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bstract

We have carried out a rigorous evaluation of eight commercially available packed bed chromatography adsorbents for direct capture and
urification of immunoglobulins from clarified rabbit antiserum. Three of these materials featured rProtein A (rProtein A Sepharose Fast Flow,
abselect, Prosep rProtein A) as the affinity ligand, and differed from one another primarily with respect to the underlying base matrix. The

emaining five matrices comprised various synthetic low molecular weight ligands immobilised on hydrophilic porous supports and these included:

EP HyperCel, MabSorbent A1P, MabSorbent A2P, FastMabsA and Kaptiv-GY. The general experimental approach taken was to sequentially

hallenge packed beds of each matrix with a series of different strengths of a clarified antiserum; beginning with the weakest and ending with the
trongest. Marked differences in performance (principally evaluated on the basis of dynamic binding capacity, recovery, and purity) were obtained,
hich allowed clear recommendations concerning the choice of adsorbents best suited for antibody capture from rabbit antisera, to be made.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Currently the large-scale purification of polyclonal antibod-
es is, for the most part, carried out by the plasma fractionation
ndustry, with production being geared towards generation of a
ide range of plasma proteins (including albumin, Factor VIII,
actor IX, Protein C and von Willebrand Factor) rather than sin-
le antibody products [1–3]. Since the first reports on the use of
mmobilised Protein A for the affinity purification of antibod-

es over 30 years ago [4,5]. Protein A affinity chromatography
as become the industrial standard for the purification of clin-
cal grade monoclonal antibodies [3,6–8], but is rarely applied

� This paper is part of a special issue entitled “Polyclonal and monoclonal
ntibody production, purification, process and product analytics”, guest edited
y A.R. Newcombe and K. Watson.
∗ Corresponding author at: Department of Chemical Engineering, School of
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K. Tel.: +44 1214145278; fax: +44 1214145377.

E-mail address: o.r.t.thomas@bham.ac.uk (O.R.T. Thomas).
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n the plasma fractionation industry [1,2], largely for reasons
f cost and reservations concerning Protein A’s chemical sta-
ility, adsorbent shelf-life and cleaning [9]. For the production
f diagnostic antibody products such concerns are less serious;
hus Protein A chromatography currently represents one of most
otent separation tools available to the diagnostic industry.

Not withstanding the success of Protein A chromatography in
he purification of antibodies, adsorbents based on this biologi-
al ligand suffer numerous drawbacks (alluded to immediately
bove), which have stimulated the search for stable synthetic
ow molecular weight ligand alternatives to [10–12] or mim-
cs of Protein A [13,14]. As adsorbents based on such ligands
llow rigorous cleaning without loss in ligand or binding capac-
ty, their use with mildly conditioned, or even unconditioned,
eedstocks (so called ‘dirty’ feedstocks) would appear to offer
ighly attractive prospects for bioprocess intensification.

In parallel with the development of new synthetic alter-
atives to Protein A, others have sought to improve Protein
adsorbents, largely through applying recombinant DNA
echniques to: improve the ligand’s tolerance to cleaning
ith sodium hydroxide [15,16]; lower the binding affinity to

nable use of milder elution conditions [17]; and allowing

mailto:o.r.t.thomas@bham.ac.uk
dx.doi.org/10.1016/j.jchromb.2006.07.003


H. Bak, O.R.T. Thomas / J. Chromatogr. B 848 (2007) 116–130 117

Table 1
Description of adsorbents employed in this study

Adsorbent Immobilised ligand Description of base particle Manufacturer

rProtein A Sepharose FF Recombinant Protein Aa (lot no. 279973,
6 mg mL−1)

60–165 �m highly cross-linked 4%
agarose

GE Healthcare, Uppsala, Sweden

MabSelect Recombinant Protein Aa (lot no. 286511,
5 mg mL−1)

40–130 �m (av. 85 �m) highly
cross-linked rigid ‘HF’ 3.5% agarose
base matrixb

GE Healthcare, Uppsala, Sweden

ProSep rProtein A Recombinant Protein Ac (lot no. 113112724) 75–125 �m controlled pore high
silica glass

Millipore, Billerica, MA, USA

MEP HyperCel 4-mercapto-ethyl-pyridine (lot no. A112,
100 �mol mL−1)d

Av. 90 ± 10 �m cellulosic base
matrix

Pall Life Sciences, BioSepra AS,
Cergy-Saint-Christophe, France

MabSorbents A1P & A2P Mimics of key dipeptide motif in Protein Ae,f (lot
no’s. FA0415 & FA0485, respectively)

75–125 �m highly cross-linked 6%
agarose base matrix

Prometic Biosciences Ltd.,
Cambridge, UK

Kaptiv-GY ‘Peptidomimetic’-branched synthetic peptide of 15
amino acidsg (lot no. 0005021150, 8–10 mg mL−1)

50–80 �m bis-acrylamide/azalactone
copolymer beaded matrix

Tecnogen, Piana di Monte Verna
(CE), Italy

FastMabsA A ‘mixed mode’ ligandh (lot no. XAES-A12,
73 �mol g−1)

80–250 �m highly cross-linked
agarose base matrix

UpFront Chromatography A/S,
Copenhagen, Denmark

a Engineered to include C-terminal cysteine allowing oriented coupling via thioether linkage through a stable 12-atom epoxide spacer arm to the base matrix
(ensuring low ligand leakage).

b Rigid agarose support cross-linked with new technique (not disclosed) to allow high flow rates under process conditions.
c Engineering of rProtein A, the ligand density and coupling chemistry employed are proprietary to the producer. The stereochemistry of rProtein A immobilisation

is designed to maximise antibody binding.
d Binding relies on salt-independent hydrophobic interaction, whereas elution is mediated by pH induced electrostatic repulsion, hence the term ‘hydrophobic

charge induction’ [10,19–22].
e Ligands (structures not disclosed) comprise a triazine scaffold with two spatially oriented substituents that mimic the helical twist of the key dipeptide in Protein
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[14].
f The ligand density is proprietary to the producer.
g Found by screening a peptide library by measuring ability to interfere with
h Low molecular weight synthetic ligand (structure not disclosed) having hyd

or chemoselective oriented immobilisation to the base matrix
hrough stable linkage chemistries [18].

Here, eight commercial adsorbents specifically intended for
gG purification were directly compared, for their ability to
ecover polyclonal antibodies from clarified rabbit antisera feed-
tocks of varying strength. Three of these materials were new
mproved rProtein A-linked chromatographic matrices, and the
emainder comprised five low molecular synthetic ligand-based
dsorbents (for descriptions of the ligands employed in this work
he reader is referred to Table 1). The principal criteria evaluated
n this work, of dynamic immunoglobulin (Ig) binding capac-
ty, recovery and purity, provided the framework for selection of
dsorbents well-suited to the task of antibody purification from
omplex antiserum feedstocks.

. Materials and methods

.1. Materials

The chromatography feedstocks (i.e. rabbit anti-human trans-
errin antiserum) and goat anti-rabbit serum used in the prepara-
ion of gels for crossed immunoelectrophoresis, were produced
nternally at DakoCytomation A/S (Glostrup, Denmark) fol-
owing published procedures [23]. Pure rabbit albumin was
repared in house at DakoCytomation A/S using proprietary pro-
edures, while rabbit Ig was available as a commercial product

X0903 concentrate and commercial product strength 20 g L−1)
t DakoCytomation A/S. The various chromatographic media
mployed, i.e.: MabSelectTM and rProtein A Sepharose FF (GE
ealthcare, Amersham Biosciences, Uppsala, Sweden); ProSep

c

e

ction of Protein A and biotinylated immunoglobulins [13].
lic and hydrophobic functionalities within the same molecule [12].

Protein A (Millipore, Billerica, MA, USA); MEP Hyper-
el (Pall Life Sciences, BioSepra SA, Cergy-Saint-Christophe,
rance); MabSorbent A1P and MabSorbent A2P (Prometic Bio-
ciences Ltd., Cambridge, UK); FastMabsA (UpFront Chro-
atography, Copenhagen, Denmark); and Kaptiv-GYTM (Tec-

ogen, Piana di Monte Verna (CE), Italy), were obtained as
ifts from the manufacturers (see Table 1 for detailed descrip-
ions). High performance thin layer chromatography (HP-TLC)
lates (Silica gel 60) and HAS 1000 protein grade agarose
ere acquired from Merck (Darmstadt, Germany) and Medi-
ova Scientific A/S (Hellerup, Denmark), respectively. The
taining reagents used on crossed immunoelectrophoretograms,
.e. Coomassie Brilliant Blue R250, Sudan Black and zinc
cetate, were supplied by Kem-En-Tech (Copenhagen, Den-
ark), Sigma (St. Louis, MO, USA) and Merck (Whitehouse
tation, NJ, USA), respectively, and Primuline stain for HP-TLC
as purchased from Sigma (St. Louis, MO, USA). All reagents

or reducing SDS–PAGE (NuPage® 10-well pre-cast ‘4–12%’
olyacrylamide gradient gels, Mark 12TM molecular weight
arker, Simply BlueTM Safe Stain, Novex Gel-Dry Solution,
uPageTM sample and MOPS running buffer systems) were

cquired from Invitrogen (Carlsbad, CA, USA). All other chemi-
als were of AnalaR or equivalent grade, and were obtained from
egistered suppliers.

.2. Preparation of feedstocks for packed bed

hromatography experiments

The chromatographic feedstock used in all chromatography
xperiments detailed within this paper, was a rabbit anti human
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ransferrin anti-serum that received no conditioning other than
larification and dilution. Two hundred millilitre lots of crude
abbit antiserum pools from ‘Danish Whites’ were first fil-
ered free of particulate matter by passage through a Nalgene
isposable dead end membrane 0.45 �m filters (VWR Interna-
ional, Buffalo Grove, IL, USA) to yield clarified undiluted sera
hereafter designated ‘100% serum strength’). The mean Ig con-
entration from seven different batches of this feedstock was
nusually high (21.2 ± 1.1 mg mL−1 cf. typically quoted value
f 13.6 mg mL−1 for IgG [24]). In some experiments these feed-
tocks were applied directly onto equilibrated packed beds, but in
ost cases they were diluted 2, 3, 5, 6 or 9-folds with the appro-

riate column equilibration buffer (see Table 2) to yield feeds
ith serum strengths of 50%, 33.3%, 20%, 16.7% or 11.1%,

espectively.

.3. Chromatography

All chromatography was performed at ambient temperature
∼21 ◦C unless stated otherwise) employing an Äkta Explorer
00 system equipped with flow-through pH and conductivity
robes, and a fraction collector (GE Healthcare, Uppsala, Swe-
en). Approximately 5 mL packed beds of chromatographic
edia contained in 1 cm internal diameter columns (HR10/10,

E Healthcare) were operated under downward flow during
acking, using flow rates similar to those recommended by the
anufacturer of each matrix (Table 2). The flow adapters were

hen lowered onto the gels before copiously washing the beds

p
a
s
I

able 2
acking and chromatographic conditionsa used for the matrices under test

dsorbent Packing/ equilibration
(cm h−1)

Bed volume (mL) Equilib
and wa

Protein A Sepharose FF 382/229 4.6 25 mM
7

abSelect 611/229 5.1 and 5.2c 25 mM
7 or 25
150 mM

roSep rProtein A 611/229 or 316f 4.8 25 mM
7

EP HyperCel Settlingg/229 5.7 50 mM
abSorbent A1P Settlingg/153 5.0 25 mM

7
abSorbent A2P 309/153 4.3 25 mM

7
astMabs Settlingg/229 4.7 10 mM

aptiv-GY 229/76 5.2 65 mM
6.5

he flow rates employed at all other stages (wash, elution, regeneration and test of the
a Unless indicated otherwise, separations were conducted at ∼21 ◦C.
b In all cases loading was performed at 38 cm h−1, ensuring an on-column time of
c Employed in experiments conducted at 4–8 ◦C.
d For run 3 (at 4–8 ◦C; Table 3) only.
e The harsher cleaning regime was employed in experiments performed at 4–8 ◦C (
f For run 5 (Table 3) only.
g Beds were first allowed to form by settling, before being packed down further at
togr. B 848 (2007) 116–130

ith the appropriate equilibration buffer (see Table 2) until the
V absorbance, conductivity, and pH of the liquid exiting the

olumn reached that of the incoming equilibration buffer. The
ow adaptors were then re-lowered onto the packed beds to
ive final bed heights of between 5.5 and 7.2 cm. The buffer
ystems employed (Table 2) for media equilibration, product
lution, and column regeneration of packed beds of the non-
rotein A-based media were those suggested by the individual
edia manufacturers. In the absence of clear recommendations

rom the maker’s on buffer systems to use for any of the Pro-
ein A-based matrices (i.e. MabSelectTM, rProtein A Sepharose
F and ProSep rProtein A), the following simple buffers were
elected: 25 mM potassium phosphate, pH 7.0 for equilibration
nd washing; and 0.1 M sodium citrate, pH 3.5 for elution. The
rst rProtein A-based matrix evaluated in this study was rPro-

ein A Sepharose FF and the purpose of the first chromatographic
un with this material (Table 3) was to identify a suitable pH for
fficient stepwise elution of captured Igs from rProtein A-linked
upports. Following loading of 20% (v/v) antiserum and chas-
ng unbound material out of the column, the bed was developed
ith a falling pH gradient, i.e. from pH 7.0 to 3.0 (formed with

he buffers 25 mM potassium phosphate, pH 7.0 and 100 mM
odium citrate, pH 3.0), over 20 CVs. In general accordance
ith the finding of others [7] rabbit Igs were desorbed between

H 5.5 and 3.5 in ∼4.5 CV (results not shown). The binding
ffinity of rabbit IgG for Protein A is equally as strong as that
hown by human IgG1, IgG2, and IgG4 [8,24–26], and these
gG species are eluted from Protein A-linked adsorbents over

ration, loadingb

shing buffer
Elution buffer Regeneration solution

K-phosphate, pH 100 mM Na-citrate, pH
3.5

100 mM Na-citrate, pH
2.5

K-phosphate, pH
mM K-phosphate,

NaCl, pH 7.4d

100 mM Na-citrate, pH
3.5

100 mM Na-citrate, pH
2.5, or 10 mM NaOHe

K-phosphate, pH 100 mM Na-citrate, pH
3.5

100 mM Na-citrate, pH
2.5

Tris–HCl, pH 8 50 mM Na-acetate, pH 4 1 M NaOH
K-phosphate, pH 10 mM Na-citrate, pH 3 0.5 M NaOH

K-phosphate, pH 50 mM Na-citrate, pH 3 0.5 M NaOH

Na-citrate, pH 5.7 25 mM K-phosphate, 1 M
NaCl, pH 6.5, or 10 mM
NaOH

1 M NaOH

bis-Tris–HCl, pH 100 mM acetic acid (i) 0.1 M acetic acid,
0.5 M NaCl, pH 4; ⇒
(ii) 0.1 M Tris–HCl,
0.5 M NaCl, pH 8

oretical plates) were the same as those employed for equilibration of the beds.

8.6–11.5 min.

see Table 3).

the equilibration flow rate.
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Table 3
Combined influence of feedstock complexity and number of cycles on the chromatographic purification of rabbit immunoglobulins on packed beds of rProtein A-based matrices operated under conditions presented
in Table 2
Adsorbent Run Feedstock

antiserum
strength (%, v/v)

Feedstock
conductivity
(mS cm−1)

Feedstock
applied
(mL)

Equivalents of ‘100%
antiserum’ applied
(mL mL−1 bed)

Ig applied
(mg mL−1

bed)

Ig bounda

(mg mL−1

bed)

Ig eluted
(mg mL−1

bed)

Ig elution
efficiencyb

(%)

Eluted Ig
concn
(mg mL−1)

Fold volume
expansionc

Ig Purityd (%) Ig mass
balance (%)

rProtein A Sepharose FF
1e 20 5.5 45 2.0 42.2 39.6 35.7 90 8.2 2.6 110 90
2 33.3 6.4 50 3.6 73.0 47.0 29.1 62 8.4 2.6 104 75
3 50 7.5 26 2.8 62.6 50.3 49.8 99 14.3 1.5 116 100

MabSelect

1 20 5.5 50 2.0 39.2 32.5 20.8 64 13.3 1.6 90 70
2 33.3 6.4 38 2.5 52.4 35.1 28.4 81 18.1 1.2 106 87
3 50 7.5 22 2.2 46.5 39.8 27.8 70 11.8 1.8 91 74
4 100 10.8 15 2.9 59.6 35.3 31.4 89 13.3 1.6 102 93
5 100 10.8 5 1.0 20.4 19.9 15.9 80 11.6 1.9 81 80

MabSelect @ 4–8 ◦C

1 50 7.4 22 2.1 46.7 38.0 34.2 90 12.7 1.7 99 92
2 50 7.4 2 0.2 4.4 4.3 3.3 76 2.1 10.3 98 77
3f 50 13.8 35 3.4 73.5 34.9 30.4 87 13.2 1.6 95 94
4g 50 7.5 22 2.1 45.2 37.3 29.8 80 12.9 1.7 96 83
5g 100 10.8 5 1.0 21.0 19.2 17.1 89 8.9 2.4 86 89
6 100 10.8 15 2.9 60.8 35.4 31.2 88 11.6 1.9 86 93
7 50 7.5 22 2.1 40.0 30.6 32.7 107 10.6 2.0 90 105

ProSep rProtein A

1 20 4.8 42 1.8 40.6 32.1 30.2 94 12.1 1.8 79 95
2 33.3 6.4 27 1.9 45.8 31.9 28.8 90 11.5 1.9 72 93
3 50 7.5 18 1.9 37.5 26.8 26.0 97 10.4 2.1 63 98
4 100 10.8 10 2.1 42.5 26.1 26.7 102 10.7 2.0 75 102
5h,i 100 10.8 1 0.2 4.2 ND 2.9 ND 1.8 12.0 88 ND
6h 100 10.8 1 0.2 4.2 ND 2.9 ND 1.8 12.0 88 ND

a After washing and immediately prior to elution.
b Elution efficiency = [(

∑
Igeluted)/(

∑
Igloaded −

∑
Igwash fractions −

∑
Igrun through)]100%.

c Relative to original ‘100% antiserum’ with an Ig concentration of 21.6 ± 1.3 g L−1 (n = 37).
d Numerical estimates of Ig purity were obtained from measurements of Ig and protein content as described in Sections 2.5–2.7.
e Developed with a pH gradient (starting at pH 7 and ending at pH 3). Complete desorption of rabbit Ig required a pH < 3.8.
f For equilibration, loading, and washing 25 mM K-phosphate buffer pH 7.4, supplemented with 150 mM NaCl, was used.
g Wash after load was reduced from typically ∼14 to ∼5 CV.
h Only the main load and elution fractions were analysed.
i Equilibration, washing, elution and regeneration were performed at 306 cm h−1. ND = not determined.
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ery similar ranges of pH, with complete desorption normally
ccurring by pH 3.5 to 3.0 [7]. Thus, in subsequent experiments
ith all of the rProtein A-based supports, a 0.1 M sodium cit-

ate buffer, pH 3.5 was selected for stepwise elution of bound
gs.

A standard chromatographic run was performed in the follow-
ng way. Packed beds of chromatography media were thoroughly
quilibrated at flow rates between 76 and 316 cm h−1, depending
n the matrix under test (see Table 2), with an appropriate buffer
ntil the UV absorbance, pH and conductivity of the flow exiting
he column matched that entering it (i.e. at least 10 CV). Clari-
ed antisera or serum feedstocks were then loaded directly onto

he equilibrated packed beds at a linear flow rate of 38 cm h−1 in
ll cases, which guaranteed an ‘on-the-column’ residence time
f 8.6–11.5 min. On completion of sample loading, the columns
ere irrigated with ∼4 CV (20 mL) of equilibration buffer at

he same flow rate (i.e. 38 cm h−1) and then a further 10 CV
f the same buffer at a higher flow rate (i.e. the same as that
sed for equilibration; Table 2). In most experiments product
lution was performed at the equilibrating flow rate (Table 2)
n a stepwise fashion using 5 or 10 CV of a suitable elution
uffer.

Finally, columns were cleaned-in-place (CIPed) with
–10 CV of a recommended sanitising solution (see Table 2)
t 38–76 cm h−1, washed successively with at least 10 CV of
quilibration buffer and 6 CV of 20% (v/v) ethanol. Columns
ere stored in the latter solution until required at either 4–8 ◦C
r ∼21 ◦C, depending on temperature under which the column
as to be operated. During CIP upward flow was used. At

ll other chromatographic stages downward flow was applied.
low exiting columns was monitored continuously by on-line
easurement of UV absorbance, pH and conductivity, and col-

ected fractions (1–4 mL) were assayed for antibody, soluble
rotein, and lipoprotein contents (Sections 2.5, 2.6 and 2.8,
espectively).

For dynamic breakthrough studies and for studying
he impact of the feedstock on chromatographic perfor-

ance/robustness, the experimental approach taken was to
equentially challenge packed beds with a series of differ-
nt strengths (11–100%, v/v) of a clarified rabbit antiserum;
eginning with the weakest and ending with two runs of the
trongest. In most cases the beds were ‘overloaded’ (i.e. well
eyond the point of breakthrough) with antiserum; the total
mount applied per millilitre of bed in each set of tests was
ept relatively constant (i.e. at ∼60 ± 10 mg Ig mL−1 for beds of
abselect and rProtein A Sepharose FF; ∼40 ± 4 mg Ig mL−1

f Prosep Protein A, MEP HyperCel, MabSorbent A1P, Mab-
orbent A2P and FastMabsA; ∼28 ± 6 mg Ig mL−1 of Kaptiv-
Y and FastMabsA). In these tests dynamic binding capacities

DBC0.5 g L−1 ) were determined from generated breakthrough
urves at the point where the Ig concentration at the column
utlet reached 0.5 g L−1. The final run in each series was con-
ucted with the same feed as that used in the penultimate

est (i.e. the highest strength feed), but with a ∼2 to 10-fold
educed challenge depending on the matrix under evaluation.
fter washing and eluting bound Ig the adsorbents were CIPed

s described above, and then probed for signs of deterioration

c
a
r
d

togr. B 848 (2007) 116–130

n bed quality (Section 2.4) before carrying out the next run.
our of the eight matrices (MabSelectTM, ProSep rProtein A,
EP HyperCel, MabSorbent A1P) under test were challenged

onsecutively with rabbit antisera of 20%, 33%, 50% and 100%
trength. The remaining four adsorbents (rProtein A Sepharose
F, MabSorbent A2P, FastMabsA and Kaptiv-GYTM) were sub-

ected to fewer (2–3) and less testing (11–50% serum strength)
uns.

.4. Residence time distribution

At all stages (i.e. after packing, prior to and after every chro-
atographic run) packed columns were inspected for possible

eterioration in bed quality using residence time distribution
RTD) analysis. For this, small pulses of a low molecular weight
racer (either 50 �L of 5% (v/v) acetone, 50 �L of 0.5 M NaCl,
r 100 �L 0.5 M sodium citrate pH 5.7) were injected on to the
olumn under test and the tracer concentration in the column
ffluent was monitored by measuring either its UV absorbance
at 280 nm for acetone tracers) or conductivity (for NaCl and
odium citrate). A minimum of three such measurements was
erformed in each test. In this work the number of theoretical
lates, N, and the ‘height equivalent to a theoretical plate’, H,
ere calculated from Eqs. (1) and (2) [27,28].

= 5.54

(
VR

w1/2

)2

(1)

= L

N
(2)

here VR is the retention time, w1/2 is the recorded peak width
t half of its height, L is the height of the packed bed.

The Unicorn software of the Äkta explorer 100 allowed cal-
ulation of VR, w1/2 and also another useful parameter known
s the symmetry factor, As Eq. (3)

s = b

a
(3)

here a is the 1st half peak width at 10% of its height and b is
he second half peak width at 10% of its height. As should be as
lose to 1 as possible, but for short columns acceptable values of
s are 0.8 to 1.8 [28]. Tubing dead volumes were compensated

or in calculation of VR.

.5. Immunoturbidimetric determination of rabbit
mmunoglobulin content

The development of the robust assay for rabbit immunoglobin
pplied in this study has been described in detail elsewhere
29] and is only briefly outlined here. ‘Purified immunoglob-
lin’ (X0903, DakoCytomation A/S, Glostrup, Denmark) from
on-immunised rabbits was diluted with ‘S2005 buffer’ (Dako-
ytomation A/S) to generate a series of standards with con-

entrations between 6.6 and 500 mg L−1, and samples were
ppropriately diluted with the same buffer so as to lie within this
ange. Duplicate portions (50 �L) of diluted samples and stan-
ards were pipetted into the wells of a microtitre plate (96-well
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reducing SDS–PAGE [32]. Electrophoresis was performed on
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olysorb, Nalgene Nunc Int., Rochester, NY, USA), followed
y 90 �L aliquots of ‘S2008 reaction buffer’ (DakoCytoma-
ion A/S). After 5 s of brief mixing, the plate was incubated
or ∼300 s at 30 ◦C in a pre-heated Thermomax or Spectra Max
50 microtitre plate reader (Molecular Devices, Sunnyvale, CA,
SA) and then read at 340 nm. Next, 210 �L aliquots of an

ntibody mixture consisting of 2-fold diluted goat anti-rabbit
mmunoglobulins (Z0421, DakoCytomation A/S) mixed in a
:3 ratio with S2008 reaction buffer, were added rapidly to
ach well with a BioHit Proline 12-channel automated pipette
50–1200 �L, Helsinki, Finland). After incubating at 30 ◦C for
00 s the plates were re-read at 340 nm.

.6. Estimation of protein content

In some early chromatographic studies, protein content was
etermined by refractometry. However, in most cases the protein
ontent in samples was estimated by spectrophotometric analy-
is at 280 nm in an UltroSpec III UV–vis Spectrophotometer (GE
ealthcare, Uppsala, Sweden) assuming an extinction given by
1% (w/v) solution of a pure protein when the light path is 1 cm
E1%

1 cm) to be 13.8 for ‘highly pure eluates’ or 10 for samples
f lesser purity (i.e. feedstocks and ‘dirty eluates’). Pure human
gG, albumin and transferrin have E1%

1 cm values at 280 nm of
3.8, 5.8 and 11.2, respectively [30].

.7. Numerical estimation of Ig purity

Numerical estimates of Ig purity in eluted fractions were sim-
ly obtained by dividing the immmunoglobulin content of the
ractions by their total protein contents.

.8. Determination of cholesterol content

Analysis of the cholesterol concentration in selected sam-
les was used to provide an indirect measure of their lipoprotein
ontent. Samples (900 �L) were extracted with 15 mL of a chlo-
oform/methanol (2:1) mixture at 4 ◦C for 0.5 h, before adding
.5 mL portions of a 0.8% (w/v) potassium chloride solution.
fter mixing overnight at 4 ◦C, the lower phases were trans-

erred to clean glass tubes, dried under nitrogen, and then dis-
olved in 100 �L portions of chloroform/methanol (1:1). Nine
icrolitre aliquots of these extracts were applied to Silica gel

0 HPTLC-plates using a Desaga AS-30 HP-TLC-applicator
Desaga, Wiesloch, Germany). Cholesterol standards (either
0 ng and 500 ng for semi-quantitative analysis or six standards
anging from 100 to 3000 ng for quantitative purposes) were
pplied to the same plates, which were subsequently devel-
ped in a Camag Horizontal Development Chamber (Muttenz,
witzerland), using chloroform/methanol/ acetic acid (190:9:1).
or semi-quantitative analysis, plates were dipped in hep-

ane/isopropanol/acetic acid (95:5:1), sprayed with Primuline
eagent, and then viewed under a short wavelength (205 nm)

V lamp. For quantitation of cholesterol content, dried plates
ere first soaked with an aqueous solution of 15.6% (w/v)

opper sulphate in 8% (w/v) phosphoric acid, then air-dried
nd charred at 170 ◦C for ∼480 s. The HP-TLC plates were

2
w
m
S
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hen scanned at 420 nm in a CD-60 HP-TLC densitometer
quipped with ProQuant software (both from Desaga, Wiesloch,
ermany).

.9. Crossed immunoelectrophoresis

Crossed immunoelectrophoresis was used both qualitatively
i.e. for visual estimations of purity and for detection of contam-
nating lipoprotein in samples) and semi-quantitatively (e.g. for
etermining the relative abundance of a principle contaminant,
amely albumin), and was performed essentially as described
y Høiby and Axelsen [31] using the ‘macro’ technique. In
he first dimension ∼100 �g of total protein was applied to a
0 cm × 10 cm glass plate with 15 mL of 1% (w/v) agarose gel
made up in a proprietary running buffer, pH 8.3–8.9). The gel
as then electrophoresed at 10–15 V cm−1 for typically 0.75 h
sing the running buffer. The 2nd dimension of the gel contained
2.5 �L cm−2 of a goat anti-rabbit serum immunoglobulin frac-
ion purified by the method of Harboe and Ingild [23] from
oats immunised with rabbit serum. Electrophoresis in the 2nd
imension was conducted for at least 16 h at a constant voltage
f ∼2 V cm−1. Following electrophoresis, gels were subjected
o the following sequential operations: (i) pressing between
wo sheets of Whatman filter paper; (ii) drying at 70 ◦C; (iii)
ashed twice with 0.1 M NaCl and then once with deionised
ater (for 600 s each); (iv) drying once again; (v) and finally

taining for either protein or lipoprotein. Protein staining was
erformed by immersion for at least 0.25 h at room tempera-
ure in a solution composed of 0.75% (w/v) Coomassie Brilliant
lue R250 in acetic acid/ethanol. Gels were de-stained in acetic
cid/ethanol (3 cycles of 600 s each), before drying at 70 ◦C.
ipoprotein was stained in a similar manner using an aque-
us solution of 2 g L−1 Sudan Black and 20 g L−1 zinc acetate.
fter 24–48 h the gels were de-stained in 70–90% (v/v) ethanol

nd then dried at 70 ◦C. Digital images of crossed immuno-
lectrophoretograms were obtained by scanning gels into a PC
ith the aid of a 1200 × 1200 dpi optical resolution Canon
anScan D660U flat bed scanner (Canon Inc., Tokyo, Japan)
r 1200 × 1200 dpi optical resolution Hewlett-Packard Scanjet
500c flatbed scanner (Hewlett-Packard, Palo Alto, CA, USA).
n some cases the ratio of the albumin to Ig peak areas was
alculated in the following way. Images of Coomassie Blue
tained crossed immunoelectrophoresis plates were blown up
nd printed out in triplicate. The Ig and albumin peaks from
ach were then cut out, weighed on an analytical balance (model
A230S, Sartorius Instruments, Göttingen, Germany) and

atio-ed.

.10. SDS–PAGE

Protein compositions in samples were also analysed by
0–25 �L samples in Bis–Tris 4–12% (w/v) polyacrylamide gels
ith a MOPS running buffer, exactly as recommended by the
anufacturers. Protein bands were visualised by staining with
imply BlueTM Safe Stain.
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Table 4
Combined influence of feedstock complexity and number of cycles on the chromatographic purification of rabbit immunoglobulins on packed beds of low molecular weight synthetic ligand-based matrices operated
under conditions presented in Table 2
Adsorbent Run Feedstock

antiserum
strength (% v/v)

Feedstock
conductivity
(mS cm−1)

Feedstock
applied
(mL)

Equivalents of ‘100%
antiserum’ applied
(mL mL−1 bed)

Ig applied
(mg mL−1

bed)

Ig bounda

(mg mL−1

bed)

Ig eluted
(mg mL−1

bed)

Ig elution
efficiencyb

(%)

Eluted Ig
concn
(mg mL−1)

Fold volume
expansionc

Ig purityd (%) Ig mass
balance (%)

MEP HyperCel

1e 20 6.2 48 1.7 37.9 22.7 20.9 92 6.0 3.6 86 95
2e 33.3 6.9 29 1.7 37.9 21.4 17.4 81 5.0 4.3 86 89
3e 50 7.9 19 1.7 37.5 19.2 16.0 83 4.6 4.7 88 91
4 100 10.8 10 1.8 39.6 26.7 18.4 69 5.3 4.1 86 79
5 100 10.8 5 0.9 19.1 15.7 8.8 56 3.1 7.0 68 63

MabSorbent A1P

1 20 5.5 46 1.8 40.2 8.6 9.0 105 3.8 5.7 72 101
2 33.3 6.3 28 1.9 41.0 8.8 8.8 100 2.8 7.7 68 100
3 50 7.5 18 1.8 39.0 10.1 8.4 83 2.6 8.3 68 95
4 100 10.8 10 2.0 39.8 11.4 7.2 63 1.8 12.0 65 89
5 100 10.8 1.5 0.3 6.4 4.0 4.0 99 1.3 16.6 83 99

MabSorbent A2P
1 20 5.5 32 1.5 36.5 14.0 14.2 101 3.1 7.0 55 100
2 33.3 6.4 27 2.1 47.9 14.0 14.0 100 3.0 7.2 55 99

FastMabsA
1f 20 4.2 45 1.7 44.3 40.6 26.4 65 2.3 9.4 ND 68
2g 20 4.1 155 6.6 141.7 31.7 26.6 84 3.9 5.5 31 96

Kaptiv-GY
1 11.1 1.9 50 1.1 22.3 5.1 3.5 68 2.3 9.4 25 92
2h 16.6 2.3 50 1.6 34.4 ND 4.0 ND 2.6 8.3 38 ND

a After washing and immediately prior to elution.
b Elution efficiency = [(

∑
Igeluted)/(

∑
Igloaded −

∑
Igwash fractions −

∑
Igrun through)]100%.

c Relative to original ‘100% antiserum’ with an Ig concentration of 21.6 ± 1.3 g L−1 (n = 37).
d Numerical estimates of Ig purity were obtained from measurements of Ig and protein content as described in Sections 2.5–2.7.
e ∼14 CV wash step was followed with 5 CV of MilliQ water prior to elution.
f Elution performed with 10 mM NaOH.
g Elution performed with 25 mM K-phosphate, 1 M NaCl, pH 6.5.
h Only the main load and elution fractions were analysed; ND = not determined.
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. Results and discussion

.1. Experimental approach

In ascertaining the suitability of various commercial rProtein
and low molecular weight ligand-based media (Table 1) for

he task of recovering Ig directly out of clarified rabbit anti-
erum, the general experimental approach we have undertaken
ere has been to consecutively challenge fixed beds of each
dsorbent with a series of rabbit antisera feedstocks of increas-
ng difficulty (i.e. combined increases in antiserum strength
nd ionic strength), and study the impact of these treatments
n: (i) Ig dynamic binding capacity; (ii) bed integrity; (iii)
g elution efficiency; and (iv) purity. The conditions selected
or packing and operation of fixed beds of these materials
re shown in Table 2, and the results from 37 chromato-
raphic runs conducted with these, and clarified rabbit anti-
erum feedstocks, are summarised in Tables 3 and 4, and
igs. 1–5.

In most cases chromatographic beds were heavily ‘over-
oaded’ with immunoglobulins (i.e. well past the point of
reakthrough), which allowed breakthrough curves to be gen-
rated and the dynamic binding capacities for Ig to be cal-
ulated. After washing and eluting adsorbed Igs, the matri-
es were CIPed, and then subjected to RTD analysis. The
nal run in each series was typically performed with a
arkedly reduced volume (i.e. not loaded to breakthrough)

f the same feed as that employed in the penultimate ‘over-
oaded’ run, and will hereafter be referred to as ‘underloaded’
uns. Half of the matrices (MabSelect, ProSep rProtein A,

EP HyperCel and Mabsorbent A1P) under trial were sub-
ected to the following five-run series of antiserum feed-
tocks: 20% ⇒ 33.3% ⇒ 50% ⇒ 100% ⇒ 100% (v/v) strength.

he remaining adsorbents (rProtein A Sepharose FF, Mab-
orbent A2P, FastMabsA and Kaptiv-GY) experienced fewer
i.e. 2–3) and generally less taxing (11–50% antiserum)
uns.

s

h
s

ig. 1. Typical profiles from ‘overloaded’ runs performed on ‘rProtein A’ and ‘low m
eparations performed at ∼21 ◦C on (a) MabSelect (run 2, Table 3) and (b) MabSo
lution were collected and analysed off-line for Ig and protein contents as detailed in S
nd the shaded histograms indicate the normalised Ig concentrations, expressed as th
eedstock applied to the columns. Strip peak fractions were not assayed for Ig conten
togr. B 848 (2007) 116–130 123

.2. General observations

Examples of typical chromatograms obtained from runs per-
ormed at room temperature are presented in Fig. 1a and b, for
epresentatives of the rProtein A and low molecular weight syn-
hetic ligand-based groups of supports, respectively. Although
he ligands on the latter materials are very different from
ne another, a common feature observed in all of their chro-
atograms was the presence of a sizeable stripping peak during

he regeneration phase (discussed later in Section 3.5). Such
eaks were absent from separations performed at ambient tem-
erature on the agarose-based rProtein media and were very
mall with the controlled pore glass rProtein A matrix. That
aid, in low temperature runs performed with MabSelect, the use
f a harsher cleaning regime (i.e. 10 mM sodium hydroxide cf.
00 mM sodium citrate, pH 2.5) yielded tiny strip peaks. Addi-
ional generalisations concerning Ig separations in this work
hat can be gleaned from inspection of Fig. 1a and b are that
s a group the rProtein A-linked materials yielded eluates of
ignificantly higher Ig concentration and purity, than their low
olecular weight synthetic ligand-based counterparts.

.3. Dynamic Ig binding capacity

As alluded to earlier, the front part of ‘overloaded’ chro-
atograms enabled breakthrough curves to be constructed.
ig. 2 shows Ig breakthrough profiles corresponding to the
overloaded’ runs documented in Tables 3 and 4, while Fig. 3
ummarizes the combined impact of feedstock strength and
umber of cycles of operation on the dynamic binding capac-
ty (DBC0.5 g L−1 ) at an Ig concentration in the flow exiting the

olumn of 0.5 g L−1, which corresponds to ∼5 and ∼2.5% Ig
reakthrough with 50% (v/v) and 100% (v/v) antiserum feed-

tocks, respectively.

As a group the rProtein A-based matrices exhibited much
igher dynamic capacities than the low molecular weight
ynthetic ligand support types. The highest DBC0.5 g L−1 of

olecular weight synthetic ligand’-based media. The examples shown are from
rbent A1P (run 1, Table 4). Fractions collected during loading, washing, and
ections 2.5 and 2.6, respectively. The solid lines represent the UV280 nm traces,

e ratio C/C0, where C is the concentration in each fraction and C0 is that of the
t.
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50 mg mL−1 of adsorbent was determined in run 3 on rProtein
Sepharose FF (Fig. 3), which was conducted with a 50% (v/v)

ntiserum feedstock. The other rProtein A–agarose adsorbent
mployed in this study, MabSelect, features exactly the same
igand as that on rProtein A Sepharose FF, attached at a slightly
ower ligand density (5 mg mL−1 cf. 6 mg mL−1; Table 1) to

newly developed agarose base matrix (Table 1). The lower

apacity observed for MabSelect cf. rProtein A Sepharose FF
orrelates well with its reduced ligand density.

The rProtein A-linked adsorbent possessing the lowest Ig
inding capacity was the controlled porous glass-based support,

r
a
r

ig. 2. Effect of antiserum feedstock strength on dynamic binding of Ig to packed b
–8 ◦C; (d) ProSep rProtein A; (e) MEP HyperCel; (f) MabSorbent A1P; (g) MabSo
8 cm h−1. Symbols: (�) 11.1%; (�) 16.7%; (�) 20%; (�) 33.3%; (©) 50%; (�) 1
oncentration at the column outlet of 0.5 g L−1. Refer to Tables 3 and 4 for run identi
togr. B 848 (2007) 116–130

roSep rProtein A, which recorded a maximum DBC0.5 g L−1 of

6 mg mL−1 with 20% (v/v) antiserum (Fig. 3). In stark con-
rast to the agarose-based adsorbents, increasing the antiserum
trength of the feedstock from 20% (v/v) in run 1, through 33.3%
v/v) and 50% (v/v) in runs 2 and 3, respectively, to 100% in run
, was accompanied by a gradual decline in ProSep rProtein A’s
evel of Ig binding to 30 mg mL−1 (Fig. 3).
A very different pattern of behaviour was observed with
Protein A Sepharose FF and MabSelect. At ambient temper-
ture the Ig binding capacities for both supports were seen to
ise in response to an increase in antiserum strength from 20%

eds of: (a) rProtein A Sepharose Fast Flow; (b) MabSelect; (c) MabSelect @
rbent A2P; (h) FastMabsA; and (i) Kaptiv-GY at a superficial fluid velocity of
00% (v/v) antiserum in feedstock. The broken horizontal line indicates an Ig
fication/history.
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Fig. 3. Combined influence of number of runs and antiserum strength on the Ig dynamic breakthrough capacity (DBC0.5 g L−1 ) of packed beds of rProtein A and

low molecular weight ligand-based media at a superficial fluid velocity of 38 cm h−1. The first run in each series was performed using a feedstock of low antiserum
strength (i.e. 11.1% or 20%, v/v). The antiserum strength was then raised in stepwise fashion for each of the subsequent runs as described in Section 2.3. The
f .9 mS
( mS c
l ◦C wa

(
1
d
s
fi
r
t
r
a
h
i
p

a
3

o
q
5
r
D

5

F
p
r
T
(
1
l

eedstock applied in each run is identified by the following key: ( ) 11.1% (1
6.3–6.9 mS cm−1); ( ) 50% (7.4–7.9 or 13.8* mS cm−1); and (�) 100% (10.8
isted in Tables 3 and 4. *Note, the ionic strength in run 3 on MabSelect at 4–8

v/v) to 50% (v/v), but a further hike in antiserum strength to
00% (v/v) caused no additional rise in Ig adsorption (Fig. 3),
espite the doubling in Ig concentration and increased ionic
trength of the latter feedstock (Table 3). The strength and speci-
city of interaction between immunoglobulins and Protein A is
eported to be dependent on ionic strength, where increasing
he ionic strength of the feedstock is thought to simultaneously
educe electrostatic repulsion and enhance hydrophobic inter-

ction between the ligand-target pair [7,33]. In this work we
ave found no evidence for enhanced Ig binding capacity at
ncreased ionic strengths. For example, in a sequence of tests
erformed with MabSelect and 50% (v/v) antiserum at 4–8 ◦C,

r
r
e
M

ig. 4. Combined influence of number of runs and antiserum strength on (a) the nu
acked beds of rProtein A and low molecular weight ligand-based media. After every
esidence time distribution (RTD) analyses as described in Section 2.4. The resultin
he run numbers for each series of tests correspond to those listed in Tables 3 and 4.
) 11.1% (1.9 mS cm−1); ( ) 16.7% (2.3 mS cm−1); ( ) 20% (4.1–6.2 mS cm−1); (

00% (10.8 mS cm−1) antiserum. Run ‘0’ indicates previously unused and freshly e
isted in Tables 3 and 4. *Note, the ionic strength in run 3 on MabSelect at 4–8 ◦C wa
cm−1); ( ) 16.7% (2.3 mS cm−1); ( ) 20% (4.1–6.2 mS cm−1); ( ) 33.3%
m−1) antiserum. The run numbers for each series of tests correspond to those
s raised from ∼7.5 to 13.8 mS cm−1.

n approximate doubling in feedstock conductivity during run
(13.8 cf. 7.4–7.5 mS cm−1) yielded an identical DBC0.5 g L−1

f 37 mg mL−1 to that observed in the preceding and subse-
uent ‘overloaded’ runs (Fig. 3). In contrast, the shift from
0% (v/v) to 100% (v/v) antiserum had a profoundly delete-
ious, but reversible, effect on Ig binding to MabSelect. The
BC0.5 g L−1 dropped from 37 mg mL−1 in runs 1, 3, and 4 with

0% (v/v) antiserum, to just 22 mg mL−1 in run 6 with ‘neat’

abbit antiserum, and returned to 37 mg mL−1 in the final (7th)
un, which again was conducted with 50% (v/v) antiserum. In
xperiments with 50% (v/v) antiserum, the significant drop in
abSelect’s Ig binding capacity from 48 to 37 mg mL−1, that

mber of theoretical plates per metre (N m−1) and (b) symmetry factor (As) of
chromatographic run, packed columns were subjected to a minimum of three

g parameters, N m−1 and As, provided information on the quality of the bed.
The feedstock applied in each run is identified by the following key: (�) 0%;

) 33.3% (6.3–6.9 mS cm−1); ( ) 50% (7.4–7.9 or 13.8* mS cm−1); and (�)
quilibrated beds. The run numbers for each series of tests correspond to those
s raised from ∼7.5 to 13.8 mS cm−1.
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as observed on shifting from ambient to 4–8 ◦C (Fig. 3), is
ost likely attributable to reduced mass transfer [34,35] at low

emperature combined with an increased tendency for support
ouling to occur. It is plausible that the latter effect could, at
east in part, account for: (i) MabSelect’s further reduction in
inding capacity to just 22 mg mL−1 on raising the antiserum
trength two-fold (i.e. from 50 to 100%, v/v) and (ii) ProSep
Protein A’s steady Ig capacity drop with increase in feedstock
trength. Support for this assertion comes from the identification
f cholesterol, an indirect measure for the presence of lipopro-
eins, in all strip and elution fractions tested, regardless of the
upport (see later Section 3.5).

The high level Ig binding exhibited by the rProtein A sup-
orts with clarified rabbit antiserum could not be matched by any
f the low molecular weight synthetic ligand-based supports,
hich displayed DBC0.5 g L−1 values ranging from a maximum

f ∼25 mg mL−1 for MEP HyperCel and FastMabsA, to as low
s 5 mg mL−1 (Fig. 3). Only two low molecular weight ligand-
ased supports, i.e. MEP HyperCel and MabSorbent A1P, were
ut through a full five run series in which the feedstock strength
as raised with every new run (see earlier text comments and
able 4). The remaining adsorbents in this group (MabSorbent
2P, FastMabsA, & Kaptiv-GY) were exposed to lesser chal-

enges on account of their poor overall performance (see later
ext, Table 4 and Fig. 5) in the first run (Fig. 3) with low strength

11.1 or 20%, v/v) antiserum feeds.

Superficially, MEP HyperCel showed a similar trend, of
eclining Ig binding capacity with increase in antiserum strength
Fig. 3), to that described previously for ProSep rProtein A.

s
c
o
f

ig. 5. Crossed immunoelectrophoretic analysis of (a) rabbit antiserum, and eluates f
d) MabSelect (4–8 ◦C, run 1), (e) ProSep rProtein A (run 2), (f) MEP HyperCel (run
30–134 �g of protein was loaded in the first dimension. Refractometry was used to
1P, whereas the protein contents of rabbit antiserum and all other eluates were determ
as cast with goat anti-rabbit serum. Lipoprotein material in crossed immunoelectrop

orresponding to immunoglobulins, albumin and lipoprotein are indicated by the abb
Protein A, and MEP HyperCel were also analysed for the presence of cholesterol an
elative to the antiserum starting material. The cholesterol level in the antiserum start
togr. B 848 (2007) 116–130

iven the reported salt-independent (up to 1 M NaCl) nature of
uman polyclonal antibodies binding to MEP HyperCel [10,21],
he observed drop in DBC0.5 g L−1 from 24 mg mL−1 in run 1

ith 20% (v/v) antiserum, to 19 mg mL−1 in run 4 with neat
ntiserum, is unlikely to be due to the higher conductivity of the
atter feedstock (i.e. 10.8 cf. 6.8 mS cm−1). Although no specific
ata has been published regarding MEP HyperCel’s binding
apacity towards rabbit antibodies, Schwartz et al. [22] sug-
ested that immunoglobulin binding is independent of species
nd subclass. Dynamic binding capacities of 32–40 mg mL−1

ave been reported for the adsorption of pure human polyclonal
gG (HuIgG) [10,21]. These values are at least 33% higher than
hose reported herein for the adsorption of rabbit polyclonal anti-
odies from clarified, but otherwise unconditioned, antiserum
run 4, Fig. 3).

MabSorbent A1P’s Ig binding capacity showed a very slight
endency to increase (from 10 mg mL−1 in the first run to
3 mg mL−1 in the fourth) as the antiserum strength of the feed-
tock was raised in steps from 20% through to 100%, whereas
he DBC0.5 g L−1 for MabSorbent A2P’s remained unchanged at

2 mg mL−1 on switching from 20 to 33.3% rabbit antiserum.
he ligands for MabSorbents A1P and A2P were both designed

o mimic Protein A in its interaction with IgGs [36]. Although
uman IgG has so far been the subject of most work with Mab-
orbents, studies with related ligands have shown substantial
pecies differences [37]. Indeed, in a study applying very similar

hromatographic conditions to those reported herein, a capacity
f up to 27 mg mL−1 was reported using neat ovine serum as the
eedstock material [38].

rom packed beds of (b) rProtein A Sepharose FF (run 1), (c) MabSelect (run 4),
3), (g) MabSorbent A1P (run 1), and (h) MabSorbent A2P (run 1). In each case
measure the protein contents of eluates from MEP HyperCel and MabSorbent
ined by spectrophotometry as described in Section 2.6. The second dimension
horetograms was identified by staining with Sudan Black (Section 2.9). Peaks
reviations ‘Ig’, ‘Alb’ and ‘Lp?’, respectively. Eluates from MabSelect, ProSep
d free fatty acids as described in Section 2.8; only the latter two were enriched
ing material was determined to be 479 ng per mg of total protein.
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The manufacturers claim dynamic IgG binding capacities
hat are very much higher (i.e. up to 50 mg mL−1) than those
ecorded in this study (10–13 mg mL−1), but again (as above
or MEP HyperCel), the former values were obtained with pure
uIgG, whereas the latter are for the recovery of rabbit poly-

lonal antibodies from clarified antisera.
FastMabsA displayed a reasonable Ig binding capacity of

5 mg mL−1 with 20% (v/v) antiserum, but its binding was
argely non-specific. For example, >60% of the applied protein
n run 1 was adsorbed and the bed turned pink, presumably due
o adsorption of haemoglobin from the antiserum. Moreover,
nder the manufacturer’s recommended elution conditions, a
eavily contaminated ‘pink’ eluate was obtained (discussed in
ection 3.5).

The lowest DBC0.5 g L−1 for rabbit Igs was recorded by
nother PAM-linked adsorbent, Kaptiv-GY. In ‘overloaded’
uns with 9- and 6-fold diluted rabbit antiserum Kaptiv-GY’s
ynamic binding capacity (5 mg mL−1, Fig. 3) was five times
ower than that obtained using purified HuIgG [39] and rabbit
ntiserum [40] on a related ligand immobilised on a composite
aterial.

.4. RTD analyses

Evidence for deterioration in the quality of packed beds of all
f the adsorbents employed in this work was sought by routine
isual inspection of the beds and monitoring of two parameters
erived from RTD measurements, i.e. N m−1 and As. The com-
ined influence of number of runs and antiserum strength on
m−1 and As is summarised in Fig. 4. For freshly packed beds

i.e. run 0) the magnitude of N m−1 (Fig. 4a) was seen to be a
unction of adsorbent particle size (cited in Table 1), while initial
s values of 1.0 to 1.3 for all supports (Fig. 4b) were indicative
f well-packed beds [28].

Out of the 37 runs performed, visual evidence for perturba-
ions in bed integrity was found in just two cases, namely after
he third run on rProtein A Sepharose FF and following the fourth
un on MabSorbent A1P, both involving high strength antiserum
eedstocks. Contraction of the bed occurred in both instances and
educed As values (significant in the case of Mabsorbent A1P)
ere obtained, but N m−1 remained relatively unaffected.

.5. Ig purification

The combined influence of feedstock strength and num-
er of cycles on the chromatographic purification of rabbit
mmunoglobulins on packed beds of rProtein A and low molec-
lar weight synthetic ligand-based matrices is summarised in
ables 3 and 4, respectively.

Under the conditions recommended by the various manufac-
urers, the recovery of bound Ig (i.e. elution efficiency) from
acked beds of rProtein A and low molecular weight synthetic
igand linked supports met with few difficulties. In 25 out of

4 runs elution efficiencies were >80%, and in only five cases
ere they 65% or less. No one matrix could be singled out

s delivering poor elution efficiency, and although no rigor-
us attempts to assay or confirm Ig’s presence in strip fractions

P
n
a
t
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ere made, a general inverse correlation between elution effi-
iency and the size of the stripping peak was not observed,
ndicating that ‘irreversible’ adsorption of Ig was not a signifi-
ant problem affecting any of the matrices tested in this work.
n light of this, the general observation made earlier (Section
.2) that strip peaks were observed in chromatograms from all
ow molecular weight synthetic ligand-based adsorbents, but not
rom all rProtein A-linked materials, is most likely explained by
ore efficient removal of non-specifically adsorbed substances,

fforded by the use of much harsher cleaning regimes than those
mployed for rProtein A-based supports.

The ability to achieve concentration of the product relative
o its level in the feedstock is directly related to the capacity of
he adsorbent and the ease with which it is subsequently des-
rbed. Given the higher Ig binding capacity of the rProtein A
inked media cf. low molecular weight synthetic ligand-based

atrices, combined with roughly similar elution efficiencies, it
s not surprising that the former materials consistently delivered
he highest Ig concentration on elution. For example, in ‘over-
oaded’ runs the range of Ig concentrations in eluates from rPro-
ein A derivatised supports was 8.4–18.1 mg mL−1 (Table 3).
rom the low molecular weight synthetic ligand-based group
f media, the highest eluate Ig concentrations (4.6–6 mg mL−1)
ere observed in runs with MEP HyperCel. That said, none of

he matrices tested was able to deliver product concentration
ith respect to the original Ig concentration in neat antiserum
f 21.6 ± 1.3 mg mL−1 (n = 37). Indeed, in all cases consider-
ble volume expansion was observed (Tables 3 and 4), ranging
n ‘overloaded’ runs from 1.2-fold (for run 3 on MabSelect at
mbient temperature) in the best case, through to 12-fold (run 4
n MabSorbent A1P) in the worst.

All eluates examined in this study tested positive for choles-
erol, and are therefore likely to contain lipoprotein. Addition-
lly, eluates from MEP HyperCel, MabSorbent A1P and Kaptiv-
Y were turbid. Lipoproteins are known to precipitate in low

trength acidic buffers [23], similar to those employed in this
ork for desorbing Ig elution off beds of these adsorbents, and

hus it is possible that lipoproteinaceous material accounts for
he turbidity in these eluates.

Numerical estimates of Ig purity in eluates from all of
he chromatographic materials under test are presented in
ables 3 and 4, and crossed immunoelectrophoretic analysis
f eluates from some of the runs described in Tables 3 and 4
re shown in Fig. 5. A general correlation between these two
ata sets was observed, although an apparent discrepancy relat-
ng to comparison of ProSep rProtein A and MEP HyperCel
as noted (discussed below). Numerically, the highest purities
ere determined for rProtein A Sepharose FF, closely followed
y MabSelect. Crossed immunoelectrophoretograms of eluates
rom beds of these materials were virtually identical (regardless
f operating temperature in the case of MabSelect). Interestingly,
he purities of eluates from ‘overloaded’ runs performed on MEP
yperCel were generally higher than those originating from

roSep rProtein A. At face value, comparison of crossed immu-
oelectrophoretograms from representative ProSep rProtein A
nd MEP HyperCel derived eluates (Fig. 5e and f) indicates that
he reverse is true, i.e. that ProSep rProtein A eluates are purer
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han those from MEP HyperCel, given the presence of three dis-
inct contaminant peaks cf. only one in the analysis of the eluate
rom ProSep rProtein A. Rabbit albumin is strongly immuno-
enic, so that trace amounts give rise to strong signals, whereas
arger amounts of less immunogenic contaminants elicit weaker
esponses. For example, a clear peak albumin was detected in
rossed immunoelectrophoretograms obtained with 1 �g of pure
abbit albumin; a level corresponding to <0.8% of the protein
oading typically applied in the analyses shown in Fig. 5. Com-
arison of the areas under albumin peaks in electrophoretograms
f samples in Fig. 5 with the pure albumin standard, allowed the
mount of albumin in each to be estimated. In this way the albu-
in content in an eluate (Fig. 5f) from MEP HyperCel was found

o represent only 3% of the total protein.1

The appearance of the large contaminant peak in ProSep elu-
tes, tentatively identified as a lipoprotein by staining with Sudan
lack, was only noted in ‘overloaded’ runs. Crossed immnoelec-

rophoretograms of eluates from two ‘underloaded’ runs, i.e. 5
nd 6 (data not shown) appeared identical to those from rProtein

Sepharose FF and MabSelect (Fig. 4b–d). Additionally, the
etermined Ig purities of eluates from runs 5 and 6 were notice-
bly higher than those observed for eluates from four previous
overloaded’ runs (see Table 3).

No obvious changes in purity (Tables 3 and 4) and contam-
nant profiles (Fig. 5), with increase in ‘challenge’ (i.e. ‘mL
quivalents of 100% antiserum applied per mL of bed’), feed-
tock strength, and number of runs, were observed with any of
he materials, save for MEP HyperCel and MabSorbent A1P.
aint contaminating bands of albumin were detected in heavily
overloaded’ Coomassie Blue stained SDS-polyacrylamide gels
f eluates from all runs on MEP HyperCel (data not shown)
nd the same species was detected as the main contaminant in
rossed immunoelectrophoretograms (Fig. 5f). Comparison of
he latter analyses from the five runs performed on MEP Hyper-
el indicated a tendency for the level of albumin to increase as

he antiserum feedstock strength was raised.
In the case of MabSorbent A1P, a slight drop in purity from 72

o 65% was detected in ‘overloaded’ runs (Table 4) as the anti-
erum strength was raised from 20% (v/v) to 100% (v/v). Much
etter purity (i.e. 83%) was recorded when the ‘challenge’ was
educed from ∼2.0 to 0.3 mL equivalents of 100% antiserum
pplied per mL of bed in the final 5th run. Crossed immuno-
lectrophoresis from all five MabSorbent A1P runs appeared
dentical, showing a strong albumin peak and 4–5 fainter peaks,
n addition to that for Igs (see Fig. 5g), but eluates from two
overloaded’ runs performed on MabSorbent A2P were pink and
udged to be less pure (see Table 4 and Fig. 5h). Significantly
igher purities than those reported here have been obtained when

sing less challenging human plasma, ‘conditioned’2 rabbit anti-
erum and near hyperimmunized ovine serum [38] feedstocks.
n this study albumin was the main contaminant of Igs eluted

1 Albumin represents ∼56% of the total protein in human plasma [36,41].
2 i.e. Employing precipitation and albumin removal steps (Confidential report

rom Prometic Biosciences Ltd. who were supplied with the feedstock used in
his study).

o
a
a
o
4
u
b
r
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ff MabSorbents A1P and A2P. In studies with human plasma
nd ovine serum [38] the eluates from these supports, as well
s those from others derivatised with a closely related ligand
37,42], contained significantly less albumin. Comparative stud-
es of differences between hydrophobic drug binding sites [43],
hemical and thermal stability [44], and thermal transitions [45]
f serum albumins from five mammals, showed significant dif-
erences between those from rabbit and human. In light of this,
t is conceivable that rabbit albumin could bind more strongly
han human albumin to MabSorbents A1P and A2P.

Ig eluates from FastMabsA and Kaptiv-GY were pink, highly
mpure (i.e. 31% for FastMabsA and 25–38% for Kaptiv-GY)
nd little improved relative to the applied antiserum (Ig purity
29%). Crossed immunoelectrophoretic analysis of Kaptiv-GY

luates showed multiple contaminant peaks (including a mas-
ive lipoprotein peak), but a complete absence of albumin. The
anufacturer of FastMabsA recommended two elution buffers

Table 2). When elution was performed with 10 mM sodium
ydroxide buffer (run 1, Table 4), the bulk of Ig elution from
astMabsA occurred at pH 10 over 11 CV. Switching to a 20 mM
otassium phosphate, 1 M NaCl pH 6.5 elution system (in run
, Table 4) resulted in a more concentrated product. However,
DS–PAGE of eluates from both runs on FastMabsA confirmed

he presence of large amounts of albumin.

. Conclusions

The performance of eight commercial chromatography media
as been analysed with respect to how they cope with direct cap-
ure and purification of Igs from a complex feedstock, namely
larified rabbit antiserum. The approach of varying a combina-
ion of factors simultaneously (rather than systematically study
he effects of single variables at a time) enabled, in the space
f just a few chromatographic experiments, rapid grading of the
uitability of chromatographic matrices for the specific task of
ecovering rabbit antibodies directly out of clarified antisera.
wo adsorbents (one from each class) can be singled out as giv-

ng good overall performance in this study, namely MabSelect
nd MEP HyperCel.

A significant problem affecting the performance of all of the
edia in this work, to greater or lesser extents, was the presence

f lipoproteins in rabbit antisera. The latter were deemed causal
gents for at least part of the observed loss in binding capacity
ith increasing antiserum strength (and lowering of operating

emperature in the case of MabSelect), and direct evidence for
on-specific accumulation of lipoproteinaceous material on sup-
orts came from detection of cholesterol in all eluates and strip
ractions that were tested.

MabSelect delivered high Ig binding capacities (second
nly to rProtein A Sepharose FF), good desorption efficiency,
nd high eluate purity, as judged by immunoturbidimetric
ssay, SDS–PAGE and crossed-immunoelectrophoresis. More-
ver, with the exception of the challenge presented in run 6 at

–8 ◦C with 100% antiserum, none of these properties appeared
nduly compromised by stepwise increase in strength of the rab-
it antiserum feedstock. Aspects of the performance of ProSep
Protein A and rProtein A Sepharose FF made these materials
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nferior to MabSelect for the particular application discussed
erein. For instance, although possessing the highest binding
apacity, beds of rProtein A Sepharose FF were compromised
hen challenged with higher strength antiserum feedstocks,
hereas Igs eluted from ProSep rProtein A were significantly

ess pure than those originating from either agarose-based Pro-
ein A matrix, and were also judged inferior to those arising from
he hydrophobic charge induction adsorbent, MEP HyperCel.

Although the stalwart chromatographic technique for mono-
lonal antibody purification, Protein A affinity chromatography
as yet to make its mark in the plasma fractionation industry
nd in the purification of antibodies for immunodiagnostic and
mmunoassay purposes [1]. This is mainly due to high cost of
he ligand and resulting support, low adsorbent stability dur-
ng sanitization, and requirements for extensive validation of
upport cleaning and monitoring of Protein A leakage into the
roduct.

In some cases Protein A affinity media are operated at low
emperatures in order to ensure long term stability of the ligand.
s has been shown in this study, low temperature operation with

larified antiserum feeds is not without its fair share of problems.
or example, the viscosity of the mobile phase increases and the
olubility of lipoproteins and other colloidal materials within
t drops, causing a greater tendency for foulants to accumulate
ithin the bed. The net result is considerably reduced chro-
atographic performance and a requirement for more stringent

leaning of the bed, than would be needed when operated at
mbient temperatures. In studies with Protein A Sepharose FF,
ale et al. [9] showed that routine cleaning with 0.5 M NaOH

nduced a loss in monoclonal antibody binding capacity of 1%
er cleaning cycle. In subsequent work by Johansson et al. [46]
ith MabSelect, the combined use of >0.25 h contact time with
milder cleaning cocktail (1 M NaCl and 50 mM NaOH) deliv-
red an irreversible 11% capacity loss after 300 cycles. The
eneration of ‘NaOH tolerant’ rProtein A species [15,16] and
mproved methods for stable and chemoselective anchoring of
hese to appropriate supports, promises to address many of the
bove concerns3, but is unlikely to eliminate all of them.

Despite initial promises of increased robustness in crude
eeds over Protein A-linked supports, as a group, low molec-
lar weight synthetic ligand-based adsorbents were generally
ompromised to a much greater extent by dissolved ‘problem-
pecies’ present in rabbit antiserum. For example, comparison
f the dynamic Ig binding capacity data determined here for
aptiv-GY and 11% (v/v) rabbit antiserum (the lowest strength

ested), with reported values obtained using pure Ig and/or highly
onditioned feedstocks, indicated a >80% loss in capacity. The
est of these materials, MEP HyperCel suffered a 33% loss in
apacity when challenged with antisera relative to that obtained

ith pure human IgG.
Of the five small synthetic ligand-based adsorbents tested,

nly MEP HyperCel was up to the task of capturing Ig from

3 Recently supports with such features have become commercially available,
.g. MabSelect SuRe, which comprises an alkali-stabilised protein A-derived
igand linked through a stable thioether bond to Sepharose HF.

c
p

R
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abbit antisera. This low cost matrix (roughly a quarter the price
f Protein A-linked adsorbents based on figures for 1 L quanti-
ies) delivered about half the capacity of MabSelect, the purity
f its eluates was judged superior to that from ProSep rPro-
ein A, and second only to that emanating from both of the
Protein A-linked agarose media. In contrast to sterile injectable
herapeutic products, immunodiagnostics and/or immunoassays
mploy significantly less pure products. Indeed, the low-level
ontamination of MEP HyperCel eluates with serum albumin is
ntirely acceptable judged on the basis of head-to-head compar-
son in an immunoturbidimetric application with a commercial
akoCytomation product, involving 100 human serum samples.

n this context, the extra purification afforded by MabSelect may
e considered surplus to requirements. The issues that plague the
urrent crop of Protein A-linked adsorbents (i.e. high cost, low
olerance to NaOH, extensive cleaning validation) are not mat-
ers for concern with MEP HyperCel. For example, in a 204 cycle
tudy, with a 1 M NaOH wash after each cycle, Guerrier et al.
21] demonstrated that monoclonal antibody binding capacity
as reduced by 25%, but could be fully restored to its original
alue after a single wash with 2 M urea.

The limited number of runs applied in current tests, com-
ined with changes in the antiserum feedstock from run to run,
o not allow predictions of the long term performance of either
ead adsorbent to be made. Based solely on the performance cri-
eria investigated here (i.e. dynamic binding capacity, Ig purity
nd elution efficiency), of the adsorbents we have tested for the
urification of Igs from rabbit antiserum, MabSelect would be
he material of choice. However, once issues of cost, capacity
oss per cleaning cycle, cleaning validation, and batch cross-
ontamination are brought into consideration, the gap between
abSelect and MEP HyperCel is expected to close. Moreover,

iven: (i) the lower purity demands of antibody products for
mmunodiagnostics; (ii) the fact that MEP HyperCel can meet
hese; and is (iii) considerably cheaper, the decision to chose

abSelect over MEP HyperCel might be reversed.

cknowledgements

We thank DakoCytomation A/S and The Danish Academy
f Technical Sciences (Akademiet for de Tekniske Vidensk-
ber, ATV) for funding this work, and the following compa-
ies – GE Healthcare, Millipore, Pall Life Sciences, Prometic,
ecnogen, and UpFront Chromatography – for supplying the
dsorbents evaluated in this study. We are also grateful to Jan
yhse-Andersen (Vir A/S, Denmark), Egisto Boschetti (Cipher-
en, USA), Dev Baines (Prometic Biosciences Ltd.) and Kim
hristophersen (DakoCytomation, Denmark) for helpful dis-
ussions, and Lars Hellgren (BioCentrum-DTU, Denmark) for
erforming the cholesterol analysis.

eferences
[1] T. Burnof, M. Radosevich, J. Biochem. Biophys. Methods 49 (2001)
575.

[2] G. Li, R. Steward, B. Conlan, A. Gilbert, P. Roeth, H. Nair, Vox Sang. 83
(2002) 332.



1 hroma

[

[
[
[

[

[
[

[
[

[
[

[

[

[
[
[

[
[

[

[

[

[
[
[

[

[
[
[

[

[

[

[

[

[
[

30 H. Bak, O.R.T. Thomas / J. C

[3] G. Walsh, Biopharmaceuticals: Biochemistry and Biotechnology, Wiley
and Sons, 1998.

[4] H. Hjelm, K. Hjelm, J. Sjoquist, FEBS Lett. 15 (1972) 73.
[5] G. Kronvall, J. Immunol. 111 (1973) 1401.
[6] R.L. Fahrner, D.H. Whitney, M. Vanderlaan, G.S. Blank, Biotechnol. Appl.

Biochem. 30 (1999) 121.
[7] P. Gagnon, Purification Tools for Monoclonal Antibodies, Validated

Biosystems Inc., 1996.
[8] K. Huse, H. Böhma, G.H. Scholz, J. Biochem. Biophys. Methods 51 (2002)

217.
[9] G. Hale, A. Drumm, P. Harrison, J. Phillips, J. Immunol. Methods 171

(1994) 15.
10] E. Boschetti, D. Judd, W.E. Schwartz, P. Tunon, Genet. Eng. News 20 (13)

(2000) 34.
11] M.B. Hansen, A. Lihme, M. Spitali, D. King, Bioseparations 8 (1999) 189.
12] T.T. Ngo, N. Khatter, Appl. Biochem. Biotech. 30 (1991) 111.
13] G. Fassina, M. Ruvo, G. Palombo, A. Verdolina, M. Marino, J. Biochem.

Biophys. Methods 49 (2001) 481.
14] C.R. Lowe, A.R. Lowe, G. Gupta, J. Biochem. Biophys. Methods 49 (2001)

561.
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