Available online at www.sciencedirect.com

scmNCE@DmEC're JOURNAL OF
CHROMATOGRAPHY A

ELSEVIER Journal of Chromatography A, 1099 (2005) 157166

www.elsevier.com/locate/chroma

Optimisation and robustness analysis of a hydrophobic
interaction chromatography step

Niklas Jakobsson, Marcus Degerman, Bernt NilSson

Department of Chemical Engineering, Lund University, P.O. Box 124, SE-221 00 Lund, Sweden

Received 26 May 2005; received in revised form 31 August 2005; accepted 5 September 2005
Available online 5 October 2005

Abstract

Process development, optimisation and robustness analysis for chromatography separations are often entirely based on experimental wor
generic knowledge. The present study proposes a method of gaining process knowledge and assisting in the robustness analysis and optimi
of a hydrophobic interaction chromatography step using a model-based approach. Factorial experimental design is common practice in indL
today for robustness analysis. The method presented in this study can be used to find the critical parameter variations and serve as a bas
reducing the experimental work. In addition, the calibrated model obtained with this approach is used to find the optimal operating conditions
the chromatography column. The methodology consists of three consecutive steps. Firstly, screening experiments are performed using a fac
design. Secondly, a kinetic-dispersive model is calibrated using gradient elution and column load experiments. Finally, the model is used to 1
optimal operating conditions and a robustness analysis is conducted at the optimal point. The process studied in this work is the separatio
polyclonal IgG from BSA using hydrophobic interaction chromatography.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction process is of great importance. The optimisation procedure can
be based solely on experimental work exploring one parameter
Today, when a protein purification process is to be adoptedt a time or can be performed using a factorial experimental
as an approved pharmaceutical production process a great delgsign[1,2]. There are a number of examples in the literature
of experimental work is performed to study the robustness oflescribing how modelling and simulation of a chromatography
the purification process. The use of modelling and simulatiorcolumn can be used to find the optimal running conditi@js
makes it possible to reduce the number of labour-intensive exper- The US Food and Drug Administration (FDAd] recently
iments, and thereby shorten the developmenttime and reduce thablished guidelines in which the importance of process under-
cost. This requires a methodology employing accurate modelstanding is emphasised when validating a process. These guide-
validated by carefully designed experiments. The methodologlines promote the use of process analytical technologies such
employed should be based on an understanding of the underlyirgg multivariate data acquisition and analysis, modern process
physical mechanisms of the separation process. One advantagealysers and process monitoring. The FDA also states that the
when using this approach is that the model may be applicablability to predict process behaviour shows process understand-
for larger variations in the process parameters compared witing, and a greater process understanding gives more freedom
empirical modelling. in changing process conditions within the scope of the origi-
A major cost in the production of biopharmaceuticals is thenal approved validation documentation. The cost of validation
cost of downstream processing, which usually consists of severaften hinders process development and implementation of new
steps. Therefore, the optimisation of each step in the purificatioprocess equipment in existing production processes for phar-
maceuticals. The reluctance to use new process technologies in
the pharmaceutical industry is undesirable from a public health
* Corresponding author. Tel.: +46 46 222 8088; fax: +46 46 222 4526.  Perspective. Efficient pharmaceutical manufacturing is of great
E-mail address: bernt.nilsson@chemeng.lth.se (B. Nilsson). importance in achieving effective health cig The guideline
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also suggests that experimental process development databaskghtly lower thancinet; due to dispersion at the inlet. At the
could be used to develop process simulation tools, which wilbutlet wherex is equal toL, the length of the column (m), only
help us gain knowledge of the process reduce the overall processnvective transport is considered and can thus be described by

development time from laboratory to production scale. a Neumann condition (see E@®)).
The aim of the present study was to evaluate how a math-
ematical model of a hydrophobic interaction chromatography’“i _ 0, atx=L A3)

step can be used to assist in process optimisation and robustne®s

analysis. The aim was also to use the experimental techniques

normally employed in process development to calibrate the.2. Adsorption—the Langmuir MPM model

model, and to keep the demand for additional experiments to a

minimum. Many authors have addressed the issues concerning The description of the adsorptionis based on solvophobic the-

a model-based approach to chromatogra8ti—8] This work  ©0ry[9]. The protein mixture studied contains proteins of various

aims to present a modelling approach that is useful in dealin§izes. It is assumed that the binding sites are uniformly dis-

with the optimisation and robustness analysis work normallyiributed. In the present study where two components are loaded

performed in the biopharmaceutical industry. onto the column it was found that the most suitable model was
This study focuses on hydrophobic interaction chromatog? variant of the original competitive Langmuir model.

raphy as it is a common unit operation in biopharmaceutical A Langmuirkinetic model (see E@4)) describes the adsorp-

production today. A mixture of BSA and polyclonal IgG was tion and desorption of the protein and these are regarded as

used as a model system to evaluate the advantages of using gRmpetitive processes in which the salt concentration affects the
proposed methodology. retention of the protein. Because salt is considered to be inert,

dgsar/dt is 0. During the binding stefags;, the adsorption coef-
ficient of component (m3kmols), is much larger thakges;,
the desorption coefficient of componéiis—1), while at elution

The model of the hydrophobic interaction used in this studykdesi dominates.
consists of a description of the interaction between the protein
and solid phase and a description of the dispersion in the columrg;
The solid-phase interaction is modelled based on solvophobig;
theory using an interaction model including kinetj@s.

2. Theory—models and simulation technique

N

qi
p . |~ kdesi “qi (4)
o1 dmax

= kadsi * Cx,i * qmaxi 1-

wheregmax; andgmax; are the maximum concentrations of com-
2.1. Column model ponentsi and; in the stationary phase (kmolsolid phase):
gi andg; are the concentrations of componehtsnd; in the
The kinetic-dispersion model describing a column containsstationary phase (kmolfrsolid phase) an@& the number of
one part describing the dispersion and convection in the mobilgteracting components.
phase, and another part describing the adsorption as a reaction|n the current model, the adsorption sites are divided into two
including kinetics. In the model used in this study, the shape ofjifferent types. In the first type, IgG adsorbs without competi-
the elution peaks and breakthrough curves are dependent onién. In the second type IgG and BSA compete for the available
dispersion coefficient, which is determined from an empiricalsites, and BSA experiences competition from IgG adsorbed on
correlation, and on the adsorption rate. The column model fopoth sites, see Eq&5)—(7). This model effectively “weakens”
component is described by the following equation, the ability for BSA to compete with IgG and “strengthens” the
ability for IgG to displace BSA. In the competitive part of the
— _ (1)  stationary phase IgG and BSA have the same maximum capacity
dx & ot (gmav)- The equilibrium coefficientkeq, see Eq(10), and the
where ¢ is the void fraction in the packed bed $rmobile hydrophobicity coefficienty, as well as the kinetic coefficient

phase/r column),x the axial coordinate along the column (m), &€ the same for both types of sites.
vint the interstitial velocity (m/s)Dax the apparent dispersion

3Ci 82C,’ 3Ci 1- Ec 8q,'
S — — U _=
3[ ax axz int

- . 0919G.1
coefficient (n#/s), ¢; the concentration of componehin the gt = kadslgG - Cx,IgG * gmaxigG,1
mobile phase (mol/R), ¢; the concentration of componerin
i i i 19G,1
the stationary phase (mol#stationary phase) ands the time % <1 _ 49 > — kdesigG - digG.1 (5)
(S)- dmaxlgG,1
The column equation is subject to the following boundary
conditions. A Robin condition describes the column inlet, 3
919G, 2
b L .c .
oc: Vint adslgG * Cx,1gG * 9max|gG,2
= (e — cinler).  atx=0 @
ox Dax

y (1_ 91962 qBSA
whereciniet,; is the inlet concentration (molfpandc; is the gdmaxlgG,2  gmaxBSA
concentration just inside the column (mofynwhich may be (6)

> — kdeslgG - 91gG,2
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dqBsA2 ‘ To determine the dispersion in the column an empirical flow-
o ‘adsBSA®Cx.BSA"qmaxBSA rate-dependent correlation using the particle Peclet number was
916G.2 gBSA QG implemented to calculate the dispersion coefficient, se€d&jq.
x (1— 2 - = ) [13,14]
dmaxlgG,2 dmaxBSA  ¢dmaxlIgG,1
Uintdp
— kdesBSA * ¢BSA,2 (7) Pe= Do 8)
ax

. whered, is the particle diameter of the column packing.
The model can be used for the loading step as well as the

elution step by using mobile-phase modulat®is defined by 5 3 oprimisation and robustness analysis
Eqgs.(8) and(9),

Optimal conditions for chromatographic separation can
be determined using computer simulation. The mathematical
9) model used in the simulations is often based on physical
phenomena and is calibrated using data from chromatography
experiments. The optimal point is determined by finding the
minimum value of the objective function. The objective could
for instance be to find the operating conditions that maximises
whereS is the concentration of the elution component, oftenype yield of the desired product, or to find the maximum
salt, anckadso; (M*/kmol ) andkgeso; (M*/kmol s) are parame- productivity under a constraint of a minimum required purity
ters accounting for the reaction rageis a parameter describing [15-18] In optimisation of a chromatography step one lim-
the ion-exchange characteristics angm®/kmol) describes the jtation is often the number of decision variables that can be
hydrophobicity. Under loading conditions, is given by the  jjiered to find the optimal point, i.e. there are too many degrees
buffer salt concentration and salt from the protein solution. INyf freedom for the full optimisation problem to be solved. In
this study, it was assumed that there are no ion-exchange int&fractice, the key variables are considered for optimisation and
actions between protein and stationary phase, which means tha remaining variables are excluded from the optimisation

kadsi = kadsOieyiS (8)

kdesi = kdesOi Sﬁi

kadsOi (10)

ke | —
4 kdesOi

Biis equal to 0. procedure.
In the pharmaceutical industry, one very important aspect
2.2.1. Model calibration of any unit operation is the robustness. The normal procedure

When developing a hydrophobic interaction separation stefor determination of the critical process parameters involves a
for protein purification, the initial part of the development con-number of step$19,20] The first step is to find the normal
sists of choosing a suitable stationary phase, pH and salt. Ivariation in the performance of the process equipment and to
the present study this was conducted as a factorial experimeretermine the normal operating range (NOR) defined as the
evaluating two columns, two different salts at two different con-deviation from the normal operating point for each process
centrations and two pH values. parameter. The normal operating range may involve variations

The model calibration procedure comes into use when thée flow rate, pH, conductivity, column load, etc. When the NOR
operating conditions have been selected. The first stepisto detdras been defined from knowledge about the process equip-
mine the equilibrium constarieq and y for each component. ment, laboratory experiments are usually conducted to find the
These parameters are traditionally determined by performingarameter range over which the product meets the demands on
isocratic retention experiments at different salt concentrationgyurity, activity, yield, etc. This range is evaluated for variations
and analysing the results by linear regresdibi,11] In this  and co-variations between the process parameters to determine
study, the parametereq and y were determined by loading the proven acceptable range (PAR) for each process parame-
a small amount of protein onto the column and thereafter perter, which defines the limits for each process parameter that
forming linear gradient elution experiments and adjusfikg  are acceptable in the process. When a variation in a process
andy to fit the peak positions using a least squares method. Thgarameter leads to process failure, i.e. the requirement on purity,
shapes of the elution peaks were fitted by adjusting the kinetiactivity, yield, etc. is not met, the edge of failure (EOF) is
parametekgyesoin the interaction moddlL2]. determined.

The second step is to determine the maximum capacity in In the case of chromatography, this means that the separa-
the interaction model for each protein. In this part the proteirtion of the components must meet the specifications defined for
solution is loaded onto the column and the breakthrough of eactine chromatography step despite variations in process param-
protein is detected, allowingmax to be determined for each eters such as flow rate, conductivity, pH, temperature and so
protein. In the present work the concentration of proteins iron. The robustness analysis is usually performed experimen-
the gradient elution experiments was so high that the retentiotally, and can often be conducted using a factorial exper-
time was slightly affected by the capacity paramejgex. The  imental design where the different process parameters are
parameter estimation had therefore to be performed as an iteraltered according to their expected variations in the actual pro-
tive procedure between the gradient elution experiments and theess, to determine the PAR for the different parameters. The
column load experiment. experimental work is usually conducted on laboratory scale
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with an appropriate scale-down of the chromatography process Materials and methods
[21,22]

For a chromatography column the optimal point is often sit-3.1. Materials
uated at the edge of one of the constraints for optimisation.
This point may be the optimal point, but it is not a very robust  The columns used in the hydrophobic interaction chromatog-
operating point. The variations in an operating point determinedaphy experiments was a Phenyl Sepharose High Performance
by a model-based approach consist of two parts. The first paHP), 1 ml pre-packed column (diameter 7 mm, length 25 mm),
is the error that is incorporated into the parameter estimatiorsupplied by Amersham Biosciences (Uppsala, Sweden), with
and was accounted for by determining the 95% confidenca mean bead diameter of g4n, and a Resource 15 Phenyl
interval for the model parameters in the present study. The sed-ml pre-packed column with om bead diameter (diame-
ond part has its origin in the normal variability of the processter 6.4 mm, length 30 mm), also supplied by Amersham Bio-
parameters, i.e. variations in flow rate, conductivity and so onsciences. The column used in the gel filtration experiments was
which is defined by the equipment used for the chromatographian SKW-23030 from Toso-Haas (Tokyo, Japan).
separation. Two proteins were used in the experiments: bovine serum

A calibrated model can provide information about thealbumin (BSA) (A-1900, Lot no. 75H9305) from Sigma
severity of the impact of the variations in model and procesg¢Steinheim, Germany) and polyclonal IgG, kindly provided by
parameters. The effect of parameter variation is related to Biovitrum AB (Stockholm, Sweden). The latter protein solution
performance function that reflects the quality of the productconsisted of four different types of 1IgG (>99% pure) and had
for example, the purity of the product. The variation analysisa concentration of 15.7% (w/w). Ammonium sulphate, sodium
is conducted by simulating the impact on the performancehosphate and potassium phosphate for the buffer preparation
function when the model and process parameters are simulatettre obtained from Sigma. All samples and buffers were
at the edge of their intervals. To determine the sensitivity ofiltered through a 0.2 mm membrane filters from Schleicher &
the process with respect to a certain parameter, the mod8&chuell (Dassel Germany) prior to use.
response is simulated for a small variation in the parameter, The chromatography experiments were carried out on an
for example 0.1%, and the impact of the performance functionAKTA purifier 100 system from GE Healthcare (Uppsala,
for example the purity, is divided by the variation itself, seeSweden).
Eq.(9),
APF(M) o 3.2. Methods

AP 3.2.1. Experiments to determine the dead volume of the
where APF is the difference in the performance function, chromatography system
PF, calculated from the model/, caused by the parameter  The AKTA Purifier system has a relatively small dead vol-
variation, AP. ume for the sample when using a 2ml loop or a superloop in

To investigate whether any of the parameters has a nonhe injection of the sample. The dead volume inAteTA Puri-
linear impact on the product quality the variation at the edgesier system was found to be 0.14 2], and the dead volume
of the parameter intervals can be calculated by linear extragbetween the UV detector and the conductivity cell was found
olation from the sensitivity calculation and compared with theto be 0.4 ml. The dead volume for the buffers in the experimen-
model response at the edge of the parameter intervals. In thial set-up was taken into account by using a tank series model.
way it is possible to see which parameters are important in th&he model and the resulting parameters have been described by
model and to identify the process parameters that must be strictljakobsson et aJ12].
controlled, as well as those that can be excluded from an exper-
imental study. 3.3. Screening experiments to determine initial operating

conditions

Sensitivity=

2.4. Simulation technique
The screening was conducted using a factorial experimental

The model was implemented using a modelling and simuladesign, in which two columns (Resource 15 Phenyl and Phenyl
tion tool called gPROMS developed by Process System EnteSepharose High Performance), two different salts (ammonium
prise (London, UK)[23]. The column was simulated using a sulphate and potassium phosphate) at two different concentra-
finite-difference approximation and a fourth-order approxima-ions in the loading step (1 and 1.2 M salt) and two levels of
tion for the linear solver of the resulting set of differential pH (6.5 and 7.5) were investigated. The result was a full facto-
equations. The number of grid points in the column was setial experiment with four factors and three centre points (Phenyl
to 100 to ensure that there was no numerical broadening iBepharose High Performance, ammonium sulphate 1.1 M and
the column. The parameters were estimated the gEST entiggH 7). The choice of optimal conditions was made based on
in gPROMS using a least squares fitting procedure. The optimigradient elution experiments. The column was loaded with 2 ml
sation procedure was carried out using a “toolbox” developegbrotein sample (1 mg/ml1gG and 2 mg/ml BSA) in a buffer with
at the Department of Chemical Engineering at Lund Universityhigh salt content. The column was washed with 8.5 ml loading
based on MATLAB[24]. buffer and the bound material was eluted with a negative gra-
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dient with 10 column volumes (CVs) slope. The upper limit of productivity is defined as mg IgG/h, see Efjl),
salt concentration was chosen so as to be approximately 10%

2
under the solubility limit for 1gG in the sample. The exper- Pr— le FCoutletigc df (11)
iments were evaluated by calculating a performance quotient Cycletime
from the resulting chromatogram from each experiment, see . .
Eq.(10) 9 9 P whereF is the flow rate (ml/h)Coutiet,igc the concentration of

IgG leaving the columry; the starting time of the elution and
t2 the end point of the elution.

Performance quotient S S .
- » In the optimisation procedure the conductivity in the loading
_ Ppeakposition IgG- peak position BSAX yield of IgG step, loading time, washing time and elution gradient were the
peak width IgG+ peak width BSA decision variables. In the present study, the conductivities in the

(10)  loading and washing steps were the same, and limited by setting

that the maximum allowed conductivity to 155 mS/cm, which is

where the yield of IgG is determined by dividing the peak areagpout 79 below the solubility limit at 166 mS/cm. Optimisation
of the IgG peak in each experiment by the area of the largesas conducted using a simplex method with 0.1% tolerance for

peak in the entire screening experiment. The experiment withoth the objective function and the decision variables.
the highest quotient was considered to give the best operating

point and was the basis for model calibration, optimisation an(%, .
. .3.4. Robustness analysis
robustness analysis in the present study.

X Once the optimal running conditions had been determined,
The results were also evaluated using MODDE 7 from Umet- L . : . .
. . . e .. the sensitivity of the optimal point to fluctuations in the process
rics (Uma, Sweden)25]. This statistical tool was used to fit a y b b P

statistical model to the results of the experiments gnd errorsinthe parameter estimation was deterr_nined. The most
' important factor in most chromatography steps in the pharma-
ceutical industry is the purity of the product, and therefore, the
3.3.1. Gradient elution experiments to determine the linear robustness analysis was conducted with respect to the purity of
parameters and shape of the elution peaks IgG. The variations in the model were represented by the 95%
A minimum of three gradients is needed to fit the lin- confidence interval for each model parameter. The variations in
ear parameterskgq and y) in the Langmuir MPM model the process parameters were defined with respect to the normal
[18,26] The inlet concentrations used were 1 mg/ml IgG andvariations in a pharmaceutical production plant. The flow rate
2mg/ml BSA in 40mM sodium phosphate buffer containingwas varied byt10%, while the conductivity in the loading, and
1.2M ammonium sulphate at pH 7.5. The elution buffer waswashing steps was varied By3%. The loading, washing and
40 mM sodium phosphate buffer at pH 7.5. The flow rate forelution volumes were allowed to vary ky5%.
all gradient elution experiments was 1 ml/min (linear veloc-
ity 156 cm/h). The conductivity during the loading step was4. Results and discussion
about 155mS/cm and about 5.4 mS/cm at the end of the gra-
dient elution. The loading step lasted 2 CVs and the col-£]. Screening experiments
umn was washed with 8.5 CVs of buffer. The linear gradi-
ents used for parameter estimation were 7.5, 10, 12.5, 15 and The performance quotient was measured for each experiment
20 CVs. The experimental results were compensated for deaghd the experimental conditions that provided the highest value
volumes in the system to isolate the behaviour due to thgvas considered to define the best operating point for the sepa-
column. ration. The results of the experiments are giveiiable 1 The
results were evaluated using the statistics program MODDE 7
in order to identify the most important factors in the experiment.
The resulting model includes all interaction coefficients but, for
ndnany of the interactions, the effect fell within the confidence
IVlnterval and was thus not significant. The model was reduced so
}hat only the main effects and the interaction terms that were sig-
Qificant were included. The height of the bars in the coefficient
lot (sedrig. 1) shows thatthe mostimportant factoris the choice
f column, followed by pH, salt concentration in the sample and

3.3.2. Column load experiment to determine the capacity,
Gmax

The protein concentrations at the inlet were 1 mg/ml IgG a
2mg/ml BSA. The salt concentration in the sample was 1.2
ammonium sulphate. The flow rate was 1 ml/min and the buffe
was 40 mM sodium phosphate, pH 7.5. A sample of 46.3 ml wa
loaded onto the column and the column was washed with 5.3 nil

buffer; the slope of the gradient elution was 10 CVs. Fraction L . i
P g pe of salt. The only significant interaction was between pH

were collected and analysed using gel filtration to determine th .
y 99 and type of column. The coefficient plot also shows rather large

composition at the outlet of the column at different parts of the” "~ ) - .
chromatography cycle. confidence intervals for the coefficients. The broad confidence

intervals are probably not due to variations in the experimental
equipment as the three centre points show little variance, but
3.3.3. Optimisation rather to non-linear behaviour of the investigated system that
In this work, the objective of was to achieve maximum pro-the statistical model cannot describe. The most advantageous
ductivity while ensuring a minimum purity of 99% IgG. The operating conditions were found to be at 1.2 mol/l /8@y
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Table 1
The experimental design and results of factorial screening experiments used to determine the most suitable conditions for the chromatosgefy(4&)p,
Run no. Salt concentration (mol/l) Column pH Salt Performance quotient
1 1.0 HP 6.5 (NH4HSO, 0.20
2 1.2 HP 6.5 (NH4HSOy 0.20
3 1.0 Source 6.5 (NH4BOy 0.20
4 1.2 Source 6.5 (NH4B0Oy 0.06
5 1.0 HP 7.5 (NHAHSOy 0.22
6 1.2 HP 7.5 (NH4HSOy 0.24
7 1.0 Source 7.5 (NH4B0O, 0.06
8 1.2 Source 7.5 (NH4BOy 0.07
9 1.0 HP 6.5 KPQ@ 0.17
10 1.2 HP 6.5 KPQ@ 0.22
11 1.0 Source 6.5 KPO 0.05
12 1.2 Source 6.5 KPO 0.10
13 1.0 HP 7.5 KP® 0.22
14 1.2 HP 7.5 KPQ® 0.23
15 1.0 Source 7.5 KPO 0.06
16 1.2 Source 7.5 KPO 0.03
17 11 HP 7.0 (NHHSOy 0.22
18 11 HP 7.0 (NH4SOy 0.21
19 11 HP 7.0 (NH4SOy 0.23

at pH 7.5 and using the Phenyl Sepharose HP column (sesnd a linear relation was derived between UV absorption in the

Table 1. AKTA purifier UV cell and protein concentration for each pro-
tein. The conversion factors were 308 ml mg/ma.u. for IgG and
4.2. Model calibration 127 mImg/ma.u. for BSA. The UV responseis used in all figures
when comparing simulated and experimental data, assuming that
4.2.1. UV response and void fraction of the column the total UV response is strictly additive for the components
The simulated breakthrough and elution experiments arécluded in the simulation.
obtained using concentrations expressed in mylighich can The column void was not measured experimentally. The col-

be converted into mg/ml using the molecular mass. Experiencedmn void fraction was setto 0.34 in the model. This is arelatively
scientists working with chromatography are used to observingpw value but it was considered reasonable as the column was
breakthrough curves and elution peaks in terms of UV absorphdustrially packed14].
tion. Therefore, experiments to determine the UV absorption
for each protein at different concentrations were performed{.2.2. Calculation of salt concentration in the parameter
estimation

U L s L The buffers used in the gradient elution experiments and in
0.08 —I ------- s e s T e the breakthrough experiments had different conductivities. The

; ‘ ; ; ; ; ; T conductivity of the sample and of the loading and elution buffers
was measured. The 40 mM sodium phosphate buffer itself has a
conductivity of 5.4 mS/cm, while the conductivity of the phos-
: , : phate buffer with 1.2 M ammonium sulphate was 153 mS/cm.
' In the parameter estimation a linear relationship was assumed

: : ; between conductivity and salt concentration.

0.04 |------4 S foesann bemnnad e beennend e -

Mm &ﬁ @ﬁ 1 4.3. Column dispersion

Coefficient value

| : : : § § § i ] The Peclet numbePe (see Eq(8)), was set to 0.3813,14]
004 peersasee itz e L e . The axial dispersion coefficient in the column was calculated to
r T be 6.1x 10~" m?/s for a flow rate of 1 ml/min.

-0.08 H vvvvvvv 1 iiiiiii """"" vvvvvv vvvvvv ] 4.3.1. Determining peak position (K.4, y) and peak shape
AP P A P N A S B (Kdeso)
Cond. HP Source pH NH4S04 KP04 HP*pH Source*pH At low protein concentration and low column load only
Parameter and Keq; affect the peak position in the gradient elution. The

Fig. 1. The coefficient plot resulting from the statistical analysis of the screenindmeraCtlon rate paramet%e_soi' was _adJUSted to give an accu-
experiments. Each coefficient is scaled and centred and the height and directiéAt€ Peak shape for the elution pedkig). 2shows that the peak
of the bars show the relative importance of each factor. shapes and positions are estimated with good accuracy at 10
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Fig. 2. Comparison between simulation and experiment at 10 CVs gradientig 3. comparison between experiment and simulation in the column load

elution with a 2ml load of protein solution. experiment where the breakthrough of each component is used to estimate the
maximum capacity for each protein.

CVs gradient elution. The parameter estimation resulted in very

good agreement between the experimental peak position and thgys |oaded until breakthrough was observed for both proteins
simulated chromatogram. The mean error in peak position fognd maximum capacity was adjusted for both proteins to fit
both proteins is less than 1%, and the resulting parameter vajhe experimental breakthrough. With this procedyrgsy, was
ues with their 95% confidence intervals are giverTable 2 determined using a parameter estimation procedure, in this case
For BSA the capacity parametejinax, has no impact on the 5djusting the parameters until the simulated and experimental
peak position, but for IgG it does. This problem was solved byyy curves fitted as closely as possible. The components com-
determiningKeq and y from the gradient elution experiments pete with each other and affect each other's breakthrough, and it
andgmax from the column load experiment simultaneously injs therefore necessary to fit the capacity for both proteins simul-
an iterative procedure. taneously. Single-component experiments are often impossible
When the linear parameters are determined from the pealy conduct in industry, at least for the impurities and one advan-

position the entire UV curve from the experiment at 10 CVstage of the approach used in this work is that single-component
gradient elution was used to fit the kinetic paramétRgoin  experiments are avoided.

the interaction model to give an accurate peak shapdsigeg For the system investigated in the present study the normal
The _fmal va!ues for‘cqesofor BSA and IgG are given with 95%  competitive Langmuir expression, whekgq and y are esti-
confidence interval iffable 2 mated from gradient elution experiments showed too strong

o ) competition compared with the column load experiment. There-
4.3.2. Determination of the capacity (qmax) , fore, the model with two types of adsorption sites, described
_The capacity parametenax, of the two proteins was deter- ahove was applied to obtain the correct competitive behaviour.
mined by running a column load experiment where the column Figs. 2 and 3how that the model fits the experimental results
very well, and the simulated breakthrough and the elution peaks

Table 2 : : -
The mean values of all parameters in the model that are subject to parametae{e n QOOd agreement with the EXpenmemal results.

estimation together with the limits of their 95% confidence intervals

4.3.3. Optimisation

L M L I
ower ean Upper The optimisation procedure was started by adjusting the col-
BSA . umn load, the conductivity in the loading step, the washing
Keq (m*/mol) 558 S44 >58  volume and the elution gradient. Early on in the optimisation
y (m3/mol) 2.53x 10~ 2.54x 10~ 2.55x 10~ . L .

g (MNP 0.491 0512 0533 process it was found that the conductivity in the loading step
Kdeso 0.0394 0.0450 0.0506 should be as high as possible with respect to protein solubil-
G ity and that it was advantageous to use as steep a gradient as
Keq (m3/mol) 1.94 202 21 possible, i.e. step elution. In order to obtain the correct shape
¥ (m3/mol) 3.24x 1078 3.31x10°3 3.38x 102  of the step elution in the experimental equipment the external

gmax,1 (mol/m®) 0.491 0.512 0.533 volume for the buffers was modellgdl2]. In the further opti-
Gmax.2 (MOI/N™) 0.919 0.918 0.944 misation process only the column load and the washing volume
kdeso 0.0458 0.0520 0.0582

were adjusted to reach maximum productivity while maintaining
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o UV — able insight into which parameters must be strictly controlled.
The sensitivity calculation also provides information about the
5000 ; ; 160 model parameters and points out the parameters that need to be
: : : : estimated with good accuracy. The result§able 3also indi-
| ; : : : : ; 140 cate in which direction the parameter variation causes a lower
T purity.
: ' ' ' ' ' ' 120 The sensitivity of each parameter together with its variation
5 A provides information on how much the purity of the product is
E T WTUSS DUON DN G L 4100 % affected by variations in that parameter. Simulations at the limits
2 : : : : ; g of the intervals of the model and process parameters, give the
§ 80 g impact of each parameter on the purity of IgG in the elution pool.
T N U S R . = Table 3shows that the most important parameter variations are;
2 : ! : : : 80 @ conductivity in the loading step, conductivity in the washing
§ step, Load volume and the hydrophobic coefficientor IgG.
| ' | | ' ' 40 To investigate whether there is any non-linear impact of the
1550 | % & 2 & & N . variation of the parameters within their intervals sensitivity cal-
: = culations can be used to predict the expected impact on purity
’ﬂ“ . ": .A if the result is linearly extrapolated. A comparison between
00 10 20 30 40 g columns 3 and 4 ofable 3shows that there is significant non-
Volume (ml) linear behaviour for variations in the conductivity in the loading
and washing step, as well as for variationg fier IgG. This non-
Fig. 4. Simulated results at the optimal point. linear behaviour is expected as the adsorption coeffidiggat

was modelled with an exponential dependency on salt concen-
99% purity. The optimal point was found to be at a load volumetration andy, see Eqs(5) and(6).
of 49.4 CVs and a wash volume of 7.3 CVs using the maximum The final part of the robustness analysis is to consider the
conductivity, 155 mS/cm, in the loading step and step elutionco-variation of the most important parameters. The co-variation
The maximum productivity was 38.8 mg IgG/(h ml) stationary effects considered are loaded volume, conductivity inthe loading
phase, while maintaining 99% purity, resulting in a 95% yieldstep, conductivity in the washing step apdor IgG. The co-
of IgG. The simulated chromatography cycle is showhitn 4  variation effects were studied by simulation of a full factorial
experiment with four factor§able 4shows the results of this co-
4.3.4. Robustness analysis variation. The table also shows in which direction the parameters
The initial part of the robustness analysis involved calculatvaried to cause these critical points for the purity of 19G.
ing the sensitivity of each parameter in the model and of each In this case, the lowest expected purity at the optimal point
process parameter to separate the parameters from their degreeuld be 97.1%, which should be compared with the 99% spec-
of variation. Sensitivity analysis allows the different parame-ified in the optimisation. Variations that result in a purity below
ters to be ranked according to their effect on the purity of IgG.98.5% are considered to be critical points. As guidance for an
The values given imable 3show that the conductivity in the experimental study, this analysis points out five process parame-
loading step angt for IgG are the most sensitive parameters inter variations that need to be investigated experimentally (runs 1,
this study. Ordering the parameters in this way can give valu2, 6, 13 and 15). Runs 3 and 7 also result in purity below 98.5%

Table 3

The sensitivity of each model and process parameter, the impact on purity, obtained by linear extrapolation, the impact of simulation at thiedipatauoieter
variations and the direction of variation that causes lower purity

Parameter Sensitivity Impact on purity (%) linear extrapolation Impact on purity (%) model response Direction
Load volume 1.9 0.065 0.097 —
Flow 0.20 0.019 0.020 +
Conductivity, loading step 8.7 0.27 0.61 —
Washing volume 0.80 0.037 0.040 —
Conductivity, washing step 2.2 0.13 0.15 +
kdes0,gc 0.052 0.0054 0.0061 -
YigG 6.1 0.078 0.13 —
Keq,lgG 12 0.035 0.050 -
dmax,IgG 1.2 0.013 0.015 +
kdes0,BSA 0.14 0.015 0.017 —
¥BSA 1.7 0.0066 0.0066 +
Keq,BsA 0.54 0.014 0.014 +

gmax,BSA 0.84 0.033 0.034 +
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Table 4
The results of the co-variation analysis
Run Load volume Conductivity, loading step Conductivity, washing step YigG Purity (%)
1 — - — - 97.7
2 + - - - 97.7
3 - + — - 99.0
4 + + — — 99.5
5 — — + — 97.1
6 + — + — 97.2
7 — + + - 98.4
8 + + + — 99.2
9 — - — + 98.8
10 + — — + 99.1
11 — + - + 98.6
12 + + — + 99.5
13 — - + + 98.2
14 + - + + 98.8
15 — + + + 98.0
16 + + + + 99.1

but differ from runs 13 and 15 only in the value pfc. These

imental work. In addition, the model can be used to find the

five critical points should be investigated experimentally and ifoptimal running conditions without any additional experimental

the resulting purities are acceptable, the rest of the points shoukffort.
also fall within the specification. If the experiments result in
purities that do not fall within the specifications, another operat-
ing point must be chosen or the control of the critical parameters’
must be improved.
Ci

4.3.5. Limitations in the methodology

The methodology presented in this work should be useful iy et
the pharmaceutical industry with an appropriate scale up proce-

6. Nomenclature

concentration of componentin the mobile phase
(mol/m?3)
inlet concentration of componeiin the mobile phase

(mol/md)

dure from laboratory to pilot and production scale columns. TheCq et igc cONcentration at the outlet of the column (mg/ml)

accuracy of the resulting model is taken into account by using,
the confidence intervals of the parameters to calculate the lowest,,
expected purity. One limitation when using this methodology iskaqs;
that it has to be possible to find a model and a calibration procek,qso;
dure that predicts the experimental results with good accuraces;
and reasonably narrow confidence intervals in order to get usefieqo;

predictions. Keq
L

5. Conclusions M
P

The method presented in this paper constitutes a calibratedF
model that succeeds in predicting the separation of 1gG fronfPr
BSA, and can, with reasonable accuracy, predict the behaviowmax;
in the hydrophobic interaction chromatography column. It is
thus reasonable to claim that the methodology can be used t
find the optimal operating conditions and provide insight into
the sensitivity of process performance with respect to variation§
in the parameters of the model and the sensitivity with respedt
to process variations. I

The methodology presented in this work reduces the numbeiint
of variables that must be included in the robustness analysis from
five to three process parameters which, for a factorial experBi
imental design reduces the number of experiments necessary
from 32 to 16. The model also identifies the five most crucialéc
points within the 16 combinations further reducing the exper-

bead diameter (m)

dispersion coefficient (Ats)

adsorption coefficient, Langmuir MPM @mol s)
modulator constant (Amol s)

desorption coefficient, Langmuir MPM<(8)
modulator constant (Amol s)

equilibrium constant, Langmuir MPM

length of the column (m)

model

parameter

performance function

productivity (mg IgG/h)

maximum concentration inthe stationary phase of com-
ponenti (mol/m?3 gel)

concentration in the stationary phase of comporient
(mol/m?® gel)

concentration of the elution component (mofjm
time (s)

starting time for the step elution (h)

interstitial velocity (m/s)

axial coordinate along the column (m)

constant describing the IEC characteristic
constant describing the HIC characteristic(mol)
void fraction in the column (fimobile phase/fm
column)
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