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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 1gG, 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
second step, the model is validated against a validation experiment and analyzed. In the third and final step, the operating conditions are
optimized. In the optimization step, the loading volume and the elution gradient are optimized with regard to the most important costs: the
fixed costs and the feed cost. The optimization is achieved by maximizing the objective functions productivity (i.e. the production rate for a
given amount of stationary phase) and product yield (i.e. the fraction of 1IgG recovered in the product stream). All optimization is conducted
under the constraint of 99% purity of the 1IgG. The model calibration and the analysis show that this purification step is determined mainly
by the kinetics, although as large a protein as IgG is used in the study. The two different optima resulting from this study are a productivity
of 2.7 g IgG/(s M) stationary phase and a yield of 90%. This model-based approach also gives information of the robustness of the chosen
operating conditions. It is shown that the bead diameter could only be increased fpamtb35um with maximum productivity and a 99%
purity constraint due to increased diffusion hindrance in larger beads.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Itis believed that it will be possible to reduce the number
of labor-intensive experiments, thereby shortening the time
The development of biotechnological products is becom- and reducing the cost, by modeling and simulation in the de-
ing more and more expensiy&]. One type of protein at-  sign and optimization of a process. This requires a method-
tracting a great deal of attention in the biopharmaceutical ology employing accurate models validated by carefully de-
industry is antibodief?]. The cost of producing antibodies signed experiments when developing a new separation stepin
is, however, high, mainly due to the downstream processing, the downstream process. The model employed should prefer-
which constitutes 80% of the total cd8}. This includes not  ably be based on an understanding of the underlying physical
only the fixed costs and cost of the high-value products but mechanisms. This type of model will have a predictive ca-
also the costs involved in developing the processes, not leaspacity even when experiments are lacking, and will also be
labor cost. Consequently, a cheap method of designing andvery useful for parameter studies.
optimizing a purification step is extremely important. A widely employed preparative antibody purification step
in the biotech industry is ion-exchange chromatograghy
Itis commonly used to separate feed streams that consist of a
* Corresponding author. Tel.: +46 46 222 8088; fax: +46 46 222 4526. ange of components with different interaction behavior. The
E-mail addressbernt.nilsson@chemeng.lth.se (B. Nilsson). best pH and buffer conditions for separation are often deter-
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mined from a retention mgd]. Adsorption is carried outat  lowing equation:
a constant, low salt concentration while elution is performed
at a high salt concentration. It is now becoming more com- dci & . dci _ 1-sc
. . . . ax, 5 Vint F (1)

mon to use a linear salt concentration gradient. Thus, a linear 0t ox ox gc
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 . : , -

o S surface of the particle using a film mass transfer coefficient,
dilution if a normal gradient is used. ke (M/s)[12]:

Model-based optimization of chromatographic columns )
[6-8] is difficult and cannot be achieved solely by analyti- 3
cal solutions of the equations of chromatography. The high £ = Ekf,i(ci ~ Cp.ilr=R) (2)
concentration that may arise inside the column during load- ] ) .
ing, results in competitive multi-component binding, which Othérwise, an adsorption model of the Langmuir type de-
implies that the prediction of adsorption and mass trans- SCTioesF [13].
port behavior requires the use of numerical technid@gs dqi
Optimizing the operating conditions in ion-exchange chro- F = =~ )
matography demands descriptions such as steric mass action
(SMA) [9] or, as in this study, a Langmuir description with Here, ¢ is the void fraction in the packed bed $rmobile
mobile phase modulators (MPMJ0], which can describe  phase/m column),x the axial coordinate along the column
both multi-component protein adsorption and salt-induced (m), v;,, the interstitial velocity (m/s)¢; the concentration
elution. Other phenomena such as diffusion may also be im- of component in the mobile phase (kmol/®), R the radius
portant in the separation of macromolecules as the diffusion of the bead (m)¢p ij-—r the concentration of component
rate is often rate limiting11]. at the surface of the bead (kmofjng; the concentration of
The approach presented here is suitable in capture, thecomponent in the stationary phase, denoted sp (km&l/m

first purification step after the expression system, and in the sp), and is the time (s).
intermediate steps following the capture. The optimization =~ The column equation is subject to two different boundary
method developed in this work requires just a few additional conditions. A Robin condition describes the column inlet:
experiments besides those required for the retention map andac_ v
a validation experiment. The calibrated and validated model —- = —/
can be used to gain greater insight into the optimization of dx  Dax
ion-exchange chromatography.

If a detailed model of the particle is used, the help variable,
F, describes the mass transfer from the mobile phase to the

(ci —cinlet,i), atx=0 4)

wherecietj is the inlet feed concentration (kmof#randc;
is the concentration just inside the column (kmdi)mwhich
may be slightly lower thaget; due to dispersion at the inlet.
2. Theory — models, simulation techniques and At the outlet wherexis equal taL, the length of the column
optimization (m), only convective transport is considered and can thus be
described by a Neumann condition.

The model used to describe the purification step may con- o
sist of two or three parts. The description of the convectiveand — =0, atx = L (5)
dispersive flow in the column and the adsorption kinetics are °*
included in both cases. The diffusive transport within the ad-
sorbent particles is included in the latter cf®. Langmuir
kinetics with a mobile phase modulator is used to describe
protein adsorptiofiL0]. In this work, the shapes of the elution
peak and breakthrough curve are dependent on a dispersio
coefficient and the adsorption rate. If the particle descrip-
tion is included the shape is also dependent on a diffusion
coefficient and a mass transfer coefficient.

2.2. The particle model

The mass transfer within the particle to the adsorption sites
|j1$ a diffusive process described by, the effective diffusion
coefficient (n#/s). The particle is assumed to be spherical
with radiusR. The particle model for componeiri$ described
by the following equation:

dcpi  Dei (820;),,- n 2 Bcp,,-> 1 9g;

_ _ =% 6
ot gpi \ o2 r or ©)

Ep,i ot
2.1. The column model
wherecy; is the concentration of componenin the pore
The chromatography column is assumed to be filled with liquid (kmol/m?), r the radius coordinate (m) ang; is the
beads of equal size. The convective flow is subject to inter- particle porosity fraction for componeint), i.e. the volume
mixing, defined by an axial dispersion coefficiébgy (m?/s). accessible to componeinin the particle divided by the total

The column model for components described by the fol-  particle volume. The boundary condition is a Robin condition
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at the particle surface, which couples the particle description 2.4. Simulation techniques
to the column model, see Ef.).

The simulations were performed in MATLABR.4] using
dep.i = ﬁ(ci — Cpi=k), atr=R (7) BioSepToolbox15,16] Each partial differential equation in
or De; ’ 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
2.3. Adsorption — the Langmuir MPM model column and 5 in the particle. Otherwise 60 grid points were

used in the column, which is sufficient to avoid numerical

The protein mixture studied contains proteins of various dispersion. The discretized model was solved with a stan-
sizes. It is assumed that the binding sites are uniformly dis- dard solver for ordinary differential equations (ODE15S) in
tributed and have equi-accessible fixed charges at the adsorpMATLAB.
tive surface. Langmuir kinetice 2], see Eq(9), describes
the adsorption and desorption of the protein and these are re2.5. Chromatographic optimization
garded as competitive processes in which the salt concentra-
tion affects the retention of the protein. Because saltis consid-  To optimize anon-linear preparative chromatographicion-
eredto be inert,gk,/dt is zero. During the binding stekugs, exchange step four types, of objects have to be considered:
the adsorption coefficient of componengm®/(kmol s)), is objective functions, design parameters, decision variables,
much larger thages;, the desorption coefficient of compo- and constraintf6,17,18] These are presented are described

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

dcp,i

=0, atr=0 8
or

nenti (s~1), while at elutionkyesi dominates. below.

90 N . 2.5.1. Objective functions

o = KadsiCx.iqmaxi - - | — Kdesidi 9) For successful optimization, it is important to choose a
— dmax j . . . . ... .. R
Jj=1 suitable objective function to minimize or maximize. In this

study three different objective functions were used. One of
the most common objective functions for preparative chro-
matography is the productivity, REg/(s n? sp)), of a com-
ponenti, which gives the production rate for a given amount
of stationary phase:

Here, Omaxj andgmaxj are the maximum concentrations of
components andj in the stationary phase (kmolAsp);
andg; are the concentrations of componentndj in the
stationary phase (kmolfrsp), and\ is the number of inter-
acting components. If the particle description is included in
the modelgy; is the concentration in pore liquid (kmolfp PR — ¢i.LoadVLoadYi
otherwise it is the bulk concentration (kmoffjn R= tcVsp
The model can be used for the loading step as well as the
elution step by using mobile phase modulafd, defined ~ Whereg | caqis the feed concentration (kgfyof component

(12)

by Eqgs.(10) and (11) i in the loading stepy| oad is the loading volume (), Y; is
the yield of componerit t. is the cycle time (s), andspis the
kadsi = kads0i€"® (20) volume of stationary phase used in the columri)(rMax-
_ imizing the productivity will give a measure of the highest
kdesi = kdesOiSﬁ' (11) possible amount of protein that can be purified per unit time

per unit stationary phase. The yield is calculated as the ratio
between the amount of componenn the elution fraction
with the required purity divided by the amount of component

i loaded, see Eq13).

whereS is the concentration of the elution component, of-
ten salt, andkagso, (M/(kmol s)) andkgeso, (M>/(kmol s)) are
constantsg; (—) is a constant describing the ion-exchange
characteristics ang; (m3/kmol) describes the hydrophobic-

ity [10]. Under loading conditions§is given by the buffer salt ?Ci dr
concentration and salt from the proteins, Kgisj &~ Kadso Y = 617 (13)
andKges; ~ 0 unlike, the elution condition$t 0) wherekags; iLoadfLoad

is reduced by the facto?& (y < 0) andkges; is increased by wheret; andt, are the cut times (S) argyaq is the loading
the factorS*. In this study, it was assumed that there are time (s). The yield is one of the most important objective
no hydrophobic interactions, which means thais equal to functions if the product is very expensive, which is often the
zero. Although hydrophobic interactions are neglected their case with biopharmaceuticals.

effect can be seen from a parameter study of the model by Combining the objective function for productivity and
tuning the factory;. yield gives the normalized earning (NE) objective function,
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Table 1 tive function. The solubility and activity were assumed to be
The objective functions used in the normalized earning objective function \yithin a suitable range.
depending on which cost is dominant

Dominant cost w Maximize
Fixed costs 1 Productivity 3. Working procedure
Feed cost, i.e. the value of the product lost 0 Yield

The procedure used in this work to optimize a chromato-
i.e. the relation between fixed costs, FiC, and feed cost, FeCgraphic ion-exchange column is divided into three steps, see
[19], which, in some sense, is how much can be produced andFig. 1 The first step deals with model calibratifiB8]. The
is expressed as kg per euro. The fixed costs include the costalibrated model is validated against an experiment and an-
of the system, the adsorbent packing, the labor, etc. and thealyzed in step 2. In the last step optimization is performed
feed cost is simply the cost per unit feed, i.e. the value of the with the validated and calibrated model.
product lost. Costs not included in this study are the solvent
cost, which is the cost of solvents used in the downstream3 1 Model calibration
process, and the energy used in the process. These costs are
often not of importance when dealing with the purification of 37 1. Shape parameters
antibodies. Two extreme cases can be envisionedase 1
using the ratiav, see Eq(14), and the objective function, see
Eq. (15), depending on which cost is dominating

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

FiC dependent on the bead and column shape. To determine these
W= o (14) arameters column breakthrough experiments are performed
FiC + FeC P , gh exper P _
[21]. These are single component experiments and are carried
NE; = wﬂ +@1-w) Yi (15) out under non-binding conditions with four different flows.
max(PR)) max(Y;) The parameters are calibrated using a non-linear least-squares

_ regression method in MATLAB. The shape parameters are
2.5.2. Design parameters calibrated at the same time for the flow used. The effective

Th? most WP'Ca' parameter in a preparative chromato- it ision coefficient and the particle porosity are considered
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- I
aration is carried out. Parameters cannot be changed during

the optimization process. They are pre-scouted or determined

by the composition of the fermentation broth.

Model calibration

* Shape parameters

A

* Linear parameters

* Maximum capacity

2.5.3. Decision variables

A chromatographic purification step consists of many de- Output: Calibrated model New model
cision variables, which leads to a high degree of freedom. v
The values of these variables are changed to maximize or IL Model validation and analysis

minimize the objective function to obtain an optimal purifi-

cation step. Typical decision variables are loading, washing
and elution times, salt concentration, the flow rate in the dif-
ferent steps, column length, column diameter, and the gra-
dient in the elution step. To limit the degree of freedom the
effects of two variables were studied: the loading time and
the gradient in the elution. These variables control the cycle
time and the amount of protein purified. All other decision
variables were constant during the study and were therefore
treated as parameters.

2.5.4. Constraints

The optimization process can only be carried out in an
operating window defined by the constraints. These can be
defined as either physical or quality constraints. Physical
constraints include solubility and activity while examples of
quality constraints are yield and pur{B0]. In this study, the

* Validation experiment

* Model simplifications

Output: Calibrated and
validated model

A

1. Optimization
* Objective functions
* Constraints

¢ Decision variables

Output: Optimal operating L
conditions

Fig. 1. The procedure employed in model-based optimization of an ion-
exchange step. The procedure is divided into model calibration, model val-
purity was set to 99%, and the yield was treated as an objec-idation and analysis, and finally optimization.



D. Karlsson et al. / J. Chromatogr. A 1055 (2004) 29-39 33

to be independent of the flow rate, which is not the case for the function is calculated at each point in the parameter study to
film mass transfer coefficient. The dispersion coefficient was give the optimal operating conditions.

determined using an empirical correlation where the Peclet

number was set to 0[22]:

- d 4. Materials and methods
Pe — Vintdp

Dax
whered,, is the bead diameter (m).

(16)
4.1. Materials

The column used inthe chromatography experiments were
3.1.2. Linear parameters pre-packed columns (diameter 6.4 mm, length 30 mm) filled
To calibratekyesoi, Kadsoi,, andgi, gradient elution experi-  with a strong anion-exchanger, RESOURCE 15 Q, 1 ml (no.
ments with different gradients are performed. The parameters920408) supplied by Amersham Biosciences (Uppsala, Swe-
are tuned in order to fit the simulated retention times for the den). The beads have a diameter ofit®. The column used
different proteins to the experimental ones. This is done man-to analyze the fractions was a gel filtration column, TSK-G
ually by changings; andkadsai/Kdesgi in an iterative process, 3000 SWXL (diameter 7.8 mm, length 30 cm) from Toso-

using different elution gradienfd3]. Haas (Tokyo, Japan). In this column the bead diameter was
5pm.
3.1.3. Maximum capacity Three different components were used in the experiments:

The maximum adsorbent capacity is determined by frontal bovine serum albumin (BSA) (A-1900, Lot no. 75H9305),
chromatography with pure components with concentrations and myoglobin (M-4132, Lot no. 048H7017), both obtained
on the non-linear part of the adsorption isotherm. The value from Sigma (Steinheim, Germany) and polyclonal IgG kindly
of the maximum capacitygmax;j, in the model is tuned to  provided from Biovitrum AB, Stockholm, Sweden. The IgG
match the experimental breakthrough volume. The value of protein solution consists of four different clonals and has
Omaxj determines the equilibrium for the different proteins a concentration of 15.7% (w/w). Trizma base (T-1503, Lot
and should be approximately constant for the same break-no. 120K5403), was also obtained from Sigma. NaCl was
point, regardless of the concentrations of salt and protein, if obtained from Merck (Darmstadt, Germany).
concentrations on the linear part of the adsorptions isotherm  The chromatography experiments were carried out on an
are used to estimate the linear parameters. Using the cali-AKTA purifier 100 system from Amersham Bioscience.
brated value ofmax;j in the elution gradient experiment can
be usedto checkthis. Ifthisis notthe case, aniterative calcula-4.2. Methods
tion procedure between the capacity and the linear parameters
is necessary until the correct valuegpfay; is obtained. Optimal pH was scouted to 8.7, which was proven to give

good separation between IgG, BSA, and myoglobin.
3.2. Model validation and analysis
4.2.1. Breakthrough experiments — determination of

To ascertain that the model is correct, a validation exper- shape parametersd)ep and k
iment is performed for a protein mixture with salt content To obtain valid shape parameters single component break-
and protein concentrations not used in the model calibration. through experiments were carried out at four different flow
If the model proves satisfactory after the validation, analysis rates: 1, 2, 3, and 4 ml/min. The concentration of the proteins
of the parameters in the model is performed. The analysis iswas 0.5 mg/ml in all experiments. A 20 mM Tris buffer with
partly the result from the model calibration and partly from 1M NaClata pH of 8.7 was used. The high salt concentration
sensitivity calculations performed after the validation. After was used to prevent protein binding to the stationary phase.
this analysis the model is simplified, if possible, in order to
reduce the number of parameters in the model and to speed}.2.2. Gradient experiments to determine the linear

up the calculations. parameters in the model
The values 0kagsai, Kdesoi andg;i in the Langmuir MPM
3.3. Optimization model can be found by running gradient elution experiments

with different gradientf24]. The linear gradients used for pa-
First the decision variables are chosen; in this study the rameter estimation were 20, 25, 30, 35, 40, 50, and 60 column
loading time and the elution gradient. The other decision vari- volumes (CV). The inlet concentrations were 0.20 mg/ml
ables were considered to be design parameters. The optimizalgG, 0.19 mg/ml BSA and 0.12 mg/ml myoglobin. The buffer
tion is performed as a parameter study of the decision vari- was a 20 mM Tris buffer at a pH of 8.7 and the elution buffer
ables. Following this, the constraint is applied, in this study was 20 mM Tris buffer, pH 8.7, with 1 M NaCl. The flow rate
the purity. This is done using the fractionizer in BioSepTool- for all gradient elution experiments was 1 ml/min. The con-
box[16,23]where the volume fraction of the productis calcu- ductivity in the loading step was about 0.82 mS/cm and at the
lated according to the purity constraints. Finally, the objective end of the elution about 82 mS/cm. The loading step lasted
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Table 2 Table 3
Protein concentration and the total salt concentration during the break- Physical data for proteins used in this study
through experiments to determine the maximum capacity for each protein

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

Protein Protein concentration (mg/ml) Salt concentration (knl/m 1gG 150 5_8.% 5.6
19G 6, 8, and 10 0.012, 0.016, and 0.015 BSA 67 4.9 3.6
BSA 8 and 10 0.03 and 0.034 Myoglobin 1g 7-¢ 1.9
Myoglobin 1,2, and 3 0.0085, 0.011, and 0.0079 a[27]

b 130].

. C

2 CV and the column was washed with 8.5 CV of buffer. The Eg

experimental results were compensated for dead volumesin . [33].
the system to isolate the behavior due to the column.
Table 4

4.2.3. Experiments to determine the maximum capacity, P_article porosity, diffusion coefficient ar_1d film mass transfer estimated from
single component breakthrough experiments

Qmax .

In this study, the capacity breakthrough experiments had Protein ép De (M?/s) ke (m/s)
to be performed at sufficiently high protein concentration to 19G 0.50 3.5x 10712 1.1x 104
lie in the non-linear part of the isotherm. Experiments were BSA 0.59 5.4x 10712 1.6x 107

performed at conditions listed iFable 2 Myoglobin 0.66 7.0« 10 3.2x 107

The flow rate was 1 ml/min and the buffer was 20 mM
Tris buffer, pH 8.7, supplemented with NaCl to obtain the to 0.32 in the model based on previous experidt&g The
salt concentration iffable 2 void fraction is relatively low, but this value is considered rea-

sonable as the column was industrially packed. Physical data

4.2.4. Experiments to determine the dead volume inthe  for the proteins used in this study are presentethinle 3
chromatography system

The AKTA Purifier system has a relatively low dead vol- 5.1.1. Shape parameters
ume for the sample when using a 2 ml loop or a superloop in  The shape parameters were estimated from the single com-

the injection of the sample. The dead volume in &€TA ponent breakthrough experiments, $able 4 The estimated
Purifier system was found to be 0.14 ml in the experimental value for each parameter is the average value obtained at four
set-up used. different flow rates.

An example of parameter estimation is showrfFig. 2
4.2.5. Validation experiment The estimation shows that it is difficult to find the film mass

To validate the model a validation experiment was per- transfer coefficient at which the sum of the squares is almost
formed with conditions that differed from those in the model the same for all coefficients over 18 One explanation may
calibration. A mixture of 3 mg/ml IgG, 0.5 mg/ml BSA, and be that the film mass transfer coefficient is probably not rate
1 mg/ml myoglobin was loaded onto a column using a su- limiting, and is difficult to see in the experiment. The effec-
perloop. The experiment was performed at a flow rate of tive diffusion coefficients estimated for the different proteins
1.2ml/min. The buffer was a 20 mM Tris buffer at a pH of in this study are 10 times lower than those obtained by holo-
8.7, and the elution buffer was 20 mM Tris buffer, pH 8.7,
with 1 M NacCl. The loading was 9.2 CV, the washing 5CV 1.2
and the elution gradient 32 CV. The conductivity in the load-
ing step was 1.22mS/cm and in the elution step 82 mS/cm. 1r
Fractions were collected during the entire experiment and
were analyzed by gel filtration to determine the presence of S 0.8+

/i

the different components. o)
g 0.6 - s
g
g
5. Results and discussion § 0.4 L i
5.1. Model calibration 0.2+ —— Model with particle description B

X Experiment

The model that was calibrated against the column exper- ‘ ‘
iments includes the particle description. The ReSource ion- 0 02 04 06 08 1 1.2 14 1.6
exchanger column contains monosized particles with very Volume (ml)
large pore_s. T.he large pores make it dlf_ﬂcu“ to measure the Fig. 2. The model fitted to results from an IgG breakthrough experiment by
column VOI_d with, for example’ latex partlcles. Therefore, the changing the diffusion coefficient, the particle porosity and the film mass
column void was not measured experimentally, but was setansfer coefficient at a flow rate of 3 ml/min.
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Table 5 160° 5 10 15 20 25 30 35 40 45 5090
Diffusion data from different sources ' ' ' ' o ' ' '
Protein ep De (M?/s) Method 1401 80
IgG 0.51 1.5x 101 ESPP _ 1} "
0.46 2.6x 10712 Chromatography 2 i 60 S
BSA 0.44 2.1x 10712 ESPR % 50 ﬁ
0.55 5.9x 10712 ChromatograpHy 9 sob B
g 40
Lysozyme 0.65 7.3 1071 ESPP ! £
Myoglobin 0.73 2.5x 10711 ChromatograpHy 2 30 '§
40+ —— Model withparticle description i S
a [26] ===Model without particle description 0o
b [27]_ 20 =-=- Experiment d1o
graphic method§25]. Data from electronic speckle pattern 0 5 10 15 20 25 30 35 40 45 50
interferometry (ESPI) measurements also show higher values Volume(ml)

for the effective diffusion coefficients but almost the same _ ) . ) ) -

. . Fig. 3. Comparison between a case including particle description and one
particle pOfOSIt){ZGl, seeTable 5 . . . without particle description, and the experiment with an elution gradient of

The ESPI study includes the same proteins as in this studysg cv.

except for the smallest one, where lysozyme was used instead
of myoglobin. The values oDe in the present chromatog- ~ €xplanation may be that UV-absorbance calculated from cal-
raphy breakthrough experiments are probably lower due to ibration curves for each component not gives the same com-
the cross-linked Source gel used in this study instead of thebined result as the total UV-absorbance in the experiment.
non-cross-linked agarose in the ESPI study. According to The small peak after the BSA peak contains one of the 19G
the Stokes—Einstein equation myoglobin can be assumed teclonals and was not used to evaluate the procedure.
have almost the same diffusion coefficient as lysozyme. Data  The mean error in the peak position at seven gradients (20,
from other studies using chromatographic breakthrough ex- 25, 30, 35, 40, 50, and 60 CV) used for parameter estimation
periments show parameter values in roughly the same rangds +2.8% for IgG +0.8% for BSA andt3.0% for myoglobin.

as in this study, even when an agarose gel was [258d The lower accuracy for IgG and myoglobin is probably due
to the fact that they have a small mean charge, which makes
5.1.2. Linear parameters them more sensitive to salt dynamics, which is not taken into

Gradient elution experiments were performed and the re- account in the model.

tention times for the three components were corrected for ] ]

the dead volume in the experimental equipment. The ratio -1-3. Maximum capacity .

KadsdKdesoand the parametg#in the Langmuir MPM model The maximum capacitymax, was determ_lned by break-
were adjusted to find the correct peak position at different through chromatography experiments with pure compo-
elution gradients at pH 8.7. The various parameters deter—”e”‘t‘rS at high concentration. The 3capacmes were 40
mined for the three proteins for the Langmuir MPM model 10~ kmol/m?® sp for IgG, 1.04x 10~ kmol/m® sp for BSA
are reasonablg. 3] and can be found ifiable 6

The estimated parameters for the elution step with a salt ~ sse}—3 1 17 2 5 R 5 9 4
gradient of 30 CV are compared with the experimental re- M s -
sults inFig. 3 The peak position is estimated from first- [ ¢ 1.6 ¢myogtobin! |
moment calculations of the absorbarj28], not the maxi- sk "
mal absorbance at tH&KTA. As can be seen from the chro- 2 1™ &
matograms, the peak positions are estimated with good ac-% 2000 {0 2
curacy for the model at a gradient of 30 CV. The peaks are, é - 45 %
however, a little wider and not as high as in the experiment. z I 3
This is due to the shape parameters calibrated from the break = 1000} B.IzG T3
through experiments, which limit the influence of the kinetic A-Myoglobi ! 1~
parameters on the peaks at valuegtoover 50. Another b\ '_‘ i im

o[l . 5 Il;\\ li': 20 25 1'0 1‘5 4II) 4I§ R[lu

Table 6 ) ) A T
The estimated linear parameters in the Langmuir MPM model Volwme ml)
Protein Kdesdkadso kdgeso(kmol/(m® s)) B Fig. 4. The validation experiment with an elution gradient of 32 CV com-
19G 1.3x% 103 50 112 pared to the case including the particle description. The first breakthrough
BSA 1.7x 10-2 50 3.2 (A) is myoglobin and the second (B) is IgG. The first elution peak consists
Myoglobin 6.0x 104 50 0.61 (C) almost only of IgG with a small fraction of myoglobin. The last peak

(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 Loading Elution Cycle time Elution Fraction
function value volume (ml) gradient (ml (min) volume (ml) volume (ml)
and CV)
Productivity Fixed 2.7 g/(s Arsp) 23 91 and 94 39 13 8
Yield Feed 90% 8 240 and 249 34 21 11

and 0.75x 1023 kmol/m3 sp for myoglobin. Aniterative cal- ~ centration. The batch cycle ends with the regeneration step.
culation process between the elution gradient experiment andT his is one of the major benefits of model-based optimization
the capacity experiment were necessary to determine the cacompared to experimental-based optimization, because it is
pacities for IgG and myoglobif29]. 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,
N . . andthe washing and regeneration volumes were fixed at 6 ml
The validation experiment was performed as a gradient (6 CV). Using the normalized earning objective function the

elution experiment with protein concentrations that were not combined optimum for productivity and yield was studied by
used inthe parameter estimation. The salt concentrationin thetuning w from 0 to 1, sedable 1 The purity constraint was
loading step was also different from that used in the param- set to 99% ’

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- o

racy, sedrig. 4 The first breakthrough is myoglobin and the 5:3.1. Productivity
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

5.2. Validation and analysis

The operating conditions for maximal productivity are
given inTable 7 As can be seen iRig. 5, the chromatogram
has a rather wide breakthrough for myoglobin in the loading
i ) S . step and, the IgG breakthrough stops just after it has started
out, causing a loss in peak height in the elution step. In the to recover as much as possible of IgG in the elution step. The

elution step, the peaks in the model are at the same positionsBSA peak is very narrow because of the salt step in the regen-

als n tr:?hvalldatlonhexpe_nr?r(]a m'.ThT I?St peqk 'tShBSA anq hasteration step and has a peak concentration of about 60 mg/ml.
aimostine same shape in the simulation as in IN€ experment. - ¢, o ¢ e ropust operating conditions in the ion-exchange

Thg f'rStdp?aE IS aIrr,:/cI)sttonfl)t/hIgG, Wh'ICI?J.bO.th;he FXp%”.m?r':t step itis important to be sure that the loading volume and the
and model shows. Viost ot the myoglobin IS displaced Inthe o tiqn gradient volume are not in a region with steep edges,

Ioa:mg ar:d \_Nasfrl::g stedp.l h that th K bositi seeFig. 5 A small deviation from the optimal operating point
hanalysis orthe mode’ shows that In€ peak postionS ar€ .., , 56 4 considerable impact on process performance if the

mla inly det(tar_mlnetlj t()sy_the “Tje‘;: pafrfamt(_eterj_.ﬁAlt_hough dst.JICh operating conditions are close to the steep edges. The optimal
alarge proteinas gt IS Used, the etiective ditiusion.and fim operating conditions in the case seeRiig. 5is in a relatively

mass trgnsfgr are.of less importance. Only narrow peaks Njat region, indicating that the purification step is robust at
the elutlon_ W'".be influenced. Another_obs_ervanon from the maximal productivity for the decision variables studied.
model calibration was long computation times. One calcu-
lation could take 1-2 h, which would make the computation
time for the optimization rather long, 4-5 days. Based on 5.3.2. Vield
this, the model was simplified. The simplified model did not ~ ",/
include the particle description, but still showed almost the
same behavior if only the dispersion coefficient was changed
seeFig. 3. The computation time for this model was about
1-2 min. This model was used in the optimization.

When the yield is the dominating factor a flat gradient is
often obtained, see resultsTable 7andFig. 6. The narrow
'BSA peak has a peak concentration of only 15 mg/ml due to
the short loading time.

If the highest priority is given to maximum yield, the opti-
mum will give a very flat elution gradient, which can clearly
5.3. Optimization be seen in the optimization plot iig. 6. The yield decreases

again at very small loading volumes because the small prod-

The optimization was carried out as a parameter study by uct peak will have a larger part included in the impurities.
changing the decision variables, i.e. the loading volume and The optimum will also lie on the edge of the elution gradient
the elution gradient. The gradient is defined as the number ofvolume in the parameter study. As the optimum has a very
column volumes required to obtain the maximum salt con- shallow elution gradient a small salt step could probably also
centration, in this study 1 M. The elution is stopped when the be used in this case. These operating conditions are also ro-
IgG peak concentration has fallen to 0.5% of the feed con- bust as there is no steep edge near the maximum yield point.
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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 (*).
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Fig. 6. The chromatogram at maximum yield and the optimization plot with 99% purity and yield as the most important objective function. Maximam yield i
indicated by as an asterisk (*).

5.3.3. Productivity and yield

If the normalized earning objective function H3d.3) is
maximized different optimum will be obtained depending on if the parameter study contained a larger range of elution
the relative costs. The operating conditions will vary accord- gradients. The optimal operating conditions vary consider-
ing toFig. 7. The two special cases of productivity and yield ably depending on the object function. The loading volume
as the dominating factor are shown as endpoints of the curve.increases three times from maximal yield to maximal produc-
These cases are also giverTable 7 A horizontal line at an

21 T

Elution volume (ml)

P roductivity

8 10

12

14 16

Loading volume (ml)

18

20

22

24

elution volume of approximately 21 ml near maximum yield
is obtained. The elution volume would probably be larger

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, 9éig. 8 The
fraction volume is defined as the volume of product obtained
in the elution step.

Itis only possible to increase the bead diameter tp.85
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-

Fig. 7. Optimal operating conditions depending on the most important cost, Faphy. Reducing the requirement on the purity, on the other

i.e. productivity or yield.

hand, gives the same pattern as with 99% purity, but the op-
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9 ‘ ‘ , , , The optimum given on a small scale also provides a plat-
gl  Productivity | form for modeling of scale-up and optimization of protein
o purification processes on production scale. Furthermore, the
T * 7 mechanistic structure of the model makes it easy and infor-
2 of * E mative to perform parameter studies for the separation system
e being studied.
£ 5T ]
E
S 4 * |
2 5l * ] 7. Nomenclature
£
2F i
1 * 1 Ci concentration of compoundin the mobile phase
‘ \ . , (kmol/m?®)

G

0
10 15 20 25 30

40 Ci,Load
Bead diameter (pm)

) ) . . . Cinlet;
Fig. 8. The fraction volume at different bead diameters at maximum pro-
ductivity and 99% purity.

Cp’|

. . . L Cpir=
timum is moved closer to the steep edges in the optimization pilr=R

plot. Cs

Cxi

6. Conclusions dp
Dax
The model-based optimization method suggested in this De
work includes model calibration, model validation and anal- F
ysis, and optimization. It has been proven to be an efficient FeC
approach in process development. Apart from the normal FiC
experimental work some additional experiments have to be kags;
performed to obtain the parameters used in the model. This

mass concentration of compoundh the loading
step (kmol/nd)

inlet concentration of compounidin the mobile
phase (kmol/rf)

concentration of compound in the pore liquid
(kmol/md)

concentration of compounidat the surface of the
bead (kmol/rd)

concentration of salt in mobile phase (kmotm
concentration of compounidin the pore liquid or
the bulk phase (kmol/®)

bead diameter (m)

dispersion coefficient (Afs)

effective diffusion coefficient (1%s)

help variable

feed cost§)

fixed costs€)

adsorption coefficient, Langmuir MPM
(m3/(kmol s))

optimization method gives good predictability. Model-based Kagsa, Kdeso, modulator constants (ff(kmol s))

optimization results in less experimental work in process de- Kyes;
sign as a whole compared with optimization based on exper-k;
iments. This will lead to less labor-intensive design, which L
will save time and money. NE;
Based on experience gained with the present protein modelPe
system myoglobin appears to be very sensitive to the saltpl
concentration at pH 8.7, which the model has problems to PR

desorption coefficient, Langmuir MPM<(8)
film mass transfer coefficient (m/s)
length of the column (m)

normalized earning

Peclet number

isoelectric point

productivity of compound (kg/(s n¥ sp))

describing at steep elution gradients, as also reported in ex-Omaxj, maxj Maximum concentration inthe stationary phase

perimental work by Ebershold and Zydn@g]. The model
calibration and analysis shows that this purification step is gj, g
mainly determined by the kinetics despite the fact that as
large a protein as IgG was used in the study. Changing ther
diffusion coefficient 10 times did not affect the linear param- R
eters. This is probably due to the small Source beadg1p S
used. t

An advantage of the model-based approach is that opti-t;, to
mal operating conditions can easily be calculated depend-t¢
ing on the objective function chosen. Besides the quantifi- t_ gaqg
cation of the optimal conditions, in this case a productivity v;,,
of 2.7 g/(s n? sp) and a yield of 90%, additional information V| oad
is obtained from the optimization plots. The robustness of Vg
the operating conditions can easily be seen for the decisionV,
variables studied. w

for compound andj (mol/m? sp)

concentration in the stationary phase for compound
i andj (mol/m?3sp)

radius dimension (r)

bead radius (m)

concentration of the elution component (mofjm
time (s)

cut times at given purity (s)

cycle time (s)

loading time (s)

interstitial velocity (m/s)

loading volume ()

stationary phase volume @n

total amount of solution during a cycle fn
objective function ratio
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