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Abstract
One-half of the 2018 Nobel Prize in Chemistry was awarded jointly to George P. Smith and Sir Gregory P. Winter Bfor the phage
display of peptides and antibodies^. This feature article summarizes significant achievements leading to the development of
phage display of peptides and antibodies, where a bacteriophage is genetically modified to display peptides and proteins, with the
primary aim of producing new biopharmaceuticals. These significant achievements are proven to be useful for the development
of phage-based bioassays and biosensors.
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Introduction

Bacteriophages or phages are ubiquitous viruses in nature, but
harmless to humans. Their first biotechnological application,
taking advantage on the fact that some phages can destroy
bacterial cells, was as therapeutic tools against some bacterial
infections in the early 1900s [1, 2]. In the 1940s, the develop-
ment of antibiotics ended this specific use [1, 2]. However,
since the invention of phage display of peptides and proteins
in the late 1980s and 1990s, the initial use of bacteriophages
was boosted from clinical applications, such as identification
of ligands, evaluation of protein–protein interactions, or pro-
duction of antibodies, to the multiple implementations in
which they are used nowadays, including the construction of
nanotubes, nanobatteries, or nanorods [3, 4] and, in recent
years, for analytical biosensing [5, 6]. Notably, phages rarely
require inoculation and killing of animals [7]; thus, the pro-
duction of phages for multiple applications is simple and
economical.

Phages are extraordinarily robust and stable virus particles,
which use bacterial cells as hosts for replication. Phages are
composed of a protein coat that encapsulates its RNA or DNA
genome, comprising from four to hundreds of genes [8]. The
advantage of phages is that coat proteins can be readily con-
jugated or genetically engineered to display peptides, proteins,
or antibodies [7, 8]. Escherichia coli phages—M13 filamen-
tous phages and their close relatives fd and f1—are the most
extensively used, owing to their ease of culture and quick
amplification, which makes their production fast and econom-
ical. All coat proteins of M13 phages have been utilized to
display either foreign peptides or small to large proteins; how-
ever, the minor coat protein pIII is the most widely used,
followed by the major coat protein pVIII [8, 9]. Upon con-
struction of phage-libraries, which consist of billions of differ-
ent displayed peptides or protein variants, subsequent screen-
ing allows the identification of specific peptides or antibodies
against the desired target molecule, yielding a variety of inex-
pensive, accurate, and efficient applications in multiple re-
search fields.

Since the development of phage display in the 1980s, its
use has exponentially expanded. Indeed, phage display has
become an invaluable tool in so many applications (Fig. 1)
[6, 8, 10]. This technology has permitted the production of the
first six commercialized antibody medicines, with many more
based on human antibodies and antibody fragments in the
pipeline. In recognition of these advances, because they have
revolutionized chemistry and the development of
biopharmaceuticals, one-half of the 2018 Nobel Prize in
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Chemistry was awarded to George P. Smith and Sir Gregory P.
Winter Bfor the phage display of peptides and antibodies^.

The development of phage display

Phage display represents a leading technological break-
through developed by George P. Smith. Because it is possible
to link a protein with the genetic machinery that encodes it,
phage display is a practical realization of artificial chemical
evolution [8], and thus, confers on proteins the key properties
of replicability and mutability. Using standard recombinant
DNA technology, peptides (or proteins) are associated with
replicating viral DNAs that include the coding sequences of
peptides. The peptide populations created are managed by
simple microbiological methods.

The foreign DNA codifying for a specific protein mem-
ber of a library is packaged inside the genome of the
phage in such a manner that the foreign sequence is fused
to the endogenous amino acid sequence of a coat protein
of the phage to make a hybr id fus ion protein .
Subsequently, the hybrid coat protein is incorporated into
the phage and released from the host cell, so that the
foreign peptide or protein is displayed on its surface.
This technology simplifies the screening, identification,
and amplification of phages displaying the best binding
proteins for the query under investigation. The subsequent
infection and amplification of phages displaying the best
binders in E. coli enable the enrichment of specific phages
in the library.

The original paper describing the technology was pub-
lished in 1985 [11]. Therein, Smith reported that the DNA
codifying for a 57-mer peptide could be inserted into the mid-
dle of the filamentous phage gene III to create a fusion protein
with the foreign peptide sequence in a loop of coat protein III.

The fusion protein was displayed Bin an immunologically ac-
cessible form^ on the surface of the phage, which retained its
infectivity capability. Through a single round of enrichment
by affinity purification using an antibody against the foreign
sequence, Smith showed that those phages displaying the for-
eign sequence were enriched more than 1500-fold over other
phages. From these findings, Smith suggested that it would be
possible to isolate desired clones from a library of random
inserts in a fusion-phage vector [11]. As expected, this predic-
tion was proven in subsequent reports that were seminal con-
tributions to the full development of phage display of peptide
libraries [12, 13].

Phage display of peptides

In 1988, Smith and his PhD student, Stephen F. Parmley,
achieved remarkable improvements to the phage display tech-
nology [12]. For example, they moved the cloning site of
foreign DNA sequences into the pIII protein to obtain a fully
functional pIII protein. This modification was essential for the
propagation of phages through the affinity purification of tar-
get phages from a library of a million or billions of clones
(termed biopanning), which considerably reduced the anti-
body requirements compared with the original procedure pub-
lished in 1985 [12].

Next, in the 1990s, the identification of antibody epitopes
was accomplished through the construction of combinatorial
filamentous phage libraries containing 40 million 6-mer pep-
tides [13], or 20 million 15-mer peptides [14]. In these man-
uscripts describing epitope mapping of antibodies, phage dis-
play peptide libraries were constructed using the framework
for producing the libraries fused to the pIII protein developed
by Smith for the selection of binding peptides. After three
rounds of biopanning, the highest affinity peptides measured
by ELISA were retained, and a consensus binding motif for
the antibody epitopes was deduced after DNA sequencing of
monoclonal phages.

The high value of these reports, as predicted by Smith,
consisted of the effective survey for specific affinity epitopes
of an antibody, receptor, or other binding proteins by simple
recombinant DNA methods. What Smith probably could not
imagine was the vast number of applications of his invention
in so many fields, with high commercial impact within a very
short period of time.

As its initial application, the phage display of peptide li-
braries made it possible to determine the epitopes of antibod-
ies. The opposite situation, when the molecule displayed on
phages is an antibody, was made possible owing to a break-
through step towards the production of in vitro antibodies
against any target or the development of therapeutic
antibodies.

Fig. 1 Number of reports using phage display. Note that the number of
reports has increased exponentially from the initial manuscript describing
the technology. Its multiple applications have led to a consistent number
of manuscripts using the technology in recent years
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Phage display of antibodies

The antibody molecule is a sizeable bivalent molecule of
150 kDa composed of a heavy and a light chain. Due to this
size, the display of this molecule on the surface of a phage is
very challenging. Therefore, smaller, monovalent antibody
fragments that retain affinity properties, such as single-chain
variable fragments (scFvs) (≈ 28 kDa) and antigen-binding
fragments (Fabs) (≈ 50 kDa), have been chosen for the suc-
cessful display of antibodies on phages. scFvs are recombi-
nant antibody fragments with variable regions of light (VL),
and heavy (VH) immunoglobulin chains joined by a flexible
polypeptide linker. scFvs are smaller than Fabs which are
composed of the whole light chain, CH1, and the variable
region of the heavy chain of an antibody. Both scFv and Fab
antibody formats have been successfully used in antibody
libraries displayed on phages [9, 15, 16]. However, initial
efforts were focused on the display on phages of scFvs
encoding antigen-binding domains engineered into a single
polypeptide [17].

Several groups, namely, the Smith, Winter, and Lerner
groups, pursued the display of antibody fragments on phages,
as well as the construction of combinatorial antibody phage
display libraries. However, the group of Sir Gregory P. Winter
was able to present the first reports demonstrating the success-
ful display of the scFv of an antibody on the phage used by
Smith (fd-tet phage), the construction of combinatorial scFv
phage display antibody libraries, and the possibility to human-
ize murine antibodies using human antibody scaffolds
[17–19].

Winter and co-workers, in an original work on displaying
an antibody fragment on a phage, showed three remarkable
achievements: (1) fd bacteriophages could display scFv anti-
body fragments on their surface; (2) phages displaying the
scFv bound to its specific target, and (3) one in a million
specific engineered phages could be isolated by affinity chro-
matography using its corresponding target [17]. They
displayed an scFv against hen egg white lysozyme fused with
filamentous phage protein III and showed that the scFv phages
had the same pattern of reactivity as that of the parental anti-
body and bound to hen egg white lysozyme, with no cross-
reactivity with turkey egg white lysozyme, human lysozyme,
or bovine serum albumin. Winter and co-workers anticipated
that phage antibodies could be used in three different ways: (1)
to screen small combinatorial libraries derived from antigen-
selected cells to rescue the original VH–VL pairs; (2) to con-
struct combinatorial antibody libraries to obtain entirely syn-
thetic antibodies by combining non-rearranged V genes with
D and J segments; and (3) to mature antibodies in vitro by the
hypermutation of antigen-binding loops and subject them to
further rounds of selection and mutagenesis [17].

Undoubtedly, work by Winter and co-workers on phage
display technology is not only groundbreaking, but also

abundant. Winter also supervised the construction of the first
library of scFv antibody fragments from immunized mice to
Bby-pass hybridoma technology and animal immunization
and [try] to build antibodies in bacteria by mimicking features
of immune selection^ in the future [18, 20]. Winter and co-
workers also succeeded in identifying high-affinity antibodies
(10−8 M) using a random combinatorial library of the
rearranged heavy (VH) and kappa (Vk) light chains from mice
immune to the hapten 2-phenyloxazol-5-one (phOx). Also, in
1991, Winter and co-workers published a report on the phage
display of Fab fragments [16] and showed that heterodimeric
Fab fragments could be assembled on the surface of the phage
by linking one chain to the phage coat protein and secreting
the other into the bacterial periplasm. In parallel, other groups
also reported the display of Fab combinatorial libraries on the
lambda phage [21]. However, this approach was abandoned
for the more efficient M13 phage.

Since then, other antibody phage display systems and more
refined libraries have been developed elsewhere, stimulating a
competitive research environment and leading to a transfor-
mation in biotechnology.

Winter and co-workers also envisioned the humanization
of antibodies [22], in which an invariant human sequence
replaced the most antigenic regions of the mouse monoclonal
antibody of interest. As an achievement for this technology,
Winter was involved in founding Cambridge Antibody
Technology, which succeeded in the humanization of the mu-
rine antitumor necrosis factor antibody suitable for chronic
autoimmune disease. This antibody was approved in 2002
for the treatment of rheumatoid arthritis and became the
world’s best-selling drug in 2017.

Outlook

Innovations beyond the original concept of phage display
have turned it into a powerful tool. Phage display tech-
nology has greatly evolved from the initial reports
(Fig. 2). Since then, large numbers of phage display pep-
tide and antibody libraries containing 1011–12 unique
members have been constructed [23]. Their subsequent
screening has been used to isolate novel and natural li-
gands for various targets and to study protein–protein in-
teractions. The selected ligands have been used to validate
the target and elucidate its structure and function.

The technology has contributed to the fields of immu-
notherapy and vaccine development. Several approved an-
tibody drugs and an increasing proportion of therapeutic
antibodies entering clinical trials are of human origin de-
rived from large phage display libraries or humanization
through phage display. Indeed, most known applications
of phage display are related to the development of thera-
peutic antibodies, because they have yielded a variety of

The 2018 Nobel Prize in Chemistry: phage display of peptides and antibodies 2477



economical, accurate, and efficient biopharmaceuticals.
Therapeutic antibodies obtained through this technology
represent about 40% of the 20 top-selling biotechnology
drugs. In addition, more than 40 approved drugs for hu-
man therapy are antibodies, and 570 are in clinical devel-
opment worldwide for a wide range of diseases, including
cancer, autoimmunity, inflammation, ophthalmological
diseases, or organ transplantation [24, 25], with most of
them derived from phage display. Importantly, phage dis-
play has produced not only massive improvements in
healthcare but also vast commercial rewards.

On the other hand, the flexibility of phage display com-
bined with the unique properties of phages, such as conserva-
tion from phage to phage, stability, or packaging, has pro-
duced a shift in engineered phages obtained through phage
display from these uses to a variety of chemical and biological
sensors and assays [5, 6]. This evolution is the result of their
versatility through simple manipulation of their genome,
allowing easy expression on the surface of desired peptides
and proteins specifically targeting high-affinity carbohydrates,
proteins, or small molecules with varying functions (i.e., spe-
cific biorecognition reporters or detection protein probes), and
is continuously implemented through discoveries and innova-
tions in molecular and chemical engineering. Indeed, recent

advances in analytical biosensing have made use of
engineered phages for their integration into different transduc-
tion methods for analytical biosensing through phage-based
optical, enzymatic, colorimetric, piezoelectric mass,
magnetoelastic, surface plasmon resonance, surface-
enhanced Raman spectroscopy, or electrochemical bioassay
devices (for a review, see [5]). New applications of phage-
based biosensing platforms will depend on the creation of
new recognition elements, implementation of signal amplifi-
cation strategies, or development of nanostructures for accu-
rate geometric control.

In summary, phage display has greatly evolved in the last
25 years since the seminal report describing the technology,
and its initial expected applications have become multiple
(bio) applications with huge revenues. Its overall trajectory
and the versatility of phage display are an indicator that excit-
ing applications and new biopharmaceutical are on the hori-
zon. However, the most exciting aspect in phage display-
based advances is its continuous evolution. Multifaceted se-
lection continues to increase our ability to build massive li-
braries and explore their use in new research areas for phage
display. Therefore, we can expect a whole new generation of
products arising from the pioneering work of these 2018
Nobel laureates.

Fig. 2 Top: General scheme of the phage display biopanning procedure
and applications of phage display. Bottom: (a) Description of different
antigen presentation methods used to perform the biopanning procedure:
(1) direct immobilization (microplates, sensor chips, immunopins, etc.);
(2) immobilization through interaction with biotin–streptavidin (or
neutravidin); (3) in solution with magnetic streptavidin beads; (4)

antigen-presenting cells (tumor or transfected cells); (5) in vivo screening;
(6) enriched unpurified antigen or subcellular fractions. (b) The depiction
of the different methods used for phage elution prior to bacterial infection.
Propagation of phages is performed on bacteria, where each eluted phage
clone is amplified between 10 and 100 times in each round of biopanning
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