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a  b  s  t  r  a  c  t

Libraries  of small  molecules  were  searched  for Fc-fragment  selective  binders  to a recombinant  human
antibody  (“MDJ8′′, IgG1-subtype,  �-light chain)  via  SPR-based  screening  of  chemical  microarrays.  Identi-
fied  hit  structures  were  immobilised  on NHS-activated  Sepharose  for the  determination  of  MDJ8  binding
and  selectivity  versus  typical  proteineous  impurities  represented  by  the  spend  cell  culture  supernatant.
Columns  were  packed  and the  most  promising  ligands  further  characterized  in terms  of  binding  con-
stants,  binding  kinetics,  as  well  as  dynamic  and  equilibrium  binding  capacities.  The performance  of  the
best  ligand,  2A10,  was  compared  to standard  Protein  A  chromatography.  Using  ligand  2A10  antibody
capture  from  unprocessed  cell  culture  supernatants  was  possible  at similar  recovery  yield  (>90%),  purity
(>80%),  and  eluting  concentration  (approximately  1  g/L)  as  with  Protein  A. Affinity  constants  (Kd) of  2A10
were an  order  of magnitude  higher  than  for  the  Protein  A material,  but  still  in  the  nM-range,  while  max-
imum  binding  capacities  and  binding  kinetics  were  in  the same  order  of  magnitude.  Ligand  2A10  was
also  able  to  capture  a murine  monoclonal  antibody,  again  with  similar  efficiency  as  Protein  A,  as  well  as

a number  of  humanised  therapeutic  antibodies.  Antibody  elution  from  the  2A10  column  was  possible
using  the  Protein  A  standard  protocol,  i.e.  100  mM  glycine  HCl  pH  3.0,  but also  at  near  physiological  pH,
when  some  organic  solvent  or modifiers  were  present.  Ligand  2A10  thus  constitutes  a  cheaper,  more
robust  alternative  to  Protein  A as possible  generic  antibody  binder.  Moreover,  the  outlined  approach  to
ligand  selection  could  in  principle  by used  to create  suitable  affinity  ligands  for  other  high  value  biotech
products.
. Introduction

Product isolation, the so-called downstream process, is an
cknowledged bottleneck in recombinant protein production
1]. Efficient product capture can be achieved by affinity
hromatography and related techniques using specifically inter-
ctive ligands that are capable of recognising and retaining the
roduct from a complex raw feed solution [2].  However, suit-
ble affinity ligands are not always known. In consequence, there
as been considerable effort in the past to identify and/or syn-
hesize the required affinity ligands. An early approach was  the
se of dyes, such as Cibacron Blue [3],  known to mimic the co-
actor of certain enzymes. Of course this approach was  strongly

imited to a particular substance class. A more general approach
s the use of product-specific antibodies or engineered affinity
roteins [4,5]. Using proper methods, such antibodies/proteins
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can be raised against most molecules of interest regardless of
whether they occur in nature or not. Possible drawbacks of proteins
as affinity ligands are their high cost, their complex produc-
tion, their limited stability under operating conditions, and in
particular the inherent difficulties in finding suitable methods
for regeneration and sanitisation of the corresponding affinity
columns. More recently, a number of strategies have become
available to identify specifically interactive peptides from large
libraries; examples include, e.g. phage or ribosomal display tech-
niques [5–8]. However, the stability of the peptidic ligands may
again pose a limitation, while the type of interaction motives
that can be exploited remains restricted to the chemical groups
found in the side chains of the natural protein-forming amino
acids.

For certain product classes generic affinity ligands are available.
The most prominent example is the use of Protein A for capture

of antibodies [9].  A Protein A step is nowadays included in most
industrial antibody purification schemes and the availability of
this ligand has certainly contributed to the standardisation and
streamlining of industrial antibody purification. In order to enlarge
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2.3. Antibody production
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he group of target biologicals susceptible to generic purifica-
ion schemes, the concept of an affinity tag has been proposed
10–12].  In such cases the recombinant target protein is expressed
s a fusion protein with a peptide sequence, the “tag”, to which
n affinity ligand exists. The most prominent example for this
pproach is the HIS6-tag for use in Ni2+-based immobilised metal
ffinity chromatography [12]; other examples include the FLAG-
r GST-tags. Especially for research and early screening, affinity
ags constitute a powerful approach, which is, however, limited
o recombinant proteins. Even then in certain cases (e.g. proteins
xpressed with a signal sequence, protein requiring the free N-/C-
erminus for biological activity) positioning the tag can be difficult.
ias of the biological activity and the three-dimensional struc-
ure of the target molecule can also not be excluded. Often the
ag has to be removed at a later stage by proteases. For pro-
uction purposes, tag-based affinity purification is therefore not

deal.
Synthetic small molecules would putatively also constitute

nteresting affinity ligands for the purification of therapeutic pro-
eins due to their generally high chemical stability and low
roduction costs. Proposed general strategies for designing such
mall synthetic affinity ligands include structure based approaches
sing NMR  or X-ray crystallography data, the modification of
nown or natural ligands, and last but not least also the screen-
ng of small combinatorial libraries [13]. The latter approach

ould be particularly powerful as it requires comparatively lit-
le prior knowledge and is easily adapted to high throughput
creening (HTS) formats. However, whereas chemical libraries
omprising thousands of compounds are routinely screened in
rug discovery to find starting points for further optimisation,
his is currently not done in the search for affinity ligands [14].

oreover, current HTS assay formats are typically designed to
ddress a particular, predefined binding site in a given protein of
nterest and are therefore not necessarily suited to the unbiased
dentification of the best affinity ligand for this protein’s purifica-
ion.

In recent years, biophysical methods such as X-ray, NMR  and
abel-free biosensors, e.g. based on surface plasmon resonance
SPR), were adapted as detection principles to the HTS screen-
ng formats. Such approaches have been successfully used to
dentify chemotypes binding specifically to the target of inter-
st. In particular, SPR became increasingly popular and is now
ecognised as a standard method for screening collections of
mall molecules. In particular array based systems can provide
he necessary throughput for successful screening of large col-
ections. Graffinity Pharmaceuticals GmbH, Heidelberg, Germany,
as developed a unique SPR screening technology based on the

mmobilisation of thousands of compounds on high-density chem-
cal microarrays (9219 compounds per chip). CCD based SPR
maging instrumentation then allows screening of the entire col-
ection of immobilised library compounds in a high throughput

anner [15–17]. The platform has so far been mainly applied
o drug discovery projects [16,18–20].  However, as a function-
lind and label-free assay, SPR screening is not restricted to,
.g. enzymatically active targets and promising ligands for affin-
ty chromatography could in principle be found in a similar

anner.
To our best knowledge, however, the identification of an affin-

ty ligand using such an approach has never been described. In this
ontribution, small molecule libraries available at Graffinity Phar-
aceuticals GmbH were screened for suitable affinity ligands for

 recombinant human therapeutic antibody. The ligands identified
n the primary SPR screening were subsequently immobilised on a
epharose matrix and the affinity separation developed based on

hese stationary phases was  compared to a conventional approach
sing Protein A affinity chromatography.
A 1218 (2011) 4649– 4659

2. Materials and methods

2.1. Materials

Chemicals and standard proteins were from Acros Organics
(Geel, Belgium), Fluka (Buchs, Switzerland), Merck (Darmstadt,
Germany), Roth (Karlsruhe, Germany), or Sigma–Aldrich (St. Louis,
USA). Plastic materials for cell culture were from Greiner Bioscience
(Frickenhausen, Germany). Antibodies AvastinTM (Bevacizumab)
and RoactemraTM (Tocilizumab) were from Roche Registration Lim-
ited, Welwyn Garden City, UK, antibody SynagisTM (Palivizumab)
was from Abbott Laboratories, Queenborough, UK. Purified poly-
clonal human and rabbit IgGs were from Sigma–Aldrich. Milli Q
water was  used to prepare all aqueous solutions. Chromatographic
buffers were filtered with a nylon membrane filter (0.2 �m pore
size, Nalgene, Rochester, USA) and degassed prior to use. Cell cul-
ture media and supplements were from PAA Laboratories (Linz,
Austria) unless otherwise indicated.

2.2. Analytics

Ligands were quantified as follows: dissolved ligands, appro-
priately diluted in solvent (20 mM boric acid, 50% DMSO),
were incubated with staining solution (1 mM o-phthaldialdehyde
(OPA), 20 mM 2-mercaptoethanol in solvent) for 25 min  at
room temperature. Afterwards, absorption at 340 nm was mea-
sured. Measurements were calibrated with OPA-derivatised 1-(3-
aminopropyl)imidazole. Protein concentrations were established
by Bradford assay (Protein Assay kit, BioRad Laboratories, Hercules,
USA) according to the manufacturer’s instruction using bovine
gamma  globulin (BGG) for calibration (range 1.0–20.0 �g/mL,
R2 > 0.99, SD < 3.5%). Data points were obtained at least in duplicate
and at three different dilutions. Only data points that fell within
the range of the calibration curve were used. The purity of the
obtained protein fractions was  established via SDS–PAGE using
Criterion XT Precast gels (BioRad Laboratories) according to the
manufacturer’s instructions. Gels were silver (SilverSNAPE Stain
Kit II, Thermo Fisher Scientific Inc., Rockford, USA) or Coomassie
Blue (Bio-Safe Coomassie, BioRad Laboratories) stained accord-
ing to the supplier’s instructions. The molecular weight standard
was the Precision Plus Protein Standard All Blue (BioRad Laborato-
ries).

Biacore binding studies (BIAcore X, GE Healthcare, Uppsala,
Sweden) were performed in duplicate at 20 ◦C using ligand-coated
chips (sensor chip type CM5  Research grade, surface covered with
carboxymethylated dextran, allowing immobilisation via carbodi-
imide chemistry). Ligands were coupled to the chip using the
amino coupling kit provided by GE Healthcare according to the sup-
plier’s instruction. Coupling solution: approximately 10 mM ligand
in 200 mM borate buffer pH 8.0, 10 mM N,N-diisopropylethylamine
(DIPEA), 8% DMSO. The amount of immobilised ligand was deter-
mined via the sensor readout (in relative units, RU, with 1000 RU
corresponding to approximately 1 ng of retained material per mm2

of chip surface). Residual linkage sites were deactivated by 35 �L
(flow rate 5 �L/min) of 1 M ethanolamine (pH 8.5). For Biacore mea-
surements the running buffer was  10 mM sodium phosphate buffer
pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.005% Tween 20. 35 �L-samples
were introduced into the instrument at a flow rate of 20 �L/min.
After each measurement, the chip was regenerated with 35 �L of
50 mM NaOH (flow rate 20 �L/min). For data analysis the BIAeval-
uation software version 4.1 was used.
Recombinant human antibody “MDJ8′′ (h-IgG1-subtype, �-
light chain) was produced by a Chinese Hamster Ovary (CHO)
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Fig. 1. Scheme of the surface architecture of the chemical microarray used in the
screening experiments. The highly defined surface architecture consists of: the glass
surface, a self-assembled monolayer (SAM) of two thiols, attached anchor groups
that react covalently with the thiol group of the chemtag, the flexible and hydrophilic
chemtag linker and the attached fragment molecule. The chemtag is shown in more
detail on the right hand side. In total the chemical microarrays comprise 9216
M. Arnold et al. / J. Chroma

ell line (MDJ8) containing the appropriate expression cassettes
f the full-length immunoglobulin [21]. A molecular weight of
49.5 kDa had previously been determined for the fully gly-
osilated antibody via ESI-TOF MS  and an isoelectric point (pI)
f approximately 9.3 via isoelectric focusing gel electrophoresis
22]. The antibody was produced as described previously [23]
y suspension culture in a 1 L bioreactor (RALF, Bioengineering,
ald, Switzerland) using a protein-free culture medium (Pro-

HO5, Lonza, Verviers, Belgium) supplemented with l-glutamine,
lucose and penicillin/streptomycin. Bioreactors were harvested
fter 5 days. Monoclonal antibody “5D10′′ was produced as
escribed previously [24] by a mouse hybridoma cell line (5D10).
D hybridoma medium (Invitrogen, Carlsbad, USA) supplemented
ith l-glutamine, penicillin/streptomycin, and sodium pyruvate
as used. Production occurred in 100 and 500 mL  spinner flasks.
ultures were harvested after 100 h.

For antibody isolation, supernatants were clarified by centrifu-
ation (4000 g, 1 h, 4 ◦C), passed through a Minisart single use
lter unit (0.45 �m pore size, Sartorius Stedim Biotech, Göttin-
en, Germany), gently degassed (under vacuum) and subjected
o Protein A affinity chromatography (column: HiTrap Mab  Select
tra, 5 mL,  GE Healthcare). The Protein A column was equili-
rated with 25 mL  binding buffer (20 mM sodium phosphate buffer,
H 7.0, 150 mM NaCl) at a flow rate of 5 mL/min at 4 ◦C. Up to
.2 L of culture supernatant were loaded onto the column at a
ow rate of 5 mL/min. For elution the column was transferred
o a chromatographic system (ÄKTApurifier workstation includ-
ng fraction collector Frac-950, GE Healthcare) using Unicorn V4.0
oftware for system control and data analysis. The column was
ashed with 5 CV (column volumes) of binding buffer. Elution
as by a step (8 CV) of 100% eluent (100 mM glycine HCl, pH

.0) at 2 mL/min. Fractions of 1 mL  were collected in 0.2 mL  1 M
odium phosphate buffer (pH 7.5) to neutralize the acidic elu-
ion conditions. Fractions were desalted (5 mL  HiTrap Desalting
olumn, GE Healthcare) to 10 mM sodium phosphate buffer pH
.0 as quickly as possible. For short-time storage, fractions were
terile-filtered and put at 4 ◦C. For long-term storage at 4 ◦C, 20 mM
zide and 0.005% Tween 20 were added to the sterile-filtered solu-
ions.

.4. Antibody fragment preparation

Antibody fragments (Fab-/Fc-fragments) were produced by
apain digestion using the Pierce Fab Preparation kit (Thermo
isher Scientific Inc.) according to the manufacturer’s instructions
0.5 mL  antibody solution, concentration ca. 5 mg/mL). Fragments
ere separated by adsorption of the Fc-fragment on Protein A
NO sphere SUPrA beads (BioRad Laboratories). For this purpose,
eads were incubated for 2 min  in the supernatant from the papain
igest to allow for attachment of the Fc-fragment and recovered
y centrifugation. The Fc-fragments were eluted by resuspension

n the provided IgG elution buffer. Beads were removed by cen-
rifugation and the supernatant neutralized by the addition of
.2 mL  of 1 M sodium phosphate buffer pH 7.5. In case of anti-
ody MDJ8, fragments were further purified by hydroxyapatite
hromatography (CHT type I, BioRad Laboratories). Buffer A was  a
0 mM sodium phosphate buffer pH 7.0, buffer B a 10 mM sodium
hosphate buffer pH 7.0 containing 1 M NaCl. Elution was in a

inear gradient 100% A to 100% B, gradient volume 10 mL,  flow
ate of 1 mL/min. In case of Bevacizumab, fragments were fur-
her purified by gel filtration on Superdex 200 (GE Healthcare)

t a flow rate of 0.5 mL/min. Buffer was 20 mM sodium phos-
hate pH 7.0 containing 0.15 M NaCl. Fractions representing a
eak were pooled, desalted, and analyzed by Bradford assay and
DS–PAGE.
immobilised compounds per arrays and allow to screen a total of 110,000 library
compounds.

2.5. Chemical microarrays

For SPR screening of small molecule libraries, the previously
described [16] high density chemical microarrays developed by
Graffinity Pharmaceuticals GmbH were used (Fig. 1). The arrays
were constructed using maleimide-thiol coupling chemistry in
combination with high density pintool spotting. In particular, glass
plates were microstructured by photolithographical methods in
order to define the sensor fields. A subsequently applied gold coat-
ing provided the basis for the SPR effect and enabled the formation
of a binary, mixed self-assembled monolayer (SAM) of two different
thiols. One of the thiols making up the SAM (the “anchor”) carried
a reactive maleimide moiety for eventual ligand linkage, the sec-
ond type of thiol in the SAM bore no reactive group for coupling
and served as “diluent” to adjust the anchor thiol concentration in
the SAM. All library compounds contained a flexible, hydrophilic
thiol-containing linker, the “chemtag”, see Fig. 1 for details, which
reacted covalently with the anchor groups. The resulting microar-
rays comprised 9216 sensor fields, each containing multiple copies
of a defined and quality-controlled array compound. The entire
Graffinity library of small, non-peptidic molecules contained a
total of approximately 110,000 entities with an average molecular
weight of about 320 Da, which were synthesized by two  to three
step synthesis protocols as described previously [16].

2.6. Microarray screening

For screening, the chemical microarrays were incubated with
the target protein under the indicated screening conditions. Pro-
tein binding alters the local refractive index adjacent to the sensor
surface at the corresponding sensor field. This in turn leads to a
shift in the wavelength dependent SPR minimum in comparison to
the buffer control. The SPR imaging approach allows to record SPR

resonance curves of all 9216 sensor fields per chip in parallel. For
the screening experiments the antibody of interest was  applied at
concentrations between 10 and 60 �g/mL in suitable buffer solu-
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Table  1
Conditions used during the screening of the ligand SPR microarrays against the target molecules MDJ8, Bevacizumab (and fragments), Tocilizumab, and Palivizumab.

Target Type Screening buffer (optimised) Ligand density

MDJ8a Full Ab 20 mM sodium phosphate, pH 7.4, 150 mM NaCl, 0.005% Tween 20 High
Bevacizumabb Full Ab 20 mM Hepes, pH 7.4, 150 mM NaCl, 0.005% Tween 20 Medium
Bevacizumab Fab Fragment 20 mM Hepes, pH 7.4, 150 mM NaCl, 0.005% Tween 20 Medium
Bevacizumab Fc Fragment 20 mM Hepes, pH 7.4, 150 mM NaCl, 0.005% Tween 20 Medium
Tocilizumabb Full Ab 20 mM Hepes, pH 7.4, 150 mM NaCl, 0.005% Tween 20 Medium
Palivizumabb Full Ab 20 mM Hepes, pH 7.4, 150 mM NaCl, 0.005% Tween 20 High
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a Human antibody.
b Humanised antibody.

ion as indicated in Table 1. Unless indicated otherwise, BSA (bovine
erum albumin) served as control for non-specific binding.

.7. Resynthesis of selected array compounds

The resynthesis of hit compounds was performed by solid phase
ynthesis starting from 1,3-diaminopropane linked to either trityl
r 2-chlorotrityl polystyrene resin. After synthesis, the compounds
ere cleaved from the solid support using standard protocols and
urified by reversed-phase HPLC.

.8. Ligand stability

For the determination of the chemical stability of the ligands,
 mM of uncoupled ligand was incubated with either 0.1 M NaOH,
.5 M NaOH, or 1 M of H3PO4 over a period of 8 days. Decay of lig-
nd was measured by LC–MS analysis on a Shimadzu HPLC system
ncluding a diode array detector (SPD-M10A VP) and single-quad

ass detector (LCMS 2010A) (all Shimadzu Corporation, Kyoto,
apan). Relative concentrations were determined by integration of
he UV peak of the ligands (214 nm)  at days 0, 1, 2, 4 and 8. Half-lives
ere calculated by linear regression after logarithmic transforma-

ion of the original data.

.9. Ligand immobilisation

Ligands were coupled to NHS-activated Sepharose 4 Fast Flow
GE Healthcare). One volume of pre-swollen gel (20 �mol  NHS
er mL  of gel) was mixed with one volume of ligand solution
20–25 mM in 90% DMSO and 10% N-methyl-2-pyrrolidone (NMP)
ontaining 1 M N,N-diisopropylethylamine) followed by incubation
or at least 2 h at 25 ◦C under agitation. After two washes with 10%
MP  in DMSO, remaining free binding sites were inactivated with

 M aqueous ethanolamine. Coupling efficiency was determined
ndirectly from the amount of ligand remaining in the supernatants
OPA-test) assuming a perfect mass balance.

.10. Binding studies

Initial binding studies were carried out in 384 well plates fit-
ed with 0.45 �m bottom frits (Pall Life Sciences, Ann Arbor, USA).
qual amounts of resin (30 �L “bed” volume) were loaded into the
ells. “Columns” were sealed with a polyethylene top filter (Porex

echnologies GmbH, Bautzen, Germany). All tests were done in
uplicates. For a typical experiment either 2× 50 �L of pure anti-
ody (0.75 mg/mL  in PBS, 20 mM sodium phosphate, 150 mM NaCl,
H 7.3) or 2× 50 �L undiluted antibody-depleted CHO cell culture
upernatant were loaded onto a column. Afterwards, columns were
ashed with 3× 50 �L PBS. Bound protein was eluted with 3× 50 �L

0 mM glycine pH 2.5. Columns were regenerated with 3× 50 �L

 M urea and stored in 30% ethanol. Liquids were forced through the
icrocolumns via centrifugation at 50 × g for 1 min. During loading

lates were centrifuged at 10 × g for 5 min. Bound protein amounts
nd protein yields were determined by balancing the amount of
protein injected and recovered in the flow through (quantification
via Bradford assay). Selectivity was  expressed as the ratio between
bound antibody and bound amount of protein from the culture
supernatant.

For initial capture experiments three runs were conducted with
(a) antibody-depleted cell culture supernatant alone, (b) antibody
alone, and (c) antibody spiked back into the spend cell culture
supernatant to a concentration of approximately 20% of the total
protein concentration. Purity after chromatography was calculated
from the mass of total protein recovered upon elution after injec-
tion of the mixture and the mass recovered after injection of the
cell culture supernatant.

For optimisation of the elution conditions, the microtitre plate
assay was used in a central composite design-of-experiments
approach. Bound antibody was  eluted with 10 different elu-
tion buffers varying in pH-values from 3.0 to 4.5 and in
ionic strengths from 20 mM to 500 mM  NaCl. Data was
statistically evaluated using the Jmp  program (SAS, Heidel-
berg, Germany). Contour plots were created with QtiPlot
(http://soft.proindependent.com/qtiplot.html).

For the determination of static isotherms 5 �L of resin
were incubated with 100 �L of antibody solution (concentration
between 0.03 and 0.5 mg/mL  in PBS) in 96 well microtitre plates.
Plates were rigorously shaken at 25 ◦C for 3 h. Afterwards, unbound
protein was  determined by Bradford assay and used to calculate the
bound amounts. Dissociation constants, Kd, and maximal capac-
ities, qmax, were determined by direct fitting the obtained data
points to the Langmuir isotherm equation. Binding kinetics were
measured similarly. In this case 5 �L of resin was incubated with
100 �L of a 0.75 mg/mL  antibody solution in PBS pH 7.3 at 25 ◦C.
Concentrations of unbound protein were measured after 0, 2.5, 5.0,
10.0, 20.0, 40.0, and 80.0 min  and fitted with a double exponential
function. The time point after which 80% of the initial protein had
bound to the beads was referred to as “time scale of binding”.

2.11. Chromatography

For small-scale chromatographic studies, 180 �L glass columns
(3 mm × 25 mm,  Omnifit, Cambridge, UK) were packed with the
indicated material using a Knauer K-501 HPLC pump (10 mL head,
Knauer, Berlin, Germany), no reservoir was used. The packing sol-
vent was 20% ethanol in water, the stationary phase was  prepared
as 20% slurry. Packing was  done according to an established pro-
tocol in steps of 0.1 mL/min (5 min  each) until 1 mL/min, followed
by 1 mL/min for 0.5 h. Afterwards columns were washed with 5 mL
each of 50 mM NaOH and 0.1 M glycine HCl pH 3.0. Breakthrough
curves were recorded at flow rates of 0.5 mL/min (420 cm/h) and
0.05 mL/min (42 cm/h) for antibody concentrations of 0.03, 0.15
and 0.75 mg/mL  in 10 mM sodium phosphate buffer pH 7.0, 150 mM
NaCl (binding buffer). Prior to the measurement, columns were

equilibrated with binding buffer for at least 20 min  at the indicated
flow rate, then the flow was switched to the target molecule solu-
tion of the lowest investigated concentration and the breakthrough
curve recorded (280 nm). Once a stable plateau was  reached the

http://soft.proindependent.com/qtiplot.html
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we determined half-lives of a subset of ligands in the presence of
0.1 and 0.5 M NaOH or 1 M H3PO4. All tested ligands showed excel-
lent chemical stabilities under acidic conditions, Table 2. In fact, no
significant decay was  measured for any of the ligands in the pres-

Table 2
Ligand half-life in hours under the indicated alkaline and acidic conditions.

Ligand 0.1 M NaOH (h) 0.5 M NaOH (h) 1 M H3PO4
M. Arnold et al. / J. Chroma

xperiment was terminated, the column was transferred to the
kta system and the bound antibody eluted using 0.1 M glycine
Cl pH 3 and the amount quantified via the peak area. Column

egeneration was by 50 mM NaOH, followed by re-equilibration
ith binding buffer. Results were used to construct dynamic bind-

ng isotherms via fitting the data points to the Langmuir equation.
ong-term performance tests were performed with the same sys-
em.

For experiments involving the direct comparison of the ligand-
ctivated material with Protein A for antibody capture from cell
ulture supernatant, 1 mL  columns were packed (Tricorn high
erformance column, 55 mm × 5 mm,  GE Healthcare) from the

igand-activated material, following a similar protocol as for the
mall columns. 50 mL  of supernatant (filtered, 0.22 �m,  protein
oncentration (Bradford, calibration BGG), ca. 0.3 mg/mL, anti-
ody concentration ca. 0.015 mg/mL) was loaded onto the column
t 1.4 mL/min (420 cm/h). Elution, column regeneration and re-
quilibration were as described for the small columns.

. Results and discussions

.1. Screening of the libraries for specific antibody binders

Library screening was carried out by SPR imaging as described
n Section 2. The high throughput design allowed performing the
nitial experiments in a narrow time frame of a couple of weeks.
efore starting the screening campaign against the entire library, a
ange of screening conditions were tested for the target molecules,
ncluding different ionic strengths, detergent concentrations, pro-
ein concentrations and surface ligand densities. Eventually, for
ach target molecule specific screening conditions were identified
or which the signal strength and S/N ratio on the arrays were opti-

al  (Table 1). Due to the fact that all targets were of the antibody
ype, very similar buffer systems and surface dilution of ligands
ere found to be optimal for screening. The experimental results

f the microarray screening campaigns under optimised conditions
ere analyzed by manual hit selection using in-house developed

oftware routines. Important selection criteria for hit triaging of
rimary screening hits were: the measured SPR signal strength,
he chemical novelty of the identified hits, the selectivity for the
arget of interest, the structural diversity of the hits and observed
tructure affinity relationship (SAR) trends. In addition, the SPR sig-
als of all targets investigated were analyzed side-by-side in order
o identify common (e.g. Fc-part) binders but also target specific
igands.

In Fig. 2, screening results for antibody MDJ8 are given. The 2D
olour coded interaction map  (Fig. 2a) represents the 9,216 SPR
hifts obtained from one individual array experiment. Blue signals
orrespond to the background (low SPR shift), while yellow to red
ignals represent a significant SPR shift and hence indicate pro-
ein binding to the corresponding sensor fields. The scatter plot
Fig. 2b) compares the SPR signals of two independent repetition
xperiments and demonstrates good reproducibility for the results.
s this particular type of library was derived from combinatorial
ynthesis approaches, each row and column contains a common
tructural motif in combination with 96 other diversities. Hit series
dentified for MDJ8 clearly appear as coloured rows and columns.
he data analysis for the MDJ8 screening thus resulted in a number
f hit series, which showed clear binding to the antibody. The hit
ate of approximately 0.1–0.5% was comparable to other targets
reviously screened on the same array platform. From the initial

it list a number of 18 representative binders were selected for hit
onfirmation by secondary assays.

In addition to MDJ8, three more full-size antibodies, namely
evacizumab, Tocilizumab, and Palivizumab (all humanised ther-
A 1218 (2011) 4649– 4659 4653

apeutic antibodies) were screened against the library in order to
identify generic, most likely Fc-specific, binders together with the
Fc- and Fab-fragments of Bevacizumab obtained by papain cleav-
age. BSA (bovine serum albumin) served as negative control in
these experiments. For each of the antibody targets the individually
determined optimal conditions (Table 1) were used during screen-
ing. For BSA screening conditions were chosen to be identical to
those of the corresponding antibody experiments. In Fig. 3 the array
screening results for all targets are exemplified by interaction maps
of the antibodies and controls against the same fraction of a selected
library. The comparison of the interaction maps revealed distinct
differences between the four investigated antibodies. For example,
Bevacizumab (Fig. 3b) showed binding to some ligands, which were
not identified as hits for MDJ8, Tocilizumab, or Palivizumab. Since
the present study focused on the development of general binders
for the affinity purification of antibodies, binders with affinity only
to a specific antibody were not perused further. However, since the
target protein as a whole rather than specific predefined binding
sites was used during screening, such specific ligands also became
available. A typical example for a “generic binder candidate”, on the
other hand, is ligand 2A10, highlighted in Fig. 3. Ligand 2A10 shows
binding to all investigated antibodies (Fig. 3a, b, e, and f) as well as to
the Fc-fragment of Bevacizumab (Fig. 3d), but only negligible bind-
ing to the Fab-fragment of Bevacizumab (Fig. 3c) and to the negative
control BSA (Fig. 3g). Ligand 2A10 was therefore classified as Fc-
specific ligand and investigated further together with a number of
additional promising Fc-binders identified in an analogous manner.

3.2. Ligand re-synthesis and coupling

To facilitate the immobilisation of the ligands to the chromato-
graphic matrix, structures were re-synthesized with the chemtag
replaced by a 1,3-diaminopropyl linker. As a result, the orientation
of the ligand on the future chromatographic affinity resin should
be the same as in the initial SPR screening and changes in bind-
ing behaviour in subsequent chromatography experiments due to
altered orientation of the ligands should thus be minimized. Note
that the linker did not serve as a spacer, but simply assured the
proper orientation of the ligand after immobilisation. In prelimi-
nary experiments a longer linker molecule was  also used for this
purpose (C6 instead of C3), which resulted in a lower stationary
phase capacity. It is possible that the higher flexibility provided
by the longer linker reduced the percentage of correctly presented
ligand molecules. The chosen matrix in this study was NHS-
activated Sepharose 4 Fast Flow, i.e. a commercially available,
process compatible material, which allows for fast and reproducible
ligand immobilisation. All ligands could be coupled to the resin
using the established protocol with final ligand densities between
10 and 15 �mol/mL of gel.

Typically, antibodies are eluted from affinity resins by low pH
[9]. On the other hand, alkaline conditions are used in column
sanitisation and cleaning-in-place procedures. To investigate the
stability of the identified ligands towards both of these conditions,
1A4 553 337 ∞
2A8 557 77 ∞
2A9 314 50 ∞
2A10 ∞ 288 ∞
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ig. 2. SPR screening result for antibody MDJ8. (a) Shown are the colour-coded SP
eries  binding to MDJ8 appear as rows and columns. (b) Comparison of two  indepe

nce of 1 M H3PO4 for the investigated duration of 8 days. Towards

.5 M NaOH, ligands 1A4 and 2A10 were also extremely stable. With
alf-lives of 337 h and 288 h, respectively, common elution and
egeneration procedures should be applicable without difficulty.

ig. 3. SPR screening results for (a) MDJ8, (b) Bevacizumab, (c) the Fab-fragment of Bevac
g)  BSA. The circle indicates a putative Fc-specific ligand.
ts obtained during screening of MDJ8 against one library (9216 sensor fields). Hit
 repetition experiments.

In the case of some other ligands, e.g. 2A8 and 2A9, stability was

rather poor in 0.5 M NaOH. Here, regeneration with either acidic
treatment or with lower NaOH concentrations (e.g. 0.1 M)  would
be recommended.

izumab, (d) the Fc-fragment of Bevacizumab, (e) Tocilizumab, (f) Palivizumab, and
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Fig. 4. Binding, recovery yields, and selectivities of Sepharose materials activated with the indicated ligand in comparison to Protein A, Mabsorbent A2P, and inert Sepharose
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C-EA).  Experiments were done in the 384 well microtitre plate. 100 �L of pure MDJ8
lycine  pH 2.5. Bound protein and yield were determined by mass balances. The ex
as  defined as the ratio between bound MDJ8 and bound cell supernatant protein. D

.3. Initial binding/selectivity studies using ligand-activated
hromatographic material

Initial binding and selectivity studies with the ligand-activated
hromatographic matrix were carried out in 384 microtitre plates
ith fritted bottoms to allow for enforced gravity flow of liquid
hase through the “columns” (ca. 30 �L bed volume each). This
pproach allowed per plate the evaluation of up to 30 ligands at
p to 10 conditions per ligand, while protein consumption was
ept very low. In total, 18 ligands from the screens were selected
ccording to the above-indicated criteria for these studies. Pro-
ein A Sepharose 4 FF and Mabsorbent A2P (Prometic BioSciences),
.e. a dedicated antibody capture material activated by a synthetic,
romatic triazine derivative ligand, were used as reference media.
HS-Sepharose completely saturated with ethanolamine (“C-EA”)

erved as control for non-specific interaction of the stationary
hase backbone. A spent, antibody-depleted (by Protein A chro-
atography) CHO-MDJ8 cell culture supernatant served as source

f impurities putatively present in the raw feed solution (positive
ontrol for “unspecific binding”). The eluent was 50 mM glycine HCl
H 2.5 in all cases. The results in terms of affinity and selectivity are
hown in Fig. 4.

Nearly all ligand-activated Sepharose materials showed higher
ffinity to the antibody than C-EA, but also a varying degree of
nspecific binding of proteins from the cell culture supernatant.
xcept for the 1A5-activated material, complete recovery of the
ound protein was possible in all cases. Based on these results, lig-
nds were classed as unspecific binders binding cell supernatant
omponents as good as the antibody (selectivity index ≤1), binders,

hich had higher preferences to the antibody than to the impuri-

ies (selectivity index >1), and very selective antibody binders such
s 1A4, which bound only minor amounts of the protein impuri-
ies and were nearly as selective for the antibody as the Protein A

able 3
inding and recovery yields for humanised therapeutic antibody, as well as poly-IgG mixt

Ligand Bevacizumab (%) MDJ8 (%) Toc

IgG Fab Fc

Bound Yield Bound Bound Bound Yield Bou

ProtA 100 100 7 100 100 90 100
1A4 100 92 28 29 – – –
2A8  100 92 48 39 – – –
2A9  100 96 59 58 – – –
2A10 100 92 24 100 100 90 100

, human; r, rabbit.
 mg/mL  in PBS) was loaded on the “columns”. Bound protein was eluted with 50 mM
ent was repeated with spend culture supernatant lacking the antibody. Selectivity

 experimental precision the value for selectivity was truncated for values above 10.

material. Interestingly, at least in our study, Mabsorbent A2P also
showed little selectivity for the antibody. From these experiments
ligands 1A4, 2A8, 2A9 and 2A10 emerged as most interesting struc-
tures as they combined good capture of the antibody with high
selectivity.

Binding studies in the microtitre plate format were subse-
quently repeated for these four ligands using Bevacizumab as target
molecule as well as for the Fab- and Fc-fragments of this antibody
prepared by papain digestion. All four ligands were shown to bind
the full antibody with an affinity and selectivity similar to Protein
A (Table 3). In case of the antibody fragments, ligands 1A4, 2A8 and
2A9 showed no preference and bound both fragments to a simi-
lar extent, albeit at a markedly reduced amounts compared to the
whole antibody. It is thus possible that these ligands bind some-
where to conserved parts in the hinge region. In case of ligand
2A10, however, the Fc-part could be verified as the major binding
site, as this ligand bound the Fc-fragment to a similar extent as the
full antibody, while showing no affinity for the Fab-fragment. The
potential of 2A10 as a generic antibody-binder was further demon-
strated with two  additional human antibodies (Tocilizumab and
Palivizumab) and a human poly-IgG mixture. All three were quan-
titatively bound by 2A10. The same was the case for a poly-IgG
mixture derived from rabbit serum, which also was bound to nearly
100%, all data found in Table 3.

For a first test for binding under chromatographic conditions,
180 �L columns were packed with 2A10-activated Sepharose FF.
From these columns, the Fc-fragment of antibody MDJ8 eluted
in the glycine HCl step at the same position as the intact anti-
body, while the Fab-fragment eluted unretained in the flow through

(Fig. 5a). Finally, a monoclonal antibody of murine origin (“5D10′′),
which recognises the c-myc receptor on the surface of cancer cells
[25] and is also known to interact with Protein A via its Fc-part
was chromatographed. Fig. 5b shows elution of antibody 5D10 in a

ures from human and rabbit on selected affinity ligands in comparison to Protein A.

ilizumab (%) Palivizumab (%) (h)poly-IgG (%) (r)poly-IgG (%)

nd Yield Bound Yield Bound Yield Bound Yield

 95 100 100 95 79 100 100
 – – – – – – –
 – – – – – – –
 – – – – – – –

 97 100 92 100 90 100 100



4656 M. Arnold et al. / J. Chromatogr. A 1218 (2011) 4649– 4659

0

50

100

150a

b

0 1 2 3 4 5 6 7
column volume

28
0 

nm
 [m

A
U

]

-5

5

15

25

35

45

0 5 10 15 20 25 30
volume [mL]

28
0 

nm
 [m

A
U

]

Fig. 5. (a) Elution of the purified Fab- and Fc-fragments of antibody MDJ8 by 0.1 M
glycine HCl pH 3.0 in comparison to the elution profile of the whole antibody. Ligand
2A10, column volume 1 mL,  flow rate 1 mL/min, thick line: MDJ8 (full antibody),
thin line: MDJ8 Fc-fragment, dotted line: MDJ8 Fab-fragment. (b) Elution profiles
for  monoclonal antibody 5D10 from a column activated with ligand 2A10 compared
to  elution from a standard Protein A column. Eluting agent 0.1 M glycine HCl pH 3.0,
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Table 4
Affinity constants (Kd), maximum static binding capacities (qmax) and “time scale of
binding” (t80%), i.e. the time required to bind 80% of the maximum amount, deter-
mined for different affinity resins in static batch adsorption experiments using
Bevacizumab as probe. Affinity constants and maximum binding capacities were
calculated by fitting experimental data to the Langmuir equation.

Ligand Kd (nM) qmax (mg/mL) t80% (min)

Protein Aa 33.3 41 8.9
1A4  1353.3 30 6.4
2A8 966.7 30 8.9
A9  546.7 41 6.7
olumn volumes 1 mL, flow rate 1 mL/min, thick line: 2A10-activated column, thin
ine:  Protein A activated column.

00 mM glycine HCl pH 3.0 step from the 2A10 column in com-
arison to the elution profile from the corresponding Protein A
olumn. The peak obtained for the Protein A column is somewhat
harper, however, this is due to the difference in the number of
lates between the two columns. Otherwise both affinity columns
ppear equally suited to isolate the antibody. In particular, recovery
ields and obtained purities were similar.

Ligand 2A10 thus can be considered a potential alternative to
rotein A as a generic antibody-capturing agent. At this point it
ould be interesting to pan this ligand against various human and
urine antibody subtypes, to see whether the pattern of binding

trength differs from that of Protein A. However, since antibody
urification has been for such a long time dominated by Protein

 chromatography it is difficult to find a commercially available
ntibody of a subtype that is not interacting with Protein A.

.4. Binding equilibria and kinetics

For a quantitative investigation of the binding behaviour,
romising ligands from the initial screening campaigns were

mmobilised on Biacore chips and the dissociation equilibrium con-
tants (Kd-values) determined for antibody MDJ8 as target and BSA
s negative control. Three ligands, 1A5, 1A6, and 2A10 gave Kd-
alues in the nM-range, while showing little affinity to BSA, several
thers had Kd-values in the low �M-range, some also with good

electivities. Two more ligands, namely 1A8, and 2A8, also showed
ood binding to the target, but also a somewhat elevated affinity
or BSA.
2A10 506.7 37 9.8

a Protein A reference material: rProtein A Sepharose FF, GE Healthcare.

Then ligands 1A4, 2A8, 2A9, and 2A10 were immobilised on
Sepharose FF and affinity constants (Kd), maximal binding capac-
ities (qm) and binding kinetics (“time scale of binding”) were
determined in comparison to the Protein A-material using the
batch adsorption experimental approach (96 well plate format).
Fixed amounts of resin and varied concentrations of Bevacizumab
(0.05–0.5 mg/mL  for the Kd and qmax-measurements, 0.75 mg/mL
for the kinetics) were used. Data points were directly fitted to the
Langmuir isotherm equation (Table 4). Not surprisingly, the high-
est affinity was  found for Protein A. However, for ligands 2A9 and
2A10 Kd-values were also in the sub-micromolar range, while for
1A4 and 2A8 these values were in the low micromolar range. With
41 mg/mL  the highest static equilibrium capacity of the in-house
resins was calculated for the material activated with ligand 2A9,
which was thus in the same range as Protein A. Static capacities of
the other investigated resins were slightly lower and ranged from
30 mg/mL to 37 mg/mL. All tested resins bound 80% of the avail-
able antibody within 10 min  of incubation time. In certain cases
(1A4: 6.4 min, 2A9: 6.7 min) binding was  faster than for Protein A
(8.9 min).

The chromatographic binding behaviour of the Fc-binding lig-
and 2A10 was  in addition characterized under dynamic conditions,
again in comparison to Protein A. Breakthrough curves were
recorded at a flow rate of 50 cm/h for the 180 �L columns packed
with the respective materials using Bevacizumab (1 mg/mL) as
probe. Dynamic binding capacities were determined at 10% break-
through. For the determination of the corresponding dynamic
equilibrium capacities, breakthrough curves were extrapolated
assuming sigmoidal functions, which resulted in values of
28.4 mg/mL  and 20.2 mg/mL  for Protein A and 2A10, respectively.
For antibody MDJ8 breakthrough curves on the 2A10 columns were
determined at two  different flow rates, 42 cm/h (0.05 mL/min) and
420 cm/h (0.5 mL/min), for protein concentrations between 0.05
and 0.75 mg/mL, BSA was used as negative control. In all cases the
breakthrough curve of the antibody was  fairly broad, an example
is shown in Fig. 6. While this may  be attributed to low column
efficiency – always a potential problem in the case of small home-
packed columns – the much sharper breakthrough curve of the
BSA also shown in Fig. 6, indicates that it is less the column effi-
ciency but rather some heterogeneity of the interaction, which is
at fault. Moreover, when the breakthrough curve data were used to
construct isotherms, the one recorded at 420 cm/h was suppressed
compared to the one recorded at 42 cm/h save for the highest inves-
tigated concentration. This indicates that mass transfer effects also
influence the chromatographic behaviour.

The dynamic isotherm data were subsequently fitted to the
Langmuir equation and used to calculate Kd and qmax (Table 5). For
comparison, values measured for a 180 �L column packed with the
Protein A material (UNOsphereSUPrA, BioRad Laboratories) were

also determined. Again, several of the selected ligands showed
affinity constants in the nM range. In particular ligand 2A9 came
very close to Protein A. The dynamic capacity of the Protein A
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Table  5
Affinity constants (Kd) and binding capacities (qmax) determined under flow conditions for different affinity resins. Parameters were calculated from fitting the breakthrough
curve data obtained at flow rates of 420 and 42 cm/h (0.5 and 0.05 mL/min) for the 180 �L columns to the Langmuir equation. Antibody MDJ8 was used as probe.

Ligand Kd (nM)420 cm/h Kd (nM)42 cm/h qmax (mg/mL)420 cm/h qm (mg/mL)42 cm/h

1A4 – 267 – 0.06
2A8 – 132 – 0.38
2A9  – 49 – 1.05
2A10 622 306 8.25 7.2
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a Protein A reference material: UNOsphereSUPrA, BioRad Laboratories.

aterial, on the other hand, was higher than that of any of the
igand-activated materials. If, based on the ligand immobilisation
esults, we assume a ligand density of 12–15 �mol/mL of resin and

 1:1 type of interaction between the antibody and the ligand, the
aximum capacities given in Table 5 correspond to a ligand effi-

iency (ratio between active ligand and immobilised ligand) below
.5% even in the best cases. For commercially available affinity
aterials ligand efficiencies are typically an order of magnitude

igher. It is possible that the ligand density was  too high for the
fficient interaction of all available ligand molecules with a target
olecule. Given the size of the ligands, however, it is also possi-

le that some ligands were immobilised in areas of the stationary
hase where the antibody could not reach.

Finally, the multi-well column format was used in case of ligands
A4, 2A8, 2A9, and 2A10 to screen for favourable elution conditions.
ifferent experiments were performed according to the Design of
xperiment (DoE) method. Via an initial full factorial design, pH
nd ionic strength were identified as the main factors to influence
lution of the antibody from the in-house resins using Bevacizumab
s probe (data not shown). Afterwards, the impact of these factors
as characterized in detail by a central composite design over pH

nd ionic strength. Contour plots of the elution profiles of the lig-
nds are shown in Fig. 7. With all in-house ligands, elution of the
ntibody was supported by low pH and low ionic strength. In the
bsence of additional salts, complete elution was  possible between
H 3.4 (1A4) and pH 3.9 (2A10). While glycine HCl pH 3.0 can be
sed to elute the antibody from the ligand-activated columns, elu-
ion should in principle also be possible at near-physiological pH
hen some organic solvent or other modifiers are present. Elu-

ion of antibody MDJ8 from 2A10 was, e.g., also possible with 50%
thylene glycol at pH 7.4 (97% recovery). This could be an inter-
sting option for the elution of pH sensitive antibodies, which are

otoriously difficult to purify by Protein A affinity chromatography.
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ig. 6. Breakthrough curve recorded for BSA and antibody MDJ8 (both 30 mg/L
n  10 mM sodium phosphate buffer, 150 mM NaCl) on a 180 �L (3 mm × 25 mm)
olumn packed with 2A10-activated Sepharose FF material; flow rate: 0.5 mL/min
420 cm/h).
– 26.7

3.5. Antibody affinity capture by small molecule affinity ligands
versus Protein A

Protein A is currently the gold standard in antibody purification.
In order to compare the potential of the selected small molecule
affinity ligands, the ability of ligands 1A4, 2A8, 2A9, and 2A10
to selectively bind antibody MDJ8 from a complex matrix was
investigated in comparison to Protein A-activated material (Uno-
sphere SUPrA) and C-EA as positive and negative controls. For this
purpose the antibody-depleted cell culture supernatant (Protein
A processed, 0.55 mg/mL  total protein content) was spiked with
enough purified MDJ8 to reach a concentration of 0.15 mg/mL of
antibody and passed through the microtitre plate microcolumns.
For the determination of purity and recovery of the eluted proteins,
two additional runs were performed with either antibody-depleted
culture supernatant alone or antibody alone. Purities and recoveries
were calculated from these data assuming a perfect mass balance
(Table 6). With the in-house resins purities between 66% and 74%
were achieved. Recovery rates were between 79% and 87%. For com-
parison, purity and recovery after Protein A chromatography were
88% and >99%.

Ligand 2A10 was finally compared to Protein A for the ability
to capture the target antibody MDJ8 directly from an unpro-
cessed CHO cell culture supernatant (antibody concentration ca.
0.015 mg/mL). 1 mL  columns were used throughout and 50 mL
unprocessed cell culture supernatant was  passed through the col-
umn  at a flow rate of 1.4 mL/min. Elution from the Protein A column
was by the standard 100 mM glycine HCl pH 3.0 step. Several 2A10
columns were operated in parallel to the Protein A column and dif-
ferent elution conditions were tested. In all cases we performed a
regeneration step with 50 mM NaOH (4 mL at 1 mL/min) and also
quantified the amount of protein released during column regener-
ation. All quantifications were in relative units based on the peak
area. Table 7 summarizes the result in terms of relative recovery
yields based on the yield for the corresponding Protein A column
(using glycine HCl pH 3.0 elution). Purities of the antibody frac-
tions were analyzed by SDS–PAGE. Under optimal circumstances,
the 2A10 column yielded similar results in terms of recovery yield
(>90%), purity (>80%), and eluting concentration (approximately
1 g/L) as the Protein A column in these experiments.
As predicted by the factorial design experiments, pH and NaCl
content of the eluent were most important for the recovery yields.
When the pH was, e.g. increased from 3 to 4 and 5 under otherwise
identical conditions, antibody recovery yields dropped dramati-

Table 6
Purity and recovery of antibody MDJ8 from cell culture supernatant determined in
comparison to the Protein A material (Unosphere SUPrA) in microtitre plate binding
studies.

Ligand Purity (%) Recovery (%)

Protein A 88 >99
1A4 68 83
2A8 66 79
2A9 70 87
2A10 74 84
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ig. 7. Contour plots of the elution profiles obtained for the ligands under different p
as  used as probe.

ally. The same was observed in case of an increase in the NaCl
ontent. As observed before, elution was also improved by the
ddition of certain organic solvents such as DMSO. A compari-

on of the relative purities of the obtained antibody fractions also
hows a very similar performance in case of ligand 2A10 and
rotein A. Fig. 8 shows an SDS–PAGE analysis (reduced and non-

able 7
ntibody MDJ8 recovery yields obtained for 2A10-activated stationary phases using

he indicated elution conditions. Values are given as relative recovery yields taking
he  amount eluted by a 0.1 M glycine HCl pH 3.0 eluent from a Protein A column
perated in parallel to the 2A10 one as 100%. The antibody was captured directly
rom a cell culture supernatant.

Elution conditions Relative recovery
yield (%)

100 mM glycine HCl pH 3.0 96
100  mM citric acid/sodium phosphate pH 3.0 67
100  mM citric acid/sodium phosphate pH 4.0 63
100  mM citric acid/sodium phosphate pH 5.0 29
100  mM citric acid/sodium phosphate pH 4.0,
0 mM NaCl

63

100 mM citric acid/sodium phosphate pH 4.0,
150 mM NaCl

14

100 mM citric acid/sodium phosphate pH 4.0,
500 mM NaCl

10

100 mM citric acid/sodium phosphate pH 4.0,
1000 mM NaCl

8

10% DMSO in 10 mM sodium phosphate pH 7.0,
150 mM NaCl

40

10% DMSO in 100 mM citric acid/sodium
phosphate pH 4.0, 150 mM NaCl

58

Fig. 8. SDS–PAGE gel comparing antibody fractions eluted from either Protein A or
2A10 activated column materials and the indicated eluent. Lane 1: molecular weight
marker Precision Plus Protein Standard All Blue (BioRad Laboratories); lane 2: 2A10
column, eluent 0.1 M glycine HCl, pH 3.0, reducing conditions; lane 3: 2A10 column,
eluent 0.1 M glycine HCl, pH 3.0, non-reducing conditions; lane 4: 2A10 column, elu-
ent 50 mM NaOH, reducing conditions; lane 5: 2A10 column, eluent 50 mM NaOH,
non-reducing conditions; lane 6: Protein A column, eluent 0.1 M glycine HCl, pH
3.0,  reducing conditions; lane 7: Protein A column, eluent 0.1 M glycine HCl, pH 3.0,
non-reducing conditions; lane 8: Protein A column, eluent 50 mM NaOH, reducing
conditions; lane 9: Protein A column, eluent 50 mM NaOH, non-reducing conditions;
lane 10: molecular weight marker.
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Fig. 9. Stability of the 2A10 column over time. A 180 �L 2A10 column was loaded
with  15 mL  cell culture supernatant. The flow through was passed through a Protein
A  column. Both columns were then eluted with 100 mM glycine HCl pH 3.0. Relative
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rotein contents of the peaks were calculated from the integral of the peak area.
alues are given in % antibody of the total recovered amount recovered at either of

he two steps. 2A10 column: full bars, Protein A column: striped bars.

educed conditions) of the antibody preparations eluted from the
wo columns by 100 mM glycine HCl pH 3.0 as well as by the sub-
equent washing/regeneration step using 50 mM NaOH. In both
ases, the antibody eluted from the column is already fairly pure.
he multi-band pattern seen in the SDS–PAGE gel is typical for this
articular antibody and obtained with various isolation procedures
like. More importantly, while glycine elution seems fairly com-
lete in case of ligand 2A10, a considerably amount of antibody is
luted in case of the Protein A column by the NaOH step.

.6. Long-term stability

In order to investigate the stability of the ligand-activated col-
mn  material under conditions of prolonged use, a freshly prepared
80 �L 2A10 column was repeatedly loaded with 15 mL  of an anti-
ody containing cell culture supernatant at 0.5 mL/min (420 cm/h).
he breakthrough was collected and passed through a 1 mL  Protein

 column (flow rate 0.5 mL/min). Afterwards, the material retained
n the two respective columns was eluted with a glycine HCl pH 3.0
ulse and quantified via the peak area. The results are summarized

n Fig. 9. After 5 runs, the initial capacity of the 2A10 column was
educed to about 80% and remained more or less stable over the
ext 35 runs. After 45 runs the column had to be discarded as the
ackpressure exceeded the limit of the chromatographic system.
he cell culture supernatant loaded onto the column had initially
een filtrated through a 0.2 �m filter and aliquoted into volumes of
0 mL.  However filtration was not repeated before each individual

njection to avoid biasing the antibody content. It is hence pos-
ible that feed quality deteriorated with time, which contributed
o the increase in column backpressure. Concomitantly, the reduc-
ion in antibody recovery yield may  to some extent reflect a real
eterioration of the antibody in the supernatant.

. Conclusions

Using the outlined approach it was possible to identify small

olecule binders for antibody MDJ8 and other control antibodies
ith binding constants in the submicromolar range. In addition,

hese ligands showed a similar ability to distinguish between the
arget molecule and other components from the cell culture super-

[
[
[

[
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natant as Protein A. Compared to Protein A, the proposed chemical
ligands are considerably cheaper and presumably less problem-
atic in terms of immunogenicity; dedicated toxicity studies have
not been carried out. The molecules are chemically stable and
thus compatible with harsh cleaning and sanitisation conditions.
At least one of the ligands, 2A10, appears to generally bind the Fc-
part of selected human and murine antibodies. This ligand could
thus become a generic ligand for antibody affinity chromatography.
While Protein A affinity chromatography is restricted to antibody
purification, the screening approach as used in this contribution
could in principle be applied to any protein product in biotechnol-
ogy. Moreover, the approach proposed by us would in principle also
allow for straightforward screening for dedicated elution protocols,
e.g. based on known stability limits of the product.
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