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Abstract

This paper presents a methodology to gain process knowledge and assist in the robustness analysis of an ion-exchange step in a pro
tein purification process using a model-based approach. Factorial experimental design is common practice in industry today to obtain
robustness characterization of unit operations with respect to variations in process parameters. This work aims at providing a better in-
sight into what process variations affect quality and to further reduce the experimental work to the regions of process variation that are
of most interest. This methodology also greatly increases the ability to predict process performance and promotes process understand-
ing. The model calibration part of the methodology involves three consecutive steps to calibrate a steric mass action (SMA) ion-exchange
chromatography model. Firstly, a number of gradient elution experiments are performed. Secondly, experimental breakthrough curves have
to be generated for the proteins if the adsorption capacity of the medium for each component is not known. Thirdly, a multi-component
loading experiment is performed to calibrate the multi-component effects that cannot be determined from the single-component experi-
ments. The separation process studied in this work is the separation of polyclonal IgG from a mixture containing 1gG, myoglobin and
BSA. The calibrated model is used to simulate six process variations in a full factorial experiment. The results of the simulations provide
information about the importance of the different process variations and the simulations are also used to determine the crucial points for the
process parameter variations. The methodology can be used to assist in the robustness analysis normally performed in the pharmaceutica
industry today as it is able to predict the impact on process performance resulting from variations in salt concentration, column load, protein
concentration and flow rate.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ments, and thereby shorten the development time and reduce
the cost. This requires a methodology employing accurate
Today, when a protein purification process is to be trans- models validated by carefully designed experiments when
formed into an approved pharmaceutical production processstudying a separation step in the downstream process. The
a great deal of experimental work is performed to study the methodology employed should preferably be based on an
robustness of the purification process. The use of modelingunderstanding of the underlying physical mechanisms of the
and simulation in the robustness study of a process will make separation process. One advantage when using this approach
it possible to reduce the number of labor-intensive experi- is that the model can be relevant for larger variations in the
process parameters compared to empirical modeling.
* Corresponding author. Tel.: +46 46 222 8088; fax: +46 46 222 4526. 1 he US Food and Drug Administration (FDA) recently
E-mail addressbernt.nilsson@chemeng.lth.se (B. Nilsson). published guidelines in which the importance of process un-
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derstanding is emphasized when validating a pro¢eks 2.1. Modeling the external volume
These guidelines promote the use of process analytical tools
such as multivariate data acquisition and analysis, modern To obtain the correct shape of the salt steps provided by
process analyzers and process monitoring. The FDA alsothe experimental equipment the external volume, including
states that the ability to predict process behavior shows pro-that of the mixing valve, has to be considered. When the ex-
cess understanding, and a greater process understanding givesrnal volume is greater than the column void, as was the case
more freedom in changing process conditions within the for the buffers that pass through a mixing valve in the exper-
scope of the original approved validation documentation. imental equipment used in this study, a modified tank series
The cost of validation often hinders process development model[9] is suitable for describing the broadening effect. In
and implementation of new process equipment in existing order to model the salt step in elution step 1 and elution step
production processes for pharmaceuticals. The reluctance t@ in the validation experiment, a series of perfectly mixed
use new process technologies in pharmaceutical industry istanks upstream of the column was applied. Each tank was
undesirable from a public health perspective. Efficient phar- connected to a parallel tank see Ed9.and(2). The number
maceutical manufacturing is of critical importance in achiev- of connected tanks and the flow rate between the tanks, as
ing effective health carél]. The guidelines also suggests well as the ratio between the volume of the tanks in the tank
that experimental process development databases could beeries and the volume of the parallel tanks, were adjusted
used to develop process simulation tools which can con- to fit the experimental salt step using a least-squares fitting
tribute to gain knowledge and the reduction of the over- procedure.
all process development time from laboratory to production
scale. deyy F Fut

A major cost in the production of biopharmaceuticals is —g, — Vt(ct(i—l) — o) + Vt(cxt(i) - ct(i)) (1)
the cost of downstream processing. One type of protein that
has attracted much attention in the biopharmaceutical indus-dexyjy ~ Fxt
try is antibodieg2]. The antibody or the antibody fragments  ~ g, — V_Xt(ct(i) = (i) (2)
can be expressed in plarfi§], animals[4], bacterig[5] or,
most important of all, in a mammalian cell cult. The  here, ¢y is the concentration in tankin the main tank se-
high cost incurred by antibody-producing companies is due ries (mol/n#), cugi) the concentration in the parallel tank
to the downstream processing, constituting 80% of the total (mq|/m2) (connected to tankin the main tank seriesf, the
cos{{7]. Consequently, acheap method of designing, optimiz- yo|umetric flow rate in the mobile phase fs) (i.e. inlet flow
ing and studying the robustness of a purification process isg the column)Fy; the volumetric flow rate between the tanks
required. in series and the parallel tanks ¥fs), V; the volume of the

A number of investigations have emphasized the need for anks in series () andVy; the volume of the parallel tanks
a systematic approach in the validation of purification pro- (md).

cesses. In practice, this involves an extensive experimental

approact14-17] The aim of the present study was to eval-

uate how a mathematical model of an ion-exchange chro-2.2. Column model

matography step can be used to assist the experimental work

necessary when performing a robustness study. The aimwas The kinetic/dispersion model describing a column con-

also to use the experimental techniques normally required intains one part describing the dispersion and convection in the

process development to calibrate the model, and to keep themobile phase, and another part describing the adsorption. In

demand for new experiments to a minimum. the model used in this work, the shape of the elution peaks
This study focuses on ion-exchange chromatography. A and breakthrough curves are dependent on a dispersion co-

mixture of myoglobin, BSA and polyclonal IgG is used as eéfficient from correlation and the adsorption r¢8¢. The

a model system to evaluate the advantages of using the procolumn model for components described by the following

posed methodology. equation:
dei _ &—v' dei (A —ec) dgi (3)
2. Theory—models, simulation technique and o Fox2 T My e ot

robustness analysis
wheres. is the void fraction in the packed bed $mobile

The model for ion-exchange chromatography used in this phase/m column),x the axial coordinate along the column
study consists of a description of the interaction between the (m), vin the interstitial velocity (m/s)Dax the apparent dis-
protein and solid phase and a description of the dispersionpersion coefficient (f1s),¢; the concentration of component
in the column. The solid-phase interaction is modeled using i in the mobile phase (mol/), ¢ the concentration of com-
the steric mass action (SMA) model with interaction kinetics ponent in the stationary phase (mol#ion-exchange resin)
[8]. andt is the time (s).
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The column equation is subject to the following boundary the salt ions that are shielded by bound protein, as if{®qg.
conditions. A Robin condition describes the column inlet:

gs=qs+ s )

Bei _ Vint (0 cinies)  atr =0 @)

ax  Dax inlet; - The total concentration of sites in the gel can be described
by:

wherecinet; is the inlet concentration (molfandc; the

concentration just inside the column (mof)nwhich may _

be slightly lower tharti, et due to the dispersion at the inlet. A=gs+ Z(“i + ai)qi (10)

At the outlet wherecis equal taL, the length of the column i=1

(m), only convective transport is considered and can thus beang the adsorption/desorption reactioncan be described

described by a Neumann condition (see &)). by Eq.(11).

% =0 atx=1L (5) ri = k;dsiciq—lsji - kéesiqicls)i (11)

X

The ratio betweery,; andkg,, is determined by the equi-

2.3. Adsorption—the steric mass action model librium association constareq;. The resultis that the inter-
action is modeled as a reaction at equilibrium with adsorption

The adsorption is described by steric mass ad#oh0]. kinetics.

The interaction between protein and the solid phase in the The change in protein concentrationin the stationary phase
SMA model is described as an equilibrium reaction where is equal to the rate of the adsorption reaction.
electro-neutrality must be conserved (see {j). Protein _

and salt compete for the available binding sites on the gel. i _ ¥ (12)
When protein binds to the gel, the binding sites on the protein dr

occupy a number of ligands. The bound protein also shields The change in concentration of ligands in the gel is deter-

a number of ligands due to its size. mined by the conservation of electro neutrality.
The interaction between a number of saltions and a protein

molecule is modeled as an equilibrium reaction between the dgg N dg;
protein in the mobile phase;, and the available saltiongs,” g = — Z Vitas (13)
in the gel (see E(6)): i=1

o The number of available ligands is given by combining Egs.
ci + vigs k%gsqz' + vics (6) (8) and(9).

des

N

whereg; is the concentration in the mobile phaggthe con- gs = qs — Z oigi (14)
centration in the stationary phasg, the concentration of i1

available sites in the gel andgthe number of interacting sites ) . ) o
between protein and g, andk; are the rate constants The model includes competition for the available binding

for adsorption and desorption, respectively wisindi de- sites. The protein mixture studied contains proteins of vari-
note salt and protein, respectively. At equilibrium, Eg).is ous sizes with uniformly distributed and equally accessible
obtained. fixed charges at the surface as binding sites. The differences
in protein size give rise to different binding conditions in
kdesi I gs\" % different parts of the gel. Using a model without size depen-
tei = g ) \es dence means that the effects of variation in porosity for the

different proteins are not accounted for.
The concentration of unavailable salt ions, due to steric hin-

drance by bound protein molecules, is given by B). 2 4. Model calibration
N
Gs = Z oiqi @8) When developing an ion-exchange separation process for
s v o protein purification, the initial part of the development often

consists of determining a suitable stationary phase, buffer
heregs is the concentration of shielded ligands in the gel and and pH for the separation process. The methodology pre-
Nthe number of interacting components. The steric fastor,  sented in this work comes into play when this work has
describes the number of shielded ligands per bound proteinbeen done. The first step of the methodology is to make
molecule. additional gradient elution experiments at the selected pH
The total concentration of saltin the gel is given by adding to determine the equilibrium constamtegj, and the num-
the number of salt ions that are available on the matrix and ber of interacting charges;, for the SMA mode[8,10,11]
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Linear parameters and elution
peak shape
* Gradient elution with
different gradient slopes

2.6. Robustness analysis

A number of investigations have emphasized the need for
a systematic approach in the validation of purification pro-

cesses and this often implies a multivariate analysis through
a factorial experimental desigh4—-17]

The experimental work is often conducted in laboratory
scale with an appropriate scale-down from the production
process. Before robustness analysis is performed, it is nec-

. essary to determine the process parameters that must be in-
¢ Single-component . .

experiments, cluded in the study, although it may be concluded from the

breakthrough curves study that some of the parameters are unimportant for the
process performance.

The normal procedure for a sensitivity analysis of prod-
uct quality with respect to process variations involves several
steps[14,17] The first step is to find the normal variation
in the performance of the process equipment and to deter-
mine the normal operating range (NOR) as the deviation from
the normal operating point for each process parameter. The
normal operating range may involve variations in flow rate,
pH, conductivity, column load, etc. When the NOR has been
defined from knowledge about the process equipment, labo-
ratory experiments are usually conducted to find over what
parameter range the product is able to meet the demands on
purity, activity, yield, etc. This range is evaluated for vari-
ations and co-variations between the process parameters to
determine the proven acceptable range (PAR) for each pro-
cess parameter, which defines the limits for each process pa-
rameter that are acceptable in the process. When a process
parameter variation leads to process failure, i.e. the require-
The shape parametatr*desi, is also adjusted to give the cor- tmhgztitoi;lSﬂ:&ii};};{rtsgtivity s r:ot T}et for thhe g?rr]amzter Sfft’ i
rect shape of the elution peaks. The second step involves parameters nas reached e edge ot 1ail-

. . ; ure (EOF). Normally, only PAR and not EOF is determined
single-component experiments where the capacity of each.

component determines the steric factarfor each compo- in the experimental robustness analysis. The margin between
P . . o ; comp NOR and PAR gives a measure of the degree of robustness of
nent[10]. The dispersion coefficienDay, is determined by

. X . that process parameter and can be used for the classification
using a flow-rate-dependent correlation for column disper-

sion[12]. To investigate whether loading of all three proteins of process parameters as critical or not, [H54.

. . . Process parameters that are easy to control, i.e. have a nar-
simultaneously gives a different result from that expected .
X . . row NOR, and process parameters that have a large influence
from the steric mass action model, a multi-component load-

ing experiment is conducted. If there is a significant deviation on quality are studied for a narrower PAR. In some cases, for

. " . instance when a positive variation in a process parameter is
in the position of the components breakthrough, the equilib- o ; . e

. ) . . more critical for the product quality than a negative variation,
rium constantKeqj is adjusted for each component to give

. . o an asymmetrical range is chosen.
an accurate simulation result. The methodology is illustrated ; ) . . .
in Fig. 1 This work is normally conducted using factorial design ex-

periments. When the number of process parameters is large
the number of experiments has to be reduced. This can be
achieved by performing a number of randomly selected ex-
periments and from the analysis of the results the important
The SMA model was implemented using a modeling and factors can be determined and investigated furth&}. Two

simulation tool called gPROMS developed by Process Sys- or three factors can also be combined into one in order to
tem Enterprise (London, United Kingdoifl8]. The column  decrease the number of experiments. When there are several
model was simulated using a finite-difference approximation process parameters it is often assumed that the performance
and a fourth-order apprOXimation for the linear solver of the is driven primar”y by some of the main effects and low-
resulting set of differential equations. The number of grid order interaction§l8]. Several programs such as MODDE 7

points in the column was set to 400 to ensure that there wasfrom Umetrics (Uma, Sweden]19], are available to facili-
no numerical broadening in the column. tate these studies.

OUtpUt: Vi, Keq,l, k’das.:

1 Capacity

Output: o;

Il. Multi-component loading
behavior

s Experiment performed
with loading of all
proteins simultaneously

QOutput: Keq,ioad
(if necessary)

Calibration complete

Fig. 1. lllustration of the model calibration methodology.

2.5. Simulation technique
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The purpose of the present study was to develop a method-Table 1
oIogy to predict the effect of variation in process parameters Protein and salt concentrations during the breakthrough experiments to de-
on product quality, based on the understanding developed!mine the steric factor

already during process development. Protein Protein concentration Salt concentration
(mg/ml) (mol/dn?)
IgG 8 0.016
BSA 8 0.030

3. Materials and methods Myoglobin 2 0.011

3.1. Materials
about 0.82 mS/cm and at the end of the gradient elution about

The column used in the ion-exchange chromatography ex-82 mS/cm. The loading step lasted two column volumes (CV)
periments was a strong anionexchanger, Resource 15 Q, 1 mﬂnd the column was washed with 8.5 CV of buffer. The linear
(no. 920408) pre-packed column (diameter 6.4 mm, length gradients used for parameter estimation were 20, 25, 30, 35,
30 mm, supplied by Amersham Biosciences (Uppsala, Swe-40, 50 and 60 CV. The experimental results were compen-
den). The beads had a diameter ofudf. The column used sated for dead volumes in the system to isolate the behavior
in the gel filtration experiments was an SKW-23030 from due to the column.
Toso-Haas (Tokyo, Japan).

Three proteins were used in the experiments: bovine serum3.2.3. Capacity experiments to determine the steric
albumin (BSA) (A-1900, Lot no. 75H9305) and myoglobin  factor
(M-1882, Lot no. 122K7057), both obtained from Sigma The protein and salt concentrations at the inlet are given
(Steinheim, Germany) and polyclonal IgG, kindly provided in Table 1 The flow rate was 1 ml/min and the buffer was
by Biovitrum AB (Stockholm, Sweden). The latter protein 20 mM Tris—HCl at pH 8.7. Some NaCl was added to obtain
solution consisted of four different types of IgG and had a the salt concentrations given Table 1
concentration of 15.7% (w/w). Trizma base was obtained
from Sigma and NaCl was obtained from Merck (Darmstadt, 3.2.4. Multi-component loading and elution experiment

Germany). The multi-component experiment included a loading step,

The chromatography experiments were carried out on ancolumn wash and two consecutive step elutions. The pro-

AKTA purifier 100 system from Amersham Bioscience. tein concentrations in the loading step were 3 mg/ml IgG,
0.5mg/ml BSA and 1 mg/ml myoglobin. The conductivity in

3.2. Methods the loading step was 1.0 mS/cm and the conductivity in the

equilibration and washing buffer was 0.4 mS/cm. The con-

3.2.1. Experiments to determine the dead volume inthe  ductivity in the first elution step was 7.1 mS/cm, while the
chromatography system conductivity in the second elution step was 82 mS/cm. The

The AKTA Purifier system has a relatively low dead vol-  flow rate was 1.2 ml/min. A sample of 12.4 ml was loaded
ume for the sample when using a 2 ml loop or a superloop in onto the ion-exchange column and the column was washed
the injection of the sample. Adapting the same length of tub- with 4.7 ml equilibration buffer. Ten millilitres of elution
ing as with the column and measuring the mean time for the buffer was used in each elution step. One millilitre Fractions
UV response without column determined the dead volume were collected from each step and analyzed by gel filtration
for the sample. The dead volume between the UV detectorin order to determine the amount of each protein leaving the
and conductivity cell was investigated in the same manner column in each step.
using a solution that contained both salt and acetone and the
differences in mean time between the UV and conductivity 3.2.5. Experiments to validate the simulated robustness

response was measured. analysis
The dead volume in th&KTA Purifier system was found A full factorial experiment involving six parameters was
to be 0.14 ml, and the dead volume between the UV detectorsimulated and the results are giveriTable 2 To assure that
and the conductivity cell was found to be 0.4 ml. the results from the simulated robustness analysis were use-
ful for process validation, one run where low purity was ex-
3.2.2. Gradient elution experiments to determine the pected, run 3, and two runs with a high expected purity, runs
linear parameters and shape of the elution peaks 20 and 56 inTable 2were evaluated experimentally. The

A minimum of three gradients are needed to fit the lin- content of the first elution step in each run was evaluated
ear parameters in the SMA modd]. The inlet concen-  regarding purity and yield of IgG.
trations used were 0.20 mg/ml IgG, 0.19 mg/ml BSA and
0.12 mg/ml myoglobin in a 20mM Tris buffer at pH 8.7. 3.2.6. Gelfiltration analysis
The elution buffer was 20 mM Tris—HCI at pH 8.7 containing The collected fractions were analyzed by gel filtration
1 M NaCl. The flow rate for all gradient elution experiments using the SKW-23030 column from Toso-Haas. The sam-
was 1 ml/min. The conductivity during the loading step was ple volume was 0.5ml and the buffer used was 20 mM
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Table 2
The simulated responses for a full 6-factor robustness study

Run no. Conductivity Conductivity Conductivity elul (%) Conductivity  Column load  Flow rate (%) Yield (%) Purity

load (%) wash (%) elu2 (%) (%) (%)
1 —24 —24 -7 -8 —-22 -11 100 90
2 +24 —24 -7 -8 —-22 —-11 100 93
3 —24 +24 -7 -8 —-22 —-11 100 91
4 +24 +24 -7 -8 -22 -1 100 93
5 —24 —-24 +15 -8 —-22 -11 100 90
6 +24 —24 +15 -8 —-22 —-11 100 93
7 —24 +24 +15 -8 —-22 —-11 100 91
8 +24 +24 +15 -8 -22 -11 100 93
9 —24 —-24 -7 +8 -22 -11 100 90
10 +24 —24 -7 +8 -22 -11 100 93
11 —24 +24 -7 +8 -22 —-11 100 91
12 +24 +24 -7 +8 -22 —-11 100 93
13 —-24 —-24 +15 +8 -22 -11 100 90
14 +24 —-24 +15 +8 -22 -11 100 93
15 —24 +24 +15 +8 -22 —-11 100 91
16 +24 +24 +15 +8 —-22 —-11 100 93
17 —24 —-24 -7 -8 +22 -11 85 96
18 +24 —-24 -7 -8 +22 -11 74 96
19 —24 +24 -7 -8 +22 -11 81 96
20 +24 +24 -7 -8 +22 —-11 74 96
21 —24 —24 +15 -8 +22 -11 85 96
22 +24 —-24 +15 -8 +22 -1 76 96
23 —24 +24 +15 -8 +22 -11 81 96
24 +24 +24 +15 -8 +22 —11 74 96
25 —24 —24 -7 +8 +22 —-11 85 96
26 +24 —-24 -7 +8 +22 -11 76 96
27 —24 +24 -7 +8 +22 -11 81 96
28 +24 +24 -7 +8 +22 —11 74 96
29 —24 —24 +15 +8 +22 —-11 85 96
30 +24 —24 +15 +8 +22 -11 76 96
31 —24 +24 +15 +8 +22 -1 81 96
32 +24 +24 +15 +8 +22 —-11 74 96
33 —24 —24 -7 -8 —-22 +11 100 90
34 +24 —24 -7 -8 -22 +11 100 93
35 —24 +24 -7 -8 —-22 +11 99 92
36 +24 +24 -7 -8 -22 +11 99 94
37 —24 —24 +15 -8 —-22 +11 100 90
38 +24 —-24 +15 -8 —-22 +11 100 93
39 —24 +24 +15 -8 —-22 +11 99 92
40 +24 +24 +15 -8 -22 +11 99 94
41 —24 —24 -7 +8 —-22 +11 100 90
42 +24 —24 -7 +8 —-22 +11 100 93
43 —24 +24 -7 +8 —-22 +11 99 92
44 +24 +24 -7 +8 —-22 +11 99 94
45 —24 —-24 +15 +8 2 +11 100 90
46 +24 —24 +15 +8 2 +11 100 93
47 —24 +24 +15 +8 —-22 +11 99 92
48 +24 +24 +15 +8 -22 +11 99 94
49 —24 —-24 -7 -8 +22 +11 84 96
50 +24 —24 -7 -8 +22 +11 76 96
51 —24 +24 -7 -8 +22 +11 79 96
52 +24 +24 -7 -8 +22 +11 72 96
53 —24 —-24 +15 -8 +22 +11 84 95
54 +24 —-24 +15 -8 +22 +11 76 96
55 —24 +24 +15 -8 +22 +11 79 96
56 +24 +24 +15 -8 +22 +11 72 96
57 —24 —-24 -7 +8 +22 +11 84 96
58 +24 —-24 -7 +8 +22 +11 76 96
59 —24 +24 -7 +8 +22 +11 79 96
60 +24 +24 -7 +8 +22 +11 72 96
61 —24 —24 +15 +8 +22 +11 84 95
62 +24 —-24 +15 +8 +22 +11 76 96
63 —-24 +24 +15 +8 +22 +11 79 96
64 +24 +24 +15 +8 +22 +11 72 96

The effects on yield and purity were calculated by changing the conductivity in the loading, washing, and the two elution steps, and also by elcahgimy th

load and flow rate. The runs marked with bold lines were evaluated experimentally. The yield is calculated as mass of IgG in the first elusion stgp divided
the amount of IgG that was loaded onto the column. Purity is calculated as mass of IgG in the first elution step divided by the total mass of protein eluted i
the first step.
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Tris—HCI at pH 8.5 containing 0.5M NaCl. The flow rate 3500 - . - - : . . 100

was 0.5 ml/min and the peaks were integrated and convertec 3000 p———— R Eluting sl

from absorbance units to mg/ml using a linear relationship. __ """ |.-.- Experment e S o z
%E) 2500 i 3

. . :l—; 60 E

4. Results and discussion % 2000 .3
= =
[ =]

4.1. Model calibration g 10r 40 g
< 4000} 5

4.1.1. UV-response calculation J20 ©

The response in breakthrough and elution is given by the ~ 50°F
model in mol/n?, which can be converted to mg/ml using the R S A 0

20 25 30 35 40

molecular mass. Experienced scientists working with chro- 0
Volume (ml)

matography are used to observing their breakthrough curves

and elution peaks in terms of UV absorption. Therefore, Fig. 2. Simulated and experimental chromatograms for the multi-component

experiments to determine the UV absorption for each pro- experiment where the equilibrium constakig) for myoglobin in the load-

tein at different concentrations were performed and a lin- ing step has been adjusted in order to fit the loading part of the experiment.

ear relation between UV absorption in tA&TA purifier

UV cell and protein concentration was derived for each pro-

tein. The conversion factors were 308 ml mg/mAU for 1gG, of the tanks in series and the volume of the parallel tanks was

267 mlmg/mAU for BSA and 127 mImg/mAU for myo- determined to be 0.58. Simulated and experimental salt steps

globin. The UV response is used in all figures comparing are shown irFig. 2

simulated and experimental data, assuming that the total UV

response is strictly additive for the components included in 4.1.5. Column dispersion

the simulation. To determine the dispersion in the column an empirical
correlation using the particle Peclet numberwas implemented

4.1.2. Void fraction to calculate the dispersion coefficient. The pedtetnumber

The Resource 15 Q column contains monosized particles(see Eq(15)) was set to 0.512].
with very large pores, which make it difficult to measure the vintd,
column void with, for example, latex particles. Therefore, the Pe = D
column void was not measured experimentally. The column ax
void fraction was set to 0.32 in the model. This is a relatively hered, is the particle diameter of the column packing. The
low value but it was considered reasonable as the column wasaxial dispersion coefficient in the column was found to be
industrially packed. 4.9x 10-8 m?/s for a flow rate of 1 ml/min.

Breakthrough experiments were performed at a high salt
4.1.3. Calculation of salt concentration in the parameter content for each protein to investigate whether the broadening
estimation in the experimental runs at non-binding conditions could be

The buffers used in the gradient elution experiments and used to predict the shape of the breakthrough curves and elu-
in the breakthrough experiments had different conductivities. tion peaks. The breakthrough experiments were carried out
The conductivity of the sample and of the loading and elution at four different flow rates, 1, 2, 3, and 4 ml/min. The concen-
buffers was measured. A linear relationship between salt con-tration was 0.5 mg/ml in all experiments, and a 20 mM Tris
centration and conductivity was assumed. The 20 mM Tris buffer with 1 M NaClatapH of 8.7 was used. An apparent dis-
buffer itself has a conductivity of 0.1 mS/cm. The conductiv- persion coefficient was estimated for different flow rates for
ity in the Tris—HCl is considered to be due to the interacting each protein. When the shape predicted by the non-binding
salt component, which is reasonable considering that the de-experiments was compared to the shape of the curves and

(15)

sired pH in the buffers was achieved by adding HCI. peaks at loading or gradient elution conditions it was found
that the difference between using an empirical correlation
4.1.4. Modeling the external volume and a fitted dispersion coefficient was negligible. From this,

The best fit to the experimental salt steps was achievedit can be concluded that the broadening effects in loading and
with seven tanks each with one parallel tank. The flow to the elution are mainly due to the interactions between the protein
parallel tank was determined to be 28% of the flow through and the solid phase, thus a dispersion coefficient determined
the column, and the ratio between the volume of the tanks in from the correlation is sufficiently accurate.
the tank series and the volume of the parallel tanks were 0.64
for the first elution step. In the second elution step, the flow 4.1.6. Linear parameters and shape
between the tank series and the parallel tanks was 22% of the At low protein concentration only; andKeq; affect the
flow through the column, and the ratio between the volume peak position in the gradient elution. The interaction rate
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160 . . : : : 100 there is a significant non-ionic mechanism involved in the

140 L myoglobin g6 solid-phase interaction for myoglobf@3], hence the large

— 80 — error 0of+6.1%.
=) 120F [ Eerment 5 The first moments of the gradient elution peaks were used
E 100 60 £ for parameter estimation. For I9G, which contained four sim-
§ 8ok 2> ilar components, a perfect fit according to the first moment
5 40 % can give a slight difference in the position of the tip of the
S 60} £ - : L :
& B peak.Fig. 3shows that the simulation fits the experimental
L o

< 40 20O data very well.

20f i o ) )

o T 0 4.1.7. Determining the steric factor and capacity

The amount of bound protein was used to determine a
steric factor. The interaction rate coefficient at loading con-
ditions could be altered to fit the shape of the breakthrough
curve. However, the multi-component loading experiment
showed that the shape coefficiekjd;) estimated from the
gradient elution experiments fitted the multi-component ex-
parameterkj,.;, is adjusted to give an accurate peak shape periment better than the coefficient that was calculated from
for the elution peaksFig. 3 shows that the peak shapes and the single-component loading experiments. This means that
positions are estimated with relatively good accuracy at 30 only the amount of bound protein at saturation is of interest
CV gradient elution. in single component experiments. Such experiments could be

The 1gG used in the experiments is polyclonal and gives performed in a considerably smaller column than that nor-
an asymmetrical peak. The first momgR0] of the peak mally used for process development, allowing smaller pure-
was considered when estimating the peak position to give component sample volumes to be used. With this method,
the linear parameters in the SMA model. The small peak it is not necessary to use a very high protein concentration
after the BSA peak (sd€ig. 3) was analyzed by gelfiltration  in the loading step to algebraically calculate the steric factor
and found to be one type of IgG and this small amount of from gmax[8,10]. The drawback of this method is the uncer-
IgG was not considered in the model calibration. The various tainty in extrapolating the results from a lower concentration
parameters that were determined for the three proteins for theto a higher concentration. When fitting the steric factor the

‘['5
Volume (ml)

o

30

Fig. 3. Simulated and experimental chromatograms for a gradient elution of
30 column volumes

SMA model are reasonalj2l,22](seeTable 3. The number

of interacting charges is fairly low for IgG and myoglobin.
One possible explanation of this is that the pH in the buffer is
fairly close to the isoelectric point of the polyclonal 1IgQ (p
6—8) and myoglobin (p7—7.5), whereas the isoelectric point
for BSAis 4.8.

breakthrough curve up to 97% breakthrough was considered.
The steric factor determines the equilibrium for the different
proteins and should be approximately constant regardless of
the concentrations of salt and protein. One drawback when
extrapolating the results to the case of multi-component ad-
sorption is that protein—protein interactions are not taken into

The mean errors on the peak position at the seven gradientfaccount.

(20, 25, 30, 35, 40, 50, 60 CV) used for parameter estimation

were+4.1% for 1gG,+1% for BSA and+6.1% for myo-

The steric factor was calculated for each protein (see
Table 3. It may be considered somewhat strange that myo-

globin. The lower accuracy for IgG is probably due to the globin, with a molecular weight of 17,500 g/mol, showed
fact that the sample is actually polyclonal, but is considered a higher steric factor than BSA, with molecular weight
to be one component in the model calibration. Myoglobin 67,000 g/mol. One explanation could be that myoglobin in-
is more difficult to fit to this ion-exchange model than the teracts with the matrix in a way that prevents the protein
other proteins. This could be because of the low net chargemolecules from lying close to each other. Myoglobin might
of myoglobin and the choice of pH, which lies near the iso- interact so that it covers a larger surface than implied by its
electric point of myoglobin. Both theses factors imply that molecular weight. Itis also possible that this parameter value
compensates for non-ion-exchange behavior that is not ex-

Table 3 plained by the steric mass action model.

The estimated values for the equilibrium const&gt,;, the number of inter-
acting chargesy;, the shape-determining interaction rate coefficieggsi,
and the steric factog;, are given for each protein

4.1.8. The multi-component experiment
The calibrated model was proven to accurately describe

Protein Keg (=) v (=) Ko (Mol/(MPs)) o (=) the behavior of the three proteins in the elution steps. IgG and
I9G 0.69 1.4 5.9¢ 10-4 446 BSA were accurately described by the single-component ex-
BSA 0.17 2.2 3.4¢10°6 206 periments, but myoglobin showed weaker adsorption to the
Myoglobin 0.77 11 3.% 102 223 column than expected. To describe the different behavior of

myoglobin and get the correct breakthrough position in the
loading step the equilibrium coefficien4y) was changed

The total ligand density on the matrix was 265 mal/gel (obtained from
the supplier).
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3000 : . ; r ; ; 7 100 salt concentrations at the operating point make it difficult
—o-1gG ‘ to control the conductivity. Column load was also studied
o S i ‘ Eluting sl 3 oo over a broad range as it can vary with the number of cycles
5 il T required for each batch and with the batch size. Flow rate and
z 2000 & conductivity in the second elution step are considered to be
= 1% E easier to control and were investigated over narrower ranges.
g 1500 ? An asymmetrical range was employed for the first elution step
o {40 B as a lower conductivity can resultin a lower purity for IgG as
3 TR g less 1gG will elute in the first step. A higher conductivity in
120 © the first elution step is less critical as BSA is far from eluting
ST at these low conductivities.
To determine the importance of each process parameter
°0 5 10 the full factorial simulation was evaluated using MODDE 7

Volume (ml) developed by Umetrics (Unde Sweden]19]. The normal
operation point was chosen to be the same as the running
conditions in the multi-component experiment, but using a
loading volume of 10.2ml instead of 12.4 ml to provide a
more reasonable yield at the operating point. The normal
operating point gives 94.7% yield and 96% purity. The results
of the robustness analysis are giverTable 2

Fig. 4. The results of the simulation for each component and the simulated
total UV absorbance for the multi-component loading experiment.

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

) . . 4.2.1. Parameter analysis
iment and simulation.

Analysis of the model response shows the importance of

The gel filtration analysis of the collected fractions of . L
Fig. 2showed thatthe first breakthrough contained only myo- the different process parameters. The relative impact of each
) factor is shown by the height and direction of the correspond-

globin, and the second increase in UV absorption of the break-. - . :
through was due to IgG, which was beginning to leak from N9 bar_ln_F|g. 5 Column load is an |m_p0r_tant factor for pu-
the column. The first part of the first elution peak contained rity. This is to be expected as 1gG will displace myoglobin

. _as loading proceeds, and less myoglobin will be present in
myoglobm and the rest of the peak was I.gG. The second glu the first elution. The conductivity in the loading and washing
tion peak contained only BSA. This is in accordance with

the results predicted by the simulation (§dg. 4). A small steps has similar effects, as higher conductivity implies that

deviation in the UV response can be seen in the loading step.Iess myoglobin will be adsorbed onto the column, and more

The model predicts a greater UV absorbance than the exper—rny()gk)bln willleave the column in the loading and washing

iment, but in all, the model fitted the experiment very well .steps.AsareS:uIt, less myoglobin W'I.I ‘?'“t.e toge’Fherwnh I9G
(seeFig. 2). in the first elution step. The conductivity in the first and sec-

ond elution steps has low impact on product purity. Increased
flow rate has a slightly positive effect on product purity as a
result of a lower yield of myoglobin relative to IgG.

) _ Fig. 5shows that column load is the most important fac-
The calibrated model was used to perform a full factorial o, for the yield of IgG, as a higher column load leads to a

study.inclu.ding six factors. The response to_ variation of the greater leakage of product from the column in the loading
following six process parameters was studied by COMPUter sten. Higher conductivity in the loading and washing steps

4.2. Robustness analysis

simulation. also leads to a higher leakage and thus a lower yield. Flow
« Conductivity in the loading stepH24%). _rate also has a negative impact, as the broadening_ effect is
« Conductivity in the washing step-Q4%). increased at hlgher flow ra'Fes and greater prqadenmg leads
« Conductivity in the first elution step (+157%). to more leakage in the Ipadlng step. The variation in the two
« Conductivity in the second elution ste§%). e!utlon step; was hot hlgh enough to cause an effect on the
e Column load $:22%). yield of IgG in the separation process.

e Flow rate ¢11%).

4.2.2. Guidance for an experimental analysis

The evaluated responses were purity and yield of IgG cal-  Table 2shows that purity varies between 90 and 96% and
culated for the entire volume in the first elution step. The the yield in the separation of IgG varies from 72 to 100%.
variations were chosen so as to represent reasonable variathe model-based study shows that the conductivity in the
tions in a robustness analysis in the validation of an industrial second elution step is of no importance and, can therefore
protein separation process. be excluded from an experimental study. The analysis also

In this study, rather large variations in the conductivity showed that the conductivity in the first elution step and the
in the loading and washing steps were studied as the lowflow rate are of less importance than column load, conductiv-
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Purity
<y

Conductivity in the load step
-0.6 @ Conductivity in the wash step ml
Conductivity in the first elution
Conductivity in the second elution

-0.8 Column load B
= Flow rate

Fig. 5. The bars show the relative importance and the effect of each process parameter for product yield and purity. The numeric vateeearththe
scaled and centred coefficients in the statistical model for each variation.

ity in the loading step and conductivity in the washing step the stationary phase than predicted, thereby causing a greater
for both product purity and yield. In this the purity constraint leakage of IgG. Although the experimental results from run

is set to 91% and the experimental studies necessary for the3 differ significantly from the simulation the most important
validation process in this case should therefore include exper-aspect from a validation point of view is that the simulation
iments where the purity approaches 91% or below. If purity can identify the runs that result in lower purity to guide the

is considered in the validation, and the conductivity in the experimental study. The calibrated model accurately predicts
second elution step is removed from the study, only seventhat run 3 results in a higher yield and a lower purity than
parameter combinations (runs 1, 3, 5, 7, 33, 37 and 45 in both run 20 and run 56.

Table 2 give an expected purity less than the specification,
and are therefore of special interest to study experimentally.
The experimental work should thus be focused on the param-

eter combinations that are shown to result in lower purity. 5. Conclusions

The method presented in this paper constitutes a calibrated
4.2.3. Validation of the simulated robustness study model that succeeds in predicting the separation of three pro-
The validation study was evaluated for purity and yield of tgins: IgG, BSA and myoglobin, and can, with reasonable
lgG. Runs 3, 20 and 56 ifable 2were evaluated experimen-  accuracy, predict the behavior in the ion-exchange column. It
tally and the experimental and simulated results are displayedis thus reasonable to postulate that the model can provide in-
in Table 4 sight into the sensitivity of process performance to variations
The UV absorbance was converted to mg of protein using jn process parameters and in this way assist in the experi-
the linear relationship described above. The resuffaliie 4~ mental robustness analysis of an ion-exchange column. The
show that that the simulation describes the Variations, as r'uNmodel can be used to investigate variations in salt concentra-
3 clearly results in a lower purity than run 20 and run 56, and tjons, flow rate and column load. This is advantageous when
the simulated values for product purity are in good agreementstydying the robustness of a separation process, as the ef-
with the experimental results. The simulated yield of I9G fects of numerous combinations of process parameters can
agl’ees well with the eXpel’imentally determined y|e|d forruns be investigated in advance by Computer simulation. The ex-
20 and 56 (se&able 4. For run 3 the experimental yield is  perimental work can then be concentrated on the variations

ConSiderably smaller than expected from the simulation. The that are predicted to be crucial to the performance of the sep-
larger deviation between simulation and experiment for run aration process.

3 is probably due to myoglobin binding more strongly to |t js common practice in industry to use factorial experi-
mental designh when studying process robustness. This model-
Table 4 based approach can provide information on how to reduce the
Comparison between simulated and experimental purity and yield of IgG to number of factorial experiments.
validate the simulated robustness analysis Toinvestigate the effects of a full factorial robustness anal-
Run  Purity (%)  Purity (%) Yield (%) Yield (%) ysis with six factors, a minimum of three gradient elution
simulated  experimental _simulated experimental experiments and one breakthrough experiment for each com-
3 91 87 100 83 ponent, together with a multi-component experiment are nec-
20 96 97 74 72 essary to calibrate the ion-exchange chromatography model.
56 96 96 72 70

Analysis of the model showed that seven process parameter
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combinations gave performance less than the purity speci-A total concentration of binding sites in the gel

fication. The calibrated model suggests seven factorial ex- [mol/m?® gel]
periments that should be evaluated experimentally in the ro- v; number of interacting sites between componient
bustness study. In conclusion, 14 experiments are needed in and gel ]

the methodology described in the present study where theo;
model calibration experiments can be performed during pro-

cess development, which should be compared to the 64 (+5
center points) experiments normally needed in a full factorial

experiment or 32 (+5 center points) for a reduced factorial

experiment.

steric factor of componemnt —]
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