vivo use through reiterative 

modifications. Importantly, peptides can display antibody-like affinities for their receptors. 

The biological half-life of peptides is well matched with that of many clinically used 

radionuclides, making them attractive probes for molecular imaging. Several naturally 

occurring peptides have been used as delivery agents. For example, reproductive hormone 

peptides and their derivatives are useful for tumor targeting, due to overexpression of their 

receptors on many cancer cells.7,8 However, relying on known peptidic ligands limits the 

types of cells that can be targeted. For this reason, chemists and biologists have turned to 

diverse peptide libraries to select additional peptides that bind to specific cell types.

2. SCOPE OF THIS REVIEW

This review focuses on methods of selecting cell-targeting ligands from peptide libraries and 

the downstream use of these peptides. It includes the use of different types of peptide 

libraries and different selection methods. To highlight the utility of the selected ligands, we 

have not limited our discussion to a single cell type or disease state. Additionally, we have 

not merely concentrated on a single application in which these peptides can be used but have 

presented a broad overview of different applications. We focused on peptides isolated within 

the past five years but have also included peptides that have been widely used and merit 

discussion. It is our intention to present a complete compilation of cell-targeting peptides, 

but due to the scope of the field, we apologize if a peptide has been inadvertently missed. 

We have not included peptides that bind to nonmammalian cells, the use of naturally 

occurring peptide-targeting ligands, or studies using directed libraries based on known 

peptide sequences. Cell-penetrating peptides are not discussed as these peptides do not 

deliver cargo in a cell-specific fashion. These topics have been reviewed elsewhere.7–10
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3. PEPTIDE LIBRARIES USED TO SELECT CELL-BINDING PEPTIDES

Peptide libraries used to select cell-binding peptides can be divided into two main 

categories: biological libraries and chemical libraries (Figure 1, Table 1). Biological libraries 

have a genotype, or DNA sequence encoding the peptide sequence, that is linked to the 

phenotype, or expression of the peptide, as part of the library’s normal structure. This 

genotype–phenotype link was first demonstrated for bacteriophage display,11 which still 

remains the major type of combinatorial library in use for the isolation of cell-binding 

peptides. Other types of biological libraries include bacterial, ribosome, mRNA, yeast, 

cDNA, retrovirus, baculovirus, and mammalian cell display. While all of these library types 

are promising, only phage and bacterial display have been used to isolate mammalian-cell-

binding peptides. Among the numerous types of nonbiological combinatorial libraries, one-

bead one-compound (OBOC) libraries and positional scanning synthetic peptide 

combinatorial libraries (PS-SPCLs) are the two types that have been used to isolate peptides 

that bind to cells. The generation of each type of library is a review within itself, and others 

have reviewed this topic for each type of library.12–16 However, a brief description of the 

different peptide libraries is included below as the library type affects both the method of 

selection that can be used and the characteristics of the isolated peptides.

3.1. Phage Display Libraries

Bacteriophage (phage) is a single-stranded DNA virus that infects bacteria and is widely 

used to generate biological ligand libraries, known as phage display. The field of phage 

display began with George Smith’s discovery in 1985 that foreign peptide sequences can be 

inserted into coat proteins of filamentous phage without altering phage function.11 DNA 

sequences encoding a unique peptide are inserted into the DNA for a phage coat protein 

such that, as the phage assembles, it expresses the protein–peptide fusions and incorporates 

them into the normal phage structure. The result is a phage that displays a unique peptide on 

the surface of one of its coat proteins, allowing this peptide to direct phage binding to a 

target of interest. Phage manipulation has allowed for display of numerous ligand types, 

including peptides, antibodies, and receptors.14,17,18 Moreover, phage coat proteins are 

accommodating and allow display of both linear and cyclic, cysteine disulfide-linked 

peptides. Peptide phage libraries usually have a diversity of 108–1010 different phage 

displaying different peptide sequences. Importantly, phage manipulation is relatively 

straightforward; phage are easy to grow and amplify by infecting the bacteria Escherichia 

coli. Additionally, the unique peptide encoded by a phage is easily determined using DNA 

sequencing.

3.1.1. Types of Phage Display Libraries—Nonlytic filamentous phages, which 

assemble in and secrete from their bacterial hosts without bacterial cell lysis, are commonly 

used for library construction. The filamentous phage is a flexible rod composed of five 

capsid protein types encasing a large, circular single strand of DNA (Figure 2A).14 The 

majority of the phage body is comprised of ~2700 copies of the major coat protein pVIII, 

encoded by a single pVIII gene. Both ends of the phage body are composed of minor coat 

proteins; one end displays five copies of the minor coat proteins pIII and pVI, while the 

other end displays five copies of the minor coat proteins pVII and pIX. While all of the 
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phage proteins can accommodate a foreign peptide sequence, peptides are generally 

displayed at the N-terminus of the pIII or pVIII proteins.12 If display of the peptide must 

present a free carboxy terminus, inverted pVIII proteins have been developed.19,20 The 

filamentous phage M13 and the closely related fd filamentous phage are most commonly 

used for polypeptide display11 due to their ease of replication and their ability to 

accommodate large pieces of foreign DNA. M13 phage displaying peptides from the N-

terminus of their pIII protein are widely used due to their commercial availability. The fd 

filamentous phage is also commonly used for pIII and pVIII display, largely due to vectors 

generated by George Smith’s laboratory.21–23

Peptides can be displayed such that every copy of the coat protein displays a peptide. 

Alternatively, the peptide-displaying coat protein can exist as a hybrid with the normal, 

wild-type coat protein.14 pIII peptide libraries typically express the peptide on every copy of 

the pIII protein, resulting in a multivalent presentation of the peptide on the tip of the phage 

particle.21,24–26 However, pIII mediates phage binding to the F pilus of an E. coli and 

initiates infection of the bacterium, which is required for library amplification. Large fusion 

proteins can disrupt this process, requiring the use of a pIII hybrid phage; the wild-type pIII 

initiates phage binding to E. coli, while the pIII–peptide fusion presents the randomized 

library. As the pVIII coat protein exists in many copies, pVIII display libraries are 

frequently used in the hybrid form in which only a fraction of the pVIII protein expresses 

peptides.23 However, some groups have used a “landscape” display in which all of the pVIII 

proteins express peptides.22

Although less common, lytic phage that lyse their bacterial hosts as they exit are also used 

for phage display of peptides. The lytic phage structure is very different from the 

filamentous phage structure; lytic phage have an icosahedral head and a short tail (Figure 

2B). The T7 lytic phage species is typically used for phage display. The outer shell of the T7 

phage head is comprised of the 10A and 10B capsid proteins, at a total of 415 proteins per 

head.27 Peptide sequences are typically displayed as C-terminal fusions of the 10B capsid 

protein. In the wild-type phage, approximately 10% of the total capsid protein is the 10B 

form.28 However, the T7 phage can be modified to express different amounts of 10B versus 

10A protein, displaying peptide sequences in 1–415 copies.29

The diversity of phage-displayed peptide libraries is generated at the DNA level.30 Most 

libraries use an NNK construction in which N = A, C, G, or T and K = G or T. This 

construction produces all 20 amino acids and minimizes stop codons. The one possible stop 

codon, TAG, is suppressed in certain E. coli strains. However, this construction does not 

result in all amino acids being represented equally. For example, the amino acids leucine, 

arginine, and serine are represented three times, whereas most amino acids are represented 

only one time. Therefore, these amino acids can be over-represented in peptides isolated 

from these libraries. To overcome this problem, the random DNA insert can be synthesized 

using trinucleotide blocks.31 This eliminates stop codons, amino acid bias, and rare codons.

Important consequences arise from the choice of phage library. As multiple copies of a 

peptide are displayed on the phage particle, the selection process can rely on multivalent 

binding. This is especially true for pIII libraries in which the peptides are displayed on the 
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tip of the phage. Peptides isolated from these libraries often have poor affinities when 

synthesized as monomeric peptides. However, multimerizing these peptides on a scaffold 

often rescues their affinity. The use of hybrid libraries or low-copy-number T7 phage can 

bias the selection toward peptides that have higher affinities as monomers. In addition, the 

“completeness” of diversity must be considered. As the length of the peptide increases, the 

representation of all possible sequences in the library decreases (20n). For cell-binding 

peptides, most of the focus has been on the longer peptide libraries (12–20-mers) at the 

sacrifice of library completeness. Surprisingly, this has not significantly impacted the 

isolation of cell-binding peptides; there is almost always a cell-binding peptide in the 

library. However, the isolated peptide may not be the optimal sequence and may need to 

undergo further optimization. Additionally, identification of consensus sequences among 

phage clones is unlikely as nearest neighbors may simply not exist.

3.1.2. Advantages and Disadvantages of Phage Display—There are a number of 

advantages to using a biological peptide library such as phage display (Table 1). Phage 

display libraries are inexpensive, commercially available, and easy to amplify and reuse by 

simply allowing the phage to replicate in bacteria. In addition, they can be aliquoted and 

stored at −80 °C for years. Importantly, phage can accommodate different peptide 

sequences, including cyclic peptides, and typical libraries display from 108 to 109 different 

peptide sequences. Peptide selection can occur in vitro, ex vivo, or in vivo, as described in 

more detail in section 4. Phage libraries are tolerant of a variety of selection conditions and 

can endure harsh washing conditions. Despite these many advantages, phage display is not 

without disadvantages. First, as for any biological library, amino acid and sequence biases 

will exist in the library, resulting in a decrease in library diversity.16,32 This results from 

differences in the synthesis and packaging of different peptide sequences that are fused to 

the phage coat protein as well as differences in the efficiency of E. coli infection of different 

clones. Small differences in growth rates during the amplification of the phage pool 

dramatically affect diversity, although approaches such as amplification on agarose plates or 

in monodispersed droplets can minimize these problems. T7 libraries exhibit less bias than 

filamentous phage libraries but are not completely free of this problem.33 Second, while 

phage are ideal for displaying linear peptides and simple cyclic peptides, they cannot 

accommodate more complicated chemical structures, such as branched or bicyclic 

compounds, and they are typically limited to naturally occurring amino acids.18 D-Amino 

acids are traditionally difficult to incorporate, 18 although a recent study demonstrated the 

ability to incorporate D-amino acids into phage libraries.34

3.2. Bacterial Display Libraries

3.2.1. Types of Bacterial Display Libraries—Peptide libraries can also be displayed 

on the surface of bacteria. As E. coli is easy to manipulate and grows quickly, it is ideal for 

display libraries.35 Typical libraries can incorporate up to 1011 different peptides.35 Once 

libraries are made, they are amplified by growth in typical bacterial liquid culture, and 

specific clones can be isolated by plating the bacteria on agar.36 E. coli libraries are made by 

genetically incorporating peptides into the membrane flagella and fimbriae proteins. While a 

variety of different bacterial proteins can be used for these libraries,35 peptide libraries have 

been incorporated into FliTrx, OmpA, CPX, and invasin proteins for creation of cell-binding 
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peptide libraries. For all of these display formats, the peptide can be fused to the N- or C-

terminus of the bacterial protein or inserted into the middle of the protein (Figure 3).35 

Several reviews describe the use of bacterial display.35–40

Insertional libraries, where the peptide library is inserted into the middle of the bacterial 

membrane protein such that it forms a loop that sticks out of the membrane with the N- and 

C-termini of the membrane protein inside the bacterium, include the FliTrx and OmpA 

libraries. The FliTrx library is particularly convenient as it is commercially available. In this 

type of library, developed by McCoy and colleagues, peptides are inserted into the active 

site of the E. coli thioredoxin protein and the entire peptide–thioredoxin protein fusion is 

subsequently inserted into the E. coli flagellin protein.41 Thioredoxin is used because the 

active site forms a disulfide bond constrained loop that can accommodate foreign sequences 

and still fold properly. As the flagellin protein is the major component of the bacterium’s 

flagella, the peptide–thioredoxin–flagellin fusion protein is displayed on the cell surface as a 

partially functional flagellum.41 The unique peptide is displayed in a disulfide bond 

constrained loop that extends out of the body of the thioredoxin protein, allowing it to bind 

selectively to the target protein or cell type.41,42 An advantage of this form of peptide 

display is that the isolated cyclic peptides are structurally constrained and are active outside 

the context of the thioredoxin protein.

N-terminal libraries, such as the CPX library, involve fusion of the peptide to the N-

terminus of an outer membrane protein. The CPX library involves a rearrangement of the 

OmpX outer membrane protein such that its N- and C-termini stick outside the cell 

membrane.43 This allows for peptide fusion at the OmpX N-terminus, C-terminus, or both,43 

although most applications have used the N-terminus of the protein for peptide display. C-

terminal libraries have also been used, including the invasin library. This library was created 

by expressing a modified form of the invasin protein from the pathogenic bacteria Yersinia 

pseudotuberculosis in nonpathogenic E. coli.44 Invasin is a bacterial membrane protein that 

binds to integrins, allowing the Y. pseudotuberculosis to penetrate mammalian cells. 

Replacing its integrin-binding C-terminus with a random peptide library and subsequent 

transformation into E. coli results in E. coli displaying invasin–peptide fusions at the outer 

membrane.

3.2.2. Advantages and Disadvantages of Bacterial Display—Bacterial display 

libraries have many positive characteristics (Table 1). E. coli grows quickly and is easy to 

manipulate both genetically and physically.35 Significantly, unlike phage libraries, which 

require both phage and bacteria, bacterial libraries only have one component: the bacteria. 

This allows for easy library growth and amplification using typical bacterial liquid culture 

and for the selection of specific clones by plating the bacteria on agar.36 Another major 

advantage of bacterial libraries is the ability to use fluorescence-activated cell sorting 

(FACS) for library screening, allowing for quantification of clone binding.37 This screening 

is relatively straightforward as the bacteria can be modified to incorporate a fluorescent label 

such as green fluorescent protein (GFP).37 However, the screening process is then limited to 

the rate of the flow cytometer, which can significantly slow the selection process.36 Other 

disadvantges include the complexity of the bacterial surface, which may interfere with 

binding of the displayed peptide.36 Additionally, while typical E. coli libraries can 
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incorporate up to 1011 different peptides,35 other bacteria can only incorporate a library size 

of approximately 105.36 Significantly, bacterial display libraries can only be screened in 

vitro or ex vivo; they cannot be used for in vivo screening due to bacterial sepsis that would 

occur in the animal.

3.3. OBOC Libraries

3.3.1. Synthesis of OBOC Libraries—OBOC libraries are combinatorial peptide 

libraries synthesized on 80–100 µm beads such that each bead displays approximately 1013 

copies of a single peptide.18,45 The OBOC approach using the “split-mix” synthesis method 

(Figure 4) was first described by Lam et al. in 199146 and has previously been reviewed in 

detail.18,45,47 Libraries containing α-amino acids are both easy to synthesize using standard 

solid-phase peptide chemistry and easy to sequence by Edman degradation using automated 

protein sequencing.18 However, Edman degradation requires a free N-terminus, so libraries 

with more complex peptide structures, such as cyclic or branched peptides or peptides 

containing β- or γ-amino acids, necessitate inclusion of a chemical tag in the bead 

structure.18 These chemical tags can be incorporated into the interior of the bead so as to not 

interfere with binding of the library peptides to targets of interest and then subsequently 

sequenced using either Edman microsequencing or mass spectrometry.18 Lam and co-

workers recently described two novel methods for generating beads with interior tags, 

termed bilayer beads,48,49 and have recently reviewed these methods.18 OBOC libraries 

have also been used to select multimeric ligands; Denmeade and co-workers synthesized 

OBOC dimer libraries for the selection of dimeric peptides.50,51 It should be noted that the 

surface density of the displayed peptide results in a high local concentration of the ligand 

(~100 mM on a TentaGel bead), which can lead to the selection of low-affinity peptides.52 

To avoid this problem, the selection can be performed in the presence of competing proteins 

or the stringency of the washes can be increased. Alternatively, the peptide density on the 

bead can be reduced, but this requires bilayer bead encoding as there is insufficient peptide 

on the bead for sequencing.53 Alternatively, the beads can be spatially separated.

3.3.2. Advantages and Disadvantages of OBOC Libraries—Similar to phage 

display, synthetic chemistry OBOC libraries are relatively inexpensive and easy to generate. 

OBOC libraries can display up to 108 different peptides, although most OBOC libraries are 

smaller in size (Table 1).18 However, unlike phage display, OBOC libraries are not 

constrained to natural amino acids and can include both unnatural and D-amino acids, in 

addition to secondary structures not tolerated by the phage.18 In fact, completely unnatural 

peptoid libraries have been used to select cell-binding ligands.54 As unnatural and D-amino 

acids are less susceptible to proteases and peptidases than natural L-amino acids, OBOC 

libraries have the potential to rapidly identify stable peptide sequences. Incorporation of 

post-translational modifications, such as glycosylation and phosphorylation, can be 

incorporated into the library design as well.55,56 The design of OBOC libraries also makes 

them ideal for use in optimization of known ligands. Peptides previously isolated by phage 

display or other methods can be used as lead compounds for OBOC library construction, 

allowing for rapid generation of optimized peptides with higher affinity or specificity.18 

Additionally, these libraries are ideally suited for screening for peptides that induce 

particular cellular phenotypes, such as the induction of apoptosis.57 Finally, the process 
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from library synthesis to sequencing positive hits can potentially be automated.58 Despite 

these advantages, OBOC libraries are not as widely used as biological peptide libraries. 

Although the recent advances in creating bilayer beads has made it easier to identify the 

peptides displayed by the beads, the required techniques are more involved than the DNA 

sequencing used to identify phage or bacterial library peptide sequences. Importantly, 

OBOC libraries cannot be used to select specifically for peptides that internalize into cells in 

vitro or for in vivo selection due to the large size of the beads.

3.4. PS-SPCLs

3.4.1. Synthesis of PS-SPCLs—Positional scanning synthetic peptide combinatorial 

libraries are generated by making individual synthetic peptide combinatorial libraries with 

one amino acid held constant while the remaining amino acids are varied.59–61 The peptide 

sequence is then scanned by creating additional unique combinatorial libraries, each holding 

a different amino acid constant. For a tetrapeptide positional scanning library, this results in 

four distinct library subsets such that each library subset holds one of the amino acid 

positions constant. These library mixtures are represented by the designations O1XXX, 

XO2X, XXO3X, and XXO4. For each library, the O denotes the position that is held constant 

with 1 of the 20 amino acids, while the X represents any amino acid (Figure 5).62 Mixture 1 

consists of all peptides with a first amino acid of “A”, while mixture 2 is all peptides with a 

first amino acid of “C”. Each of mixtures 3–20 displays 1 of the remaining 18 amino acids 

in the first amino acid position. The next library subset, mixtures 21–40, contains 1 of the 20 

amino acids held constant in the second library position. This scanning is continued until 

each of the tetrapeptide positions has its own pool of libraries.

3.4.2. Advantages and Disadvantages of PS-SPCLs—Advantages and 

disadvantages of PS-SPCLs are listed in Table 1. As the PS-SPCLs can be used in solution, 

they are adaptable to almost any selection technique.59 They can be incubated with cells or 

receptors, typically in a high-throughput fashion such as in a 96-well plate or a microarray, 

and numerous readouts for binding exist. For example, screens can be made for binding 

versus competitor fluorescently tagged natural ligands (looking for loss of fluorescence)63,64 

or using biotinylated peptide and streptavidin–horseradish peroxidase (HRP) as a detection 

reagent.65 PS-SPCLs are relatively easy and inexpensive to synthesize in large numbers. 

However, this approach depends upon the idea that each amino acid contributes individually 

to binding to the target of interest, which may make it difficult to determine ideal peptide 

sequences when multiple peptide motifs exist for the given target.66 Additionally, PS-SPCL 

selections typically require multiple rounds of peptide generation and testing for binding. 

After the ideal amino acids at each peptide position are determined, all possible 

combinations of peptides using these ideal amino acids must be generated and further tested 

for binding. Finally, unlike the other peptide libraries discussed previously, PS-SPCLs 

require spatial resolution of each minilibrary. While PS-SPCLs are not used as frequently 

for the initial isolation of cell-targeting peptides, they are an excellent way to optimize lead 

peptides isolated from a phage-displayed or bacterial peptide library.
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4. USING PEPTIDE LIBRARIES TO ISOLATE CELL-BINDING PEPTIDES

4.1. Peptide Isolation by Phage Display Libraries

Peptide phage libraries were initially used to isolate ligands against known target 

proteins.11,12,14 This in vitro approach met with great success and allowed selection of 

peptide ligands for receptors without known naturally occurring ligands. Significantly, two 

papers published in 1996 expanded the field of phage display to include unbiased selection 

methods. For the first time, phage libraries were used to isolate peptides specific for given 

cell types without prior knowledge of the cellular receptor. Pasqualini and Rhouslahti 

pioneered in vivo phage display by intravenously injecting phage libraries into mice.67 After 

isolating organs of interest and recovering bound phage, they obtained peptides specific for 

the vasculature of the organs. In the second paper, Johnston and co-workers pioneered in 

vitro phage display against whole cells, by using cultured cells as the target and specifically 

selecting for peptides that could bind and internalize into the cells.68 The ligands isolated in 

both studies preferentially bound their target cell types over other nontarget cells. 

Importantly, these studies also demonstrated the feasibility of selecting peptides against 

receptors present in their native cellular conformations. Since these seminal papers, both in 

vitro selection against known target proteins and in vitro or in vivo unbiased selection 

against cells or tissues have been used extensively to isolate cell-binding peptides.

4.1.1. Panning against Known Targets—During the peptide selection process, 

commonly known as biopanning (panning), random phage-displayed peptide libraries are 

incubated with a target protein of interest to select for phage displaying peptides that 

specifically bind the protein (Figure 6). Typically, the target receptor is immobilized on a 

solid support before addition of the phage library.14 After the receptor binds and captures 

specific phage, the unbound phage are washed away and discarded before elution of the 

bound phage. The resultant phage population is enriched for binding phage and is amplified 

by infection in E. coli. Subsequent panning rounds are then repeated approximately 3–5 

times, until specific phage clones emerge. After the final round of selection, the DNA of the 

resulting phage clones is sequenced to determine their peptide content and reveal the 

candidate receptor-specific peptides. If desired, the panning process can also include 

negative selections in which the phage library is incubated with a control protein or cellular 

lysate. Performing this selection prior to the selection against the target protein allows for 

narrowing of the phage library to exclude peptides that bind nonspecifically to other, 

nontarget proteins.

While this process has been extremely successful for isolating protein-binding peptides, 

there are challenges in performing the selection on purified cell surface receptors. First, the 

primary challenge is simply isolating soluble and active membrane protein to use as bait. 

Membrane-bound proteins are notoriously difficult to work with due to their hydrophobic 

transmembrane domains and instability when removed from the lipid bilayer. Second, there 

is no guarantee that the isolated peptide will bind to the extracellular domain of the bait 

protein; ligands that bind to the transmembrane or intracellular domain of the protein are 

useless for cell targeting. The extracellular domain of the protein can be used as bait if the 

protein is modular, but this is not always possible. Third, by panning on purified protein, the 
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other biological information contained within the cellular membrane is lost. Cell surface 

proteins interact with other proteins, undergo multiple post-translational modifications, and 

can be contained in microdomains on the cell surface, affecting the cell surface density and 

activity of the receptor; the purified protein is not an accurate portrayal of the receptor in its 

biological context. In summary, isolation of a peptide that binds to a cell surface protein by 

in vitro panning does not guarantee that the peptide will be a functional cell-targeting ligand.

To overcome the problems of using purified protein, the target protein can be overexpressed 

in a cell line.69,70 The receptor-overexpressing cells are employed for the selection process 

using the parental cell line for a negative selection. This approach has the advantage that the 

receptor is kept in a more relevant cellular context and overcomes the need for purification 

of the bait protein. However, it is dependent on a stringent negative selection and has not 

been used widely.

4.1.2. Unbiased Panning against Cells or Tissues in Vitro—Unbiased panning of 

phage display peptide libraries can be performed in vitro against specific cells, ex vivo 

against cells isolated from animal models or human patients, or in vivo against animal or 

human tissues. Johnston and co-workers first described phage display for the isolation of 

peptides binding to whole cells in vitro.68 Although whole cells are heterogeneous targets, 

isolated peptides typically have high cellular specificity, binding selectively to the cells they 

were isolated against and not to other related cell types. To help ensure cell specificity, 

negative selections against related cell types or against other normal cells can be used to 

exclude peptides that bind to all cell surfaces nonspecifically. However, such selections are 

often unnecessary as selection against the target cell type alone is generally sufficient to 

yield highly specific ligands.

In vitro or ex vivo panning against cells of interest involves a protocol similar to that used 

for in vitro panning against known target proteins except that the bait is now a viable cell. 

Both cultured cell lines and primary cells used ex vivo are amenable to the process. Random 

peptide phage libraries are incubated with the cell type of interest for a defined period of 

time before the cells are washed to remove both extracellular and weakly bound phage 

(Figure 6). At this point, either surface-bound or internalized phage can be chosen for 

further amplification. If the goal is to isolate surface-bound phage, the phage are eluted and 

allowed to infect E. coli for phage amplification for further rounds of panning. If the goal is 

to isolate internalized phage, surface-bound phage are removed by low-pH washes or 

treatment with a protease. Alternatively, the mixture can be centrifuged through a 

nonmiscible organic phage to separate unbound phage from the cell-associated phage. This 

separation process has been termed BASIL (biopanning and rapid analysis of selective 

interactive ligands).71 The cells are then lysed, and associated phage are used to infect E. 

coli. This panning process is then repeated approximately 4–6 times, until the ratio of input 

phage (total amount of phage originally incubated with the cells) to output phage (amount of 

bound or internalized phage) stagnates. As phage do not have tropism for mammalian cells 

and the only modified portion of the phage library is the unique peptide motif, the identified 

peptide should be responsible for mediating binding to the cell type of interest.
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There are several advantages to unbiased phage panning on whole cells as opposed to 

panning on target proteins alone.72 First, cell receptors remain in their native membrane 

states—at their normal expression level, in their normal location, and with their normal 

membrane neighbors. As discussed above, it is impossible to recreate these same conditions 

for purified receptors. Second, selection can be tailored to isolate either surface-bound or 

internalized peptides. Selection against purified proteins only allows isolation of peptides 

that bind to the protein. Third, the selection is completely unbiased and can be performed 

without prior knowledge of cellular receptors, making it ideal for cells about which little is 

known. By contrast, panning on isolated proteins obviously requires prior knowledge of 

which receptors make good targets. Finally, due to the unbiased nature of the cell-panning 

approach, peptide identification and subsequent receptor identification can lead to the 

discovery of important cellular targets that were previously unknown.73,74

Cell-based biopanning is highly versatile. It has been used for cells from multiple species 

and can be performed on adherent and nonadherent cells. The process does not require 

extensive instrumentation and relies on common laboratory techniques. However, cell-based 

biopanning requires approximately 106 cells, limiting the types of cells that can be panned 

on ex vivo. For example, fine-needle biopsy yields only ~10 000 cells, and biopanning on β-

cells of the pancreas required the sacrifice of six rats per round of panning simply to obtain 

enough cells.75 Recently, a phage-displayed peptide has been selected on live cells in a 

microfluidic device.76 This approach uses fewer cells (102–104), and the flow of fluids 

through the chamber is more efficient in removing nonbinding phage. Additionally, fewer 

cells are lost in the wash process, thus minimizing the risk of losing phage clones. This may 

represent a more efficient manner for selection of peptides for cell binding.

4.1.3. In Vivo Panning—In vivo phage display was first described by Pasqualini and 

Rhouslahti as a means to select vasculature-specific peptides.67 Typically, a random peptide 

phage library is injected into the tail vein of mice or rats and allowed a brief (5–15 min) 

circulation time. Phage recovery must occur relatively quickly after injection to maintain 

phage infectivity. The animals are then sacrificed and the desired tissues collected and 

homogenized. Phage isolated from these homogenates are then infected into E. coli for 

library amplification so that the panning process can be repeated. Typically, 3–5 pannings 

are sufficient to isolate target-specific peptides. As vasculature targets are more readily 

accessible and do not require tissue penetration, the vast majority of peptides selected in this 

manner target vasculature in the organ of interest and not the organ itself. While a longer 

phage incubation time in vivo aids in tissue penetration, phage infectivity also decreases 

during circulation. Several groups have circumvented this problem by first performing in 

vitro panning to narrow the phage library followed by subsequent in vivo panning. Other 

groups have performed in vivo panning by injection of the phage at sites closer to the organ 

of interest.

There are several advantages to in vivo phage panning. Just as with in vitro panning on cells, 

the approach keeps receptors in their native context, is entirely unbiased, requires no prior 

knowledge of a cellular receptor, and has the potential to identify new cellular targets. 

However, unlike any of the other selection methods, phage isolated by in vivo panning are 

inherently able to reach their target in vivo. They come with the assurance that the receptor 
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they target is both accessible from the bloodstream and able to bind its ligand in sufficient 

quantity for detection. By contrast, peptides isolated from whole cells do not come with this 

guarantee as the receptor they target may not be readily accessible from the bloodstream or 

may have a different cellular localization in vivo compared to in vitro.

A potential disadvantage of in vivo panning in mice or rats is that any peptides identified as 

homing to organs or vasculature are binding to mouse or rat tissue. Even in human xenograft 

tumor models, the tumor vasculature is derived from the mouse. Thus, isolated peptides may 

not bind the corresponding human vasculature. To translate these peptides to clinically 

relevant ligands, the target receptors will have to be examined in human tissue and the 

peptide sequences may have to be further optimized to bind their human counterparts. To 

bypass these problems, a few groups have turned to panning in humans. Arap and Pasqualini 

were the first to perform in vivo phage display in human patients.77 A patient with the B-cell 

cancer Waldenström macroglobulinemia was injected intravenously with phage and tissue 

collected from five areas of the body—bone marrow, fat, skeletal muscle, prostate, and skin

—for identification of specific tripeptide motifs.

4.1.4. Next-Generation Sequencing in Phage Display Selections—Regardless of 

the method of phage library panning, amplification is used between each round to enrich for 

bound clones. At each round, there is the risk of introducing more biological bias and a 

collapse of library diversity. This can result in the loss of binders and increases the risk of 

identifying false positives. There has recently been a push to use next-generation sequencing 

to identify positive clones in earlier rounds of panning.19,78–83 This approach has the 

advantage that greater than 106 reads can be obtained in a single run so that repeat sequences 

or consensus sequences can be identified after 1–2 rounds of panning. Deep sequencing can 

also be used to follow the diversity of libraries before the start of panning and at each round. 

This is particularly useful in detecting clones that have a competitive growth advantage that 

are amplified throughout the panning process but do not necessarily bind the target.82 

Standard sequencing, in which a small sampling of clones is selected for characterization, 

cannot detect sequence repeats until the library diversity collapses onto a few sequences. For 

example, the commercially available Ph.D-7 phage-displayed peptide library was panned 

against KS483 cells differentiated into osteoblasts.78 Using the Illumina platform, phage 

were sequenced prior to the start of the experiment and after each round of biopanning. As 

expected, the library converges at each round of panning. However, of the 10 most abundant 

peptide sequences seen in round 4, 8 of these peptides are also in the top 10 after round 1. 

This suggests that binding ligands can be identified after 1–2 rounds of panning as opposed 

to 4–6 rounds. Additionally, false-positive clones were easily ruled out by sequencing the 

starting library after a single amplification in which the library is not panned on the target. 

As this is a relatively new technique, it is not obvious if deep sequencing will improve the 

quality of peptides isolated from phage-displayed libraries or will simply expedite the 

process.

4.2. Peptide Isolation by Bacterial Display Libraries

To date, all cell-binding peptides identified by bacterial display have been isolated using 

unbiased selection approaches. Targets include both cultured cells and freshly isolated 
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murine or human cells. There are two methods of bacterial display: panning,41 similar to the 

method used with phage libraries, and a quantitative method employing FACS.84 Bacterial 

library panning involves incubating the cells with the bacterial library followed by extensive 

washing to remove unbound bacteria. Bound bacteria are then recovered by vortexing or 

centrifugation and regrown for repeated panning rounds. After the final round of selection, 

the DNA of the isolated bacterial clones is sequenced to reveal the identity of the cell-

binding peptide. FACS screening for peptide selection is performed by first expressing the 

bacterial peptide libraries in E. coli that also express a GFP variant.84 After incubation of the 

fluorescent bacterial library with target cells and extensive washing to remove unbound 

bacteria, the cells are sorted by FACS according to GFP fluorescence. Cells with bacteria 

bound to them should carry a GFP signal that specifically allows for their isolation. As 

FACS quantifies the fluorescent signal, target cells can be sorted on the basis of the number 

of bacterial clones they bind. The consequence of this sorting is the isolated bacterial clones 

have high affinity and/or bind an abundant cell surface marker. The specific peptides 

displayed by the isolated bacterial clones are then determined using DNA sequencing.

4.3. Peptide Isolation by OBOC Libraries

Much like phage libraries, OBOC libraries have been used to select for peptides against both 

purified targets and intact cells. OBOC libraries were originally used to select ligands 

against target proteins.46 Then, in 1996, the same year that Pasqualini and Rhouslahti first 

described in vivo phage display67 and that Johnston and co-workers pioneered unbiased in 

vitro phage display against cultured cells,68 Pennington, Lam, and Cress first described the 

use of OBOC libraries for unbiased screening against live cells.85

4.3.1. Selection against Known Targets—Soluble target proteins can be screened for 

binding to OBOC libraries using several different approaches, all of which rely on the ability 

to selectively distinguish protein-bound beads. The protein of interest can be labeled with a 

tag (i.e., fluorescent or colorimetric dye, biotin, enzyme, radionuclide, epitope tag, etc.) that 

allows for detecting the protein-bound beads. Most commonly, an enzyme-linked 

colorimetric assay is employed. 45,46,86 This selection is relatively simple and involves the 

reaction of alkaline phosphatase and the colorimetric substrate bromochloroindolyl 

phosphate (BCIP). The protein target can be directly labeled with alkaline phosphatase, or if 

a primary antibody against the protein is available, an alkaline phosphatase (AP) secondary 

antibody can be employed. After incubation of the protein of interest with the OBOC library 

and unbound protein has been washed away, treatment with BCIP turns beads that have 

captured the AP-labeled target turquoise.86 The peptide content of isolated positive beads is 

then determined using Edman’s sequencing or mass spectrometry. The success of the screen 

is dependent on the stringency of the selection conditions and effective negative screens. 

Unlike phage display and bacterial peptide libraries, there is no amplification step. Thus, 

false-positive ligands are not diluted or lost during subsequent selection steps. This makes 

the screening conditions particularly important.

4.3.2. Unbiased Selection against Cells—Screening of OBOC libraries against cells 

in culture or against cells isolated for ex vivo screening is relatively straightforward.18 The 

OBOC peptide library is incubated with the cell type of interest. Positive “hits” are 
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visualized by microscopy as beads covered in cells. These positive beads can then be 

selected and removed using a micropipet. As with phage display, negative selections can 

also be used to identify peptides that bind the cells nonspecifically. Lam and co-workers 

have employed two different negative screening methods to exclude cells that bind to the 

beads nonspecifically.18 The first negative screening method involves a screen against the 

cell type of interest. Beads which capture cells are isolated and treated with guanidium 

chloride so that the beads can be reused for incubation with a normal, control cell type. 

Beads binding both the target and control cell types are then discarded. In the second 

negative screening method, the target cells are fluorescently labeled and then mixed together 

with both control cells and the bead library. The control cells can be labeled with a different 

fluorophore or remain untreated. Beads bound to both target cells and control cells are then 

discarded, and beads that are only bound to the fluorescent target cells are considered hits. 

Just as with in vitro phage panning on cells, this approach keeps receptors in their native 

context, is entirely unbiased, requires no prior knowledge of a cellular receptor, and has the 

potential to identify new cellular targets.

4.4. Peptide Isolation by PS-SPCLs

PS-SPCLs have also been used to select for peptides against both known targets and against 

unbiased cellular targets. As the PS-SPCLs can be used in solution, they are adaptable to 

almost any selection technique. They are typically incubated with cells or receptors in a 

high-throughput fashion, such as in a 96-well plate or a microarray, and the readout for 

binding is varied. Screens can be made for binding versus competitor natural ligands that are 

fluorescently tagged (looking for loss of fluorescence)64,87 or can use biotinylated peptide 

and streptavidin–HRP as a detection reagent.65 Other screens have used specific cellular 

effects as the readout. Once all of the scanning library subsets are screened using the assay 

of choice to identify the “best” amino acid at each peptide position, additional peptides are 

synthesized using all of the possible combinations of the best amino acids. These peptides 

are then used in the same selection process as the original library to identify which amino 

acid sequences best target the protein or cell type of interest. This screening process requires 

multiple rounds of peptide synthesis and testing, yet optimized peptides are discovered, and 

no DNA or peptide sequencing is needed to determine the peptide composition.

5. ISOLATION OF DISEASE-SPECIFIC OR ORGAN-SPECIFIC PEPTIDES

Peptide libraries have been mined to isolate cell-targeting ligands for many different cell 

types and disease states. This has resulted in an arsenal of peptides that can be used for 

delivery of different functional cargos. This section of this review is broken down by cell 

types and highlights how the different types of peptide libraries can be used to isolate highly 

specific cell-binding ligands. We have focused on peptides isolated in the past five years and 

seminal cell-targeting peptides that have been used widely or are of high importance. Only 

those peptides that have subsequently been shown to bind their target receptor in the context 

of cells are included. Tables 2–17 list peptide sequences shown to bind different cell types 

and highlight their use.
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5.1. Isolation of Cancer-Specific Peptides

Cancer is the leading cause of death for people under 85 in the United States and accounts 

for one in four total deaths.88 Due to this large clinical problem, the majority of all cell-

binding peptides have been isolated against cancer-specific biomarkers, cancer cells, and 

tumors. Cell-targeting peptides can be used for both therapeutic and diagnostic applications. 

This field has been driven by the limitations of current chemotherapeutics which have a 

narrow therapeutic window. As such, drugs are generally given at the maximally tolerated 

dose, not the maximally effective dose. The ability to deliver a therapeutic to tumor cells 

while avoiding normal tissues can improve antitumor efficacy while decreasing off-target 

effects. Additionally, drugs which have been considered too toxic for systemic use may now 

be viable options. Moreover, as personalized medicine becomes a reality, there is an 

increasing need for molecular imaging agents that stratify patients by molecular subclasses 

to guide therapeutic decisions. Cell-binding peptides can be employed to deliver imaging 

agents to assess expression of particular cancer biomarkers.

Cancer-targeting peptides can be broken down into two main categories: cancer-cell-specific 

(or tumor-cell-specific) peptides and tumor-vasculature-specific peptides. Both the tumor 

cells and the vasculature that feeds the tumor are important targets as both contribute to 

tumor growth and viability. Phage panning on whole cells tends to isolate peptides that are 

tumor-specific, while in vivo panning generally isolates vasculature-binding ligands. 

However, there is overlap between the vasculature and tumor cell surface profiles; as a 

result, some vasculature-targeting peptides bind to the associated tumor cells as well.

5.1.1. Cancer-Specific Peptides Isolated from Phage Libraries

5.1.1.1. Cancer-Specific Peptides Isolated by Panning on Purified Tumor Biomarkers: 
Panning against purified cancer antigens was one of the first uses of phage-displayed peptide 

libraries. A suitable cell surface biomarker for targeting must be abundant on the cancer cell 

but have negligible expression on normal cells. Additionally, the cellular receptor must not 

be shed as soluble forms will act as a sink for the targeting peptide. Endothelial cell 

biomarkers of the neovasculature found in tumors can also serve as cancer-specific targets. 

With this in mind, numerous cancer-specific receptors have been used as bait for panning 

(Table 2). Peptides have been selected against 19 different target proteins. Isolated peptides 

range in size from 6 to 20 amino acids, are linear and cyclic, and have little sequence 

similarity with each other. Additionally, most peptides have no sequence similarity with the 

native protein ligand of the targeted receptor. A variety of different receptor targets have 

been used as bait, but receptor tyrosine kinases are over-represented due to their importance 

in cancer. Significantly, 12 of the peptides have been shown to target tumors in vivo.

It should be noted that not all cell surface markers are proteins. Phage display has been 

employed to isolate peptides that bind to galactose β1–3 N-acetylgalactosamine, a 

disaccharide also known as Thomsen–Friedenreich (TF) antigen. TF antigen is found on the 

majority of human carcinomas but is hidden on normal cells, making it a promising target. 

Several TF antigen-binding peptides have been isolated, and most contain the sequence 

WYAW/FSP. More recently, phage display selections have isolated ligands for 

phospholipids. Phosphatidylserine (PS) is a phospholipid that is normally restricted to the 
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inner leaflet of the cell membrane lipid bilayer. However, under stress conditions such as 

hypoxia and high levels of reactive oxygen species (ROS), PS flips and is exposed on the 

cell surface. Similarly, PS is found on the surface of cells undergoing apoptosis.89 Tumor 

cells and the associated tumor endothelial cells that form the vasculature have been shown to 

expose PS, and drug or radiation treatment increases PS flipping to the outer leaflet. The 

cyclic peptide CLSYYPSYC was isolated by panning a heptamer phage-displayed peptide 

library on PS and was shown to home to a xenograft tumor after a single treatment with the 

drug camptothecin,90 yet caution must be taken when isolating peptides against hydrophobic 

targets; numerous other PS-binding peptides have been isolated with varied sequences,91–93 

and the specificity of this heptamer has not been fully established. Nonetheless, these reports 

show the promise of isolating peptides that target nonproteinaceous cell surface biomarkers.

5.1.1.2. Cancer-Specific Peptides Selected by Whole-Cell Panning: Numerous tumor-

targeting peptides have been isolated using in vitro panning against cultured cells, as listed 

in Table 3. All selections were continued for multiple panning rounds until emergence of 

convergent peptide sequences occurred, resulting in the isolation of a few dominant peptide 

sequences per panning. Isolated peptides range in size from 7 to 20 amino acids and are both 

linear and cyclic. The variety of libraries and protocols used for panning and the diversity of 

cell lines used as targets have resulted in a diverse group of peptides with very little 

sequence similarity. Additionally, even when the receptor target is the same, there is no 

sequence overlap between peptides isolated on purified protein and cells. Again, this likely 

stems from differences in library design and panning protocols. A number of these peptides 

internalize into their cell types of interest, indicating that they might be useful for drug 

delivery. Although these peptides were isolated in vitro, many have been shown to target 

tumors in vivo.

In addition to panning on cells maintained in culture, isolated primary cells can be 

employed. Table 4 lists peptides identified by ex vivo panning on either isolated tumor cells 

or whole tumors. Significantly, laser capture microdissection (LCM) has recently been used 

to isolate cancer cells for ex vivo panning. LCM allows separation of cancer cells from other 

cell types residing in the tumor to ensure that the peptides isolated are binding the cancer 

cells. Kubo et al. used LCM to isolate colon cancer cells from patients for panning.233 Two 

of the four isolated peptides have been shown to target tumors in vivo.

Not included in Tables 3 and 4 are studies that selected for peptide motifs instead of 

convergent sequences. Instead of panning against a single cell line and selecting for the best 

binding sequences, these studies focused on generating consensus peptide motifs that bind to 

a panel of cell lines. In one such study, Arap and Pasqualini and co-workers used the 

NCI-60, a panel of human cancer cells encompassing different histological types and grades, 

for peptide selection.234 This panel includes cell lines from kidney cancer, breast cancer, 

colon cancer, lung cancer, prostate cancer, ovarian cancer, tumors of the nervous system, 

melanoma, leukemia, and lymphoma. It is a particularly important group of cells to study as 

protein expression across the cell lines has been extensively examined. A group of 38 

tripeptide motifs were identified that bound broadly across the panel of cells and clustered 

with cell lines known to express the same receptors. Similarly, Shukla and Krag used ex 

vivo panning on whole breast tumors from patients and examined motifs present among the 
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isolated phage clones.235 Panning for peptide motifs is more likely to help profile cell 

surfaces and expand knowledge about similarities and differences between cancer cells and 

less likely to generate high-affinity peptides.

5.1.1.3. Cancer-Specific Peptides Isolated by in Vivo Panning: Table 5 lists peptides 

identified by in vivo panning in animals. The majority of peptides isolated by in vivo 

panning in animals bind to the tumor vasculature and not the tumor cells, although some of 

the peptides bind selectively to tumor cells or to both the vasculature and tumor cells. 

Tumor-vasculature-specific peptides are identified in the table with a V, tumor-cell-specific 

peptides with a T, and peptides that bind both vasculature and tumor cells with a T/V. On 

the basis of the variety of peptides isolated from different tumor models, tumor vasculature 

is shaped by the specific tumor type. Isolated peptides can even distinguish between drug- or 

radiation-treated tumor vasculature and their untreated tumor counter-parts. For example, 

peptides have been isolated that can distinguish between the vasculature of untreated tumors 

compared to tumors treated with the monoclonal antibody VEGF inhibitor bevacizumab241 

or tumors responding to treatment with the small-molecule receptor tyrosine kinase inhibitor 

sunitinib.242 Hallahan and colleagues also recently identified a peptide that binds 

specifically to the tumor vasculature of tumors treated with both radiation and the VEGF 

receptor tyrosine kinase inhibitor SU11248.243 This demonstrates the remarkable 

discriminating power of the peptides isolated by panning.

The selection pressures involved with in vivo panning are very different from those placed 

on the system during an in vitro panning. As such, in vitro and in vivo panning can lead to 

the isolation of different peptides, even when the same library and cell line are employed. 

For example, the same laboratory used a 12-mer library to pan against the CL1-5 NSCLC 

cell line in vitro and against CL1-5 tumor xenographs in vivo.229,244 Two different peptides 

were isolated; the peptide TDSILRSYDWTY (SP5-2) was isolated by in vitro panning on 

the cell line, and the peptide SVSVGMKPSPRP (SP5-52) was identified from the in vivo 

panning experiment. SP5-52 targets the tumor vasculature, while SP5-2 penetrates the 

tumor, resulting in diffuse binding throughout the tumor mass. This emphasizes how 

differing selection methods can identify ligands with different biological characteristics. 

However, the peptide SVSVGMKPSPRP has been suggested to be a nonspecific peptide 

that is isolated from the NEB 12-mer library most likely due to preferential propagation of 

this phage clone.207,245 The peptide sequence has been selected on DNA,246 multiple 

semiconductor surfaces,247 phosphatidylserine,92 and numerous cell types.248,249 Further 

studies are required to determine the true specificity of this peptide.

One problem with the use of in vivo panning in animals is that the isolated peptides are 

binding to mouse or rat and not human vasculature. Additional testing is required to 

determine whether they also bind human vasculature. One study bypassed the problem of 

selecting peptides against mouse vasculature by using mice injected with human 

endothelium for in vivo panning.250 Mice were injected with tumor endothelial cells derived 

from human renal carcinomas mixed with Matrigel so that they formed human tumor vessels 

that grew into the murine vessels. In vivo panning in these mice resulted in peptides that 

targeted human tumor endothelium and not mouse tumor endothelium.
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The first in vivo panning in a human was performed by Arap and Pasqualini and involved 

the identification of tripeptide motifs specific for different organs.77 A patient with the B-

cell cancer Waldenström macroglobulinemia was injected intravenously with phage and 

tissue collected from five areas of the body—bone marrow, fat, skeletal muscle, prostate, 

and skin—for identification of specific tripeptide motifs. One extended peptide motif was 

validated as evidence of the specific nature of these motifs. A phage bearing the peptide 

CGRRAGGSC was isolated from the prostate and shown to recognize the vasculature of 

human prostate tissue specimens. The CGRRAGGSC peptide binds to IL-11Rα,77,251 which 

increases in expression during the progression of cancer.252 This peptide is currently in 

phase I clinical studies for patients with prostate cancer.253 Recently, the Krag laboratory 

performed a study in which patients with different types of stage IV cancer were 

intravenously injected with phage libraries for panning followed by biopsy and then 

reinfusion of the library for further panning and biopsy steps.254 One peptide phage clone 

isolated from a patient with stage IV melanoma subsequently bound ex vivo to tumor cells 

from the same patient, but not to tumor cells from other patients. This peptide phage clone 

did not bind to human melanoctyes and bound only slightly to one of six melanoma cell 

lines tested. Thus, the peptide appears to be specific for the tumor from which it was 

isolated.

Selections can also be biased to identify peptides binding to other nonvasculature 

components of the tumor. Using in vitro or ex vivo phage display in combination with in 

vivo panning can help this process. Rhouslahti’s group recently used sequential ex vivo and 

in vivo panning on a mouse xenograft MDA-MB-435 breast cancer model to identify 

peptides specific for both tumor lymphatics and tumor cells.255–258 The peptides were 

isolated by using ex vivo panning on cell suspensions of MDA-MB-435 tumors that were 

depleted of endothelial cells, biasing toward nonvasculature-targeting peptides.255 

Subsequent in vivo panning with this phage population led to selection of the cyclic 

nonamer peptide LyP-1.255 LyP-1 has been shown to translocate to the nucleus upon binding 

and to home to lymphatic vessels in melanoma, breast, prostate, skin, and osteosarcoma 

tumors while not binding either tumor vasculature or normal tissue.255–258 Other lymphatic-

homing peptides have been identified, as delineated in Table 5. This is significant as tumor 

lymphatic vessels serve as drainage systems, and some evidence suggests that they are the 

route through which tumor cells escape to form metastases.

5.1.2. Cancer-Specific Peptides Isolated from Bacterial Libraries—Table 6 lists 

cancer-specific peptides identified from screening bacterial libraries against either protein or 

cellular targets. Peptides have been selected against seven cell lines in vitro and against one 

cell line ex vivo. These peptides range in size from 5 to 18 amino acids, and the majority of 

the peptides are disulfide-constrained and cyclic. Three of the peptides target tumors in vivo. 

Compared to phage display, a larger number of clones are isolated and fewer high-frequency 

clones observed. Consensus sequences are often observed. The library sizes used in these 

selections are in the 108–109 range, comparable to the diversity found in phage display 

libraries. As such, diversity size cannot account for the selection of multiple binding clones 

from bacterial libraries compared to the convergence on a particular sequence during phage 

display panning. More likely, fewer bacterial clones are lost during the selection process, 
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and there is less amplification bias. The selection of multiple clones does increase the time 

required for validation and characterization of the peptide sequences. This is especially true 

when it comes to assessing the binding activity of the free peptides. For example, in a 

selection on HepG2 cells using the FliTrx peptide library, 700 clones were recovered for 

characterization.323 Only 28% of the clones contained the whole fusion protein, and of the 

remaining 200 clones, only 10 had higher binding on HepG2 cells than a control cell line. 

However, isolation of multiple binding peptides can provide a panel of binding ligands 

which can be used to profile the tumor cell surface. Case in point, using a suite of 24 cell-

binding bacterial clones, a signature for luminal and basal breast cancers has been 

generated.324 While this binding array has not been tested on a large set of patient samples, 

it demonstrates the potential of peptide ligands to serve as diagnostic classifiers.

5.1.3. Cancer-Specific Peptides Isolated from OBOC Libraries—While a few 

peptides have been selected against purified cell surface cancer biomarkers using OBOC 

libraries,329 these chemical libraries have been more widely exploited for selections on 

whole cells (Table 7). This may due in part to the ease with which positive beads can be 

isolated by visual inspection. Biased selections can be performed in which the target 

receptor is overexpressed and the selection occurs within the context of whole cells. For 

example, the cyclic peptide cGRGDdvc was isolated from OBOC screening using αvβ3 

integrin-transfected K562 leukemia cells.330 The parental K562 cell line was utilized for 

negative selections to remove ligands that bound to receptors other than αvβ3. However, 

most OBOC screens have been performed on cell lines without overexpression of a specific 

receptor. Nonetheless, all of the peptides isolated from OBOC libraries for which receptors 

have been identified bind integrin receptors. Much of this is likely due to library synthesis as 

many of the libraries are designed with a bias toward sequences that are known to bind 

integrins. It should be noted that receptors were identified by competition experiments using 

panels of integrin antibodies. As such, it cannot be ruled out that the peptides bind other 

cellular targets as well. Unlike peptides isolated from phage-displayed libraries, the ligands 

identified from OBOC libraries frequently bind multiple cancer cell lines. This is not 

surprising considering that integrins are often upregulated in cancer.331 The vast majority of 

peptides selected using OBOC libraries contain D-amino acids, other unnatural amino acids, 

or both. As unnatural amino acids are more resistant to peptidase cleavage, these amino 

acids may have better stability in vivo. To date, six of the OBOC-selected peptides have 

been shown to target tumors in vivo.

5.1.4. Cancer-Specific Peptides Isolated from PS-SPCLs—Cancer-specific 

peptides have been isolated from PS-SPCLs, yet to date, only one of the peptides isolated 

from PS-SPCLs has been shown to target tumors in vivo.65,344 PS-SPCLs are ideal for 

assays screening for cellular effects induced by peptides (Table 8). Kang and co-workers 

used integrin microarrays to select peptides that inhibit angiogenesis.345,346 They first used 

an αvβ3 microarray and a PS-SPCL to screen for peptides that interfered with the αvβ3–

vitronectin interaction. Fluorescently labeled vitronectin was mixed with the peptide library 

before addition to the microarray. Library peptides that inhibited the receptor–vitronectin 

interaction were thus visible by a reduced fluorescent signal. This resulted in the selection of 
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two peptides, HGDVHK and HSDVHK. In a similar fashion, they used an α5β1 microarray 

and a PS-SPCL to screen for peptides that inhibit α5β1–fibronectin interactions.64

5.1.5. Common Peptide Motifs Selected from Different Peptide Libraries—The 

variety of libraries and protocols used for panning and the assortment of cell lines used as 

targets have resulted in a diverse group of peptides with very little sequence similarity. 

However, several peptide motifs have been isolated repeatedly from different panning 

experiments. Most commonly, peptides containing the integrin-binding motif RGD have 

been found by panning on purified integrins, on whole cells, and in vivo.351 The specificity 

of the peptide for a particular integrin varies depending on the flanking sequence around the 

RGD.73,111,115,180,352,353 High-affinity binding to integrins is achieved with only three 

amino acids; any library with a diversity of 8.0 × 103 is statistically likely to contain the 

RGD binding motif. For this reason and the fact that integrins are often overexpressed in 

cancer cells and tumor vasculature, it is not surprising that RGD sequences are often 

isolated. Similarly, numerous NGR-containing peptides have been found over the 

years.280,289 This peptide motif binds to aminopeptidase N (CD13) but can also undergo a 

spontaneous deamination to form isoDGR, a ligand for αvβ3 and α5β1 integrins.354,355

5.2. Isolation of Cardiac- and Muscle-Binding Peptides

Cardiovascular disease is the leading cause of death in the world.149 The primary forms of 

cardiovascular disease include coronary heart disease, congenital heart disease, stroke, aortic 

aneurysm, and hypertensive heart disease. The assessment of cardiovascular disease risk as 

well as the treatment of cardiac disease will benefit from the generation of new reagents that 

specifically localize to heart tissue or distinct vascular beds. Targeted delivery would 

increase the therapeutic window of drugs effecting ion channels or contractility and 

potentially open avenues for gene therapy to rescue damaged tissue.356 For example, 

administration of vascular endothelial growth factor (VEGF) may improve revascularization 

in ischemic heart tissue, but concerns about side effects observed with systemic 

administration have limited its use.357 In addition, targeted delivery could help overcome 

problems with present diagnostic and treatment protocols. Contrast media presently used in 

cardiac catheterization and related techniques have undesirable side effects, require 

administration directly into the local vasculature, and are quickly flushed from the tissue 

bed. Agents that localize at the specific tissue could enhance the observation of changes over 

time and help identify the transition between normal and diseased tissue. Peptides have the 

potential to serve as cardiac-targeting agents for new drugs and diagnostics. Table 9 lists 

cardiac-specific peptides identified by in vitro, ex vivo, and in vivo phage panning. As the 

heart is essentially a large muscle containing many blood vessels, most cardiac-specific 

peptides fall into one of two categories: cardiomyocyte-binding (heart-muscle-binding) 

peptides or cardiac-vasculature-binding peptides. Surprisingly, other peptide libraries have 

not been employed to identify cardiac-specific peptides.

Peptides specific for cardiomyocytes have primarily been targeted toward normal 

myocardium, Duchenne muscular dystrophy (DMD) myocardium, or ischemic myocardium. 

The peptides targeting the normal myocardium include the CTP peptide, isolated by a 

combination of in vitro and in vivo panning. This peptide binds to normal murine 
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cardiomyoctyes both in vitro and in vivo.358 Six different peptides all targeting normal 

murine cardiac endothelium were identified by a combination of ex vivo and in vivo 

panning, and receptors for most of the peptides were identified using a bacterial two-hybrid 

system.359 While phage displaying all six of these peptides targeted cardiac endothelium in 

vivo, only one peptide, the CRPPR peptide, has been used for in vivo targeting outside the 

context of the phage.359,360 Peptides isolated against ischemic myocardium, characterized 

by reduced blood supply to the heart, include the CSTSMLKAC peptide isolated from 

myocardium of rats given an ischemic injury.361 A dye-labeled version of this peptide 

demonstrated in vivo specificity for the ischemic left ventricle.

DMD is a fatal X-linked disease involving progressive muscle degeneration.362 The disease 

is also associated with dilated cardiomyopathy, and most of those affected die in their late 

teens or early twenties from pneumonia complicated by cardiac problems.362 One recent 

study used in vivo phage panning in an mdx mouse model of DMD to isolate peptides 

specific for the heart and quadriceps.363 The peptide SKTFNTHPQSTP isolated from 

quadriceps demonstrated specific homing to both the heart and quadriceps when injected in 

a dye-labeled form into the tail vein of mdx mice.

Peptides specific for cardiac vasculature have been isolated for various disease states: 

hypertension/stroke, atherosclerotic plaques/inflammation, and aging. Atherosclerosis is the 

most significant contributor to cardiovascular disease and is a progressive disease driven by 

inflammation that leads to accumulation of plaque in large arteries and can end with artery 

rupture and thrombosis.364 As atherosclerosis begins with endothelial cell changes brought 

about by activation of inflammatory pathways,364 targeting these endothelial cells has the 

potential to enrich the available therapeutic and diagnostic options. The peptide 

CVHSPNKKC, specific for vascular cell adhesion molecule-1 (VCAM-1), was isolated 

from murine cardiac endothelial cells in culture.365 This peptide shows specificity for 

VCAM-1-expressing endothelial cells and atherosclerotic lesions in vivo and has been used 

for a variety of ex vivo and in vivo techniques (described in more detail later). The 

atherosclerotic-plaque-specific peptide CRKRLDRNC was identified after an ex vivo 

panning on cell suspensions from human atherosclerotic plaques and appears to bind the 

IL-4R expressed on the endothelial cells, macrophages, and vascular smooth muscle cells of 

the plaques.366 Significantly, this peptide was able to home to atherosclerotic plaques in 

mice and to bind to human tissue sections of atherosclerotic tissue. Peptides specific for 

vasculature of different ages have also been identified. One peptide bound cardiac 

vasculature of young (3 month old) mice and not that of aging (18 month old) mice,367 

while another peptide demonstrated specificity for the aging vasculature.368 Again, phage 

display panning proves to have the ability to isolate highly specific ligands that can 

discriminate between healthy and diseased states.

5.3. Isolation of Immune-Cell-Binding Peptides

Peptides that target specific cell types involved in the immune systems have several key 

uses, including antigen delivery for vaccine development, delivery of immunosuppressant 

agents for the treatment of autoimmune diseases, and redirection of an immune response to 

eradicate diseased cells. Identification of immune-cell-specific peptides is challenging. First, 
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there are numerous subclasses of immune cells, and they share overlapping cell surface 

markers. Furthermore, these subclasses have high plasticity in which the cells can exist in 

numerous states of activation or differentiation. Second, several cells of the immune system 

are inherently phagocytic; background uptake of nontargeted ligands can be high. However, 

the demands on specificity may not be as great for immune cells as for other cell types. In 

many cases the cargo is not toxic to other cell types. Unlike delivery of a chemotherapeutic 

or toxin, uptake of a proteinaceous antigen in a nontarget cell is unlikely to cause harm. 

Instead, targeting is performed to enhance an immune response compared to a nontargeted 

antigen. Additionally, the inherent amplification of an immune signal lowers the amount of 

antigen that needs to be delivered. Finally, many cell surface receptors on immune cells 

have been identified, and antibody reagents for these markers are available; biased selection 

for a specific cell surface marker can be performed readily. Immune-cell-specific peptides 

have been identified using in vitro, ex vivo, and in vivo phage panning and from PS-SPCLs 

(Table 10).

Dendritic cells are antigen-presenting cells that reside in peripheral tissues such as skin 

acting like guards on the lookout for molecules of foreign material, or antigens.389 The 

dendritic cells capture these antigens and process them into small peptides while 

transforming into mature dendritic cells that migrate toward peripheral lymphoid organs. 

There mature dendritic cells present these peptides to naïve T cells by displaying peptide–

MHC protein complexes on their cell surface, initiating an adaptive immune response 

against the origin of the antigen. Dendritic cells also activate B-cells to produce antigen-

specific antibodies (humoral response) and further activate natural killer (NK) cells and 

natural killer T (NTK) cells. Due to their ability to activate all of these different immune 

pathways, dendritic cells are ideal targets for vaccine development. Subsequently, several 

dendritic-cell-specific peptides have been isolated for the purposes of specifically delivering 

antigens to dendritic cells or transducing genes into dendritic cells. Most peptides have been 

selected to bind a known DC marker. One such peptide, the CGRWSGWPADLC peptide, 

was isolated against the dendritic-cell-specific marker CD11c/CD18390 and was later used 

for vaccination.391 A TNF-α-competing (TNF-α = tumor necrosis factor-α) peptide, 

CYTYQGKLC, was isolated by in vitro panning against the murine dendritic cell line 

JAWSII, using TNF-α to elute bound phage.392 The peptide was shown to specifically 

deliver genes to dendritic cells (details later). In an unbiased selection, McGuire et al. also 

identified a novel dendritic-cell-targeting peptide, XS52.1, by in vitro panning on the mouse 

dendritic cell line XS52, derived from mouse skin.393 A multimeric tetramer version of the 

peptide specifically bound to XS52 cells in vitro and was further used for gene delivery in 

vivo.

Dendritic cells fall into the category of leukocytes, or white blood cells, which comprise a 

category consisting of several other cell types. Several peptides have been isolated against 

other types of leukocytes, including the leukocyte-binding peptide WAWVWLTETAV 

isolated against the FcγRIIA receptor expressed by neutrophils and mononuclear 

phagocytes. 394 Importantly, this peptide bound primary mononuclear (PMN) cells and 

monocytes isolated from human peripheral blood.
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Another immune cell type for which cell-binding peptides have been isolated is the 

microfold, or M, cell. M cells are antigen-sampling cells located in Peyer’s patches of 

intestinal epithelium. The intestines are lined with a single layer of epithelium for protection, 

making it difficult for most things to pass through, or out, of the gut.395 However, M cells 

sample the antigens in the gut and transport them a short distance to a binding pocket in 

which immune cells such as lymphocytes or macrophages dock.395 Thus, the M cells can 

carry antigens out of the gut to immune cells to facilitate an immune response, making M 

cells desirable targets for orally available vaccines.395 While the oral vaccine will inherently 

reach the intestines after administration, subsequent delivery of the vaccine to M cells is 

variable.395 Identification of ligands that could direct the oral vaccine to M cells would 

allow for their specific delivery to immune cells for initiation of an immune response. In 

vivo phage display performed by injecting phage directly into a loop of rat intestines 

identified the P8 and P25 peptides as specific for M cells.396 These peptides were able to 

specifically bind M cells in vivo when injected into mouse intestine. Importantly, although 

isolated from rat M cells, these peptides also bound to tissue sections of human intestine as 

evidenced by immunohistochemistry. Kim et al. used in vitro panning against human M-like 

cells to identify the Co1 peptide.397 The Co1 peptide was able to bind both human M-like 

cells and M cells in vivo in mice. As described earlier, not all cellular features are proteins, 

and an M-cell-targeting peptide was isolated by panning against immobilized ganglioside 

GM1 (monosialotetrahexosylganglioside). 398 While this peptide can deliver an antigen to M 

cells in vivo, it is important to note that GM1 is not restricted to M cells.

5.4. Isolation of Pancreatic-Islet-Cell-Binding Peptides

Diabetes is the seventh leading cause of death in the United States and affects 8.3% of the 

population, or 25.8 million people. There is no cure for diabetes, and complications of the 

disease can be serious. There are two major types of diabetes: type 1 and type 2. Although 

the two types of diabetes differ with regard to their origins, both involve the β cells that 

produce and secrete insulin. The ability to image β cell mass and β cell function as well as 

delivery of genes and therapeutics to β cells remains a major goal of the biomedical field. β 

cells comprise only ~2% of the pancreas and are localized in discrete regions known as the 

islets of Langerhans; thus, the demand for specificity and sensitivity of detection is great. 

Additionally, few well-characterized β cell lines are available. Only a handful of islet-

specific peptides have been identified. Table 11 lists islet-specific peptides identified by in 

vitro and in vivo phage panning. The use of phage display to isolate islet-specific antibodies 

and peptides has recently been reviewed elsewhere. 407

Ex vivo panning against freshly isolated rat pancreatic islets resulted in selection of two 

islet-binding peptides termed RIP1 and RIP2.75 While both peptide-displaying phage 

associate with isolated rat islets, the RIP1 phage showed 8-fold higher association with the 

Ins832/13 β cell line in vitro than the RIP2 phage. Thus, it is assumed that the RIP1 phage 

binds β cells, while the RIP2 phage may bind some other islet component. Although the 

peptides have not been tested outside the context of the phage, phage displaying both 

peptides were able to reach and bind islets in vivo as evidenced by immunohistochemistry 

on pancreatic sections from rats injected with phage. While the RIP1 phage demonstrated 

specificity for islets, with some expected clearance in other organs, the RIP2 phage 
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accumulated nonspecifically throughout the rat. Therefore, the RIP1 phage was chosen for 

further imaging studies, as described later. Importantly, this phage bound only to the islets of 

normal rats and not to those of a model diabetic rat, suggesting that the RIP1 peptide in the 

context of the phage can distinguish between normally functioning β cells and dysfunctional 

β cells.

Peptides specific to islet vasculature have also been identified. In vivo panning in normal 

mice followed by laser pressure catapult microdissection to specifically isolate pancreatic 

islets identified the vasculature-binding peptides CVSNPRWKC and CHVLWSTRC.408 

Phage were injected intravenously, and immunohistochemistry of pancreas tissue sections 

was used to assess phage binding. While both phage clones bound normal islet vasculature, 

they bound more impressively to angiogenic vasculature of islet tumors from RIP-Tag2 

mice.

Another study used ex vivo panning on cell suspensions from both angiogenic islets and 

solid tumors from RIP1-Tag2 mice followed by in vivo panning in the same mice to look for 

phage homing to the angiogenic islets or tumors.315 As RIP1-Tag2 mice spontaneously 

develop angiogenic islets that progress into solid tumors, 12 week old mice that have a 

combination of angiogenic islets and tumors are a good model for isolating stage-specific 

peptides. While six specific phage were initially isolated, only the RGR, RSR, and KAA 

phage were used as synthetic peptides for further study. Dye-labeled versions of the peptides 

were injected intravenously into RIP1-Tag2 mice, and in vivo homing was verified by 

fluorescent images of pancreatic sections. While all three peptides colocalized with both the 

endothelial and pericyte cells of islet vasculature, they each bound different stages. RGR 

bound both angiogenic and tumor vasculature, RSR bound only angiogenic vasculature, and 

KAA bound only solid tumor vasculature. None of them bound normal islet vasculature. 

This finding highlights the exquisite differences between the vasculature at different stages 

of tumor development, making it possible to specifically target the vasculature of tumors at a 

specific stage. Importantly, the RGR, RSR, and KAA peptides are the only islet-cell-binding 

peptides that have been tested outside the context of the phage. Further use of these peptides 

for specific delivery of imaging agents or drugs could allow very precise delivery to 

different types of islet vasculature.

5.5. Isolation of Adipose-Cell-Binding Peptides

Obesity is a significant problem in the United States, with approximately 33% of the adult 

population classified as obese.411 For this reason, there is interest in identifying peptides that 

bind to adipose cells. Table 12 lists adipose-specific peptides identified by in vitro, ex vivo, 

and in vivo phage panning. To the best of our knowledge, only four adipose-binding 

peptides have been identified.

Adipose stromal cells are precursors to the cells of white adipose tissue.412 Two adipose 

stromal cell peptides were isolated from two separate pannings.413 Ex vivo panning against 

adipose stromal cells isolated from white adipose tissue after patient liposuction identified 

the CMLAGWIPC peptide named hPep. A second in vitro panning against the mouse 

preadipocyte cell line 3T3-L1 identified the CWLGEWLGC peptide named mPep. Both 

peptides bound to cultured adipose stromal cells, and the integrin α5β1 was identified as the 
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receptor for both peptides. Significantly, mPep was used for in vitro therapy, and hPep was 

shown to have cellular effects (details later). Two other adipose-stromal-cell-binding 

peptides were isolated using in vivo phage display coupled with FACS.412 After in vivo 

phage injection and isolation of white adipose tissue, FACS was used to sort for adipose 

stromal cells. The peptides CSWKYWFGEC (WAT7) and CGQWLGNWLC were isolated 

from this selection.

In addition, a peptide specific for white fat vasculature was identified from an in vivo screen 

in an obese mouse model, leptin-deficient (Lepob/ob) mice.414 Although identified from an 

obese mouse model that is not representative of human obesity, the peptide also homed to 

the vasculature of white fat in normal wild-type mice that better represent the human 

condition. Significantly, this CKGGRAKDC peptide was able to specifically decrease 

amounts of white fat in mice and prevent obesity in these mice as well as in Old World 

monkeys415 (details later). The receptor for the peptide was identified as prohibitin.

5.6. Isolation of Brain-Specific Peptides

Table 13 lists brain-specific peptides identified by in vitro and in vivo phage panning and 

from PS-SPCLs. Treatment and diagnosis of all brain-related diseases is greatly hampered 

by the blood–brain barrier. The blood–brain barrier is composed primarily of brain capillary 

endothelial cells and is located at the junction of the blood and brain.420 True to its name, it 

is a barrier that is extremely difficult to pass physically. Very few drugs are able to penetrate 

this barrier, including peptides, proteins, antibodies, genes, and more than 98% of small 

molecules.421 Significantly, none of the medium- or large-sized pharmaceutical companies 

are focused on targeting the blood–brain barrier. There is a clear need for ligands that can 

specifically home to and deliver cargo to this barrier. With the goal of identifying blood–

brain-barrier-specific peptides, in vivo phage display was performed using an in situ brain 

perfusion of the phage library into normal male C57Bl/6 mice.422 Two of the isolated phage 

clones (GLA and GYR) demonstrated specificity for the cultured human brain endothelial 

cell line hCMEC/D3. Importantly, in situ perfusion of both phage into the mouse brain 

demonstrated specific homing to the brain as compared to that of a control peptide phage. 

Another study used in vivo phage display to isolate the brain-specific TGN peptide in an 

effort to find a ligand that can bypass the barrier.206 Interestingly, this study used a 24 h 

time point for phage isolation during panning as opposed to the usually short 5–15 min 

circulation time. Significantly, the TGN peptide homed to the mouse brain in vivo. Another 

method that allows for bypassing the blood–brain barrier is to deliver agents intranasally. 

Recently, a phage library was panned in vivo in rats by intranasal administration to identify 

phage clones that reach the cerebrum.423 The clone containing the peptide ACTT-

PHAWLCG homes to the olfactory nerve and further into the brain.

Several peptides specific for brain vasculature have also been identified. An in vivo panning 

isolated four peptides, all of which were shown to home to the brain in vivo in the context of 

the phage.67 Additionally, one peptide, the CLSSRLDAC peptide, was able to mediate 

brain-specific homing when conjugated to the surface of a red blood cell. Peptides that target 

other areas of the brain include the APY, KYL, and VTM peptides isolated against the 

EphA4 receptor that is expressed in the learning and memory portions of the brain—the 
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hippocampus and cortex248—and the SLNDWIDWSEPH, SHSLMTSSSVWT, 

SHTTPGKNNDPF, and NYARDPLMSLPQ peptides isolated by ex vivo panning against 

mouse cerebellar granule neurons.424

5.7. Isolation of Liver- and Kidney-Binding Peptides

5.7.1. Liver-Cell-Binding Peptides—Isolation of liver-specific targeting peptides by in 

vivo phage display has been largely ignored since most intravenously injected phage 

accumulate nonspecifically in the liver.67 However, treatment and diagnosis of hepatitis and 

other chronic liver diseases could benefit from the availability of liver-specific agents. A 

new type of T7 phage library modified to prevent clearance by the immune system, resulting 

in subsequent nonspecific liver accumulation, was recently used to identify hepatocyte-

binding peptides.430 In vivo panning was performed in mice with normal immune systems, 

resulting in selection of liver-specific peptides. Three peptides in the context of the phage 

were subsequently able to home to hepatocytes in vivo after intravenous injection in mice 

(Table 14). Importantly, two of the phage displaying hepatocyte-specific peptides were 

tested for accumulation in other organs and were shown to maintain liver specificity. These 

results suggest that the liver may still be a viable target for cell-binding peptides.

5.7.2. Kidney-Cell-Binding Peptides—The kidney is involved in a diverse number of 

diseases. While many peptides nonspecifically accumulate in the kidney, little attention has 

been focused on isolating specific kidney-targeting ligands. In vivo panning in rats looking 

for kidney targeting resulted in the isolation of two peptides, termed HTT and HIT (Table 

14).431 Rats predosed with a control (no peptide) phage and then injected with the peptide 

phages demonstrated specific phage targeting to the kidney with some nonspecific liver 

accumulation similar to that of the control phage. These peptides were then incorporated 

into a modified adenovirus for specific gene delivery to the kidneys as described in detail 

later.432 A kidney-vasculature-specific peptide, CLPVASC, was also identified from an in 

vivo screen in mice and has been shown to home to the kidney on the phage platform.67 

Two peptides, ELRGDMAAL and ELRGDRAHW, were isolated by ex vivo panning on 

microdissected intact cortical collecting ducts (CCDs) from rat kidneys and one peptide, 

KMGGTNHPE, was isolated by ex vivo panning on microdissected intact proximal 

convoluted tubules (PCTs) from rat kidneys.177

5.8. Isolation of Stem-Cell-Binding Peptides

Stem cells have the capacity to differentiate into any cell type, and their potential for 

regenerative medicine has spurred research in this area. Despite this potential, few stem-cell-

binding peptides have been identified (Table 15). However, of those peptides identified, 

many distinguish between pluripotent stem cells and differentiated cells.

Peptides that bind stem cells have the potential to recruit such cells to sites of injury and 

may stimulate their differentiation. For example, the peptide FAQRVPP was selected for 

binding to murine-derived neural stem cells from a pIII phage-displayed peptide library.433 

This peptide was synthesized as a fusion with a self-assembling peptide and acetylated at the 

amino terminus. The resultant fusion peptide increased the rate of recovery for rats subjected 

to spinal cord damage when injected at the site of injury.

Gray and Brown Page 26

Chem Rev. Author manuscript; available in PMC 2015 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Neural stem cells are the multipotent progenitor cells that generate the major cell types of 

the nervous system. As several diseases such as Parkinson’s, Alzheimer’s, and Huntington’s 

involve neurodegeneration,434 ligands that could bind to neural stem cells may have the 

potential to help deliver therapeutics for these diseases. Additionally, diseases such as 

epilepsy and depression are connected to altered neurogenesis.435,436 Two neural stem-cell-

binding peptides, the QTRFLLH and VPTQSSG peptides, were identified from an ex vivo 

panning against neural stem cells isolated from mouse hippocampus.428 When conjugated to 

adenoviruses and injected into the brain, these peptides mediated specific binding to neural 

stem cells.

5.9. Isolation of Vasculature- and Endothelial-Cell-Binding Peptides

Although vasculature flows to all organs, the vasculature varies from organ to organ, with 

different structure, function, and protein expression profiles.447 The use of in vivo phage 

display to isolate vasculature-homing ligands has highlighted this diversity.67,253,448,449 

Significantly, the vasculature also changes during different disease states.253 Others have 

reviewed the heterogeneity of the vasculature and the discovery of vasculature-specific 

peptides.253,449,450 In addition to the vasculature-specific peptides isolated from all of the 

organs and tumors already described in the subsections above, peptides specific for the 

vasculature of the lung, skin, pancreas, intestine, uterus, adrenal gland, retina, prostate, 

breast, and thymus have been isolated.448,451–455 Table 16 lists the vasculature- and 

endothelial-cell-targeting peptides isolated by in vitro, ex vivo, and in vivo phage panning 

and from a PS-SPCL.

Phage display has been widely used to isolate peptides that bind different vasculature beds 

with high specificity. For example, the lung-vasculature-specific peptide GFE-1, isolated by 

in vivo panning, demonstrates specificity for normal lung vasculature over lung tumor 

vasculature when in the context of the phage.456 Similarly, the prostate-vasculature-specific 

peptide SMSIARL homes only to prostate vasculature and not prostate tumor vasculature in 

mice.451 Such distinctions point to the molecular changes evident between normal and 

tumor vasculature and to the ability of phage panning to isolate ligands that recognize these 

changes. On the other hand, some peptides, such as the CPGPEGAGC peptide isolated from 

in vivo homing to breast vasculature, bind to both normal breast vasculature and the 

vasculature of breast tumors in a mouse model of breast cancer.453

Arap and Pasqualini and co-workers demonstrated the ability to simultaneously pan for 

peptides specific for different organs.452 During an in vivo panning in mice, six different 

organs (muscle, bowel, uterus, kidney, pancreas, and brain) were simultaneously isolated 

and screened for peptide binding. While the peptides were not taken to convergence, 

tripeptide motifs were identified for each organ using statistics. In an effort to identify the 

cellular receptors for these peptide motifs, the motifs were BLAST searched for homology 

to known biological protein ligands. Tripeptide motifs isolated from pancreatic vasculature 

showed homology to ligands of the prolactin-like protein receptor (PLPR). The narrowed 

phage library from pancreatic panning rounds 2 and 3 was used for in vitro panning against 

PRLR-overexpressing COS-1 cells. The peptide CRVASVLPC was subsequently identified 
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as a PRLR-binding peptide and was shown to home to pancreatic vasculature and islets in 

vivo when in the context of the phage.

5.10. Isolation of Epithelial-Cell-Binding Peptides

In addition to those already discussed, numerous other epithelial-cell-binding peptides have 

been isolated by in vitro and in vivo phage panning and from bacterial library selection. 

These peptides have generally been selected for an application specific to a particular cell 

type. These remaining peptides are highlighted in Table 17. Particularly interesting among 

this group of peptides are those that mediate transcytosis. During transcytosis, a receptor and 

its cargo are internalized in a polarized cell at one plasma membrane and transported by 

vesicles across the cell to the opposite plasma membrane.488 Using an approach to identify 

peptides that allow for transcytosis across the intestinal mucosal barrier, an in vivo panning 

against rats by oral administration of phage was recently performed.489 The liver, lung, 

spleen, and kidney were isolated, and the sequence CSKSSDYQC was identified from all of 

them. The phage displaying this peptide was also able to bind small intestinal mucosal tissue 

in vitro. Importantly, this phage accumulated more strongly than a control phage in the liver, 

lung, spleen, and kidney after oral administration. Immunofluorescence from 30 min after 

oral administration of the phage showed the phage accumulating in goblet cells. Thus, if the 

synthetic peptide works as well as the phage, it has the potential to be used for oral delivery 

of drug conjugates. The YPRLLTP phage clone, isolated by selecting for phage in the spleen 

after in vivo gavage of a phage library into rats, also demonstrated the ability to transcytose 

the gastrointestinal mucosal barrier.490

6. PEPTIDES WITH CELLULAR EFFECTS

Often peptides used for specific targeting of diagnostic and therapeutic agents are 

considered only as delivery agents and not as ligands that can induce cellular effects.72 

However, given that these peptides are binding to receptors or other components on the cell 

surface, they have the potential to induce the effects of these receptors. PS-SPCLs are 

particularly well suited for isolating peptides with cellular effects due to their ability to be 

used with almost any readout assay, and the majority of peptides isolated using these 

libraries induce specific effects. However, there is no guarantee that peptides isolated by 

other methods will not trigger cellular signaling or other cellular behaviors. Not surprisingly, 

many of the isolated peptides affect cell adhesion and migration. In some cases, peptide 

binding produces a beneficial outcome, such as a reduction in migration of cancer cells away 

from the primary tumor. However, if a peptide stimulates growth, it would be unusable as a 

tumor-targeting agent. Peptide function has been noted in each table of selected peptides. 

This section highlights examples of peptides that affect four cellular behaviors: (1) adhesion, 

migration, and invasion, (2) angiogenesis, (3) proliferation, and (4) viability.

6.1. Peptides That Modulate Adhesion, Migration, and Invasion

Ligand binding to cell surface receptors can induce a wide variety of cellular effects, 

including adhesion, migration, and invasion.72 This has been most widely studied on tumor 

or tumor vasculature. Several cancer-specific peptides have demonstrated induction of these 

pathways.110,126,140,154,160,163,169,170,251,252 Not surprisingly, peptides that bind integrins 
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are often found to inhibit adhesion and migration as this family of receptors are critical for 

such functions, yet many other ligands are able to block cellular migration. For example, a 

peptide isolated from phage display against MMP-9 inhibited migration of various tumor 

cells (fibrosarcoma, melanoma, ovarian carcinoma, and Kaposi’s sarcoma cells) in vitro and 

inhibited Kaposi’s sarcoma tumor growth when ip injected in vivo.126 Similarly, a peptide 

selected from GC9811-P gastric cancer cells prevented cell adhesion and invasion in vitro 

and reduced peritoneal nodules in vivo.170 Another peptide selected against metastatic 

gastric cancer cells inhibited adhesion and migration in vitro and reduced liver metastasis 

incidence in vivo.169

Peptides that bind normal vasculature can also prevent metastasis. The lung-vasculature-

specific peptide GFE-1, known to bind membrane dipeptidase (MDP), was able to inhibit 

metastases in vivo when co-injected with tumor cells.456 Mice were injected intravenously 

either with C8161 human melanoma cells plus the GFE-1 peptide or with the cells plus a 

control peptide. Mouse lung weight was measured as an indicator of metastasis, and the 

mice given the GFE-1 peptide had a median weight only 12% above the weight of normal 

lungs. Significantly, the mice injected with tumor cells plus the control peptide had a median 

lung weight 88% larger than normal lung weight.

Cardiac-specific peptides also have the potential to induce cellular effects. One such peptide, 

the VCAM-1-specific peptide CVHSPNKKC, which is known to bind to VCAM-1-

expressing cardiac endothelial cells, is able to block VCAM-1-mediated leukocyte–

endothelial cell interactions in vitro.365 Murine cardiac endothelial cells activated with TNF-

α were preincubated with either the CVHSPNKKC peptide or an anti-VCAM-1 antibody 

before addition of strain-matched mononuclear cells. The peptide was more efficient at 

inhibiting leukocyte–endothelial cell interactions than the anti-VCAM-1 antibody, blocking 

68% of interactions compared to 52% for the antibody. This finding is particularly 

interesting as VCAM-1-induced recruitment of monocytes and leukocytes to the cardiac 

endothelium is an important step during the development of atherosclerosis.

Cell-binding peptides do not always reduce cell adhesion and/or migration. A PS-SPCL 

screen was used to identify peptides that stimulate arachidonic acid release from neutrophil-

like cells. These peptides were later demonstrated to stimulate chemotactic migration of 

human neutrophils.405 Similarly, the HFYLPM and MFYLPM peptides, isolated from a PS-

SPCL screen for the ability to induce superoxide generation from human monocytes, were 

also able to induce chemotactic migration of the cells.406

6.2. Peptides That Modulate Angiogenesis

Cell-binding peptides can stimulate or inhibit angiogenesis. As angiogenesis is a critical step 

in tumorigenesis and antiangiogenics are an important class of antitumor drugs, peptides that 

control this process have been widely sought. One such peptide isolated from a phage 

display selection against the IL-6 receptor was shown to inhibit angiogenesis in vitro and to 

inhibit IL-6-mediated tumor growth in a cervical xenograft in vivo.110 Two αvβ3-binding 

peptides, HGDVHK and HSDVHK, were isolated from a PS-SPCL screen for peptides that 

interfered with the αvβ3–vitronectin interaction.63 These peptides were subsequently found 

to inhibit both bFGF-induced human umbilical vein endothelial cell (HUVEC) migration in 
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vitro and bFGF-induced blood vessel formation in a chorioallantoic membrane (CAM) 

angiogenesis assay. An α5β1 microarray and a PS-SPCL screen were employed to isolate 

peptides that inhibit α5β1–fibronectin interactions.64 One isolated peptide, VILVLF, 

subsequently inhibited proliferation of HUVECs and inhibited angiogenesis in a bFGF-

induced CAM angiogenesis assay. As α5β1 is expressed at high levels in both angiogenic 

endothelial cells and several cancer types, this peptide may have future utility for 

antiangiogenic therapy.

Peptides can also stimulate angiogenesis. The peptide SFKLRY-NH2, isolated by in vitro 

PS-SPCL screening against the MS-1 cell line, increases angiogenesis as evidenced by its 

ability to increase proliferation and migration of HUVECs, leading to organization of the 

HUVECs into tubular formations.486 Additionally, this peptide was able to induce blood 

vessel sprouting of aortic rings from rats. Mechanistic studies demonstrated that the peptide 

induces an increase in intracellular Ca2+ via a pertussis-sensitive G protein/phospholipase C-

mediated pathway and increases the expression of VEGF, resulting in a pro-angiogenic 

phenotype. The peptide also exhibits antioxidant activity.505 Importantly, the peptide 

accelerates wound healing.

6.3. Peptides That Modulate Cellular Proliferation

To date, most peptides isolated against cancer cells reduce cell growth instead of inducing a 

protumor phenotype. As an example, Matsuo et al. used a unique strategy to specifically 

screen for a peptide with antitumor activity.160 After in vitro phage display against 

melanoma B16F10-Nex2 cells, 50 isolated phage were incubated with the cells for 72 h 

before MTT viability studies. Out of the 50 phage, 7 significantly decreased cell viability, 

and out of those 7, a peptide with antitumor activity emerged. This peptide was able to 

inhibit cell invasion and adhesion in vitro and prevent metastasis in vivo (Figure 7).

In some cases, peptides selected against cell surface receptors can avoid untoward 

progrowth cell signaling that occurs when using the native ligand. For example, although 

only 53 amino acids long, the native EGF ligand cannot be used for targeting because of its 

role in stimulating EGFR activation. Additionally, EGF binding triggers rapid uptake and 

degradation of EGFR, resulting in a reduction of the target on the cell surface. By 

comparison, GE11, an EGFR-binding peptide, does not initiate EGFR signaling. While it is 

internalized, EGFR is recycled back to the cell surface, making it available to carry in 

another GE11 peptide (and its cargo). As such, it is the better choice of ligand when 

targeting EGFR-expressing cells.

On the other hand, the neural-stem-cell-specific peptide CGLPYSSVC (isolated by in vitro 

panning against murine neural stem cells) increased cellular proliferation when added to the 

media of either neural stem cells in culture or of freshly isolated neural progenitor cells from 

the adult mouse brain.427 This peptide’s ability to increase neurogenesis could therefore be 

explored for the treatment of diseases known to involve loss of neurons, such as 

Parkinson’s, Alzheimer’s, and Huntington’s diseases.434
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6.4. Peptides That Stimulate Apoptosis

Although many peptides reduce cellular proliferation rates, few induce cell death unless 

conjugated to a cytotoxic agent.256,506 However, the tumor-lymphatic-targeting peptide 

LyP-1 accumulates in the nucleus and specifically induces apoptosis in cells which have 

affinity for this peptide.255,256 Importantly, in vivo treatment with LyP-1 results in a 

reduction of tumor growth, a decrease in tumor lymphatic endothelium, and an increase in 

apoptotic tumor cells. The mechanism of LyP-1-mediated apoptosis has not been elucidated. 

The receptor for the peptide has been identified as p32/gC1qR, a mitochondrial protein 

which is also found on the cell surface of tumor cells. Interestingly, p32/gC1qR mediates 

ARF-induced apoptosis.507 However, the relationship between peptide binding and 

internalization and the role of p32/gC1qR in apoptosis has yet to be determined.

7. USE OF PEPTIDES FOR THERAPY

Due to their high cell specificity and ease of manipulation, cell-targeting peptides have been 

exploited for the delivery of therapeutic agents. While some peptides are biologically active, 

most peptides require attachment to a drug or other agent to exhibit the desired therapeutic 

effect. Peptides can deliver small-molecule drugs or biologics. The therapeutic applications 

for individual peptides have been noted in Tables 2–17 according to their use. In this section 

we discuss approaches to targeted drug delivery and highlight a few of the successes in 

developing peptide-targeted therapies. Delivery of small-molecule drugs and therapeutic 

biologics is covered as well as the use of targeting peptides in immunotherapies. While 

many proof-of-concept studies have been performed to demonstrate delivery, only studies 

that address a therapeutic application are discussed in the following subsections.

7.1. Peptides for Small-Molecule Drug Delivery

Peptides as drug-targeting agents can widen the therapeutic window by both increasing drug 

efficacy and decreasing unwanted side effects. This is of particular importance for drugs 

with high toxicity profiles, such as many chemotherapeutics. Additionally, peptides that 

mediate cellular uptake can improve uptake of molecules that do not cross the cell 

membrane. Peptides are used for drug targeting by either directly conjugating the drug to the 

peptide or by conjugating the peptide to a drug-carrier platform.508 The ability to be used in 

multiple platforms again highlights the strengths of peptides as targeting agents. By contrast, 

using antibodies for drug delivery is hindered by difficulties in chemical conjugation to their 

cargo. Additionally, antibody size adds ~20 nm to the size of a nanoparticle, which can 

dramatically affect biodistribution. Before discussion of the successes in peptide-guided 

drug delivery, it is important to consider the differences between direct drug conjugates and 

peptide-modified drug carriers.

7.1.1. Approaches for Small-Molecule Delivery: Direct Conjugates vs Drug 
Carriers—Peptides can be conjugated to a variety of drugs for specific delivery to the 

desired cell type. These peptide–small-molecule conjugates require chemical groups on both 

the peptide and the drug that are compatible for conjugation. Additionally, the drug is 

generally inactive while conjugated to the peptide, meaning that the covalent bond between 

the peptide and drug must break and release the drug to achieve any therapeutic effects; i.e., 
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they are prodrugs. Ideally, the peptide–drug linkage remains stable under normal bodily 

conditions, releasing the drug once the conjugate has reached its target. Often acid-labile 

linkers are employed; these linkers are intact at a pH of 7 but hydrolyze and release under 

acidic conditions, such as those of the endosome and lysosome. Other types of drug linkers 

can also be used, such as esters or carbamates;509,510 these linkers are also stable under 

normal conditions and release after exposure to the high levels of esterases within cells. 

Similarly, protease cleavage sites can be employed, such as a valine–citrulline linker that is 

cleaved by the lysosomal cysteine protease cathespin B. The cleavage efficiency by 

proteases is often diminished by the presence of the drug molecule immediately adjacent to 

the cleavage site. To overcome this problem, self-immolative linkers have been designed, in 

which a release site (or trigger site) is placed between the linker and the targeting moiety.511 

Upon cleavage, a reactive intermediate forms which then spontaneously decomposes to 

release free, active drug. Balancing conjugate stability in circulation with rapid release at the 

target site can be difficult. Premature or inefficient drug release has resulted in poor efficacy 

for many peptide–drug conjugates. Common drug linkers that have been used to covalently 

attach peptides to drugs are shown in Figure 8.

It should be noted that most conjugates are based on the premise that the conjugate will 

eventually traffic to the lysosome where the low pH and high protease content release the 

drug. However, it is unlikely that all peptides isolated from the various libraries will direct 

lysosomal accumulation, and different uptake mechanisms can affect downstream peptide 

trafficking within the cell. In fact, clatherin-mediated endocytosis, cavelolae-mediated 

endocytosis, and internalization by macropinocytosis have been observed for different cell-

targeting peptides.118,157,214 This stresses the need to characterize the mechanism of cellular 

uptake and the resultant localization of the peptide before embarking on the synthesis of 

peptide–drug conjugates.

Both the primary advantages and disadvantages of peptide–drug conjugates lie in their small 

size. While this small size allows the conjugates better vasculature escape and penetration 

through tissues,512 it also increases their blood clearance rate. Particles below a molecular 

weight of 40 000 tend to undergo rapid renal filtration and excretion from the body.513 As 

most peptide–drug conjugates fall below this molecular weight cutoff, they are only 

therapeutically beneficial if they accumulate in the desired tissue at effective levels 

relatively quickly, before the majority of the conjugate is cleared from the body. However, 

reaching therapeutic levels is possible due to the high specificity and affinity of direct 

conjugates. Additionally, such conjugates tend to have low background uptake. A significant 

disadvantage is that peptide–drug conjugates deliver only one drug molecule per targeting 

event. Thus, to reach an effective dose, the compound must be highly effective at low 

cellular concentrations or the targeted receptor must be abundant and undergo efficient 

internalization.

On the other hand, peptides can be conjugated to drug carriers. Most drug carriers fall into 

one of three categories—polymer scaffolds, micelles, or liposomes—although a variety of 

other nanoparticles have been created. Liposomes are the most widely used drug carrier for 

peptide-targeted therapy, and the vast majority of peptides isolated from phage display 
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libraries that have been conjugated to nanoparticles for drug delivery have been conjugated 

to liposomes.

Liposomes are spherical nanoparticles formed by lipids self-assembling into a bilayer.514 As 

liposomes are formed from phospholipids and cholesterol that are already normal 

components of the human body, they are naturally biodegradable. 514 The inner 

compartment of a liposome is an aqueous phase that can encapsulate hydrophilic agents. 

However, hydrophobic drugs can also incorporate into the hydrophobic portions of the lipid 

membrane.515 Early liposome formulations suffered from rapid blood clearance rates due to 

engulfment by the cells of the reticuloendothelial system, in particular Kupffer cells in the 

liver. The reticuloendothelial system is the primary means by which foreign macromolecules 

are eliminated from the body and consists mostly of macrophages in the liver, spleen, and 

lymph nodes. However, coating the outer lipid membrane with polyethylene glycol (PEG) 

increases the circulation time of the liposomes by reducing interaction of the liposomes with 

serum proteins and thus delays clearance by the reticuloendoethial system.516 Several 

liposome formulations are already clinically approved.517,518

Liposomal formulations are advantageous for a variety of reasons. The large hydrophilic 

interior of the liposome allows for the encapsulation of thousands of drug molecules, giving 

a peptide-targeted liposome a much higher peptide:drug ratio than peptide–drug direct 

conjugates with only a 1:1 peptide:drug ratio. Additionally, hydrophilic drugs can be loaded 

into liposomes in their natural state and do not require chemical modification for 

conjugation to the peptide; there is also the potential to encapsulate multiple drugs within 

the same liposome. The long in vivo circulation time enjoyed by PEGylated liposomes also 

means that the peptides will have longer to deliver their drug cargo to the tumor than will 

peptides directly conjugated to a therapeutic. However, liposomes also suffer from several 

disadvantages. In particular, the larger size (80–200 nm) of liposomes prevents them from 

penetrating tissue as well as smaller conjugates and can make it more difficult for them to 

escape from the vasculature.519

Although liposomes are the most extensively used drug carriers for peptide-targeted 

delivery, polymer scaffolds and micelles are also important drug carriers. Polymer scaffolds 

are created by attachment of water-soluble polymers to the drug.520 Much like peptide–drug 

direct conjugates, these drug–polymer scaffolds also require chemically reactive groups and 

should remain intact until cell internalization, at which point the bond between the polymer 

and drug breaks, allowing for the drug to release and exert its effects.520 However, unlike 

peptide–drug direct conjugates, drug–polymer scaffolds have longer in vivo circulation 

times due to the increased size of the polymer scaffold. Additionally, the size of drug–

polymer conjugates can be tailored to reduce renal clearance. A major disadvantage to these 

conjugates is that it can be difficult to control both the length of the polymers and the 

amount of drug conjugated to the scaffold. However, polymer scaffolds have progressed 

extensively through the drug pipeline, with polymers conjugated to paclitaxel, camptothecin, 

doxorubicin, carboplatin, and 1,2-diaminocyclohexane (DACH)–platinate all in clinical 

trials.520 Despite these successes, few library-selected peptides have been conjugated to 

polymer scaffolds.
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Micelles are formed by amphiphilic copolymers, which have both a hydrophilic component 

and a hydrophobic component. 521 Upon exposure to an aqueous solution, the insoluble 

hydrophobic portions of the polymer aggregate into a core structure, with the hydrophilic 

polymers forming a shell that surrounds the core. The hydrophobic core of micelles allows 

them to encapsulate hydrophobic drugs. These self-forming nanoparticles are typically 50–

100 nm in size.522 Micelles have many of the same advantages of liposomes, as they are 

able to incorporate unmodified drugs and can encapsulate multiple agents at once at a fairly 

high concentration of drug per micelle. As micelles tend to be smaller than liposomes, they 

cannot incorporate as many drug molecules as the larger nanoparticles and have 

intermediate circulation times. Their smaller size may allow for better escape from the 

vasculature and better tumor penetration. To remain intact as nanoparticles, micelles must 

maintain a critical micelle concentration (cmc).522 The cmc is the concentration of 

individual amphiphilic copolymers required for the micelle structure to form. Below the 

cmc, micelles dissociate into the individual copolymers, releasing the entrapped drug. 

However, micelles can often be designed to remain intact in vivo long enough to reach their 

target.522 Several micelle formulations are currently in clinical trials.523

7.1.2. Peptide Conjugates Used for Small-Molecule Drug Delivery—Cancer 

therapies have a narrow therapeutic window as they affect both normal and cancerous cells; 

most are administered at their maximally tolerated dose and not at their maximally effective 

dose due to their toxic side effects. Thus, targeting chemotherapeutics specifically to tumors 

would be of benefit, and small-molecule drug delivery has focused on this disease. Few 

peptides selected from OBOC libraries, bacterial display libraries, and PS-SPCLs have been 

used for in vivo therapy in animals.337,342 Peptides selected from phage display libraries, on 

the other hand, have been used extensively for in vivo therapy.

Several different chemotherapeutic drugs have been directly conjugated to cancer-specific 

peptides, including doxorubicin, 112,158,166,293,321,524 paclitaxel,118,157,158,224 and a vitamin 

E analogue.184 While most of these conjugates have only been used for in vitro toxicity 

studies, several have also been shown to inhibit tumor growth in vivo. The peptide 

LTVSPWY, isolated from panning a phage display library against cultured SKBR3 breast 

cancer cells, inhibited breast tumor growth in transgenic mice when conjugated to the 

proapoptotic vitamin E analogue α-tocopheryl succinate.184 Additionally, three different 

peptides conjugated to doxorubicin have been used to inhibit tumor growth in mice. The 

NGR and RGD-4C peptides, both isolated from in vivo phage panning in mice bearing 

MDA-MB-435 breast xenografts, inhibited MDA-MB-435 tumor growth when conjugated 

to doxorubicin.112 Of note, both of these peptides target the tumor vasculature and not the 

tumor cells. However, a peptide specific for tumor cells has also proven effective for drug 

targeting in vivo. The tumor-cell-targeting A54 peptide, isolated from in vivo panning in 

mice bearing BEL-7402 hepatocellular carcinoma xenografts, also inhibited tumor growth 

when conjugated to doxorubicin.321 More recently, a derivative of the EphA2-targeting 

peptide YSA has been utilized to deliver paclitaxel to prostate and renal carcinomas in 

vivo.118 The parental peptide was modified by replacement of the amino-terminal L-tyrosine 

with D-tyrosine and by substitution of L-norleucine and L-homoserine for the two methionine 

residues (dYNH), resulting in a peptide with dramatically improved serum stability while 
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retaining a low nanomolar affinity for EphA2. This peptide was conjugated to paclitaxel via 

a carbamate linker to the 2′-hydroxyl of the drug. The conjugate mediated internalization 

and localized within the lysosome. Treatment with the dYNH–paclitaxel conjugate resulted 

in a reduction of tumor growth in a subcutaneous prostate tumor model. The conjugate was 

significantly more effective than free paclitaxel or a scrambled peptide control conjugate. 

The same conjugate also inhibited growth of an orthotopic renal carcinoma tumor but was 

no better than free drug.

7.1.3. Peptide-Guided Nanoparticles Used for Small-Molecule Drug Delivery—
Most peptides conjugated to liposomes for targeted drug delivery have been conjugated to 

liposomal forms of doxorubicin. Seventeen different peptides isolated from phage display 

libraries have been conjugated to liposomal doxorubicin for either in vitro inhibition of 

cancer cell growth102,168,259,299,427 or in vivo inhibition of tumor growth in 

rodents.128,155,181,229,244,249,267,282,283,299 All of the targeted peptide–liposomal 

doxorubicin nanoparticles save one inhibited tumor growth better than liposomes without 

the targeting peptides. The liposomal studies involving one peptide are particularly worth 

noting. A peptide derivative of the tumorvasculature-targeting NGR peptide (GNGRG) was 

conjugated to liposomal doxorubicin.112 NGR–liposomal doxorubicin inhibited the growth 

of orthotopic neuroblastoma xenografts in mice, leading to tumor eradication. By 

comparison, treatment with control peptide–liposomal doxorubicin did not alter tumor 

growth compared to that in control non-drugtreated mice.282 This therapeutic efficacy was 

the result of greater accumulation of the peptide-targeted liposomes in the tumor.282 NGR–

liposomes have been primed for potential future clinical trials by preparation using good 

manufacturing practices (GMPs),525 and these liposomes have been shown to increase 

survival in orthotopic mouse lung, ovarian, and neuroblastoma xenografts.283

Despite the many advantages of micelles, fewer libraryselected peptides have been 

conjugated to this class of nanoparticles. The lung-cancer-targeting peptide H2009.1 has 

been conjugated to paclitaxel micelles and to doxorubicin/ superparamagnetic iron oxide 

(SPIO) micelles.226 Both selectively kill cancer cells in vitro, but neither platform has yet 

met success in vivo. Recently, the ovarian-cancer-targeting peptide OA02 was used to 

deliver paclitaxel-loaded micelles.337 Importantly, this micellar formulation showed 

improved antitumor efficacy compared to that of nontargeted micelles. These successes 

suggest that peptide-targeted micelles should be further explored.

Although less commonly used, a variety of other nanoparticles have been used for peptide-

targeted drug delivery. These include nanoworms,103,276 particles created from a phage coat 

protein,156 nab-paclitaxel,265,274,275,301 microbubbles,300 and polyester-based particles.320 

In particular, nab-paclitaxel, a nanoparticle formed by albumin-coated paclitaxel, has been 

conjugated to several peptides for tumor inhibition in rodents.265,274,275,301 As an untargeted 

form of nab-paclitaxel, Abraxane, is approved for clinical use, these nanoparticles are an 

attractive drug-targeting candidate. More recently, the EphB4-binding peptide, referred to as 

TNYL-RAW, was cyclized and conjugated to hollow gold nanospheres.124 These 

nanoparticles were loaded with doxorubicin and used to target EphB4-positive tumors in 

vivo. Irradiation with a near-infrared laser resulted in a dual mode of action: photothermal 

ablation of the tumor and release of doxorubicin within the tumor environment. Treatment 
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with the TNYL-RAW nanospheres followed by near-infrared irradiation was more effective 

than the same regimen using nontargeted nanospheres or targeted nanospheres not loaded 

with doxorubicin. Impressively, complete regression of subcutaneous Hey ovarian tumors 

was observed in 75% of mice treated with both TNYL-RAW nanospheres and near-infrared 

irradiation.

An interesting method recently developed involves keeping peptides in the context of the 

pVIII phage protein for incorporation into nanoparticles.526 Following selection, the isolated 

phage is disrupted with chlorate buffer so that the peptide–pVIII phage protein conjugate 

can be isolated and purified. Because the pVIII protein functions as a membrane protein, it is 

able to incorporate into both liposomes and micelles. Peptide–pVIII fusion proteins insert 

into preformed liposomes during a short incubation time, making this procedure fairly 

simple. Peptides selected against both PC3 prostate carcinoma cells and MCF7 breast cancer 

cells have been used in this method to incorporate peptide–pVIII proteins into doxorubicin 

liposomes for in vitro cytotoxicity studies.168,189 The MCF-7 peptide–pVIII conjugates have 

also been incorporated into drug-loaded micelles for in vitro cytotoxicity studies.191

7.2. Peptide Delivery of Biologics

As the field of biologic therapy expands, so does the need to deliver such molecules. 

Proteins and peptides, either naturally occurring or designed de novo, can have potent 

biological activities. However, they do not cross the cell membrane. As such they are limited 

to cell surface targets. Using targeting peptides that mediate both cell-specific binding and 

internalization can overcome this limitation, opening new therapeutic avenues. Additionally, 

many peptides and proteins are generated in a local environment; systemic administration 

results in undesirable outcomes. Redirecting the peptide/protein to its local site of action can 

mitigate such side effects. This subsection highlights a few examples of successful delivery 

of therapeutic peptides and proteins.

7.2.1. Delivery of Therapeutic Peptides—Targeting peptides can also be conjugated to 

other peptides with known cellular activities. By far, the peptide most widely used in this 

context is the proapoptotic peptide (KLAKLAK)2. Although inactive outside cells, the 

(KLAKLAK)2 peptide exerts intracellular toxicity by disrupting the mitochondria, leading 

to subsequent cell death. As (KLAKLAK)2 does not cross the cellular membrane unless 

attached to an internalizing cell-targeting peptide, it is nontoxic to other cells. This peptide is 

often synthesized using protease-resistant D-amino acids, increasing its chances of reaching a 

tumor as an intact active peptide. Numerous cancer-targeting peptides have been fused to the 

proapoptotic peptide for either in vitro killing of cancer cells104,172,214,215,252,277 or in vivo 

inhibition of tumor growth in rodents.104,277

The (KLAKLAK)2 peptide is also being developed as an antiobesity therapy. The white-fat-

vasculature-specific peptide CKGGRAKDC, isolated from an in vivo screen in the obese 

leptin-deficient (Lepob/ob) mouse model, was used to ablate white fat in mice.414 This 

CKGGRAKDC peptide was linked to the D-enantiomer of the proapoptotic (KLAKLAK)2 

peptide and injected subcutaneously into wild-type mice forced into obesity by a high-

calorie diet. After a month of daily treatment, mice treated with the CKGGRAKDC-
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GG-D(KLAKLAK)2 peptide conjugate were an average of 15 g lighter than control mice 

treated with unconjugated CKGGRAKDC and D(KLAKLAK)2. Immunohistochemistry 

revealed specific apoptosis in the white fat vasculature of the conjugate-treated mice and not 

in that of control-treated mice. Significantly, fat ablation also led to increased metabolism 

and reversal of insulin resistance in conjugate-treated mice. Similar results were observed in 

obese rhesus macaques and baboons.415 The only observed side effect was mild renal 

degeneration, which was reversible.

Other biologically active peptides can be delivered as well. The cardiac-endothelium-

specific CRPPR peptide359 was coupled to the antioxidant peptide gp91ds for antioxidant 

therapy.360 Gp91ds inhibits the assembly of NAD(P)H oxidase, preventing its production of 

the reactive oxygen species superoxide.527 As superoxide reacts with nitric oxide, lowering 

its bioavailable levels, blood vessels no longer relax normally and blood pressure eventually 

rises.527 Thus, antioxidant therapy with gp91ds should lower blood pressure if the gp91ds is 

able to reach its biological target in the cardiac endothelium. The CRPPR peptide–gp91ds 

conjugate was administered to hypertensive and stroke-prone rats through a subcutaneous 

osmotic minipump. The rats experienced an increase in nitric oxide availability and a 

decrease in systolic blood pressure consistent with specific delivery of the gp91ds to the 

cardiac endothelium.360 Although this is unlikely to translate into a therapy available for 

patients due to the large amount of peptide needed to reduce blood pressure, it is an 

interesting lead for the development of future therapies.360

7.2.2. Delivery of Therapeutic Proteins—Targeting peptides can deliver therapeutic 

proteins when created as peptide–therapeutic protein fusion proteins. Unlike the chemical 

conjugation used to make peptide–small-molecule and peptide–peptide conjugates, most of 

these conjugates are created genetically. Peptides selected from phage-displayed libraries 

have been fused to a variety of proteins, including toxic shock syndrome toxin 1,154 vascular 

endothelial cell growth inhibitor,129 the kringle 5 fragment of human plasminogen,130 a 

fragment of tumstatin (tum-5),292 interferon α (INFα2a),290,291 and interleukin-2 (IL-2).316 

Additionally, three peptides have been conjugated to either TNF-α or a mutant version of 

the same protein.136,261,284,285,287,288 Significantly, all of these peptide–protein fusions have 

been used for in vivo therapeutic experiments in rodent cancer models, leading to either 

inhibition of tumor growth or increased survival. Of particular interest is one of the TNF-α 

conjugates. A shortened version of the NGR peptide, CNGRCG, expressed as a fusion 

protein with TNF-α is currently in clinical trials.528 Due to the success of phase I and II 

trials for this conjugate, it was granted “orphan drug” status in both the European Union and 

the United States for the treatment of malignant pleural mesothelioma (MPM).528 Phase III 

trials for NGR–TNF in MPM patients are ongoing.

7.3. Peptides Used for Immunization

As dendritic cells (DCs) are antigen-sampling and -presenting cells that can initiate both 

adaptive and humoral immune responses, they are attractive targets for targeted delivery of 

antigens. In the most common approach to DC-based vaccines, DCs are cultured from blood 

or bone marrow progenitor cells in the presence of cytokines, pulsed with the appropriate 

tumor antigen, and injected back into the patient. This is a complicated and expensive 
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process.529 However, several recent studies used antibodies, antibody fragments, or other 

ligands that bind to dendritic cells to specifically deliver antigens in vivo.529–534 

Accordingly, peptides can be used to specifically target antigens in vivo. Faham and Altin 

used the previously isolated dendritic-cell-binding peptide CGRWSGWPADLC390 to 

specifically target dendritic cells in mice in vivo.391 The peptide was first attached to a 

liposome carrying OVA as a model antigen. Mice vaccinated with peptide–OVA–liposomes 

by intravenous injection produced OVA-specific antibodies unlike mice vaccinated with 

control OVA–liposomes. Additionally, the peptide was grafted onto plasma membrane 

vehicles derived from B16-OVA cells, a metastatic murine melanoma cell line that secretes 

OVA. Vaccinating mice with these peptide membrane vehicles before introducing B16-

OVA cells into the mice significantly reduced the number of lung metastases (Figure 9). 

Additionally, mice bearing existing B16-OVA tumors that underwent subsequent 

vaccination with the peptide membrane vehicles experienced considerable tumor growth 

inhibition, with four out of five treated mice experiencing complete remission by day 30. 

The dendritic-cell-specific peptide XS52.1, isolated from in vitro panning against the mouse 

dendritic cell line XS52, was also isolated with the intent of improving vaccination.393 

Although use of the free peptide to elicit an immune response has not been tested, the 

peptide displayed on the phage was able to induce an immune response. Mice injected 

intradermally with XS52.1 phage and not those injected with a control peptide-displaying 

phage developed antiphage serum antibodies. Further studies need to be performed with the 

synthetic peptide to verify that the peptide itself is able to deliver antigens and elicit an 

immune response.

The antigen-sampling M cells of the intestinal epithelium sample antigens in the gut and 

transport them a short distance to a binding pocket in which immune cells such as 

lymphocytes or macrophages dock.395 Thus, the M cells can carry antigens out of the gut to 

immune cells to facilitate an immune response.395 Due to these traits, M cells are desirable 

targets of orally available vaccines.395 Peptides that could direct the oral vaccine to M cells 

would allow for specific delivery of the vaccine to immune cells for initiation of an immune 

response. The Co1 peptide identified from in vitro panning against human M-like cells was 

used to target a model oral vaccine in mice.397 When the Co1 peptide was fused to the 

fluorescent protein EGFP and given orally to mice, it was able to bind M cells and transport 

across the intestine as evidenced by fluorescent imaging of Peyer’s patch tissue sections at 

different times post peptide–EGFP injection. Significantly, after six weeks of oral 

administration of Co1–EGFP in mice, the mice developed both serum IgG and fecal IgA 

antibodies against the EGFP, indicating that the vaccine induced an immune response. 

Importantly, Co1–EGFP induced antibody production that was 2–3-fold higher than that 

induced by EGFP alone. Since Co1 has also been shown to bind (and was isolated against) 

human M-like cells in culture, this peptide may translate well into the clinic. Similar 

immune activation was observed when using the M-cell-targeting peptide CL3 to deliver 

EGFP, suggesting that targeting M cells is a potential route to develop oral vaccines.398

8. PEPTIDES USED TO DELIVER OLIGONUCLEOTIDES

Delivery of genes, siRNA, and miRNA to cells requires carriers that protect the 

oligonucleotides during transport and facilitate delivery of the highly charged molecules 

Gray and Brown Page 38

Chem Rev. Author manuscript; available in PMC 2015 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



across the cell membrane. Again, cell-targeting peptides have been used to deliver DNA and 

RNA to cells. Bacteriophage phage clones that internalize into mammalian cells can deliver 

DNA; however, the transfection efficiency is low.182,535–540 To overcome low transfection 

efficiencies, targeting peptides have been spliced onto eukaryotic viral vectors which have 

high transfection efficiencies or have been incorporated into chemical gene delivery 

systems. Numerous cell-targeting peptides have been used to transduce specific cells as 

noted in Tables 2–17. In this section we point out several studies that have either led to in 

vivo delivery of an oligonucleotide and/or shown a functional biological outcome.

8.1. Engineered Viruses for Delivery of Oligonucleotides

Viral vectors have high transfection efficiencies. However, removal of the native viral 

tropism must occur to redirect the gene transfer to the targeted cell type.541–543 Most efforts 

have focused on grafting cell-targeting peptides onto engineered adenovirus as noted below. 

Recently, peptides have been inserted into adeno-associated virus (AAV) for targeted gene 

delivery.544 Because it has been difficult to maintain peptide targeting function in the 

context of the AAV,544 new AAV peptide libraries have been made so that peptides can be 

isolated directly in the context of the virus in which they will be used.545,546 These AAV 

libraries were recently reviewed elsewhere and are not covered in this review as the selected 

peptides have not been tested outside the context of AAV.544

Gene therapy with cardioprotective genes targeted to the cardiac vasculature has the 

potential to prevent coronary heart disease and to improve the side effects caused by 

ischemia after heart attacks (myocardial infarction). One recent study isolated the novel 

peptide DDTRHWG against the cardiac endothelium of hypertensive rats and inserted this 

peptide into the H1 loop of a modified adenovirus serotype 5 vector (Ad5), termed Ad5/19p, 

created for its reduced liver tropism.369 A peptide-directed virus expressing LacZ was able 

to specifically transduce cardiac endothelium in vivo, with no virus detected in the liver. 

This proof of principle gene transduction suggests that this same peptide–adenovirus vector 

may be used to deliver a gene directed at improving cardiac vasculature function.

As diseases such as epilepsy and depression are connected to altered neurogenesis,435,436 

gene delivery to neural stem cells has the potential for therapeutic effects. The neural-stem-

cellbinding peptides QTRFLLH and VPTQSSG were conjugated to AdGFPL adenovirus, 

which is mutated to ablate natural tropism and contains the GFP gene.428 

AdGFPL.QTRFLLH and AdGFPL.VPTQSSG were injected into the mouse brain and 

shown to specifically transduce neural stem cells in the dentate gyrus, as detected by GFP 

fluorescence in brain tissue sections. This suggests that these peptides could be used to 

deliver therapeutic genes to the neural stem cells. However, it will be important to verify 

that these peptides still bind human neural stem cells.

The kidney-specific peptides HTT and HIT were isolated by in vivo panning in rats.431 

Expressing both peptides in the HI loop of the Ad19p adenovirus previously shown to have 

reduced hepatic specificity547 allowed for specific peptidemediated gene delivery to the 

kidneys.431 Rats were injected with Ad19p-HTT, Ad19p-HIT, or the control Ad19p, all 

containing the model gene LacZ. All rats were sacrificed 5 days later, and kidney sections 

were visualized by immunohistochemistry for β-galactosidase expression. Unlike the control 
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vectors, both the HTT and HIT vectors specifically transduced cells in the kidney, resulting 

in kidney β-galactosidase expression. Ad19p-HTT-treated rats had β-galactosidase 

expression in the epithelial cells of the kidney tubules, while Ad19p-HIT-treated rats had β-

galactosidase expression within the cells of the glomerulus. Importantly, β-galactosidase was 

not detected in other nontarget organs, including the liver. These results suggest that the 

HTT and HIT peptides can be used for specific kidney gene targeting when incorporated 

into the Ad19p adenovirus.

Arap and Pasqualini took an innovative approach in which the features of the viral vectors 

were incorporated into an fd-tet bacteriophage.548–550 Specifically, a mammalian transgene 

cassette from AAV was inserted into a noncoding region of the bacteriophage genome. This 

vector, referred to as AAVP, has been utilized to deliver several genes to different target cell 

types. The RGD-4C peptide that binds αvβ3 and α5β1 integrins has been utilized to create 

chimeric AAVP virus that facilitates functional gene transfer specifically to tumor 

vasculature and adjacent tumor cells.551 For example, delivery and expression of the tHSVtk 

gene results in expression of herpes simplex virus type-1 thymidine kinase selectively in the 

targeted tumor. Remarkably, no significant gene expression is observed in the liver. The 

TNF-α gene has been delivered to tumors by the same approach, resulting in TNF-α 

expression and significant reduction in tumor size.552 As a result, RGDdirected AAVP 

carrying TNF-α is in preclinical development.553

The mPep peptide isolated by panning against the mouse preadipocyte cell line 3T3-L1 was 

used to specifically deliver the Ucp1 gene to 3T3-L1 cells.413 As Ucp1 has antiobesity 

properties and can inhibit lipogenesis,554 it was added to an AAVP vector displaying the 

mPep peptide.413 mPep-AAVP-Ucp1 specifically targeted 3T3-L1 cells in vitro, and 7 days 

after transduction the cells failed to differentiate into adipocytes. By contrast, nontargeted 

AAVP-Ucp1 was unable to transduce 3T3-L1 cells, and the cells differentiated into 

adipocytes.

8.2. Chemical-Based Systems for Targeted Delivery of Oligonucleotides

Oligonucleotides can be condensed on polycation polymers and delivered to cells using a 

targeting peptide. These chemical-based systems are easier to synthesize than the 

corresponding viral gene delivery systems and do not suffer from inherent immunogenicity. 

While their transfection efficiency is lower than that of viral delivery, synthetic gene 

delivery systems are progressing as viable options for in vivo treatment. For example, a 

peptide selected against cells overexpressing Tie2 is able to specifically deliver DNA 

condensed on a poly(ethylenimine) construct to mice bearing SPC-A1 lung cancer.462 This 

construct was used to deliver WT p53, resulting in a significant decrease in tumor size due 

to restoration of p53’s tumor suppressor activity.

The EGFR-targeting peptide GE11 was conjugated to linear poly(ethylenimine) to deliver 

the sodium iodide symporter (NIS) gene for 131I therapy of liver cancer in mice.555 NIS is 

the protein that allows the thyroid to accumulate iodide, and its expression in thyroid cancer 

allows for the treatment of thyroid cancer using radioiodine, the most effective radiotherapy 

currently in clinical use. Liver-tumor-bearing mice injected intravenously with the polyplex 
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and then given 131I 24 h later experienced significant tumor growth delay compared to mice 

with control treatments.

Gene delivery has not been limited to cancer cells. Nam et al. used the previously identified 

cardiomyocyte-specific peptide PCM.1213 to specifically deliver cardioprotective siRNA to 

H9C2 rat cardiac myocytes in vitro.371 The PCM.1 peptide was conjugated to a bioreducible 

polymer, poly(CBA-DAH), and complexed with Fas siRNA, a known inhibitor of 

cardiomyocyte apoptosis. The PCM–polymer–siRNA complex knocked down Fas 

expression in hypoxic H9C2 cells, reducing cell apoptosis. As hypoxia is a side effect of 

ischemic myocardium, in vivo studies with this complex may provide interesting therapeutic 

leads for the disease.

The dendritic-cell-specific peptide XS52.1, isolated from in vitro panning against the mouse 

dendritic cell line XS52, was also used to specifically deliver a gene in vivo.393 The XS52.1 

peptide was incorporated into a liposome containing a luciferase gene plasmid and injected 

into the skin of mice. Immunofluorescence of cell suspensions from lymph nodes isolated 24 

h later demonstrated XS52.1-mediated specific delivery of the luciferase gene to the 

dendritic cells of the skin. Quantification of luciferase expression demonstrated 10-fold 

more luciferase in dendritic cells targeted with XS52.1–liposomes as opposed to cells given 

control peptide or no peptide liposomes. This study suggests that the XS52.1 peptide could 

be used to deliver biologically active genes to the dendritic cells of the skin.

9. USE OF PEPTIDES FOR DIAGNOSTIC APPLICATIONS

Due to the high specificity of targeting peptides, they can be adapted for diagnostic 

applications in the same manner in which antibodies are currently used. The advantages of 

using peptides over antibodies for in vitro assays are minimal; as such, most efforts have 

focused on developing peptides for in vivo diagnostic imaging. In particular, there is a surge 

of peptides being used as molecular imaging probes. The next sections will highlight recent 

advances in translating selected cell-binding peptides into useful diagnostics.

9.1. Peptides Used for in Vitro Diagnostics

Peptides can serve as antibody replacements for immunohistochemistry, and since peptides 

can easily be labeled with a variety of fluorophores, using them in multiplexed assays is 

possible. However, as the molecular target for most of the selected peptides is unknown, 

they are unlikely to replace antibodies for pathological classifications. Rather, the ability of 

these peptides to bind to intact cells in a highly specific fashion makes them ideal for 

isolation of the target cell from a background of other cells. This is especially important 

when the cell of interest is a minority population, such as a circulating tumor cell. Several 

peptides have been used to isolate tumor cells from whole blood. The cDGWGPNc peptide 

was isolated from an OBOC library screen against multiple ovarian cancer cell lines. When 

placed on the surface of polystyrene beads, cDGWGPNc is able to bind ovarian cancer cells 

mixed into blood.335 The pA peptide, selected from an OBOC screen against A549 non-

small-cell lung cancer cells, was able to pull down cancer cells from the pleural fluid of a 

patient with lung adenocarcinoma.338 The QMARIPKRLARH peptide, selected from an 

OBOC screen against LNCaP cells, also bound LNCaP cells in whole blood.50 The A20 
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peptide, selected for binding to a B-cell lymphoma cell line from a phage-displayed library, 

can enrich for the cancerous cells out of a background of normal Bcells. 212

Recently, Lam and co-workers described an interesting method with diagnostic potential for 

OBOC peptides involving what they term “rainbow beads”.556 After the synthesis of 

peptides on TentaGel resin beads using standard Fmoc library synthesis, the beads were 

dyed using commercially available organic dyes. Subsequent washing, drying, and soaking 

resulted in distinctly colored beads that displayed a given peptide of interest. Using this 

method, a group of six different peptides and peptidomimetics were synthesized on dye-

labeled beads such that each peptide or peptidomimetic had its own distinct bead color. The 

beads were then mixed and incubated with different cancer cell lines to examine the ability 

of each peptide to bind to each cell line. Peptide specificity for the cell lines was examined 

using a standard inverted microscope with white light. The different peptides were easily 

distinguishable by their different bead colors, and cell specificity for peptides was 

determined by looking for colored beads that bound cells. This method has the potential to 

quickly determine peptide specificity for different cell types and can be multiplexed. 

Similarly, multiplexed assays to determine the binding profile of multiple peptides on a 

single sample can be performed using peptides conjugated to quantum dots with different 

emission wavelengths.

Although not diagnostic, another example of using peptides to isolate cancer cells was 

provided by McDonald and colleagues.119,120 The EphA2-receptor-specific peptide YSA 

was conjugated to superparamagentic nanoparticles and used to remove ovarian cancer cells 

in vitro from peritoneal fluids removed by paracentesis. After incubation with the peptide–

nanoparticles, a magnet was used to isolate the nanoparticles along with their bound cancer 

cells, and the remaining peritoneal fluid was drawn off and reintroduced into the mouse. 

This resulted in tumor growth inhibition and increased survival times compared to those in 

control mice treated identically without the peptide–nanoparticles.

9.2. Peptides Used for in Vivo Diagnostics

Imaging agents can be incorporated into cell-targeting peptides with relative ease. Peptides 

have been used for different imaging platforms, including optical, positron emission 

tomography (PET), single positron emission tomography (SPECT), and magnetic resonance 

imaging (MRI). These imaging probes have the potential to detect diseases at early stages, 

locate residual or metastatic disease, and/or provide molecular profiles of cells. Examples of 

selected peptides used for optical imaging, PET, and MRI are discussed below. Of note, the 

use of cancerspecific peptides isolated by phage display for molecular imaging has been 

reviewed elsewhere.557

9.2.1. Peptides Used for Optical Imaging—Progress is being made in the 

development of near-infrared red reagents,558 yet whole-body fluorescence imaging in 

humans is currently not feasible due to high background fluorescence, poor light 

penetration, and inherent light scattering.559 However, it is a valuable research tool in 

animal models to determine biodistribution of targeting peptides and/or optimization of 

peptides for improved targeting. Peptides have been attached to a variety of dyes or 
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fluorescent nanoparticles, such as quantum dots, for in vivo optical fluorescence 

imaging.305,560,561 The numerous peptides that have been used for optical imaging in 

animals are noted in the tables; peptides selected from phage display, OBOC, and PS-SPCL 

libraries are represented.

Optical imaging can also be used in conjunction with other diagnostic tools. For example, ex 

vivo phage display was used to isolate a 6-mer peptide specific for fresh human colon 

adenomas. This peptide was fluorescently labeled and administered topically to patients 

undergoing colonoscopy.236 Dysplastic regions of the colon could be distinguished from 

normal tissue with a sensitivity and specificity of 80% using confocal microendoscopy. 

Another study used in vivo phage display to isolate a peptide specific for mouse colon 

dysplasia. A fluorescently labeled version of this peptide bound colonic dysplasia in mice 

and was easily detected using wide-field endoscopy.317 Although this dysplasia-specific 

peptide was isolated from a mouse model of the disease, preliminary experiments 

demonstrate specific binding to human colon dysplastic adenomas over normal colon tissue. 

Phase I clinical trials have started to determine the utility of this approach in both colon and 

esophageal cancers. These successes highlight the potential clinical use of peptides for the 

early diagnosis of cancer. This also points to the possibility of using labeled peptides during 

surgery to distinguish tumor borders in real time.

Hallahan and co-workers demonstrated use of their TIP-1-receptor-binding peptide 

HVGGSSV to optically image and improve treatment for irradiated tumors.265,320 A 

theranosic agent was synthesized in which the peptide was conjugated to an AlexaFluor 

750–nab-paclitaxel (nanoparticle albumin-bound paclitaxel) platform for treatment and near-

infrared imaging. In a similar study, a peptide isolated from irradiated glioma cells showed 

specific near-infrared imaging when labeled with AlexaFluor 750 and delayed tumor growth 

when conjugated to a paclitaxel-containing nanoparticle.320

Near-infrared imaging has also been employed for heart imaging. The CTP peptide, isolated 

by a combination of in vitro and in vivo panning against normal murine cardiomyoctyes, 

was conjugated to commercially available 40 nm sized neutravidin–fluorospheres which 

fluoresce in the near-infrared range.358 Intracardiac injection in mice demonstrated 

heartspecific imaging for the CTP–fluorospheres as compared to control peptide–

fluorospheres (Figure 10). Specificity after intravenous injection of the peptide–

nanoparticles remains to be determined.

The brain-specific TGN peptide was isolated in an effort to bypass the blood–brain barrier. 

This peptide was conjugated to ~100 nm sized PEG–poly(lactic-co-glycolic acid) (PLGA) 

nanoparticles loaded with the near-infrared dye DiR.206 After tail vein injection into mice, 

these particles homed to the brain as evidenced by live animal fluorescence imaging. Ex 

vivo imaging of organs after the mice were sacrificed revealed that control nanoparticles 

without peptide primarily accumulated in the liver and spleen and did not accumulate in the 

brain. The targeted TGN nanoparticles had significantly reduced liver and spleen clearance 

compared to the control nanoparticles.
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9.2.2. Peptides Used for Molecular Positron Emission Tomography—PET can 

detect molecules down to picomolar concentrations and is considered one of the most 

sensitive molecular imaging techniques.562 As such it is an ideal platform for molecular 

imaging. The low spatial resolution of PET has been compensated for by the generation of 

PET/CT scanners that combine the sensitivity of PET with the anatomical resolution of 

computed tomography (CT). PET radioisotopes can be incorporated directly into targeting 

peptides (i.e., 18F and 131I), or chelators can be conjugated to the peptides and loaded with 

radiometals (i.e., 64Cu and 68Ga). SPECT is another imaging modality that can utilize cell-

targeting peptides for the delivery of radioisotopes (99Tc, 111In, and 123I). Peptidebased 

imaging probes are anticipated to increase the sensitivity of detection while providing 

molecular information without the need for biopsy. However, as targeting peptides exhibit 

restricted binding profiles, it is reasonable to be cautious about their use as early detection 

agents. This is especially true for the cancer-binding peptides which have affinity for 

discrete subsets of tumors. Instead, they are more likely to find utility in providing 

molecular information about a tumor before or during treatment as well as in detecting 

micrometastases. Information obtained from PET imaging could aid in determining which 

ligand(s) should be employed for therapeutic targeting for an individual patient. Of 

importance, PET imaging can also provide the biodistribution information which is critical 

in preclinical optimization of cell-targeting peptides.563

Compared to antibodies, peptides are more amenable to the reaction conditions required for 

chemical modifications and labeling.564,565 Unlike antibodies, the in vivo half-life of the 

peptides is well matched to the half-life of most commonly used PET radionuclides. Most 

peptide-based PET imaging has been performed using naturally occurring peptidyl ligands 

such as bombesin and somatostatin.566–568 Several RGD-containing peptides, including the 

RGD-4C peptide,296,569 have been used to image αvβ3 in angiogenic vasculature.570,571 

RGD peptides are in early clinical trials as molecular PET imaging agents for 

angiogenesis.572–574

Development of molecular agents for PET requires a fine balance between clearance rates, 

tumor retention, and nonspecific uptake in other tissues. Radiolabeled peptides must have 

certain characteristics to work well in vivo: they must have high affinity for their target, 

exhibit low nonspecific binding, and be stable in serum, maintaining the peptide integrity 

and retention of the radioisotope. Additionally, the peptide-based imaging agent must clear 

rapidly from the plasma and excrete in a manner that does not interfere with imaging.575 

Kidney accumulation of radiolabeled peptides is a significant problem.576 While different 

mechanisms have been proposed for this accumulation, the current consensus is that 

particles below 20–30 kDa in size are filtered by the glomerulus and then reabsorbed by the 

proximal renal tubules.575,577 Small changes in the peptide sequence, linker, chelator, and 

isotope can dramatically affect the biodistribution. The empirical process involved in 

optimizing PET agents is time-consuming and costly. Nonetheless, cell-binding ligands 

isolated from peptide libraries are emerging as molecular imaging agents.

Many of the cancer-specific peptides have been used for molecular PET and SPECT 

imaging. For example, a tetrameric, PEGylated version of the plectin-1-binding peptide 

KTLLPTP was used for SPECT imaging of orthotopic pancreatic tumors in mice.74 
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Importantly, preinvasive lesions as well as liver metastases were detected. This imaging 

probe could also distinguish pancreatic cancers from chronic pancreatitis and may be an 

effective probe to determine whether a patient is a candidate for biopsy. Peptides can also be 

used to determine receptor expression in a tumor. For example, the EphB4-binding TNYL 

peptide was labeled with 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) 

and loaded with 64Cu.125 This imaging probe was able to distinguish between EphB4-

positive and -negative tumors by small-animal PET/CT (Figure 11).

In an extraordinary feat, the Sutcliffe laboratory combined screening of an OBOC peptide 

library with high-throughput imaging to develop molecular imaging agents for the cancer 

biomarker αvβ6.578 By screening a limited OBOC peptide library, a total of 55 peptides were 

identified. This set of peptides were labeled with 4-[19F]fluorobenzoic acid and tested for 

affinity to αvβ6 as well as specificity for αvβ6 compared to other integrins. On the basis of 

the in vitro results, 42 peptides were labeled with 4-[18F]fluorobenzoic acid for analysis by 

PET. Within 11 days, all 42 peptides had been tested, and 4 peptides displayed favorable 

biodistribution profiles. Surprisingly, little correlation between in vitro affinity and integrin 

specificity and in vivo tumor accumulation and specificity was observed. Thus, this 

combination of high-throughput peptide selection and imaging can identify good imaging 

agents that would otherwise be discarded. However, this approach requires easy access to a 

source of 18F, large quantities of time on a small-animal PET/CT system, and significant 

numbers of animals; these resources are expensive and not widely available.

Molecular PET is not limited to cancer imaging. The cardiacendothelium-specific CRPPR 

peptide359 was coupled to the surface of PEGylated liposomes incorporating 18F-labled lipid 

for PET imaging.370 Mice injected with the liposomes were imaged by PET for 90 min. The 

CRPPR-targeted liposomes accumulated in the heart with lower accumulation in the liver, 

spleen, and bladder. Nontargeted liposomes primarily stayed in circulation, resulting in 

some signal in the heart as well. In another example, an 18F-labeled tetrameric version of the 

VCAM-1-binding peptide VINP-28 detected inflammatory atherosclerosis by dynamic PET 

imaging.379 This probe may find utility in detecting small atherosclerotic plaques.

As properly functioning pancreatic islet β cells are crucial for glucose regulation and 

prevention and management of diabetes, a great deal of attention has been placed on 

techniques that could noninvasively monitor β cell mass and function.409 The RIP1 peptide 

isolated by ex vivo panning against freshly isolated rat pancreatic islets is selective for the β 

cells of normal rats and does not home to the β cells of a rat diabetic model.75 Thus, it could 

potentially be used to image properly functioning, normal β cells. While the peptide has not 

been tested outside the context of the phage, 124I-labeled phage was able to specifically 

target the pancreas in vivo with efficient clearance from other organs.409 The [124I]RIP1 

phage was injected into the tail vain of rats and imaged by PET 4 h later. Although the RIP1 

phage appears to accumulate in the pancreas, further studies with radiolabeled RIP1 peptide 

need to be done to confirm the utility of this peptide for normal β cell imaging.

9.2.3. Peptides Used for Molecular Magnetic Resonance Imaging—MRI yields 

high-resolution images, but current contrast agents suffer from a lack of sensitivity. Few 

molecular MR probes have been reported because it is challenging to target enough T1 
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contrast agent, such as gadoteridol, to the desired cell type to achieve a reasonable signal. 

For this reason, many have turned to iron oxide particles, which are a highly sensitive T2 

agent that darkens the signal in regions in which the nanoparticles accumulate.579 Several 

nontargeted iron oxide nanoparticles (IONPs) are FDA-approved. 580

A plectin-1-binding peptide that homes to pancreatic ductal adenocarcinomas has been 

coupled to fluorescent cross-linked iron oxide nanoparticles.561 These peptide–nanoparticles 

home to pancreatic ductal adenocarcinoma as determined by both intravital fluorescence 

microscopy and ex vivo MRI. Using the Huisgen cycloaddition, better known as click 

chemistry, the LyP-1 peptide has been attached to fluorescently labeled, dextran-

encapsulated iron oxide particles.306 The total amount of nontargeted and targeted 

nanoparticle in the tumor was found to be the same, yet the targeted particle penetrated 

within the tumor while the naked nanoparticle remained localized around the tumor blood 

vessels. In both of these examples, the peptides home to the appropriate tumors in animals as 

assessed by ex vivo fluorescent imaging, but in vivo MR imaging was not performed.

To facilitate conjugation of peptides to iron oxide nanoparticles, a one-step procedure for the 

surface functionalization of SPIO with a targeting peptide has been developed.581 The 

hydrophobic surfactants on the SPIO nanoparticles can be displaced through ligand 

exchange with a peptide containing a C-terminal polyethylene glycol-tethered cysteine 

residue. The resulting SPIO particles are biocompatible and demonstrate high T2 relaxivity. 

Attachment of the αvβ6-binding peptide H2009.1 resulted in specific targeting of αvβ6-

expressing lung cancer cells as demonstrated by in vitro MR imaging and Prussian blue 

staining. This surface chemistry may expand the use of SPIO for MR imaging, but in vivo 

compatibility still needs to be determined.

The VCAM-1-specific CVHSPNKKC peptide has been used for a variety of in vivo imaging 

techniques for both cardiac endothelium in atherosclerotic lesions and for imaging of 

VCAM-1-expressing endothelial cells in other areas of inflammation.365 The peptide was 

conjugated to cross-linked iron oxide nanoparticles labeled with Cy5.5 dye. These 

magnetofluorescent nanoparticles were then used to image both the vasculature of an 

inflamed ear and the atherosclerotic lesions in the ApoE−/− mouse model of atherosclerosis. 

Acute inflammation was created in mouse ears by site-specific injection of TNF-α, causing 

VCAM-1 upregulation on the ear vasculature. Intravenous injection of peptide–

nanoparticles led to specific accumulation of the nanoparticles in the inflamed ear 

vasculature, as evident by fluorescent images from intravital confocal microscopy (Figure 

12A). The iron oxide component of the targeted nanoparticles also allowed for their use in 

MR imaging of atherosclerotic lesions. ApoE−/− mice with atherosclerotic lesions were 

injected intravenously with the peptide–nanoparticles and the lesions imaged by MRI. 

Specific darkening of the atherosclerotic lesions was evident in mice given the peptide–

nanoparticles, consistent with accumulation of iron oxide in these areas. Areas of the aortic 

wall with thickening specifically accumulated the targeted nanoparticles, and this 

accumulation was verified by both ex vivo MRI and ex vivo fluorescent images of excised 

aortas (Figure 12B). Importantly, the targeted peptide nanoparticles did not accumulate in 

aorta of wild-type mice without atherosclerotic lesions, and nontargeted nanoparticles did 
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not accumulate in the atherosclerotic areas of the aorta, as evidenced by both ex vivo MRI 

and ex vivo fluorescent imaging of excised aortas.

10. TRANSLATION OF TARGETING PEPTIDES FROM LIBRARY SCAFFOLD 

TO FUNCTIONAL SYNTHETIC PEPTIDES

Despite the ease of identifying cell-binding ligands from peptide libraries, these approaches 

fell out of favor with some researchers in the community. Specifically, many peptides have 

had poor affinities when synthesized as free peptides; maintaining the affinity and activity of 

peptides selected from peptide libraries outside the context of their original scaffold has 

been an impediment. Many reports utilized monomeric peptides, and this review has 

highlighted many of them. However, the affinities of numerous peptides are in the 

micromolar range, which is unsuitable for most clinical applications. This is especially true 

for peptides selected from phage or OBOC libraries. In both cases, the peptides are 

displayed in multiple copies on their scaffold; thus, the peptides may bind to their cellular 

target via a multivalent interaction. The increased affinity due to multivalent binding is lost 

when the peptides are used in their monomeric forms. Additionally, many endocytotic 

processes are initiated by receptor multimerization at the cell surface. If internalization of 

the peptide is desired, the free peptide must facilitate this interaction on the cell surface.

Several different methods have been used to synthesize multimeric peptides to improve 

affinity (Figure 13). Multimerization of the cell-targeting peptides on a trilysine core is a 

useful scaffold for retaining the peptide activity outside the context of the phage. The 

trilysine scaffold mimics the presentation of the peptides on the pIII protein of the phage in 

both valency and the orientation of the displayed peptides. Additionally, the trilysine core 

can be modified with a variety of different moieties (drugs, drug carriers, metal chelators, 

dyes, biotin, and so on) without affecting peptide binding. While these multimeric peptides 

can be synthesized by linear Fmoc chemistry, we reported a convergent synthesis involving 

a chemoselective reaction of a cysteine with a maleimide-capped trilysine core.223 This 

chemistry is facile and is not restricted to laboratories with expertise in synthetic peptide 

chemistry. We and others have found the tetrameric trilysine framework to be a general 

platform for cell-targeting peptides selected from phage-displayed peptide 

libraries.212,218,220,393,582 Tetramerization of a peptide increases its affinity for its target cell 

25–100-fold when compared to that of the monomeric peptide, indicating the importance of 

multivalent binding. For example, we have synthesized a tetrameric peptide that binds αvβ6-

expressing cells. The monomeric peptide binds H2009 adenocarcinoma NSCLC cells with a 

half-maximal binding affinity of 9.2 nM, while the tetrameric peptide increases affinity to 11 

pM. This tetrameric peptide has affinities that are competitive with those of antibodies. An 

additional benefit to tetramerization of the peptides on this core is an increase in serum 

stability due to a reduced susceptibility to protease degradation.582–585 Although tetrameric 

peptides are most commonly used, dimeric and trimeric peptides can be synthesized by a 

similar strategy.223

Another useful scaffold for displaying peptides is a pentavalent dendritic wedge.308,586,587 

The AB5 synthon allows for the attachment of five peptides via native chemical ligation or 

oxime formation. As anticipated, a synergistic boost in affinity is observed due to 
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multivalent binding to the target. Like the trilysine core, the focal point on the dendron can 

be modified to carry different cargoes, and linkers can be placed between the AB5 core and 

the targeting peptide as necessary. Several peptides have been placed on the wedge scaffold, 

including the CREKA and LyP-1 peptides.

It has been assumed that conjugation of multiple copies of a ligand to the surface of a 

nanoparticle will impart multivalent binding and improve affinity of the ligand for its 

target,588 yet these platforms are unlikely to display the peptides in an optimal multimeric 

conformation. Additionally, increasing the copy number of the ligand on the nanoparticle to 

improve the effects of multivalent binding can result in increased nonspecific binding. We 

recently reported the effects of peptide valency, density, and affinity on nanoparticle 

delivery and therapeutic efficacy, using the αvβ6-binding H2009.1 peptide as a model phage-

selected peptide and liposomal doxorubicin as a model nanoparticle.227 Liposomes 

displaying the higher affinity multivalent H2009.1 tetrameric peptide demonstrated 5–10-

fold higher drug delivery than liposomes displaying the lower affinity monomeric H2009.1 

peptide, even when the same number of peptide subunits were displayed on the liposome. 

Liposomal targeting also increased with increasing concentrations of H2009.1 tetrameric 

peptide on the liposome surface. Thus, both the multivalent peptide and the multivalent 

liposome scaffold worked together to increase targeting to αvβ6-expressing cells.

It should be noted that the boost in affinity for these multimeric peptide platforms is 

dependent on the receptor density on the surface of cells; the greater the receptor density, the 

more likely a significant synergistic improvement in affinity will be observed for multimeric 

peptide platforms.587 Additionally, the optimal valency may not necessarily be 4–5 peptide 

branches due to the spacing of the receptors on the cell surface. This stresses the importance 

of optimizing peptide affinity in the context of whole cells where the native receptor 

landscape is maintained.

11. PERSPECTIVES AND FUTURE CHALLENGES

11.1. Identification of Cellular Receptors

A major challenge in the field is the identification of the cellular targets of peptides selected 

from unbiased selections on whole cells and from in vivo selections. This is particularly 

striking when one realizes how few receptors have been identified for the peptides listed in 

Tables 2–17. Although these ligands can be used without knowledge of their cellular 

receptors, receptor identification remains a high priority. First, receptor identification can 

provide knowledge about the cell surface profile and how it differs between different cell 

types or states. Second, once identified, new ligands can be generated for the receptor. 

While peptides might be appropriate for some applications, antibodies, aptamers, peptoids, 

or small molecules may be a better choice for others. Third, FDA approval of any targeting 

ligand without knowledge of its cellular target will be difficult.

Approaches for receptor identification have focused on biochemical affinity purification 

and/or protein cross-linking followed by mass spectrometric identification of the isolated 

protein species.561,589,590 The low success rate is partly due to the inherent nature of 

membrane proteins. They are present in low abundance, and solubility is an issue. This 
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makes affinity purification and mass spectrometric identification difficult. It is important to 

remember that the cell surface has a topography in which proteins can multimerize with 

binding partners or cluster within microdomains. This surface landscape can contribute to 

the specificity of the peptidic ligands. In other words, peptide cell specificity may not arise 

from absolute receptor protein expression levels but from an arrangement of the receptors on 

the cell. This spatial information can be lost upon the preparation of membrane protein for 

affinity purification and is not borne out in mRNA levels. It is also important to note that 

while the assumption in the field has been that the peptides bind to protein receptors, they 

may instead be binding sugar moieties of glycoproteins or glycolipids or to phospholipids.

Protein databases can be searched for sequence similarity to the peptide. This has yielded 

candidate receptors for a few isolated peptides.591–593 For instance, homology of the lung-

cancer-binding peptide H2009.1 to the GH viral coat protein of the foot and mouth disease 

virus led to the identification of αvβ6 as the cellular receptor for this peptide.592 However, 

most phage-displayed peptide libraries are chemically synthesized and do not originate from 

biological sources. Furthermore, the complete sequence coverage of the longer peptides is 

limited. As such, the probability of the peptide sequence matching a biologically derived 

sequence is statistically low. Furthermore, many matches do not provide biological insight 

into the potential receptors. In summary, new techniques are needed to identify the receptor 

partners for the selected ligands. A combination of cell biology, proteomic, and genomic 

approaches will be needed to tackle this difficult problem. Finally, a note of caution: Many 

receptors have been repeatedly identified for different peptide ligands. For example, 

vimentin and gp78 have been identified repetitively. While these may indeed be the 

peptides’ binding partners, any initial protein identification needs to be followed by 

biochemical and molecular biology studies for confirmation.

11.2. Management of the Ever-Growing Peptide Sequence Data

As can be seen from this review, there are numerous peptides selected from different 

libraries. Furthermore, this list is not comprehensive and does not include peptides selected 

against antibodies, intracellular targets, inorganic materials, or small organic molecules. 

Collecting these data is not trivial and becomes more complicated as the field continues to 

grow, and individual laboratory databases are often incomplete. Recently, several Web-

based databases have been created to allow researchers to search for previously isolated 

peptides. The TumorHoPe database is focused on tumor-homing peptides and is manually 

curated.594 The MimoDB database is broader and not limited to tumor-targeting peptides. 

This database allows the user to search by sequence, target, library type, and structure.595 

Finally, PepBank contains peptide sequences obtained from text mining of MEDLINE 

abstracts as well as some manually curated sequences.596 The database has been modified, 

allowing users to vote in an effort to improve peptide classification.597 PepBank is 

particularly useful in identifying nonspecific phage clones that are repetitively selected from 

a particular library.207 It is currently the largest of the peptide databases. Both MimoDB and 

PepBank have features that allow for BLAST searches of the databases. With these 

resources available, researchers can determine if a peptide has been previously selected or 

has sequence similarity to another selected peptide. However, these resources are only as 

powerful as the completeness of the peptide repository. A random sampling of peptides from 
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Tables 2–17 found many sequences missing from the PepBank database. As such, central 

data storage of peptide sequences still needs refinement.

11.3. Physiological Challenges in Cell-Targeted Delivery of Biologically Active Cargo

While the selection process focuses on the molecular interactions between a peptide and its 

cellular receptor, there are numerous physiological parameters that can hinder the efficacy of 

targeted therapies.598 Many of the pharmacokinetic and pharmacodynamic parameters can 

be optimized by modification of the peptide, as is touched upon in the next subsection. 

However, even upon reaching the targeted region, delivery of biologically active cargo faces 

difficulties, such as efficient escape from the vasculature, available access of the receptors, 

penetration of the peptide to reach a majority of the cells, and release of the cargo in an 

active form. Vascular targets which are exposed to the bloodstream are more accessible, and 

many of the successes in targeted therapies involve endothelial receptors.291,599

Solid tumors present their own set of hurdles that must be dealt with when considering 

targeted therapy. Primarily, widespread distribution of the drug throughout the tumor such 

that the majority of tumor cells are eradicated is difficult.600 Tumors possess a poorly 

organized vasculature with chaotic branching structures. As a result, tumor cells can be up to 

100 µm from a functional blood vessel. Once the drug conjugate escapes from the 

vasculature, there remain long interstitial transport distances to reach cells in certain areas of 

the tumor, and this transport within the tumor relies primarily on diffusion. Diffusion rates 

and distances are limited by the dense extracellular matrix and tumor size. Additionally, 

tumors have dysfunctional lymphatic systems, causing them to have high interstitial 

pressure; this results in the convection of fluids from the interior of the tumor to its 

periphery and to surrounding tissues. Finally, a binding site barrier may limit diffusion into 

the tumor. High-affinity ligands can bind to the first target cells they encounter, and then, 

due to a rapid internalization and/or a slow off rate from the receptor, the ligand is no longer 

available to travel further into the tumor.601,602 All together, it is difficult to reach the less 

vascularized regions of the tumor, and much of the drug remains perivascular. Clearly the 

magnitude of these challenges will be tumor, receptor, and ligand specific.

Although the challenges are substantial, peptide-targeted tumor therapies are still very 

promising and may reduce several of these delivery problems. Peptides are smaller than 

currently used antibodies and are expected to diffuse more rapidly into the tumor. The 

affinity can be modulated by controlling the valency and chemical composition of the 

peptide, thus minimizing the binding site barrier. Moreover, peptides that improve tumor 

penetration have recently been reported, 274,275,278,279,309 and this approach has been 

recently reviewed.603 Clearly nonsolid tumors such as leukemias and lymphomas do not 

suffer from these issues, and neither do micrometastases. Additionally, targeting peptides 

can deliver agents, such as radioisotopes, that have bystander effects; surrounding tumor 

cells receive ionizing radiation even if they did not directly bind the peptide. Finally, 

therapeutic approaches to reduce interstitial pressure and/or normalize the tumor vasculature 

have been show to improve distribution of drugs and nanoparticles throughout a tumor.

A word of caution about targeting larger drug carrier molecules to tumors is required.604 

Tumors also possess a leaky vasculature which allows for large particles to extravasate from 
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the vasculature. This coupled with a dysfunctional lymphatic system results in retention of 

nanoparticles 50–400 nm in size in the tumor.605 This effect, known as the enhanced 

permeability and retention (EPR) effect, results in an inherent passive targeting and can 

complicate our understanding of the active targeting of nanoparticle drug carriers. 

Mathematical modeling of tumor targeting suggests that passive targeting is the driving 

force for tumor accumulation of nanoparticles.606,607 While increased efficacy of targeted 

liposomal drugs is often observed over nontargeted liposomal formulation in many cases, 

the reason for this is debatable. In some cases, especially in vasculature targeting, it appears 

that more liposomes accumulate in the tumor when targeted.608,609 In others, it appears that 

the targeting ligand does not increase the liposomal delivery to the tumor, but it facilitates 

cellular uptake of the drug as well as increases distribution of the liposome throughout the 

tumor.610,611

11.4. Misperceptions about Peptides as Therapeutics

Perhaps one of the biggest challenges to overcome is the misperception that peptides are not 

viable therapeutics. Traditionally, pharmaceutical companies have avoided peptides in 

preference for small molecules, yet there are more than 60 peptide therapeutics approved for 

clinical use worldwide, 5 of which have sales over $1 billion.612–618 Therapeutic peptides 

range from 2 to 41 amino acids in length and have varied indications. Furthermore, the 

number of peptides entering clinical trials has risen to almost 200. To counteract the 

negative image of peptides as drugs, the Peptide Therapeutic Foundation 

(www.peptidetherapeutics.org) was founded to promote the development of peptide 

therapeutics.

The predominate drawbacks attributed to peptides are (1) short biological half-lives due to 

proteolysis, (2) rapid renal filtration, (3) lack of oral availability, and (4) costs. Proteolysis 

can be overcome by protection of the free termini, cyclization of the peptide, addition of 

non-natural amino acids, and elimination of specific cleavage sites. A variety of approaches 

have been taken to overcome rapid glomerular filtration by the kidneys, including 

PEGylation, glycosylation, protein conjugation, and hydrophobic depoting. Conjugation of 

peptides to serum albumin is another approach for extending the peptide half-life in vivo.619 

Albumin-binding peptides have been isolated by phage display panning, opening the 

possibility for a completely peptidic targeting agent with an extended circulation time.620 

Methods to improve peptide circulation times in vivo have been reviewed 

elsewhere.614,621,622 Indeed, peptides are generally not orally bioavailable, and most are 

administered by injection. However, there have been substantial advances in the 

development of peptide delivery systems, including controlled release polymeric 

formulations and osmotic pumps, which can reduce injections from daily to monthly.614,623 

Progress is also being made in transdermal, nasal, pulmonary, and oral delivery of peptides 

as well.624 Finally, the cost of large-scale peptide synthesis has dampened the enthusiasm 

for the development of peptidic drugs, especially considering the large doses that are likely 

to be required,625 yet improvements in synthetic methodology and the use of native 

chemical ligation to synthesize longer peptides have reduced this concern. Peptides are now 

synthesized in kilogram quantities at costs of ~$1 per gram per amino acid. While more 
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expensive than small-molecule drugs, this cost is substantially lower than that of monoclonal 

antibody production.

Peptides isolated from phage-displayed peptide libraries are now entering the market. In 

2008 the FDA approved Romiplostim (AMG 531, Nplate) for the treatment of 

thrombocytopenia in patients with immune thrombocytopenia purpura.626–628 The lead 

peptide was identified by panning a phage display library on the thrombopoietin receptor.629 

Romiplostim presents four copies of the peptide on an Fc fragment which extends the 

peptide’s in vivo half-life. A similar peptibody scaffold is used in AMG-386 (trebananib), 

Amgen’s antiangiogenic therapeutic. In this case, the peptide prevents binding of 

angiopoietin-1 and angiopoietin-2 to Tie2.630 AMG-386 is in phase III clinical trials for 

treatment of a variety of cancer types. The drug is well tolerated,631 and positive signs of 

efficacy were observed in ovarian cancer patients when used in combination with standard 

chemotherapeutics.632 Peginesatide (formerly Hematide), is an erythropoietin mimetic 

peptide selected from a phage-displayed library at Amgen.633,634 The peptide is displayed as 

a PEGylated dimer to increase its affinity and biological half-life. FDA approval of 

Peginesatide for the treatment of anemia associated with chronic kidney disease was granted 

in 2012.

Several of the more recently isolated peptides discussed in this review are in clinical trials. 

The CD13- and αvβ3-binding peptide NGR has been fused to human tumor necrosis factor 

(hTNF)635 or truncated tissue factor (tTF).636 NGR–hTNF is in phase III clinical trials for 

mesothelioma and in phase II trials for a number of solid tumors. Modified adenovirus 

which displays the RGD-4C peptide on its fiber knob and carries the genes encoding for 

HSV-TK and the somatostatin receptor has undergone a phase I study.637 Similarly, the fat-

targeting peptide CKGGRAKDC linked to the D-enantiomer of the proapoptotic 

(KLAKLAK)2 peptide entered phase I trial in early 2012 under the name Adipotide.

In summary, these successes indicate that peptides isolated from peptide libraries can 

translate into useful therapeutics. It is important to note that it took Romiplostim 10 years to 

go from initial peptide selection to FDA approval. More recently isolated peptides are likely 

in early stages of preclinical development.

11.5. Conclusions

The number of cell-targeting peptides has expanded greatly in the past 10 years. This 

expansion has come about primarily from combinatorial peptide libraries and new selection 

methods. While phage display methods have been the predominant library type used, other 

peptide library formats have also been used to isolate cell-targeting agents. Cell-targeting 

peptides can have affinities comparable to those of clinically used antibodies and represent a 

new tool for directing targeting therapies and imaging agents. The section protocols are 

robust, allowing for a wide variety of cell types to be targeted. However, it is important to 

remember that the isolated ligands are rarely the optimal peptide sequence and should be 

considered lead compounds, a notion that is often overlooked, yet by blending biology and 

chemistry, peptide leads can be optimized for affinity, specificity, activity, stability, 

solubility, and biodistribution. These optimized and validated peptides are anticipated to 
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have broad clinical applications. A number of peptides identified from peptide libraries are 

currently in clinical trials, and more are anticipated to follow.
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Figure 1. 
Peptide libraries used for the selection of cell-binding peptides. Biological and chemical 

peptide libraries have been used to isolate cell-specific peptides. For phage and bacterial 

display, the diversity is generated at the DNA level and there is an inherent genotype–

phenotype connection. For one-bead one-compound and positional scanning synthetic 

peptide libraries, the diversity is generated chemically and is based on the use of a collection 

of monomers. The resultant peptides are displayed in red for clarity. The PS-SPCL 

schematic illustrates the pools of peptide libraries generated for a tetrameric peptide where 

each of the 20 amino acids is a unique colored circle and the mixture of 20 amino acids is 

shown in blue.
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Figure 2. 
Filamentous and lytic phage structures. (A) Schematic representation of fd filamentous 

phage. The random peptide is shown fused to the amino terminus of the pIII coat protein. 

(B) Representative T7 lytic phage structure. The T7 phage head is comprised of the 10A and 

10B capsid proteins arranged as hexamer or pentamer units at a total of 415 proteins per 

head. A graphical representation of the hexamer capsid unit is shown with a random peptide 

(red) fused to the 10B protein (blue triangle). T7 phage can be modified to express varying 

ratios of 10B to 10A protein, displaying peptide sequences in 1–415 copies.
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Figure 3. 
Different types of bacterial display peptide libraries. Peptide libraries, including FliTrx, 

OmpA, CPX, and invasin libraries, have been incorporated into bacterial membrane proteins 

at different locations as shown in the four panels. (A) Peptide library insertion into the 

middle of the membrane protein. (B) Display of the peptide library at the N-terminus of the 

membrane protein. (C) Display of the peptide library at the C-terminus of the membrane 

protein. (D) Display of the peptide library through a combination of N- and C-terminal 

display.
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Figure 4. 
OBOC peptide library generation using “split-mix” synthesis. An example of split-mix 

synthesis for tripeptides composed of leucine (L), alanine (A), and threonine (T) is shown. 

The beads are divided into three different pools, one pool for conjugation to each of the 

amino acids using standard solid-phase synthesis. Pool 1 is coupled to L, pool 2 to A, and 

pool 3 to T. The beads from all pools are combined and randomly split into three new pools 

before a second round of amino acid conjugation. As before, pool 1 beads are coupled to L, 

pool 2 beads to A, and pool 3 beads to T. Finally, the pools are mixed and randomly sorted 
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again for another round of amino acid conjugation. This results in a library of bead-bound 

peptides composed of every combination of the 3 amino acids, totaling 27 different peptide 

sequences (33).
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Figure 5. 
Design of a PS-SPCL library. Mixture 1 consists of all peptides with a first amino acid of 

“A”, while mixture 2 is all peptides with a first amino acid of “C”. Each of mixtures 3–20 

displays 1 of the remaining 18 amino acids in the first amino acid position. The next library 

subset, mixtures 21–40, contains 1 of the 20 amino acids held constant in the second library 

position. This scanning is continued until each of the tetrapeptide positions has its own pool 

of libraries. This is represented graphically with each amino acid being represented by a 

unique colored circle and a mixture of the 20 amino acids being represented as a blue circle.
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Figure 6. 
Panning of phage-displayed peptide libraries. In each case, the phage library is bound to the 

target, which can be a purified protein, viable cells, or an animal. Nonbinding clones are 

removed by stringent washes, and phage associated with the target are amplified in E. coli. 

The process is repeated, enriching for binding peptides at each round.
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Figure 7. 
A phage-display-selected peptide inhibits tumor metastasis. B16F10-Nex 2 cells were 

injected intravenously into mice, and the mice were treated via an intraperitoneal injection 

with peptide 20 (CSSRTMHHC), a scrambled control peptide, or buffer. Images of the lungs 

show a reduction in metastatic nodules (brown spots) in the animals treated with peptide 20. 

Reprinted with permission from ref 160. Copyright 2010 Springer-Verlag.
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Figure 8. 
Structures of common cleavable linkers used to attach drugs to targeting peptides. (A) 

Cleavable linkers are shown along with the conditions which release the drug from the 

peptide carrier. The acetal, ketal, and hydrazone linkers require incorporation of reactive 

moieties not found within the 20 naturally occurring amino acids. (B) Two types of 

commonly used self-immolative linkers are shown along with the mechanism in which drug 

is released from the carrier. The release is initiated by a trigger, such as a cleavage reaction 

shown in panel A, where X = O, S, or NH and Y = CH2, NR, or O. The drug serves as a 
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leaving group and is typically attached as an ester or amide. In both cases, the peptide is 

represented as a squiggly line.
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Figure 9. 
Vaccination with plasma membrane vehicles modified with the dendritic-cell-specific 

peptide CGRWSGWPADLC (p30) leads to antitumor activity. Naïve mice were injected iv 

with B16-OVA cells on day 0. At days 2, 8, and 14 different groups of mice (five mice per 

group) were vaccinated with PBS or B16-OVA-derived plasma membrane vehicles 

modified with the control peptide 12His or the dendritic-cell-specific peptide p30. At day 

21, the lungs were removed from the mice, and tumor foci were counted via microscopy. 

(A) Bars indicate the mean number of tumor foci for each vaccination group, and this 
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number is indicated above each bar. (B) Representative lung images from each vaccination 

group. Reprinted with permission from ref 391. Copyright 2010 Union for International 

Cancer Control (UICC).
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Figure 10. 
The CTP peptide allows for specific cardiac imaging. Mice were imaged by in vivo 

fluorescent imaging following intracardiac injection of fluorospheres alone, CTP peptide–

fluorospheres, or control peptide–fluorospheres. Shown are representative images from the 

three mice per group at different time points postinjection. Heart accumulation, indicated by 

the arrow, is only observed for the CTP peptide–fluorospheres. Reprinted with permission 

from ref 358. Copyright 2010 Public Library of Science (PLoS).
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Figure 11. 
Small-animal PET/CT imaging of EphB4-positive tumors. The EphB4-binding peptide 

TNYLFSPNGPIARAW was conjugated to DOTA and loaded with 64Cu. Signal is observed 

at 4 h in CT-26 and PC-3M but not in the EphB4-negative A549 tumors. Reprinted with 

permission from ref 125. Copyright 2011 Society of Nuclear Medicine, Inc.

Gray and Brown Page 89

Chem Rev. Author manuscript; available in PMC 2015 January 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 12. 
VCAM-1-specific peptide homes to areas of inflammation and atherosclerotic deposits. (A) 

The VCAM-1-binding peptide CVHSPNKKCGGSKGK was coupled to a 

magnetofluorescent nanoparticle (VPN). TNF-α-induced inflammation was induced in one 

ear of a mouse, while the other was left untreated. Intravital microscopy shows clear 

accumulation of VPN (red) in the inflamed ear at 4 h, while no binding is observed in the 

normal control ear. (B) Ex vivo imaging by MR and macroscopic fluorescence at 24 h post 

intravenous injection detects binding of VPN in animals with atherosclerotic plaques (Apo 
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E−/− mice). No signal is detected in wild-type animals with no plaque development or when 

a nontargeted nanoparticle is used. The high accumulation of VPN in the aortic arch is 

indicated by the arrows. Adapted with permission from ref 365. Copyright 2005 American 

Heart Association Inc.
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Figure 13. 
Structures of two multimeric peptide scaffolds. Multimeric presentation of the targeting 

peptides mimics the valency and orientation of the phage particle. The tetrameric peptide 

based on a trilysine core is shown to the left and the pentavalent dendritic wedge on the 

right. The targeting peptide is shown as a gray oval. A variety of chemical moieties have 

been attached to the trilysine core structure, indicated by “R” in the figure.
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Table 1

Comparison of Different Peptide Libraries

Library
Type

Format Strengths Weaknesses

Biological Libraries

Phage display

• Library sizes of 108-1011 

different peptides

• Accommodates large 
peptide sequences

• Ease of library 
amplification and 
replication in bacteria

• Inexpensive

• Libraries are 
commercially available

• Library aliquots can be 
stored at −80°C for years

• Peptide selection can be 
done on whole cells or in 
living animals or patients

• Phage are amenable to 
many conditions, 
including high salt, low 
pH, and urea containing 
buffers

• Libraries can be 
constructed and 
propagated using standard 
laboratory equipment

• Typically only display 
natural, L-amino acid 
peptides although it has 
recently been shown 
that unnatural amino 
acids can be encoded in 
phage libraries

• Complicated structures 
cannot be incorporated

• Clone screening is not 
quantitative

• Two hosts are required, 
the phage and 
bacterium

• Biological pressures 
can reduce the diversity 
of the library

Bacterial display

• Library sizes of 1011 

different peptides for E. 
coli libraries

• Easily manipulated both 
genetically and physically

• E. coli grows quickly

• Only one host (the 
bacterium itself)

• Library amplification does 
not require reinfection

• Bacteria can be 
fluorescently labeled for 
quantitative and high 
throughput screening 
using fluorescence-
activated cell sorting 
(FACS)

• Commercially available

• Complex bacterial cell 
surface can interfere 
with binding of 
displayed peptide

• Bacteria other than E. 
coli are limited to a 
library size of 105

• Limited to the rate of 
the flow cytometer for 
quantitative results

• Limited to in vitro 
panning and screening 
studies

• Requires access to a 
flow cytometer with 
cell sorting capabilities

Chemical Libraries
Positional Scanning Synthetic 
Peptide Combinatorial Library 
(PS-SPCL)

• Peptides are their own 
entity (not bound to 
support], allowing them to 
interact in solution for use 
in any assay

• Large number of peptides 
can be synthesized in a 
single library

• Libraries are not 
commercially available

• Assumes that each 
amino acid 
independently 
contributes to binding

• Requires additional 
peptide synthesis and 
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Library
Type

Format Strengths Weaknesses

• Library can be aliquoted 
for use in multiple assays

• Not limited to naturally 
occurring amino acids

• Lead peptide sequences 
can be rapidly optimized

testing after the initial 
screening

One-bead one-compound (OBOC)

• Library sizes of 106-108 

compounds

• Able to display peptides 
that contain L-amino acids, 
D-amino acids, or 
unnatural amino acids

• Peptide selection can be 
done on whole cells in 
vitro or ex vivo

• Library synthesis can be 
completed using standard 
equipment found in a 
synthetic chemistry lab

• Peptides are connected 
to the beads by linkers, 
with the potential for 
steric hindrance 
between the cellular 
receptor and peptide

• Peptide sequences of 
identified beads have to 
be determined by 
Edman sequencing or 
mass spectrometry, or 
the beads must be 
coded

• Libraries are not 
commercially available

• Cannot be used to 
select peptides that 
internalize in vitro

• Not available for in 
vivo screening in living 
animals or patients
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Table 2

Cancer-Targeting Peptides Selected in Vitro against Known Protein Targets

Cellular
Target

Peptide Sequencea,b,c,d Applications and Notes

HER2/ErbB2

WTGWCLNPEESTWGFCTGSF94 (pIII)
Functional Peptide Activity: The peptide inhibits ErbB2 
phosphorylation.

MCGVCLSAQRWT95 (pIII)
SGLWWLGVDILG95 (pIII)

Note: The peptides were selected as a β-lactamase fusion but 
neither was tested for activity as free peptides.

KCCYSL96 (pIII)

Imaging Applications: Peptide targets HER2 positive tumors in 
vivo and has been employed as a molecular imaging probe.97–99 

MicroSPECT/CT imaging has been performed using 111In-DOTA-
peptide and 64Cu-DOTA, NOTA, and CB-TE2A-peptide 
conjugates.

MARSGL100 (pIII)
MARAKE100 (pIII)
MSRTMS100 (pIII)

Functional Peptide Activity: The peptides were fused to a 
pentameric protein in order to present them in a multimeric 
fashion. These “peptabodies” bound the extracellular domain of 
ErbB2 with low nanomolar affinity and bound selectively to 
ErbB2 expressing cells.

EGFR YHWYGYTPQNVI101 (GE11) (pIII)

Therapeutic Applications: The GE11 peptide has been conjugated 
to doxorubicin and shown to kill EGFR-positive cells in vitro.102 

GE11 peptide-Au nanoparticles with phthalocyanine killed cells 
after irradiation in vitro.103 A GE11-lytic peptide chimera killed 
cells in culture and inhibited tumor growth in mice.104 LPEI-PEG-
PEI-PEG-GE11 conjugate delivered polyinosine/cytosine to EGFR 
expressing tumors resulting in a 2-fold increase in the mean 
survival of the tumor bearing mice.105

Imaging Applications: Cy5.5-labeled peptide and Cy5.5-labeled 
peptide-liposomes have been used to image EGFR positive tumors 
in mice.102 The synthesis of [64Cu]Cu-NOTA-Bn-GE11 has been 
reported but has not been evaluated in vivo as a molecular PET 
agent.106 Peptide polyplexed with NIS gene specifically 
transfected cells in vitro and homed to EGFR positive tumors in 
mice, allowing imaging with 123I and inhibition of tumor growth 
with 131I.
Oligonucleotide Delivery: The peptide has been conjugated to PEI 
for delivery of a luciferase gene to cells in vitro and tumors in 
mice.101,107 GE11 modified exosomes delivered miRNA to EGFR-
positive tumors in a xenograft breast cancer model.108 Delivery of 
let-7a by this method reduced tumor growth.
Note: GE11 undergoes a clatherin mediated endocytosis without 
activation of EGFR signaling.109

IL-6 receptor LSLITRL110 (pIII)
Functional Peptide Activity: The peptide itself has anti-angiogenic 
properties. Injected i.p. into a tumor-bearing mouse, the free 
peptide inhibited tumor growth.

αvβ3 CDCRGDCFC111,112 (RGD-4C) (pIII)
Note: See Table 5 for a full description of this widely used 
peptide.

α5β1 GACRGDCLGA113 (pIII)

α6β1

VSWFSRHRYSPFAVS114 (pIII)
HRWMPHVFAVRQGAS114 (pIII)
FGRIPSPLAYTYSFR114 (pIII)

αvβ6 RTDLDSLRTYTL115 (pIII)
Note: The peptide has been utilized as a targeting agent for a 
chimeric antigen receptor and used to redirect cytotoxic T cells to 
αvβ6-positive ovarian cancer cells in culture.116

EphA2 YSAYPDSVPMMS117 (YSA) (pIII)

Therapeutic Applications: A modified YSA peptide has been used 
to deliver paclitaxel to prostate and renal tumors in vivo.118 The 
peptide was conjugated to superparamagentic nanoparticles and 
used to remove ovarian cancer cells in vitro from peritoneal fluid 
removed by paracentesis, reducing metastasis and increasing 
survival times in mouse models.119,120
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Cellular
Target

Peptide Sequencea,b,c,d Applications and Notes

Oligonucleotide Delivery: Peptide functionalized nanogels loaded 
with EGFR siRNA knocked down EGFR expression in vitro.121 A 
peptide modified adenovirus with the luciferase gene delivered the 
gene to cells in vitro but was unable to target a pancreatic 
xenograft tumor in a mouse.122

EphB4 TNYLFSPNGPIA123 (TNYL) (pIII)

Therapeutic Applications: A cyclic version of TNYL was 
conjugated to a doxorubicin loaded gold nanosphere. A 
combination of thermal ablation and doxorubicin delivery resulted 
in tumor regression.124

Imaging Applications: The peptide was optimized for binding 
affinity to EphB4 by the addition of 3 amino acids to the C-
terminal side of original peptide (TNYLFSPNGPIARAW, TNYL-
RAW). DOTA-labeled TNYL-RAW was used as a molecular PET 
imaging probe for EphB4-expressing tumors.125

MMP-9 CTTHWGFTLC126 (CTT) (pIII)

Therapeutic Applications: The CTT peptide conjugated to 
liposomal doxorubicin increased cell death,127 and a CTT 
derivative conjugated to doxorubicin liposomes increased survival 
in tumor-bearing mice.128 Conjugation of a vascular endothelial 
growth inhibitor (VEGI) to the peptide inhibited tumor growth in 
mice when injected i.p.129 Fusion of the peptide with kringle 5 
fragment of human plasminogen inhibited tumor growth and 
increased survival in tumor-bearing mice after i.p. injection.130

Imaging Applications: The peptide has been used in several 
different imaging formats.204, 301–304. Gamma imaging of tumor-
bearing mice given 99mTc-CTT liposomes encapsulated with 125I-
albumin131 and microPET imaging of tumor-bearing mice 
given 64Cu-DOTA-CTT132 have been performed.
Functional Peptide Activity: The peptide itself inhibits cell 
migration126 and invasion in vitro.133 When injected adjacent to 
the tumor or i.p in mouse tumor models, the free peptide inhibited 
tumor growth and improved survival.126 A hydrophilic peptide 
derivative injected via tail vein inhibited tumor growth and 
improved survival.133

TAG-72

FRERCDKHPQKCTKFL29 (pVIII hybrid)
DPRHCQKRVLPCPAWL29 (pVIII hybrid)

Imaging Applications: Peptides were labeled with 99mTc and used 
for SPECT/CT imaging of tumors in mice, although the tumor to 
blood ratio was low for both peptides.

NPGTCKDKWIECLLNG134 (A3-10) 
(pVIII hybrid)

Imaging Applications: The A3-10 and A2-6 peptides have been 
labeled with 99mTc and used for SPECT imaging.135 TAG-72 
positive tumors are clearly distinguished from tumors that do not 
express the biomarker.

GGVSCMQTSPVCENNL136 (A2-6) (pVIII 
hybrid)

Functional Peptide Activity: Free A2-6 peptide binds TAG-72 
positive cells in culture as well as formalin fixed paraffin 
embedded tumors that are TAG-72 positive.

E-cadherin SWELYYPLRANL137 (pIII)
Functional Peptide Activity: Peptide also binds to N-cadherin. 
Cell adhesion is blocked by free peptide.

N-cadherin SWTLYTPSGQSK138 (pIII)
Functional Peptide Activity: Peptide inhibited adhesion and tube 
formation of HUVECs.

Carbonic anhydrase IX YNTNHVPLSPKY139 (CalX-P1) (pIII) Note: 131I-CAIX-P1 did not show significant accumulation in 
carbonic anhydrase IX positive tumors in vivo.

Galectin-3

ANTPCGPYTHDCPVKR140 (G3-C12) 
(pVIII hybrid)
PQNSKIPGPTFLDPH140 (G3-A9) (pVIII 
hybrid)

Imaging Applications: G3-C12 peptide has been labeled 
with 111In and employed as a molecular imaging probe for 
SPECT/CT & microSPECT/CT imaging of tumors.141,142

PSMA WQPDTAHHWATL143 (pIII)
Functional Peptide Activity: A dimeric version of the peptide 
inhibited PSMA peptidase activity.

CD133 LQNAPRS144 (pIII)

VEGFR-3 CSDSWHYWC145 (pIII)

Phophatidyl serine CLSYYPSYC90 (pIII)
Imaging Applications: Fluorescein-labeled peptide could detect 
PS on the cell surface after a single treatment of camptothecin.
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Cellular
Target

Peptide Sequencea,b,c,d Applications and Notes

Galactose β1-3 N-
acetyl-galactosamine 
(Thomsen-Friedenreich 
carbohydrate antigen)

HGRFILPWWYAFSPS146 (P-30)
IVWHRWYAWSPASRI147,148 (P30-1)

Imaging Applications: P30-1 has been conjugated to NOTA and 
labeled with 64Cu for PET imaging of TF antigen on MDA-
MB-435 tumors.149

Functional Peptide Activity: P-30 inhibited aggregation of MDA-
MB-435 cells to each other and blocked adhesion to endothelial 
cells.150

Mete YLFSVHWPPLKA70 (pIII)

Imaging Applications: Radionuclear imaging of tumor-bearing 
mice injected with 125I-peptide demonstrated low but specific 
tumor accumulation in a mouse bearing a Met-positive human 
tumor.
Functional Peptide Activity: The peptide competed with HGF/SF 
binding to Met receptor.

Hepsine IPLVVPL151 (pIII)
Imaging Applications: Peptide was conjugated to fluorescent, 
cross-linked iron oxide (CLIO) nanoparticle for fluorescence-
mediated tomography of tumors in mice.

a
Cysteine residues that form disulfrde bonds are indicated in bold.

b
Common peptide names that have been used in the literature are indicated in parenthesis next to the peptide sequence.

c
The phage display library type is indicated in parenthesis. All phage are filamentous unless noted as T7 phage.

d
Peptides clustered in the same cell in this table were isolated in the same panning experiment

e
Indicates that the selection was performed on cells that were transfected to overexpress the target protein.
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Table 3

Cancer-Targeting Peptides Selected by Unbiased Panning against Whole Cells

Cancer Type Cell Line used for
Selectiona

Peptide Sequenceb,c,d,e Cellular
Receptor

Applications and Notes

Hepatocarcinoma

BEL-7402 TACHQHVRMVRP152 (pIII)

Therapeutic 
Applications: The 
peptide has been 
employed to deliver 
gold nanorods to a 
HepG2 tumor xenograft 
in vivo. Subsequent 
treatment with a near-
infrared laser resulted in 
photothermal ablation of 
the tumor.153

SMMC-7721 KSLSRHDHIHHH154 (pIII)

Therapeutic 
Applications: A 
peptide-toxic shock 
syndrome toxin 1 
(TSST-1) fusion protein 
killed cells in vitro and 
inhibited tumor growth 
in mice.
Functional Peptide 
Activity: The peptide 
inhibited cell migration.

Mahlavu SFSIIHTPILPL155 (pIII)

Therapeutic 
Applications: Virus-like 
particles modified with 
the peptide and loaded 
with doxorubicin, 
cisplatin, and 5-
fluorouracil, or with an 
siRNA cocktail against 
cyclins, or with ricin 
toxin A-chain all 
selectively killed cells 
in vitro.156 Peptide-
liposomal doxorubicin 
inhibited tumor growth 
in mice.155

Melanoma

Me6652/4 CTVALPGGYVRVC157 (phagemid, pVII and pIX) GRP78157

Therapeutic 
Applications: A 
peptide-taxol 
conjugate,157 peptide-
doxorubicin prodrug, 
and peptide-taxol 
prodrug158 exhibited 
cell cytotoxicity in vitro.

B16-F10 (murine) TRTKLPRLHLQS159 (pIII)

Functional Peptide 
Activity: Injection of the 
phage adjacent to the 
tumor site inhibited 
tumor growth in mice.

B16-F10-Nex2 (murine) CSSRTMHHC160 (pIII) Cadherins

Functional Peptide 
Activity: The peptide 
reduced cell viability 
and inhibited cell 
invasion in vitro. I.P. 
injection of the peptide 
in a tumor bearing 
mouse decreased 
metastatic nodules, 
delayed tumor growth 
and improved survival.
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Cancer Type Cell Line used for
Selectiona

Peptide Sequenceb,c,d,e Cellular
Receptor

Applications and Notes

B16 cells co-cultured with 
B-1 lymphocytes (murine) CLFMRLAWC161 (pIII) MUC18

Prostate

Capan-2 (irradiated) SHGFSRHSMTLI162 (pIII)

Functional Peptide 
Activity: The peptide 
homed to irradiated 
tumors in vivo. A 
modest specificity for 
irradiated Capan-2 
tumors over non-
irradiated tumors was 
observed.

LNCaP DPRATPGS163 (pVIII landscape)

Functional Peptide 
Activity: In vivo, the 
peptide increases 
invasiveness and 
stimulates MMP-2 
production.

DU-145 FRPNRAQDYNTN164 (DUP-1) (pIII)

Therapeutic 
Applications: The 
peptide has been shown 
to target tumors in 
vivo.164,165 A peptide-
RNA aptamer- chimera 
delivered doxorubicin in 
vitro and super 
paramagnetic iron 
nanoparticles in vivo.166

PC3

DTPYDLTG167

DTDSHVNL167

DVVYALSDD167

(pVIII landscape)

Therapeutic 
Applications: 
Landscape phage pVIII 
coat protein displaying 
the peptide inserted into 
liposomal Doxil® 
specifically killed 
cells.168

PC-1 GGKRPAR76 (T7 phage)
RIGRPLR76 (T7 phage)

Neuropilin-1

Gastric

XGC9811-L4 GRRTRSRRLRRS169 (pIII)

Functional Peptide 
Activity: The peptide 
decreased cell invasion 
and migration and 
adherence to Type IV 
collagen. Cells 
preincubated with 
peptide and then 
implanted orthotopically 
had decreased incidence 
of liver metastases.

GC9811-P SMSIASPYIALE170 (pIII)

Functional Peptide 
Activity: The peptide 
decreased invasion and 
adhesion of cells in 
vitro. In vivo, i.p 
delivery of the peptide 
into mice with 
peritoneal dissemination 
models of gastric cancer 
resulted in reduced 
metastases to the 
peritoneum and 
significantly longer 
survival.

HUVEC/SGC701 co-culture CTKNSYLMC171 (GEBP11) (pIII)
Note: Selected to bind 
to gastric cancer 
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Cancer Type Cell Line used for
Selectiona

Peptide Sequenceb,c,d,e Cellular
Receptor

Applications and Notes

vasculature, not the 
actual tumor cells.

Colon

HT29 CPIEDRPMC172 (RPMC) (pIII) α5β1
173

Therapeutic 
Applications: The 
peptide conjugated 
to D(KLAKLAK)2 

selectively killed cells 
in vitro.172

Imaging Applications: 
Gamma imaging 
of 111In-DOTA-peptide 
in tumor-bearing mice 
showed tumor 
homing.173 

Fluorescence endoscopy 
of colon cancer in mice 
using peptide-FITC.173

WiDr HEWSYLAPYPWF174 (HEW) (pIII)

Oligonucleotide 
Delivery: Peptide 
modified-lacZ 
adenoviruses selectively 
infected cells in vitro 
but did not home to 
tumors in vivo.175

SW480 VHLGYAT176 (pIII)

T84 CQARGDLGKIRC177 (pIII)

Head and Neck

MDA167Tu TSPLNIHNGQKL178 (HN-1) (pIII)

Therapeutic 
Applications: HN-1 
peptide homes to its 
target tumor in vivo.178 

HN-1 peptide was 
conjugated to an 
inhibitory peptide that 
blocks protein kinase C-
ε. This chimeric peptide 
inhibited cell motility, 
invasion, and 
proliferation in vitro and 
inhibited tumor growth 
in mice when injected 
i.p.179

HNO223 SPRGDLAVLGHKY180 (HBP-1) (pIII) αvβ6 (suggested)
Functional Peptide 
Activity: Homes to 
tumor in vivo.

NPC-TW 04 RLLDTNRPLLPY181 (pIII)

Therapeutic 
Applications: Peptide-
liposomal doxorubicin 
inhibited tumor growth 
in mice.

Hep-2 CRLTGGKGVGC182 (phagemid pvIII hybrid

Note: Hep-2 cells are 
now known to be 
contaminated with HeLa 
cells. This peptide was 
also isolated on HPV-16 
transformed SiHa cells. 
The cell specificity of 
this peptide remains in 
question.

Breast MDA-MB-231

YQATPARFYTNT174 (pIII)
Note: Not specific for 
MDA-MB-231 cells

CGWMGLELC174(pIII)
Note: Not specific for 
MDA-MB-231 cells
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Cancer Type Cell Line used for
Selectiona

Peptide Sequenceb,c,d,e Cellular
Receptor

Applications and Notes

SKBR3

LTVSPWY183 (pIII) ErbB2184

Therapeutic 
Applications: 
Conjugation of the 
peptide to pro-apoptotic 
α-tocopheryl succinate 
selectively killed ErbB2 
positive cells in vitro 
and reduced initial 
tumor volumes in a 
transgenic mouse model 
of ErbB2-positive breast 
cancer (i.p. 
injection).184 The 
peptide has been 
conjugated to 
daunomycin. This 
conjugate was 
selectively internalized 
into ErbB2 expressing 
cells, but IC50 values 
did not correlate to 
ErbB2 levels.185

Imaging Applications: 
A tetrameric far-red 
fluorescent protein 
(KatushkaS158A) was 
used as a scaffold to 
create an octavalent 
peptide fluorescent 
nanoparticle that 
allowed far-red 
fluorescent imaging of 
tumors in mice.186 

Peptide coated magnetic 
nanoparticles were 
synthesized but active 
targeting to ErbB2-
positive tumors was 
modest.187 Peptide-
coated quantum dots 
targeted ErbB2-positive 
SKBR3 cells in vitro.188

Oligonucleotide 
Delivery: Peptide-
antisense 
oligonucleotide against 
ErbB2 inhibited ErbB2 
gene expression in 
cells.183

WNLPWYYSVSPT183 (pIII)

Note: Isolated in a 
mixed library panning 
with the LTVSPWY 
peptide listed above. 
Binds to a wide panel of 
cell lines derived from 
solid tumors.183

MCF-7

DMPGTVLP189,190

VPTDTDYS190

VEEGGYIAA190

DWRGDSMDS190

(pVIII landscape)

nucleolin190

Therapeutic 
Applications: 
Landscape phage pVIII 
coat protein displaying 
the DMPGTVLP 
peptide was 
incorporated into 
Doxil® for specific cell 
killing in vitro.189 

Similarly, the peptide-
coat protein was 
incorporated into 
polymeric micelles 
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Cancer Type Cell Line used for
Selectiona

Peptide Sequenceb,c,d,e Cellular
Receptor

Applications and Notes

loaded with paclitaxel 
and demonstrated 
improved efficacy on 
MCF7 cells in vitro.191

Oligonucleotide 
Delivery: Landscape 
phage pVIII coat protein 
displaying the 
DMPGTVLP peptide 
was incorporated into 
liposomes loaded with 
PRDM14 siRNA and 
shown to reduce 
PRDM14 protein 
expression.192

BT-474

LSVCVRGLLGCG95

CGDRLCRMLWLC95

DRCWSILATSTF95

CGRVGMDVMGGC95

VWGVFGGCSQRP95

LSVWMQGLSRSL95

CGLGWCGVRWGC95

(phagemid vector that expresses P99 β-lactamase as 
N-terminal fusion to pIII protein)

Nervous System

WAC2 (neuroblastoma) HLQIQPWYPQIS193 (pIII)
VPWMEPAYQRFL193 (p160) (pIII)

Therapeutic 
Applications: p 160 
peptide-micelles loaded 
with paclitaxel killed 
cells in vitro.194

Imaging Applications: 
p160 homes to WAC2 
tumors in vivo as 
determined by 
biodistribution of 
radiolabeled 
peptide195,196 but has 
not been used for 
imaging.463,464

RG2 (rat glioma)

DSTKSGNM197

DYDMTKNT197

DLTKSTAP197

ESRGDSYA197

(pVIII landscape)

U87-MG (glioma)

MCPKHPLGC198 (pIII)

VTWTPQAWFQWV199 (VTW) (pIII) GP130 (suggested)

Note: The peptide can 
deliver active β-
galactosidase into 
U87MG cells.

Gli36 (glioma) LLADTTHHRPWT200 (pIII)

Mixture of dGli36, SF767, 
U87MG, U251MG, and 
U373MG (glioma)

LWATFPPRPPWL201 (pIII)

Oligonucleotide 
Delivery: Peptide-(K16) 
complexed with 
luciferase DNA 
transfected SF767 
glioma cells.

Glioma stem cells 
established from human 
glioblastoma samples

AQYLNPS202 (pIII) Nestin

Functional Peptide 
Activity: The peptide 
homes to nestin positive 
cells within a 
glioblastoma tumor in 
subcutaneous and 
orthotopic models when 
injected intravenously. 
This suggests that the 
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Cancer Type Cell Line used for
Selectiona

Peptide Sequenceb,c,d,e Cellular
Receptor

Applications and Notes

peptide crosses the 
blood-brain barrier.

GI-LI-N and HTLA-230 
(neuroblastoma)

YEGLISR203

HSYWLRS205

WSWPREL203

ALAAHKL203

KSFFLSH203 (pIII)

Therapeutic 
Applications: 
Doxorubicin loaded 
liposomes conjugated to 
the WSWPREL or 
ALAAHKL peptides 
showed a significant 
anti-tumor response in 
two different animal 
models of 
neuroblastoma 
compared to non-
targeted lipsomes.

Cervical

SiHa
(HPV-16 infected)

CRLTGGKGVGC204

CADPNSVRAMC204

CAAHYRVGPWC204

(phagemid pVIII hybrid)

HeLa
CSSGKPLVC205 (pIII)
CNISRTGTC205 (pIII)
CNSTELSGC205 (pIII)

Oligonucleotide 
Delivery: The peptides 
increase transfection of 
a luciferase DNA 
polyplex.

Ovarian Cancer SK-OV-3 SVSVGMKPSPRP206 (pIII)

Note: This peptide has 
been suggested to be a 
non-specific peptide that 
is isolated from the 
NEB 12-mer library 
most likely due to 
preferential propagation 
of this phage clone.207

Thyroid Cancer

TT CHTFEPVGC208 (pIII)

FRO82-2 EDYELMDLLAYL209 (FROP-1) (pIII)

Note: The peptide binds 
to many carcinoma cell 
lines. Radiolabeled 
peptide homes to 
FRO82-2 and MCF 
tumors in mice.

Rhabdo-myosarcoma RD CQQSNRGDRKRC210 (RMS-I)
CMGNKRSAKRPC210 (RMS-II) (T7 phage)

αvβ3 (RMS-I)

Note: RMS-II shares 
sequence similarity to 
the well-studied Lyp-1 
peptide. RMS-II targets 
tumor vasculature in RD 
tumor xenografts.

Osteosarcoma 143B ASGALSPSRLDT211 (OSP-1) (pIII)
Heparin sulfate 
proteoglycans 
(suggested)

Imaging Applications: 
MicroPET imaging has 
been performed 
with 18F-labeled peptide 
in tumor-bearing mice.

Lymphoma and Leukemia

A20 (murine lymphoma)
SAKTAVSQRVWLPSHRGGEP212 (A20.1)
KSREHVNNSACPSKRITAAL212 (A20.2)
WLSEAGPVVTVRALRGTGSW212 (PCM.1) (pIII)

Note: The peptides 
distinguish A20 cells 
from a mixture of 
splenocytes. PCM.l was 
also isolated from a 
whole cell biopanning 
on primary 
cardiomyoctyes.213

(lymphoma) peptide D(KLAKLAK)2 

kills cells in vitro.

CGFYWLRSC215 (p III) NRP-1 Therapeutic 
Applications: Peptide-
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Cancer Type Cell Line used for
Selectiona

Peptide Sequenceb,c,d,e Cellular
Receptor

Applications and Notes

proapoptotic 
peptide D(KLAKLAK)2 

kills cells in vitro.

Raji (lymphoma) CTLPHLKMC216 (pIII)

Variable region of 
human 
immunoglobulin 
heavy chain 
(suggested)

Kasumi-1 (leukemia) CPLDIDFYC217 (pIII) α4β1

Lung Cancer

H1299 (large cell)

VSQTMRQTAVPLLWFWTGSL218 (H1299.1)(pIII)

Therapeutic 
Applications: Peptide-
doxorubicin conjugate 
selectively killed H1299 
cells.219

YAAWPASGAWTGTAPCSAGT220 (H1299.2) (pIII)

EHMALTYPFRPP221 (ZS-1) (pIII)

QQMHLMSYAPGP222 (ZT-1) (pIII)

H2009 (adenocarcinoma) RGDLATLRQLAQEDGVVGVR218 (H2009.1)(pIII) αvβ6
73

Therapeutic 
Applications: The 
H2009.1 peptide has 
been shown to home to 
αvβ6-positive tumors in 
NSCLC xenografts.223 

A peptide-doxorubicin 
conjugate,219 a peptide-
taxol conjugate,224 a 
peptide-polyglutamic 
acid polymer-
doxorubicin 
conjugate,225 peptide-
displaying micelles 
loaded with doxorubicin 
and SPIO,226 and 
peptide conjugated to 
doxorubicin liposomes 
all selectively kill αvβ6-
positive cells.227

Imaging Applications: 
H2009.1 has been 
conjugated to SPIO 
particles for MRI 
imaging.228 These 
particles target αvβ6-
positive cells in vitro 
but has not been tested 
in vivo to date.

Lung Cancer

A549 (adenocarcinoma) MTVCNASQRQAHAQATAVSL218 (A549.1) (pIII)

CL1-5 TDSILRSYDWTY229 (pIII)

Therapeutic 
Applications: Peptide-
liposomal doxorubicin 
and liposomal 
vinorelbine inhibited 
tumor growth in 
mice.229

Calu-3 (adenocarcinoma) CDSAFVTVDWGRSMSLC230 (IB1) (pVIII)

Oligonucleotide 
Delivery: Biotinylated 
peptide complexed with 
luciferase/PEI 
transfected Calu-3 cells 
with luciferase.
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Cancer Type Cell Line used for
Selectiona

Peptide Sequenceb,c,d,e Cellular
Receptor

Applications and Notes

H460 (large cell) CSNIDARAC231 (T7)

Therapeutic 
Applications: The 
peptide was coupled to 
liposomal doxorubicin 
and found to be more 
effective than free 
doxorubicin or non-
targeted liposomal 
doxorubicin in reducing 
tumor growth in a H460 
subcutaneous tumor 
model.
Imaging Applications: 
Fluorescence imaging of 
H460 tumors in animals 
has been accomplished 
using a FITC conjugate 
of the peptide.

Barrett’s Esophagus OE33 SNFYMPL232 (pIII)

a
All cells lines are of human origin unless stated otherwise.

b
Cysteine residues that form disulfide bonds are indicated in bold.

c
Common peptide names that have been used in the literature are indicated in parenthesis next to the peptide sequence.

d
The phage display library type is indicated in parenthesis. All phage are filamentous unless noted as T7 phage.

e
Peptides clustered in the same cell were isolated in the same panning experiment.
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Table 4

Cancer-Targeting Peptides Selected by Panning ex Vivo

Cancer Type Cells or Tumor used
for Selection

Peptide Sequence a,b Receptor
Identified

Applications and Notes

Colon

Human colonic adenomas VRPMPLQ236 (pIII)

Imaging Applications: Topical 
administration of the peptide labeled with 
fluorescein was used for fluorescence 
confocal microendoscope imaging of 
colonic adenomas in humans.

Resected human colon tumors SPTKSNS233 (pIII)
Notes: Used laser capture microdissection 
to isolate cells for biopanning.

Bladder Cells from HT-1376 xenograft 
in mice CSNRDARRC237 (pIII)

Notes: Peptide homed to HT-1376 
xenografts in mice and captured shed 
bladder cancer cells in the urine of patients 
with early stage bladder cancer.237,238

Pancreatic
Pancreatic ductual carcinomas 
arising from Kras/p52L/L mice KTLLPTP239 (pIII) Plectin-1239

Imaging Applications: The peptide has 
been conjugated to crosslinked iron oxide-
Cy5.5 nanoparticles for intravital confocal 
microscopy in tumor-bearing mice.239 

The 111In labeled peptide has been used 
for SPECT/CT imaging in tumor-bearing 
mice.74

Gastric Freshly harvested human 
gastric cancer tissue AADNAKTKSFPV240 (pIII)

a
Cysteine residues that form disulfide bonds are indicated in bold.

b
The phage display library type is indicated in parentheses. All phage are filamentous.
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Table 5

Cancer-Targeting Peptides Selected by Panning in Vivo

Tumor Typea Peptide Sequenceb,c,d,e,f Cellular
Receptor

Applications and Notes

Gastric (AZ-P7a) SWKLPPS259 (g) (pIII, T) α3β1 (suggested)

Therapeutic 
Applications: Peptide-
liposomal doxorubicin 
killed AZ-P7a cells 
better than unconjugated 
liposomes in vitro.

Human gastric adenocarcinoma 
(propagated in mice) CGNSNPKSC260 (GX1) (pIII, V)

Therapeutic 
Applications: The free 
peptide fused to 
recombinant human 
tumor necrosis factor 
alpha (rmhTNFα) 
induced HUVEC 
apoptosis in vitro.261 

This peptide-rmhTNFα 
fusion also inhibited 
SGC7901 tumor growth 
in mice.261

Imaging Applications:
99Tcm-peptide261,262 

and 99Tcm-peptide-
rmhTNFα261 

successfully detected 
SGC7901 tumors by 
SPECT imaging. 
MicroPET imaging 
using 64Cu-DOTA-
peptide detected 
U87MG tumors in 
mice.263 Near-infrared 
fluorescence imaging of 
Cy5.5-peptide in 
U87MG tumor-bearing 
mice demonstrated 
tumor targeting.264

Lung (irradiated and SU11248 treated 
murine Lewis lung carcinoma) & 
Glioblastoma (GL261, murine)

HVGGSSV243 (h) (T7 phage, V) TIP-1265,266

Therapeutic 
Applications: Peptide-
nab-paclitaxel inhibited 
Lewis lung carcinoma 
and H460 tumor growth 
in mice in conjunction 
with irradiation.265 

Lewis lung carcinoma 
and H460 tumor growth 
inhibition was observed 
when animals were 
treated with irradiation 
and peptide liposomal 
doxorubicin.267

Imaging applications: 
Near-infrared 
fluorescence imaging 
using dye labeled 
peptide has been 
performed for several 
tumor types and in 
various types of tumor-
bearing mice treated 
with irradiation or TKI 
(tyrosine kinase 
inhibitors) or 
both.243,265–269

Lung (CL1-5) SVSVGMKPSPRP249 (pIII, V)
Therapeutic 
Applications: Peptide 
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Tumor Typea Peptide Sequenceb,c,d,e,f Cellular
Receptor

Applications and Notes

liposomal doxorubicin 
inhibited CL1-5 tumor 
growth and increased 
survival in mice.
Note: This peptide has 
been suggested to be a 
non-specific peptide that 
is isolated from the NEB 
12-mer library most 
likely due to preferential 
propagation of this 
phage clone.207

Lung (H460) RCPLSHSLICY270 (pIII, T)

Oral (SAS)

SVSVGMKPSPRP249 (pIII, V)

Therapeutic 
Applications: Peptide 
liposomal doxorubicin 
inhibited SAS tumor 
growth and increased 
survival in mice.
Note: This peptide has 
been suggested to be a 
non-specific peptide that 
is isolated from the NEB 
12-mer library most 
likely due to preferential 
propagation of this 
phage clone.207

SNPFSKPYGLTV244

YPHYSLPGSSTL244 (pIII, V)

Therapeutic 
Applications: Peptide-
liposomal doxorubicin 
inhibited tumor growth 
and increased survival in 
mice with various tumor 
types compared to non-
conjugated liposomal 
doxorubicin. Similar 
growth inhibition was 
observed for both 
peptides.

Nasopharyngeal Carcinoma (CNE-1) EDIKPKTSLAFR271 (pIII, ND)

Prostate (PC-3)

IAGLATPGWSHWLAL272 (G1) (pIII, T)

Imaging applications: 111In-DOTA-Gl peptide has been used for SPECT/CT imaging of PC-3 tumors in mice.273

Functional Peptide 
Activity: The peptide 
induced apoptosis of 
PC-3 cells in culture.273

LKGDCTQRYVYCMKSK273 (H5) (pVIII 
hybrid, T)

Imaging applications: 111In-DOTA-H5 peptide has been used for SPECT/CT imaging of PC-3 tumors in mice.273

Functional Peptide 
Activity: The peptide 
induced apoptosis of 
PC-3 cells in culture.273

CRGDKGPDC274 (iRGD) (T7 phage, T/V)
αvβ3, αvβ5 then cleaved to 
CRGDK which binds NRP-1

Therapeutic 
Applications: Co-
injection of the peptide 
with Nab-paclitaxel, 
trastuzumab, liposomal 
doxorubicin or 
doxorubicin inhibited 
BT474 or 22Rv1 
orthotopic tumor growth 
in mice.275 CGKRK-
D[KLAKLAK]2-iron 
oxide nanoworms 
systemically injected 
into mice with 005 
tumors prolonged 
survival when co-
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Tumor Typea Peptide Sequenceb,c,d,e,f Cellular
Receptor

Applications and Notes

injected with the 
peptide.276

Imaging applications: 
The peptide was 
conjugated to Cy7 for 
near-infrared imaging of 
tumors in mice bearing 
novo pancreatic ductal 
adenocarcinoma. MRI of 
22Rv1 orthotopic 
xenografts in mice using 
peptide-linked SPIO 
nanoworms has been 
performed.276

Note: This peptide has 
been postulated to have 
a unique mode of action 
in which the peptide first 
binds the target integrin 
and is then cleaved to 
expose a NRP-1 binding 
peptide. The binding of 
NRP-1 increases 
penetration of cargo 
throughout the tumor.

Prostate (TRAMP mice) CREAGRKAC257 (REA) (i) (T7 phage, L)

Therapeutic 
Applications: 
Peptide-D(KLAKLAK)2 

conjugate reduced PPC1 
orthotopic tumor 
lymphatic vessels in 
mice.

Prostate (DU145) YRCTLNSPFFWEDMTHECHA277 (pIII, T) CRKL

Therapeutic 
Applications: Peptide-
proapoptotic 
peptideD(KLAKLAK)2 

is cytotoxic to DU145 
cells in vitro and inhibits 
DU145 tumor growth in 
mice.

Prostate (PPC-1)i RPARPAR278 (T7 phage, T) Neuropilin-1 (NRP-1)278,279

Breast (MDA-MB-435) CNGRCVSGCAGRC112,280 (NGR)j (pIII, 
V)

Amino-peptidase N (CD13)281

Therapeutic 
Applications: A NGR 
peptide-doxorubicin 
conjugate inhibited 
MDA-MB-435 tumor 
growth & prolonged 
survival in mice.112 

Peptide-liposomal 
doxorubicin inhibited 
growth of orthotopic 
neuroblastoma 
xenografts in mice282 

and increased survival in 
mouse lung, ovarian, 
and neuroblastoma 
xenografts.283 NRG 
peptide-TNF (tumor 
necrosis factor α) 
inhibited tumor 
growth284 and 
synergistically increased 
the effects of various 
chemotherapy drugs on 
tumor inhibition in mice 
(for various tumor 
types).285–289 Human 
interferon alpha (hIFN-
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Tumor Typea Peptide Sequenceb,c,d,e,f Cellular
Receptor

Applications and Notes

α2a)-peptide 
conjugate290 and 
recombinant hIFN-α2a-
peptide291 inhibited 
tumor growth in mice 
when injected i.p. in 
various tumor models. A 
conjugate of the NRG 
peptide with a Tum-5-
peptide (derived from 
tumstatin) inhibited 
S180 tumor growth in 
mice.292

Breast (MDA-MB-435) CDCRGDCFC112 (RGD-4C)j (pIII, T/V) αvβ3,αvβ5,α5β1

Therapeutic 
Applications: A 
RGD-4C-doxorubicin 
conjugate inhibited 
MDA-MB-435 tumor 
growth and prolonged 
survival in mice112 and 
inhibited MH134 
orthotopic tumor growth 
in mice.293 A conjugate 
of RGD-4C-tumor 
necrosis factor-α (TNF) 
inhibited MDA-MB-435 
orthotopic tumor 
growth.136 Conjugation 
of RGD-4C to adeno-
associated virus phage 
vector (AAVP) allowed 
for delivery of the HSVtk 
gene. Treatment of 
DU145, KS1767, and 
UC3 xenografts in mice 
and EF43-FGF4 mouse 
mammary tumors with 
RGD-4C-AAVP- HSVtk 
and gancilovir inhibited 
tumor growth.294 

RGD-4C-Delta-24 
adenovirus (an 
adenovirus with 
anticancer activity) is 
cytotoxic to a variety of 
cancer cell lines.295 

Intratumoral injection of 
RGD-4C-Delta-24 
adenovirus into 
orthotopic U-87 MG 
tumors in mice increased 
survival.295 This 
conjugate has recently 
begun Phase I clinical 
trials.
Imaging applications: 
Scintigraphic imaging of 
DU145 tumors in mice 
using 99mTc(CO3)-
RGD-4C 
and 99mTc(CO3)-HPMA 
polymer-RGD-4C has 
been performed; the 
polymer conjugate was 
also imaged in PC-3 
tumors.296 MicroPET 
imaging using 64Cu-
DOTA-RGD-4C-TNF-α 
was able to detect 
U87MG and MDA-
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Tumor Typea Peptide Sequenceb,c,d,e,f Cellular
Receptor

Applications and Notes

MG-435 tumors in 
mice.136

Oligonucleotide 
Delivery: Conjugation of 
RGD-4C to AAVP 
resulted in delivery of 
GFP to KS1767 
xenografts in mice & 
delivery of luciferase to 
DU145 xenografts as 
evidenced by 
bioluminescent 
imaging.294 RGD-4C-
AAVP delivered the 
HSVtk gene to DU145 
xenografts as evidenced 
by PET imaging with 
[18F]FEAU.294

CGNKRTRGC255 (LyP-1)i (T7 phage, 
T/L/M)

p32/gC1qR297

Therapeutic 
Applications: LyP-1 
conjugated to liposomes 
containing doxorubicin 
are no more effective in 
reducing tumor growth 
than non-targeted 
liposomes.298 However, 
doxorubicin loaded 
LyP-1 liposomes 
injected after gold 
nanorod-mediated 
heating of tumors caused 
tumor regression in mice 
with MDA-MB-435 
tumors.299 Peptide-
doxorubicin liposomes 
killed cells with or 
without heat treatment in 
vitro. Peptide coupled to 
microbubbles containing 
paclitaxel killed cells 
when treated in 
combination with 
ultrasound but this 
approach was only 
tested in vitro.300 Dye-
labeled–peptide-
abraxane inhibited tumor 
growth in mice.301

Imaging applications: 
Near-infrared 
fluorescence imaging 
and ex vivo imaging of 
lymphanogenesis were 
performed using Cy5.5-
peptide injected via the 
middle phalanges of 
both upper extremities in 
4T1 tumor bearing 
mice.302

Oligonucleotide 
Delivery: Baculovirus 
displaying peptide-
VSVG protein fusions 
and carrying the 
luciferase gene 
specifically transduced 
cells in vitro.303,304

Functional Peptide 
Activity: The LyP-1 
peptide itself induced 
apoptosis of cancer cell 
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Tumor Typea Peptide Sequenceb,c,d,e,f Cellular
Receptor

Applications and Notes

lines in culture and 
inhibited MDA-MB-435 
tumor growth in mice.256

Note: LyP-1 has been 
shown to home to tumor 
lymphatics in vivo when 
used in a variety of 
formats
.255,256,298,299,301,302,304–308 

LyP-1 also accumulates 
in atherosclerotic 
plaques, primarily in the 
associated 
macrophage.309,310

Breast (MDA-MB-231 and MCF-7 in 
mice treated with sunitinib and responding 
to therapy)h

EGEVGLG242 (T7 phage, V after sunitinib 
treatment)

Imaging applications: A 
peptide-AlexaFluor 750 
conjugate was used for 
near-infrared imaging of 
sunitinib treated MDA-
MB-435 and MCF7 
tumors in mice.

Medullary Thyroid Carcinoma (TT) CHTFEPVGC311 (pIII, T)

Oligonucleotide 
Delivery: Peptide linked 
to adenovirus vector 
delivered the GFP gene 
to cells in vitro resulting 
in GFP expression but 
this peptide has not been 
tested in vivo.311

Basal cell squamous carcinoma from K14-
HPV16 micei

CGKRK312

CDTRL312 (T7 phage, V)

Therapeutic 
Applications: The 
CGKRK peptide was 
conjugated to a clot 
inducing nanoworm 
particle. This conjugate 
induces clotting in 
prostate tumors in mice, 
resulting in a reduction 
of tumor burden.313 A 
CGKRK 
peptide-D[KLAKLAK]2-
iron oxide nanoworm 
decreased the number of 
blood vessels in bFGF-
Matrigel plugs in mice. 
When systemically 
injected into mice 
bearing induced brain 
tumors, the peptide-
conjugate cured most 
mice.276 CGKRK 
Peptide-D[KLAKLAK]2-
iron oxide nanoworms 
co-injected with the 
iRGD peptide into mice 
with 005 tumors 
prolonged survival.276

Oligonucleotide 
Delivery: Baculovirus 
displaying CGKRK 
peptide-VSVG protein 
fusions and carrying the 
luciferase gene 
specifically transduced 
cells in vitro,303 and the 
CGKRK peptide has 
been used to transfect 
cancer cells with a 
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Tumor Typea Peptide Sequenceb,c,d,e,f Cellular
Receptor

Applications and Notes

spider silk derived gene 
carrier.314

Note: Both peptides 
home to the vasculature 
of several different 
tumor types but the 
CGKRK peptide binds 
to a broader number of 
tumor types.

Melanoma (C8161)i CLSDGKRKC257 (LSD) (T7 phage, L)

Therapeutic 
Applications: LSD 
peptide-D(KLAKLAK)2 

conjugate reduced 
C8161 orthotopic tumor 
lymphatic vessels in 
mice.

Melanoma (murine B16-F10)g,i TRTKLPRLHLQS159 (WDC-2) (pIII, T)

Therapeutic 
Applications: Phage 
inhibited B16-F10 tumor 
growth when injected 
adjacent to tumor, but 
the free peptide was not 
tested. The anti-tumor 
effect is likely due to 
infiltration of 
neutrophils induced by 
the phage particle.

RIP1-Tag2 mice Pancreatic isletsi

CRGRRST315 (RGR)
CRSRKG315 (RSR)
CKAAKNK315 (KAA)
CKGAKAR315 (KAR)
FRVGVADV315 (VGVA) (T7 phage, V/T)

PDGFRβ is a candidate 
receptor for RGR peptide

Therapeutic 
Applications: 
Combination treatment 
with RGR peptide-anti-
CD40 antibody and 
murine IL-2-peptide 
fusion protein increased 
survival in RIP1-Tag2 
mice. 80% of mice 
treated with the 
combination treatment 
plus adoptive transfers 
of anti-Tag CD4+ and 
CD8+ T cells survived 
long-term.316

Note: KAA and KAR 
peptides bind to the 
RIP1-Tag2 tumor 
vasculature. RSR binds 
specifically to 
angiogenic islet 
vasculature but not to 
the tumor vasculature. 
VGVA and RGR bind to 
both angiogenic and 
tumor vasculature.315

Dysplastic Colon Mucosa/colon adenomas 
from CPC;Apc mice QPIHPNNM317 T7 phage, T)

Imaging applications: 
FITC-labeled peptide 
bound adenomas in 
CPC;Apc mice as 
viewed by endoscopy317 

and microendoscopy.318

Colorectal (Bevacizumab-treated LS174T) LLADTTHHRPWT241 (BRP) (h) (pIII, 
bevacizumab-treated V)

Imaging applications: 
BRP peptide-IRDye800 
conjugate was used for 
near-infrared imaging of 
bevacizumab-treated 
LS174T tumors in mice. 
PET imaging using 
a 18F-BRP-peptide 
detected LS174T tumors 
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Tumor Typea Peptide Sequenceb,c,d,e,f Cellular
Receptor

Applications and Notes

in mice treated with 
bevacizumab.241

Colorectal (Colon 26 cells orthotopically 
implanted in BALB/c mice) CTPSPFSHC319 (TCP-1) (pIII phage, V)

Therapeutic 
Applications: The 
peptide homes to the 
vasculature of the colon 
26 tumor in a mouse but 
not to normal 
vasculature. Conjugation 
of TCP-1 to the 
proapoptotic 
peptide D(KLAKLAK)2 

conjugate induces 
apoptosis in the tumor 
vasculature.
Note: The peptide binds 
to vasculature of 
resected human 
colorectal tumors.

Gliomas (irradiated murine GL261) GIRLRG320 (h) (T7 phage, irradiated V) GRP78

Therapeutic 
Applications: Peptide 
conjugated to a 
nanoparticle 
encapsulating paclitaxel 
inhibits MDA-MB-231 
tumor growth in 
irradiated mice.320

Imaging applications: 
Peptide-AlexaFluor 750 
has been used for near-
infrared imaging in mice 
with irradiated G1261 
tumors.320

Hepatocarcinoma (BEL-7402) AGKGTPSLETTP321 (A54) (pIII, T)

Therapeutic 
Applications: Peptide-
doxorubicin conjugate 
inhibited tumor growth 
and increased survival in 
mice with BEL-7402 
tumors.152

Human Renal Carcinoma Tumor 
Endothelial Cells CVGNDNSSC250 (pIII, V)

Therapeutic 
Applications: 
Biotinylated peptide 
conjugated to saporin 
induced apoptosis in 
tumor endothelial cells 
in mice.

Waldenström macro-globulinemia B cell 
malignancy (from pancreas of a human 
patient)

CGRRAGGSC77 (pIII, T) IL-11Rα77,251

Therapeutic 
Applications: A peptide-
proapoptotic 
peptide D(KLAKLAK)2 

conjugate induced 
apoptosis in LNCaP and 
MDA-PCa-2b prostate 
cell lines in vitro.152

Imaging applications: 111In-DTPA-IR dye-peptide construct was used for both SPECT/CT and near-infrared imaging in a mouse bearing a MDA-MB-231 tumor.322

a
All tumors are human xenografts unless otherwise noted.

b
Cysteine residues that form disulfide bonds are indicated in bold.

c
Common peptide names that have been used in the literature are indicated in parenthesis next to the peptide sequence.

d
The phage display library type is also indicated in parentheses. All phage are filamentous unless noted as T7 phage.
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e
T indicates tumor cell targeting, V indicates tumor vasculature targeting, L indicates tumor lymphatics homing, and M indicates tumor associated 

macrophage homing. ND means it is unclear whether the peptide binds the tumor cells or tumor vasculature.

f
Intravenous injections used for selection unless otherwise indicated.

g
Selection used intraperitoneal injections instead of intravenous injections.

h
Selection used intracardiac injections instead of intravenous injections.

i
Combination of ex vivo/in vivo panning employed.

j
This peptide has been used in numerous other studies not listed.
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Table 6

Cancer-Targeting Peptides Isolated from Bacterial Display Libraries

Cancer Type Cell Line used
for Selectiona

Peptide Sequenceb,c,d Library Type

Prostate Cancer
PC-3M-1E8 NVVRQ325 (TMTP1, targets in vivo) FliTrx

PC-3 CPGDRGQRRLFSKIEGPC326 (MM-2, targets in vivo) FliTrx

Breast Cancer

ZR-75-1

TCVLHRQRCLMFTLR84

ICVNIKKSLWACEIR84
WARVLLIEGRLIVCE84

WWDMVSDRYIWKPVK84
OmpA

VPCQKRPGWVCLW84

KWCVIWSKEGCLF84

SSWCMRGQYNKICMW84

VECYLIRDNLCIY84

WWCLGERVVRCAH84

FYCVIERLGVCLY84

RVCFLWQDGRCVF84
CPX

MDA-MB-231

MSCLMNSNSFCSI324

WACLMNMYSFCSS324

LRCLTTLDNFCTI324

LICLHRIDRFCSV324

MECLKSMFTYCDI324

LSCLYSMYSYCDV324

LWCLTDLMGWCTV324

LGCLLDVQSWCIV324

LWCLLDLMSWCEI324

LDCFRNIYGFCNI324

LKCLWEMRGFCEI324

VDCLFHTDRFCYI324

WRCLMSLETWCMV324

LACLMSLEQWCAV324

WSCLWDLSQFCNF324

PSCLFNLDSFCEF324

CPX

MCF-7

VECDPVRNNFCWW324

LECHRLRTNMCFL324

EWCGIVRVGYCLG324

DACGIIHVGYCKV324

RVCTWNWSWICKE324

RMCTWNLEWVCDL324

RLCVWDWEWLCRD324

RVCTWRMVWVCDY324

NLCRGDLEKLCMK324

YACRGDAYYLCAT324

HSCRGDMALLCWL324

FACRGDRWVLCNS324

GLCVADGRPRCLE324

GWCFRDGRPMCSY324

CPX

T47D FWCMGDGRPRCTG324

VWCYLWKYGYCVY324
PICRGDRDWRCRD324

GQIWKGEWVKLWRDV324 CPX

Hepatoma (Liver) HepG2
IAVAPGWLWEEE323

KELCELDSLLRI323

TRGRPRDVANGH323

IRELYSYDDDFG323

ESLSVDFMGERA323

QELAPYSWSEKD323

ARRILKGGGVHT323

FliTrx

Murine Squamous Carcinoma SCC VII(e) CGGRRLGGC327,328 (targets in vivo) FliTrx

a
All cell lines are of human origin unless otherwise noted.

b
Cysteine residues that form disulfide bonds are indicated in bold.

c
Peptides clustered in the same cell in this table were isolated in the same panning experiment.

d
Peptides that have been confirmed to target the appropriate tumor in vivo are noted.

e
This was an ex vivo panning using isolated cells.
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Table 7

Cancer-Targeting Peptides Isolated from OBOC Libraries Using Cultured Cells as the Target

Cancer Type Cell Line used
for Selectiona

Peptide Sequenceb,c,d,e,f Cellular
Receptor

Applications and Notes

Breast Cancer MDA-MB-231
cdGLGBNc332 (LXY1)
cdGTyr(3-NO2)GBNc (LXY3)332 α3β1

Imaging applications: LXY1 
peptide-biotin-streptavidin-Cy5.5 
used for near-infrared imaging of 
U-87MG tumors in mice.333

LXY3 peptide-biotin-streptavidin-
Cy5.5 used for near-infrared 
imaging of orthotopic MDA-
MB-231 tumors.
Note: LXY3 was identified from a 
focused peptide library based on 
the LXY1 sequence.

Leukemia Jurkat LTGpLDI334 α4β1

Ovarian Cancer

CaOV-3, 
SKOV-3, 
OVCAR-3, & 
ES-2

cLDWDLIc335

cDGLGDDc335

cDGWGPNc335
α3 (DGLG peptide)

ES-2 cdGHCitGPQc336 (OA02) α3

Therapeutic Applications: OA02 
peptide displayed on the surface of 
paclitaxel loaded micelles 
improves efficacy in two ovarian 
cancer models compared to the 
non-targeted paclitaxel or 
paclitaxel-micelles.337

Imaging applications: A OA02 
peptide-biotin-streptavidin-Cy5.5 
and peptide-Cy5.5 have been used 
for near-infrared imaging of ES-2 
tumors in mice.336 [64Cu] DOTA-
OA02 peptide was used for 
microPET imaging of ES-2 tumor 
and SKOV3 metastatic lesion in 
mice.18

SKOV-3

cdG-Cha-G-HCit-Qc18

cdG-Chg-G-Hyp-Nc18 cdG-HCit-GPQc18

cdGIGPQc18

cdGLGQ-Bta-c18

cdG-Phe-GP-Cha-c18

cdG-Tyr-GI-Pra-c18

Note: The peptides bind multiple 
cancer cell lines but most also bind 
a normal human lung epithelial cell 
line.

Lung Cancer
A549 cNGQGEQc338 (pA) α3β1

Note: A consensus sequence of 
NGXG was observed for most 
positive hits.

HI650 cNleDNleTHyprc339 (pM2) α4β1

Prostate DU145

LNIVSVNGRHX85 (RU-1)
DNRIRLQAKXX85 (RX-1)

kmviywkag340 (RZ-3)
kikmviswkg340 (HYD-1)

α3β1
341 (RZ-3)

α6β1 and α3β1
341 

(HYD-1)

Functional Peptide Activity: Free 
HYD-1 peptide induced cell death 
in multiple myeloma cells and 
inhibited H929 tumor growth in 
mice when injected i.p.342 RZ-3 
inhibited random haptotaxis of 
PC3N cells on lamin-5.341 HYD-1 
blocked random haptotaxis and 
inhibited invasion of PC3N cells 
on lamin-5.341 HYD-1 also 
inhibited adhesion of H929 cells to 
fibronectin mediated by α4β1.342
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Cancer Type Cell Line used
for Selectiona

Peptide Sequenceb,c,d,e,f Cellular
Receptor

Applications and Notes

LNCaP QMARIPKRLARH50

Note: The peptide binds to other 
epithelial derived cancer cell lines 
and can be used to label LNCaP 
cells spiked into whole blood.

Bladder Cancer 5637 cQDGRMGFc343 (PLZ4)

Imaging applications: Near-
infrared imaging of human bladder 
tumor-bearing mice was performed 
with a peptide-biotin-SA-Cy5.5 
conjugate.

a
All cell lines are of human origin.

b
Cysteine residues that form disulfide bonds are indicated in bold.

c
Lowercase indicates D-amino acids.

d
Abbreviations for unnatural amino acids are as follows: B = hydroxyproline, Cha = cyclohexylalanine, Chg = α-cyclohexylglycine, HCit = 

homocitrulline, Hyo = hydroxyproline, Bta = benzothioenylalanine, Phe = 4-methylphenylalanine, Pra = propargylglycine, Tyr = 3-nitrotyrosine, 
and Nle = norleucine.

e
Common peptide names that have been used in the literature are indicated in parentheses next to the peptide sequence.

f
Peptides clustered in the same cell in this table were isolated in the same selection experiment.
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Table 8

Cancer-Targeting Peptides Isolated from PS-SPCLs

Protein or Cell Line
used for Selectiona

Peptide
Sequenceb,c

Cellular Receptor Applications and Notes

NR6 cells transfected to 
overexpress EGFRvIII 
(mutation variant III)

H-FALGEA-NH2
65

H-FALIEA-NH2
65 EGFRvIII

Imaging applications: The labeled 4-[18F]fluorobenzoyl-
peptide has been used for microPET imaging of NR6M cells 
in mice.344

α5β1 (selected for ability 
to compete with 
fibronectin binding)

VILVLF64 (A5-1) α5β1

Functional Peptide Activity: The synthetic peptide inhibits 
proliferation, bFGF-induced migration, bFGF-induced tubular 
network formation of HUVEC cells and bFGF-induced 
neovascularization in a chorioallantoic membrane 
angiogenesis assay.

αvβ3 (selected for ability 
to compete with 
vitronectin binding)

HGDVHK-NH2
63

HSDVHK-NH2
63 αvβ3

63,345

Functional Peptide Activity: Both peptides inhibit bFGF-
induced HUVEC cell migration and bFGF-induced 
neovascularization in a chorioallantoic membrane 
angiogenesis assay. HSDVHK inhibits HUVEC 
proliferation.346

U266 B myeloma cells 
(selected for stimulation 
of inositol phosphates)

WKYMVM-NH2
347

Formyl peptide 
receptor-like 1348,349 & 
N-formyl peptide 
receptor-like 2349

Functional Peptide Activity: The peptide stimulated 
phosphoinositide hydrolysis and release of [Ca2+]i from 
U266, U937 and HL60 cells.347,350 It also stimulated 
phosphoinositide hydrolysis and superoxide production in 
human neutrophils.350 In human peripheral blood monocytes 
and neutrophils, the peptide induced migration and Ca2+ 

mobilization.348

a
All cell lines are of human origin.

b
Common peptide names that have been used in the literature are indicated in parentheses next to the peptide sequence.

c
Peptides clustered in the same cell in this table were isolated in the same selection experiment.
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Table 9

Cardiac- and Muscle-Targeting Peptides

Cell Type and
Isolation Method

Peptide Sequencea,b,c,d,e,f Cellular Receptor Applications and Notes

In vivo panning in 
normotensive Wistar 
Kyoto rats, recovering 
phage from the heart

IPTHIRP369 (cell type not determined) 
HPWPTSI369 (cell type not determined) 
(pIII)

In vivo panning in 3 month 
old C57B61/L mice, 
recovering phage from the 
heart

CQAQGQLVC367 (cardiac endothelium, 
pSKAN phagemid)

TNF-R1 (suggested)

In vivo panning in aging 
(18 mo) C57B61/L mice, 
recovering phage from the 
heart

CARRGQAVC368 (cardiac endothelium, 
pSKAN phagemid)

Trk B (suggested)

Dual ex vivo & in vivo 
panning: first ex vivo 
panning against cell 
suspensions from BALB/c 
murine hearts and then in 
vivo panning in the mice, 
recovering phage from the 
heart

CARPAR359 (cardiac cndorhclium, T7) Cysteine-rich protein 
2 (CRIP2; HLP; 
ESP-1)

Therapeutic Applications: The CRPPR 
peptide linked to the antioxidant peptide 
gp91 ds increased nitric oxide availability 
and reduced systolic blood pressure in a 
SHSRP rat model of genetic 
hypertension.360

Imaging applications: The CRPPR 
peptide was displayed on 18F radiolabeled-
liposomes for PET imaging and dynamic 
PET analysis of hearts in FVB mice.370

CARPAR359 (cardiac endothelium, T7) EST (putative)

CKRAVR359 (cardiac endothelium, T7) Single 
immunoglobulin 
interlukin-1 receptor-
related protein 
(SIGIRR: TIR8)

CRSTRANPC359 (cardiac endothelium, 
T7)

unamed protein 
product; similar to 
integral membrane 
protein CII-3 
(MpcII-3)

CPKTRRVPC359 (cardiac endothelium, 
T7)

Mus musculus 
bladder cancer-
associated protein 
(human) homologue 
(bc10)

Combined in vitro & in 
vivo screening: panning in 
vitro on rat 
cardiomyoblast H9C2 
cells followed by in vivo 
panning in Balb/c mice, 
recovering phage from the 
heart

APWHLSSQYSRT358 (CTP) 
(cardiomyocytes, pIII)

Imaging applications: Peptide-biotin 
labeled neutravidin-fluospheres were used 
for near-infrared imaging of hearts after 
intra-cardiac injection in mice.
Note: This peptide has been isolated on 
numerous targets and it has been suggested 
to be a nonspecific phage that is isolated 
due to propagation advantages.207

Ex vivo panning against 
murine primary 
cardiomyocytes

WLSEAGPVVTVRALRGTGSW213 

(PCM.1) (cardiomyocytes, pIII)
Oligonucleotide Delivery: Peptide 
conjugated to polymer-Fas siRNA 
polyplex knocked down Fas expression 
and inhibited apoptosis in H9C2 ells.371

In vitro panning on 
pluripotent stem cell 
derived cardiomyocytes

QPFTTSLTPPAR372

NNWSSPPQMISR372

ATFSPPQQSLMM372

ISTSPPQGSTSS372 (pluripotent stem 
cell derived cardiomyocytes, pIII)

Combined in vitro & in 
vivo screening: first 
screened in vitro against 
murine C2C12 myotubes 
& then in vivo in Balb/C 
mice, isolating phage from 
skeletal muscle

ASSLNIA373 (MSP) (myoblasts and 
myotubes, pIII)

Oligonucleotide Delivery: Adeno-
associated virus modified with the MSP 
peptide allowed for luciferase and EGFP 
transduction into C2C12 myotubes in vitro 
and transduced cardiac muscle and other 
striated muscles with luciferase when 
injected i.v.374 The MSP peptide was 
conjugated to a phosphrodiamidate 
morpholino antisense oligonucleotide 
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Cell Type and
Isolation Method

Peptide Sequencea,b,c,d,e,f Cellular Receptor Applications and Notes

specific for the dystrophin transcript and 
produced functional truncated dystrophin 
transcripts in H2K mdx myoblasts.375 The 
MSP peptide conjugated to a peptide 
nucleic acid (PNA) antisense 
oligonucleotide specific for the dystrophin 
transcript increased the number of 
dystrophin-positive muscle fibers when 
injected into the tibialis anterior muscles 
of a mdx mouse model of muscular 
dystrophy.376

In vitro panning against 
murine cardiac endothelial 
cells

CVHSPNKKC365 (VP) (cardiac 
endothelium, pIII)

VCAM-1 Imaging applications: A VP peptide-
modified magnetofluorescent nanoparticle 
has been used to image vasculature in the 
ears of mice with mTNF-α-induced 
inflammation using intravital confocal 
microscopy. The nanoparticle also homed 
to atherosclerotic lesions in cholesterol fed 
apoE−/− mice.365

In vivo panning against 
rats with ischemia/
reperfusion injury, 
isolating phage from the 
ischemic left ventricular 
tissue

CSTSMLKAC361 (ischemic 
cardiomyocytes, pIII)

Note: Recombinant peptide conjugated to 
SUMO-mCherry localized to ischemic 
myocardium in mice.

In vivo panning against 
atherosclerosis lesion-
bearing ApoE−/− mice, 
isolating phage from 
plaque-loaded segments of 
the aorta

VHPKQHR377 (VINP-28) 
(atherosclerotic plaques, primarily binds 
endothelial cells but also has affinity for 
smooth muscle cells and macrophages, 
pIII)

VCAM-1 Imaging applications: VINP-28 peptide 
conjugated to a crosslinked iron oxide-
Cy5.5 nanoparticle was used to image 
vasculature in the ears of mice with 
mTNF-α-induced inflammation using 
intravital laser microscpoy. These 
nanoparticles were also used for MR 
imaging of atherosclerotic lesions in 
cholesterol fed ApoE−/− mice; 
significantly, the peptide-nanoparticle 
gave no MRI signal change in stain-treated 
ApoE−/− mice.378 Dynamic PET/CT 
imaging of atherosclerotic plaques in 
ApoE−/− mice has been performed 
using 18F-labeled tetrameric version of 
peptidie.379

In vivo panning against 
atherosclerosis lesion-
bearing ApoE−/− mice, 
isolating phage from 
atherosclerotic plaques 
from the aorta

CAPGPSKSC380 (atherosclerotic plaque 
endothelium, pIII)

Glucose-regulated 
protein precursor 
(Grp78)

Oligonucleotide Delivery: Peptide inserted 
into adeno-associated virus-2 carrying the 
luciferase gene transduced rat endothelial 
cells in vitro.381 In vivo, peptide inserted 
into adeno-associated virus-2 carried 
eGFP transgene to atherosclerotic plaques 
in ApoE−/− mice and not to the aorta of 
non-diseased mice.381

CNQRHQMSC380 (atherosclerotic 
plaque endothelium, pIII)

CNHRYMQMC380 (atherosclerotic 
plaque endothelium pIII)

Membrane type 1 
matrix 
metalloproteinase381

Oligonucleotide Delivery: Peptdie inserted 
into adeno-associated virus-2 carrying the 
luciferase gene transduced human, murine, 
and rat endothelial cells in vitro and 
carried eGFP trangene to atherosclerotic 
plaques in ApoE−/− mice.381

CYNRSDGMC380 (atherosclerotic 
plaque endothelium, pIII)

In vivo panning in LDLr 
knockout mice on a 
Western diet, isolating 
phage from atherosclerotic 
lesions of vasculature

CLVEAYPGLVRSC382 (ON2604, pVIII 
display)
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Cell Type and
Isolation Method

Peptide Sequencea,b,c,d,e,f Cellular Receptor Applications and Notes

Ex vivo panning against 
cell suspensions from 
human atherosclerotic 
plaque tissue

CRKRLDRNC366 (AP) (atherosclerotic 
plaques - endothelial cells, macrophages, 
and smooth muscle cells, T7)

IL-4R Therapeutic Applications: The AP peptide 
has found use in tumor targeting. Peptide 
conjugated to hydrophobically modified 
glycol chitosan nanoparticles loaded with 
paclitaxel inhibited H226 and MDA-
MB-231 tumor growth in mice. Cy7.5-
labeled versions of the naoparticles were 
used for near-infrared imaging of the same 
tumor models in mice.383 AP peptides 
were placed on pH-sensitive micelles 
loaded with doxorubicin and shown to 
inhibit MDA-MB-231 tumor growth in 
mice.384

Imaging applications: AP peptide was 
conjugated to hydrophobically modified 
glycol chitosan-Cy5.5 nanoparticles for 
near-infrared imaging of atherosclerotic 
plaques in Ldlr−/− mice.385 The AP peptide 
was conjugated to pH-sensitive micelles 
loaded with TRITC and used for near-
infrared imaging of MDA-MB-231 tumors 
in mic.384

In vivo panning in 
hypertensive SHSRP rats, 
recovering phage from the 
heart

DDTRHWG369 (cardiac endothelium)
ASAGGPN369 (cell type not determined)
VQASNSN369 (cell type not determined) 
(pIII)

Oligonucleotide Delivery: The 
DDTRHWG peptide cloned into the HI 
loop of the AD5/19p adenovirus vector 
expressing LacZ is able to transduce 
cardiac vasculature.

In vitro panning against 
recombinant human 
Stabilin-2

CRTLTVRKC386 (S2P) (atherosclerotic 
plaques - endothelial cells, macrophages, 
and smooth muscle cells, T7)

Stabilin-2 Note: Peptide accumulates in 
atherosclerotic lesions in Ldlr−/− mice. 
However, stabilin-2 is not specific to 
plaques but is expressed widely in 
sinusoidal endothelial cells.

In vitro panning against 
cultured primary aortic 
vascular smooth muscle 
cells followed by in vivo 
panning in mice with 
endothelial denudation of 
the carotid artery, isolating 
phage from the carotid 
artery

CNIWGVVLSWIGVFPEF387

CESLWGGLMWTIGLSDC387 

(proliferating VSMCs, pComb8 
phagemid)

Ex vivo panning against 
primary human saphenous 
vein smooth muscle cells

EYHHYNK388 (saphenous vein smooth 
muscle, pIII)

Oligonucleotide Delivery: Peptide inserted 
into adeno-associated virus-2 transduced 
HSVSMCs and HCASMCs with β-
galactosidase.

In vivo panning in 
Duchenne muscular 
dystrophy mdx mice, 
isolating phage from the 
heart and quadriceps

SKTFNTHPQSTP363 (T9) 
(cardiomyocytes and quadriceps, pIII)

a
Cysteine residues that form disulfide bonds are indicated in bold.

b
Common peptide names that have been used in the literature are indicated in parentheses next to the peptide sequence.

c
The phage display library type is indicated in parenthesis. All phage are filamentous unless noted as T7 phage.

d
The targeted cell type is indicated if determined.

e
Peptides clustered in the same cell in this table were isolated in the same selection experiment. A dotted line between cells indicates that the 

peptides were isolated in the same panning but are separated for clarity.

f
Peptides selected to bind diseased heart arc highlighted in blue.
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Table 10

Immune-Cell-Targeting Peptides

Isolation Methoda Peptide Sequenceb,c,d Immune
Cell Type

Applications and Notes

In vitro panning 
against the 
heterodimeric protein 
CD11c/CD18 purified 
from splenic tissue of a 
patient with hairy cell 
leukemia

CGRWSGWPADLC390 Dendritic Cells Immunomodulation: C57BL/6 
mice vaccinated with peptide-
liposomes carrying OVA 
induced OVA-specific T cell 
priming and antibody 
production. The peptide was 
also engrafted into plasma 
membrane vesicles derived 
from B16-OVA cells and used 
to vaccinate C57BL/6 mice 
carrying either lung or 
subcutaneous B16-OVA 
tumors, inhibiting tumor 
growth and metastasis in both 
models391

In vitro panning 
against immobilized 
CD40-Ig

ATYSEFPGNLKP399 Dendritic and B cells Oligonucleotide Delivery: A 
bifunctional peptide, created by 
conjugating this peptide to a 
peptide that binds the 
adenoviral knob protein, 
allowed for specific 
transduction of adenoviral GFP 
to human and murine dendritic 
cells, murine B cell blasts, 
murine L10A cells, and human 
B cells.

In vitro panning 
against the murine 
dendritic cell line 
JAWSII. Bound phage 
were eluted with TNFα 
to identify TNF-R2 
ligands.

CYTYQGKLC392 (pTNF) Dendritic Cells Oligonucleotide Delivery: 
Both a K16-G5-peptide fusion 
and peptide-K16 microspheres 
transduced JAWSII and 
BMDC with a GFP expressing 
plasmid392 Peptide-lipoplexes 
containing EGFP-siRNA 
induced silencing of EGFP in 
EGFP-expressing DC2.4 
cells.400

In vitro panning 
against XS52 dendritic 
cells

GPEDTSRAPENQQ-KTFHRRW393 (XS52.1) Dendritic Cells Oligonucleotide Delivery: 
Peptide-liposomes containing 
luciferase plasmid transduced 
Langerhans cells when injected 
into mouse skin.
Immunomodulation: The 
peptide containing phage clone 
induced a more rapid and 
robust humoral immune 
response against phage coat 
proteins than did control 
peptide phage clones.393

In vitro panning 
against LPS-activated 
U937 hematopoietic 
precursor cells

PTAPTST401

PSPRSGS401

PAIAHRT401

Macrophages (Activated)

In vitro panning 
against immobilized 
ganglioside GM1

AFHKNSQTTTLY398(CL1)
TNCLQNCSGVHL398 (CL2)
GWKERLSSWNRF398 (CL3)

M Cells Immunomodulation: Oral 
delivery of the CL3 peptide-
fused to EGFP induced an 
EGFP-specific mucosal and 
systemic immune response in 
mice (IgG & IgA production, 
Th2 type response).

In vitro panning 
against human M-like 
cell model system (co-

SFHQLPARSPLP397(Col) M Cells Immunomodulation: Peptide-
fused EGFP given orally bound 
M cells and transported to the 

Chem Rev. Author manuscript; available in PMC 2015 January 22.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Gray and Brown Page 124

Isolation Methoda Peptide Sequenceb,c,d Immune
Cell Type

Applications and Notes

cultures of Caco-2 and 
Raji cells)

mucosal immune induction 
site, inducing an EGFP-
specific mucosal and systemic 
immune response in mice (IgG 
and IgA production, Th2 type 
response).
Suggested Receptor: C5aR402

In vitro panning 
against human M-like 
cell model (co-cultures 
of Caco-2 and Raji 
cells), selecting for 
transcytosis

CKSTHPLSC403 (CKS9) M Cells Functional Peptide Activity: 
Chitosan nanoparticles that 
display CKS9 localized in the 
Peyer's patch when injected 
into a closed ileal loop.

In vitro panning of a 
T7 phage peptide 
library against 
monocultures of 
Caco-2 cells and co-
cultures of Caco-2 and 
M cells, selecting for 
phage transcytosis

CTGKSC404

PAVLG404

LRVG404

M Cells Functional Peptide Activity: 
The peptides transcytose 
nanoparticles across M-like 
cells in an in vitro assay.

In vivo panning in 
Winstar rats, delivering 
the phage library into 
the closed ileal loop 
and isolating Peyer's 
patches

LETTCASLCYPS396 (P8)
VPPHPMTYSCQY396 (P25)

M Cells Functional Peptide Activity: 
The D- analog of P8 delivers 
polystyrene beads to M cells 
and Peyer's patch when 
injected locally into the 
intestine.

In vitro panning 
against immobilized 
FcγRIIA-R134-GST

WAWVWLTETAV394 Leukocytes

Ex vivo panning 
against freshly isolated 
human neutrophils

FGPNLTGRW25

CKDGLFLGSWLC25

DLVTSKLQV25

Polymorphonuclear leukocytes

In vitro screening 
against neutrophil-like 
differentiated HL60 
cells screening for 
arachidonic acid 
release using PS-SPCL

RKYHVM-NH2
405

RKYYYM-NH2
405

MKYYKM-NH2
405

MKYYYM-NH2
405

Leukocytes Functional Peptide Activity: 
The peptides stimulate 
superoxide production and 
induce chemotactic migration.
Suggested Receptor: FPRL1

Ex vivo screening 
against human 
monocytes using PS-
SPCL, screening for 
superoxide anion 
generation

HFYLPM406

HFYLPm406

MFYLPM406

Monocytes Functional Peptide Activity: 
The peptides induce 
superoxide production and 
cause an increase in 
intracellular Ca2+ rise.

a
All libraries are pill phage libraries unless otherwise noted.

b
Cysteine residues that form disulfide bonds are indicated in bold.

c
Common peptide names that have been used in the literature are indicated in parentheses next to the peptide sequence.

d
Peptides clustered in the same cell in this table were isolated in the same selection experiment.
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Table 11

Islet-Targeting Peptides

Isolation methoda Peptide Sequenceb,c,d Target Cell Applications and Notes

Ex vivo panning against 
freshly isolated rat 
pancreatic islets

LSGTPERSGQAVKVKLKAIP75 (RIP1)
GAWEAVRDRIAEWGSWGIPS75 (RIP2)

β-cells (RIP1)
Non-specific binding (RIP2)

Note: Radiolabeled RIP1 
phage was shown to home to 
islets in vivo.409

In vivo panning in male 
C57BL/6 mice followed 
by laser pressure catapult 
microdissection (LPCM) 
of pancreatic islet 
sections

CVSNPRWKC408

CHVLWSTRC408
vasculature of islets of 
Langerhans

Oligonucleotide Delivery: 
Peptide-polymer carrying 
luciferase DNA transduced 
MS1 cells in culture.410

Note: EphA4 and EphA2 have 
been suggested as the 
receptors.

Ex vivo panning on cell 
suspensions from solid 
tumors of RIP1-Tag2 
mice and then in vivo 
panning identifying 
phage homing to tumors 
using a T7 phage library

CRGRRST315 (RGR)
CRSRKG315 (RSR)
CKAAKNK315 (KAA)
CKGAKAR315 (KAR)
FRVGVADV315 (VGVA)

RGR: hyperplastic & tumor 
vasculature of pancreatic islets 
(endothelial cells & pericytes)
RSR: hyperplastic vasculature of 
pancreatic islets (endothelial 
cells & pericytes)
KAA: tumor vasculature of 
pancreatic islets (endothelial 
cells & pericytes)
KAR: tumor pancreatic islets
VGVA: hyperplastic & tumor 
pancreatic islets

Therapeutic Applications: 
Combination treatment with 
RGR peptide-anti-CD40 
antibody and murine IL-2-RGR 
peptide fusion protein 
increased survival in RIP1-
Tag5 mice, and 80% of mice 
treated with the combination 
treatment plus adoptive 
transfers of anti-Tag CD4+ and 
CD8+ T cells survived long-
term.316

Note: PDGFRβ has been 
suggested as the receptor for 
the RGR peptide.

Ex vivo panning on cell 
suspensions from 
angiogenic islets of 
RIP1-Tag2 mice and 
then in vivo panning 
isolating phage that 
homed to angiogenic 
islets

CEYQLDVE315 (EYQ) hyperplastic pancreatic islets

a
All libraries are pIII phage libraries unless otherwise noted.

b
Cysteine residues that form disulfide bonds are indicated in bold.

c
Common peptide names that have been used in the literature are indicated in parentheses next to the peptide sequence.

d
Peptides clustered in the same cell in this table were isolated in the same selection experiment.
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Table 12

Adipose-Targeting Peptides

Isolation method
and cell typea

Peptide Sequenceb,c Receptor
Identified

Applications and Notes

In vitro panning against 
mouse preadipocyte 3T3-
L1 cells

CWLGEWLGC413 (mPep) α5β1 Therapeutic Applications: Peptide-D(KLAKLAK)2 

killed mouse 3T3-L1 preadipocytes that were induced 
toward adipocyte differentiation in vitro.
Oligonucleotide Delivery: When the peptide was 
displayed on a chimeric prokaryotic-eukaryotic AAVP 
vector carrying the Ucp 1 gene, it transduced 3T3-L1 
preadipocytes, preventing them from differentiating 
into adipocytes.

Ex vivo panning against 
adipose stromal cells 
isolated from white 
adipose tissue after patient 
liposuction

CMLAGWIPC413 (hPep) α5β1 Functional Peptide Activity: Free peptide increased 
cell migration of human adipose stem cells in vitro.

In vivo panning against 
white fat in obese leptin-
deficient Lepob/ob mice 
using a T7 phage peptide 
library

CKGGRAKDC414

(binds white fat vasculature)
Prohibitin414,416,417 Therapeutic Applications: Subcutaneous injection of 

peptide-GG-D(KLAKLAK)2 into obese mice414,418 or 
rats418 reversed obesity and reduced white fat mass. 
Injection of a peptide-BVT.2733 (an 11β-HSD1 
inhibitor) conjugate into obese mice reversed obesity, 
reduced adipose tissue mass and size, and decreased 
plasma glucose tolerance.419 Subcutaneous injection 
of peptide-GG-D(KLAKLAK)2 into obese rhesus 
macaques monkeys decreased white fat mass, total 
body weight, BMI, abdominal circumference, and 
insulin resistance.415

Note: The peptide also targets to prohibitin-positive 
tumors.472

In vivo panning (T7 
library) against white 
adipose tissue in mice 
followed by FACS to 
isolate adipose stromal 
cells

CSWKYWFGEC412 (WAT7) Truncated decorin 
lacking glycanation 
site (ΔDCN)

a
All libraries are pIII phage libraries unless otherwise noted.

b
Cysteine residues that form disulfide bonds are indicated in bold.

c
Common peptide names that have been used in the literature are indicated in parentheses next to the peptide sequence.
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Table 13

Brain-Targeting Peptides

Isolation Methoda Peptide Sequenceb,c,d,e Applications and Notes

In vitro panning against EphA4 
extracellular domain fused to 
human Fc

APYCVYRGSWSC248 (APY)
KYLPYWPVLSSL248 (KYL)
VTMEAINLAFPG248 (VTM)

Functional Peptide Activity: All three peptides block binding 
of ephrin-A3 to EphA4 but do not activate the receptor. The 
free peptides disrupted migration of neural crest cells in chick 
trunk explants.248 The KYL peptide inhibited EphA4-Fc 
mediated collapse of E17 rat neocortical axonal growth cones 
and infusion of KYL into spinal cord lesions in rats prevented 
retrograde degeneration of the corticospinal tract and 
improved corticospinal tract function.425 When KYL was 
applied to hippocampal slices from Thyl-mGFPsil mice, the 
peptide increased the number of terminal aborizations, 
reduced remodeling at the most plastic terminal aborizations 
in mossy fibers and disrupted terminal aborization 
topography.426

In vitro panning against EphA5 
extracellular domain fused to 
human Fc

SLRDTYMRAEVL248

WDCNGPYCHWLG248

WTFPVLWDDKHP248

Note: WTFPVLWDDKHP binds both EphA5 and EphA6.

In vitro panning against EphA7 
extracellular domain fused to 
human Fc

WASHAPYWPHPP248

SVSVGMKPSPRP248

KHLPFYPHPTSP248

Note: These peptides bind multiple members of the EphA 
receptor family. SVSVGMKPSPRP has been suggested to be 
a non-specific peptide that is isolated from the NEB 12-mer 
library most likely due to preferential propagation of this 
phage clone.207

In vitro panning against a 
prototypical clone of murine neural 
stem cells (C17.2)

CGLPYSSVC427 Functional Peptide Activity: The peptide induced 
proliferation of C17.2 neural stem cells and primary neural 
progenitors isolated from adult mouse brain.
Note: The receptor for the peptide is laminin γ1.

In vitro panning against cultured 
mouse cerebellar granule neurons 
(CGNs)

SLNDWIDWSEPH424

SHSLMTSSSVWT424

SHTTPGKNNDPF424

NYARDPLMSLPQ424

Ex vivo panning against cultures of 
primary neurospheres isolated from 
hippocampus of adult C57BL/6 
mice

QTRFLLH428

VPTQSSG428
Oligonucleotide Delivery: The QTRFLLH and VPTQSSG 
peptides were linked to adenovirus carrying RFP. Both 
constructs infected hippocampal stem cells after injection into 
brains of pNestin-GFP transgenic or C57BL/6 mice, but the 
QTRFLLH peptide was limited to the precursor cells of the 
hippocampal dentate gyrus. A QTRFLLH-adenovirus 
construct carrying GFP infected hippocampal stem cells after 
injection into brains of Wistar rats. This allowed for 
monitoring of stem cell differentiation.429

Ex vivo selection for the ability to 
inhibit binding of the cocaine 
analog [125I]RTI-55 to the 
dopamine transporter from rat 
caudates. This selection used a 
positional scanning D-amino acid 
library.

Ac-frrwfc-NH2
62

Ac-frrwrc-NH2
62

Functional Peptide Activity: Microdialysis of the Ac-frrwfc-
NH2 peptide into brains of rats increased extracellular 
dopamine and serotonin levels.

In vivo panning in mice using a tail 
vein injection and isolating phage 
from the brain

TGNYKALHPHNG206 (TGN) Imaging Applications The peptide crossed the blood-brain 
barrier, even when injected via the tail vein, and transported 
PEG-PLGA nanoparticles containing DiR dye into the brain 
as determined by near-infrared imaging.

In vivo panning via nasal 
passageways in rats, isolating 
phage from the cerebrum

ACTTPHAWLCG423 Note: The peptide enters the brain through the olfactory nerve 
pathway. Phage do not pass through the blood brain barrier 
when administered intravenously.

In vivo panning in male C57B1/6 
mice by in situ brain perfusion of 
phage, isolating phage from the 
brain

GLAHSFSDFARDFVA422 (GLA)
GYRPVHNIRGHWAPG422 (GYR)

Functional Peptide Activity: The phage homed to brain 
endothelium when perfused in situ into the brain of a mouse. 
The free peptide was not tested.
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Isolation Methoda Peptide Sequenceb,c,d,e Applications and Notes

In vivo panning (T7 phage) in 
Balb/c mice, using a tail vein 
injection and isolating phage from 
the brain

CLSSRLDAC67

CNSRLHLRC67

CENWWGDVC67

Functional Peptide Activity: The CLSSRLDAC peptide was 
conjugated to red blood cells resulting in an accumulation of 
red blood cells in the brain. All phage home to the brain 
vasculature.

WRCVLREGPAGGCAWFNRHRL67 Functional Peptide Activity: The phage clone binds to the 
brain vasculature.

In vivo panning in normal mice, 
using i.v. injection of phage and 
recovery of phage from the brain

CRTIGPSVC300 Therapeutic Applications: A peptide-adeno-associated virus 
phage vector (AAVP) carrying herpes simplex virus 
thymidine kinase gene (HSV-TK) transduced intracranial 
glioblastomas in mice after i.v. injection. This led to tumor 
inhibition after i.p. ganciclovir administration.
Imaging applications: Treatment with an intravenous 
injection of the above peptide-AAVP allowed for 
microPET/CT imaging of accumulation in tumors after i.v. 
injection of [18F]-FEAU.
Note: The peptide binds normal brain and glioblastoma 
vasculature and parenchyma. The cellular receptor is the 
Transferrin receptor.

a
All libraries are pIII phage libraries unless otherwise noted.

b
Cysteine residues that form disulfide bonds are indicated in bold.

c
Common peptide names that have been used in the literature are indicated in parentheses next to the peptide sequence.

d
Peptides clustered in the same cell in this table were isolated in the same selection experiment.

e
Lowercase letters indicate D-amino acids and Ac = acetylation.
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Table 14

Liver- and Kidney-Targeting Peptides

Isolation Methoda Peptide Sequenceb,c,d Target Cell Applications and Notes

In vivo panning in ICR mice 
using a T7 phage library injected 
i.v., isolating phage from the 
liver

LRRKIVE430

TRRQTIK430

KTHQNSR430

ANQIRSR430

GQKLRYT430

TKQMRKS430

hepatocytes
hepatocytes
hepatocytes
sinusoids
sinusoids
microvilli of hepatocytes

In vivo panning in Wistar Kyoto 
rats infusing phage into the 
femoral vein and selecting for 
kidney targeting

HTTHREP431 (HTT)
HITSLLS431 (HIT)

tubular epithelium glomeruli Oligonucleotide Delivery: The HTT 
peptide inserted into Ad5/19p adenovirus 
transduced kidneys with β-galactosidase.431 

The HIT peptide inserted into Ad5/19p 
adenovirus transduced fresh human renal 
tumor cells, and normal human kidney 
cells in vitro and in vivo with β-
galactosidase.431,432 The HIT peptide 
labeled adenovirus also transduced ACHN 
subcutaneous or intraperitoneal tumors in 
mice at levels similar to or above wild type 
adenovirus and reduced liver uptake of the 
virus.432

In vivo panning in Balb/c mice, 
i.v. injecting phage and isolating 
phage clones from the kidneys

CLPVASC67 kidney vasculature

Ex vivo panning on 
microdissected intact cortical 
collecting ducts from rat kidneys

ELRGDMAAL177

ELRGDRAHW177
tubular epithelial cells of the 
cortical collecting ducts

Note: The peptides are likely to bind an 
integrin receptor since they contain an 
RGD motif. The peptides bind 
preferentially to the basolateral side of the 
cortical collecting ducts in the kidney. 
ELRGDMAAL also binds T84 colon 
carcinoma cells.

Ex vivo panning on 
microdissected intact proximal 
convoluted tubules from rat 
kidneys

KMGGTNHPE177 tubular epithelial cells of the 
proximal convoluted tubules

a
All libraries are pIII phage libraries unless otherwise noted.

b
Cysteine residues that form disulfide bonds are indicated in bold.

c
Common peptide names that have been used in the literature are indicated in parentheses next to the peptide sequence.

d
Peptides clustered in the same cell in this table were isolated in the same selection experiment.
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Table 15

Stem-Cell-Binding Peptides

Isolation methoda Peptide Sequenceb,c,d Applications and Notes

In vitro panning on the extracellular 
domain of the cancer stem cell marker 
CD133

LQNAPRS144

APSPMIW144
Functional Peptide Activity: The LQNAPRS peptide inhibits 
migration of colon and breast cancer cells. Treatment of cells 
with the peptide reduced c-Met and STAT3 protein levels.437

In vitro whole cell panning on 
undifferentiated pluripotent P19 cells 
from a murine teratocarcinoma

ALPSTSSQMPQL438 Note: The peptide does not bind to differentiated P19 cells.

In vitro panning on mouse embryonic 
stem cells

KHMHWHPPALNT439 (Seq2) Note: The peptide does not bind to differentiated mouse 
embryonic stem cells.

In vitro panning on an embryonic stem 
cell line derived from rhesus macaque

APWHLSSQYSRT440 Note: This peptide has been isolated on numerous targets and is 
suggested to be a nonspecific phage that is isolated due to 
propagation advantages.207

In vitro panning on mouse neural stem 
cells

CGLPYSSVC427 Note: The peptide shares sequence similarity with netrin-4 and 
binds laminin γ1.

In vitro panning against neural stem cells 
derived from rheusus monkey embryonic 
stem cells

HGEVPRFHAVHL441

In vitro panning on murine neural stem 
cells

FAQRVPP433

QHLPRDH433

SSLSVND433

Functional Peptide Activity: The FAQRVPP peptide promotes 
cell growth and differentiation. Injection of the peptide fused to 
a self-assembly peptide domain increases the rate of recovery 
of spinal injury induced in rats.

In vitro panning on undifferentiated 
murine neural stem cells isolated from 
the subventricular zone

KLPGWSG442 Functional Peptide Activity: The KLPGWSG peptide 
promotes cell differentiation towards a neuronal state.

Ex vivo panning against human bone-
marrow derived mesenchymal stem cells

EPLQLKM443 (E7) Functional Peptide Activity: The E7 peptide was conjugated to 
polycaprolactone meshes and implanted into cartilage defects 
created in the knee joints of rats followed by generation of 
microfractures. The E7-mesh recruited more cells with stem 
cell markers than that of a control-peptide mesh.
Note: E7 was also identified from panning on graphene, calling 
into question the specificity of the peptide for mesenchymal 
stem cells.444

Bacterial peptide display selection on 
hippocampal neural stem cells from a rat 
brain using a CPX library

WWCDMRGDSRCSG445

DHKFGLVMLNKYAYAG445

KLCCFDKGYYCMR445

Functional Peptide Activity: The peptides mediate cell binding 
when adsorbed onto a solid support or incorporated into a 
polymer hydrogel. The cells were able to differentiate into 
different lineages.

In vivo panning amplifying the phage 
from mouse bone marrow and in vitro 
panning on murine bone marrow stem 
cells

STFTKSP446

NHWASPR446
Functional Peptide Activity: The STFTKSP peptide homes to 
bone marrow in vivo and reduces homing of stem cells to the 
bone marrow.

a
All libraries are pIII phage libraries unless otherwise noted.

b
Cysteine residues that form disulfide bonds are indicated in bold.

c
Common peptide names that have been used in the literature are indicated in parentheses next to the peptide sequence.

d
Peptides clustered in the same cell in this table were isolated in the same selection experiment.
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Table 16

Vasculature- and Endothelial-Cell-Specific Peptides

Isolation methoda Peptide Sequenceb,c,d Cellular
Receptor
and/or
Vasculature
Specificity

Applications and Notes

In vitro panning on 
purified Tie2 protein

TMGFTAPRFPHY457 (PH1) Tie2 is widely expressed in 
the endothelium as well as 
in many cancer cell lines

Therapeutic Applications: This 
peptide has been conjugated to 
cisplatin loaded liposomes for 
specific cell killing in vitro.
Note: This peptide has also been 
isolated from phage displayed 
peptide selections against the 
bacterial Murligase enzyme MurF, 
which is involved in cell wall 
biosynthesis,458 and against the E. 
coli protein TonB.459 It was also 
observed in a panning on purified 
troponin 1,460 hydroxyapatite,461 

and graphene.444 This calls into 
question the specificity of the 
peptide.

In vitro panning on 
SMMC772 cells 
overexpressing Tie2

NSLSNASEFRAPY462 (GA5) Tie2 is widely expressed in 
the endothelium as well as 
in many cancer cell lines

Oligonucleotide Delivery: The 
peptide has been conjugated to PET 
for delivery of the luciferase gene 
in vitro, and the WT p53 gene was 
delivered by intratumoral injection 
in mice.

In vitro panning 
against HUVECs 
(human umbilical vein 
endothelial cells)

SIGYPLP463

Oligonucleotide Delivery: The 
peptide has been used in numerous 
formats, including viral constructs 
and poylcation complexes, to 
transduce HUVEC cells with eGFP 
or β-galactosidase.463–466 The 
peptide also mediates transduction 
in a panel of 6 cancer cell lines.467

MSLTTPPAVARP468 (MSL)
MTPFPTSNEANL468 (MTP)

Oligonucleotide Delivery: MSL 
and MTP peptide-modified adeno-
associated virus (AAV-2) 
transduced HUVECs with β-
galactosidase and reduced 
transduction of HepG2 cells.468 

Both peptides were cloned into 
modified adenovirus and found to 
transduce HUVECs and HSVECs 
with EGFP in vitro and abdominal 
aorta/vena cava with β-
galactosidase after tail vein 
injection into mice.469

Ex vivo panning 
against HUVECs under 
normoxia

QPWLEQAYYSTF470 (QF)
VPWMEPAYQRFL470 (VL)
TLPWLEESYWRP470 (TR)

Functional Peptide Activity: QF, 
VL and TR peptides induced 
proliferation and migration of 
serum starved endothelial cells in 
vitro. The QF and TR peptides 
induced endothelial cell tube 
formation in vitro and increased the 
number of blood vessels when 
injected into the ears of BALB/c 
mice.
Note: The TR and VL peptides 
were isolated from panning of 
HUVECs under normoxic and 
hypoxic conditions.
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Isolation methoda Peptide Sequenceb,c,d Cellular
Receptor
and/or
Vasculature
Specificity

Applications and Notes

Ex vivo panning 
against HUVECs under 
hypoxia for 3hrs

YPHIDSLGHWRR470 (YR)
SAHGTSTGVPWP470 (SP)

Functional Peptide Activity: YR 
and SP peptides induced 
proliferation and migration of 
serum starved endothelial cells and 
promoted endothelial cell tube 
formation under hypoxia. The YR 
peptide increased the number of 
blood vessels when injected into the 
ear of BALB/C mice.
Note: The SP peptide was isolated 
from panning of HUVECs kept 
under hypoxic conditions for 3 or 
24 hours.

Ex vivo panning 
against HUVECs under 
hypoxia for 24hrs

LLADTTHHRPWT470 (LT)
SAHGTSTGVPWP470 (SP)
VPWMEPAYQRFL470 (VL)
TLPWLEESYWRP470 (TR)

Vimentin is the putative 
receptor for the SP 
peptide.471

Functional Peptide Activity: The 
LT, SP, VL, and TR peptides 
induced proliferation and migration 
of serum starved endothelial cells. 
The VL and SP peptides promoted 
endothelial cell tube formation, 
although SP only exhibits this effect 
under hypoxic conditions.471 The 
VL peptide increased the number of 
blood vessels when injected into the 
ear of BALB/C mice. Intramuscular 
injections of the SP peptide into 
ischemic hind limbs of the mice 
increased blood perfusion and the 
number of capillaries.471

Note: The SP peptide was isolated 
from panning of HUVECs kept 
under hypoxic conditions for 3 or 
24 hours. The TR and VL peptides 
were isolated from panning of 
HUVECs under normoxic and 
hypoxic conditions.

Ex vivo panning 
against human 
umbilical cords, 
isolating endothelial 
cells

KPSGLTY472 umbilical vein endothelium

Ex vivo panning 

against H-2Kb-tsA58 
mouse derived lung 
microvascular 
endothelial cells

CGSPGWVRC473 lung vasculature Therapeutic Applications: 
Peptide-D(KLAKLAK)2 killed lung 
endothelial cells in vitro, and i.p. 
injection of peptide-D(KLAKLAK)2 

into C57B16/6J mice induced 
apoptosis of alveolar cells.

Ex vivo panning 
against primary rat 
lung alveolar epithelial 
cell cultures

CTSGTHPRC474 (LTP-1) lung vasculature Functional Peptide Activity: 
Peptide-dendrimer conjugates 
demonstrated transport across lung 
airways to pulmonary vasculature 
in an ex vivo isolated rat perfused 
lung model.

Ex vivo panning 
against human blood 
outgrowth endothelial 
cells

SVPPRYTLTLQW475

TPSLEQRTVYAK475

SPPPSNAGSHHV475MPTLTRAPHTAC475

QFPPKLTNNSML476
Note: The phage clone homes to 
Lewis lung carcinoma tumors in 
vivo.

Combination ex vivo 
and in vivo panning 
using a T7 library in 
K14-HPV16 mice with 

CSRPRRSEC312 neovasculature of dysplastic 
skin
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Isolation methoda Peptide Sequenceb,c,d Cellular
Receptor
and/or
Vasculature
Specificity

Applications and Notes

dysplastic skin. Phage 
were isolated from the 
skin of the ears and 
chest.

In vivo panning 
selecting for pancreas 
homing followed by in 
vitro panning against 
both prolactin-like 
protein receptor 
(PLPR) overexpressing 
COS-1 cells and 
purified recombinant 
PRLR

CRVASVLPC452 PRL receptor on the 
vasculature of the pancreas 
and pancreatic islet cells

In vivo panning in 
Balb/c mice, injecting 
phage via tail vein 
injection followed by 
phage isolation from 
the lungs

CGFECVRQCPERC448 (GFE-1)
CGFELETC448 (GFE-2)
CTLRDRNC448

CIGEVEVC448

lung vasculature Imaging applications: GFE-1 
delivered a quantum dot to lung 
epithelium in vivo.305

Oligonucleotide Delivery: GFE-1 
conjugated to a neutralizing 
antibody that binds adenovirus 
(Ad5) transduced MDP expressing 
cells with β-galactosidase and 
GFP.477

Functional Peptide Activity: 
GFE-1 inhibited metastases in vivo 
when co-injected with C8161 
human melanoma cells.456 GFE-1 
delivered IFN-α2a to the lung when 
expressed as a fusion protein but 
therapeutic efficacy was not 
tested.478

Note: The receptor for GFE-1 and 
GFE-2 is membrane dipeptidase 
(MDP).479

In vivo panning in 
Balb/c nude mice 
followed by phage 
isolation from the skin

CVALCREACGEGC448 skin vasculature Functional Peptide Activity: 
Peptide—GST fusion protein 
blocked phage binding in vivo.

In vivo panning in rats 
with a skin wound, 
using tail vein or 
intracardiac injections 
and isolating phage 
from wounded skin

CRKDKC480 (CRK) Vasculature of wounded 
skin or tendons, 
preferentially binds at later 
stages of wound healing

Imaging applications: Conjugation 
of CRK to nanoworms (elongated 
iron oxide nanoparticles) allowed 
for nanoparticle targeting to tumor 
vasculature and MRI imaging in an 
orthotopic prostate tumor model.313 

Accumulation of nanoworms also 
blocked blood flow to the tumor 
and induced necrosis.

In vivo panning of a T7 
library in rats with a 
patellar tendon wound, 
isolating phage from 
the patellar tendon

CARSKNKDC480 (CAR) Heparin sulfate & heparin480 Functional Peptide Activity: CAR-
decorin fusion protein inhibited cell 
spreading and TGF-β dependent 
cell proliferation of CHO-K 
cells.481 Intravenous injection of 
CAR-decorin fusion protein into 
mice bearing thick dorsal skin 
promoted wound healing and 
reduced scar formation.481 The 
peptide also homed to lung 
vasculature in a pulmonary arterial 
hypertension rat model and spread 
throughout the lung.482

In vivo panning in CD-
I mice selecting for 
prostate homing

SMSIARL451 prostate vasculature Therapeutic Applications: 
Injection of 
peptide-D(KLAKLAK)2 into mice 
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Isolation methoda Peptide Sequenceb,c,d Cellular
Receptor
and/or
Vasculature
Specificity

Applications and Notes

caused destruction of prostate 
glandular epithelial cells and 
injection into TRAMP mice 
increased survival.451 Treatment 
with peptide-PP1/GaDD34 inhibitor 
peptide (LKARKVRFSEKV) 
followed by treatment with 
peptide-D(KLAKLAK)2 increased 
survival of TRAMP mice.483

In vivo panning of T7 
phage library in normal 
mice selecting for 
breast homing

CPGPEGAGC453 Amino-peptidase P in breast 
vasculature

Functional Peptide Activity: Phage 
uptake is inhibited by the free 
peptide.

In vivo panning in 
female lactating rats 
isolating phage from 
the mammary tissue

CLHQHNQMC454 (MG1) Acidic Ribosomal Protein 
Large P0 (RPLP0)

In vivo panning using a 
dorsal air sac model of 
angiogenic vessels

PRPGAPLAGSWPGTS484

DRWRPALPVVFPLH484

ASSSYPLTHWRPWAR484

Therapeutic Applications: The 
peptide fragment APRPG was 
coupled to a doxorubicin loaded 
liposome and shown to reduce 
tumor growth compared to free 
drug or non-targeted liposome.484

Functional Peptide Activity: All 
three peptides accumulate in 
angiogenic vasculature in mouse 
tumor xenografts. 
PRPGAPLAGSWPGTS binds 
vasculature in human tumors.484 

ASSSYPLIHWRPWAR suppresses 
angiogenesis.485

In vivo panning in mice 
selecting for thymus 
homing

CHAQGSAEC455 thymus vasculature Functional Peptide Activity: When 
injected into mice, the peptide 
down regulated the expression of T 
cell receptor circles, suggesting 
inhibition of thymus bioactivity.455

Screening of a PS-
SPCL against murine 
endothelial MS-1 cells, 
selecting for an 
increase in intracellular 
calcium

SFKLRY-NH2
486 (Angio-S) Functional Peptide Activity: 

Angio-S induced proliferation, 
migration, and tube formation of 
HUVECs as well as sprouting of rat 
aortic rings. The peptide also 
protected human dermal fibroblasts 
and B16 melanoma cells from 
oxidative stress and increased their 
survival.487

a
All libraries are pIII phage libraries unless otherwise noted.

b
Cysteine residues that form disulfide bonds are indicated in bold.

c
Common peptide names that have been used in the literature are indicated in parentheses next to the peptide sequence.

d
Peptides clustered in the same cell in this table were isolated in the same selection experiment.
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Table 17

Epithelium-Targeting Peptides

Isolation methoda Peptide Sequenceb,c,d
Cellular
Receptor and/or
Tissue
Specificity

Applications and Notes

In vitro panning against 
immobilized human 
polymeric Ig receptor 
(pIgR) also called 
membrane secretory 
component (SC)

CVVWMGFQQVC491 (C9A) pIgR (SC) on mucosal epithelium Functional Peptide Activity: The C9A 
phage clone is translocated through 
polarized MDCK cells that express the 
pIgR-receptor.

In vitro panning against 
human bronchial epithelial 
(16HBE14o−) cell 
monolayers treated with 
EGTA

FDFWITP492 bronchial epithelium Functional Peptide Activity: A cyclic 
form of the peptide reduced 
transepithelial electrical resistance of 
MDCK cells

In vitro panning against 
human bronchial epithelial 
(16HBE14o−) cells

CTHALWHTC493 CD47 (suggested)494 on bronchial 
epithelium

Oligonucleotide Delivery: When 
cyclized and synthesized with (K)16, the 
peptide delivered a luciferase gene to 
16HBE14o- cells.493 Peptide inserted 
into modified adeno-associated virus 
(AAV2) encoding luciferase transduced 
HEK-293, Calu-3, polarized Calu-3, 
and CFBE41o- cells.494

Note: This peptide sequence was also 
selected by another group that panned 
the same library on 16HBE14o− 

cells.492

In vitro panning against 
tracheal epithelial cells 
CFT-2

CRFDSLKVC495

CGRGDGDVC495
Oligonucleotide Delivery: When fused 
to a DNA binding peptide, both 
peptides were able to transfect various 
cell types with EGFP.

In vitro panning against 
human airway epithelial 
(1HAEo−) cells

CLPHKSMPC496

CSERSMNFC496

CYGLPHKFC496

CPSGAARAC496

CLQHKSMPC496

ICAM-1 (suggested) Oligonucleotide Delivery: All five 
peptides were individually fused to 
DNA-binding K16 and mixed with 
lipofectin and luciferase plasmid in 
order to deliver a luciferase gene to a 
variety of cell types.496 Additionally, 
peptide- K16-luciferase DNA-cationic 
liposomes transfected rabbit, porcine, 
and human smooth muscle cells.497 The 
CSERSMNFC peptide has been 
employed in numerous other formats for 
gene delivery,498 including mediating 
delivery of the cystic fibrosis 
transmembrane conductance receptor 
gene (CFTR) via intratracheal 
administration, resulting in CFTR 
expression m the lungs.499 Whole body 
nebulization in mice of peptide-
K16luciferase or lacZ DNA-cationic 
liposomes transfected lungs and 
trachea.500

In vitro selection against 
SV40 transformed lung 
fibroblast VA-13 cells 
using an invasin displayed 
bacterial library

CGPSVITSCSIC44

CGKMLFWGGCRADC44

CSNFLTQRVSMC44

CLGPYFMKGMQC44

Note: The disulfide bond pattern has 
not been defined for the peptides 
containing 3 cysteines.

Ex vivo panning against 
isolated intestinal mucosal 
cells from mice with 30% 
total body surface area 
steam burn

LTHPQDSPPASA501 Intestinal lymphatics (suggested) Functional Peptide Activity: The 
peptide delivered Qdots to the gut 
mucosa when injected into the intestinal 
lumen.
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Isolation methoda Peptide Sequenceb,c,d
Cellular
Receptor and/or
Tissue
Specificity

Applications and Notes

Ex vivo panning for phage 
that penetrate porcine and 
mouse skin

LVGVFH502 (T2) Functional Peptide Activity: 
Pretreating the skin of animals with the 
peptide enhanced penetration of small 
molecules, including 5-FU, into the 
stratum corneum. The peptide interacts 
with lipids in the skin resulting in a 
change of lipid organization.

Ex vivo panning against 
fresh human urothelium 
derived cells

GGLSGL503 normal urothelium

HALE503
normal urothelium and RT4 
transitional bladder carcinoma 
cells

ISGL503
normal urothelium and RT4 and 
T24 transitional bladder carcinoma 
cells

In vivo panning in rats by 
oral administration of 
phage, isolating phage 
from the liver, lung, 
spleen, and kidney

CSKSSDYQC489 goblet cells (suggested)

Note: Isolated phage from organs 
known to retain Ml3 bacteriophage in 
order to isolate phage that cross the 
intestinal mucosal barrier.

In vivo panning in rats 
applying phage by gavage 
and isolating phage from 
the spleen

YPRLLTP490 Enterocytes and sub mucosal cells 
in the intestine

Note: Isolated phage from spleen in 
order to isolate phage that cross the 
intestinal mucosal barrier.

In vivo panning for phage 
that penetrate mouse skin 
and enter the bloodstream

ACSSSPSKHCG504 (TD-1) Functional Peptide Activity: Co-
administration of TD-1 with insulin or 
human growth hormone resulted in 
transdermal delivery of the protein 
therapeutics.

a
All libraries are pIII phage libraries unless otherwise noted.

b
Cysteine residues that form disulfide bonds are indicated in bold.

c
Common peptide names that have been used in the literature are indicated in parentheses next to the peptide sequence.

d
Peptides clustered in the same cell in this table were isolated in the same selection experiment.
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