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Abstract
Phage display is one of the important and effective molecular biology techniques and has remained indispensable for research 
community since its discovery in the year 1985. As a large number of nucleotide fragments may be cloned into the phage 
genome, a phage library may harbour millions or sometimes billions of unique and distinctive displayed peptide ligands. 
The ligand–receptor interactions forming the basis of phage display have been well utilized in epitope mapping and antigen 
presentation on the surface of bacteriophages for screening novel vaccine candidates by using affinity selection-based strategy 
called biopanning. This versatile technique has been modified tremendously over last three decades, leading to generation of 
different platforms for combinatorial peptide display. The translation of new diagnostic tools thus developed has been used 
in situations arising due to pathogenic microbes, including bacteria and deadly viruses, such as Zika, Ebola, Hendra, Nipah, 
Hanta, MERS and SARS. In the current situation of pandemic of Coronavirus disease (COVID-19), a search for neutral-
izing antibodies is motivating the researchers to find therapeutic candidates against novel SARS-CoV-2. As phage display 
is an important technique for antibody selection, this review presents a concise summary of the very recent applications of 
phage display technique with a special reference to progress in diagnostics and therapeutics for coronavirus diseases. Hope-
fully, this technique can complement studies on host–pathogen interactions and assist novel strategies of drug discovery for 
coronaviruses.

Introduction of Phage Display Technique

Phage display technique is an in vitro method used to select 
a specific fusion peptide displayed on the surface of bac-
teriophages [1]. Peptide phage libraries containing bil-
lions of variants are used to interact with target molecules 
and the most specifically binding peptide is enriched after 
3–5 rounds of biopanning, i.e. affinity selection of specific 
peptide from a large repertoire of clones. Phage display 

technique can be used for targeting different biological enti-
ties, such as proteins, viruses, bacteria, cancer cells and 
non-organic substances, like metals, alloys, semiconductors, 
toxins and plastic surfaces [2–5]. The detailed information 
about filamentous phage genomes has been the key to suc-
cess for widespread applications of phage display technol-
ogy. The technique has many applications, such as selection 
of monoclonal antibody and bioactive peptides, epitope 
mapping, selection of disease specific antigen mimics, cell-
specific or organ-specific peptides, peptidomimetics and 
development of drug delivery systems [6–9]. Thus, phage 
display has been widely used in immunotherapy, regenera-
tive medicine, development of biosensors and synthetic biol-
ogy [5, 10–13].

Phage Display Systems

In phage display system, exogenous DNA fragment is 
inserted into a specific site (phage coat protein encoding 
gene) in phage genome. Upon host infection by these phage 
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particles, expression of the insert encoding amino acids in 
the form of fusion peptide takes place displaying them on the 
exposed surface which is further able to interact with wide 
variety of external target molecules and this phenotype–gen-
otype association helps researchers isolate target-specific 
ligands displayed on the phage surface [14, 15]. There are 
different phage display systems available but the F pilus-
specific phage (Ff), encompassing the strains f1, M13 or 
fd, and T7 lytic bacteriophages have been most extensively 
used [16, 17].

The M13 filamentous phage particle exhibits a cylindrical 
shape, about 930 nm in length and 6 nm in diameter (Fig. 1). 
The M13 genome is single-stranded DNA of 6407 bp con-
sisting of nine genes encoding 11 different proteins [18]. 
Five of the genome-encoded proteins are coat proteins and 
the rest of the six proteins are involved in replication and 
assembly. Although most of the studies have been restricted 
to the fusion of exogenous DNA fragment with capsid pro-
teins pIII and pVIII, where pVIII is the major coat protein 
expressed in ~ 2700 copies forming the cylindrical side 
of the phage and pIII is a minor coat protein (present in 
5 copies) at an end of the filamentous phage particle and 
is responsible for adsorption and extrusion. But in some 
studies phage display systems involving pVI, pVII and pIX 
(tail virion proteins involved in coat protein assembly and 
budding) fusions have also been reported [19]. The pro-
tein of interest (POI) fused with phage coat protein may be 
encoded either in a phage genome or by a phagemid. When 

a phagemid is used, complementation by a helper phage is 
required to support virion production and using phagemid 
is advantageous during subsequent selection process. M13 
phage display libraries present diversity in the range of  105 
to  1012 and are greatly dependent upon the transformation 
efficiency of the host E. coli. The M13 phage display system 
is a suitable tool for display of the appropriately folded pro-
teins carrying disulphide bonds as the proteins are secreted 
through the periplasmic space. Many functional antibody 
fragments, enzymes and inhibitors have been displayed and 
selected using this system [20, 21]. However, it also has the 
minor limitation of poor display of cytoplasmic proteins on 
the membrane [22].

On the other hand using T7—a lytic phage originally 
described as a mutant phage of E. coli––has several advan-
tageous features over other phage display systems [23–27] 
including display of cytoplasmic proteins—which is a 
major limitation of the M13 filamentous phage display 
system. T7 bacteriophage contains linear double-stranded 
DNA of 39,937 bp packed in an icosahedral capsid [27] 
and encodes ~ 50 proteins [28] including six major pro-
teins––gp10A, gp10B, gp8, gp11, gp12 and gp17 encoding 
major capsid protein, minor capsid protein, connector pro-
tein, tail proteins and tail fibre proteins, respectively. Fusion 
proteins are displayed at the C-terminal end of the T7 capsid 
protein (gene 10)—which includes gp10A (344 amino acids) 
and gp10B (397 amino acids), thus displaying fusion protein 
in high number (i.e. 415 copies) on entire capsid shell [17, 
27]. The library efficiency depends upon overall efficiency 
of cloning and packaging. Other advantages include the fol-
lowing: displaying inserts with stop codon, fast growth to 
form plaques within 3 h and relatively easier construction of 
large display libraries compared with M13 and the reduced 
likelihood of survival of the recombinant phage in the envi-
ronment as the host cell is required to produce T7 gene 10 
to express proteins. Also for promoting proper folding of 
cytoplasmic proteins carrying bisulphide bonds, comple-
menting hosts, such as BLT5615 or BLT5403 E. coli strains 
can be used [29–31]. Furthermore, the purification process 
of T7 phage for ELISA and DNA sequencing is also simple 
to perform.

Among other phage display systems, the phage T4 HOC 
(highly antigenic outer capsid protein of molecular mass 
40 kDa) and SOC (small outer capsid protein of molecular 
mass 9 kDa), bipartite display system for larger proteins to 
be displayed in high copy number and insert with stop codon 
is also available [32, 33]. The temperate phage lambda hav-
ing double-stranded DNA genome size of 48,502 bp is also 
capable of displaying fusion proteins in association with 
gpV (tail protein) and gpD (head protein) [34]. It is capable 
of displaying complicated, high-molecular-mass proteins 
as fusions with N- or C-terminal of gpD or C-terminal of 
gpV which are present in 405 and 6 copies, respectively 

Fig. 1  Schematic representation of M13-based phage display of POI 
expressed as fusion protein with structural coat proteins. The copy 
number of POI is related to the fusion partner. Fusion partner:Copies 
per virion—pIII:5, pVI:5, pVII:5, pVIII:2700, pIX:5
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[35, 36]. As translocation of proteins through the host cell 
membrane is not required using lambda system, it offers a 
higher immune response against displayed proteins.

Strategies of Phage Display for Development 
of Diagnostics

Phage display library may be constructed using any of the 
above-mentioned phage display systems and screened to 
obtain the most promising binders exhibiting strongest affin-
ity for the target molecule/pathogen for use in diagnostics 
and immunotherapy. Either randomly generated fragments 
of targeted pathogen DNA or synthetic random degenerate 
oligonucleotide inserts are cloned into the phage genome 
leading to generation of Natural peptide library (NPL) 
or Random peptide library (RPL), respectively. NPLs are 
more likely to mount an antibody response that cross-reacts 
with the native intact pathogen but a vast majority of clones 
in these libraries are non-functional, whereas RPLs have 
extended range of displayed epitopes [37, 38]. When the 
engineered nucleotide fragments of immunoglobulins encod-
ing the antigen-binding region are displayed, it leads to gen-
eration of antibody phage display (APD) library. Antibody 
expression over the phage surface is a powerful platform 
that allows the selection of specific antibodies when either 
immunized patients are not available or immunization is not 
ethically feasible. Due to the vast applications of this impor-
tant technique, Nobel Prize in Chemistry for the year 2018 
was awarded to George P. Smith and Sir Gregory P. Winter 
for developing and applying the phage display technique for 
the discovery and isolation of antibodies [1, 39, 40]. Major 
advantages of antibody phage display include as follows: 
production of large-sized combinatorial libraries, improved 
efficiency than conventional hybridoma system, easy manip-
ulation, safety, no involvement of animal cell culture, lower 
propagative cost and easy screening procedures involved to 
select target specific binders [41–43]. Specifically for viral 
pathogens, antibody phage display is an alternative tool to 
hybridoma technology, since it circumvents the limitations 
of the immune system [44].

The antibody phage display technique was first described 
using gene III protein of E. coli filamentous phages and was 
further modified. The display formats include single-chain 
fragment variable (scFv), antigen-binding fragment (Fabs), 
single-chain fabs (scFab), human VH domains (dAbs), 
variable domains of heavy chain (VHHs)—also called as 
nanobodies, immunoglobulins of sharks (IgNARs), variable 
domain of IgNAR (VNAR), etc. [45–50] (Fig. 2). A review 
of different types of combinatorial peptide phage libraries 
and peptide ligands and applications in terms of drug discov-
ery is sufficiently presented elsewhere [51, 52]. These phage 
display formats have been used extensively for antibody 

selection against pathogenic bacteria, viruses (including 
SARS-CoV, Ebola, Hanta virus, Hendra and Nipah virus, 
Hepatitis A, C, E virus, Herpes Simplex virus, HIV-1, 2, 
and Influenza A), eukaryotic pathogens and toxins [53]. 
Additionally very recently researchers demonstrated that 
incorporating non-canonical amino acids (ncAAs) in phage 
display expands the range of peptides it can identify [54].

A Brief Introduction to Coronaviruses

Coronaviruses attracted worldwide attention in year 2003 
when Severe Acute Respiratory Syndrome coronavirus 
(SARS-CoV) epidemic occurred followed by the 2012 Mid-
dle East Respiratory Syndrome coronavirus (MERS-CoV) 
outbreak and, most recently, the novel coronavirus pan-
demic in year 2019–2020. A total of 8098 people worldwide 
became sick with SARS outbreak, leading to death in 774 
cases [55]. MERS-CoV was identified in Saudi Arabia and 
it caused human infections through direct or indirect con-
tact with infected dromedary camels who acquired it from 
bats. WHO reported a high mortality rate of 35% for this 
infection out of 2519 global cases [56]. SARS-CoV2 was 
reported from Wuhan province in China in December, 2019, 
which has till January 05, 2021 caused 84,474,195 con-
firmed human cases, including 18,48,704 deaths [57]. Cor-
onaviruses are pathogenic viruses of humans and animals 
belonging to family Coronaviridae, subfamily Coronaviri-
nae. Coronaviruses generally cause species-specific illness 
in mammals and birds [58]. Coronaviruses are enveloped 
viruses. They carry non-segmented positive-sense RNA 
genome and have the largest identified viral RNA genomes, 
with an approximate length of 30 kilobases; however, the 
recent menace—SARS-CoV-2—is 18 kb RNA in genome 
size. Among the four known types, i.e. Alphacoronavirus, 
Betacoronavirus, Gammacoronavirus and Deltacoronavirus, 
Alphacoronavirus, group 1 (HCoV-229E), was first reported 
during studies on common cold [59, 60]. The human coro-
naviruses known till date include HCoV-NL63 (Alpha cor-
onavirus: group1); HCoV-OC43 and HCoV-HKU1 (Beta 
coronavirus: group2, lineage A); SARS-CoV and SARS-
CoV-2 (Beta coronavirus: group2, lineage B) (Fig. 3); and 
MERS-CoV (Beta coronavirus: group2, lineage C) [61]. The 
coronaviruses are primarily viewed as respiratory pathogens 
with only alpha and beta types infecting mammals and usu-
ally causing respiratory illness in humans and gastroenteritis 
in animals. The deltacoronaviruses and gammacoronaviruses 
majorly infect birds, but some can also infect mammals. The 
typical symptom involving upper respiratory tract infection 
includes common cold. On the other hand, SARS-CoV and 
MERS-CoV are highly pathogenic to humans, cause severe 
pneumonia and pose fatal outcomes [58]. Since the initia-
tion of pandemic in Wuhan, China, the major thrust of the 
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researchers has been on epidemiology and pharmacological 
investigations including vaccines and drug moieties to treat 
and prevent SARS-CoV-2.

Antibody Selection against Coronaviruses 
Using Phage Display Technology

Phage display technique has been employed as a comple-
mentary approach in previous research attempts for develop-
ment of diagnostics against coronaviruses. It has been used 
for studying host–pathogen interactions, selection of neu-
tralizing antibodies and epitope mapping for SARS-CoV-2.

Selection of Neutralizing Antibodies 
against SARS‑CoV‑2 (COVID‑19)

Based on the sequence similarities of the receptor-bind-
ing motif (RBM) between SARS-CoV-2 and SARS-CoV, 
research groups reported that SARS-CoV-2 could enter the 

Fig. 2  Different antibody formats used for phage display. Conven-
tional IgG structurally comprising two heavy (H) chains (composed 
of  VH and  CH domains) and two light (L) chains (composed of  VL 
and  CL domains) and carrying two antigen-binding sites constituted 
by  VH and  VL domains. Heavy-chain antibodies of family Camelidae 
lack both constant and variable light chains  (CL and  VL) and the anti-
gen-binding site is formed only by the heavy-chain variable domain 
(VHH/nanobody). The new antigen receptor (IgNAR) antibod-
ies from sharks are constituted of two protein chains, each contain-
ing one variable  (VNAR) and five constant domains  (CH). The phage 

antibody display format may include as follows: Antigen binding 
fragment (Fab) of conventional immunoglobulins consisting of  VH, 
 CH1,  VL and  CL domains where  CH1 and  CL domains are joined by a 
disulphide bond, Single-chain fragment antigen binding (scFab) con-
sisting of  VH,  CH1,  VL and  CL domains where  CH1 and  VL are joined 
via linker, fragment variable  (FV) consisting of variable regions of 
heavy-chain  (VH) and light-chain  (VL), single-chain fragment variable 
(scFv) consisting of variable regions, i.e.  VH and  VL joined through a 
linker, variable domain of human antibodies (VH) or VHH

Fig. 3  Structural characteristics of severe acute respiratory syndrome 
coronavirus-2 (SARS-CoV-2)
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cells by binding of surface spike (S) protein with the Angio-
tensin converting enzyme-2 (ACE-2) receptor in humans, 
bats, civet cats and pigs [62, 63]. ACE-2 encodes for a type 
I transmembrane metallocarboxypeptidase which exhibits 
homology to ACE, an enzyme long known as a target for 
the treatment of hypertension [64]. It is highly expressed in 
tissues of cardiovascular, renal and gastrointestinal system, 
lungs, testis and prostate and moderately expressed in cen-
tral nervous system and lymphoid tissues [65–68]. Host cell 
proteases, such as endosomal cathepsins, trypsin, elastase, 
furin and transmembrane protease serine 2 (TMPRSS2) are 
known to play an important role for SARS-CoV-2 entry as 
both S protein and ACE-2 are proteolytically modified dur-
ing the process [69].

In order to screen neutralizing antibodies against cur-
rently circulating highly pathogenic SARS-CoV-2, Tian 
et al. [70] reported potent binding of COVID-19 causing 
coronavirus S protein by anti-SARS-CoV human antibody 
(CR3022) [71]. CR3022 has been derived from a scFv phage 
display library and has shown to bind to the RBD outside 
the RBM [72]. Although it is known that the blockage of 
RBM within the RBD and the ACE-2 association site, is 
a major mechanism of SARS-CoV neutralization but as 
CR3022—actually raised against SARS-CoV bound potently 
with SARS-CoV-2 RBD, it was emphasized that neutral-
izing antibodies can also be raised from epitopes outside of 
RBM. This offers the possibility of partial protection against 
COVID-19 [73].

As per the document available from Milken Institute, two 
pharmaceutical firms, viz., PhRMA and AstraZeneca, are 
into pre-clinical trials for antibodies targeting the S protein 
from phage display libraries [74]. Also researchers have 
been successful in developing new phage capsid nanopar-
ticles which could prevent COVID-19 infections [75]. It is 
based on the approach of developing highly functional mul-
tivalent binders which match with the geometry of binding 
sites of the viral spike proteins which eventually prevent 
pathogen entry [76]. Walter et al. [77] have also reported 
selection of 63 unique anti-RBD sybodies (synthetic nano-
bodies) against SARS-CoV-2 from three large combinatorial 
libraries produced by phage display technique [77]. Above-
mentioned studies underscore the importance of antibody 
phage display for assisting in searching a probable solution 
to SARS-CoV-2.

Antibody Selection against Other Coronaviruses

(i) SARS‑CoV

In the first attempt to obtain scFv antibodies against SARS-
CoV, three scFvs against the E and N proteins of SARS-
CoV were isolated by phage display from an scFv antibody 
library by biopanning against immobilized purified envelope 

(E) and nucleocapsid (N) proteins [78]. However, majority 
of later works were focused on spike protein. Using whole 
irradiated SARS-CoV as target, human monoclonal antibod-
ies (MABs) were selected out from semisynthetic antibody 
phage display libraries. A total of six human MABs out of 
eight selected bound to virus and infected cells and these 
six MABs could be mapped to the nucleocapsid (N) and S 
proteins of SARS-CoV. Later using epitope mapping, the 
importance of residue N479 was defined in binding of the 
most potent neutralizing MAB—CR3014 using recombi-
nant S fragments (residues 318 to 510) containing naturally 
occurring mutations [79] (Fig. 4). In a similar attempt to pro-
duce human SARS-CoV neutralizing antibody, an immune 
antibody phage display library was constructed from B cells 
of SARS convalescent patients and scFv, B1-recognizing 
SARS-CoV pseudovirus in vivo was obtained and its epitope 
mapping revealed amino acids of 1023–1189 position consti-
tuting the epitope [80]. Identification of a dominant epitope 
in the S2 domain of spike protein of SARS was also carried 
out using M13 phage display dodecapeptide library [81]. 
For neutralizing MAB-2C5 (specific to the spike protein), 
identification of TPEQQFT-mimotope was carried out using 
epitope mapping [82]. In another study employing antibody 
phage display library from the B cells of convalescent SARS 
patients and screening using inactivated SARS-CoV as anti-
gen, a high-affinity binder scFv-H12 was found to neutralize 
SARS virions in vitro. The fact that it did not bind to mono-
meric S1 protein suggested its recognition of oligomeric S1 
proteins [83]. Key amino acid residues responsible for anti-
body binding were also identified through epitope mapping 
using yeast surface display and RBD of SARS-CoV spike 
(S) protein [84]. Chicken scFv phage display system was 
employed for selection of high-affinity antibodies against the 
SARS-CoV spike protein [85]. The discontinuous epitope of 
80R—a potent neutralizing human anti-SARS monoclonal 
antibody against the spike protein––was identified by screen-
ing phage display random peptide libraries with the help of 
unique computer algorithm ‘Mapitope’ [86]. The selection 
of SARS-CoV-S protein-specific monoclonal antibodies was 
also reported by Wu et al. [87] by first constructing a SARS-
CoV-S protein-specific phage displayed antigen library and 
biopanning with two anti-S MABs: S-M1 and S-M2 [87].

Wang et al. [88] obtained phages with specific binding 
to SARS-CoV using immobilized RBD target of SARS-
CoV spike (S1) protein [88]. The epitope mapping led to 
identification of displayed peptides HHKTWHPPVMHL 
and SQWHPRSASYPM, and the two selected phages from 
12-mer phage display random peptide library were found 
to be able to differentiate between SARS-CoV and other 
coronaviruses using indirect enzyme-linked immunosorbent 
assays. In another study employing Conformer Libraries’ 
(phage-displayed RBM linker libraries), Freund et al. [89] 
reconstituted a functional RBM of SARS coronavirus [89]. 
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Screening the ‘Conformer Libraries’ with specific ligands 
produced short RBM constructs (ca. 40 amino acids) that 
could bind both the ACE-2 receptor and the neutralizing 
MAB 80R (which targeted the RBM and competed with the 
ACE-2 receptor for binding). Huang et al. [90] identified 
SARS-CoV ORF6-interacting proteins, including CCNL1, 
RBMXL2, NPIPB3 and karyopherin alpha 2 which were 
involved in RNA splicing, nuclear pore complex formation, 
nuclear export and import of some transcription and splic-
ing factors using the phage-displayed human lung cDNA 
libraries and examined the association of ORF6-host factor 
interaction with Type I IFN antagonism [90].

(ii) MERS‑CoV

Construction of a phage display library of specific nano-
antibodies against MERS-CoV and its application to the 
screening neutralizing nano-antibodies was reported by He 
et al. [91]. MERS-CoV RBD recombinant protein was used 
to immunize alpaca and peripheral blood mononuclear cells 
(PBMCs) were collected followed by total RNA extraction. 
The recombinant phages were constructed by introducing 

VHH gene. A rich phage display library of specific nano-
antibodies against MERS-CoV was obtained and used to 
screen and characterize the nano-antibodies which resulted 
in identifying neutralizing nano-antibodies against MERS-
CoV. Using a Fab phage display library against the S2 sub-
unit of the MERS-CoV spike protein (MERS-S2P), three 
unique Fabs (S2A3, S2A6 and S2D5) were obtained, two 
of which (S2A3 and S2D5) bound specifically with MERS-
CoV and not other CoVs, indicating them being suitable 
reagent for developing antibody-based diagnostics in labora-
tory or hospital settings for point-of-care testing [92]. Con-
struction of nurse shark  VNAR phage library and isolation of 
 VNAR binders to viral antigens, including MERS and SARS 
spike proteins, were recently reported by Feng et al. [93]. A 
large phage-displayed  VNAR library was constructed using 
 VNAR from shark B cells after PCR amplification, cloning 
in phagemid vectors followed by four rounds of panning, 
resulting in Type I and II  VNARs produced successfully in E. 
coli. Using next-generation sequencing (NGS) by Illumina 
MiSeq platform, approximately 1.2 million full-length shark 
 VNAR sequences were found to be displayed in the phage-
displayed  VNAR antibody library constructed from six naive 

Fig. 4  An illustration of phage display technique for epitope char-
acterization of monoclonal antibodies binding to spike protein of 
MERS-CoV using phage display technique. The whole RNA can be 
extracted and cDNA amplified. Spike protein encoding gene can be 
amplified by PCR. The gene segments can be obtained by fragmenta-
tion using restriction enzymes and segments cloned in phagemid vec-
tor. Transformation of phagemids in E. coli and infection with helper 

phage can lead to production of phages displaying protein encoded 
by cloned genomic segment. The phage library thus formed can be 
screened using Anti-S-mABs by ELISA and phages binding spe-
cifically can be selected by repeated rounds of biopanning (elution, 
amplification, binding and washing). DNA sequencing of bound 
phages leads to epitope mapping
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adult nurse sharks (Ginglymostoma cirratum). This work 
validated the large diversity of the nurse shark  VNAR library 
produced by Phage display technique as a platform for thera-
peutic antibody discovery.

(iii) Animal Coronaviruses

A random phage display peptide library was biopanned using 
purified avian infectious bronchitis virus (IBV) to screen the 
specific binding phages and a linear peptide with high neu-
tralization titre was identified, which was found to inhibit 
IBV infection in HeLa cells as well [94]. A similar strategy 
was also used to identify two linear B-cell epitopes that were 
recognized by the MABs 6D10 and 4F10 (against the N pro-
tein of IBV), which corresponded to the aa sequences (242) 
FGPRTK (247) and (195) DLIARAAKI (203), respectively, 
in the IBV-N protein. Alignments of amino acid sequences 
from a large number of IBV isolates later indicated that the 
two epitopes, especially (242) FGPRTK (247), were well 
conserved among IBV coronaviruses causing avian infec-
tious bronchitis [95]. For epitope mapping using a phage 
display peptide library (12-mer, M13 gene 3-based random 
peptide phage) for biopanning against spike protein of IBV 
Sczy3 strain, two linear B-cell epitopes were identified by 
MABs—1D5 and 6A12, which referred to the amino acid 
sequences (87)PPQGMAW(93) and (412)IQTRTEP(418), 
respectively, in the IBV S1 subunit. Further comparisons of 
sequence revealed that epitope (412) IQTRTEP (418) was 
conserved among IBVs, while the epitope (87) PPQGMAW 
(93) was relatively variable among IBVs [96].

Applying epitope mapping against M-protein of porcine 
transmissible gastroenteritis virus (TGEV) led to develop-
ment of a phage ELISA showing improved sensitivity and 
the inhibitory effect of the identified peptide was also con-
firmed [97]. By using rS-AD (recombinant antigenic site 
A + D) of TGEV as an immobilized target to identify pep-
tides from a phage display library available commercially, 
nine phages were selected that specifically bound to it with 
high affinity and the peptide TLNMHLFPFHTG carrying 
phage bound with the highest affinity. It was subsequently 
used to develop a phage-based ELISA for TGEV [98]. To 
identify antigen epitopes with specificity for porcine epi-
demic diarrhea virus (PEDV)—causing severe diarrhea and 
dehydration resulting in substantial morbidity and mortality 
in newborn piglets, a MAB-5E12 against the immunodomi-
nant region of the PEDV spike protein (S1) was used as a 
target for biopanning a 12-mer phage display, random pep-
tide library, and phage-displayed peptides (3 nos.), viz., L, 
W and H, were identified that recognized MAB-5E12. The 
consensus epitope (peptide M) was identified and antiviral 
properties were established by blocking viral protein expres-
sion [99]. Zhang et al. [100] also reported the potential role 
of scFvs targeted against viral spike protein to inhibit PEDV 

infectivity by the plaque reduction neutralization assay 
and in the prevention and treatment of PEDV infection by 
oral administration [100]. Recently a rapid, low-cost, reli-
able blocking ELISA (bELISA) was developed using phage 
display technology employing VHH library and biopanning 
of nanobodies against PEDV N protein [70]. The sensitivity 
and specificity of bELISA thus developed were observed to 
be 100% and 93.18%, respectively. Sun et al. [101] reported 
construction and evaluation of a murine scFv library against 
the common receptor porcine aminopeptidase N (pAPN) of 
porcine coronaviruses TGEV and PEDV using the T7 phage 
display system [101]. Using recombinant rpAPN-C subu-
nit and applying epitope mapping lead to identification of a 
peptide sequence with a potential role as a small molecular 
therapeutic agent against TGEV infection [102]. Identifica-
tion of Neural Cell Adhesion Molecule (NCAM) as a novel 
interacting partner of the porcine hemagglutinating encepha-
lomyelitis virus (PHE-CoV) using its S protein for biopan-
ning a T7 phage display cDNA library was performed [103].

Conclusions and Future Perspectives

The phage display technique due to simplicity, high effi-
ciency, in vitro nature, rapidity and low-cost is a powerful 
tool for selecting target-specific ligands. Efficient selec-
tion by biopanning leads to the isolation of ligands with 
unique, specific and desirable functional characteristics. Its 
robustness has been amply justified with its use in synthetic 
biology, immunotherapeutics, diagnostics, development 
of bioassays and biosensors, epitope mapping, mimotopes 
and drug discovery. As evidenced in past, phage antibody 
display has been a subject of many patents in therapeutics 
and diagnostics. It has remained an important choice for 
monoclonal antibody selection, diagnosis and treatment of 
viral infections. Phage antibody display offers a variety of 
platforms for exploiting antigen binding; however, diver-
sity and stability of displayed library are a concern. Further 
advancements, such as addition of non-canonical aminoac-
ids, leading to expansion of ligands which can be identi-
fied using a library, will help in broadening the possible 
applications and potentials of phage display technology. The 
new landmarks may require a close association with nano-
sciences and chemical engineering to design well-curated 
semi-synthetic libraries for incorporating more structurally 
diverse displayed epitopes.

The widespread use of phage display technology to assist 
in exploration of novel targets through epitope mapping 
has helped in understanding interactions of coronaviruses 
with human cell receptors and other molecules. The pan-
demic of SARS-CoV-2 has recently taken many lives, and 
although symptomatic treatment is being made available to 
infected persons, yet there have been no specific options for 
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prevention of nCoV infection. Phage display has offered a 
deeper insight into protein interactions involved in pathogen-
esis of SARS-CoV-2. Now it is known that partially neutral-
izing antibodies derived from scFv library can be obtained 
outside RBD of spike protein as well. Among the exciting 
contributions are the pre-clinical trials of two phage dis-
play library-derived antibody candidates against S protein 
of SARS-CoV-2. In order to develop a greater understanding 
of the infectious biology, pathogenesis and blocking mech-
anisms of currently circulating, highly pathogenic SARS-
CoV-2, phage display may certainly play an effective role by 
offering a repertoire of blocking peptides and neutralizing 
antibodies.

Phage display technique has propelled search of poten-
tial binders for other human coronaviruses, such as SARS, 
MERS and animal coronaviruses (IBV, TGEV and PEDV). 
High-affinity antibodies/small molecular therapeutic agents 
were identified for viral proteins (E, N and S) of SARS-CoV. 
Development of phage ELISA for TGEV and point-of-care 
diagnostics for MERS-CoV using neutralizing antibodies 
indicates that phage display is indeed a reliable technique. 
With the escalating advancements in the area of phage dis-
play and due to incremental use in multiple applications, 
it is envisaged that this technology will be improved to 
overcome its limitations. This progress will foster innova-
tions in an incremental manner to develop effective ways to 
comprehend the mechanisms involved in infection, cellular 
interactions, and development of post-exposure therapy for 
SARS-CoV-2 and others in near future.
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