
ABSTRACT

In the emerging field of proteomics, there is an urgent need for catcher
molecules such as antibodies for detecting the proteome or parts of the pro-
teome in a microarray format. A suitable source for providing a large diver-
sity of binders is obtained by combinatorial libraries, such as phage display
libraries of single chain antibody fragments (scFv) or Fab fragments. To find
novel binders from the n-CoDeR libraries with a high throughput, we have
automated the screening process with robotics. The automated system is con-
figured to screen tens of thousands of clones per day to target antigens in var-
ious formats, including peptides and soluble proteins, as well as cell-bound
targets; thus, it is well designed to meet demands from the proteomics area.

INTRODUCTION

In the era of proteomics, which has followed the genomics
era, methods for simultaneously studying an abundance of pro-
teins and protein variants in biological samples are becoming in-
creasingly important. Such methods have applications in many
areas, including drug target and disease marker identification,
diagnosis of disease, and in the drug development process for
evaluation of drug efficacy and toxicity, as well as in basic bio-
logical research. Today, a variety of methods including 2-dimen-
sional (2D) gel electrophoresis in combination with mass spec-
trometry (MS) are widely used to analyze proteins, and as many
as 2000–10 000 different proteins can be analyzed from one 2D
gel (30,38). Also, 2D or 3D liquid chromatography, in combi-
nation with MS, has been employed in the study of many differ-
ent proteins and protein variants (35). The major drawbacks of
these technologies are that they are rather time-consuming and
also require prohibitively large sample volumes. Thus, method-
ology, with higher throughput and less demands on amounts
and volumes of material, is needed.

Recently, developments within miniaturization, signal detec-
tion, and data processing systems have allowed formation of ar-
rays comprising a huge number of assay points. The most ad-
vanced arrays have spots with oligonucleotides or DNA and are
used to assess levels of mRNA in cells and tissues (1,5,6,21).
However, since mRNA levels do not directly correspond to pro-
tein levels and one mRNA can give rise to several forms of pro-
teins, because of posttranslational modifications and differential
splicing, arrays that have the capacity to analyze simultaneously

an abundance of proteins and protein variants are in demand.
Technology pertaining to the miniaturized format, detection sys-
tems, and data processing have been developed within the area of
DNA arrays and can be applied largely for protein-based arrays.
Problems that need to be specifically addressed relate to surface
and binding chemistry, arraying of a multitude of discrete bind-
ing or catcher molecules, and, of course, the generation of stable
binders per se. In contrast to DNA arrays, in which binding mol-
ecules may be defined by sequence and synthesized onto the sur-
face of the array, protein-based catcher molecules with defined
and predetermined specificities cannot be produced in such a
way. Instead, protein-based catcher molecules need to be devel-
oped for each ligand, not knowing beforehand the sequence or
structure of a good catcher molecule. Arrays can be seen as minia-
turized variants of assay formats having existed for many years.
Typically, such formats include enzyme-linked immunosorbent
assay (ELISA) and other types of immunometric assays utilizing
antibodies as catcher molecules. These antibodies may be devel-
oped through immunization of animals yielding monoclonal or
polyclonal formats or may be developed using recombinant tech-
nologies using libraries of randomly recombined antibody frag-
ments. Until now, the few protein-based arrays that have been
presented have utilized monoclonal and full-length antibodies
produced by conventional hybridoma technology and obtained
from commercial or in-house sources. These arrays have consisted
of antibodies with specificities against known antigens, e.g., cy-
tokines (15–17,26), cell signal, or cell matrix proteins (19), but
also other proteins (9), and have counted as many as 250 different
antibody specificities (19). The results concerning demands on
material and sensitivity are encouraging (19), but still, the num-
ber of assay point per array need to be increased in order to com-
pete successfully with 2D gel electrophoresis.

It is anticipated that many new antibody specificities will
need to be developed in order to be able to ask the pertinent
questions about differential expression of antigens in relation to,
e.g., target and marker identification or for analysis of effects of
toxic substances or drugs on cells and tissues. Thus, there is a
pronounced need to rapidly develop antibodies or binders based
on other scaffolds fulfilling these criteria. 

Combinatorial libraries harboring extensive variability have
been used to select and identify specific binders against prede-
termined molecular structures. The libraries have been built us-
ing totally random peptide sequences (33) or use larger do-
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mains, such as bovine trypsin inhibitor (BPTI) (22,29), or pro-
tein A (27) as scaffold structures into which variability has been
introduced at defined sites. 

The most commonly used protein scaffold structure is that of
the antibody variable domain. Generation of variability using
this scaffold has been achieved in many different ways, from
random combination of heavy (VH) and light (VL) chain vari-
able domains (23), to introduction of variability into the anti-
body scaffold using synthetic (14) or semisynthetic approaches
(34). Formats based on the antibody scaffold include single
chain antibody fragments (scFv) (14,34) or Fab fragments (8).
Fragments isolated from the libraries may be used, as they are for
research or analytical purposes, or be transformed into other for-
mats suitable for therapy. 

Highly diverse DNA expression libraries have been generated
using combinatorial principles. The larger the library, the higher
the probability will be that the library contains a specific binder to
any given antigen and that this binder is of a high affinity. Expres-
sion libraries are often made at the DNA level, and the variability
is then introduced into expression vectors, which are transformed
into host cells, e.g., bacteria. From the first libraries, which were
based on variability in antibody fragments, the synthesized anti-
bodies were expressed in a soluble form. In order to screen these
libraries, the library members were cloned and screened using fil-
ter lifts (18). This method only allowed a limited number of
clones to be screened. The introduction of so called display tech-
nologies, in which the encoding genotype was physically linked to
its phenotype, allowed for a much more efficient handling of large
expression libraries. Various forms of display technologies using
bacteria (4), yeast (2), or bacteriophage (25) have been presented,
and today, so-called phage display is widely used for display of var-
ious types of binders, e.g., antibody fragments. 

The most commonly used bacteriophage for phage display
belong to the filamentous phage family. The best characterized
are M13, fd, and f1 that infect Escherichia coli cells containing
the F factor. The binder is displayed on the surface of the phage
particle as a fusion to a coat protein, e.g., protein 3 or protein 8.
The phage particle expressing the specific binder can then be
isolated together with its encoding gene. If needed, the isolated
phage pools may be amplified and reselected against the antigen
in further rounds (25), yielding a large proportion of phage spe-
cific for the antigen. 

Phage display libraries often have around 109 and even reach-
ing 1011 members (31). In order to achieve larger libraries, alter-
native display methods have been developed. These approaches
utilize in vitro translation and coupling of the translated protein
to its encoding polynucleotide. They include various forms of ri-
bosome display (11,12,24), relying on noncovalent linkage of the
genetic information to the protein molecule. In other display for-
mats, which also rely on in vitro translation, there is a covalent
linkage between the genetic information and the potential bind-
ing protein molecule, such as the PROfusion (37). Libraries con-
structed using in vitro translation approaches have a potential to
yield >1012 binders in a relatively small volume. Problems associ-
ated with ribosome display concern the stability of the complex
between the mRNA and the translated polypeptide, and even if
high affinity binders have been selected using this technology, it
does not seem to have been taken into wide practice. 

Obviously, these various formats for binders and libraries pro-

vide a rich source for selection of specific binders to be used in var-
ious aspects of the proteomics field. The challenge, thus, is to effi-
ciently and robustly use them in selection and screening processes
for generation of high quality binders at a high-throughput.

Target antigens to be used in the selection processes may be
provided in different formats, including antigens purified from
natural or recombinant sources, as antigen mixtures, or antigens
expressed from cDNA libraries (3). The demand for high-
throughput implies that several antigens need to be possible to
process in parallel through the whole procedure of selection,
screening, and validation of selected binders. An initial selection
may often be performed using mixtures of antigen, provided
that these antigens carry the same affinity tag and can be han-
dled in a similar way. The resulting phages are then amplified
and selected against the antigen in several additional rounds to
achieve a large enrichment of specific binders. In these amplifi-
cation–selection rounds, the antigens must, however, be han-
dled in parallel, but separately, to prevent a limited set of binders
against some of the antigens from dominating, skewing the vari-
ability in a unacceptable way. To achieve this, separate antigens
may be bound to solid surfaces, like pins or magnetic beads, and
handled in parallel in an automated fashion (36). The further
process, including the capture and harvest of the antigen–phage
complex, the rescue of phages after selections, and the subse-
quent amplification of enriched binders, may be scaled down to
microtiter format. Further, the final removal of the phage gene
fusion, to allow the expression of the binder in free form, may
also be performed in a 96-well format using a thermal cycler for
restriction enzyme digest, ligation, and transformation into
chemocompetent bacteria. 

The use of a microplate format throughout the process enables
the handling of many antigens in parallel already by manual per-
formance, and automation of the process further improves
throughput. In reality, it is our experience that the limiting step is
the timed access to a large number of antigens possessing the same
tag, e.g., biotin, and also to some extent the manual spreading of
transformed bacteria on agarose plates to achieve single clones.

From the selection procedure, a multitude of potential
binders to each antigen will be provided, and these potential
binders now need to be separated from each other by cloning
and screened in order to find the ones with the best properties.
Automation concerning colony picking, expression, and detec-
tion, as well as efficient data handling is, of course, imperative.
Also different formats for screening, including screening against
antigen bound to microtiter wells in the 96- or 384-well format,
or imprint of either antibody fragments or antigens on mem-
branes (4a,13) allow a large number of clones to be tested effi-
ciently. Recently, panning of phage antibodies directly on 1D
and 2D Western blots were demonstrated, suggesting an inter-
esting approach for simultaneous selection of a multitude of
phage specificities (20). Another way of increasing throughput
in the screening process may be to let identifiable micro- or
nanobeads coated with different antigens be subjected to the
same potential binder. Thus, beads of different color composi-
tion that are coated with different antigens may be dispensed to-
gether in the same volume and screened for binders. An added
benefit is that specificity and cross-reactivity may be tested for at
the same time. Examples of such systems under development in-
clude Quantum Dot (Hayword, CA, USA) (7,10) and Luminex
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(Austin, TX, USA) (28,32), and the multiplexity they allow may
well exceed 100 different antigens in the future.

We have automated the selection and screening process in or-
der to efficiently select and identify specific scFv and Fab frag-
ments from our n-CoDeR libraries. These libraries comprise
fully human antibody fragments that are displayed on M13 phage
particles (34). Selections against several antigens from the libraries
are routinely made in parallel by the same operator. The bottle-
neck is not found in the selection part of the process, but rather in
the cloning, expression, and screening steps of the selected poten-
tial binders. The automated process is, therefore, focused at these
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Figure 3. Robotic workstation for protein expression from bacterial cultures.
Clones in 100 expression plates are simultaneously grown and expressed using
incubators holding up to 20 plates each. Keeping the size limited to 20 plates per
incubator made it possible to have vigorous shaking not possible in a carousel-
type of incubator. Both the temperature and humidity of the incubators are re-
stored back to normal within 1 minute after a plate has been placed or taken out
from the incubator. Thus, optimal conditions for bacterial growth and expres-
sion are maintained during the process. 

Figure 2. The Qbot workstation configured for bacterial colony picking and
transfer to 96- or 384-well plates for individual clone expansion.

Figure 4. Robotic workstation for ELISA analysis of expressed clones. The system
is equipped with a refrigerator for storage of antigen-coated assay plates, a multi-
mek for transfer of scFv from expression plates to assay plates, multidrop units
(Thermo Labsystems, Vantaa, Finland) for dispensing of reagents, plate washers
(ELx405; Bio-Tek, Vermont, USA), and finally, an Ultra for reading the plates.

Figure 1. Robotic workstations configured to automate colony picking, bacte-
rial expression, ELISA analysis of expressed antibody fragments, and cherry
picking of actives from primary screening.



latter steps. A description follows of the integrated system with its
subsystems employed in our laboratory for high-throughput gen-
eration of antibody-based binders.

RESULTS AND DISCUSSION

To have the capacity to screen tens of thousands of clones per
day, we have integrated robotic workstations for expressing bac-
terial clones and analysis of the expressed antibody fragments.
This capacity can be used to screen an extended number of
clones per antigen or a high number of antigens with a lower
number of clones per antigen.

The use of a robotic screening environment has significantly
improved both the speed and the success rate of finding new
binders in the form of scFv or Fab, to different targets (anti-
gens). A larger number of targets, as well as more clones per tar-
get are now screened, thus giving more hit clones with different
specificities–sequences and an overall higher throughput. Errors
during run are now minimal because of the computer-con-
trolled process. Clone logistics are controlled by barcoded plates
and a data management system, thus securing hit clone identifi-
cation and retrieval in the later stage of the automated process.
The data management system has also improved the decision
making of selecting hits from raw data of the primary screening
to the secondary screening and sequence analysis.

The automated procedure for screening antibody fragments is
divided into four subsystems. Each system is operating indepen-

dently to the other systems (Figure 1). Having independent sys-
tems (robotic workstation approach), also enables freedom to
branch the screening process to other detection technologies out-
side the automated screening process, i.e., expressed clones are di-
verted to fluorometric microvolume assay technology (FMAT)
detection or spotted on microchips. All subsystems are designed
for nonattended use once they are in operation. An alert system
has been developed in-house for notifying the operator if an error
occurs during run (errors in the log-file are transferred to a mobile
phone as a short messaging service). Each screening campaign
may span over several days. However, the independent subsystems
allow several campaigns to be scheduled in parallel, giving a max-
imal throughput of approximately 25 campaigns per month, and
up to 20 different targets, provided they have similar physico-
chemical characteristics, may be scheduled in each campaign.

The first system is an automated colony picking system
(Qbot; Genetix, Hampshire, UK), where bacterial colonies
grown on 22 × 22 cm agar plates are transferred to either 96- or
384-well plates (i.e., master plates) (Figure 2). The picking head
of the Qbot has a digital camera for imaging the agar plates and
96 independent pins for picking clones. By the use of the image
analysis software, bacterial colonies are identified and mapped
for picking by size, roundness, and contrast. For every picking
cycle, the picking head is sterilized in 70% ethanol and dried to
avoid cross-contamination between clones. The capacity is more
than 18 000 colonies in a 6-hour period. After picking, the Mas-
ter plates are incubated overnight for growth at 37°C before
transfer to the next system.

The second system is an automat-
ed expression system from Thermo
CRS (Burlington, Ontario, Canada)
where master plates generated in the
colony picking system are replicated
to expression plates for growth, ex-
pression of antibody fragments, and
harvest of supernatants (Figure 3).
Both the colony picking and expres-
sion systems have a high fidelity, less
than 1 out of 384 clones is not grow-
ing or is cross-contaminated with oth-
er clones. Close to 40 000 clones can
be processed during a 24-hour period
using the 384-well format. Growth of
bacteria and expression of soluble an-
tibody fragments is performed in cus-
tom-made shake incubators (Thermo
CRS) at 37°C, where vigorous shak-
ing (600 rpm) can be performed in an
on-line system. The incubators are
also equipped with active humidifying
devices in order to avoid edge effects
(i.e., drying of peripheral wells).
Clones expressed in either 96-well for-
mat or 384-well format grow to simi-
lar high cell densities and expression
levels (1–10 µg/mL of antibody frag-
ments in the supernatant). For the
primary screening, where cells are ex-
pressed in a 384-well format, no sepa-
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Figure 5. Graphic visualization of ELISA data from primary screening using Spotfire. Y-axis shows ELISA sig-
nals from target peptide, and X-axis shows ELISA signals from nontarget peptide. Here the best 96 clones (yellow
dots) out of 1152 clones were selected as actives.



ration of supernatant from bacterial debris, except sedimenta-
tion, is performed in the expression plate. The potential pres-
ence of bacterial debris in the supernatants from the 384-well
format does not compromise the screening results, provided that
the supernatants are screened for binders within 3 days. Expres-
sion of clones for secondary screening is performed in a 96-well
format, and, since supernatants from these plates may, in some
cases, be stored for retesting over several days, they are filtered

on-line in a vacuum-driven filtration unit. 
The third system is an automated ELISA system (Thermo

CRS) where supernatants produced in the expression system are
analyzed for binding properties (Figure 4). The ELISA system
also runs with a high fidelity. The Z′ factor (a measurement of
the robustness of an assay) (39) of the control plates gives a value
of 0.5–1.0, which is a prerequisite for a successful high-through-
put screening assay. The ELISA assay is rather complex, involv-
ing many steps. The first steps include addition of blocking
buffer and transfer of supernatants from the expression plates to
antigen-coated plates (prepared in advance on the cherry picking
system, described below), followed by addition of secondary
reagents with incubations and washing steps between all reagent
additions (a total of 3 washing steps). After the last wash step, lu-
minescent reagent is added before reading using a multi-analysis
instrument (Ultra; Tecan, Maennedorf, Switzerland). Three con-
trol plates containing positive and negative controls are sched-
uled together with all sample plates in order to control quality of
the screening process. In spite of the rather complex assay, the
system has the capacity to process 10 000 clones with data from
target and nontarget, thus generating 20 000 data points per day
(Figure 5). The ELISA system is not limited for running ELISA
assays, but also other types of assays, e.g., fluorescence polariza-
tion assays (measure-
ment of size shift of
unbound versus
bound labeled pep-
tide to binder) can be
used. This latter for-
mat has a higher
throughput, since it
is performed as a ho-
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Figure 6. Robotic workstation for plate preparation (e.g., barcoding of plates)
and cherry picking of actives from primary screening. A Biomek F/X on the
system is configured for cherry picking using 8 independent tips. Picking of 96
actives takes approximately 3 hours.

Figure 8. Images from an FMAT screening
showing an active scFv binding to target
cells but not nontarget cells. Assay condi-
tions were 10 000 cells/well, 10 µL scFv su-
pernatant, 0.1 µg mouse-anti-His antibody
(R&D Systems, Minneapolis, MN, USA),
0.06 µg goat-anti-mouse antibody conju-
gated with Cy5 (Amersham Biosiences,
Uppsala, Sweden) and an incubation time
of 4 hours before reading.

Figure 7. Hit confirmation using the Spotfire dot plot graphics. Y-axis shows actives from primary screen-
ing, and X-axis shows results from retest analysis. The active clones were reexpressed before the retest analysis
in order to eliminate clones with unstable expression.



mogenous “mix and read” assay. Throughput in the assay step of
the process is further increased by branching to other detection
systems such as the FMAT (see below).

The fourth system is a cherry picking system (Thermo CRS)
(Figure 6), where “actives” from the primary screening are col-
lected into new master hit plates for a subsequent reanalysis
(secondary screening) on the ELISA system. The cherry picking
system has a cherry picking list as an input file (generated after
analysis of primary screen) for transfer of the best 96 actives
from the master plates, using the Biomek F/X (Beckman Coul-
ter, Fullerton, CA, USA) pipeting station. Generated master hit
plates are kept at -80°C for long-term storage, where each well
is over-layered with glycerol.

Each screening campaign generates an abundance of data
points. A semiautomated pipeline for data management has,
therefore, been set up. The application merges screen-data with
barcoded plates and the user register meta data (data describing
data), such as project Identity, antigen Identity, and coating pro-
cedure. Data are then exported to Spotfire (Spotfire, Gothen-
burg, Sweden), which is a graphical data visualization tool. By us-
ing different visualization views, data points with systematic
errors are rejected (e.g., data from wells with pipeting errors). Val-
idated data are imported back to the database where percent
binding and specific binding is calculated based on validated sam-
ple and control data. Processed data are then exported for analysis
(ranking of clones) using Spotfire. Actives–hits are imported
back to the database, and a list of selected clones is generated for
the cherry picking system.

Actives collected on a master hit plate are subjected to a
retest, confirming the primary screening results (Figure 7).

Clones are regrown, expressed, and ana-
lyzed again (with double samples). Usu-
ally the retest is combined with a sec-
ondary screening, where more
nontargets are tested and/or a dose re-
sponse is performed.

After retest and secondary screening,
confirmed actives (hits) are sequenced
to obtain unique hit clones. Up to 96
hits are sequenced by colony PCR and
dye termination cycle sequencing, using
the ABI PRISM 3100 DNA Analyzer
(Applied Biosystems, Warrington, UK).
An in-house application has been devel-
oped for making contigs and multiple
alignments of the sequenced clones in
an automated fashion. Selected hit
clones are then characterized as purified
antibody fragments in the down stream
process.

For screening campaigns aiming for
binders to cellular targets, the expressed
clones are diverted to an off-line FMAT
instrument (Applied Biosystems) for
analysis. The FMAT, which is equipped
with plate stackers, has a capacity to ana-
lyze cells in 96- or 384-well plates. Typi-
cally one 384-well plate takes 20 min-
utes to analyze, giving a throughput of

20 000 data points per day. The principle of the FMAT technol-
ogy is that fluorescent-labeled cells (or beads) located at the bot-
tom of the well are scanned with a confocal laser at a resolution
of 2 µm (scan area of 1 × 1 mm), and emitted light is collected,
giving an image of the cells (Figure 8). The FMAT image analysis
software then calculates the number and the intensities of the
stained cells (Figure 9). With this technology, screening on cells is
now performed with a much higher reliability and speed com-
pared to conventional cell-ELISA, which often gives results with
great variation due to differences in cell numbers between wells.
Also, the avoidance of washing steps using the FMAT con-
tributes to speed.

CONCLUSION AND FUTURE PROSPECTS

We have established an automated screening process for iden-
tification of novel binders from the n-CoDeR libraries. The
process can handle target antigens in various formats including
peptides, soluble proteins, as well as cell-bound targets at a high-
throughput, and is well designed to meet demands from the pro-
teomics area. The automated system is configured for 96- or 384-
well plate formats and can be used to screen, in a highly parallel
manner, against a high number of target antigens per month. In
order to further improve throughput, screening using a chip for-
mat is now under development. Several of the subsystems, i.e., the
colony picking, expression, and cherry picking systems in the ex-
isting process, are readily adaptable to this format. In particular,
for applications within antibody-based protein arrays, the chip-
based format will be highly appropriate. 
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Figure 9. Spotfire analysis of screening data, derived from the FMAT instrument. Y-axis shows signals from tar-
get cells, and X-axis shows signals from nontarget cells. Data presented are from an experiment in which scFv di-
rected against antigen differentially expressed between two cell populations were selected.
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