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Abstract

This paper presents a methodology to gain process knowledge and assist in the robustness analysis of an ion-exchange step in a pro-
tein purification process using a model-based approach. Factorial experimental design is common practice in industry today to obtain
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obustness characterization of unit operations with respect to variations in process parameters. This work aims at providing
ight into what process variations affect quality and to further reduce the experimental work to the regions of process variatio
f most interest. This methodology also greatly increases the ability to predict process performance and promotes process

ng. The model calibration part of the methodology involves three consecutive steps to calibrate a steric mass action (SMA) ion
hromatography model. Firstly, a number of gradient elution experiments are performed. Secondly, experimental breakthrough c
o be generated for the proteins if the adsorption capacity of the medium for each component is not known. Thirdly, a multi-c
oading experiment is performed to calibrate the multi-component effects that cannot be determined from the single-compone

ents. The separation process studied in this work is the separation of polyclonal IgG from a mixture containing IgG, myog
SA. The calibrated model is used to simulate six process variations in a full factorial experiment. The results of the simulation

nformation about the importance of the different process variations and the simulations are also used to determine the crucial po
rocess parameter variations. The methodology can be used to assist in the robustness analysis normally performed in the ph

ndustry today as it is able to predict the impact on process performance resulting from variations in salt concentration, column lo
oncentration and flow rate.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Today, when a protein purification process is to be trans-
ormed into an approved pharmaceutical production process

great deal of experimental work is performed to study the
obustness of the purification process. The use of modeling
nd simulation in the robustness study of a process will make

t possible to reduce the number of labor-intensive experi-
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ments, and thereby shorten the development time and r
the cost. This requires a methodology employing accu
models validated by carefully designed experiments w
studying a separation step in the downstream process
methodology employed should preferably be based o
understanding of the underlying physical mechanisms o
separation process. One advantage when using this app
is that the model can be relevant for larger variations in
process parameters compared to empirical modeling.

The US Food and Drug Administration (FDA) recen
published guidelines in which the importance of process
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derstanding is emphasized when validating a process[1].
These guidelines promote the use of process analytical tools
such as multivariate data acquisition and analysis, modern
process analyzers and process monitoring. The FDA also
states that the ability to predict process behavior shows pro-
cess understanding, and a greater process understanding gives
more freedom in changing process conditions within the
scope of the original approved validation documentation.
The cost of validation often hinders process development
and implementation of new process equipment in existing
production processes for pharmaceuticals. The reluctance to
use new process technologies in pharmaceutical industry is
undesirable from a public health perspective. Efficient phar-
maceutical manufacturing is of critical importance in achiev-
ing effective health care[1]. The guidelines also suggests
that experimental process development databases could be
used to develop process simulation tools which can con-
tribute to gain knowledge and the reduction of the over-
all process development time from laboratory to production
scale.

A major cost in the production of biopharmaceuticals is
the cost of downstream processing. One type of protein that
has attracted much attention in the biopharmaceutical indus-
try is antibodies[2]. The antibody or the antibody fragments
can be expressed in plants[3], animals[4], bacteria[5] or,
most important of all, in a mammalian cell culture[6]. The
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2.1. Modeling the external volume

To obtain the correct shape of the salt steps provided by
the experimental equipment the external volume, including
that of the mixing valve, has to be considered. When the ex-
ternal volume is greater than the column void, as was the case
for the buffers that pass through a mixing valve in the exper-
imental equipment used in this study, a modified tank series
model[9] is suitable for describing the broadening effect. In
order to model the salt step in elution step 1 and elution step
2 in the validation experiment, a series of perfectly mixed
tanks upstream of the column was applied. Each tank was
connected to a parallel tank see Eqs.(1) and(2). The number
of connected tanks and the flow rate between the tanks, as
well as the ratio between the volume of the tanks in the tank
series and the volume of the parallel tanks, were adjusted
to fit the experimental salt step using a least-squares fitting
procedure.

dct(i)

dt
= F

Vt
(ct(i−1) − ct(i)) + Fxt

Vt
(cxt(i) − ct(i)) (1)

dcxt(i)

dt
= Fxt

Vxt
(ct(i) − cxt(i)) (2)
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igh cost incurred by antibody-producing companies is
o the downstream processing, constituting 80% of the
ost[7]. Consequently, a cheap method of designing, opti
ng and studying the robustness of a purification proce
equired.

A number of investigations have emphasized the nee
systematic approach in the validation of purification

esses. In practice, this involves an extensive experim
pproach[14–17]. The aim of the present study was to ev
ate how a mathematical model of an ion-exchange c
atography step can be used to assist the experimenta
ecessary when performing a robustness study. The aim
lso to use the experimental techniques normally requir
rocess development to calibrate the model, and to kee
emand for new experiments to a minimum.

This study focuses on ion-exchange chromatograph
ixture of myoglobin, BSA and polyclonal IgG is used
model system to evaluate the advantages of using th
osed methodology.

. Theory—models, simulation technique and
obustness analysis

The model for ion-exchange chromatography used in
tudy consists of a description of the interaction betwee
rotein and solid phase and a description of the dispe

n the column. The solid-phase interaction is modeled u
he steric mass action (SMA) model with interaction kine
8].
ere,ct(i) is the concentration in tanki in the main tank se
ies (mol/m3), cxt(i) the concentration in the parallel tani
mol/m3) (connected to tanki in the main tank series),F the
olumetric flow rate in the mobile phase (m3/s) (i.e. inlet flow
o the column),Fxt the volumetric flow rate between the tan
n series and the parallel tanks (m3/s),Vt the volume of the
anks in series (m3) andVxt the volume of the parallel tan
m3).

.2. Column model

The kinetic/dispersion model describing a column c
ains one part describing the dispersion and convection
obile phase, and another part describing the adsorptio

he model used in this work, the shape of the elution p
nd breakthrough curves are dependent on a dispersio
fficient from correlation and the adsorption rate[8]. The
olumn model for componenti is described by the followin
quation:

∂ci

∂t
= Dax

∂2ci

∂x2
− vint

∂ci

∂x
− (1 − εc)

εc

∂qi

∂t
(3)

hereεc is the void fraction in the packed bed (m3 mobile
hase/m3 column),x the axial coordinate along the colum
m), vint the interstitial velocity (m/s),Dax the apparent dis
ersion coefficient (m2/s),ci the concentration of compone
in the mobile phase (mol/m3), qi the concentration of com
onenti in the stationary phase (mol/m3 ion-exchange resin
ndt is the time (s).
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The column equation is subject to the following boundary
conditions. A Robin condition describes the column inlet:

∂ci

∂x
= vint

Dax
(ci − cinlet,i) atx = 0 (4)

wherecinlet,i is the inlet concentration (mol/m3) andci the
concentration just inside the column (mol/m3), which may
be slightly lower thancinlet,i due to the dispersion at the inlet.
At the outlet wherex is equal toL, the length of the column
(m), only convective transport is considered and can thus be
described by a Neumann condition (see Eq.(5)).

∂ci

∂x
= 0 atx = L (5)

2.3. Adsorption—the steric mass action model

The adsorption is described by steric mass action[8,10].
The interaction between protein and the solid phase in the
SMA model is described as an equilibrium reaction where
electro-neutrality must be conserved (see Eq.(6)). Protein
and salt compete for the available binding sites on the gel.
When protein binds to the gel, the binding sites on the protein
occupy a number of ligands. The bound protein also shields
a number of ligands due to its size.
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the salt ions that are shielded by bound protein, as in Eq.(9).

qs = q̄s + q̂s (9)

The total concentration of sites in the gel can be described
by:

Λ = q̄s +
N∑

i=1

(υi + σi)qi (10)

and the adsorption/desorption reaction,r, can be described
by Eq.(11).

ri = k∗
ads,iciq̄

υi
s − k∗

des,iqic
υi
s (11)

The ratio betweenk∗
ads,i andk∗

des,i is determined by the equi-
librium association constant,Keq,i . The result is that the inter-
action is modeled as a reaction at equilibrium with adsorption
kinetics.

The change in protein concentration in the stationary phase
is equal to the rate of the adsorption reaction.

dqi

dt
= ri (12)

The change in concentration of ligands in the gel is deter-
mined by the conservation of electro neutrality.
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The interaction between a number of salt ions and a pr
olecule is modeled as an equilibrium reaction betwee
rotein in the mobile phase,ci , and the available salt ions,qs,

n the gel (see Eq.(6)):

i + υiq̄s
k∗

ads⇔
k∗

des

qi + υics (6)

hereci is the concentration in the mobile phase,qi the con-
entration in the stationary phase, ¯qs the concentration o
vailable sites in the gel andυ the number of interacting sit
etween protein and gel.k∗

ads,i andk∗
des,i are the rate constan

or adsorption and desorption, respectively whilesandi de-
ote salt and protein, respectively. At equilibrium, Eq.(7) is
btained.

k∗
des,i

k∗
ads,i

= Keq,i =
(

ci

qi

) (
q̄s

cs

)υi

(7)

he concentration of unavailable salt ions, due to steric
rance by bound protein molecules, is given by Eq.(8).

ˆs =
N∑

i=1

σiqi (8)

ereq̂s is the concentration of shielded ligands in the gel
the number of interacting components. The steric factoσ i ,

escribes the number of shielded ligands per bound pr
olecule.
The total concentration of salt in the gel is given by add

he number of salt ions that are available on the matrix
dqs

dt
= −

N∑
i=1

υi

dqi

dt
(13)

he number of available ligands is given by combining E
8) and(9).

s̄ = qs −
N∑

i=1

σiqi (14)

he model includes competition for the available bind
ites. The protein mixture studied contains proteins of
us sizes with uniformly distributed and equally access
xed charges at the surface as binding sites. The differe
n protein size give rise to different binding conditions
ifferent parts of the gel. Using a model without size dep
ence means that the effects of variation in porosity fo
ifferent proteins are not accounted for.

.4. Model calibration

When developing an ion-exchange separation proce
rotein purification, the initial part of the development of
onsists of determining a suitable stationary phase, b
nd pH for the separation process. The methodology
ented in this work comes into play when this work
een done. The first step of the methodology is to m
dditional gradient elution experiments at the selected

o determine the equilibrium constant,Keq,i , and the num
er of interacting charges,υi, for the SMA model[8,10,11].
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Fig. 1. Illustration of the model calibration methodology.

The shape parameter,k∗
des,i, is also adjusted to give the cor-

rect shape of the elution peaks. The second step involves
single-component experiments where the capacity of each
component determines the steric factor,σ, for each compo-
nent[10]. The dispersion coefficient,Dax, is determined by
using a flow-rate-dependent correlation for column disper-
sion[12]. To investigate whether loading of all three proteins
simultaneously gives a different result from that expected
from the steric mass action model, a multi-component load-
ing experiment is conducted. If there is a significant deviation
in the position of the components breakthrough, the equilib-
rium constant,Keq,i is adjusted for each component to give
an accurate simulation result. The methodology is illustrated
in Fig. 1.

2.5. Simulation technique

The SMA model was implemented using a modeling and
simulation tool called gPROMS developed by Process Sys-
tem Enterprise (London, United Kingdom)[13]. The column
model was simulated using a finite-difference approximation
and a fourth-order approximation for the linear solver of the
resulting set of differential equations. The number of grid
points in the column was set to 400 to ensure that there was
no numerical broadening in the column.

2.6. Robustness analysis

A number of investigations have emphasized the need for
a systematic approach in the validation of purification pro-
cesses and this often implies a multivariate analysis through
a factorial experimental design[14–17].

The experimental work is often conducted in laboratory
scale with an appropriate scale-down from the production
process. Before robustness analysis is performed, it is nec-
essary to determine the process parameters that must be in-
cluded in the study, although it may be concluded from the
study that some of the parameters are unimportant for the
process performance.

The normal procedure for a sensitivity analysis of prod-
uct quality with respect to process variations involves several
steps[14,17]. The first step is to find the normal variation
in the performance of the process equipment and to deter-
mine the normal operating range (NOR) as the deviation from
the normal operating point for each process parameter. The
normal operating range may involve variations in flow rate,
pH, conductivity, column load, etc. When the NOR has been
defined from knowledge about the process equipment, labo-
ratory experiments are usually conducted to find over what
parameter range the product is able to meet the demands on
purity, activity, yield, etc. This range is evaluated for vari-
ations and co-variations between the process parameters to
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etermine the proven acceptable range (PAR) for each
ess parameter, which defines the limits for each proces
ameter that are acceptable in the process. When a pr
arameter variation leads to process failure, i.e. the req
ent on purity or activity is not met for the parameter

hen it is said that the parameters has reached the edge
re (EOF). Normally, only PAR and not EOF is determi

n the experimental robustness analysis. The margin bet
OR and PAR gives a measure of the degree of robustn

hat process parameter and can be used for the classifi
f process parameters as critical or not, see[17].

Process parameters that are easy to control, i.e. have
ow NOR, and process parameters that have a large influ
n quality are studied for a narrower PAR. In some case

nstance when a positive variation in a process parame
ore critical for the product quality than a negative variat
n asymmetrical range is chosen.

This work is normally conducted using factorial design
eriments. When the number of process parameters is

he number of experiments has to be reduced. This ca
chieved by performing a number of randomly selected
eriments and from the analysis of the results the impo

actors can be determined and investigated further[18]. Two
r three factors can also be combined into one in ord
ecrease the number of experiments. When there are s
rocess parameters it is often assumed that the perform

s driven primarily by some of the main effects and lo
rder interactions[18]. Several programs such as MODD

rom Umetrics (Ume̊a, Sweden)[19], are available to facil
ate these studies.
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The purpose of the present study was to develop a method-
ology to predict the effect of variation in process parameters
on product quality, based on the understanding developed
already during process development.

3. Materials and methods

3.1. Materials

The column used in the ion-exchange chromatography ex-
periments was a strong anionexchanger, Resource 15 Q, 1 ml
(no. 920408) pre-packed column (diameter 6.4 mm, length
30 mm, supplied by Amersham Biosciences (Uppsala, Swe-
den). The beads had a diameter of 15�m. The column used
in the gel filtration experiments was an SKW-23030 from
Toso-Haas (Tokyo, Japan).

Three proteins were used in the experiments: bovine serum
albumin (BSA) (A-1900, Lot no. 75H9305) and myoglobin
(M-1882, Lot no. 122K7057), both obtained from Sigma
(Steinheim, Germany) and polyclonal IgG, kindly provided
by Biovitrum AB (Stockholm, Sweden). The latter protein
solution consisted of four different types of IgG and had a
concentration of 15.7% (w/w). Trizma base was obtained
from Sigma and NaCl was obtained from Merck (Darmstadt,
Germany).
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Table 1
Protein and salt concentrations during the breakthrough experiments to de-
termine the steric factor

Protein Protein concentration
(mg/ml)

Salt concentration
(mol/dm3)

IgG 8 0.016
BSA 8 0.030
Myoglobin 2 0.011

about 0.82 mS/cm and at the end of the gradient elution about
82 mS/cm. The loading step lasted two column volumes (CV)
and the column was washed with 8.5 CV of buffer. The linear
gradients used for parameter estimation were 20, 25, 30, 35,
40, 50 and 60 CV. The experimental results were compen-
sated for dead volumes in the system to isolate the behavior
due to the column.

3.2.3. Capacity experiments to determine the steric
factor

The protein and salt concentrations at the inlet are given
in Table 1. The flow rate was 1 ml/min and the buffer was
20 mM Tris–HCl at pH 8.7. Some NaCl was added to obtain
the salt concentrations given inTable 1.

3.2.4. Multi-component loading and elution experiment
The multi-component experiment included a loading step,

column wash and two consecutive step elutions. The pro-
tein concentrations in the loading step were 3 mg/ml IgG,
0.5 mg/ml BSA and 1 mg/ml myoglobin. The conductivity in
the loading step was 1.0 mS/cm and the conductivity in the
equilibration and washing buffer was 0.4 mS/cm. The con-
ductivity in the first elution step was 7.1 mS/cm, while the
conductivity in the second elution step was 82 mS/cm. The
flow rate was 1.2 ml/min. A sample of 12.4 ml was loaded
o shed
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The chromatography experiments were carried out o
¨ KTA purifier 100 system from Amersham Bioscience.

.2. Methods

.2.1. Experiments to determine the dead volume in th
hromatography system

TheÄKTA Purifier system has a relatively low dead v
me for the sample when using a 2 ml loop or a superloo

he injection of the sample. Adapting the same length of
ng as with the column and measuring the mean time fo
V response without column determined the dead vol

or the sample. The dead volume between the UV det
nd conductivity cell was investigated in the same ma
sing a solution that contained both salt and acetone an
ifferences in mean time between the UV and conduct
esponse was measured.

The dead volume in thëAKTA Purifier system was foun
o be 0.14 ml, and the dead volume between the UV det
nd the conductivity cell was found to be 0.4 ml.

.2.2. Gradient elution experiments to determine the
inear parameters and shape of the elution peaks

A minimum of three gradients are needed to fit the
ar parameters in the SMA model[8]. The inlet concen

rations used were 0.20 mg/ml IgG, 0.19 mg/ml BSA
.12 mg/ml myoglobin in a 20 mM Tris buffer at pH 8
he elution buffer was 20 mM Tris–HCl at pH 8.7 contain
M NaCl. The flow rate for all gradient elution experime
as 1 ml/min. The conductivity during the loading step
nto the ion-exchange column and the column was wa
ith 4.7 ml equilibration buffer. Ten millilitres of elutio
uffer was used in each elution step. One millilitre Fract
ere collected from each step and analyzed by gel filtra

n order to determine the amount of each protein leaving
olumn in each step.

.2.5. Experiments to validate the simulated robustnes
nalysis

A full factorial experiment involving six parameters w
imulated and the results are given inTable 2. To assure tha
he results from the simulated robustness analysis were
ul for process validation, one run where low purity was
ected, run 3, and two runs with a high expected purity,
0 and 56 inTable 2were evaluated experimentally. T
ontent of the first elution step in each run was evalu
egarding purity and yield of IgG.

.2.6. Gel filtration analysis
The collected fractions were analyzed by gel filtra

sing the SKW-23030 column from Toso-Haas. The s
le volume was 0.5 ml and the buffer used was 20
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Table 2
The simulated responses for a full 6-factor robustness study

Run no. Conductivity
load (%)

Conductivity
wash (%)

Conductivity elu1 (%) Conductivity
elu2 (%)

Column load
(%)

Flow rate (%) Yield (%) Purity
(%)

1 −24 −24 −7 −8 −22 −11 100 90
2 +24 −24 −7 −8 −22 −11 100 93
3 −24 +24 −7 −8 −22 −11 100 91
4 +24 +24 −7 −8 −22 −11 100 93
5 −24 −24 +15 −8 −22 −11 100 90
6 +24 −24 +15 −8 −22 −11 100 93
7 −24 +24 +15 −8 −22 −11 100 91
8 +24 +24 +15 −8 −22 −11 100 93
9 −24 −24 −7 +8 −22 −11 100 90

10 +24 −24 −7 +8 −22 −11 100 93
11 −24 +24 −7 +8 −22 −11 100 91
12 +24 +24 −7 +8 −22 −11 100 93
13 −24 −24 +15 +8 −22 −11 100 90
14 +24 −24 +15 +8 −22 −11 100 93
15 −24 +24 +15 +8 −22 −11 100 91
16 +24 +24 +15 +8 −22 −11 100 93
17 −24 −24 −7 −8 +22 −11 85 96
18 +24 −24 −7 −8 +22 −11 74 96
19 −24 +24 −7 −8 +22 −11 81 96
20 +24 +24 −7 −8 +22 −11 74 96
21 −24 −24 +15 −8 +22 −11 85 96
22 +24 −24 +15 −8 +22 −11 76 96
23 −24 +24 +15 −8 +22 −11 81 96
24 +24 +24 +15 −8 +22 −11 74 96
25 −24 −24 −7 +8 +22 −11 85 96
26 +24 −24 −7 +8 +22 −11 76 96
27 −24 +24 −7 +8 +22 −11 81 96
28 +24 +24 −7 +8 +22 −11 74 96
29 −24 −24 +15 +8 +22 −11 85 96
30 +24 −24 +15 +8 +22 −11 76 96
31 −24 +24 +15 +8 +22 −11 81 96
32 +24 +24 +15 +8 +22 −11 74 96
33 −24 −24 −7 −8 −22 +11 100 90
34 +24 −24 −7 −8 −22 +11 100 93
35 −24 +24 −7 −8 −22 +11 99 92
36 +24 +24 −7 −8 −22 +11 99 94
37 −24 −24 +15 −8 −22 +11 100 90
38 +24 −24 +15 −8 −22 +11 100 93
39 −24 +24 +15 −8 −22 +11 99 92
40 +24 +24 +15 −8 −22 +11 99 94
41 −24 −24 −7 +8 −22 +11 100 90
42 +24 −24 −7 +8 −22 +11 100 93
43 −24 +24 −7 +8 −22 +11 99 92
44 +24 +24 −7 +8 −22 +11 99 94
45 −24 −24 +15 +8 −22 +11 100 90
46 +24 −24 +15 +8 −22 +11 100 93
47 −24 +24 +15 +8 −22 +11 99 92
48 +24 +24 +15 +8 −22 +11 99 94
49 −24 −24 −7 −8 +22 +11 84 96
50 +24 −24 −7 −8 +22 +11 76 96
51 −24 +24 −7 −8 +22 +11 79 96
52 +24 +24 −7 −8 +22 +11 72 96
53 −24 −24 +15 −8 +22 +11 84 95
54 +24 −24 +15 −8 +22 +11 76 96
55 −24 +24 +15 −8 +22 +11 79 96
56 +24 +24 +15 −8 +22 +11 72 96
57 −24 −24 −7 +8 +22 +11 84 96
58 +24 −24 −7 +8 +22 +11 76 96
59 −24 +24 −7 +8 +22 +11 79 96
60 +24 +24 −7 +8 +22 +11 72 96
61 −24 −24 +15 +8 +22 +11 84 95
62 +24 −24 +15 +8 +22 +11 76 96
63 −24 +24 +15 +8 +22 +11 79 96
64 +24 +24 +15 +8 +22 +11 72 96
The effects on yield and purity were calculated by changing the conductivity in the loading, washing, and the two elution steps, and also by changing the column
load and flow rate. The runs marked with bold lines were evaluated experimentally. The yield is calculated as mass of IgG in the first elusion step dividedby
the amount of IgG that was loaded onto the column. Purity is calculated as mass of IgG in the first elution step divided by the total mass of protein eluted in
the first step.
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Tris–HCl at pH 8.5 containing 0.5 M NaCl. The flow rate
was 0.5 ml/min and the peaks were integrated and converted
from absorbance units to mg/ml using a linear relationship.

4. Results and discussion

4.1. Model calibration

4.1.1. UV-response calculation
The response in breakthrough and elution is given by the

model in mol/m3, which can be converted to mg/ml using the
molecular mass. Experienced scientists working with chro-
matography are used to observing their breakthrough curves
and elution peaks in terms of UV absorption. Therefore,
experiments to determine the UV absorption for each pro-
tein at different concentrations were performed and a lin-
ear relation between UV absorption in theÄKTA purifier
UV cell and protein concentration was derived for each pro-
tein. The conversion factors were 308 ml mg/mAU for IgG,
267 ml mg/mAU for BSA and 127 ml mg/mAU for myo-
globin. The UV response is used in all figures comparing
simulated and experimental data, assuming that the total UV
response is strictly additive for the components included in
the simulation.
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Fig. 2. Simulated and experimental chromatograms for the multi-component
experiment where the equilibrium constant (Keq) for myoglobin in the load-
ing step has been adjusted in order to fit the loading part of the experiment.

of the tanks in series and the volume of the parallel tanks was
determined to be 0.58. Simulated and experimental salt steps
are shown inFig. 2.

4.1.5. Column dispersion
To determine the dispersion in the column an empirical

correlation using the particle Peclet number was implemented
to calculate the dispersion coefficient. The peclet,Pe, number
(see Eq.(15)) was set to 0.5[12].

Pe = vintdp

Dax
(15)

heredp is the particle diameter of the column packing. The
axial dispersion coefficient in the column was found to be
4.9× 10−8 m2/s for a flow rate of 1 ml/min.

Breakthrough experiments were performed at a high salt
content for each protein to investigate whether the broadening
in the experimental runs at non-binding conditions could be
used to predict the shape of the breakthrough curves and elu-
tion peaks. The breakthrough experiments were carried out
at four different flow rates, 1, 2, 3, and 4 ml/min. The concen-
tration was 0.5 mg/ml in all experiments, and a 20 mM Tris
buffer with 1 M NaCl at a pH of 8.7 was used. An apparent dis-
persion coefficient was estimated for different flow rates for
each protein. When the shape predicted by the non-binding
e s and
p und
t tion
a this,
i and
e otein
a ined
f

4

p rate
.1.2. Void fraction
The Resource 15 Q column contains monosized par

ith very large pores, which make it difficult to measure
olumn void with, for example, latex particles. Therefore,
olumn void was not measured experimentally. The col
oid fraction was set to 0.32 in the model. This is a relati
ow value but it was considered reasonable as the colum
ndustrially packed.

.1.3. Calculation of salt concentration in the paramete
stimation

The buffers used in the gradient elution experiments
n the breakthrough experiments had different conductiv
he conductivity of the sample and of the loading and elu
uffers was measured. A linear relationship between salt
entration and conductivity was assumed. The 20 mM
uffer itself has a conductivity of 0.1 mS/cm. The conduc

ty in the Tris–HCl is considered to be due to the interac
alt component, which is reasonable considering that th
ired pH in the buffers was achieved by adding HCl.

.1.4. Modeling the external volume
The best fit to the experimental salt steps was achi

ith seven tanks each with one parallel tank. The flow to
arallel tank was determined to be 28% of the flow thro

he column, and the ratio between the volume of the tan
he tank series and the volume of the parallel tanks were
or the first elution step. In the second elution step, the
etween the tank series and the parallel tanks was 22%
ow through the column, and the ratio between the vol
xperiments was compared to the shape of the curve
eaks at loading or gradient elution conditions it was fo

hat the difference between using an empirical correla
nd a fitted dispersion coefficient was negligible. From

t can be concluded that the broadening effects in loading
lution are mainly due to the interactions between the pr
nd the solid phase, thus a dispersion coefficient determ

rom the correlation is sufficiently accurate.

.1.6. Linear parameters and shape
At low protein concentration onlyνi andKeq,i affect the

eak position in the gradient elution. The interaction
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Fig. 3. Simulated and experimental chromatograms for a gradient elution of
30 column volumes.

parameter,k∗
des,i, is adjusted to give an accurate peak shape

for the elution peaks.Fig. 3shows that the peak shapes and
positions are estimated with relatively good accuracy at 30
CV gradient elution.

The IgG used in the experiments is polyclonal and gives
an asymmetrical peak. The first moment[20] of the peak
was considered when estimating the peak position to give
the linear parameters in the SMA model. The small peak
after the BSA peak (seeFig. 3) was analyzed by gel filtration
and found to be one type of IgG and this small amount of
IgG was not considered in the model calibration. The various
parameters that were determined for the three proteins for the
SMA model are reasonable[21,22](seeTable 3). The number
of interacting charges is fairly low for IgG and myoglobin.
One possible explanation of this is that the pH in the buffer is
fairly close to the isoelectric point of the polyclonal IgG (pI
6–8) and myoglobin (pI 7–7.5), whereas the isoelectric point
for BSA is 4.8.

The mean errors on the peak position at the seven gradients
(20, 25, 30, 35, 40, 50, 60 CV) used for parameter estimation
were±4.1% for IgG,±1% for BSA and±6.1% for myo-
globin. The lower accuracy for IgG is probably due to the
fact that the sample is actually polyclonal, but is considered
to be one component in the model calibration. Myoglobin
is more difficult to fit to this ion-exchange model than the
other proteins. This could be because of the low net charge
o iso-
e hat

T
T -
a
a

P

I
B
M

T
t

there is a significant non-ionic mechanism involved in the
solid-phase interaction for myoglobin[23], hence the large
error of±6.1%.

The first moments of the gradient elution peaks were used
for parameter estimation. For IgG, which contained four sim-
ilar components, a perfect fit according to the first moment
can give a slight difference in the position of the tip of the
peak.Fig. 3 shows that the simulation fits the experimental
data very well.

4.1.7. Determining the steric factor and capacity
The amount of bound protein was used to determine a

steric factor. The interaction rate coefficient at loading con-
ditions could be altered to fit the shape of the breakthrough
curve. However, the multi-component loading experiment
showed that the shape coefficient (k∗

des,i) estimated from the
gradient elution experiments fitted the multi-component ex-
periment better than the coefficient that was calculated from
the single-component loading experiments. This means that
only the amount of bound protein at saturation is of interest
in single component experiments. Such experiments could be
performed in a considerably smaller column than that nor-
mally used for process development, allowing smaller pure-
component sample volumes to be used. With this method,
it is not necessary to use a very high protein concentration
in the loading step to algebraically calculate the steric factor
f er-
t tion
t the
b ered.
T rent
p ss of
t hen
e t ad-
s into
a

(see
T yo-
g ed
a ght
6 in-
t tein
m ight
i y its
m alue
c t ex-
p

4
cribe

t and
B t ex-
p the
c or of
m the
l d
f myoglobin and the choice of pH, which lies near the
lectric point of myoglobin. Both theses factors imply t

able 3
he estimated values for the equilibrium constant,Keq,i , the number of inter
cting charges,υi, the shape-determining interaction rate coefficient,k∗

des,i,
nd the steric factor,σ i , are given for each protein

rotein Keq (−) υ (−) k∗
des(mol/(m3s)) σ (−)

gG 0.69 1.4 5.9× 10−4 446
SA 0.17 2.2 3.4× 10−6 206
yoglobin 0.77 1.1 3.1× 10−2 223

he total ligand density on the matrix was 265 mol/m3 gel (obtained from
he supplier).
rom qmax [8,10]. The drawback of this method is the unc
ainty in extrapolating the results from a lower concentra
o a higher concentration. When fitting the steric factor
reakthrough curve up to 97% breakthrough was consid
he steric factor determines the equilibrium for the diffe
roteins and should be approximately constant regardle

he concentrations of salt and protein. One drawback w
xtrapolating the results to the case of multi-componen
orption is that protein–protein interactions are not taken
ccount.

The steric factor was calculated for each protein
able 3). It may be considered somewhat strange that m
lobin, with a molecular weight of 17,500 g/mol, show
higher steric factor than BSA, with molecular wei

7,000 g/mol. One explanation could be that myoglobin
eracts with the matrix in a way that prevents the pro
olecules from lying close to each other. Myoglobin m

nteract so that it covers a larger surface than implied b
olecular weight. It is also possible that this parameter v

ompensates for non-ion-exchange behavior that is no
lained by the steric mass action model.

.1.8. The multi-component experiment
The calibrated model was proven to accurately des

he behavior of the three proteins in the elution steps. IgG
SA were accurately described by the single-componen
eriments, but myoglobin showed weaker adsorption to
olumn than expected. To describe the different behavi
yoglobin and get the correct breakthrough position in

oading step the equilibrium coefficient (Keq) was change
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Fig. 4. The results of the simulation for each component and the simulated
total UV absorbance for the multi-component loading experiment.

for from 0.77 to 2.7 for myoglobin. This resulted in a good
representation of all proteins, and this adjustment was the
only one needed.Fig. 2shows a comparison between exper-
iment and simulation.

The gel filtration analysis of the collected fractions of
Fig. 2showed that the first breakthrough contained only myo-
globin, and the second increase in UV absorption of the break-
through was due to IgG, which was beginning to leak from
the column. The first part of the first elution peak contained
myoglobin and the rest of the peak was IgG. The second elu-
tion peak contained only BSA. This is in accordance with
the results predicted by the simulation (seeFig. 4). A small
deviation in the UV response can be seen in the loading step.
The model predicts a greater UV absorbance than the exper-
iment, but in all, the model fitted the experiment very well
(seeFig. 2).

4.2. Robustness analysis

The calibrated model was used to perform a full factorial
study including six factors. The response to variation of the
following six process parameters was studied by computer
simulation.

• Conductivity in the loading step (±24%).
• Conductivity in the washing step (±24%).
•
•
•
•

cal-
c The
v varia
t trial
p

vity
i low

salt concentrations at the operating point make it difficult
to control the conductivity. Column load was also studied
over a broad range as it can vary with the number of cycles
required for each batch and with the batch size. Flow rate and
conductivity in the second elution step are considered to be
easier to control and were investigated over narrower ranges.
An asymmetrical range was employed for the first elution step
as a lower conductivity can result in a lower purity for IgG as
less IgG will elute in the first step. A higher conductivity in
the first elution step is less critical as BSA is far from eluting
at these low conductivities.

To determine the importance of each process parameter
the full factorial simulation was evaluated using MODDE 7
developed by Umetrics (Umeå, Sweden)[19]. The normal
operation point was chosen to be the same as the running
conditions in the multi-component experiment, but using a
loading volume of 10.2 ml instead of 12.4 ml to provide a
more reasonable yield at the operating point. The normal
operating point gives 94.7% yield and 96% purity. The results
of the robustness analysis are given inTable 2.

4.2.1. Parameter analysis
Analysis of the model response shows the importance of

the different process parameters. The relative impact of each
factor is shown by the height and direction of the correspond-
ing bar inFig. 5. Column load is an important factor for pu-
r bin
a nt in
t ing
s that
l ore
m ing
s IgG
i ec-
o ased
fl s a
r

fac-
t to a
g ding
s teps
a Flow
r ect is
i leads
t two
e n the
y

4
and

t 0%.
T the
s efore
b also
s the
fl ctiv-
Conductivity in the first elution step (+15/−7%).
Conductivity in the second elution step (±8%).
Column load (±22%).
Flow rate (±11%).

The evaluated responses were purity and yield of IgG
ulated for the entire volume in the first elution step.
ariations were chosen so as to represent reasonable
ions in a robustness analysis in the validation of an indus
rotein separation process.

In this study, rather large variations in the conducti
n the loading and washing steps were studied as the
-

ity. This is to be expected as IgG will displace myoglo
s loading proceeds, and less myoglobin will be prese

he first elution. The conductivity in the loading and wash
teps has similar effects, as higher conductivity implies
ess myoglobin will be adsorbed onto the column, and m

yoglobin will leave the column in the loading and wash
teps. As a result, less myoglobin will elute together with
n the first elution step. The conductivity in the first and s
nd elution steps has low impact on product purity. Incre
ow rate has a slightly positive effect on product purity a
esult of a lower yield of myoglobin relative to IgG.

Fig. 5shows that column load is the most important
or for the yield of IgG, as a higher column load leads
reater leakage of product from the column in the loa
tep. Higher conductivity in the loading and washing s
lso leads to a higher leakage and thus a lower yield.
ate also has a negative impact, as the broadening eff
ncreased at higher flow rates and greater broadening
o more leakage in the loading step. The variation in the
lution steps was not high enough to cause an effect o
ield of IgG in the separation process.

.2.2. Guidance for an experimental analysis
Table 2shows that purity varies between 90 and 96%

he yield in the separation of IgG varies from 72 to 10
he model-based study shows that the conductivity in
econd elution step is of no importance and, can ther
e excluded from an experimental study. The analysis
howed that the conductivity in the first elution step and
ow rate are of less importance than column load, condu
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Fig. 5. The bars show the relative importance and the effect of each process parameter for product yield and purity. The numeric values on they-axis are the
scaled and centred coefficients in the statistical model for each variation.

ity in the loading step and conductivity in the washing step
for both product purity and yield. In this the purity constraint
is set to 91% and the experimental studies necessary for the
validation process in this case should therefore include exper-
iments where the purity approaches 91% or below. If purity
is considered in the validation, and the conductivity in the
second elution step is removed from the study, only seven
parameter combinations (runs 1, 3, 5, 7, 33, 37 and 45 in
Table 2) give an expected purity less than the specification,
and are therefore of special interest to study experimentally.
The experimental work should thus be focused on the param-
eter combinations that are shown to result in lower purity.

4.2.3. Validation of the simulated robustness study
The validation study was evaluated for purity and yield of

IgG. Runs 3, 20 and 56 inTable 2were evaluated experimen-
tally and the experimental and simulated results are displayed
in Table 4.

The UV absorbance was converted to mg of protein using
the linear relationship described above. The results inTable 4
show that that the simulation describes the variations, as run
3 clearly results in a lower purity than run 20 and run 56, and
the simulated values for product purity are in good agreement
with the experimental results. The simulated yield of IgG
agrees well with the experimentally determined yield for runs
2 is
c The
l run
3 to

T
C gG to
v

R
l

2
5

the stationary phase than predicted, thereby causing a greater
leakage of IgG. Although the experimental results from run
3 differ significantly from the simulation the most important
aspect from a validation point of view is that the simulation
can identify the runs that result in lower purity to guide the
experimental study. The calibrated model accurately predicts
that run 3 results in a higher yield and a lower purity than
both run 20 and run 56.

5. Conclusions

The method presented in this paper constitutes a calibrated
model that succeeds in predicting the separation of three pro-
teins: IgG, BSA and myoglobin, and can, with reasonable
accuracy, predict the behavior in the ion-exchange column. It
is thus reasonable to postulate that the model can provide in-
sight into the sensitivity of process performance to variations
in process parameters and in this way assist in the experi-
mental robustness analysis of an ion-exchange column. The
model can be used to investigate variations in salt concentra-
tions, flow rate and column load. This is advantageous when
studying the robustness of a separation process, as the ef-
fects of numerous combinations of process parameters can
be investigated in advance by computer simulation. The ex-
p tions
t sep-
a

eri-
m odel-
b e the
n

nal-
y ion
e com-
p nec-
e odel.
A meter
0 and 56 (seeTable 4). For run 3 the experimental yield
onsiderably smaller than expected from the simulation.
arger deviation between simulation and experiment for

is probably due to myoglobin binding more strongly

able 4
omparison between simulated and experimental purity and yield of I
alidate the simulated robustness analysis

un Purity (%)
simulated

Purity (%)
experimental

Yield (%)
simulated

Yield (%)
experimenta

3 91 87 100 83
0 96 97 74 72
6 96 96 72 70
erimental work can then be concentrated on the varia
hat are predicted to be crucial to the performance of the
ration process.

It is common practice in industry to use factorial exp
ental design when studying process robustness. This m
ased approach can provide information on how to reduc
umber of factorial experiments.

To investigate the effects of a full factorial robustness a
sis with six factors, a minimum of three gradient elut
xperiments and one breakthrough experiment for each
onent, together with a multi-component experiment are
ssary to calibrate the ion-exchange chromatography m
nalysis of the model showed that seven process para
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combinations gave performance less than the purity speci-
fication. The calibrated model suggests seven factorial ex-
periments that should be evaluated experimentally in the ro-
bustness study. In conclusion, 14 experiments are needed in
the methodology described in the present study where the
model calibration experiments can be performed during pro-
cess development, which should be compared to the 64 (+5
center points) experiments normally needed in a full factorial
experiment or 32 (+5 center points) for a reduced factorial
experiment.

Nomenclature

ci concentration of componenti in the mobile phase
[mol/m3]

cinlet,i inlet concentration of componenti in the mobile
phase [mol/m3]

cs concentration of salt in the mobile phase [mol/m3]
ct(i) concentration of salt in tanki in the tank series de-

scribing the external volume [mol/m3]
cxt(i) concentration of salt in the parallel tanks connected

to the tank series describing the external volume
[mol/m3]

Dax apparent dispersion coefficient [m2/s]
d
F mn

F the

k

k

K
L
q nent

q
q ary

q

r
t
v
V de-

V ank

x
ε

η

Λ total concentration of binding sites in the gel
[mol/m3 gel]

υi number of interacting sites between componenti
and gel [−]

σ i steric factor of componenti [−]
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