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bstract

During the selection of protein A affinity resin for the purification of monoclonal antibodies, dynamic binding capacity (Qdyn10%), volumetric
roduction rate (Prvol) and ‘process robustness’ are essential parameters to be evaluated. In this article, empirical mathematical models describe
hese parameters as a function of antibody concentration in load (C0), load flow rate (uload) and bed height (L). These models allow us to select
ptimal process conditions for each of the evaluated protein A affinity resins. C0, uload and L largely affect dynamic binding capacity (Qdyn10%) and
olumetric production rate (Prvol). Maximum Qdyn10% is generally obtained at high C0 and at low uload. Maximum Prvol is obtained at high C0 and at
owest L, run at high uload. All evaluated resins have a relatively high robustness against variations in C0. |δQdyn10%/δC0| ranges from 0.0 to 7.8. It
s clear that Qdyn10%, Prvol and ‘process robustness’ cannot be maximized all at the same time. Furthermore, some other aspects like IgG recovery,

rotein A leaching, easiness to pack, easiness to clean, number of re-uses and cost of production might be important to be taken into the equation.
ertain evaluation parameters may be more important than others, depending on the specific situation. Therefore, a case-by-case evaluation is

ecommended.
2006 Elsevier B.V. All rights reserved.
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. Introduction

To date, 17 monoclonal antibodies (mAbs) have received
pproval by US FDA. In 2003, market demand for individual
Abs ranged from few grams per year to even as high as 480 kg

er year. The current global antibody pipeline, which comprises
ore than a hundred antibodies in development, is ready to

eliver 16 new products by 2008; total mAb market demand
s expected to triple by 2008. Hence, cost-effective mAb manu-
acturing is gaining importance and will become a pre-requisite
f biotech industry’s success [1–4].

At first, cell culture contributed the most to cost of produc-

ion. In addition to this, cell culture was the most common
rocess bottleneck; in this situation the number of bioreactors,
ioreactor volume, cell culture cycle time and expression level

� 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. Tel.: +32 14 56 48 22; fax: +32 14 56 49 86.
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etermine overall process throughput. In response to increas-
ng market demands and pressure for cost reduction, the biotech
ndustry has successfully increased bioreactor volumes up to
0,000 L. Furthermore, cell line expression levels are currently
p to 5.0 g/L, thanks to improvements in cell line selection,
rowth medium, production medium, feed strategy, process con-
rol and process design [5]. Consequently, process bottlenecks
ave moved downstream and mAb manufacturing cost structure
as changed; purification costs are now outbalancing cell culture
osts [6].

Protein A affinity chromatography is the predominant cap-
ure step for purification of mAbs. This is mainly because of
ts high selectivity, which leads to high purity. Protein A affin-
ty chromatography has to meet the demands of high dynamic
inding capacity and high throughput to keep pace with increas-
ng bioreactor volumes and cell culture expression levels and
hereby prevent it from becoming a process bottleneck. More-

ver, an optimal usage of expensive protein A affinity resins
6000–9000 D /L resin) significantly reduces cost of production.

Several published studies have dealt with the determination
f adsorption isotherms, dynamic binding capacity and produc-

mailto:koenraad.swinnen@genzyme.com
dx.doi.org/10.1016/j.jchromb.2006.04.050
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ion rate for commercially available protein A affinity resins
7–10]. This article in particular evaluates first order, interaction
nd quadratic effects of load flow rate and hIgG concentration
n load on dynamic binding capacity at 10% breakthrough for
ecently developed protein A affinity resins; Prosep vA Ultra
nd MabSelect Xtra together with Prosep A High Capacity, Rmp
rotein A Sepharose FF and MabSelect. Furthermore, obtained
athematical models are used to evaluate ‘process robustness’

nd calculate volumetric production rate.

. Experimental

.1. Materials

.1.1. Protein A affinity resins
Prosep A High Capacity and Prosep vA Ultra were obtained

rom Millipore (Bedford, MA, USA). Rmp Protein A Sepharose
FF, MabSelect and MabSelect Xtra were obtained from Amer-
ham Biosciences (NJ, USA). Table 1 shows characteristics of
bove protein A affinity resins.

.1.2. Clarified cell culture harvest
Murine hybridoma cells (NS0) were used to produce a

umanized monoclonal IgG4 (hIgG) in a fed-batch process
t laboratory scale (5–40 L). Cell culture harvests were clari-
ed by consecutive filtration through a depth lenticular filter
150 L/m2/h, B1HC, Millipore, Bedford, MA, USA) and an
bsolute 0.22 �m filter (Opticap 4′′, Millipore, Bedford, MA,
SA) and stored aseptically at 4 ◦C.

.1.3. Purified hIgG solutions
Purified hIgG solutions were obtained by purification of clar-

fied cell culture harvest by protein A affinity chromatography
ith Prosep A High Capacity resin, packed in a Vantage L
2 mm/250 mm column (Millipore, Bedford, MA, USA) at a
ed height of 161 mm.

The column was pre-rinsed with 3 CV of 0.03 M HCl pH 1.5
nd equilibrated with 3 CV of 20 mM sodium succinate pH 5.8.
larified harvest was loaded at 20 g hIgG/L resin. After loading,

he column was washed with 5 CV of 20 mM sodium succinate
H 5.8, eluted with 5 CV of 20 mM sodium succinate pH 3.65,
egenerated with 5 CV of 0.03 M HCl pH 1.5, neutralized with

CV of 20 mM sodium succinate pH 5.8 and stored with 3 CV
f 20% EtOH. All steps were run at a flow rate of 31.1 CV/h.

The eluate fraction was adjusted to pH 6.0 with 500 mM
odium succinate pH 8.4, filtered through an absolute 0.22 �m

r
o

(

able 1
haracteristics of protein A affinity resins

Matrix beads

rosep A high capacity Rigid porous glass
rosep vA Ultra Rigid porous glass
mp Protein A Sepharose 4FF Cross-linked agarose
abSelect Cross-linked agarose
abSelect Xtra Cross-linked agarose

a d50v is the median particle size of the cumulative volume distribution.
gr. B 848 (2007) 97–107

ellulose acetate filter (Corning Inc., NY, USA) and stored asep-
ically at 4 ◦C. The pH adjusted and filtered eluate was diluted
ith phosphate buffered saline pH 7.5 into hIgG solutions with
redefined hIgG concentration (0.5–2.0 g hIgG/L).

All buffers and solvents used in this study were filtered
hrough an absolute 0.22 �m cellulose acetate filter (Corning
nc., NY, USA).

.2. Analytical methods

hIgG concentration was determined by UV-spectro-
hotometry at 280 nm (Agilent 8453, Agilent Technologies, CA,
SA) or by Protein A HPLC. Protein A HPLC was performed
ith a liquid chromatography system (LC-10AD VP, Shimadzu,
uisburg, Germany) equipped with a protein A affinity column

PA ID, Applied Biosystems, CA, USA) and UV–vis detection
SPD-10A VP, Shimadzu, Duisburg, Germany). The sample is
oaded with 10 mM phosphate + 150 mM NaCl pH 7.2 and eluted
ith 12 mM HCl + 150 mM NaCl pH 2.0.

.3. Procedures and equipment

Dynamic binding capacity and breakthrough curves were
etermined on all above-mentioned protein A affinity resins
Section 2.1.1), packed in Vantage L 11 mm/250 mm columns
Millipore, Bedford, MA, USA) at a bed height of 194–200 mm
nd installed on an Äkta Explorer 100 chromatography system
Amersham Biosciences, NJ, USA). All packed columns were
n accordance with suppliers’ instructions for HETP and asym-

etry.

.3.1. Dynamic binding capacity
A design of experiments (Table 2), to evaluate effects (first

rder, interaction and quadratic effects) of hIgG concentration in
oad (C0) and load flow rate (uload) on dynamic binding capacity
t 10% breakthrough (Qdyn10%), was set up with a statistical soft-
are package (JMP V5.1, SAS Institute Inc., Cary, NC, USA).
he tested range for C0 (0.5–2.0 g hIgG/L) was based on pro-

ections of hIgG expression levels in cell culture. The tested
anges for uload were determined from typical operating ranges
s indicated by suppliers. For each resin, a symmetric design was
et up. Centre point and occasionally other design points were

eplicated to estimate mathematical model’s pure error. Order
f experiments was randomized.

Experiments were performed with purified hIgG solutions
Section 2.1.3) and hIgG breakthrough was monitored with

Protein A origin dp d50v
a (�m)

Mammalian free, native 100
Mammalian free, native 100
Mammalian free, recombinant 90
Mammalian free, recombinant 85
Mammalian free, recombinant 77
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Table 2
Design of experiments for dynamic binding capacity determination by loading purified hIgG solutions

C0 (g hIgG/L) uload
a (cm/h) uload (CV/h) Number of experiments Pure error d.f.b

Prosep A high capacity 0.5–2.0 250–750 12.5–37.5 13 4
Prosep vA Ultra 0.5–2.0 250–750 12.5–37.5 12 3
Rmp Protein A Sepharose 4FF 0.5–2.0 100–300 5.15–15.5 14 2
MabSelect 0.5–2.0 100–500 5.15–25.0 10 5
MabSelect Xtra 0.5–2.0 100–300 5.15–15.5 8 3
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a uload ranges are based on typical operating ranges as indicated by suppliers.
b Pure error d.f.: degrees of freedom to estimate the mathematical model’s pu

n online UV-detector, because no online assay (e.g. protein
HPLC) was at our disposal. These results are compared to

dyn10% as determined with clarified harvest and offline protein
HPLC (Section 2.3.2).
The protein A affinity column was pre-rinsed with 3 CV of

2 mM HCl + 150 mM NaCl pH 2.0 in order to clear the column
rom potentially present free impurities (protein A, proteins, . . .).
ubsequently, the columns are equilibrated with 3 CV of 20 mM
odium succinate pH 5.8. Purified hIgG solution (2.1.3) was
oaded until the flow through reached 10% of the UV-280 nm
bsorption of the loaded purified hIgG solution. Subsequently,
he column was washed with 3 CV of 20 mM sodium succinate
H 5.8 and eluted (5.0 CV/h) with 5 CV of 20 mM sodium
uccinate pH 3.65, regenerated (12.5 CV/h) with 5 CV of 12 mM
Cl + 150 mM NaCl pH 2.0, neutralized (12.5 CV/h) with 5 CV
f 20 mM sodium succinate pH 5.8 and stored (12.5 CV/h) with
CV of 20% EtOH. Pre-rinse, equilibration and wash steps were

un at the same flow rate as for loading.
Qdyn10%, mass balance and recovery are respectively calcu-

ated with Eqs. (1)–(3).

dyn 10% (g hIgG/L resin) = [VFT(C0 − CFT) − VWACWA]

Vcolumn
(1)

ass balance (%) = 100 [VFTCFT + VWACWA + VELCEL]

VFTC0
(2)

ecovery (%) = 100VELCEL

VFTC0
(3)

0, CFT, CWA and CEL (respectively hIgG concentration of load
raction, flow through fraction, wash fraction and elution frac-
ion) were determined by protein A HPLC. VFT, VWA, VEL and
column are respectively volume of load fraction (=volume of
ow through fraction), wash fraction, eluate fraction and col-
mn volume.

.3.2. Breakthrough curves
Breakthrough curves were determined for each resin by
oading clarified cell culture harvest (Section 2.1.2, C0 =
.68 ± 0.05 hIgG/L) until CFT/C0 = 100% at upper and lower
ow rates of the resin’s typical operating conditions. C0 and CFT
ere determined by protein A HPLC. Based on obtained break-

hrough curves, Qdyn10% was determined for CFT/C0 = 10%.

o
p
λ

s
fl

or.

.3.3. Production rate calculations
Volumetric production rate (Prvol; g hIgG/h/L resin) is the

mount of material purified per hour per liter resin. Prvol is calcu-
ated by dividing dynamic binding capacity at 10% breakthrough
Qdyn10%; g hIgG/L resin) by cycle time (h). Cycle time is cal-
ulated with Eq. (4). The first term indicates the time needed for
oading. The second term indicates the time needed for 22 CV
f pre-conditioning, equilibration, wash, elution and regenera-
ion. Prvol is maximized by assuming that these 22 CV are run
t theoretical maximum flow rate (umax; cm/h).

ycle time (h) = Qdyn 10%

C0uload
+ 22L

umax
(4)

max was calculated as a function of bed height (L) taking
nto account bed compression limitations and a maximum col-
mn inlet pressure (Pcolumn inlet) of 2 bar. Pcolumn inlet is the
um of pressure drop over a packed bed (�Ppacked bed) and
ystem pressure drop (�Psystem). �Psystem is estimated to be
qual to 0.03 bar and considered independent of flow rate, under
he assumption that chromatography skids can be dimensioned
ccordingly[11]. �Ppacked bed is directly proportional to linear
ow rate (u), bed height (L) and an apparent friction constant (γ),
s shown by the Blake–Kozeny equation (Eq. (5)). γ is depen-
ent on liquid viscosity (μ), interstitial bed porosity (ε), resin
ead diameter (dp) and an empirical constant K0 [12].

Ppackedbed = γuL = μK0(1 − ε)2

d2
pε3 uL (5)

or incompressible resins (rigid porous glass), such as Prosep
High Capacity and Prosep vA Ultra, γ is assumed to be equal

o 4.00 × 10−5 bar h/cm2 as reported in literature [7]. The max-
mum umax is set to 900 cm/h. For these resins, there are no bed
ompression limitations.

For compressible resins (cross-linked agarose), such as Rmp
rotein A Sepharose 4FF, MabSelect and MabSelect Xtra, bed
ompression (λ) limitations are more restrictive for umax than
column inlet limitations. Based on supplier’s information, we set
max for Rmp Protein A Sepharose 4FF, MabSelect and MabS-
lect Xtra at respectively 300 cm/h, 500 cm/h and 300 cm/h for
≤ 20 cm. For L > 20 cm, umax is adjusted according to Eq. (5) in
rder to maintain the same �Ppacked bed as at L = 20 cm. For com-

ressible resins, the required packing flow rate to reach a specific
decreases for increasing column diameter, due to loss in wall

upport. For this reason umax – always lower than the packing
ow rate – decreases as a function of column diameter. Data pub-



1 matogr. B 848 (2007) 97–107

l
(
t
(
d
i

3

3

e
S
d
U
a
P
i
f
(

i
o
u
d
s
C
o
c
Q
g
t

a
h
i
n
i
t
(
m
h
l
c

Q

A
P
t
e
u
g
t
t
c

n
of

dy
na

m
ic

bi
nd

in
g

ca
pa

ci
ty

(Q
dy

n1
0%

)
as

de
te

rm
in

ed
w

ith
pu

ri
fie

d
hI

gG
so

lu
tio

ns

C
om

pa
ri

so
n

fo
r

al
lp

ai
rs

a
Q

dy
n1

0%
(g

hI
gG

/L
re

si
n)

δQ
dy

n1
0%

/δ
C

0
b

M
as

s
ba

la
nc

e
(%

)
R

ec
ov

er
y

(%
)

R
2 ad

jc
(%

)

M
ea

n
M

in
im

um
M

ax
im

um
M

in
im

um
M

ax
im

um
M

in
im

um
–m

ax
im

um
ra

ng
e

M
in

im
um

–m
ax

im
um

ra
ng

e

a
A

62
56

69
+

2.
5

95
–1

06
95

–1
06

88
ra

B
43

37
53

+
0.

1
+

5.
8

94
–1

05
93

–1
04

94
B

C
41

35
48

0.
0

84
–1

03
84

–1
03

91
Se

ph
ar

os
e

4F
F

C
38

31
48

−4
.2

+
7.

8
92

–1
03

90
–1

02
87

C
ap

ac
ity

D
30

26
33

0.
0

+
3.

2
92

–1
02

92
–9

9
97

n
fo

r
al

lp
ai

rs
is

do
ne

by
us

in
g

T
uk

ey
–K

ra
m

er
ho

ne
st

ly
si

gn
ifi

ca
nt

di
ff

er
en

ce
te

st
:p

ro
te

in
A

af
fin

ity
re

si
ns

no
tc

on
ne

ct
ed

by
sa

m
e

le
tte

r
ar

e
si

gn
ifi

ca
nt

ly
di

ff
er

en
t.

C
0

is
th

e
fir

st
de

ri
va

tiv
e

of
th

e
m

at
he

m
at

ic
al

m
od

el
fo

r
Q

dy
n1

0%
.

ad
ju

st
ed

R
2

va
lu

e
of

th
e

m
at

he
m

at
ic

al
m

od
el

s
as

re
pr

es
en

te
d

by
co

nt
ou

r
pl

ot
s

in
Fi

g.
1.
00 K. Swinnen et al. / J. Chro

ished in literature [12] shows that Sepharose 4FF resin, packed
L = 20 cm, λ = 17%) in columns of 1.1 cm and 100 cm in diame-
er, has a umax of 485 cm/h (�Ppacked bed = 1.0 bar) and 140 cm/h
�Ppacked bed = 0.3 bar), respectively. In this study however, we
id not take column diameter and its effect on umax and Prvol
nto account.

. Results and discussions

.1. Dynamic binding capacity

Table 3 shows that mass balance (84–106%) and recov-
ry (84–106%) are acceptable for all 57 experiments. Mab-
elect Xtra (56–69 g hIgG/L resin) has a significantly higher
ynamic binding capacity (Qdyn10%) compared to Prosep vA
ltra (37–53 g hIgG/L resin), MabSelect (35–48 g hIgG/L resin)

nd Rmp Protein A Sepharose 4FF (31–48 g hIgG/L resin).
rosep A High Capacity (26–33 g hIgG/L resin) has a signif-

cantly lower Qdyn10%. Above Qdyn10% ranges were obtained
or varying hIgG concentration in load (C0) and load flow rate
uload) as shown in Table 2.

C0 and uload effects on Qdyn10% are adequately modeled, as
ndicated by R2

adj values (87–97%). To broaden the applicability
f the contour plots to columns packed at different bed height,
load is expressed in CV/h, i.e. uload = 1/residence time. This is
one under the assumption that Qdyn10% is constant for con-
tant residence time, as supported by several publications [7,8].
ontour plots (Fig. 1) show that maximum Qdyn10% is generally
btained at high C0 and at low uload. With these mathemati-
al models, we can identify operating conditions that maximize
dyn10%, i.e. we can purify a maximum amount of antibody for a
iven quantity of resin. In this way, the number of cycles needed
o purify a specific amount of antibody are minimized.

Above described effects of C0 and uload on Qdyn10% are in
ccordance with what is described in literature. Transport of
IgG molecules to binding sites (protein A) is said to be dom-
nated by slow diffusive mass transport. For this reason, uload
egatively affects hIgG breakthrough. Langmuir type adsorption
sotherms (Eq. (6)) – describing monolayer adsorption of hIgG
o protein A – show that stationary phase hIgG concentration
Q* = equilibrium capacity) asymptotically approaches maxi-
um capacity (QMAX) of the resin as a function of mobile phase

IgG concentration (C*). Maximum capacity will be reached at
ower C* for hIgG-protein A combinations of lower dissociation
onstants (kD) [13].

∗ = QMAX
C∗

C∗ + kD
(6)

nother interesting evaluation parameter is process robustness.
rocess parameters, that potentially affect product yield, are

ypically evaluated as part of a robustness study. For these param-
ters a proven acceptable range of operation is defined. C0 and
load largely affect Qdyn10%; the effect of uload (−33% to −6%) is

enerally larger compared to the effect of C0 (0 to +20%). From
hat perspective, C0 and uload appear both to be critical and need
o be well controlled. Chromatography skids usually have a good
ontrol on uload. For C0 however, one needs to assess the natural Ta
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F hIgG/
g

p
s
b
f

ig. 1. Contour plots visualize the effect of hIgG concentration in load (C0; g
hIgG/L resin).
rocess variation and foresee enough safety margin as an excur-
ion of C0 on the lower side might otherwise cause early IgG
reakthrough and cause yield loss. For this reason, we now will
ocus on how sensitive Qdyn10% is to variations in C0. This sen-

s
o

u

L) and flow rate in load (uload; CV/h) on dynamic binding capacity (Qdyn10%;
itivity is quantified by the first derivative in C0 (δQdyn10%/δC0)
f the mathematical model for Qdyn10%, as shown in Fig. 2.

MabSelect has the highest ‘process robustness’ of all eval-
ated resins, i.e. Qdyn10% changes the least as a function of
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Fig. 2. Contour plots visualize the first derivative of dynamic binding capacity in C0 (δQdyn10%/δC0) as a function of hIgG concentration in load (C0; g hIgG/L) and
flow rate in load (uload; CV/h).
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Fig. 3. Breakthrough curves of clarified cell culture harvest (C0 = 0.68 ± 0.05 hIgG/L) loaded on Prosep A High Capacity, Prosep vA Ultra, Rmp Protein A Sepharose
4FF, MabSelect and MabSelect Xtra, packed in Vantage L 11 mm/250 mm columns at a bed height of 194–200 mm, run at upper and lower flow rates of the resin’s
e

C
t
l
(
P
t
n
a
F
m

u
(
e
S
m
a

valuated operating range.

0. δQdyn10%/δC0 of MabSelect equals 0.0 over the whole
ested range of uload and C0. This means that, for MabSe-
ect, Qdyn10% is totally independent of C0. For MabSelect Xtra
δQdyn10%/δC0 = +2.5) Qdyn10% does change as a function of C0.
rosep A high capacity (0.0 to +3.2) and Prosep vA Ultra (+0.1

o +5.8) have a broader range of δQdyn10%/δC0. ‘Process robust-

ess’ can be maximized for each individual resin by operating
t uload and/or C0 for which δQdyn10%/δC0 is closest to zero.
or Prosep A high capacity and Prosep vA Ultra, Qdyn10% is
inimally affected by C0 variations at uload = 12.9 CV/h and

7
r
a
a

load = 37.5 CV/h, respectively. Rmp Protein A Sepharose 4FF
−4.2 to +7.8) has the broadest range of δQdyn10%/δC0. How-
ver, δQdyn10%/δC0 is not affected by uload. For Rmp Protein A
epharose 4FF the sensitivity of Qdyn10% to C0 variations can be
inimized by operating at C0 = 1.47 g hIgG/L. If we take into

ccount all evaluated resins, |δQdyn10%/δC0| ranges from 0.0 to

.8, this means that Qdyn10% maximally changes ±1.95 g hIgG/L
esin for a C0 variation of ±0.25 g hIgG/L. We can conclude that
ll evaluated resins have a relatively high robustness against vari-
tions in C0.
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Fig. 4. Volumetric production rate (g hIgG/L resin/h) as a function of hIgG concentration in load (C0; g hIgG/L) and linear flow rate in load (uload; cm/h) at a bed
height of 20 cm. White area represents the evaluated operating range. Green area is outside this range and blue area indicates bed compression limitations or pressure
limitations.
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Fig. 5. Volumetric production rate (g hIgG/L resin/h) as a function of bed height (cm) and linear flow rate in load (uload; cm/h) at hIgG concentration in load of
1.25 g hIgG/L. White area represents the evaluated operating range. Green area is outside this residence time range and blue area indicates bed compression limitations
or pressure limitations. Volumetric production rate is calculated for varying bed heights, under the assumption that Qdyn10% is constant for constant residence time,
as supported by several publications [7,8].
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Table 4
Comparison of dynamic binding capacity (Qdyn10%) as determined with purified hIgG solutions and clarified harvest

uload Qdyn10%

cm/h CV/h Purified hIgG solution
2.1.3 (g hIgG/L resin)

Clarified harvest 2.1.2
(g hIgG/L resin)

Prosep vA Ultra 250 12.5 45.5 46.3
Prosep vA Ultra 750 37.5 37.5 40.7
Prosep A High Capacity 250 12.5 31.1 31.2
Prosep A High Capacity 750 37.5 27.2 26.0
Rmp Protein A Sepharose 4FF 100 5.15 43.1 39.5
Rmp Protein A Sepharose 4FF 300 15.5 36.5 35.9
MabSelect 100 5.15 47.7 45.2
MabSelect 500 25.8 35.7 35.0
MabSelect Xtra 100 5.15 67.4 64.8
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abSelect Xtra 300 15.5

pair-wise comparison shows that Qdyn10% as determined with purified hIgG s

.2. Breakthrough curves

Fig. 3 shows breakthrough curves for Prosep A High Capac-
ty, Prosep vA Ultra, Rmp Protein A Sepharose 4FF, MabSelect
nd MabSelect Xtra loaded with clarified harvest. Breakthrough
urves confirm the negative effect of uload on Qdyn10%. Table 4
hows that above mathematical models for Qdyn10% – as deter-
ined with purified IgG solutions – can accurately predict
dyn10% of clarified harvest based on C0 and uload. The dif-

erences between dynamic binding capacity as determined with
urified IgG solutions and clarified harvest are not significant
nd range from −9.1% to +7.9%.

.3. Production rate

Figs. 4 and 5 show that hIgG concentration in load (C0), load
ow rate (uload) and bed height (L) largely affect volumetric pro-
uction rate (Prvol). For all tested resins, highest Prvol is obtained
t high C0, low L and high uload. A closer look at how each of
hese variables affect the main contributors to Prvol (Eq. (4))
xplains why. Qdyn10% generally increases for increasing C0,
hereas cycle time decreases for increasing C0. For decreas-

ng L or increasing uload – i.e. decreasing residence time – the
ecrease in cycle time is higher than the decrease in Qdyn10%.
nalogous effects are present at different L and C0 levels.
In the section below we compare all evaluated protein A

ffinity resins at maximum Prvol, i.e. at C0 = 2.0 hIgG g/L,
= 10 cm and high uload. Prosep vA Ultra resin (50 g hIgG/h/L

esin) and Prosep A High Capacity (47 g hIgG/h/L resin) have a
igher maximum Prvol compared to MabSelect (31 g hIgG/h/L
esin), MabSelect Xtra (22 g hIgG/h/L resin) and Rmp Protein

Sepharose 4FF (18 g hIgG/h/L resin). This is so because the
perational window (white area on contour plots) is bigger for
ncompressible resins (porous glass) compared to compressible
esins (cross-linked agarose). As such, we can apply much higher
ow rates on Prosep resins not only during loading but also

uring other chromatography steps (pre-conditioning, equilibra-
ion, wash, elution and regeneration). Consequently, cycle time
s much shorter for porous glass resins compared to cross-linked
garose resins. In spite of the fact that the evaluated compressible

a
t
i
r

57.6 55.4

ns and clarified harvest is not significantly (P(T ≤ t) = 0.17) different.

esins have equal or higher Qdyn10% compared to the evaluated
ncompressible resins, their Prvol is lower because of the sig-
ificant role that flow rate plays in the productivity calculation.
his corresponds to earlier findings in other publications [8,14].
owever, we have to be conscious of the fact that applying the-
retical maximum flow rate for all other chromatography steps
esides loading might have a negative impact on protein A elu-
te recovery and impurity profile. Moreover, it might lead to
nsufficient contact time for regeneration or might be practically
nfeasible for a particular chromatography skid.

The implications of maximizing Prvol are numerous. Purifica-
ion cycles are run as fast as possible. This can be important when
hort hold and processing times are required because of lim-
ted product stability of clarified cell culture fluid. Furthermore,
horter process times are especially beneficial when protein A
ffinity chromatography becomes a process bottleneck. This is
xactly what happens when expression levels are up to 5.0 g/L in
0,000-L scale bioreactors as reported in literature [5]. Another
onsequence of maximizing Prvol is that less antibody can be
urified in one cycle and therefore relatively more cycles might
e needed to purify a specific amount of antibody. In this situa-
ion, the amount of antibody purified per quantity of resin is not

aximized. However, the total amount of time needed to run
hese multiple cycles is shorter.

. Conclusions

During a selection of protein A affinity resin, Qdyn10%, Prvol
nd ‘process robustness’ are essential parameters to be evalu-
ted. Above mathematical models allow us to determine process
onditions (uload, C0 and L) for each specific resin to maxi-
ize Qdyn10%, ‘process robustness’ or volumetric production

ate (Prvol). However, as shown in Table 5, these parameters can-
ot be maximized all at the same time. Moreover, some other
spects like IgG recovery, protein A leaching, easiness to pack,
asiness to clean, number of re-uses and cost of production might

lso be important to be taken into the equation. Depending on
he specific situation, certain evaluation parameters may be more
mportant than others. Therefore, a case-by-case evaluation is
ecommended.
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Table 5
Overview of scores

Dynamic binding capacity Volumetric production rate ‘Process robustness’

Prosep A High Capacity + +++ ++
Prosep vA Ultra ++ +++ ++
Rmp Protein A Sepharose 4FF ++ + ++
MabSelect ++ ++ +++
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[13] G. Sofer, L. Hagel, Handbook of process chromatography: a guide to opti-
abSelect Xtra +++

+) moderate; (++) high; (+++) highest.

. Nomenclature

0 load hIgG concentration
EL elution fraction hIgG concentration
FT flow through fraction hIgG concentration
WA wash fraction hIgG concentration
V/hr column volumes per hour
p resin bead diameter
IgG humanized monoclonal IgG4
ETP Height Equivalent to a Theoretical Plate

bed/column height
Abs monoclonal antibodies
rvol volumetric production rate
dyn10% dynamic binding capacity at 10% breakthrough

load load flow rate
column column volume
EL eluate fraction volume
FT flow through fraction volume
WA wash fraction volume

reek letters
interstitial bed porosity
apparent friction constant
bed compression
liquid viscosity
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