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Abstract

This work proposes methodologies using a model-based approach to gain knowledge on and assist the development of an ion-exchange
step in a protein purification process; the separation of IgG from a mixture containing IgG, insulin and transferrin. This approach is suitable
for capture and intermediate steps in a process. Both methods involve four consecutive steps. Firstly, the retention of the different protein
components is determined giving a retention map of the system. From this the optimal pH and buffer can be determined. Secondly, additional
salt gradient experiments are performed at the selected pH. Thirdly, experimental breakthrough curves have to be generated for the protein if
the adsorption capacity of the medium for each component is not known. Fourthly, a validation experiment is performed. In method 1, where
the capacity for the medium is assumed to be known, the protein adsorption is described by Langmuir kinetics with a mobile phase modulator
(MPM). In this description salt is considered to be inert. In method 2 the adsorption behavior is described by steric mass action (SMA), where
the salt component competes with the proteins for the available binding sites. Both methods use a dispersion model to describe transport in
the mobile phase in the column. The methods are able to predict the separation and loading behavior of the three components. The methods
can, with reasonable accuracy, predict the breakthrough of transferrin in a mixture of insulin, IgG and transferrin. Method 1 requires fewer
experiments and predicts the mean volume of breakthrough for the loading step in the validation experiment more accurately than method
2. On the other hand, method 2 has a better accuracy to predict the position of 10% breakthrough and the shape of the breakthrough curve.
The methods suggested in this work are shown to be efficient in process development. Some additional experiments have to be performed to
obtain the unknown parameters in the models. However, the predictability that is achieved results in less experimental work in the process
design as a whole.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Today, design and optimization are becoming extremely
important in bioseparation as the process of development of
a biotech product is becoming more and more expensive[1].
It is believed that it will be possible to reduce the number
of labor-intensive experiments, and thereby shorten the time
and reduce the cost, by modeling and simulation in the de-
sign and optimization of a process. This requires a method-
ology employing accurate models validated by carefully de-
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signed experiments when developing a new separation step
in the downstream process. The employed models should
preferably be based on an understanding of the underlying
physical mechanisms.

One type of protein to which much attention is being
given in the biopharmaceutical industry 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 high cost incurred
by the antibody-producing companies is, however, due to
the downstream processing, constituting 80% of the total
cost [7]. Consequently, a cheap method of designing and
optimizing a purification step well is required.

0021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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Many techniques are available to purify antibodies, such
as ion-exchange chromatography (IEC)[8], affinity chro-
matography[9], hydrophobic interaction chromatography
(HIC) [10], gel filtration[11], membrane separation[12] and
precipitation[13]. Today, chromatography is the most com-
mon technique in commercial processes. This work focuses
on ion-exchange chromatography.

The principle of ion-exchange chromatography is that
species with a net charge opposite to the ligands interact
with the charged groups on the stationary phase used in
chromatography and pass through the column slowly or not
at all. Species with no net charge or the same charge as the
ligands on the matrix will pass completely through the col-
umn. The net charge depends on the amino acid sequence,
the pKa of the ionic groups and the pH of the solution[14].
The isoelectric point (pI), i.e. the pH at which the net charge
on the protein is zero, varies from 4 to 9 for antibodies,
most of them having a pI over 6, which is often more ba-
sic than serum proteins which are common in fermentation
[15]. Antibodies are usually stable over a wide pH range,
which makes IEC useful as a purification technique. One
practical limitation is that the feed to the column must be
of a relatively low ionic strength, which often leads to the
requirement of preceding dilution of the fermentation broth
or buffer change by diafiltration.

The best conditions for separation are often determined
from a retention map[16]. This is obtained by a series of
rapid separations for both cation- and anion-exchangers, us-
ing the same salt gradient, but over a range of pH. The
elution volume is plotted against pH for each elution peak.
An analysis of the plot regarding the point of maximum
separation between the product and the other components
will indicate at what pH and with which IEC medium max-
imum resolution is expected. The selected pH gives the
most suitable buffer. This approach has been used in this
work.

This work proposes two different methods using a
model-based approach to gain knowledge on and assist in
the development of an ion-exchange step in a protein pu-
rification process. This approach is suitable in capture, the
first purification step after the expression system, and in the
intermediate steps, following after the capture. The methods
studied here require just a few additional experiments be-
sides those required for the retention map and a validation
experiment.

2. Theory—models and simulation techniques

The two methodologies utilize different mathematical
models for the chromatography step. In the first model the
protein adsorption is described by Langmuir kinetics with
a mobile phase modulator (MPM)[17]. In this description
salt is considered to be inert. The second model uses a
steric mass action adsorption model (SMA)[18] where the
salt component competes with the proteins for the avail-

able binding sites. Both models use a dispersion model to
describe the transport in the mobile phase in the column
[19].

2.1. Column model

A column described by a kinetic/dispersion model con-
tains one part describing the dispersion and convection in
the mobile phase, and another part describing the adsorp-
tion. In the models used in this work the shapes of an elution
peak and breakthrough curve are dependant on an apparent
dispersion coefficient and of the adsorption rate. The col-
umn model for componenti is described by the following
equation, seeEq. (1):

dci

dt
= Dax

∂2ci

∂x2
− vint

∂ci

∂x
− 1 − εc

εc

dqi

dt
(1)

whereεc is the void fraction in the packed bed (m3 mobile
phase/m3 column),x the axial coordinate along the column
(m), vint the interstitial velocity (m/s),Dax the apparent dis-
persion coefficient (m2/s), ci the concentration of compo-
nenti in the mobile phase (mol/m3), qi the concentration of
componenti in the stationary phase (mol/m3 gel) andt is
the time (s).

The column equation is subject to the following boundary
conditions.

A Robin condition describes the column inlet,Eq. (2).

∂ci

∂x
= vint

Dax
(ci − cinlet,i) atx = 0 (2)

wherecinlet,i is the inlet concentration (mol/m3) and ci is
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. (3).

∂ci

∂x
= 0 atx = L (3)

Both models include competition for the available bind-
ing sites. The studied protein mixture contains proteins of
various sizes with uniformly distributed and equi-accessible
fixed charges at the surface as binding sites. Proteins of dif-
ferent sizes have different access to the binding sites on the
gel because large proteins are not able to penetrate into the
smaller pores.

The differences in protein size give rise to different bind-
ing conditions in different parts of the gel. In the parts where
all three proteins can compete for binding sites the binding
conditions will be competitive. The smallest protein will be
able to access parts of the gel that no other protein can reach
and thus bind without competing proteins in this region. Us-
ing this model implies that the effects of different porosity
for the proteins are not accounted for.
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2.2. Adsorption—Langmuir MPM model

In this description the adsorption is described by Lang-
muir kinetics[19], seeEq. (4). The adsorption and desorp-
tion of the protein are regarded as competitive processes
where the salt concentration effects the retention of the pro-
tein. Because salt is considered to be inert, dqsalt/dt is zero.
During the binding step,kads,i, the adsorption coefficient of
componenti (m3/mol s), is much larger thankdes,i, the des-
orption coefficient of componenti (1/s), while at elution
kdes,i dominates.

dqi

dt
= kads,ici(qmax,i − qi) − kdes,iqi (4)

qmax,i is the maximum concentration of componenti in the
stationary phase (mol/m3 gel).

The model can be used for the loading step as well as the
elution step by using mobile phase modulators[20], defined
by Eqs. (5) and (6):

kads,i = kads0,ie
γiS (5)

kdes,i = kdes0,iS
βi (6)

whereS is the concentration of the elution component, often
salt, andkads0,i (m3/mol s) andkdes0,i (m3/mol s) are con-
stants.βi is a constant describing the ion-exchange char-
acteristic andγi (m3/mol) describes the HIC characteristic.
Under loading conditions,S is given by the buffer salt con-
centration only, i.e.kads,i ≈ kads0,i andkdes,i ≈ 0 unlike the
elution conditions (S > 0), whereS is reduced by the factor
eγS andkdes,i is increased by a factorSβi. The assumption
that hydrophobic interactions are absent is made in this work,
which means thatγi is equal to zero. Although hydrophobic
interactions are neglected the effect of these could be seen
from a parameter study of the model by tuning theγi factor.

2.3. Adsorption—the Steric Mass Action model

In the second method the adsorption is described by steric
mass action[18]. The interaction between protein and the
solid phase in the SMA model is described as an equilibrium
reaction where electro-neutrality must be conserved. Protein
and salt compete for the available binding sites on the gel,
and salt is no longer treated as an inert component in this
model. 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[18].

The interaction between a number of salt ions and a pro-
tein molecule is modeled as an equilibrium reaction between
protein in the mobile phase,ci, and available salt ions,̄qs,
in the gel, seeEq. (7).

ci + νiq̄s
k∗

ads↔
k∗

des

qi + νics (7)

whereci is the concentration in the mobile phase andqi the
concentration in the stationary phase.q̄s is the concentration

of available sites in the gel andν is the number of interacting
sites between protein and gel.k∗

ads,i and k∗
des,i are the rate

constants for adsorption and desorption, respectively; s and
i denote salt and protein, respectively.

At equilibrium, Eq. (8) is obtained:

k∗
des,i

k∗
ads,i

= Keq,i =
(

ci

qi

) (
qs

cs

)νi

(8)

The concentration of unavailable salt ions, due to steric
hindrance by bound protein molecules, is given byEq. (9):

q̂s =
N∑

i=1

σiqi (9)

Hereq̂s is the concentration of shielded ligands in the gel and
N is the number of interacting components. The steric fac-
tor, σi, describes the number of shielded ligands per bound
protein molecule.

The total concentration of salt in the gel is given by the
sum of available and unavailable sites, as inEq. (10):

qs = q̄s + q̂s (10)

The total concentration of sites in the gel can also be
described byEq. (11):

Λ = q̄s +
N∑

i=1

(νi + σi)qi (11)

The adsorption/desorption reaction,r, can be described
by Eq. (12):

ri = k∗
ads,iciq̄

νi
s − k∗

des,iqic
νi
s (12)

The ratio betweenk∗
ads,i andk∗

des,i is set by the equilibrium
association constant,Keq,i. The result is that the interaction
is modeled as a reaction at equilibrium with some adsorption
kinetics. The change in protein concentration in the gel is
equal to the adsorption kinetic, seeEq. (13).

dqi

dt
= ri (13)

The change in concentration of ligands in the gel is deter-
mined by the conservation of electro-neutrality, seeEq. (14).

dqs

dt
= −

N∑
i=1

νi

dqi

dt
(14)

The number of available ligands is given by combining
Eqs. (9) and (10), seeEq. (15).

q̄s = qs −
N∑

i=1

σiqi (15)

2.4. Simulation techniques

Using the method of lines (MOL), each partial differen-
tial equation in the Langmuir MPM model is discretized in
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space, three-point finite difference, to give a set of ordinary
differential equations. The space is divided into a set of grid
points, where each grid point contains a discretized ordi-
nary differential equation. For this model the number of grid
points was set to 60, which is enough to avoid numerical
dispersion. This was solved with a standard solver for ordi-
nary differential equations (ODE15S) in MATLAB[21].

The SMA model is implemented using a modeling and
simulation tool called gPROMS developed by Process Sys-
tem Enterprise[22]. The column model is simulated using a
finite difference approximation and a fourth order approxi-
mation for the linear solver of the resulting set of differential
equations. The number of grid points in the column is set to
400 to ensure that there is no numerical broadening in the
column. The apparent dispersion coefficient and the kinetics
of the solid phase interaction describe the peak broadening
effect.

3. General approach

The approach suggested in this work can be seen as a
protocol for model calibration to assist the development of
an ion-exchange step. Methods 1 and 2 involve four con-
secutive steps, partly experimental end partly performed by
simulation, described in the following section. The methods
differ in step three. Each step involves a certain kind of ex-
periment and a decision or an estimation of some parameters
in the models. The first method utilizing the Langmuir MPM
model requires fewer experiments than the second method
utilizing the SMA model.

1. Retention map
Eleven experiments are performed on the clarified fer-

mentation broth from pH 3.5 to 8.5 with the same salt
concentration, salt gradient and flow. The main goal is to
achieve optimal resolution.

Decision

Optimal pH
Suitable buffer

If screening for different media and columns is re-
quired a decision on column and medium is also made.
This will give several retention maps, and was not the
focus in this work.

2. Additional gradients
Three additional salt gradient experiments are per-

formed in order to estimate the linear parameters in both
models. The kinetic parameterkdes0is adjusted to give a
reasonable peak width.

Output

Method 1:kads0,i, kdes0,i andβi

Method 2:Keq,i andνi

Table 1
The number of experiments, number of parameters in the model and the
number of fitted parameters for each model-based method

Model Number of
experiments

Number of
parameters in
the model

Number of
fitted
parameters

Method 1 Langmuir
MPM model

15 6 6

Method 2 SMA model 18 6 15

3. Pure component experiments/empirical correlations
Method 1 uses data from the column medium supplier

to estimate the adsorption capacity of the medium for
each component and uses an empirical equation and the
gradient elution experiments to describe the peak broad-
ening effect in the column. This is necessary if the pure
components are not available.

To obtain the adsorption capacity of the medium in
method 2, experiments with breakthrough curves for each
component is performed. This gives the non-linear equi-
librium parameter,σi, and the shape parameters in the
SMA model.

Output

Method 1:qmax,i andDax
Method 2:σi, Dax andkdes,i

4. Validation experiment
To ascertain that the models are correct, a final vali-

dation experiment is performed on a clarified fermenta-
tion broth with salt content and protein concentrations
not used in the previous parameter estimation.

The number of experiments and parameters for the two
methods are presented inTable 1.

3.1. Method 1

Method 1 requires only two additional gradient experi-
ments besides the retention maps often used in the develop-
ment of an ion-exchange purification step. The number of
experiments will not change when new components are in-
cluded. The shape and capacity parameters are taken from
the column medium supplier, from empirical correlations
and from the gradient elution experiments.

The number of fitted parameters will increase by two for
each new component included.

3.2. Method 2

Method 2 requires an additional single component exper-
iment to obtain the capacity and shape parameters for each
component. The number of experiments will increase by one
for each new component included. The number of fitted pa-
rameters will increase by five for each new component in-
cluded.
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4. Materials and methods

4.1. Materials

The columns used in the chromatography experiments
were RESOURCE 15 Q and 15 S, 1 ml (No. 920408)
pre-packed columns (diameter 6.4 mm, length 30 mm sup-
plied by Amersham Biosciences, Uppsala, Sweden).

Chromatography experiments were carried out on two
different chromatography systems. Gradient elution exper-
iments were performed on a ÄKTA explorer 100 system
from Amersham Bioscience (Uppsala, Sweden) and break-
through experiments were carried out on a ÄKTA purifier
100 system from Amersham Bioscience (Uppsala, Sweden).
The gradient elution experiments were performed in cooper-
ation with BioInvent International AB (Lund, Sweden). The
gradient elution experiments were conducted on a fermen-
tation broth from serum-free media containing three major
components, namely IgG, transferrin and insulin.

The breakthrough experiments were carried out on pure
components: insulin (I-5500, Lot No. 30K1310) (Bovine
Pancreas, EC No. 234-291-2) and holo-transferrin (T-4132,
Lot No. 121K7611) (Siderophilin, iron-saturated, EC No.
234-318-8), both obtained from Sigma.

Trizma base was also obtained from Sigma. NaCl was ob-
tained from Merck (Darmstadt, Germany). Buffers used for
the breakthrough experiments were 0.1 M Tris–HCl buffers
at pH 8.5 and 0.1 M Tris–HCl at pH 8.5 with 1 M NaCl.

4.2. Methods

4.2.1. Gradient experiments to determine the linear
parameters in the models

The parametersνι and Keq,i in the SMA model and the
parameterskads0,i/kdes0,i andβι in the Langmuir MPM model
can be found by running gradient elution experiments with
different gradients[23].

To find the optimal pH for the gradient elution, a retention
map was established for the fermentation broth, seeFig. 1.
pH 8.5 was considered most promising and gradient elution
was performed with different gradients. The linear gradients
at pH 8.5 used for parameter estimation were 40, 60, 80 and
160 column volumes (CV). The results were compensated
for dead volumes in the system to isolate the behavior due to
the column. The parameters were fitted by computer simu-
lation to match the peak position for the different pH values.
The computer simulation includes the loading time, loading
concentration of the different proteins, column wash, con-
ductivity in the loading sample and length of gradient.

The fermentation broth has a high concentration of IgG
and the IgG peak partly conceals the other peaks. IgG was
partly removed from the sample with affinity chromatog-
raphy and the loading sample was spiked with insulin and
transferrin to give differentiable peaks in the chromatogram.
The inlet concentrations were diluted online 10 times
to 0.02 mg/ml IgG, 0.06 mg/ml insulin and 0.03 mg/ml

Fig. 1. The retention map that describes elution volume when the different
proteins are eluted at various pH values.

transferrin. The fermentation broth has a conductivity of
15 mS/cm and was diluted to about 1 mS/cm at pH 8.5. The
final conductivity at the end of the elution was 84 mS/cm.
The elution buffer was 0.1 M Tris–HCl pH 8.5 with 1 M
NaCl. The flow rate for all gradient elution experiments was
4 ml/min. The loading step lasted 46 column volumes and
the column was washed with two column volumes of buffer.

4.2.2. Experiments to determine the steric factor and the
kinetics in the SMA model

The steric factor can be determined by breakthrough ex-
periments for each pure component at a high protein con-
centration[24]. In the original SMA estimation technique
the steric factor was calculated algebraically fromqmax,i by
performing a breakthrough experiment at high protein con-
centration[25].

In this study, the breakthrough experiments had to be per-
formed at sufficiently high protein concentration to lie in
the non-linear part of the isotherm. The ideal experiment is
of course continued to 100% breakthrough but this requires
large amounts of protein. However, when the breakthrough
experiments are performed the isotherm is not known. It is
thus difficult to estimate a suitable protein concentration for
the experiment. In general, it can be stated that a protein con-
centration at which the position of the breakthrough curve
is clearly dependent on the steric factor is high enough. The
steric factor is altered in the simulation to give the correct
amount of bound protein.

The breakthrough experiments were conducted at pH
8.5 and the conductivity of the sample was approximately
3 mS/cm. The conductivity of the elution buffer (Tris–HCl
buffer, 1 M NaCl) was approximately 82 mS/cm. The break-
through experiments were carried out at different protein
concentrations to validate the steric factor for each pro-
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tein. The flow rate was maintained at 1 ml/min in each
run. Insulin has a very low solubility around neutral pH
and special measures had to be taken when preparing the
insulin samples. Insulin was mixed with Tris–HCl buffer at
pH 8.5 and the pH was raised with dilute NaOH until the
solution became clear. The pH was then adjusted by dilute
HCl to restore the pH to 8.5. The result of this treatment is
a higher conductivity in the insulin experiments, which has
to be considered in the parameter estimation.

4.2.3. Experiments to determine the dead volume in the
chromatography systems

The ÄKTA Purifier system has a relatively low dead vol-
ume for the sample when using a superloop in the injection
of the sample. The dead volume in the ÄKTA Purifier sys-
tem was found to be 0.18 ml in the experimental set-up used.

The ÄKTA Explorer system is a more advanced chro-
matography system with a larger dead volume. The system
used has a dead volume between the column and the UV
detector of 2 ml, and the dead volume associated with the
conductivity cell upstream of the column is 1.7 ml. The peak
position was therefore moved 3.7 ml to the left for parameter
estimation.

5. Parameter estimation—results and discussion

5.1. Estimation techniques

5.1.1. Method 1
The Langmuir MPM parameterskads0,i/kdes0,i andβi ob-

tained from the linear gradient experiments were tuned in
order to fit the simulated retention times for the different
proteins to the experimental ones. This was done manually
by changingβi andkads0,i/kdes0,i in an iterative process, us-
ing three different elution gradients.

5.1.2. Method 2
The equilibrium parameters in the SMA modelνι and

Keq,i were adjusted to fit the peak position in the linear gra-
dient experiments. At low concentration onlyνι andKeq,i af-
fect the peak position. The concentration of insulin was rela-
tively high and to determine the linear parameters accurately
the steric factor,σι, must be correct. An iterative procedure
between breakthrough experiments and retention maps must
be implemented to determine the correct values for all three
parameters in the SMA equilibrium expression. This itera-
tive procedure is not necessary for transferrin and IgG.

The steric factor alone adjusts the position of the break-
through curve ifνι and Keq,i are determined in earlier es-
timations. Only the breakthrough up to 97% is considered.
Once the position has been accurately determined the appar-
ent dispersion coefficient and kinetic parameter are varied
to give the optimal least squares fit to the shape of the entire
breakthrough curve for each pure component and concen-
tration.

5.2. Void fraction

The void fraction in the RESOURCE 15 Q column is dif-
ficult to measure. The RESOURCE column contains mono-
sized particles with very large pores. The large pores make
it difficult to measure the column void with, for example, la-
tex particles. Therefore, the column void was not measured
experimentally. The column void fraction was set to 0.32 in
the model based on previous experience. The void fraction
is relatively low value, but this value is considered reason-
able as the column was industrially packed.

5.3. Handling salt concentration in parameter estimation

The buffers used in the gradient elution experiments and
in the breakthrough experiments have different conductivi-
ties. The conductivity and salt concentration of the sample
and of the loading and elution buffers were measured. A lin-
ear relationship between salt concentration and conductivity
is assumed. The tris (tris[hydroxymethyl]aminomethane) it-
self contributes with a conductivity of 0.1 mS/cm. Higher
conductivity in the Tris–HCl is considered to be due to the
interacting salt component. This assumption is considered
reasonable considering that the desired pH in the buffers
is achieved by adding HCl. The salt concentration in the
buffers and samples was calculated from the conductivity.

5.4. Capacity and shape parameters in method 1

The maximum capacity,qmax,i (mol/m3 gel), was deter-
mined using the data file for the RESOURCE 15 Q, 1 ml col-
umn[26]. The supplier has determined the capacity, capref,
for BSA and lysozyme to be 50 and 100 mg/ml, respectively.
Scaling the capacities with the molecular weights for IgG,
transferrin and insulin, seeEq. (16), gives the value ofqmax
used in the simulations (seeTable 2).

qmax,i = capref(Mwref/Mwi) × 1000

(1 − εc)Mwi

(16)

The BSA reference capacity was used for IgG and trans-
ferrin and the lysozyme reference capacity for insulin. This
is a rather good approximation as they have similar size and
thus the same access to the pores in the beads.

Table 2
Molecular weights, maximum capacity and dispersion coefficients used for
the estimation of the linear parameters for the different proteins included
in this study

Protein Mw (g/mol) qmax (mol/m3 gel) Dax (m2/s)

IgG 150000 0.219 1.54× 10−7

Insulin 6000 57.2 1.54× 10−7

Transferrin 80000 0.770 1.54× 10−7

BSA 67000 1.10[26] –
Lysozyme 14000 10.5[26] –
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Table 3
The inlet concentration in the experimental runs, estimated steric factor, desorption coefficient and apparent dispersion coefficient for the proteins used

Protein IgG Transferrin Insulin

Concentration (mg/ml) – 2 4 5 18
k∗

des (mol/(m3/s)) 1.3× 10−16 2.0 × 10−8 8.0 × 10−8 8.0 × 10−8 4.3 × 10−8

σ 210 97 110 7.8 7.8
Dax (m2/s) 5 × 10−6 4.4 × 10−6 5.1 × 10−6 4.5 × 10−6 1.6 × 10−5

The dispersion coefficient (seeTable 2) was determined
using an empirical correlation presented by Chung and Wen
[27]:

Pe = 1
2εc(0.2 + 0.011Re0.48) (17)

where the Peclet number and Reynolds number are defined
as:

Pe = vintdp

Dax
, Re = vintρεcdp

η
(18)

whereρ is the density (kg/m3) of the solution,dp is the bead
diameter (m), andη is the dynamic viscosity (Pa s) of the so-
lution. The correlation by Chung and Wen gives a lower dis-
persion coefficient than that obtained from a breakthrough
experiment, indicating that external mixing and the transport
inside the bead are not included. In addition, the absolute
value ofkdes0,i andkads0,i, with constantkads0,i/kdes0,i, was
adjusted to give the elution peaks a reasonable peak width
compared to the chromatograms in the linear gradient ex-
periments, seeTable 4

5.5. Capacity and shape parameters in method 2

5.5.1. Insulin and transferrin
The steric factor was determined by frontal chromatogra-

phy with pure components and reasonable values were ob-
tained[24,28], seeTable 3. The amount of bound protein at
different concentrations was used to determine a steric fac-
tor. The kinetic parameter,k∗

des,i, and the apparent dispersion
coefficient,Dax, were adjusted to fit the shape of the break-
through curve for transferrin and insulin, seeFigs. 2 and 3.
With this method it is not necessary to use a very high protein
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Fig. 2. Breakthrough curve for transferrin (2 mg/ml) used for estimation of
the steric factor, desorption coefficient and apparent dispersion coefficient.

concentration in the loading step to algebraically calculate
the steric factor fromqmax. The advantage of using a com-
puter program to determine the steric factor is that a lower
concentration, and therefore less protein, is needed for each
experiment. The drawback of this method is the uncertainty
in extrapolating the results from a lower concentration to a
higher concentration.

The position and maximum value of the breakthrough is
determined by the steric factor�. The steric factor deter-
mines the equilibrium for the different proteins and should
be approximately constant regardless of concentration of salt
and protein for the same breakpoint. When extrapolating the
results to the case of multi-component adsorption one draw-
back is that protein–protein interactions are not taken into
account.

5.5.2. IgG
The monoclonal IgG that was studied in this work is not

available on the open market. IgG with a sufficiently high
concentration and in sufficient amounts to perform a mean-
ingful breakthrough experiment could therefore not be ob-
tained.

To obtain a crude estimate of the steric factor and the
shape of the breakthrough curve, it was assumed that the
steric factor is directly proportional to the molecular weight.
Using this approach the steric factor for IgG was obtained
usingEq. (19). The steric factor for IgG was calculated to
be 210. This approach is considered to be reasonable as it
works fairly well for transferrin and insulin. The steric factor
is scalable between transferrin and insulin with reasonable
accuracy as the steric hindering factor for transferrin should
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Table 4
The estimated linear parameters in the Langmuir MPM model

Protein kads0/kdes0 kdes0 β

IgG 4.4 × 10−2 0.250 4.4
Insulin 5.5× 10−3 5 2.9
Transferrin 2.5× 10−3 4000 3.0

be 116 according to this approach (seeTable 3). The shape
parametersk∗

des,i andDax for IgG are set to give a reasonable
shape of the breakthrough curve.

σIgG = σinsulin
150 000

5733
= 210 (19)

5.6. Linear parameters, methods 1 and 2

5.6.1. Gradient elution
The gradient elution experiments were performed on an

ÄKTA explorer 100 system with a large dead volume com-
pared with the column volume. The retention times for the
three components were corrected for the dead volume.

The ratiokads0/kdes0and the parameterβ in the Langmuir
MPM model and the parametersKeq and ν in the SMA
model were adjusted to find the correct peak position at
different gradient slopes at pH 8.5. The various parameters
determined for the three proteins for the Langmuir MPM
model and the SMA model are reasonable[17,24,28]and
given inTables 4 and 5.

The estimated parameters for the elution step with a salt
gradient of 60 column volumes are compared with the ex-
perimental results inFig. 4. The second transferrin peak is
that used for parameter estimation. As can be seen from the
chromatograms the peak positions are estimated with rela-
tively good accuracy for both models at 60 CV slope. The
two small peaks after the insulin peak contain other proteins
than the three in this study and were not used to evaluate
the methods.

The gradient elution at 160 CV was used as a check and
was not used for the determination of the linear parameters
in the models. It can be seen from the validation experiment
that the parameter estimation was good for IgG and insulin,
seeFig. 5. The parameters for transferrin are more difficult
to evaluate as the transferrin peak is split into three peaks
and the content in each peak was not investigated.

5.6.2. Accuracy
The parameters for IgG, insulin and transferrin can deter-

mine the peak positions with relatively good accuracy. The

Table 5
The estimated linear parameters in the SMA model

Protein Keq ν

IgG 0.50 6.8
Insulin 0.054 2.5
Transferrin 190 5.2
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of 60 column volumes.

accuracy for transferrin is lower than for the other proteins.
One possible explanation is that the transferrin peak con-
tains a number of types of transferrin with slightly different
pI values. This becomes evident at the shallowest gradient
at pH 8.5, where the transferrin peak divides into a number
of slightly differentiated peaks.

In method 1 the mean error on the peak position at three
gradients (40, 60, 80 CV) used for parameter estimation is
±0.6% for IgG,±0.3% for insulin and±8.2% for trans-
ferrin. The overall error on the peak positions in method 2
at the three gradients (40, 60, 80 CV) used for parameter
estimation is±2% for IgG, ±0.6% for insulin and±5%
for transferrin. The lower accuracy for transferrin is proba-
bly due to the fact that the transferrin peak divides into two
peaks at 60 and 80 CV.

The error in method 2 in the experiment with 160 CV
is ±3.5% for IgG, and±0.2% for insulin and. Method 1
gives an error of±1.1% for IgG and±1.5% for insulin at
a gradient of 160 CV. The error for transferrin is difficult to
evaluate as the peak divides into three different peaks.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0

100

200

300

400

500

600

40 50 60 70 80 90 100

Salt gradient

Method 1

Method 2

Experiment

P
ro

te
in

 c
o

n
c
.(

m
g

/m
l)

S
a

lt
 c

o
n

c
. 

(m
o

l/
l)

A
b

s
o

rb
a

n
c
e

 2
8

0
 n

m
 (m

A
U

)

Volume (ml)

Transferrin

IgG

Insulin

Fig. 5. Simulated, and experimental chromatogram for a gradient elution
of 160 column volumes.



D. Karlsson et al. / J. Chromatogr. A 1033 (2004) 71–82 79

5.7. Comparison—models and methods

The difference between methods 1 and 2 lies in how the
capacity and the shape of the peaks are obtained, i.e. steps
2 and 3 differ between the two methods in the general ap-
proach. Both models could be used in both methods. In this
work methods 1 and 2 should be compared as a whole. An
even more thorough method can be used to obtain more ac-
curate predictions of the behavior of salt and protein in the
column. Such a method should include mixing in the exter-
nal volume of the experimental equipment and take into ac-
count the effects of protein–protein interaction, porosity and
diffusion for salt and protein. That would most certainly be
more successful in describing the system but would also re-
quire more experimental effort together with the additional
work associated with modeling and parameter estimation.
The choice of method is always a trade-off between accu-
racy and the amount work required.

The Langmuir MPM model could certainly be used in
method 2 and would most probably give useful results. How-
ever, the approach in this work is to utilize an increased
number of experiments to increase the physical significance
of the model. Therefore the SMA model is used in method
2. Using the SMA model in method 1 proves to be more
difficult. Using the estimatedqmax in method 1, seeTable 2,
to calculateσ, seeEq. (20) [18], for the protein results in
unreasonable steric factors.

qmax,i = Λ

νi + σi

(20)

To be able to correlate the steric factor it is believed nec-
essary to know the linear SMA parameters for the proteins
and to know at what conductivity the experimental break-
through is obtained. If such information were available it
would be possible calculate the steric factor for the protein
investigated by the matrix producer and correlate the steric
factor as shown inEq. (19).

6. Validation of model predictability—results and
discussion

One purpose of this work was to develop models that can
be used in predicting the behavior of a mixture of proteins in
an ion-exchange column. The predictability in multicompo-
nent mixtures is of great importance when using models to
predict breakthrough and separation in industrial solutions
and when using the results for optimization and scale-up.

The validation experiment was performed with protein
concentrations that were not used in the parameter estima-
tion. The salt concentration in the loading step was also dif-
ferent from that used in the parameter estimation.

The validation was conducted as the normal separation
procedure in ion-exchange chromatography at BioInvent In-
ternational AB, i.e. the elution is conducted in two steps,

where transferrin should be eluted in the first step and in-
sulin and IgG in the second step.

The goals of the model application are:

1. to predict the position and composition of the break-
through;

2. to predict the composition of the first elution peak; and
3. to predict the composition of the second elution peak

and, in which order the components elute.

6.1. Validation experiment

The system used in the validation experiment was the
ÄKTA Purifier-100 system. A mixture of insulin, transfer-
rin, and IgG was loaded onto a column. The experiment was
performed at a flow rate of 1 ml/min on a RESOURCE 15
Q column and the sample was loaded onto the column with
a superloop. The concentrations of the proteins were deter-
mined using UV light at 280 nm and the salt concentration
was measured with a conductivity meter. Fractions were col-
lected during the entire experiment and were analyzed by
gel filtration to determine the presence of the different com-
ponents.

The conditions for the different steps are described as
follows.

• Loading: a mixture of 0.30 mg/ml insulin, 0.91 mg/ml
transferrin and 0.33 mg/ml IgG was loaded onto the
column. The conductivity of the loading buffer was
3.2 mS/cm, which corresponds to 0.039 M NaCl. A 48 ml
sample was loaded onto the column and fractions of the
breakthrough were collected. The conductivity of the
equilibration buffer was 1.3 mS/cm, which corresponds
to 0.015 M NaCl.

• Washing: the conductivity of the buffer used for wash-
ing was 1.3 mS/cm, which corresponds to 0.015 M NaCl.
The washing volume was 10 ml and 1 ml fractions were
collected.

• Elution step 1: the conductivity in the first elution step
was 5.4 mS/cm, which corresponds to a concentration of
0.067 M NaCl. The elution volume was 20 ml and 1 ml
fractions were collected. Elution was achieved by mixing
1.015 M NaCl buffer with the original equilibration buffer.

• Elution step 2: the conductivity in the second elution step
was 32 mS/cm, which corresponds to a concentration of
0.396 M NaCl. The elution volume was 20 and 1 ml frac-
tions were collected. Elution was achieved by mixing
1.015 M NaCl buffer with the original equilibration buffer.

• The final elution was performed by loading of pure buffer
solution of 82 mS/cm, 1.015 M NaCl, onto the column.

6.2. Results and discussion

The main goal of this study as mentioned above was to
predict the position and shape of the breakthrough curve
and to determine which protein elutes at a certain salt
concentration. The results from method 2 was used in the
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salt gradient is expressed as mS/cm× 102.

experimental design of the validation experiment to deter-
mine suitable loading volume and conductivity in the sample
as well as suitable conductivities in the two elution steps.
Both methods are successful in predicting the overall behav-
ior in the loading and separation steps. The entire cycle is
shown for the simulation and the experimental run inFig. 6.

6.2.1. Loading step
Simulated and experimental data for the loading step are

shown inFig. 7. The position for the mean volume for the
breakthrough is in good agreement for both methods 1 and
2 compared with the experimental results, seeTable 6. The
10% breakthrough prediction of both models is less accu-
rate, seeTable 6. Method 1 predicts breakthrough 3.4 ml
earlier and method 2 1.3 ml earlier than the experimental
breakthrough.

The shape of the breakthrough curve simulated according
to method 2 is fairly correct whereas the breakthrough simu-
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Fig. 7. The loading step showing predicted and experimental transferrin
breakthrough.

Table 6
The loaded volume at 10 and 50% breakthrough of the maximum con-
centration

10% breakthrough (ml) 50% breakthrough (ml)

Experiment 20.8 21.5
Method 1 17.4 21.4
Method 2 19.5 20.8

lated according to method 1 is less steep. One explanation in
this method is that a correlation is used for the dispersion co-
efficient and that the kinetic parameters are adjusted to give a
reasonable peak width from the ÄKTA Explorer, which has
a much larger dead volume than the ÄKTA Purifier. A larger
dead volume results in a lower resolution and could partly
explain the shallow breakthrough provided by method 1.
The dip in the experimental breakthrough curve is probably
due to protein–protein interactions in adsorption and these
phenomenon are not considered in neither of the methods.

6.2.2. Elution step 1
Simulations and experimental data for elution step 1 are

shown inFig. 8. The experiment was designed to elute only
transferrin in this first elution step. The methods predict that
only transferrin is eluted at this moderate salt concentration
of 0.067 M NaCl. This was also observed in the experimen-
tal case as the gel filtration analysis shows that only trans-
ferrin is eluted. The shape of the elution peak is not accu-
rately foreseen by the methods. This is partly due to the fact
that that the experiment did not result in a perfect salt step
in the elution and therefore gave rise to a steep salt gra-
dient rather than a perfect step elution. Transferrin is also
shown to divide into several peaks in the shallower gradient
elution experiment used to check the linear parameters in
both models. Generally, the peaks predicted by the methods
elutes faster than the experimental ones, due to the shape
of the elution step achieved by the ÄKTA Purifier. Another
explanation of the difference between the peaks may be the
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dead volume between the mixing chamber and the column
to which the elution buffer is applied. If the dead volume
and shape of the salt step is considered the simulated peaks
shift to a longer retention time as exemplified for elution
step 1 and method 2 inFig. 9.

6.2.3. Elution step 2
Simulations and experimental data for elution step 2 are

shown inFig. 10. The methods predict that IgG and insulin
should be eluted in the second elution step, and that IgG will
be eluted slightly before insulin. According to the models,
transferrin has been completely removed in the first elution
step. The validation experiment with a salt concentration of
0.4 M NaCl shows that the first elution step was not suffi-
ciently long a small amount of transferrin was eluted at the
beginning of the second elution step. The second and third
peaks in the second elution step are IgG and insulin, which,
in agreement with the method predictions are completely
eluted. The gel filtration analysis clearly shows that the first
peak is transferrin, the second IgG and the third insulin. Nei-
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followed by insulin. The experimental data show a peak of transferrin
followed by IgG and insulin peaks.

ther the shape nor the position of the elution peaks is accu-
rately described by the methods, partly due to inaccuracies
in the mathematical models and in the determination of the
model parameters. Another explanation could be, as men-
tioned above, that elution is not performed as a perfect step in
the experiment. The simulated peak position is generally ear-
lier than the experimental, as was the case in elution step 1.

7. Conclusions

The methods give calibrated models that succeed in pre-
dicting the separation of three proteins: IgG, transferrin and
insulin, and can, with reasonable accuracy, predict the break-
through of transferrin in a mixture of insulin, IgG and trans-
ferrin. It is thus reasonable to assume that the models can be
used to investigate effects of different salt and protein con-
centrations. This is advantageous when designing a separa-
tion process as the effects of numerous combinations of pro-
cess parameters can be investigated in advance by computer
simulation and the experimental work can be reduced to
investigating the optimal conditions according to the model.

This work shows that the normal experimental work, with
some additional experiments, can be used for parameter es-
timation in adsorption equilibrium models. Both methods
studied give calibrated models that have sufficient accuracy
to be useful in process development. Method 2 gives a model
with slightly more reliable results. The preferred method de-
pends largely on the availability of pure components and the
need for accurate results.

The methods suggested in this work include retention
maps for optimal pH, gradient elution experiments, break-
through curves and empirical correlations and has been
proven to be an efficient approach in process development.
Some additional experiments have to be performed to obtain
the parameters in the models. The predictability achieved
results in less experimental work in process design as a
whole as the correct salt gradient/step and loading volume
is screened experimentally today. These methods give mod-
els that can assist experimental design in the validation and
in the development of an ion-exchange step in downstream
processing. They can also provide a platform for modeling
scale-up and optimization of protein purification processes.

8. 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 mobile phase (mol/m3)
capref column capacity of reference component (kg/m3)
dp bead diameter (m)
Dax apparent dispersion coefficient (m2/s)
kads0,i modulator constant (m3/mol s)
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kads,i adsorption coefficient, Langmuir MPM
(m3/mol s)

kdes0,i modulator constant (m3/mol s)
kdes,i desorption coefficient, Langmuir MPM (1/s)
k∗

ads,i adsorption coefficient, SMA (mol/(m3/s))
k∗

des,i desorption coefficient, SMA (mol/(m3/s))
Keq,i equilibrium constant, SMA
Ki equilibrium constant for componenti,

Langmuir MPM (m3/mol)
L length of the column (m)
Mwi molecular weight of componenti (kg/mol)
Mwref molecular weight of reference component

(kg/mol)
qi concentration in the stationary phase for

componenti (mol/m3 gel)
qmax,i max concentration in the stationary phase

for componenti (mol/m3 gel)
qs total concentration of salt ligands in the

gel (mol/m3)
q̄s concentration of available salt ligands

in stationary phase (mol/m3)
q̂s concentration of shielded ligands (mol/m3)
ri reaction rate for proteini (mol/(m3/s))
S concentration of the elution component

(mol/m3)
t time (s)
vint interstitial velocity (m/s)
x axial coordinate along the column (m)

Greek letters
βi constant describing the IEC characteristic
εc void fraction in the column (m3 mobile

phase/m3 column)
γi constant describing the HIC characteristic

(m3/mol)
η dynamic viscosity (Pa s)
Λ total concentration of binding sites in the gel

(mol/m3 gel)
νi number of interacting sites between

componenti and gel
ρ density (kg/m3)
σi steric factor
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