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With major developments in molecular biology, numerous display technologies have been successfully
introduced for recombinant antibody production. Even so, phage display still remains the gold standard
for recombinant antibody production. Its success is mainly attributed to the robust nature of phage
particles allowing for automation and adaptation to modifications. The generation of monospecific
binders provides a vital tool for diagnostics at a lower cost and higher efficiency. The flexibility to modify
recombinant antibodies allows great applicability to various platforms for use. This review presents
phage display technology, application and modifications of recombinant antibodies for diagnostics.

© 2013 The International Alliance for Biological Standardization. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

Hybridoma technology was the main corner stone for mono-
specific antibody production. The production of monoclonal anti-
bodies using the hybridoma technology involves the fusion of an
immortal myeloma cell with an antibody-producing spleen cell [1].
The resulting hybrid will contain the features of both cells main-
taining immortality and antibody production. However, the use of
hybridoma technology to produce monoclonal antibodies has
several setbacks (Table 1) [2]. The advent of recombinant DNA
technology set about the evolution of antibody generation
methods. Recombinant antibody generation was realized with the
introduction of in vitro display methods.

In vitro display methods such as phage display were introduced
as a major alternative for the generation of recombinant human
monoclonal antibodies [3,4]. It is an in vitro process that is inde-
pendent of any regulation by the immune system. The most com-
mon phage display method used employs the use of filamentous
bacteriophage M13 [5]. The ability of a bacteriophage to present a
recombinant target on its surface was evident with the pioneering
work by George Smith with peptides. In his work, genes encoding
the peptides were fused to the minor coat protein plll. After suc-
cessful packaging of phage particles harboring the peptide gene
sequence, the peptide will be expressed as a fusion peptide to the
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plll coat protein [6]. Uniquely, each phage particle will present a
single peptide based on the genes encoded in the system and this
information is easily retrieved via a physical linkage between
phenotype and genotype. Antibody presentation on phage surface
is carried out in similar fashion with the antibody gene fused to the
plll gene of the filamentous phage for a phenotypic representation
of the antibody protein as a fusion to the coat protein III [7,8].

Traditionally antibodies are represented graphically as a Y-shape
structure (Fig. 1) with two identical ends [9]. At each end, a heavy
chain is linked via interchain disulphide bonds to a light chain to
generate the Fragment Antigen Binding (Fab) [10]. Within the Fab
structure, the binding pockets of the antibody are made up of the
variable light and variable heavy domains [11]. The introduction of
recombinant antibodies via phage display has also introduced a
plethora of new antibody formats [12]. Newer formats such as
human domain antibodies, camelid domain antibodies [13], single
domain shark antibodies [14], single chain fragment variable (scFv)
[15], tandem scFv, diabody, tetrabody, minibody and single chain
fragment antigen binding have been introduced [16—20]. The
introduction of newer formats allowed researchers to overcome
certain limitations imposed by the folding machinery of Escherichia
coli [21]. It is this reason why smaller fragments such as domain
antibodies, scFv and Fab have been routinely used for phage display
[18,22].

Other than phage display, a number of new display technologies
have also been introduced to circumvent the challenge of antibody
generation. Display technologies such as yeast, ribosome,
puromycin-based plasmid, bacterial, baculovirus and CIS display
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Table 1

Comparison of monoclonal antibody production using conventional hybridoma technology and phage display technology.

Features Hybridoma technology Phage display technology

Animal host Required Not required

Up-scaling By intraperitonial method Bacterial expression system
Attachments-tags, enzymes, etc. Chemicals Biochemicals and chemical means
Antibodies against toxins Not possible Possible

Antibodies against conserved antigens Not possible Possible

Affinity maturation In vivo In vitro

Therapeutic application limitation Human anti-mouse antibody reaction None

Selection conditions

Engineering Not possible

Little control over antibody produced

Precisely control under manipulation
Gene encoding antibody is cloned simultaneously with selection

have been used successfully to generate recombinant antibodies
[23—33]. The three main display methods commonly used for
antibody generation are phage, yeast and ribosome display. The
fundamental principle of all these display technologies remains the
same whereby the physical linkage between genotype and
phenotype is imperative.

In ribosome display, the antibody is transcribed and translated
in vitro using prokaryotic [34,35] or eukaryotic cell-free expression
systems [36,37]. A ribosome display system requires an environ-
ment whereby magnesium ion concentration is elevated, temper-
ature is low and the design of the plasmid is without a stop codon
to function optimally. The combination of this allows the ribosome
to slow down at the end of the mRNA while the emerging processed
antibody is folded and presents itself outside of the ribosome
tunnel for selection. A major advantage of ribosome display is the
in vitro phenotype—genotype coupling and amplification that al-
lows easier handling of larger libraries as opposed to phage display
[38]. Large libraries can be generated rapidly in ribosome display
because the transformation of huge numbers of plasmids into a
host is no longer required [34]. This system allows easy mimicry of
the affinity maturation process by permitting mutations to be
introduced at every round of selection because a polymerase chain
reaction (PCR) step is required rather than in vivo amplification
[39—41]. Although ribosome display could circumvent the draw-
backs of library generation associated to in vitro display methods, it
also has some drawbacks [34]. Some problems associated with
ribosome display are due to the meticulous handling that is
required as mRNA in the ribosomal complexes is easily degradable
by RNAse. Premature termination of protein translation as a
consequence possibly of ribosome stalling prior to the end of the
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Fig. 1. Illustrations depicting the basic Y shape of an immunoglobulin and smaller
antibody derivatives commonly used for phage display, Fab (Fragment antigen bind-
ing) and scFv (single chain fragment variable).

mRNA is another setback of the method [34,40]. In ribosome
display, dissociation of the synthesized polypeptide to the ribo-
somal complex reduces the experimental success rate because of
the subsequent loss of genotype and phenotype coupling. This
makes ribosome display rather challenging for the general
experimenter.

Yeast display technology displays antibody formats on Saccha-
romyces cerevisiae by presenting the antibody as a fusion protein to
the agglutinin adhesion receptor complex (Agal and Aga2) [42].
The Aga2p protein functions to mediate cell—cell interaction during
yeast cell mating. Presentation of antibody proteins as Aga2p fu-
sions allows proper presentation of the antibodies away from the
cell surface and minimizes potential interaction with other mole-
cules on the yeast cell wall [65]. The main advantage of this plat-
form lies in the high eukaryotic expression and processing
mechanism, the assurance of affinity and stability maturation from
secretion, minimal avidity effects and the gap repair ability of yeast.
S. cerevisiae gap repair is an endogenous recombination process
that allows the insertion of genes in plasmids at exact sites without
the need of restriction enzymes. This allows easy library generation
and affinity enrichment of CDR regions [43]. The major advantage is
the coupling of Fluorescent-activated Cell Sorting (FACS) for yeast
display panning to monitor antibody expression or antibody—an-
tigen-binding efficiency with fluorescent labeled antigens. The
main pitfall of this technology is the smaller size of antibody li-
braries used due to the confines of yeast transformation efficiencies
[24,44]. Another problem worth noting is the loss of protein func-
tion after expression in soluble form as was reported with the se-
lection of mammalian calmodulin (CaM) protein antibodies. The
loss of the binding ability was suggested to be due to the contri-
bution that Aga2 has to the binding when fused with the antibody
molecule. Therefore when the antibody is expressed in soluble
form without Aga2, the antibody would not be able to bind to the
antigen with similar efficiency [45].

In comparison to in vitro display methods, the conventional
hybridoma method has some disadvantages which makes it unat-
tractive for antibody generation [46]. The time required to generate
recombinant antibodies using display methods is relatively shorter
than the conventional hybridoma method that could span up to
months. The choice for display methods as an alternative is further
enhanced by the ability to precisely control and manipulate selec-
tion conditions for antibodies-specific traits. The flexibility of
display methods also helps to overcome the difficulty of generating
anti-self antibodies due to tolerance. This is possible because the
library generation process allows combinations of heavy and light
chain that normally does not exist in nature to be presented as well
[47]. Another attractive feature of recombinant antibodies is the
introduction of selectivity during the cloning process. Affinity
maturation of selected antibodies is possible with in vitro methods
to generate antibodies ranging from picomolar to femtomolar af-
finity [30,48—50]. The degree of freedom on offer for researchers by
phage display antibody technology has led to it gaining popularity
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for diagnostic applications [51—54]. Although with various tech-
nological platforms being introduced, phage display still remains
the preferred choice for recombinant antibody generation due to
the robustness and stability of the method coupled with the flexi-
bility to incorporate conditions favored by the user [55].

2. Phage display of antibody libraries

The success of any phage display experiment to yield good
quality antibodies is heavily dependent on the collection of anti-
bodies presented. The collection or library of antibodies is a
collection of antibody variable genes that are cloned as a fusion to
the phage coat protein with library sizes ranging from 10° to 10
depending on the type of library generated [56]. Antibody libraries
are constructed by obtaining genes encoding antibodies from B-
cells via PCR amplification with a set of specific primers to obtain
substantial amount of DNA for cloning [57,58]. The diversity of
these genes is derived from natural in vivo processes such as V(D)]
recombination. The source of antibody genes can be categorized
based on the origin of antibody sequences being either natural or
synthetic. Natural source repertoire libraries can yield either naive
or immunized libraries [59—61]. The selection of which antibody
isotype to harvest is dependent on the application of the library.
Synthetic source repertoires are constructed entirely in vitro and is
devoid of natural biases and redundancies of in vivo antibody
repertoires that allows the control of genetic information and
introduction of diversity [61—63].

An immunized library derives the antibody genes from patients
that had prior exposure to a certain disease or infection and
recovered. The repertoire is from activated B-cells where the di-
versity has undergone in vivo maturation where the natural anti-
bodies that have reacted towards the infection are harvested from
the B-cells [62]. The Ig isotypes normally used for immune library
generation is IgG [64] but other isotype libraries like IgA and IgE
have been generated with reference to disease pathogenesis such
as coeliac disease [65,66] and latex allergy [67] patients respec-
tively. Therefore this increases the possibility to obtain antibodies
against antigens of these conditions, as the repertoire is bias to-
wards the particular disease antigen. The size of an immunized li-
brary need not be as high as a naive library due to the natural
selection of antibodies for the given condition by the immune
system [62]. Therefore, two main characteristics of an immunized
library are the enriched population of antigen-specific antibodies
and high affinity antibodies as some of these antibodies would have
underwent affinity maturation [62,68]. The obvious complication
to generate such libraries is the availability of B-cells as it is
impossible to immunize humans. Some other setbacks are such as
the time required for recovery after exposure, tolerance to toxicity
of certain antigens, lack of immune response to self-antigens and
most of all the need to generate a new library for a new disease [64].

For the construction of naive antibody libraries, IgM mRNA of
B-cells from healthy donors is normally used [62]. There have been
cases whereby IgD, a subset of Ig family expressed jointly with
IgM on B-cells has been used for naive antibody library generation
[69—71]. The B-cells are normally isolated from peripheral blood
lymphocytes [51], bone marrow or tonsils [72]. Due to the non-
specificity of the antibodies in naive populations, a higher library
size is commonly required for an increase chance of obtaining higher
affinity antibodies and improves success rates of selection against a
multitude of antigens [73,74]. The main advantage of libraries with a
naive repertoire is the ability to screen for antibodies against any
antigen [75]. Several naive libraries with an average diversity of 10'°
have been reported to successfully generate antibodies against
various targets ranging from self-, non-immunogenic, toxic antigens
and chemical haptens [72,76]. Antibodies generated from naive

libraries have a tendency to exhibit lower affinities than the ones
obtained from immunized libraries. This can be circumvented by
diversification of the V-genes through randomization of the CDRs.
The resulting library would have a single framework with variations
occurring only in the CDRs. This library is called a semi-synthetic
library because the main framework was derived from a naive li-
brary that is subsequently modified in vitro to yield antibodies of
different affinities [77—79].

The final class of antibody library is the synthetic library. Syn-
thetic antibody libraries are designed bottom up from information-
generated bioinformatically regarding antibody epitopes [80],
antibody—protein interactions [81], affinity maturation design [82],
V-gene recombination patterns [83,84] and structural predictions
of variable regions [85] to design a synthetic repertoire to be used.
Studies on the variable gene repertoires have helped designers to
determine amino acid preferences and variability patterns in hy-
pervariable loops [86—88]. Normally a stable antibody framework
is used and randomization is carried out at specific CDR regions to
generate diversity [89]. Of the three CDRs available, CDR3 of the
heavy chain is commonly used for diversification as it has the
highest surface interaction with antigens [90]. A lot of effort has
been invested in studying the role CDR3 of the heavy chain plays in
antigen recognition [91—93]. This brought about the introduction of
the H3-Rules, where it governs the substitution of amino acid at
specified positions within the CDR3 to produce an enhanced
identification of the tertiary structure [94]. Beyond amino acid
propensities, the length distribution of CDRs also underwrites the
diversity that can be generated [92]. This is not confined to only
CDR3 but also other CDRs for the identification of specificity-
determining residues [95]. The difference in binding structures of
antibodies correlates to the library diversity due to the different
folds generated by varying amino acid sequences and length of both
chains [96,97]. As antibody antigen interactions are also based on
the collective binding of the light and heavy chain, work on light
and heavy chain interactions has also assisted designers in
designing better antibody structures [98—100]. With all this infor-
mation coupled with the innovations in mutagenesis and cloning
technology, an entire antibody scaffold can be built with a high
degree of specificity and accuracy [59,62,101,102].

The obvious advantage of such libraries is the independence
from a natural immune repertoire that would allow easy generation
of higher diversity libraries for in vitro technologies. Synthetic li-
braries also function as naive libraries thus allowing the user to
screen for multiple targets without the limitations of the immune
libraries. Frameworks can be selected based on stability, high
expression yield or lack of immunogenicity that is vital for thera-
peutics [96]. With all the promise in hand, the use of synthetic
antibody libraries has not really taken off in comparison to naive
libraries. This can be attributed to the high frequency of unnatural
amber stops and glycosylation sites being introduced by random-
ization, which could hamper the conversion to full IgG molecules at
the same time loosing specificity after conversion [103]. The cost to
generate such libraries is enormous which makes it an inapt choice
of library for most researchers. This is evident with the existing
synthetic libraries and research originating from the Scripps
Research Institute, Medical Research Council, Morphosys AG and
Genentech [96].

3. Antibody selection by panning

The in vitro selection process of antibodies from antibody
libraries based on target affinity is termed as “panning” [104]. The
process is an iterative process whereby the population of target-
specific antibodies is enriched relative to the number of panning
rounds [105]. For the panning process, target antigens are coated on
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many different solid phases. Common solid phase used are nitro-
cellulose, magnetic beads, agarose columns, monolithic columns,
polystyrene tubes and 96-well microtitre plates [106].

Fig. 2 shows the illustration of the complete phage display
panning process. In general, the target antigens are coated on the
surface of the solid phase for presentation and will be incubated
with antibody-bearing phage particles from the library. This will be
followed by an incubation step to allow binding of antibodies to the
antigen. During this time, parameters such as physical, chemical or
biological can be regulated [107]. To remove unbound phage par-
ticles from bound phage particles, a wash step is required by which
stringency can be controlled. Variations in wash strategies can
result in the enrichment of different characteristic clones. Finally an
elution step is carried out either by enzymatic digestion or pH shift.
The eluted phage particles are then reamplified by infection of
E. coli. At this time, the phage particles can either be repackaged for
use in the subsequent panning round or for final analysis.

The identification of bound phage particles will then be carried
out after panning. This is usually so after 4—6 rounds of panning.
Panning experiments can also be carried out in a high-throughput
manner using robotic handlers [108]. Evaluation can either be in
soluble form or antibodies or antibody presenting phages. The most
convenient method for evaluation is by ELISA [109]. The positive
clones will then be sequenced to obtain the genotypic information
pertaining to the positive clone. As the genetic information of the
clone is now available, modifications to the antibody can be done
and produced in different hosts depending on the platform the
antibodies will be used in. The availability of the genetic informa-
tion of the antibodies would also facilitate additional modifications
in terms of stability and affinity maturation [110].

The adaptability of the panning process to different solutions,
conditions and stress factors allows the generation of antibodies
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against a plethora of antigens otherwise impossible to obtain from
conventional hybridoma method. The hybridoma method would
require the introduction of an infectious agent or toxin to the host
animal in order to generated antibodies against them. This is not
practical, as the host animal will not survive the infection or toxin
to yield the desired antibodies. Using phage display, antibodies
against a variety of infectious agents like dengue [111], influenza
[112], Ebola [113], antrax [114] and others [115] have been suc-
cessfully generated. In some instances, the whole virus particles
are used for panning hence generating antibodies against the vi-
rus envelope proteins rather than the host cell proteins. The re-
combinant method also allows the generation of antibodies
against membrane proteins that requires the presence of de-
tergents or a membrane to maintain its native conformation. This
is not likely in animals, as the denaturing effects of the serum
environment will destroy the native conformations of the pro-
teins. The instability of protein conformations from immunized
animals makes generating antibodies against specific protein
conformations a challenge. Modifications to panning strategies
such as negative selections or panning with active cell membrane
receptors have been used to generate conformation-specific an-
tibodies [116,117]. The ability to control and regulate the panning
process is very useful to generate highly specific antibodies
against proteins that are highly similar in sequence with little
variation that is not possible by immunization [118—121]. Post-
translational modification such as sulfotyrosine is a common
modification that effects about 30% of all secretory and membrane
proteins [122]. As such a modification is rather typical in nature
making antibodies against sulfotyrosine using immunization very
challenging if not an impossible task. However, phage display was
successfully used to generate antibodies against sulfotyrosine-
modified proteins [123,124].
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Fig. 2. Illustration showing an overview of the processes involved in selection of antibodies by phage display panning.
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4. Modifications of antibodies for diagnostics

The application of phage display-derived antibodies for di-
agnostics will allow the design of different forms of diagnostics.
Depending on the need, test kits are designed according to different
mechanisms of interaction. The main benefit of using recombinant
antibodies for diagnostics is the freedom to modify the antibodies.
The vigorous nature of recombinant antibodies has seen an influx of
applications applying them. There are many different platforms
that have successfully applied recombinant antibodies for di-
agnostics. Diagnostic platforms such as lateral flow strips [125],
bead-based assays such as Luminex [126], flow cytometry [127],
proximity ligation assay [128], molecular imaging [129], resonance
technology [130—132], microfluidics [133,134] and more recently
DNAzyme [135,136] have benefited from phage display-derived
antibodies. With the advent of molecular biology, many new
modifications can be carried out for diagnostic applications.

4.1. Affinity maturation

Naturally, antibodies produced by B lymphocytes normally have
undergone an affinity maturation process. The affinity maturation
process in vivo can be carried out via two mechanisms. Somatic
hypermutation occurs in the CDR genes of the immunoglobulin
[137]. Second is clonal selection in which B-cells that have under-
gone SHM will compete for limited availability of antigen for
expansion [138]. In recombinant antibody technology, affinity
maturation is carried out in vitro. The two main principle strategy
for in vitro affinity maturation of either engineered or phage
selected antibodies lies in the site-directed mutagenesis in selected
CDR and framework regions as well as selection process wherein,
error prone PCR, chemical mutagens and radiation are the main
source for random mutation [139,140]. This method is especially
being utilized in the optimization of antibody fragment. Depending
on the design of the developed assay, antibodies of different af-
finities could be preferred. Therefore, the ability to modify antibody
affinities via in vitro methods would allow freedom for antibody
customization for diagnostic applications.

4.2. Protein and enzyme fusions

One of the key success factors for the application of antibody
phage display is the synergy with high-throughput screening
methods. Molecular modifications of recombinant antibodies allow
the generation of antibody—protein and antibody—enzyme fusion.
These fusion constructs offer the advantage of signal amplification
[12]. Some common conversions of selected antibody clones are
fusion with enzymes such as alkaline phosphatase and horseradish
peroxidase to facilitate the signal development [141]. This method
allows direct detection with substrate without the need of chemical
conjugation processes that will be more cost effective to produce
with higher yield and reproducibility. Besides enzyme fusion,
proteins are also efficiently fused to antibody. The most common
are fluorescent protein fusions such as the fluorobodies that has
been widely used for recombinant antibody detection, as it is a
direct and rapid without the need for invasive chemical imaging
probe. These antibodies can also be applied for fluorescent micro-
scopy [142,143], cell sorting [144,145] and even for immunohisto-
pathology [146].

4.3. Peptide tags
Peptide tags are constantly used in molecular biology especially

in recombinant protein expression systems mainly for purification
[147]. The same can be said for its use in phage display antibodies

whereby peptide tags such as the 6xhistidine-tag is used to allow
easy purification and detection of antibodies [148,149]. This is vital
for the production process of diagnostic kits as antibodies of good
yield and purity are required. Even so, other peptide tags such as
the Myc-tag have been extensively used as a method for signal
development [150,151]. Another application related to diagnostic is
the use of SNAP-tag antibodies [152—154] for covalent attachment
of antibodies to solid phase. It is also possible to introduce a specific
peptide sequence such as the AVI-tag to initiate in vitro enzymatic
biotinylation of Fab fragment in vitro using biotin ligase, biotin, and
ATP [155—157]. The construct exhibited uniform antigen-binding
affinity which was used in a competitive immunoassay [158]. The
introduction of various peptide tags for purification, attachment or
signal development is only possible using recombinant antibodies.

4.4. DNA functionalization

DNA directed functionalization has been recently applied to
fabricate the protein DNA hybrids. Such technology has been
extensively study to serve in the development of antibody arrays.
Single stranded DNA-tagged immunoglobulin can be immobilized
onto the gold surface that carries complementary oligonucleotides.
This work utilizes the concept of oligonucleotide complementary
captures by means of highly specific Watson—Crick base pairing
onto the gold surface [159]. The application of DNA functionalized
antibodies lies in the detection method assay such as dot-blot assay
wherein, generation of antibody—DNA hybrid molecules to target
specific antigens for easy detection [160]. On the same note,
microspot array is also another method, which combines protein
biomarker detection with nucleic acid diagnostics. The advantage
of combining both methods is that probes can be designed base on
target due to hybridization of DNA [161]. The attachment of DNA
molecules would also aid in terms of signal amplification. For
higher sensitivity innovative methods such as immuno-PCR and
immuno-RCA have been successfully applied for diagnostics [162—
164]. Both methods apply the same concept whereby amplification
of the attached DNA molecules to increase the amount of signal
generation by DNA chelating dyes. Immuno-PCR uses the conven-
tional polymerase chain reaction for DNA multiplication whereby
Immuno-RCA uses isothermal rolling circle amplification for DNA
increment [165].

5. Conclusion

The current diagnostic landscape is becoming more challenging
especially for the diagnostics of infectious diseases with the
occurrence of emerging and re-emerging infectious diseases. This
increases the urgency to produce quality antibodies for diagnostics
as a startling percentage of commercial antibodies show poor
specificity, fail to recognize their targets or are unavailable all
together [46]. The speed at which new genomic and proteomic
technologies are churning out new biomarkers has made it a tall
order for antibody producers to play catch up. This increase has
basically put hybridoma methods out of contention to fulfill the
required demand. Therefore the emergence of in vitro methods
such as phage display provides an avenue to fulfill the demands of
the diagnostic community for new and better antibodies. Together
with the introduction of new technologies like next generation
sequencing, robotics and nanotechnology, high-throughput
screening of phage display libraries for rapid antibody generation
is now a reality. Moreover, new molecular-based techniques for
library generation and panning strategies will set the tone for
the constant improvement of phage display in antibody generation
for diagnostics. With the increasing discoveries of genomics and
proteomics derived biomarkers, phage display antibodies are
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undoubtedly positioned to play a bigger role in the future of
diagnostics.
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