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One of the limitations of the use of phage antibody libraries in high throughput selections is the production of
sufficient phage antibody library at the appropriate quality. Here, we successfully adapt a bioreactor-based protocol for
the production of phage peptide libraries to the production of phage antibody libraries. The titers obtained in the
stirred-tank bioreactor are 4 to 5 times higher than in a standard shake flask procedure, and the quality of the phage
antibody library produced is indistinguishable to that produced using standard procedures as assessed by Western
blotting and functional selections. Availability of this protocol will facilitate the use of phage antibody libraries in high-
throughput scale selections.

Introduction

Phage display1 is one of the most successful platforms for the
isolation of peptide or antibody ligands for potentially any target
molecule, with phage antibody libraries2,3 having the potential to
provide hundreds of unique antibodies per target,4 especially
when combined with yeast display.5 Once selected, the affinities
of antibodies or peptides selected by phage display can be
matured relatively easily.6-9 Most antibody libraries use single-
chain variable fragments (scFvs)10 as the antibody format, in
which a flexible linker joins the VH and VL chains; or Fabs,
where VH-CH1 and VL-CL associate non-covalently in the peri-
plasmic space. Antibody libraries can be created either syntheti-
cally11-16 by introducing oligonucleotide encoded diversity into
frameworks with desirable properties, or by harvesting natural
diversity from human lymphocytes by PCR.2,17-19

Most phage antibody libraries have been created by cloning
large numbers of different antibody genes upstream of gene 3
and using phage20 or phagemid3,14,17,21-24 vectors as the display
vehicles. In general, phagemid vectors are preferred because clon-
ing is more straightforward and they are more stable. However,
whereas display using phage is multivalent (up to 5 copies), that
with phagemids is monovalent, with only 1% of phagemid par-
ticles actually displaying antibodies.25 Although new approaches
for generation of phage(mid) antibody libraries, such as mono-
disperse emulsion,26 have been described, production is usually
carried out in shake flasks, with the obtained phage titer from
one 2.5 L flask sufficient for approximately 50 selections.
Recently, a number of high throughput antibody selection plat-
forms based on phage display have been described,27-31 where

selections are carried out against numerous different antigens in
parallel. These approaches require a large amount of high quality
phage antibody library as starting material, the generation of
which presents some challenges, including appropriate expression
of functional antibody, purification of phage particles, quality
control of displayed antibody in terms of actual diversity, effec-
tive display of the scFv and the ability to select antibodies against
targets.

Fermentation technology has been used to produce large
amounts of functional phage-displayed peptide libraries.32

Inspired by this study, we tested the methodology for the produc-
tion of our antibody phage library.3,33 We demonstrate that this
method can be used to produce large amounts of functional
phage antibody particles from a single preparation, resolving one
of the bottlenecks to high throughput phage antibody selections.

Results

Media comparison for phage library production
Before attempting phage antibody production in the bioreac-

tor, 2 different media were investigated for the expression of our
antibody phage library. This was based on our standard proto-
cols, or those previously used to produce peptide phage librar-
ies.32 After reaching mid-log phase, bacteria were infected with
our recombined antibody phage library, followed by helper phage
infection, which supplies all the other proteins required for
assembly of phage particles displaying and encoding scFvs. The
media were first tested in flasks. Bacterial growth (at 37�C before
and 30�C after infection) and phage multiplicity of infection
were kept constant for the media tested and a buffering solution
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used to avoid pH fluctuation. The bacteriophage-infected cells
grew exponentially until the plateau phase, reached after approxi-
mately 12 hours growth when 2xYT was used, and around 10 h
when NZY was used (Fig. 1a).

The phage titer started to increase when bacteria restarted
exponential growth, at around 6 h after infection, and
approached plateau at 10 hours for NZY and 12 hours for
2xTY, with peak levels at approximately 14 hours for both media
(Fig. 1b). Final bacteriophage titers at the end of growth were 6
£ 1010 phage particle/ml for 2xYT and 8 £ 1010 phage/ml for
NZY.

Phage production using a stirred-tank bioreactor
At the end of growth in flasks, both media reached similar

phage titers, but NZY medium had the advantage that phage
production appeared to be faster, with plateau production start-
ing earlier. For this reason we decided to use 5 L of NZY in our
bioreactor experiment. The same time points were used as those
in the preliminary data obtained in the flask condition - to con-
trol both bacterial growth and phage production. Using the
stirred-tank bioreactor, we noticed slower bacterial growth, with
a final density corresponding to an OD600 of 3 (Fig. 2a), which
was lower than the one obtained using flasks. However, the
amount of phage produced by the end of the experiment was 3.5
£ 1011 phage/ml (Fig. 2b), 4–5 times higher than the titer
obtained in flasks.

Phage quality control
Two hundred individual clones from each of the 3 different

library preparations (2 with standard methods but different
media, and one using the bioreactor) were analyzed for the pres-
ence of full-length scFvs by PCR (Fig. 3a). We found that 15%
(2xYT library) and 18% (NZY library) of the clones from the 2

libraries generated by standard protocols had deleted scFv genes,
with a similar result (19%) obtained from the stirred-tank biore-
actor grown library. These deletions are likely to have occurred
during the library construction, probably as a result of spurious
priming during PCR assembly3, and not due to the growing con-
dition of the amplified library, and reflect the levels of deletion
we usually see. To rapidly check the diversity of these amplified
clones, the PCR-amplified scFvs were characterized by finger-
printing with the restriction enzyme, BstNI. The results obtained
with the different growth-conditions were essentially identical,
with different fingerprint patterns representing different VH and
VL gene usage in the different library preparations (Fig. 3b).

The scFv display level was examined by western blot (Fig. 3c)
using the SV5 anti-tag antibody34, which recognizes the SV5 tag
placed between the displayed scFv and p3. The assay gives an
assessment of the portion of recombinant p3, which is full length
and displays scFv (p3CscFv) compared to the amount of recom-
binant p3 derived from the proteolytic degradation of g3pCscFv.
The results show that the display levels obtained from the differ-
ent preparation are essentially identical, as shown by the intensity
of the p3CscFv band and p3 band.

Phage antibody selection performance comparison
The final quality-control test consisted in challenging the

3 antibody libraries in our standard antibody selection proce-
dure. The 3 libraries were selected on 2 different antigens,
ubiquitin and tTG2. We applied a recently developed anti-
body selection pipeline, based on the combination of phage
and yeast display5 to qualitatively estimate the ability of the
produced phage antibody libraries to select functional anti-
bodies against specific targets. After 2 rounds of phage selec-
tion, the total outputs were subcloned into a yeast display
vector and sorted by flow cytometry twice more. The popula-

tions obtained were analyzed and com-
pared by flow cytometry, which allows
the analysis of many different antibod-
ies in a single experiment.5 Yeast
clones displaying scFv that are dis-
played and bind to their target can be
visualized in the top right quadrant.
The percentage of binders is similar in
the 3 different libraries (34–45% for
ubiquitin, and 40–57% for tTG2)
(Fig. 4), with little significant differ-
ence between the shape of the clouds
in the different selections, indicating
that antibodies with similar properties,
in terms of display levels and binding
abilities, were selected.

Discussion

Antibody phage libraries are widely
used to select antibodies against
diverse targets. This method can be

Figure 1. Two different media were tested in flasks for the production of antibody phage library.
After double infection, bacteria reached the plateau phase more rapidly when NZY medium was
used (A), which was associated with a higher phage titer (B). All the experiments were conducted in
triplicate and C/¡ standard deviations reported.
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very effectively scaled up and used
for high-throughput approaches,27-31

with the antibodies obtained compa-
rable to those obtained by immuniza-
tion.27,28 The ability to carry out
industrial-scale selections against dif-
ferent targets in parallel depends,
however, on the availability of suit-
able amounts of phage antibody
library. Here, we show that effective
phage antibody libraries can be pro-
duced in large volumes using bioreac-
tors, and their quality, as assessed by
titer, display level and selection suc-
cess, is indistinguishable from librar-
ies made in shake flasks. The amount
of phage antibody library produced
in a single 5 l stirred-tank bioreactor
run is equivalent to the production
of approximately 20 2.5 l shake
flasks, - sufficient for 1,000 selec-
tions, - but the bioreactor-based pro-
tocol requires substantially less effort.
The use of bioreactors also facilitates
standardization of the protocol, ensuring minimal lot-to-lot
variation in the quality of antibody library produced.

Although the use of fermenters to produce large quantities
of phage antibody libraries has not been previously described,
phage peptide libraries have been pro-
duced using this approach.32 Apart
from the difference in size of the dis-
played molecule (short peptide versus
25 kDa scFv), the biggest difference
between display of peptides or anti-
bodies is the nature of the vector
used. Peptide display usually uses fila-
mentous phage vectors, in which it is
sufficient to grow bacteria containing
the vector for phage displaying pepti-
des to be produced. In the case of
antibody libraries, phagemid vectors
are usually used, and the vector alone
is unable to generate phage particles
unless the bacteria carrying them has
been co-infected with helper phage,
which provides all the other proteins
needed for phage particle assembly.
Here we show that, notwithstanding
these differences, the fermentation
conditions described for peptide
phage library production are applica-
ble to phagemid antibody libraries as
well, with titers 4-5 fold higher than
those obtained by growth in flasks.
Although further experimentation
may identify conditions that provide

even higher titers, those we describe here should be suitable
for most purposes in which large amounts of high quality
phage antibody library is required.

Figure 2. NZY medium was used in the production of phage antibody library in the stirred-tank biore-
actor. Bacterial growth (A) and phage titer (B) were monitored, with a final phage particle production
almost 5 times larger than that obtained with flask growth. All the experiments were conducted in
triplicate and C/¡ standard deviations reported.

Figure 3. Phage antibody library quality for the 3 libraries was determined by: (A) PCR reaction to esti-
mate the ratio of full length scFv (»800bp) to deleted fragments (»400bp); (B) fingerprinting to
assess the diversity of the different single clones; (C) Western blotting to evaluate scFv display levels
on the surface of phage. For panel (a) and (b) PCR and fingerprinting form clones of the stirred-tank
bioreactor-library are shown as an example.
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Material and Methods

Antigen
Ubiquitin was purchased from Sigma and tissue transglutami-

nase 2 (tTG2) from Zedira. Both were biotinylated using the
Pierce Biotinylation Kit (Pierce) to a final concentration of
1 mg/ml. The effective biotinylation of more than 95% of the
proteins was checked by western blot and ELISA (data not
shown).

Phage library, bacterial strain and media
The phage antibody library used in this study was previously

described.3 Briefly, the phage antibody library requires infection
with helper phage and propagation in F-pilus bacteria to allow
the coupling of a unique scFv with a single phage particle.

E.coli DH5aF’ [F’/endA1 hsdR17(rK- mKC) supE44 thi-1
recA1 gyrA (Nalr) relA1 D (lacZYA-argF)U169 deoR (w80dlacD
(lacZ)M15)] was used to propagate and express bacteriophage.

Two different media, 2xYT and NZY were compared for
phage production. 2xYT consists of 31 g/l of DifcoTM 2xYT
Broth Formulation (BD Bioscience) in 1 l final volume (900 ml
of distilled water and 100 ml of 1 M HEPES solution (Fisher))
buffered at pH 7.4 (with 1 M of NaOH); NZY was prepared fol-
lowing Grieco et al32: 10 g of NZ-Amine (Sigma-Aldrich), 5 g
yeast extract (BD Bioscience), 5 g NaCl in 1 l final volume
(900 ml distilled water and 100 ml of 1M HEPES solution) and
pH adjusted to 7.4 (with 1M of NaOH).

2xYT and NZY plates were prepared
by adding 10 g/l of select agar (Fisher
Scientific), 1% final concentration of
glucose and the required antibiotic.

Small-scale phage production
A single colony of DH5aF’ E.coli was

picked from a 2xYT agar plate and
added to 10 ml of either 2xYT or NZY
broth and grown overnight (ON) at
30�C. The ON inoculum was added to
1000 ml of 2xYT (or NZY) divided in 2
(500 ml each) 2.5 l flasks (Thomson
Instruments) containing 3 % glucose
and grown to OD600 0.3 at 37�C shak-
ing at 250 rpm. Phage library3 was
added at multiplicity of infection (MOI
- phages : bacteria) of 1:1.25 diluted in
20 ml (pre-warmed) of 2xYT (or NZY)
at 37�C for 30 min to allow phage infec-
tion. Afterward, helper phage M13K07
was added at a MOI of 10:1 in a total
volume of 20 ml pre warmed 2xYT (or
NZY) at 37�C for 45 min to finalize the
double infection. Bacteria were pelleted
by centrifugation and re-suspended in
1,000 ml of carb/kan (50 mg/ml carbe-
nicillin, 25 mg/ml kanamycin) 2xYT (or
NZY) to allow the growth of only dou-

ble-infected bacteria. Cells were grown at 30�C for 14 h. To per-
form phage selection, phage were purified by PEG-precipitation:
the culture was centrifuged at 10,000 rpm and the supernatant
PEG precipitated twice by adding 20 % volume of 20 % PEG
8,000, 2.5M NaCl. Phage were resuspended in a final volume of
20 ml PBS supplemented with glycerol for storage and protease
inhibitor cocktail to prevent the cleavage of the displayed scFvs.

Bioreactor-based cultivation
The cultivation was performed in 4.5 l of NZY medium sup-

plemented with 500 ml of 1 M HEPES - final 5 l solution buff-
ered at pH 7.4 - using a BioFlo 2000 Fermenter (New
Brunswick Scientific Co). The medium, poured into a 10 l vessel,
was autoclaved and cooled to a working temperature of 37�C. In
order to start cultivation, the bioreactor was set up with constant
temperature at 37�C, agitation at 150 rpm, and an air-supply
with a flow-rate of 5 l/min.

Fifty ml of E. coli DH5aF’ cells prepared by ON culture were
added. The cells were grown to mid-log phase (OD600 of 0.3),
the agitation was lowered to 50 rpm and the phage library - at
the same MOI used for flask production (1:1.25) - , diluted to
25 ml, was added to the cell culture. The cultivation was contin-
ued for 30 min. Then, after adding 60 ml of helper phage (5 £
1012 phage/ml, final MOI 10:1), infected bacteria were grown
for another 45 min and the 2 antibiotics were added: carbenicil-
lin to a final concentration 50 mg/ml for selection of the phage
library and kanamycin to a final 25 mg/ml concentration to select

Figure 4. The different libraries were challenged with 2 antigens (ubiquitin – Ubi, tissue transglutami-
nase 2 – tTG2), by performing 2 rounds of phage selection followed by subcloning the phage
selected outputs into a yeast display vector and sorting by flow cytometry 2 additional times. After
analyzing the yeast populations, with the yeast clones displaying scFv binding to their target in the
top right quadrant, it is possible to appreciate the similar percentage of binders in the 3 different
libraries (34–45% for ubiquitin, and 40–57% for tTG2).
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for the helper phage. The temperature was then adjusted to 30�C
and the culture was agitated at 150 rpm. Cultivation was contin-
ued for an additional 14 hours cell growth and titration of bacte-
riophage were monitored and performed as described below.

Measurement of cell growth and titration of bacteriophage
Cell growth was checked by collecting samples after double

infection at 0, 4, 6, 8, 10, 12 and 14 hours after infection and by
measuring OD600 with a spectrometer (BD Bioscience). At the
same time-points samples were collected and centrifuged at
5,000 rpm at room temperature (RT), to remove bacteria, and
10 ml of phage-containing culture supernatant were added to
990 ml of medium in a microtiter well. A 10-fold dilution series
was carried out in the microtiter plate in order to determine both
carbenicillin (phagemid) and kanamycin (helper phage) titers.
100 ml of DH5aF’ grown to 0.5 OD600 at 37

�C was added to
each well and phage infection was allowed to occur for 30 min at
37�C. Five ml of the infected cells from each well were spotted
on agar plates containing carbenicillin and glucose and incubated
at 30�C ON. The phage titer was calculated from the dilution
with the highest number of countable colonies.

Phage library quality controls
Insert size was checked by colony PCR by using the primers

pDpH-5’ and pDpH-3’3. Three ml of PCR reaction were run on
an agarose gel to assess the size of the amplicon. The rest of the
reaction was digested with BstNI (NEB) restriction enzyme to
perform fingerprinting analysis to determine the diversity of the
amplified scFvs.

Western blot analysis of phage display: after PEG precipita-
tion, 5 £ 1011 phage particles from every single preparation
(flask and stirred-tank bioreactor) were electrophoresed using the
NuPAGE gel system (Life Technologies). After electrophoresis,
the proteins were transferred to nitrocellulose membrane using a
semidry blot apparatus. The membrane was blocked with 3 %
milk PBST for 1 h at RT. This was then incubated in 1 mg/ml
of anti-SV5-AP conjugated antibody in 2 % milk PBST for 1 h
at RT. The blot was washed 2xPBST and 1xPBS, 5 min each.
After washing, the AP activity was detected using NBT-BCIP
substrate (Sigma).

Antibody Selection Evaluation

The produced phage antibody libraries were used to select
anti-ubiquitin and anti-tTG2 antibodies with an automated
Kingfisher magnetic bead system (Thermo Lab Systems), allow-
ing selection to be carried out in solution as previously
described.35 An excess of biotinylated antigen was used to satu-
rate 2 £ 107 streptavidin magnetic beads (Dynabeads M-280)
which were used to capture specific phage. The second round sec-
tion outputs were subcloned into a yeast display vector as
described by Ferrara et al.5. The yeast mini-libraries were further
enriched by one or 2 rounds of sorting by flow cytometry using
published methods.36 Briefly, 2 £ 106 yeast cells were washed
and resuspended in 100 ml of wash buffer containing 100 nM of
biotinylated antigens (ubiquitin and tTG2). Cells were labeled
with streptavidin-AlexaFluor-633 to detect binding of biotiny-
lated targets and 1 mg of anti-SV5-PE to assess scFv display lev-
els. Flow cytometry was performed using the FACSAria (Becton
Dickinson), with yeast showing antigen and SV5 binding sorted.
Collected cells were grown overnight at 30�C and induced for
the next round of sorting. BDiva software was used for flow cyto-
metric analysis.
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