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Abstract

A method using a model-based approach to design and optimize an ion-exchange step in a protein purification process is proposed for the
separation of IgG from a mixture containing IgG, BSA and myoglobin. The method consists of three steps. In the first step, the model is
calibrated against carefully designed experiments. The chromatographic model describes the convective and dispersive flow in the column,
the diffusion in the adsorbent particles, and the protein adsorption using Langmuir kinetics with mobile phase modulators (MPM). In the
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econd step, the model is validated against a validation experiment and analyzed. In the third and final step, the operating co
ptimized. In the optimization step, the loading volume and the elution gradient are optimized with regard to the most important
xed costs and the feed cost. The optimization is achieved by maximizing the objective functions productivity (i.e. the production
iven amount of stationary phase) and product yield (i.e. the fraction of IgG recovered in the product stream). All optimization is c
nder the constraint of 99% purity of the IgG. The model calibration and the analysis show that this purification step is determin
y the kinetics, although as large a protein as IgG is used in the study. The two different optima resulting from this study are a pr
f 2.7 g IgG/(s m3) stationary phase and a yield of 90%. This model-based approach also gives information of the robustness of t
perating conditions. It is shown that the bead diameter could only be increased from 15�m to 35�m with maximum productivity and a 99
urity constraint due to increased diffusion hindrance in larger beads.
2004 Elsevier B.V. All rights reserved.

eywords:Protein purification; Antibody production; Ion-exchange modeling; Model calibration; Optimization

. Introduction

The development of biotechnological products is becom-
ng more and more expensive[1]. One type of protein at-
racting a great deal of attention in the biopharmaceutical
ndustry is antibodies[2]. The cost of producing antibodies
s, however, high, mainly due to the downstream processing,
hich constitutes 80% of the total cost[3]. This includes not
nly the fixed costs and cost of the high-value products but
lso the costs involved in developing the processes, not least

abor cost. Consequently, a cheap method of designing and
ptimizing a purification step is extremely important.

∗ Corresponding author. Tel.: +46 46 222 8088; fax: +46 46 222 4526.
E-mail address:bernt.nilsson@chemeng.lth.se (B. Nilsson).

It is believed that it will be possible to reduce the num
of labor-intensive experiments, thereby shortening the
and reducing the cost, by modeling and simulation in the
sign and optimization of a process. This requires a met
ology employing accurate models validated by carefully
signed experiments when developing a new separation s
the downstream process. The model employed should p
ably be based on an understanding of the underlying phy
mechanisms. This type of model will have a predictive
pacity even when experiments are lacking, and will als
very useful for parameter studies.

A widely employed preparative antibody purification s
in the biotech industry is ion-exchange chromatography[4].
It is commonly used to separate feed streams that consi
range of components with different interaction behavior.
best pH and buffer conditions for separation are often d
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mined from a retention map[5]. Adsorption is carried out at
a constant, low salt concentration while elution is performed
at a high salt concentration. It is now becoming more com-
mon to use a linear salt concentration gradient. Thus, a linear
gradient of increasing mobile phase salt is introduced into
the elution step. This technique allows the protein to be con-
centrated during loading, and to be eluted without substantial
dilution if a normal gradient is used.

Model-based optimization of chromatographic columns
[6–8] is difficult and cannot be achieved solely by analyti-
cal solutions of the equations of chromatography. The high
concentration that may arise inside the column during load-
ing, results in competitive multi-component binding, which
implies that the prediction of adsorption and mass trans-
port behavior requires the use of numerical techniques[9].
Optimizing the operating conditions in ion-exchange chro-
matography demands descriptions such as steric mass action
(SMA) [9] or, as in this study, a Langmuir description with
mobile phase modulators (MPM)[10], which can describe
both multi-component protein adsorption and salt-induced
elution. Other phenomena such as diffusion may also be im-
portant in the separation of macromolecules as the diffusion
rate is often rate limiting[11].

The approach presented here is suitable in capture, the
first purification step after the expression system, and in the
i tion
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∂ci

∂t
= Dax

∂2ci

∂x2 − vint

∂ci

∂x
− 1 − εc

εc
F (1)

If a detailed model of the particle is used, the help variable,
F, describes the mass transfer from the mobile phase to the
surface of the particle using a film mass transfer coefficient,
kf (m/s)[12]:

F = 3

R
kf,i(ci − cp,i|r=R ) (2)

otherwise, an adsorption model of the Langmuir type de-
scribesF [13].

F = ∂qi

∂t
(3)

Here,εc 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),ci the concentration
of componenti in the mobile phase (kmol/m3), R the radius
of the bead (m),cp,i|r=R the concentration of componenti
at the surface of the bead (kmol/m3), qi the concentration of
componenti in the stationary phase, denoted sp (kmol/m3

sp), andt is the time (s).
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ntermediate steps following the capture. The optimiza
ethod developed in this work requires just a few additi

xperiments besides those required for the retention ma
validation experiment. The calibrated and validated m

an be used to gain greater insight into the optimizatio
on-exchange chromatography.

. Theory — models, simulation techniques and
ptimization

The model used to describe the purification step may
ist of two or three parts. The description of the convective
ispersive flow in the column and the adsorption kinetics

ncluded in both cases. The diffusive transport within the
orbent particles is included in the latter case[12]. Langmuir
inetics with a mobile phase modulator is used to desc
rotein adsorption[10]. In this work, the shapes of the eluti
eak and breakthrough curve are dependent on a disp
oefficient and the adsorption rate. If the particle des
ion is included the shape is also dependent on a diffu
oefficient and a mass transfer coefficient.

.1. The column model

The chromatography column is assumed to be filled
eads of equal size. The convective flow is subject to i
ixing, defined by an axial dispersion coefficient,Dax (m2/s).
he column model for componenti is described by the fo
The column equation is subject to two different bound
onditions. A Robin condition describes the column inle

∂ci

∂x
= vint

Dax
(ci − cinlet,i), atx = 0 (4)

herecinlet,i is the inlet feed concentration (kmol/m3) andci
s the concentration just inside the column (kmol/m3), which

ay be slightly lower thancinlet,i due to dispersion at the inle
t the outlet wherex is equal toL, the length of the colum

m), only convective transport is considered and can thu
escribed by a Neumann condition.

∂ci

∂x
= 0, atx = L (5)

.2. The particle model

The mass transfer within the particle to the adsorption
s a diffusive process described byDe, the effective diffusion
oefficient (m2/s). The particle is assumed to be spher
ith radiusR. The particle model for componenti is described
y the following equation:

∂cp,i

∂t
= De,i

εp,i

(
∂2cp,i

∂r2 + 2

r

∂cp,i

∂r

)
− 1

εp,i

∂qi

∂t
(6)

herecp,i is the concentration of componenti in the pore
iquid (kmol/m3), r the radius coordinate (m) andεp,i is the
article porosity fraction for componenti (−), i.e. the volume
ccessible to componenti in the particle divided by the tot
article volume. The boundary condition is a Robin condi
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at the particle surface, which couples the particle description
to the column model, see Eq.(1).

∂cp,i

∂r
= kf,i

De,i
(ci − cp,i|r=R ), atr = R (7)

In the center of the particle the mass flux, and thus its
derivative, is zero and is described by a Neumann condition:

∂cp,i

∂r
= 0, atr = 0 (8)

2.3. Adsorption — the Langmuir MPM model

The protein mixture studied contains proteins of various
sizes. It is assumed that the binding sites are uniformly dis-
tributed and have equi-accessible fixed charges at the adsorp-
tive surface. Langmuir kinetics[12], see Eq.(9), describes
the adsorption and desorption of the protein and these are re-
garded as competitive processes in which the salt concentra-
tion affects the retention of the protein. Because salt is consid-
ered to be inert, dqsalt/dt is zero. During the binding step,kads,i ,
the adsorption coefficient of componenti (m3/(kmol s)), is
much larger thankdes,i , the desorption coefficient of compo-
nenti (s−1), while at elutionkdes,i dominates. 
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2.4. Simulation techniques

The simulations were performed in MATLAB[14] using
BioSepToolbox[15,16]. Each partial differential equation in
the model is discretized in space to give a set of ordinary
differential equations using the method of lines (MOL). The
space is divided into a set of grid points, where each grid
point contains a discretized ordinary differential equation. A
three-point, finite-difference method was used to discretize
the column and the particles. For the case including particle
description the number of grid points was set to 50 in the
column and 5 in the particle. Otherwise 60 grid points were
used in the column, which is sufficient to avoid numerical
dispersion. The discretized model was solved with a stan-
dard solver for ordinary differential equations (ODE15S) in
MATLAB.

2.5. Chromatographic optimization

To optimize a non-linear preparative chromatographic ion-
exchange step four types, of objects have to be considered:
objective functions, design parameters, decision variables,
and constraints[6,17,18]. These are presented are described
below.
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∂t
= kads,icx,iqmax,i1 −

N∑
j=1

qj

qmax,j

− kdes,iqi (9)

ere,qmax,i andqmax,j are the maximum concentrations
omponentsi andj in the stationary phase (kmol/m3 sp);qi
ndqj are the concentrations of componentsi and j in the
tationary phase (kmol/m3 sp), andN is the number of inter
cting components. If the particle description is include

he model,cx,i is the concentration in pore liquid (kmol/m3),
therwise it is the bulk concentration (kmol/m3).

The model can be used for the loading step as well a
lution step by using mobile phase modulators[10], defined
y Eqs.(10) and (11):

ads,i = kads0,ie
γiS (10)

des,i = kdes0,iS
βi (11)

hereS is the concentration of the elution component,
en salt, andkads0,i (m3/(kmol s)) andkdes0,i (m3/(kmol s)) are
onstants.βi (−) is a constant describing the ion-excha
haracteristics andγ i (m3/kmol) describes the hydrophob

ty [10]. Under loading conditions,Sis given by the buffer sa
oncentration and salt from the proteins, i.e.kads,i ≈ kads0,i
ndkdes,i ≈ 0 unlike, the elution conditions (S> 0) wherekads,i

s reduced by the factor e�S (γ < 0) andkdes,i is increased b
he factorS�i. In this study, it was assumed that there
o hydrophobic interactions, which means thatγ i is equal to
ero. Although hydrophobic interactions are neglected
ffect can be seen from a parameter study of the mod

uning the factor,γ i .
.5.1. Objective functions
For successful optimization, it is important to choos

uitable objective function to minimize or maximize. In t
tudy three different objective functions were used. On
he most common objective functions for preparative c
atography is the productivity, PRi (kg/(s m3 sp)), of a com
onenti, which gives the production rate for a given amo
f stationary phase:

Ri = ci,LoadVLoadYi

tcVsp
(12)

hereci,Load is the feed concentration (kg/m3) of componen
in the loading step,VLoad is the loading volume (m3), Yi is
he yield of componenti, tc is the cycle time (s), andVsp is the
olume of stationary phase used in the column (m3). Max-
mizing the productivity will give a measure of the high
ossible amount of protein that can be purified per unit
er unit stationary phase. The yield is calculated as the
etween the amount of componenti in the elution fraction
ith the required purity divided by the amount of compon
loaded, see Eq.(13):

i =
∫ t2

t1
ci dt

ci,LoadtLoad
(13)

heret1 andt2 are the cut times (s) andtLoad is the loading
ime (s). The yield is one of the most important objec
unctions if the product is very expensive, which is often
ase with biopharmaceuticals.

Combining the objective function for productivity a
ield gives the normalized earning (NE) objective funct
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Table 1
The objective functions used in the normalized earning objective function
depending on which cost is dominant

Dominant cost w Maximize

Fixed costs 1 Productivity
Feed cost, i.e. the value of the product lost 0 Yield

i.e. the relation between fixed costs, FiC, and feed cost, FeC
[19], which, in some sense, is how much can be produced and
is expressed as kg per euro. The fixed costs include the cost
of the system, the adsorbent packing, the labor, etc. and the
feed cost is simply the cost per unit feed, i.e. the value of the
product lost. Costs not included in this study are the solvent
cost, which is the cost of solvents used in the downstream
process, and the energy used in the process. These costs are
often not of importance when dealing with the purification of
antibodies. Two extreme cases can be envisioned, seeTable 1
using the ratiow, see Eq.(14), and the objective function, see
Eq.(15), depending on which cost is dominating

w = FiC

FiC + FeC
(14)

NEi = w
PRi

max(PRi)
+ (1 − w)

Yi

max(Yi)
(15)

2.5.2. Design parameters
The most typical parameter in a preparative chromato-

graphic purification step is the concentration of the feed con-
stituents. Other parameters in this study are buffer, eluting
salt, stationary phase material and the pH at which the sep-
aration is carried out. Parameters cannot be changed during
the optimization process. They are pre-scouted or determined
b
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tive function. The solubility and activity were assumed to be
within a suitable range.

3. Working procedure

The procedure used in this work to optimize a chromato-
graphic ion-exchange column is divided into three steps, see
Fig. 1. The first step deals with model calibration[13]. The
calibrated model is validated against an experiment and an-
alyzed in step 2. In the last step optimization is performed
with the validated and calibrated model.

3.1. Model calibration

3.1.1. Shape parameters
The effective diffusion coefficient, the film mass trans-

fer coefficient, and the accessible particle porosity can be
considered as shape parameters as they are to same degree
dependent on the bead and column shape. To determine these
parameters column breakthrough experiments are performed
[21]. These are single component experiments and are carried
out under non-binding conditions with four different flows.
The parameters are calibrated using a non-linear least-squares
regression method in MATLAB. The shape parameters are
c ctive
d ered

Fig. 1. The procedure employed in model-based optimization of an ion-
exchange step. The procedure is divided into model calibration, model val-
idation and analysis, and finally optimization.
y the composition of the fermentation broth.

.5.3. Decision variables
A chromatographic purification step consists of many

ision variables, which leads to a high degree of freed
he values of these variables are changed to maximi
inimize the objective function to obtain an optimal pur

ation step. Typical decision variables are loading, was
nd elution times, salt concentration, the flow rate in the

erent steps, column length, column diameter, and the
ient in the elution step. To limit the degree of freedom
ffects of two variables were studied: the loading time

he gradient in the elution. These variables control the c
ime and the amount of protein purified. All other decis
ariables were constant during the study and were ther
reated as parameters.

.5.4. Constraints
The optimization process can only be carried out in

perating window defined by the constraints. These ca
efined as either physical or quality constraints. Phy
onstraints include solubility and activity while example
uality constraints are yield and purity[20]. In this study, the
urity was set to 99%, and the yield was treated as an o
alibrated at the same time for the flow used. The effe
iffusion coefficient and the particle porosity are consid
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to be independent of the flow rate, which is not the case for the
film mass transfer coefficient. The dispersion coefficient was
determined using an empirical correlation where the Peclet
number was set to 0.5[22]:

Pe = vintdp

Dax
(16)

wheredp is the bead diameter (m).

3.1.2. Linear parameters
To calibratekdes0,i , kads0,i , andβi , gradient elution experi-

ments with different gradients are performed. The parameters
are tuned in order to fit the simulated retention times for the
different proteins to the experimental ones. This is done man-
ually by changingβi andkads0,i /kdes0,i in an iterative process,
using different elution gradients[13].

3.1.3. Maximum capacity
The maximum adsorbent capacity is determined by frontal

chromatography with pure components with concentrations
on the non-linear part of the adsorption isotherm. The value
of the maximum capacity,qmax,i , in the model is tuned to
match the experimental breakthrough volume. The value of
qmax,i determines the equilibrium for the different proteins
and should be approximately constant for the same break-
p in, if
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function is calculated at each point in the parameter study to
give the optimal operating conditions.

4. Materials and methods

4.1. Materials

The column used in the chromatography experiments were
pre-packed columns (diameter 6.4 mm, length 30 mm) filled
with a strong anion-exchanger, RESOURCE 15 Q, 1 ml (no.
920408) supplied by Amersham Biosciences (Uppsala, Swe-
den). The beads have a diameter of 15�m. The column used
to analyze the fractions was a gel filtration column, TSK-G
3000 SWXL (diameter 7.8 mm, length 30 cm) from Toso-
Haas (Tokyo, Japan). In this column the bead diameter was
5�m.

Three different components were used in the experiments:
bovine serum albumin (BSA) (A-1900, Lot no. 75H9305),
and myoglobin (M-4132, Lot no. 048H7017), both obtained
from Sigma (Steinheim, Germany) and polyclonal IgG kindly
provided from Biovitrum AB, Stockholm, Sweden. The IgG
protein solution consists of four different clonals and has
a concentration of 15.7% (w/w). Trizma base (T-1503, Lot
no. 120K5403), was also obtained from Sigma. NaCl was
o
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oint, regardless of the concentrations of salt and prote
oncentrations on the linear part of the adsorptions isot
re used to estimate the linear parameters. Using the
rated value ofqmax,i in the elution gradient experiment c
e used to check this. If this is not the case, an iterative cal

ion procedure between the capacity and the linear param
s necessary until the correct value ofqmax,i is obtained.

.2. Model validation and analysis

To ascertain that the model is correct, a validation ex
ment is performed for a protein mixture with salt cont
nd protein concentrations not used in the model calibra

f the model proves satisfactory after the validation, ana
f the parameters in the model is performed. The analy
artly the result from the model calibration and partly fr
ensitivity calculations performed after the validation. A
his analysis the model is simplified, if possible, in orde
educe the number of parameters in the model and to s
p the calculations.

.3. Optimization

First the decision variables are chosen; in this study
oading time and the elution gradient. The other decision
bles were considered to be design parameters. The opt

ion is performed as a parameter study of the decision
bles. Following this, the constraint is applied, in this st

he purity. This is done using the fractionizer in BioSepT
ox[16,23]where the volume fraction of the product is cal

ated according to the purity constraints. Finally, the objec
-

btained from Merck (Darmstadt, Germany).
The chromatography experiments were carried out o

¨ KTA purifier 100 system from Amersham Bioscience.

.2. Methods

Optimal pH was scouted to 8.7, which was proven to
ood separation between IgG, BSA, and myoglobin.

.2.1. Breakthrough experiments — determination of
hape parameters De, εp and kf

To obtain valid shape parameters single component b
hrough experiments were carried out at four different
ates: 1, 2, 3, and 4 ml/min. The concentration of the pro
as 0.5 mg/ml in all experiments. A 20 mM Tris buffer w
M NaCl at a pH of 8.7 was used. The high salt concentra
as used to prevent protein binding to the stationary ph

.2.2. Gradient experiments to determine the linear
arameters in the model

The values ofkads0,i , kdes0,i andβi in the Langmuir MPM
odel can be found by running gradient elution experim
ith different gradients[24]. The linear gradients used for p

ameter estimation were 20, 25, 30, 35, 40, 50, and 60 co
olumes (CV). The inlet concentrations were 0.20 mg
gG, 0.19 mg/ml BSA and 0.12 mg/ml myoglobin. The bu
as a 20 mM Tris buffer at a pH of 8.7 and the elution bu
as 20 mM Tris buffer, pH 8.7, with 1 M NaCl. The flow ra

or all gradient elution experiments was 1 ml/min. The c
uctivity in the loading step was about 0.82 mS/cm and a
nd of the elution about 82 mS/cm. The loading step la
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Table 2
Protein concentration and the total salt concentration during the break-
through experiments to determine the maximum capacity for each protein

Protein Protein concentration (mg/ml) Salt concentration (kmol/m3)

IgG 6, 8, and 10 0.012, 0.016, and 0.015
BSA 8 and 10 0.03 and 0.034
Myoglobin 1, 2, and 3 0.0085, 0.011, and 0.0079

2 CV and the column was washed with 8.5 CV of buffer. The
experimental results were compensated for dead volumes in
the system to isolate the behavior due to the column.

4.2.3. Experiments to determine the maximum capacity,
qmax

In this study, the capacity breakthrough experiments had
to be performed at sufficiently high protein concentration to
lie in the non-linear part of the isotherm. Experiments were
performed at conditions listed inTable 2.

The flow rate was 1 ml/min and the buffer was 20 mM
Tris buffer, pH 8.7, supplemented with NaCl to obtain the
salt concentration inTable 2.

4.2.4. Experiments to determine the dead volume in the
chromatography system

TheÄKTA Purifier system has a relatively low dead vol-
ume for the sample when using a 2 ml loop or a superloop in
the injection of the sample. The dead volume in theÄKTA
Purifier system was found to be 0.14 ml in the experimental
set-up used.

4.2.5. Validation experiment
To validate the model a validation experiment was per-

formed with conditions that differed from those in the model
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Table 3
Physical data for proteins used in this study

Protein Molecular weight (kDa) pI Stoke radius (nm)

IgG 150b 5–8.5b 5.6a

BSA 67e 4.9c 3.6a

Myoglobin 18d 7–8d 1.9a

a [27].
b [30].
c [31].
d [32].
e [33].

Table 4
Particle porosity, diffusion coefficient and film mass transfer estimated from
single component breakthrough experiments

Protein εp De (m2/s) kf (m/s)

IgG 0.50 3.5× 10−12 1.1× 10−4

BSA 0.59 5.4× 10−12 1.6× 10−3

Myoglobin 0.66 7.0× 10−12 3.2× 10−2

to 0.32 in the model based on previous experience[13]. The
void fraction is relatively low, but this value is considered rea-
sonable as the column was industrially packed. Physical data
for the proteins used in this study are presented inTable 3.

5.1.1. Shape parameters
The shape parameters were estimated from the single com-

ponent breakthrough experiments, seeTable 4. The estimated
value for each parameter is the average value obtained at four
different flow rates.

An example of parameter estimation is shown inFig. 2.
The estimation shows that it is difficult to find the film mass
transfer coefficient at which the sum of the squares is almost
the same for all coefficients over 10−5. One explanation may
be that the film mass transfer coefficient is probably not rate
limiting, and is difficult to see in the experiment. The effec-
tive diffusion coefficients estimated for the different proteins
in this study are 10 times lower than those obtained by holo-

F nt by
c ass
t

alibration. A mixture of 3 mg/ml IgG, 0.5 mg/ml BSA, a
mg/ml myoglobin was loaded onto a column using a
erloop. The experiment was performed at a flow rat
.2 ml/min. The buffer was a 20 mM Tris buffer at a pH
.7, and the elution buffer was 20 mM Tris buffer, pH 8
ith 1 M NaCl. The loading was 9.2 CV, the washing 5
nd the elution gradient 32 CV. The conductivity in the lo

ng step was 1.22 mS/cm and in the elution step 82 mS
ractions were collected during the entire experiment
ere analyzed by gel filtration to determine the presen

he different components.

. Results and discussion

.1. Model calibration

The model that was calibrated against the column ex
ments includes the particle description. The ReSource
xchanger column contains monosized particles with

arge pores. The large pores make it difficult to measur
olumn void with, for example, latex particles. Therefore,
olumn void was not measured experimentally, but wa
ig. 2. The model fitted to results from an IgG breakthrough experime
hanging the diffusion coefficient, the particle porosity and the film m
ransfer coefficient at a flow rate of 3 ml/min.
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Table 5
Diffusion data from different sources

Protein εp De (m2/s) Method

IgG 0.51 1.5× 10−11 ESPIa

0.46 2.6× 10−12 Chromatographyb

BSA 0.44 2.1× 10−11 ESPIa

0.55 5.9× 10−12 Chromatographyb

Lysozyme 0.65 7.3× 10−11 ESPIa

Myoglobin 0.73 2.5× 10−11 Chromatographyb

a [26].
b [27].

graphic methods[25]. Data from electronic speckle pattern
interferometry (ESPI) measurements also show higher values
for the effective diffusion coefficients but almost the same
particle porosity[26], seeTable 5.

The ESPI study includes the same proteins as in this study
except for the smallest one, where lysozyme was used instead
of myoglobin. The values ofDe in the present chromatog-
raphy breakthrough experiments are probably lower due to
the cross-linked Source gel used in this study instead of the
non-cross-linked agarose in the ESPI study. According to
the Stokes–Einstein equation myoglobin can be assumed to
have almost the same diffusion coefficient as lysozyme. Data
from other studies using chromatographic breakthrough ex-
periments show parameter values in roughly the same range
as in this study, even when an agarose gel was used[27].

5.1.2. Linear parameters
Gradient elution experiments were performed and the re-

tention times for the three components were corrected for
the dead volume in the experimental equipment. The ratio
kads0/kdes0and the parameterβ in the Langmuir MPM model
were adjusted to find the correct peak position at different
elution gradients at pH 8.7. The various parameters deter-
mined for the three proteins for the Langmuir MPM model
are reasonable[13] and can be found inTable 6.

salt
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Fig. 3. Comparison between a case including particle description and one
without particle description, and the experiment with an elution gradient of
30 CV.

explanation may be that UV-absorbance calculated from cal-
ibration curves for each component not gives the same com-
bined result as the total UV-absorbance in the experiment.
The small peak after the BSA peak contains one of the IgG
clonals and was not used to evaluate the procedure.

The mean error in the peak position at seven gradients (20,
25, 30, 35, 40, 50, and 60 CV) used for parameter estimation
is±2.8% for IgG,±0.8% for BSA and±3.0% for myoglobin.
The lower accuracy for IgG and myoglobin is probably due
to the fact that they have a small mean charge, which makes
them more sensitive to salt dynamics, which is not taken into
account in the model.

5.1.3. Maximum capacity
The maximum capacity,qmax, was determined by break-

through chromatography experiments with pure compo-
nents at high concentration. The capacities were 5.40×
10−4 kmol/m3 sp for IgG, 1.04× 10−3 kmol/m3 sp for BSA

F om-
p rough
( sists
( eak
(

The estimated parameters for the elution step with a
radient of 30 CV are compared with the experimenta
ults in Fig. 3. The peak position is estimated from fir
oment calculations of the absorbance[28], not the maxi
al absorbance at thëAKTA. As can be seen from the chr
atograms, the peak positions are estimated with goo

uracy for the model at a gradient of 30 CV. The peaks
owever, a little wider and not as high as in the experim
his is due to the shape parameters calibrated from the b

hrough experiments, which limit the influence of the kin
arameters on the peaks at values ofkdes0over 50. Anothe

able 6
he estimated linear parameters in the Langmuir MPM model

rotein kdes0/kads0 kdes0(kmol/(m3 s)) β

gG 1.3× 10−3 50 1.12
SA 1.7× 10−2 50 3.2
yoglobin 6.0× 10−4 50 0.61
ig. 4. The validation experiment with an elution gradient of 32 CV c
ared to the case including the particle description. The first breakth
A) is myoglobin and the second (B) is IgG. The first elution peak con
C) almost only of IgG with a small fraction of myoglobin. The last p
D) is BSA.
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Table 7
Operating conditions at maximum objective function value for different objective functions

Objective function Cost Max objective
function value

Loading
volume (ml)

Elution
gradient (ml
and CV)

Cycle time
(min)

Elution
volume (ml)

Fraction
volume (ml)

Productivity Fixed 2.7 g/(s m3 sp) 23 91 and 94 39 13 8
Yield Feed 90% 8 240 and 249 34 21 11

and 0.75× 10−3 kmol/m3 sp for myoglobin. An iterative cal-
culation process between the elution gradient experiment and
the capacity experiment were necessary to determine the ca-
pacities for IgG and myoglobin[29].

5.2. Validation and analysis

The validation experiment was performed as a gradient
elution experiment with protein concentrations that were not
used in the parameter estimation. The salt concentration in the
loading step was also different from that used in the param-
eter estimation. Although much higher concentrations of the
proteins were used than in the model calibration, the model
fitted the validation experiment with relatively good accu-
racy, seeFig. 4. The first breakthrough is myoglobin and the
second is IgG. In the washing step the UV-absorbance for
the experiment approaches zero. This is not accounted for in
the model and some of the IgG and myoglobin was washed
out, causing a loss in peak height in the elution step. In the
elution step, the peaks in the model are at the same positions
as in the validation experiment. The last peak is BSA and has
almost the same shape in the simulation as in the experiment.
The first peak is almost only IgG, which both the experiment
and model shows. Most of the myoglobin is displaced in the
loading and washing step.
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centration. The batch cycle ends with the regeneration step.
This is one of the major benefits of model-based optimization
compared to experimental-based optimization, because it is
possible to perform calculations for each component. During
the optimization the inlet protein concentrations were set to
0.4 mg/ml IgG, 0.4 mg/ml BSA and 0.2 mg/ml myoglobin.
The salt concentration was 0.009 M during the loading step,
and the washing and regeneration volumes were fixed at 6 ml
(6 CV). Using the normalized earning objective function the
combined optimum for productivity and yield was studied by
tuningw from 0 to 1, seeTable 1. The purity constraint was
set to 99%.

5.3.1. Productivity
The operating conditions for maximal productivity are

given inTable 7. As can be seen inFig. 5, the chromatogram
has a rather wide breakthrough for myoglobin in the loading
step and, the IgG breakthrough stops just after it has started
to recover as much as possible of IgG in the elution step. The
BSA peak is very narrow because of the salt step in the regen-
eration step and has a peak concentration of about 60 mg/ml.

To ensure robust operating conditions in the ion-exchange
step it is important to be sure that the loading volume and the
elution gradient volume are not in a region with steep edges,
s int
c if the
o timal
o
fl t at
m

5
t is

o
B e to
t

ti-
m rly
b s
a prod-
u ies.
T ient
v very
s also
b so ro-
b point.
An analysis of the model shows that the peak position
ainly determined by the linear parameters. Although
large protein as IgG is used, the effective diffusion and
ass transfer are of less importance. Only narrow pea

he elution will be influenced. Another observation from
odel calibration was long computation times. One ca

ation could take 1–2 h, which would make the computa
ime for the optimization rather long, 4–5 days. Based
his, the model was simplified. The simplified model did
nclude the particle description, but still showed almost
ame behavior if only the dispersion coefficient was chan
eeFig. 3. The computation time for this model was ab
–2 min. This model was used in the optimization.

.3. Optimization

The optimization was carried out as a parameter stud
hanging the decision variables, i.e. the loading volume
he elution gradient. The gradient is defined as the numb
olumn volumes required to obtain the maximum salt c
entration, in this study 1 M. The elution is stopped when
gG peak concentration has fallen to 0.5% of the feed
eeFig. 5. A small deviation from the optimal operating po
an have a considerable impact on process performance
perating conditions are close to the steep edges. The op
perating conditions in the case seen inFig. 5is in a relatively
at region, indicating that the purification step is robus
aximal productivity for the decision variables studied.

.3.2. Yield
When the yield is the dominating factor a flat gradien

ften obtained, see results inTable 7andFig. 6. The narrow
SA peak has a peak concentration of only 15 mg/ml du

he short loading time.
If the highest priority is given to maximum yield, the op

um will give a very flat elution gradient, which can clea
e seen in the optimization plot inFig. 6. The yield decrease
gain at very small loading volumes because the small
ct peak will have a larger part included in the impurit
he optimum will also lie on the edge of the elution grad
olume in the parameter study. As the optimum has a
hallow elution gradient a small salt step could probably
e used in this case. These operating conditions are al
ust as there is no steep edge near the maximum yield
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Fig. 5. The chromatogram at maximum productivity and the optimization plot with 99% purity and productivity as the most important objective function.
Maximum productivity is indicated out as an asterisk (*).

Fig. 6. The chromatogram at maximum yield and the optimization plot with 99% purity and yield as the most important objective function. Maximum yield is
indicated by as an asterisk (*).

5.3.3. Productivity and yield
If the normalized earning objective function Eq.(13) is

maximized different optimum will be obtained depending on
the relative costs. The operating conditions will vary accord-
ing toFig. 7. The two special cases of productivity and yield
as the dominating factor are shown as endpoints of the curve.
These cases are also given inTable 7. A horizontal line at an

F cost,
i

elution volume of approximately 21 ml near maximum yield
is obtained. The elution volume would probably be larger
if the parameter study contained a larger range of elution
gradients. The optimal operating conditions vary consider-
ably depending on the object function. The loading volume
increases three times from maximal yield to maximal produc-
tivity, while the elution volume decreases by almost 50%.

5.3.4. Analysis of the influence of diffusion
One way to decrease costs when scaling up a purification

step is to choose a cheaper stationary phase than the Source
gel. This can easily be studied using the present model-based
approach by investigating the effect on diffusion of increasing
the bead diameter in the model including the particle descrip-
tion, at maximum productivity and 99% purity, seeFig. 8. The
fraction volume is defined as the volume of product obtained
in the elution step.

It is only possible to increase the bead diameter to 35�m,
which will make it difficult to use a stationary phase based on
agarose gel under these conditions and parameters. Agarose
beads often have a larger diameter than the Source beads. If
myoglobin is considered to be inert in this step, i.e. a sepa-
ration between only IgG and BSA and separated in next pu-
rification step, it is possible to use a larger bead diameter and
this step will probably be performed as negative chromatog-
r ther
h e op-
ig. 7. Optimal operating conditions depending on the most important
.e. productivity or yield.
aphy. Reducing the requirement on the purity, on the o
and, gives the same pattern as with 99% purity, but th
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Fig. 8. The fraction volume at different bead diameters at maximum pro-
ductivity and 99% purity.

timum is moved closer to the steep edges in the optimization
plot.

6. Conclusions

The model-based optimization method suggested in this
work includes model calibration, model validation and anal-
ysis, and optimization. It has been proven to be an efficient
approach in process development. Apart from the normal
experimental work some additional experiments have to be
performed to obtain the parameters used in the model. This
optimization method gives good predictability. Model-based
optimization results in less experimental work in process de-
sign as a whole compared with optimization based on exper-
iments. This will lead to less labor-intensive design, which
will save time and money.

Based on experience gained with the present protein model
system myoglobin appears to be very sensitive to the salt
concentration at pH 8.7, which the model has problems to
describing at steep elution gradients, as also reported in ex-
perimental work by Ebershold and Zydney[29]. The model
calibration and analysis shows that this purification step is
mainly determined by the kinetics despite the fact that as
large a protein as IgG was used in the study. Changing the
d am-
e
u

opti-
m end-
i ntifi-
c vity
o on
i s of
t ision
v

The optimum given on a small scale also provides a plat-
form for modeling of scale-up and optimization of protein
purification processes on production scale. Furthermore, the
mechanistic structure of the model makes it easy and infor-
mative to perform parameter studies for the separation system
being studied.

7. Nomenclature

ci concentration of compoundi in the mobile phase
(kmol/m3)

ci,Load mass concentration of compoundi in the loading
step (kmol/m3)

cinlet,i inlet concentration of compoundi in the mobile
phase (kmol/m3)

cp,i concentration of compoundi in the pore liquid
(kmol/m3)

cp,i|r=R concentration of compoundi at the surface of the
bead (kmol/m3)

cs concentration of salt in mobile phase (kmol/m3)
cx,i concentration of compoundi in the pore liquid or

the bulk phase (kmol/m3)
dp bead diameter (m)
D 2

D
F
F
F
k

k
k
k
L
N
P
p
P
q ase

q und

r
R
S
t
t
t
t
v

V
V
V
w

iffusion coefficient 10 times did not affect the linear par
ters. This is probably due to the small Source beads (15�m)
sed.

An advantage of the model-based approach is that
al operating conditions can easily be calculated dep

ng on the objective function chosen. Besides the qua
ation of the optimal conditions, in this case a producti
f 2.7 g/(s m3 sp) and a yield of 90%, additional informati

s obtained from the optimization plots. The robustnes
he operating conditions can easily be seen for the dec
ariables studied.
ax dispersion coefficient (m/s)
e effective diffusion coefficient (m2/s)

help variable
eC feed cost (D )
iC fixed costs (D )
ads,i adsorption coefficient, Langmuir MPM

(m3/(kmol s))
ads0,i , kdes0,i modulator constants (m3/(kmol s))
des,i desorption coefficient, Langmuir MPM (s−1)
f film mass transfer coefficient (m/s)

length of the column (m)
Ei normalized earning
e Peclet number
I isoelectric point
Ri productivity of compoundi (kg/(s m3 sp))
max,i ,qmax,j maximum concentration in the stationary ph

for compoundi andj (mol/m3 sp)
i , qj concentration in the stationary phase for compo

i andj (mol/m3 sp)
radius dimension (r)
bead radius (m)
concentration of the elution component (mol/m3)
time (s)

1, t2 cut times at given purity (s)
c cycle time (s)
Load loading time (s)
int interstitial velocity (m/s)
Load loading volume (m3)
sp stationary phase volume (m3)
c total amount of solution during a cycle (m3)

objective function ratio
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x axial coordinate along the column (m)
Yi yield of compi

Greek letters
βi constant describing the ion-exchange characteristic
εc void fraction in the column (m3 mobile phase/m3

column)
εp particle porosity fraction of compi (m3 accessible

bead/m3 bead)
γ i constant describing the hydrophobicity characteris-

tic (m3/mol)
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