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Abstract
Phage display (PD) is a technology based on the presentation of functional exogenous peptides on the capsid surface of
bacteriophages. PD is performed by introducing a DNA sequence of interest at a specific position within a functional viral gene.
In addition, peptide phage libraries are powerful tools for expressing a wide range of random peptides and for specific peptide
screening. Specifically, PD applications include the analysis of binding and interactions between proteins, the identification of
bioactive peptides that bind to receptors, the identification of disease-associated antigens, and the identification of cell-specific
peptides. Since its emergence, PD technology has revolutionized several fields in the biological sciences, such as oncology, cell
biology, and pharmacology, the innumerable applications for which will be described throughout this review.
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Introduction

Phage display (PD) technology was invented by George Smith

in 1985 (Chemistry Nobel Prize 2018). Since its introduction,

this technique has revolutionized several biological fields

because of the use of its relatively fast evolution as powerful

mechanism for the production of large numbers of proteins,1

the isolation of functional and biological compounds, the anal-

ysis of protein-protein interactions,2 and the study of antigen-

antibody binding.3 The aim of this review is to provide an

overall framework regarding the current applications of PD

in some selected fields, such as oncology, cell biology, drug

discovery, and delivery systems.

Filamentous Bacteriophages: Infectious Cycle and Phage
Display Technology

Phage display (PD) technology exploits the nature and the

infectious cycle of filamentous bacteriophages (viruses that

infect bacteria) such as M13 (see Figure 1). The M13 bacter-

iophage is the most frequently used filamentous phage in PD

applications and is characterized by having a cylindrical cap-

sule that is primarily made up of the protein pVIII. The ends of

the capsid contain copies of different proteins, such as 5 copies

of the pIII and pVI proteins at one end and 3 to 5 copies of the

pVII and pIX proteins at the opposite end. The viral infection

cycle begins with the attachment of the pIII protein to the

bacterium and the subsequent injection of the single-stranded

DNA bacteriophage genome into the bacterium. Once inside

the bacterium, the single-stranded DNA is converted into

double-stranded DNA (the replicative form of DNA) by the

replication machinery of the host organism. Subsequently, the

DNA is replicated by rolling circle replication, and the result-

ing product is a single-stranded DNA molecule encoding the

proteins necessary for DNA packaging into the bacteriophage

capsid.4 Finally, the mature bacteriophages exit the bacterium

without lysing the cell, which is a characteristic feature of

filamentous phages.

Phage display is an efficient molecular technique in which

the desirable peptides that are fused to the viral coat proteins

are displayed on the surface of a bacteriophage, such as the

M13 phage. In the process of PD, the foreign peptides are

generally fused to the N-terminal end of the pIII and pVIII

proteins5,6 (see Figure 1). The foreign peptide fragments range

from 6 to 43 amino acids in length, since peptides that are too

large can potentially interfere with the infectious activity of the

virus or with capsid assembly.2
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PD Technology Is the Result of 2 Approaches

An important aspect of PD technology is the introduction of a

gain-of-function mutations (the insertion of a sequence of inter-

est) at specific position within a functional viral gene that retain

the functionality of its protein product and results in modified

peptides displayed on the viral surface. For random nucleotide

insertions, the resulting viral particles form a phage-displayed

peptide library that may contain up to 1010 different peptides

constructed simultaneously. The generation of a library of pep-

tides is based on the triplet rule as well as the degenerative

nature of the genetic code, where the alteration of amino acid

sequences can result in a large and diverse repertoire of random

peptides fused to capsid proteins.7 Thus, this large variability

makes it possible to construct libraries of peptides, proteins,

antibody fragments, or enzymes.

Subsequently, these libraries undergo a screening procedure

in which binding clones are selected from nonbinding clones

through affinity purification.8 Peptides that bind to target mole-

cules can be identified by biopanning (a type of affinity selec-

tion) (see Figure 2).7 It is worth mentioning that the

development of a PD peptide library is a key step in successful

screening, because the probability of selecting a ligand that

binds to a target molecule is related to the PD library diversity

and the size of the insert.9

Figure 2. Biopanning: An affinity selection procedure used to filter out target phage-displayed peptides. During the biopanning process,
PD libraries are incubated with immobile target antigens on a solid plate. The phage particles are linked to the antigens, while the phages that
did not bind are washed away. The bound phage particles are subsequently eluted and amplified by lysogenic infection of bacteria. (PD, phage
display.)

Figure 1. Schematic of a filamentous phage displaying exogenous
peptide. The M13 capsid, which encapsulates the ssDNA genome,
consists of 2700 copies of pVII. This major protein is commonly used
to display exogenous peptides or proteins on the bacteriophage sur-
face. Approximately 5 copies of the coat proteins pVII and pIX cap one
end of phage while the other end consists of 3 or 5 copies of pIII and
pVI proteins. (ssDNA, single-stranded DNA.)
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These aspects of PD technology make it a highly useful

biotechnological technique, allowing for analyses of the bind-

ing and interactions between proteins, the identification of

bioactive peptides that bind to receptors, the identification of

disease-associated antigens, and the identification of cell-

specific peptides as well as other applications in various med-

ical fields.

Medical Applications

Cancer and Metastatic Lesions

In 2018, 9.6 million deaths were attributed to cancer, making it

the second leading cause of death worldwide.10 Currently, one

of the major challenges in cancer therapy has been the lack of

an efficient means of targeting therapeutic drugs to tumor sites

as well as a lack of therapeutic drugs with high specificity. An

efficient mean facilitating the direct application of drugs would

allow the target tumor cells to be eradicated while preventing

healthy cells from being damaged. In this context, diverse cell

membrane proteins, such as growth factor receptors, adhesion

proteins, integrins, and other markers are potential targets for

tumor-specific peptides and subsequent peptide therapy.11

Therefore, PD libraries can be large reservoirs of tumor-

specific peptides capable of binding to tumor vasculature and

cancer cells.

Breast cancer is the most frequent type of cancer in women

in both developed and developing countries, with approxi-

mately 2,088,849 novel cases diagnosed in 2018.12 In breast

cancer cells, acidic fibroblast growth factor (aFGF) is highly

expressed, and its interactions with its receptors (FGFRs) pro-

mote the progression of the disease. An aFGF-binding peptide

called AP8 was shown to interact with FGFRs as an antagonist

and inhibited cell proliferation, as both breast cancer and

vascular endothelial cells were observed to be arrested in the

G0/G1 stage.13 Another cell-surface protein associated with the

progression and metastasis of breast cancer cells is CD44.

Novel peptides that had been screened from a peptide library

were shown to bind to CD44 with high affinity.14 In addition,

the expression of CD133, also known as Prominin 1, has been

shown to be associated with cancer stem cells in humans and

mice, making it a potential cancer biomarker. The peptide LS-7

(LQNAPRS) was screened and identified as a specific CD133-

binding ligand in a murine model, where in vivo experiments

demonstrated its high specificity and affinity to murine CD133.

Furthermore, LS-7 highly suppressed the migration of cancer-

ous cells in colon and breast cancer.15 In addition, phage probes

against breast cancer cells (MCF-7 and ZR-75 -1)16 and a novel

peptide GYSASRSTIPGK,17 which were identified using

8- and 9-mer landscape phage libraries, were able to bind to

breast cancer stem cells with high specificity. In some malig-

nancies, such as breast cancer, the abnormal expression of

epidermal growth factor receptor (Her2) has been observed.

By biopanning phage display libraries against Her2, a spectrum

of ligands exhibiting a variety of sequences and motifs were

identified18 that are potential starting points for generating

highly specific Her2-binding peptides. Thus, PD libraries are

diverse reservoirs of tumor-binding peptides that may be useful

in developing new diagnostic approaches and potential thera-

peutic drugs.

In 2018, more than 1.2 million people were diagnosed with

prostate cancer, a disease that is considered to be the most

common male malignancy and is the second greatest cause of

male cancer death in developed countries.12,19 Although a vast

number of therapeutic drugs have been developed against pros-

tate cancer, the efficacy of these drugs is still inappropriate in

several cases.20 The use of landscape phage libraries resulted in

the identification of 3 phage probes that bind to PC3 prostate

cancer cells. The 3 phages, carrying the peptides DTDSHVNL,

DTPYDLTG, and DVVYALSDD, showed high specificity and

selectivity toward PC3 cells.21 In addition, a splice variant of

CD44 is considered to be a potential biomarker for prostate

cancer because of its role during cell adhesion and tumor pro-

gression. In this context, 4 novel peptides were identified that

showed promising characteristics, including high specificity

and superior binding to the CD44v6 target on prostate cancer

cells.22 Fibroblast growth factor 8b (FGF8b) is a specific iso-

form whose expression is related to tumor growth, angiogen-

esis, and the stage of prostate cancer. Twelve FGF8b-binding

phage particles were identified by screening a PD library

against FGF8b, and a peptide called P12 in particular was

identified that may act as a growth-factor antagonist.23 The

discovery of these target peptides may be useful for imaging

and therapeutic applications, and phage probes may even have

potential in either therapeutic treatments or the diagnosis of

prostate cancer.

Ovarian cancer is characterized by its asymptomatic devel-

opment and the fast propagation of metastatic cells, with 70%
of patients diagnosed at late stages because of the current lack

of effective biomarkers for the diagnosis of this gynecologic

malignancy.24 Using a PD peptide library, novel peptides (such

as WSGPGVWGASVK and NPMIRRQ) have been discovered

that target ovarian cancer cells.25,26 In vitro experiments using

the peptide WSGPGVWGASVK showed it to have excellent

potential to be incorporated into both tumor cells and angio-

genic endothelial cells.25,26 In addition, a tumor cell-binding

peptide (SWQIGGN) was isolated in ovarian cancer cells and

was assessed for its cell adhesion, spreading, motility, and

invasion characteristics. The results of in vitro experiments

showed that this peptide was able to inhibit cancer cell inva-

sion, proliferation, adhesion, and migration.27 Furthermore,

the results of in vivo assays demonstrated that the SWQIGGN

peptide played an inhibitory role toward neoplasm growth and

metastasis.27 In another study, an integrated microfluidic sys-

tem was developed to facilitate the screening of a PD library

for cell-specific peptides showing high affinity and specificity

toward ovarian cancer cells.28 These remarkable findings may

be used for the development of novel diagnostic and treatment

strategies.

In 2018, a total of 2,093,876 human deaths were attributed

to lung cancer and 1,761,007 new cases were diagnosed
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worldwide.12 The conventional diagnosis lung cancer through

lung tumor-specific biomarkers is ineffective and expensive.

To address this issue, human lung diagnostic protein chips with

novel screened biomarkers were developed using a T7-phage

cDNA library, allowing patients with lung cancer to be diag-

nosed at the early stages of this disease.29 Through in vivo

screening of peptide-displaying phages, novel peptides target-

ing human lung cancer have been discovered using a mouse

model to mimic the lung tumor environment.30,31

PD technology has also been an important tool in the iden-

tification of novel peptides targeting other types of cancerous

cells. One of the most frequent malignancies that develops

along the genitourinary tract is bladder cancer. In one study,

the peptide CSNRDARRC was shown to be able to specifically

bind to cultured bladder tumor cells.32 In another study, the

peptide OSP-1 was screened from a PD library and shown to

specifically bind to osteosarcoma cells, with a target binding

site that may be related to heparan sulfate proteoglycans.

Therefore, a properly labeled OSP-1 peptide may have excel-

lent potential to act as efficient probe for cancer imaging.33

Using a landscape phage display library, phages displaying

proteins with specificity toward cell membrane markers of

glioma cells in rats were identified. These results may allow

glioma tissues to be profiled so that the therapeutic effective-

ness of drugs can be increased and their toxicity decreased by

designing anticancer compounds based on tumor tissue pro-

files.34 Furthermore, following hepatitis infection, chronically

infected livers may develop hepatocellular carcinoma. In this

context, the use of a random phage display peptide library

allowed potential biomarkers to be identified, such as an

HC1 mimic peptide for early hepatocellular carcinoma.35 A

novel peptide called AAD (AADNAKTKSFPV) that exhibits

high binding specificity toward gastric cancer cells was iden-

tified by biopanning the PhD-12 phage library. This peptide has

the potential to be used to differentiate neoplastic and normal

gastric mucosa, leading to an effective approach for cancer

diagnosis via endoscopy at early stages.36 Additionally, PD

provides a high-throughput means of screening phage fusion

proteins that are selective and specific toward PANC-1 pan-

creatic tumoral cells.37 In summary, the peptides described

above may act as a moiety for the targeted delivery of drug

therapeutics or for the diagnosis or imaging of different types

of cancer because of their highly specific targeting capabilities.

Parasitic Infectious Diseases

Infectious agents have become an important cause of illness

and death, accounting for 15 million deaths worldwide in 2010

according to the World Health Organization.38 Paracoccidioi-

domycosis (PCM) is an endemic systemic disease in Latin

America caused by the fungus Paracoccidioides brasiliensis.

PD screening is a useful tool for identifying epitopes that may

be used for the serodiagnosis of PCM.39 In addition, leprosy is a

chronic infectious disease caused by Mycobacterium leprae for

which early detection is difficult because of the lack of a

laboratory test. A number of peptide ligands were identified

from leprosy patients, from which a set of 3 peptides allowed

for patients to be successfully diagnosed with multibacillary

leprosy.40 Thus, these peptides may have potential use in the

design of leprosy diagnostic serologic assays.

Leishmania parasites are the etiological agents of different

visceral and cutaneous diseases located in tropical and subtro-

pical countries. Using random peptide PD libraries, 3 peptides

were identified as candidate antigens for Leishmania brazilien-

sis. These peptides presented high performance and sensitivity,

either alone or in combination, indicating that they may have

applications in the immunoprotection against or diagnosis of

leishmaniasis.41 Canis lupus familiaris is an important reser-

voir of Leishmania infantum, and a novel peptide was identi-

fied that showed a promising capability to promote a state of

active immunity against L infantum infections in mice after

immunized using liposomes as a vaccine vehicle,42 The above-

mentioned findings reveal a promising health care target with

respect to the serodiagnosis and development of vaccines

against Leishmania parasites.

Worldwide, 212 million new cases of malaria were diag-

nosed and approximately 429 000 people died from this infec-

tious disease in 2015.43 Plasmodium falciparum and

Plasmodium knowlesi are the causative parasites of malaria, a

life-threatening disease in humans. These parasites infect red

blood cells during the infectious process, causing physical and

chemical changes in the plasma membrane of erythrocytes. A

phage display library was screened on the surface of infected

red blood cells, resulting in the identification of a peptide

(LVDAAAL) that is a target compound for the development

of antimalarial agents.44 With respect to Plasmodium knowlesi,

merozoite surface protein-142 has been a target for the devel-

opment of a vaccine and for the diagnosis of malaria. In this

context, a synthetic peptide library and a phage display library

were used to identify and map relevant epitopes. This approach

resulted in the identification of 2 epitopes (TAKDG-

MEYYNKMGELYKQ and RCLLGFKEVGGKCVPASI) that

may be potential candidates for immunodiagnostic assays and

vaccine design.45 Finally, a new interaction between the MSP1

N-terminus and glycophorin A of red blood cells was reported,

showing that the MSP1-glycophorin A complex is essential

during the adhesion stage of the parasitic invasion of red blood

cells.46

The process by which the malaria parasite is fertilized in the

mosquito midgut and the corresponding molecular events has

been poorly studied and understood. However, female gamete

peptide 1 was shown to bind to the surface of Plasmodium -

berghei gametes and suppress oocyst formation, making it a

potentially useful molecule in the development of innovative

transmission-preventing strategies.47 A novel peptide was

identified called peptide-salivary gland and midgut peptide

1 (SM1) that specifically binds to the lobes of salivary glands

and the midgut epithelium of mosquito. Furthermore, it was

shown that parasitic invasion of salivary glands was inhibited

by the peptide SM1.48 The components of the molecular
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apparatus involved in the interaction between host cells and

the parasite Plasmodium during its life cycle are common

targets and candidates for drug and vaccine development.

Using PD technology, the insert EWGWS was identified in

Plasmodium knowlesi ookinete surface enolase and was

shown to bind to a conserved motif (PWWP) present in

ookinete-binding peptides.49 The findings may be useful for

genetically manipulating the ability of the host mosquito to

act as a vector of the parasite Plasmodium knowlesi.

PD technology has been a useful biotechnological tool in the

identification and characterization of peptides involved in the

infectious process in human and in different animals. For

instance, severe intestinal disorders in young goats can be

caused by infections by the parasite Eimeria ninakohlyakimo-

vae. A new method used to identify peptides binding to the

surface of caprine umbilical vein endothelial cells was

described and provided evidence that caprine endothelial cell

peptide 2 (PCEC2) and PCEC5 may reduce the E ninakohlya-

kimovae infection rate by hindering sporozoite invasion.50

These findings may contribute to the production of anti-

coccidial drug or the development of novel vaccine develop-

ment strategies.

Viral Infectious Diseases

A remarkable aspect of the potential of PD libraries lies in the

ability to use them to map epitopes of some types of viruses and

even the possibility of using screened epitopes as a subunit

vaccine. For example, rabies virus glycoprotein and nucleopro-

tein are essential for increasing the protective immunity of the

host. Thus, anti-rabies viral IgG from immunized dogs was

used to screen target peptides that mimic glycoprotein and

nucleoprotein epitopes. The results showed that the RYDD-

W-T motif may act as a new epitope region.51 In addition, a

novel approach for the detection of hepatitis A virus based on

phage-displayed peptides was developed and allowed ligands

that mimic viral antigens to be identified.52 Nipah virus (NiV)

is a pathogenic zoonotic paramyxovirus whose infection cycle

initiates after the binding of G glycoprotein to the host receptor.

The NiV G glycoprotein cell-binding domain was mapped

using a PD system, and the results showed that NiV G amino

acids 498-602 play an essential role in binding to the host.53

These discoveries are essential for the development of a

human-targeting vaccine or diagnostic compounds for the

aforementioned viral diseases.

From the standpoint of the host animals, target peptides

involved in viral infectious events have been identified and

characterized with the help of PD. For instance, porcine repro-

ductive and respiratory syndrome is a widespread disease

affecting domestic pigs and whose etiologic agent is porcine

reproductive and respiratory syndrome virus (PPRSV). Using

PD screening technology against PPRSV polymerase, a novel

peptide (SPHIIRNHRLSK) was identified,54 and subsequent

antiviral and cytotoxic activity assays revealed it to have high

antiviral activity through its ability to bind to the PRRSV

polymerase. Moreover, this peptide showed a relatively low

toxicity toward cells in which viral replication was inhibited.54

Furthermore, classical swine fever (known as pig plague)

caused by classical swine fever virus is a highly contagious

disease affecting both domestic and wild swine. Phage ligands

against the CSFV E2 protein were screened from an f8/8 land-

scape PD library, and 4 E2-specific clones displaying the

sequence DRATSSNA were able to inhibit CSFV replication

in the cell line PK-15.55 These important discoveries may be

the bases for the development of vaccines, antiviral drugs, and

epidemiologic strategies to avoid the devastating economic

consequences of these infections in the swine industry

worldwide.

Degenerative Joint Disorders

Phage display random peptides library has allowed serum bio-

markers to be identified for ankylosing spondylitis, which is a

chronic rheumatic disorder characterized by inflammation of

the joints of the spine.56 In addition, a phage-displayed random

peptide library allowed serum biomarkers such as peptide

KOA1 to be screened from patients with knee osteoarthritis,

which is characterized by the continuous degeneration of joint

cartilage and new bone development.57 Rheumatoid arthritis is

a chronic inflammatory autoimmune disease that does not cur-

rently have a proper and definitive test for its diagnosis. To

address this issue, an M12-displayed peptide capable of bind-

ing to the protein carbonic anhydrase III was identified with

excellent specificity and sensitivity that may be useful as an

antigen for the diagnosis of rheumatoid arthritis.58 Transform-

ing growth factor b1 has a wide range of functions, including

the control of cell growth, proliferation, differentiation, and

apoptosis, and it is especially involved in bone formation, pro-

moting stem cell differentiation and osteogenesis. Novel pep-

tides of TGF-b1 (Tbms) were identified from a PD library that

allow for the modification of TGF-b1 signal transduction. The

screened peptides encourage early osteoblast proliferation and

decrease the inhibitory activity of TGF-b1 toward osteogenic

differentiation in the late stages of degenerative joint disor-

ders.59 Furthermore, Tbms could be used on implant faces to

improve bone remodeling.

Cardiac Diseases

In acute myocardial infarction and other heart diseases, troponin I

is considered to be a biomarker for myocardial injury because of its

high specificity and sensitivity. PD was used to identify unique

peptide motifs that recognize both the human and rat forms of

troponin I. These peptides may be essential for future clinical

assays used in the diagnosis of heart injuries as well as in control-

ling cardiac cell growth in culture.60 Heart failure can be associated

with the inappropriate activation of mineralocorticoid receptors in

the heart. Mineralocorticoid receptor–interacting proteins were

screened for using a T7 PD library, and eukaryotic elongation

factor 1A1, x-ray repair cross-complementing protein 6, and

structure-specific recognition protein 1 were identified as novel
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mineralocorticoid receptor coactivators.61 In addition, biopanning

a PD peptide library against myoglobin allowed for the identifica-

tion of markers that could be used in the early assessment of acute

myocardial infarction, such as the peptides 3R7 (CPSTLGASC),

3R1 (CNLSSSWIC), and 3R10 (CVPRLSAPC).62

Brain Injuries

The currently available diagnostic approaches are inefficient

at detecting the presence and extent of traumatic brain inju-

ries. PD technology was used to identify serum-associated

traumatic brain biomarkers, such as glial fibrillary acidic pro-

tein, allowing the severity of brain injury damage to be

detected and for recovery and therapeutic efficiency predic-

tions to be made.63 Additionally, PepC7 may act as highly

selective peptide ligand that is specific for the brain vascular

receptors in in vivo analysis and could be adapted for use in a

drug delivery system in the brain.64

A great deal of research in other medical and health fields

have utilized PD technology. For instance, endometriosis, a

benign disease characterized by external outgrowth of the

uterus-lining tissue (endometrium) in ovaries, fallopian tubes,

intestines, and bladder, affects women during their reproductive

life. Novel peptides, especially RTRLHTR, which specifically

bound to ectopic endometrium were isolated from a 7-mer phage

display library, opening up new directions for the early diagnosis

of endometriosis and the development of proper medical treat-

ments for this disease.65 In addition, because the regeneration of

skin from severe injuries is currently a great challenge because

of the limitations of the available treatment methods, the devel-

opment of novel skin regeneration therapeutics is a currently

active area of research. A novel small peptide called H1 that

targets fibroblast growth factor receptor 2 IIIc was identified as a

promising candidate for skin wound healing because of its high

binding affinity. Additionally, H1 improved both the prolifera-

tion and cellular motility of fibroblasts and vascular endothelial

cells in vitro and promoted skin wound healing in a murine

wound model in vivo.66 Based on these attributes, the peptide

H1 may be a good therapeutic drug candidate for repairing skin

wounds. Although insulin plays a major role in blood sugar

control, it is involved in many other physiological events, such

as the proliferation, differentiation, and migration of fibroblasts

and keratinocytes, which are essential for skin health and wound

healing. Therefore, a current challenge is the identification of

therapeutic compounds that inhibit insulin-degrading enzyme

(IDE). In this context, PD was used to identify new peptide

inhibitors of this endopeptidase, one of which greatly inhibited

insulin degradation and enhanced insulin-associated events, such

as the transcription, translation, and secretion of collagen in mice

fibroblasts as well as keratinocyte migration, demonstrating the

great potential of this peptide in therapeutic and cosmetic appli-

cations as a topical drug.67 Activin receptor type 2B, commonly

known as ActRIIB, is an activin type 2 receptor involved in cell

metabolism proliferation, and differentiation, and whose protein

interactions are considered targets for the medical treatment of

muscular dystrophy and sarcopenia. Peptides with ligand-

selective ActRIIB antagonist activity were screened from a PD

library and were shown to bind to the extracellular domain of

ActRIIB,68 inhibiting protein-protein interactions between

ActRIIB and its ligands.

Applications of Phages as Drug Delivery Systems

Currently, pharmaceutical technology allows peptides and pro-

teins to be delivered to target cell, tissues, or organs via the

parenteral, buccal, transdermal, rectal, vaginal, and nasal path-

ways.3 However, the delivery of drugs to target organs or tis-

sues is constrained by physical and physiological barriers,

limitations that directly reduce the therapeutic index of drugs

and even cause the rise of drug resistance in the case of infec-

tious diseases. Therefore, spatiotemporally controlled delivery

systems are needed that are needed to improve the pharmaco-

kinetic and pharmacodynamic features of drugs. To fill this

need, viral particles can be used as delivery vehicles, such as

the M13 phage, which has been used to combat bacterial dis-

eases through the transport of DNA. This DNA sequence

encodes Gef, a 50–amino acid cell-membrane protein that

enables cell respiration arrest and for the apoptosis to be trig-

gered, and ChpBK, which plays a role as an mRNA interferase

by cleaving RNA, and its use resulted in the lysis of target

bacteria in in vitro assays and in a mouse model.69 Drug-

carrying phages are an innovative type of nanomedicine that

couple biologic and chemical constituents into a drug delivery

system. Antibacterial phages have been used to successfully

carry antibacterial agents such as the antibiotic chloramphe-

nicol. These viral particles are nontoxic and had a greatly

reduced immunogenicity in a mouse model.70 Furthermore,

the complete growth inhibition of the bacteria Staphylococcus

aureus, Streptococcus pyogenes, and Escherichia coli was

demonstrated using filamentous phages as target drug car-

riers.71 Additionally, 2 novel bacteriophages (Str01 and

Str03) that belong to the Siphoviridae family showed activity

against health-threatening group A Streptococcus.72

Important features, such as increased pharmacokinetics,

stable formulation, and “passive” targeting of tumor cells are

characteristics of liposomal drug delivery systems. Peptide-

associated liposomes consist of 3 major parts: a drug peptide,

a liposome carrier, and specific ligands. A novel feature of

liposomes as nanocarriers was designed through their fusion

with target-specific phage peptides. These phage-displayed

peptides can be embedded into liposomes and used to produce

tumor-specific liposomes and drug-loading nanocarriers.73

Novel peptide ligands targeting high-risk neuroblastoma cells

were isolated and characterized using a combination of in

vitro and ex vitro PD screening against both neuroblastoma

and tumoral cells obtained from murine models. Furthermore,

combining the tumor-specific peptides with doxorubicin-

loaded liposomes caused a meaningful suppression in tumor

volume and a promoted survival in neuroblastoma models in a

preclinical study.74
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The in vivo PD approach, which was developed by Ruo-

slahti in 1996, has been a valuable tool used to isolate organ-

and tissue-specific peptides that bind to cell markers or

cell-permeating peptides. The use of in vivo PD allowed for

the identification of the synthetic peptide ACSSSPSKHCG.

This peptide enables efficacious transdermal drug delivery

across skin thanks to the creation of transient opening in the

skin barrier, allowing peptide drugs to be delivered to sys-

temic circulation. The coadministration of insulin and this

peptide on abdominal skin in a murine model resulted in

increased systemic amounts of insulin and reduced glucose

concentrations in blood.75

Phage Display as Biotechnological Approach for the
Development of Therapeutic Drugs

In 2013, the market for protein-based drugs is over an esti-

mated US$40 billion/year.76 Therefore, PD libraries may be

important reservoirs of clinically promising peptides and pep-

tidomimetics. Table 1 summarizes peptide-based therapeutic

drugs that have been produced using PD technology and

approved for commercialization or that are in specific phases

of clinical trials.

Conclusion

PD technology involves the expression of sequences of interest

inserted together within a gene encoding a viral capsid protein,

and a modified target peptide is subsequently displayed on the

viral capsid of the phage. Through random nucleotide inser-

tions, the resulting viral particles form a PD peptide library.

Since its invention, PD technology has undergone tremendous

development with respect to its use in a wide range of promis-

ing biomedical applications in different fields, such as oncol-

ogy, immunology, cell biology, pharmacology, and drug

discovery and delivery, and its use in other fields remains to

be explored. Therefore, PD is an essential method used to solve

traditional pharmacologic problems through the discovery of

novel potential drugs or the development of efficient and

efficacious drug delivery systems. Thus, because of its great

potential, future research should be directed toward combining

approaches with relatively novel technologies.
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