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Advancements in research
leveraging phage display
technology for gastric cancer
diagnosis and treatment

Zhenyu Wang', Yuping Li', Jun Lin, Fuyu Deng, Yao Liu and
Yuan Ji*

Shenzhen Institute for Drug Control Shenzhen Testing Center of Medical Devices, Shenzhen, China

Gastric cancer persists as a major global health challenge, ranking among the
leading causes of cancer-related deaths worldwide. The high mortality rate
primarily stems from difficulties in early detection, often resulting in late-stage
diagnosis when treatment options are limited. Phage display technology,
developed in 1985, has emerged as a powerful tool in gastric cancer
research, facilitating significant advances in three key areas: (1) identification
of novel biomarkers for early detection, (2) screening of targeted therapeutic
molecules, and (3) development of diagnostic reagents. This comprehensive
review examines current applications of phage display in both diagnostic and
therapeutic approaches for gastric cancer, while critically analyzing existing
limitations in sensitivity, specificity, library diversity, and screening efficiency.
Furthermore, we discuss the promising potential of integrating phage display
with other cutting-edge technologies, proposing future research directions that
could enhance its clinical utility and ultimately improve patient outcomes in
gastric cancer management.
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1 Introduction

Gastric Cancer (GC) is a global malignancy and ranks as the fifth most commonly
diagnosed type of cancer worldwide. Despite its high incidence, the majority of patients
are diagnosed at an advanced stage with a poor prognosis due to the lack of clear
clinical indications. This results in a high mortality rate, making GC the third leading
cause of cancer-related deaths. It is estimated that there are over one million new cases
and more than 700,000 deaths annually, with projections indicating that these figures
will rise to 1.77 million new cases and 1.27 million deaths globally by 2040 (Conti
et al., 2023). Early diagnosis remains the most effective strategy for improving patient
survival rates (Leung et al., 2008; Jun et al, 2017). Endoscopy is commonly used in
GC screening to examine tissues suspected of precancerous lesions, with a focus on the
presence of chronic Atrophic Gastritis (AG) and Intestinal Metaplasia (IM) (Yue et al.,
2018). However, endoscopy is not routinely used in early GC screening due to its high
cost, invasiveness, and the need for specialized equipment and personnel, limiting its
widespread application in GC screening. In countries or regions with lower GC incidence,
non-invasive diagnostic methods such as Computed Tomography (CT) and Magnetic
Resonance Imaging (MRI) are more frequently utilized. Intratumoral and intertumoral
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heterogeneity are prominent features of GC, contributing to its
poor prognosis (Cancer Genome Atlas Research Network, 2014; Li
etal., 2022). However, histological examination alone is insufficient
for effective patient stratification for individualized treatment and
improvement of clinical outcomes (Korfer et al., 2021). Currently,
conventional GC biomarkers (such as CEA, Cal9-9, Ca 12-5, Ca
72-4) have been shown to have low sensitivity and specificity for
GC detection (Yu et al,, 2016) offering limited value for early
GC diagnosis. Therefore, there is an urgent need to develop
novel tumor biomarkers for early GC diagnosis, combined with
advanced diagnostic technologies and medications, which are
crucial for identifying new therapeutic targets and improving
patient outcomes (Wang et al., 2021b).

Phage-mediated interactions with cancer cells and normal
cells exhibit marked discrepancies between in vitro and in vivo
studies. In vitro experiments demonstrate that phages T4 and
MI13 engage in nonspecific interactions with human prostate
cancer PC-3 cells, modulating integrin expression and impairing
cellular migration (Sanmukh and Felisbino, 2018; Sanmukh et al,,
2021b). Phage MS2 primarily enters cells via caveolin-mediated
endocytosis, selectively upregulating pro-oncogenic genes such
as androgen receptors, AKT, and integrins, transiently affecting
viability, and this may induce long-term alterations in the
signaling dependencies of cancer cells, potentially offering a novel
therapeutic strategy for combination regimens with AKT/MAPK
pathway inhibitors (Sanmukh et al., 2021a, 2023). In normal cells,
T4 phage does not activate DNA-mediated inflammatory pathways
but triggers protein phosphorylation cascades that promote cell
growth and survival. Researchers speculate that mammalian cells
may internalize phages as biological resources to enhance cellular
proliferation and metabolic processes (Bichet et al., 2023). In
normal cells, phages indeed interact with eukaryotic cellular
structures and enter the cells without any hindrance. Specifically,
the phage vB_SauM_JS25 is capable of infiltrating cells, killing
Staphylococcus aureus within them, and thereby exerting an
antibacterial effect, and it does not replicate in mammalian cells
(Zhang et al., 2017; Moller-Olsen et al., 2018).

In vivo studies have demonstrated that phages can serve as
vectors for the effective targeted delivery of genes and drugs to
cancer cells following systemic administration (Hajitou, 2010).
Meanwhile, due to their lack of tropism for normal tissues,
phages exhibit relatively low toxicity (Paoloni et al., 2009; Trepel
et al, 2009). However, prolonged phage therapy may induce
the production of anti-phage antibodies in the body, thereby
compromising the therapeutic efficacy (Zaczek et al., 2016; Dedrick
etal., 2021). In a cancer mouse model, researchers employed phage
therapy to specifically deliver therapeutic genes via the AAVP-
HSVtk/GCV system, thereby inducing apoptosis in tumor cells
(Hajitou et al., 2006; Kia et al., 2012). Additionally, by carrying
the immunomodulatory factor AAVP-TNF-q, the phage activated
apoptotic signaling pathways (Tandle et al., 2009; Chongchai et al.,
2021). Moreover, it could also specifically target tumor cells that
highly expressed receptors such as integrins or polysialic acid
(Hajitou et al., 2006; Lehti et al., 2017).

Currently, phage therapy is primarily utilized for the treatment
of infections caused by multidrug-resistant bacteria (Zalewska-
Piatek, 2023).

Although phage therapy has demonstrated
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considerable promise in cancer treatment, several critical
limitations persist. First, delivery efficiency remains suboptimal,
with rapid phage clearance by hepatic and reticuloendothelial
systems post-systemic administration (Waehler et al., 2007;
Hosseinidoust, 2017). Second, physical barriers within the tumor
microenvironment (e.g., dense collagen matrices) severely impede
phage penetration, necessitating co-administration of matrix-
degrading enzymes (e.g., collagenase) for enhanced delivery (Yata
et al,, 2015). Immunogenicity-related issues encompass antibody-
mediated neutralization that occurs upon frequent administration
[9]. Finally, phage proteins may trigger unnecessary inflammatory
responses by activating the Toll-like receptor pathway (Sweere
etal., 2019).

Technical constraints further complicate clinical translation:
the limited cargo capacity of AAVP vectors restricts packaging of
large transgenes (e.g., CRISPR-Cas9 systems), as extended capsids
compromise cloning efficiency (Smith et al, 2016; Yang Zhou
etal., 2020). Tumor heterogeneity introduces additional differential
expression of target receptors (e.g., integrin beta3) between cancer
and normal tissues leads to inconsistent therapeutic outcomes
(Hood et al., 2002; Li and Lee, 2006; Kia et al., 2012). Moreover,
drug-resistant cell subpopulations within tumors may partially
evade the therapeutic effects (Przystal et al., 2019). Finally, with
regard to the manufacturing process, the intricate production
procedures of hybrid vector systems (e.g., AAVP) (Suwan et al,
2019) pose significant quality control challenges during large-scale
preparation. Collectively, these limiting factors constitute critical
obstacles that must be overcome in the transition of phage therapy
from laboratory research to clinical application.

In contrast to cancer phage therapy, which remains at the
developmental stage, phage display technology, serving as a
robust molecular display and screening platform has already
demonstrated significant utility in cancer research, particularly in
the fields of cancer diagnosis and therapy. A comparative analysis
of the applications of phage therapy and phage display technology
in cancer research is provided in Table 1. By constructing libraries
and screening for ligands that bind with high specificity and
affinity to cancer cells, phage display technology enables precise
and targeted cancer diagnostics (Shen et al., 2023). This effectively
addresses the issue of low binding efficiency resulting from the
reliance on genetically engineered or chemically modified phages in
phage therapy. Strategies targeting tumors can be categorized into
passive targeting and active targeting. Passive targeting enhances
the permeability and retention effect induced by cancer cell
adaptability, enabling therapeutic agents to avoid targeting normal
tissues and accumulate exclusively in tumor cells, thereby reducing
toxicity to normal cells (Rahim et al., 2021). On the other hand,
active targeting strategies utilize drug molecules and delivery
systems such as nanoparticles to deliver antitumor compounds
to specific or overexpressed tumor cell receptors (Bandyopadhyay
et al.,, 2023). However, challenges arise in therapeutic strategies,
including nonspecific toxicity, compound escape from endosomes,
and targeting difficulties across different cell types. Additionally,
the effectiveness of passive targeting varies greatly at different
stages of cancer development (Zhang et al, 2021). Peptides
have demonstrated potential in mitigating these challenges when
attempting to transport drugs for cellular internalization. This
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TABLE 1 Comparative analysis of phage display technology versus phage
therapy for cancer treatment.

Limitations Phage Phage display
therapy technology
Targeting Requires Direct selection of high-affinity
engineering, low ligands
efficiency
Immunogenicity High (prone to Low (amenable to humanization)

immune clearance)

Delivery efficiency Poor penetration in

solid tumors

Small-molecule products show
strong tissue penetration

Drug-loading Limited Highly adaptable
flexibility
Clinical maturity Under Established technology with
development, multiple approved drugs
immature

strategy holds promise for improving the precision of drug
targeting, minimizing off-target effects, and minimizing related
adverse events (Timur and Giirsoy, 2021).

Apart from peptides, phage display technology can also be
used to screen for full-length antibodies against various antigens
for disease diagnosis and treatment. However, the large molecular
weight of full-length antibodies limits their ability to penetrate cells
and tissues. Although humanized antibody technology has reduced
immunogenicity, full-length antibodies may still elicit immune
responses in some patients, thereby reducing efficacy or causing
adverse effects (Wang et al.,, 2024), compared to phage therapy,
this method demonstrates significantly reduced immune responses
and side effects (Jonczyk et al., 2011; Alejandra et al., 2023). Phage
display technology can also be employed to screen for Nanobodies
(Nbs) derived from camelid animals, which exhibit high specificity
and stability and are often engineered in bivalent or trivalent forms.
However, large-scale production of nanobodies faces numerous
challenges, including short half-life and potential immunogenicity
(Bathula et al., 2021). Furthermore, phage display technology can
be used to generate antibody single-chain fragment variable (scFv).
These smaller antibody fragments improved tissue penetration but
are limited by short half-life, reduced stability, and the absence of
fragment crystallizable (Fc)-mediated effector functions (Ahmad
etal., 2012).

The search for novel diagnostic or therapeutic antibodies or
peptides is a formidable task, centered on the construction of phage
libraries, the selection of cancer-specific targets, and the rigorous
validation of ligand-receptor affinity. This review highlights the
core principles of phage display technology in the context of GC
diagnosis and treatment, summarizes key research, and discusses
notable outcomes from the integration of phage display with other
emerging technologies.

2 The application of phage display
technology in cancer research

2.1 Diversity of phage vectors

Since its inception in 1985, phage display technology has
evolved through continuous technological innovation into a core
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platform for protein engineering and drug development. In
recent years, the advancement of phage display systems has been
significantly driven by the remarkable optimization of vector
systems. Various phage display platforms have been developed
for different biotechnological applications (Table 2), including
filamentous phage M13, T7, A, and T4 of E. coli. Among them,
filamentous phage M13 of E. coli is the most widely used
display system. Its key feature is MI13 phage does not lyse
host strains and useful for panning (Chang et al, 2023). It
encapsulates a single-stranded genome that encodes five distinct
capsid proteins, grouped into two categories: the major capsid
protein (pVIII) and the minor capsid proteins (pVII, pIX, pVI,
and plII). Most antibodies and peptides are displayed on the
phage proteins pIII and pVIIIL. pIII determines the infectivity of
the virus particles. One key advantage of using plII is that, when
phagemids are used in combination with helper phages, pIII allows
for monovalent display, which facilitates the screening of high-
specificity antibodies or peptides. Additionally, pIII enables the
insertion of larger protein sequences (>100 amino acids) and is
more tolerant than pVIII. As the major capsid protein of the
Ff phage, pVIII is primarily used to enhance detection signals
when the phage-displayed antibody binds to an antigen. pVI is
widely used for the display of ¢cDNA libraries, and serves as
an attractive alternative to the yeast two-hybrid method due to
its high-throughput capacity for identifying interacting proteins
and peptides. pVI is preferred over pVIII and pIIl for the
expression of cDNA libraries because proteins of interest can
be fused to its C-terminus without significantly disrupting its
role in phage assembly (Chang et al, 2023; Istomina et al,
2024).

T4 contains two non-essential capsid proteins, HOC and
SOC, which enable this dual-site display system to present
multiple copies of proteins or peptides, thereby enhancing immune
responses in animals. With high loading capacity and stability, T4
is utilized in the development of immunogenic products (Ren and
Black, 1998; Shivachandra et al., 2007; Tao et al., 2019). However,
the procedure is complex and technically challenging.

The capsid proteins of T7 phage can display peptides of up
to 50 amino acids at high copy numbers, or peptides or proteins
of one thousand two hundred amino acid residues at low (0.1-1
per phage) or medium (5-15 per phage). Therefore, T7 phage is
widely used for screening proteins with varying molecular weights
and binding affinities. Furthermore, T7 phage exhibits high stability
under extreme conditions, including elevated temperatures and low
pH, additionally, the T7 phage exhibits a rapid lytic cycle, which
facilitates efficient and high-throughput bio-panning (Piggott and
Karuso, 2016; Yu et al., 2022).

The A-phage, a temperate phage that infects E. coli, utilizes
its major capsid protein gpD and major tail protein gpV as
fusion partners in phage display. It has High DNA packaging
efficiency and allows for large DNA insertions, Unlike gpV,
gpD enables multivalent display, allowing for up to two
hundred and twenty copies of gpD fusion molecules per
capsid. Notably, fusing proteins to either the C- or N-
terminus of gpD does not interfere with phage assembly,
viability, or infectivity, and facilitates unrestricted interaction
between the fusion proteins and ligands or receptors. Therefore,
it is particularly well-suited for expressing complex proteins
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TABLE 2 Basic information of different types of phages.

10.3389/fmicb.2025.1632560

M13 ssDNA 6.4 11 930nm*6.5nm pVIIL Inoviridae Mature technology Large inserts may impair
plIl platform; Does not lyse phage assembly or
host strains; infectivity;
Useful for panning and limited the host range
affinity maturation
T4 dsDNA 169 289 120nm*86nm Hoc; Soc Myoviridae High payload capacity; Requires in vitro packaging,
High stability involves laborious
procedures;
Technically challenging
T7 dsDNA 40 55 56nm*29nm gpl0A; Podoviridae | Short lytic cycle, suitable Precludes iterative
gpl10B for high- biopanning rounds;
throughput screening; Smaller display capacity
Lyses host strains to compared to T4
release a high yield of
phage particles;
Extremely
efficient expression
N dsDNA 48.5 73 60nm*150nm gpV; Siphoviridae | High DNA The lytic life cycle prevents
gpD packaging efficiency; iterative biopanning due to
Allows for large host cell destruction
DNA insertions;
Suitable for displaying
complex proteins
QB sSRNA 4.2 4 28nm Cp Leviviridae Suitable for RNA display; | RNA genome stability
featuring simple issues;
structure that facilitates Less technologically mature
genetic engineering and compared to T7/M13
chemical conjugation
MS2 ssRNA 3.6 4 26nm CP Leviviridae Suitable for RNA display; | Limited display capacity;
Potential applications in Stability and robustness
targeting RNA issues

(Beghetto and Gargano, 2011; Nicastro et al., 2014; Ooi and Yeh,
2024).

2.2 Perform phage display experiment

The core of phage display technology lies in its highly efficient
screening system, with peptide library construction being one of
its key techniques. By inserting random oligonucleotide sequences
into the phage genome, a library containing millions or even
billions of different peptide segments can be created. This library
serves as the primary source of diversity. The creation of a
phage display antibody library from immune donors offers a
direct method for isolating high-affinity antibodies against tumor-
specific antigens using the antibody repertoire of cancer patients
(Kumar et al., 2019; Zhao et al,, 2023a). This process involves
extracting mRNA from B lymphocytes, cloning it into the phage
capsid protein gene such as plll, and expressing these genes in
E. coli to display the antigen-binding domains. Cancer patients
often produce high-affinity antibodies due to the overexpression or
mutation of tumor antigens (Ledsgaard et al., 2022). By utilizing
immune phage display libraries derived from humans, researchers
have established a vast antibody gene repository from cancer
patients to isolate antibodies with specific binding capabilities.
Taking the preparation of antibodies using M13 as an example, the
basic steps of phage display are shown in the Figure 1.

Frontiers in Microbiology

3 The application of phage display
technology in cancer research

3.1 The discovery of tumor markers

Utilizing phage display technology, an antibody library
targeting tumor cell surface antigens can be constructed, and
high-affinity, high-specificity antibodies can be screened through
biopanning for use in tumor diagnosis and treatment. Based on
research conducted by Philip Alexander Heine (Heine et al., 2023),
genomic or metagenomic DNA is fragmented and cloned into
phagemid vectors. These gene fragments are then packaged into the
DNA of progeny phages via defective replicative phages, enabling
the expressed protein fragments to be displayed on the surface of
M13 phages. During the biopanning process, purified antibodies
or serum samples are used to screen for immunogenic peptides
or protein fragments that bind to the samples, with the bound
fragments serving as potential biomarkers. In this approach, the
phage display library is incubated with tumor cells or tumor
tissues, allowing the displayed peptides or proteins to interact with
surface molecules on the tumor cells. Enrichment through standard
biopanning procedures results in the acquisition of highly specific
binding fragments. The proteins binding to these fragments can
serve as potential tumor markers. This entire process is conducted
in vitro, requiring only DNA or cDNA from the target species.
Additionally, this method is applicable to difficult-to-culture cells
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FIGURE 1
The basic steps of phage display technology are as follows. Constructing a library construction: initially, RNA is extracted from B lymphocytes and
reverse transcribed into cDNA to form a cDNA library. This cDNA library is then inserted into plasmids, resulting in the creation of a microbial library.
Following this, helper phages are added to construct the phage library. Panning: antigens are immobilized onto a solid support, and the phage library
is applied to this surface. Phages carrying specific antibodies will bind to their corresponding antigens. Unbound phages are washed away, leaving
only the bound phages on the solid support. These bound phages are then eluted and re-amplified through bacterial infection. This process is
repeated several times to enrich phages for phages with higher affinity. Screening: the eluted phages are used to infect E. coli, and clones from these
infected bacteria are selected for antibody production. Subsequently, Enzyme Linked Immunosorbent Assay (ELISA) is employed to identify
monoclonal antibodies with high affinity.

or metagenomic samples. Ultimately, the selected tumor markers
can serve as starting points for the development of diagnostic tests,
vaccines, or protein interaction studies.

3.2 Development of highly specific
diagnostic reagents

In the process of discovering novel tumor markers using
phage display technology, beyond acquiring the tumor markers
themselves, DNA sequencing of the screened phages allows for
the acquisition of sequence information for the displayed peptides
or proteins that specifically bind to the tumor markers. This
sequence information can be used to develop highly sensitive and
specific diagnostic antibodies and peptide probes. These binding
molecules can be applied in detection methods such as ELISA,
immunohistochemistry (IHC), and biosensors, enabling precise
detection of tumor markers (Saw and Song, 2019). Furthermore,
phage display technology is capable of screening for binding
molecules that target early-stage tumor markers or individualized
markers, supporting early diagnosis and the realization of precision
medicine. By incorporating the screened molecules into diagnostic
reagent kits, phage display technology provides an efficient and
reliable tool for cancer diagnosis, facilitating the development and
application of highly specific diagnostic reagents.

Frontiers in Microbiology

3.3 Research on the Tumor
Microenvironment (TME)

TME is a complex milieu composed of various components,
including tumor-associated vasculature, the extra-cellular matrix,
cancer-associated fibroblasts, tumor-associated macrophages,
immune cells, and tumor cells. As the tumor progresses, these
cells often undergo transformations into tumor-like phenotypes
(Binnewies et al., 2018). These changes may be induced through
continuous communication with other components in the TME
via autocrine or paracrine mechanisms. Therefore, isolating and
identifying specific peptides that target the TME can facilitate the
delivery of therapeutic agents to effectively modulate or disrupt
TME components through the TME homing effect. Currently, the
most promising intervention sites include: (1) tumor-associated
vasculature: targeting tumor angiogenesis, such as the VEGF
signaling pathway, to inhibit blood vessel formation and cut off
the tumor’s nutrient supply (Macedo et al., 2017; Hu et al., 2021);
(2) Extra-Cellular Matrix (ECM): targeting ECM components
such as collagen and fibronectin to disrupt the tumor’s structural
support and enhance drug penetration (Lee et al., 2022; Zhang
et al,, 2022a); (3) Cancer-Associated Fibroblasts (CAFs): inhibiting
the activation or function of CAFs to reduce their supportive
role in tumor growth and metastasis (Liu et al., 2024); (4) tumor-
associated macrophages (TAMs): reprogramming TAMs from a
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tumor-promoting phenotype (M2) to an anti-tumor phenotype
(M1) to enhance the immune response (Zhao et al., 2023b).

3.4 Phage display technology in the
preparation of antibodies

Phage display is the most widely used technology in vitro for
antibody development. Monoclonal antibodies (mAbs) represent
the most extensively applied category of recombinant drugs,
playing a unique role in both diagnostic and therapeutic strategies
(Ecker et al,, 2015). Currently, antibody phage display libraries are
employed for rapid mAb isolation. Initially, a large combinatorial
library comprising variable heavy and light chain antibody libraries
is constructed and expressed on the capsid protein of the phage
surface, while the corresponding antibody genes are contained
within the phage particles. Since the phage display is not directly
influenced by in vivo immune responses, this strategy allows for
the isolation of suitable antibodies against desired antigens from a
single library in a prokaryotic system. phage display is widely used
for in vitro antibody screening and selection. It can be applied to
antibody discovery against most categories of antigens, including
a broad range of epitope that may be suppressed by the immune
system in vivo or that have never been exposed to it (Hairul
Bahara et al,, 2013). Antibody phage library technology enables
the preparation of various antibody formats, including antigen-
binding fragment (Fab), scFv, and single-domain antibody (sdAb).
To date, immune phage antibody libraries established from IgG
mRNA of B cells derived from immunized humans or animals
have successfully screened antibodies for the treatment of various
infectious diseases and cancers (Xia et al., 2006; Duan et al., 2009;
Trott et al., 2014). In 2014, the FDA approved ramucirumab,
developed through phage display, for the treatment of advanced
GC or adenocarcinoma of esophagogastric junction, as well as
in combination with docetaxel for the treatment of non-small
cell lung cancer (Fuchs et al, 2014; Arrieta et al, 2017). List
of phage display-derived therapeutic antibodies for gastric cancer
that are either approved or have been investigated in clinical
trials (Table 3).

4 Phage display for GC diagnostics and
therapy

4.1 Tumor targeting peptide

Coupling therapeutic agents with target-specific phage peptides
or antibodies identified through phage display allows for direct
targeting of cancer cells, significantly reducing off-target effects
and avoiding damage to healthy tissues. This technology enhances
precision of drug delivery and significantly advances personalized
diagnostics and therapy by enabling the screening of novel
targeting ligands tailored to individual cancer characteristics.
Targeting peptides obtained through phage display technology
have been employed in the diagnosis or treatment of various
types of cancers (Table 4). Researchers have utilized the Ph.D.-12
library to screen for an affinity peptide, AADNAKTKSEPV
(referred to as AAD), that specifically binds to GC tissues (Zhang
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et al., 2012). Through three rounds of biopanning, non-specific
phages binding to non-cancerous gastric mucosa were first
eliminated, followed by positive selection in GC tissues, ultimately
yielding the AAD peptide with high affinity. Experiments
demonstrated that the AAD peptide exhibited strong binding
activity in GC cells and tissues, while showing weaker binding
in normal gastric mucosa and other cancer types, making it
useful for distinguishing tumor tissues from normal tissues.
Additionally, Dan Zhang and colleagues screened the Ph.D.-12
Phage Display Peptide Library to obtain the peptide RP-1, which
targets CD44 in GC tissues, RP-1 demonstrated significantly
higher fluorescence binding intensity in GC-positive tissues
than in normal tissues (Zhang et al., 2015). These peptides can
specifically bind to cancer tissues when labeled with fluorescence
markers such as Fluorescein Isothiocyanate (FITC), providing
high-contrast molecular imaging during endoscopy. When
endoscopy is combined with fluorescence imaging, physicians
can observe real-time fluorescent signals in cancerous areas,
accurately locating early cancerous or precancerous lesions.
This molecular imaging method can detect minute lesions that
are difficult to identify using traditional white-light endoscopy,
reducing missed diagnosis rates. Furthermore, targeted peptides
can guide biopsies, ensuring that tissue samples are obtained
from suspicious areas, thereby improving the accuracy and
efficiency of diagnosis. In this way, molecular endoscopy
combined with targeted peptides enables earlier and more precise
cancer diagnosis, providing better treatment opportunities
for patients.

4.2 Targeted drug delivery

Conjugating drug molecules with peptides or antibodies
obtained through phage display enables direct targeting of
cancer cells, significantly reducing oft-target effects and sparing
healthy tissues from harm. This technology enhances the
potential for precise drug delivery and significantly advances
the development of personalized medicine by allowing the
screening of novel targeting ligands tailored to individual cancer
characteristics (Newman and Benoit, 2018). Yue Wu et al.
successfully utilized this technology to obtain Nbs with targeted
drug delivery capabilities. First, the researchers established an
immune phage display library and employed phage display
technology to select Nbs specific to the Nectin cell adhesion
molecule 4 (Nectin-4). These Nbs were then engineered into
homotrimers to enhance their affinity and subsequently fused with
Nbs targeting Human Serum Albumin (HSA) to extend their
in vivo half-life and reduce immunogenicity, resulting in trivalent
humanized nanobodies. Monomethyl Auristatin E (MMAE)
was site-specifically conjugated to the C-terminal site of the
trivalent nanobodies, producing Nectin-4 NDC (huNb26/Nb26-
Nbh-MMAE) with a drug-to-antibody ratio of 1. The Nectin-
4 NDC exhibited excellent specificity and high cellular uptake
in cancer cells with elevated Nectin-4 expression, and effectively
inhibited GC progression in vivo in a dose-dependent manner
(Wu et al, 2024). In another study, phage display technology
was used to screen and identify a hydrophilic heptamer peptide
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TABLE 3 List of phage display-derived therapeutic antibodies for gastric cancer that are either approved or have been investigated in clinical trials.

‘ Product name Target Format Status Phage display type References ‘
Avelumab PD-L1 Human IgG1 Phase I11 Naive Fab library Shim (2016); Bang et al. (2018)
Elgemtumab HER3 Human IgG1 Phase I synthetic human Fab antibody Malm et al. (2016); Reynolds et al. (2017);
library Takahashi et al. (2017); Mishra et al. (2018)
Ramucirumab VEGF Receptor 2 Human IgG1 Approved Naive Fab library; Dyax platform Lu et al. (2002, 2003); Khan and Shah (2019)
Trastuzumab HER2 Human IgG1 Phase III synthetic human Fab antibody Bang et al. (2010); Zhu et al. (2021)
library

TABLE 4 Cancer-targeting peptides developed using phage display technology.

Cancer Target References

type sequence

GC CD44 WHPWSYLWTQQA 12-mer phage peptide library Zhang et al. (2015)
Nectin-4 Nbs Immunized phage display library Wu et al. (2024)
c-Met Fab antibody naive Fab fragment library Zarei et al. (2020)
FGFR2 scFv Tomlinson I + J library Borek et al. (2018)
GC vessels CNTGSPYEC Ph.D.—C7C phage display peptide library Zhang et al. (2024)
LGR5 STCTRSR Ph.D.—7 phage library Kwak et al. (2024)
LGR5 IPQILSI Ph.D.—7 phage library Kwak et al. (2021)
CD44v6 ELTVMGYYPGMS Ph.D.—12 phage display peptide library Zhang et al. (2020)

Breast cancer Neuropilin-1 CLKADKAKC Ph.D.—CX7C phage display peptide library Feng et al. (2014)
Galectin-3 ANTPCGPYTHDCPVKR £88-Cys6 library Zou et al. (2005)
HER2 KCCYSL fUSES5-cpllIl phage library Deutscher (2010)
DLL1 scFv Tomlinson I + J library Sales-Dias et al. (2021)
5-Lipoxygenase- Activating DPFYSMLQRLAH 12-mer phage-displayed library Jin et al. (2021)
Protein (FLAP)

Prostate CD44v6 PFTVSVPFVWNFTAD fUSES5 phage library Peng et al. (2017)

caneer prostate specific antigen (PSA) /1 TEWDYLTV fUSES phage library Sui et al. (2021)
Fibroblast growth factor 8b (FGF8b) HSQAAVP Ph.D.—7 phage display peptide library Wang et al. (2013)

Lung cancer lung cancer cell line, Calu-3 ANGRPSMT/VNGRAEAP Landscape phage library Gillespie et al. (2016)
Small Cell Lung Cancer (SCLC)and GAMHLPWHMGTL/ Ph.D.—12 phage display peptide library Chi et al. (2017)
Non-Small Cell Lung Cancer (NSCLC) NPWEEQGYRYSM/

NNPWREMMYIEI

sequence STCTRSR (referred to as STC).
healthy cells, GC cells showed significantly increased uptake
of a fluorescent dye, Chlorin e6 (Ce6), when conjugated to
the STC peptide. Relative to free Ce6, Ce6-STC conjugates
demonstrated 3.4 times higher fluorescence intensity in tumor
tissues and generated greater phototoxicity following a single
laser irradiation. Repeated photodynamic therapy further reduce
tumor volume. The STC peptide, as a GC-specific probe, holds
promise for both the diagnosis and treatment of GC. Additionally,
considering its targeting ability and hydrophilicity, the STC
peptide may be further explored for delivering hydrophobic
chemotherapeutic drugs to GC, enhancing therapeutic efficacy
(Kwalk et al, 2024). In summary, studies have confirmed that
targeted drugs conjugated with peptides or antibodies significantly
improve drug uptake within cancer cells compared to non-
targeted drugs.

Compared with

Frontiers in Microbiology

4.3 Imaging applications for GC

Numerous studies have demonstrated that screening phage
libraries has emerged as a pivotal method for identifying phage
peptides or ligands that target uniquely expressed molecules
on GC cells, thereby facilitating early detection and precise
diagnosis. Engineered phage-displayed peptides can be conjugated
with fluorescent markers or radiolabeled compounds, enabling
direct visualization and mapping of GC cells and lesions. In
one study, researchers targets Leucine-rich repeat-containing
G-protein coupled receptor 5 (LGR5), a stem cell marker
in GC, using phage display technology to produce peptide
probes for molecular imaging. A novel 7-mer peptides, IPQILSI
(referred to as IPQ™*), was identified. When labeled with FITC
or cyanine 5.5 (Cy5.5), the peptide exhibited a 2 to 10-
fold increase in fluorescence intensity in GC cells compared
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to control cells. This distinction was consistently observed in
immune cytochemical assays using Cy5.5-conjugated IPQ*. Flow
cytometry (FACS) analysis revealed a rightward shift inflorescence
peaks for GC cells relative to control cells. In a peritoneal
metastasis animal model, Cy5.5-conjugated IPQ* specifically
accumulated in GC cells, suggesting that its potential as a
targeted molecular imaging probe for GC detection (Kwak et al.,
2021).

In a related study on colorectal cancer, phage display
technology was used to select disulfide-restricted heptapeptides
that bind human gastric mucin MUC5AC. These peptides were
conjugated with Ultrasmall Particles of Iron Oxide (USPIOs) to
form a contrast agent. The USPIOs accumulated in cancerous
tissues and can be detected via Magnetic Resonance Imaging
(MRI), indicating the potential for phage-derived contrast
agents in non-invasive imaging of GC (Rossez et al., 2016).
Recent global clinical trials have identified CLDN18.2 as
an ideal target for GC treatment, with patients exhibiting
high CLDN18.2 expression benefiting from targeted therapy.
Researchers screened a phage display library with a capacity
of 100 billion variants and identified a peptide named T37
that specifically recognizes CLDNI18.2. When combined
with gallium-68 (68Ga) and the chelator DOTA (1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid), the resulting
probe 68Ga-DOTA-T37 exhibited good biosafety and enabled
specific tomography/computed tomography (PET/CT) imaging
of CLDNI18.2 positive expressing tumors in mouse (Wang et al.,
2023). These research cases illustrate that peptides obtained
through phage display technology can be artificially modified
into molecular probes compatible with various cancer-related
imaging techniques.

5 Future challenges and directions

5.1 Limitations of phage display technology

In the phage display system, phage peptides are displayed
through coupling with the coat proteins of filamentous phage.
However, the small size of these phages limits the size of
the proteins that can be displayed (Mahdavi et al, 2022).
When phage display technology is used for antibody preparation
in vitro, the antibody light chain and heavy chain are not
maintained in their natural paired form. During the immune
process, the Variable Heavy chain (VH) and Variable Light
chain (VL) undergo paired affinity maturation. However, in
cloning, VH and VL are typically amplified separately via PCR
and then randomly reassembled into scFv or Fab constructs,
which can result in the loss of affinity maturation advantage.
Furthermore, phage are not well-suited for displaying proteins that
require post-translational modifications, such as phosphorylation
or glycosylation. Modifications are crucial for correct protein
folding, molecular interactions, and signal transduction. This
limitation restricts the broader application of phage display in
study proteins that depend on these modifications (Qi et al., 2021).
To address these issues, phage display can be combined with
other surface display technologies, such as yeast and mammalian
display platforms, which enhance capabilities for post-translational
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modifications due to eukaryotic system. Rare clones targeting
low-immunogenicity and complex epitopes are difficult to isolate
using conventional phage display methods. To obtain rare hapten-
specific clones, some studies have integrated phage display with
yeast display systems and competitive flow cytometry analysis,
significantly increasing the proportion of hapten-specific scFv (Sun
etal., 2016).

Moreover, antibodies or peptides selected via in vitro screening
might fail to replicate the intricate physiological conditions
present in vivo, for instance, screening using an in vitro blood-
brain barrier (BBB) model, researchers identified FC5, a camelid
antibody targeting TMEM30A that demonstrates the capacity
to deliver therapeutically relevant drug payloads to brain tissue
(Muruganandam et al., 2002; Abulrob et al., 2005; Farrington et al.,
2014). However, although numerous cell-based in vitro BBB models
are currently available for screening purposes, the loss of critical
BBB properties under culture conditions precludes definitive
assurance that the identified antibodies and their molecular
targets will retain functionality in vivo applications (Helms et al.,
2016).

5.2 Innovations in phage display
technology: the integrated application of
advanced library design and
next-generation sequencing (NGS)

The traditional phage display technology faces limitations such
as restricted library diversity and ineflicient panning, which can
be addressed by advanced library design integrated with NGS.
Sophisticated library design methodologies introduce chemical or
enzymatic modifications and non-natural amino acids (nnAAs)
into the phage libraries, thereby enhancing the molecular diversity
displayed on the phages. These innovative libraries expand the
potential for identifying high-quality binders against challenging
or previously inaccessible targets (Zhang, 2023; Chen et al., 2024).
Furthermore, for rare clones with low representation, to obtain
more comprehensive information about the sequences obtained
through traditional biological panning and to minimize the loss
of potentially effective sequences, NGS serves as a powerful
complementary tool. Unlike traditional methods that typically
yield only a few dozen sequences,, NGS allows for the collection
of information from millions of sequences, reducing the risk of
overlooking rare but functionally important variants lost during
wash steps. For instance, when preparing scFv targeting the BBB,
a high proportion of non-specific phage accumulation results
in significant background noise, thereby obscuring the truly
targeting antibodies. NGS technology enables high-throughput
sequencing of the CDR3 sequences from all collected phages,
assisting researchers in uncovering rare clones with low abundance
but enrichment characteristics amidst the high background (Stutz
et al., 2018). These rare clones might be overlooked by traditional
methods. In addition, NGS allows for detailed examination of
sequence similarity and evolutionary convergence across large
datasets, offering deeper insights into binding preferences and
selection dynamics (Juds et al, 2020; Andreu-Sanchez et al,
2023).
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5.3 Microfluidics, an effective tool for
supporting phage display

Moreover, microfluidic can optimize various aspects of phage
display technology. By precisely controlling fluid flow, microfluidic
technology facilitates effective interactions between target proteins
or cells and the phage library, ensuring that a sufficient number
of specific phages are enriched, thereby improving the accuracy
of subsequent screening. The washing steps in traditional phage
display technology typically involve multiple centrifugation and
washing operations, which are both time-consuming and prone
to phage loss. In contrast, microfluidic technology can effectively
remove unbound phages by incorporating specifically designed
microchannel structures and leveraging fluid dynamic or acoustic
effects (Wang et al, 2011). Additionally, clone identification
in traditional phage display technology often requires multiple
ELISA validations, making the process labor-intensive and time-
consuming. Microfluidic technology addresses this issue by
encapsulating individual phages and target-coated beads in water-
in-oil droplets, enabling single-clone phage amplification and
target binding within the chip. Afterward, the droplets are broken
and the beads are washed to remove most nonspecific phages.
Subsequently, specific phages on the magnetic beads are stained
with the fluorescently labeled M 13 phage antibody, and the clones
exhibiting the highest fluorescence intensity are collected and
sequenced without the need for further ELISA validation of binding
affinities (Wang et al., 2021a).

5.4 Artificial intelligence (Al) drives
industrial development

In the rapid evolution of Al today, although the preparation
of peptides or antibodies through phage display remains confined
to the laboratory, the immense value brought by AI cannot
be overlooked. The rapid advancement of NGS has generated
an unprecedented amount of antibody data, providing a crucial
foundation for Al-driven optimization. Al is increasingly being
used to refine the physicochemical properties of antibodies or
peptides, such as affinity and stability (Vascon et al., 2020; Xiang
et al, 2021; Harvey et al., 2022). Furthermore, it can guide
rational antibody modeling and structural optimization, simulate
ligand binding, and predict binding sites, all while maximizing
time and cost efficiency. The extensive learning capabilities of
deep neural networks allows them to autonomously extract
multifaceted features from a wide array of data types, supporting
the development of highly adaptable and robust models. Notably,
cutting-edge architectures such as Graph Neural Networks (GNNs)
and Transformers, have exhibited remarkable performance (LeCun
etal, 2015; Zhangetal., 2022b). In the realm of biomedicine, Al can
accurately detect and predict disease-associated genetic variations
and clinical outcomes by analyzing extensive genomic or imaging
datasets (Esteva et al., 2017; Poplin et al., 2018; Wainberg et al,,
2018; Zou et al., 2019). It is heartening to note that publicly available
antibody-related databases are rapidly improving, serving as a solid
cornerstone for providing higher-quality training data to deep
learning models. Based on these data, more accurate AI models
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can be trained, further enhancing predictive accuracy (Vascon
et al., 2020). However, these technologies can be challenging to
understand for researchers without a background in computer
programming. As AI technology continues to advance, the
development of intuitive and user-friendly tools will be crucial for
empowering non-programmers to harness the full potential of AI
in biomedical research.

6 Conclusion

GC is a significant contributor to mortality worldwide, yet the
availability of specific and high-affinity agents for early detection
remains limited. Phage display technology provides robust support
for early diagnosis during the asymptomatic phase of GC, as well
as for targeted drug delivery and cancer imaging. By screening
and identifying phage peptides with high binding affinity to GC
cells, phage display facilitates rapid isolation and recognition
of these cells, thereby enhancing the speed and efficiency of
immunodiagnostics. Phage display serves as a powerful tool
for drug discovery and biomarker imaging and has proven its
value as a reliable platform for pharmaceutical development.
Several anticancer drugs derived from phage display, including
Ramucirumab, Necitumumab, and Avelumab, have been approved
by the FDA (Casak et al, 2015; Garnock-Jones, 2016; Lohray
et al., 2023). This article higlights both the importance and
limitations of ongoing research utilizing phage display technology.
With continued optimization of technical processes and integration
with emerging technologies, phage display holds great promise
for playing an even more pivotal role in future cancer research
and clinical practice, offering increasingly precise and effective
diagnostic and therapeutic solutions for GC patients.
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