18th European Symposium on Computer Aided Process Engineering – ESCAPE 18

Bertrand Braunschweig and Xavier Joulia (Editors)

© 2008 Elsevier B.V./Ltd. All rights reserved.


2

P. van Beijeren et al.
Model based scale-up of affinity membrane adsorbers

3

Model based scale-up of affinity membrane adsorbers
Peter van Beijerena, Peter Kreisa, Martina Mutterb, Sven Sommerfeldb, Werner Bäckerb, Andrzej Góraka
aTechnische Universität Dortmund, Emil-Figge-Str. 70, 44227 Dortmund, Germany
bBayer Technology Services GmbH (BTS), Leverkusen, Germany
Abstract

The design and optimization of downstream processes for biopharmaceuticals is mainly based on shortcut methods. These methods have proven to be valuable tools in batch scheduling and economic evaluation in commercial simulators but require many experimental inputs and have poor predictability. The integration of shortcut methods with detailed models could overcome these shortcomings. 
In this paper a scale up study on affinity membrane adsorbers is presented, in which an operating condition is optimized at laboratory scale and pilot scale. The optimal operating point turned out to be scale dependent, due to both technical aspects (detailed simulation tool) and cost factors (shortcut tool) and could not have been determined without the proposed integration of the two simulation tools.
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1. Introduction
Many different unit operations may be applied for the purification of biopharmaceutical products and often multiple unit operations have to be combined in order to reach the strict product specifications. The purification of monoclonal antibodies for example consists of three chromatographic steps [1], each preceded by either a buffer exchange and/or a filtration step. This high process complexity has limited the use of Computer Aided Process Engineering (CAPE) tools in the design and optimization of downstream processes of biopharmaceuticals. 
The CAPE-tools, available on the market, are mainly applied for batch scheduling of downstream processes and rapid economic evaluation of process alternatives. These tools are often based on shortcut methods and require many experimentally determined model parameters. Also the predictability towards varying operating conditions and towards non-linear scale up effects is poor. We have developed a method in which these limitations are overcome by connecting a short-cut simulator with a rigorous simulation tool. The proposed method is illustrated with a scale up study on affinity membrane adsorbers for which no detailed models were available and for which scale-up is expected to be non-linear.
2. Affinity Membrane Adsorbers
Biopharmaceuticals are often produced at low concentration and low purity. Therefore an ideal unit operation for the purification of biopharmaceuticals should not only be highly selective but also be capable of handling high volumetric throughputs. Affinity membrane adsorbers seem to be well suited for this sake. High specificity towards target molecules is assured by the immobilization of affinity ligands, whereas high volumetric throughput is achieved by good ligand accessibility due to the macroporous structure of the membrane adsorber.
2.1. Separation principle
A purification cycle of an affinity membrane adsorber consists of at least three operations, as illustrated in figure 1. In the loading operation the target molecule is selectively adsorbed from the mixture by bio-specific interactions between target molecules and immobilized affinity ligands. Subsequently non-adsorbed components and non-specifically bound components are washed out of the membrane pores during the washing operation and finally the adsorbed molecules are desorbed from the membrane adsorber during the elution operation. In the system under investigation the target molecule is an antibody and the affinity ligand is Protein A. The strength of the specific interaction between antibody and Protein A can be manipulated by the pH of the mobile phase. 
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Figure 1: Schematic representation of membrane adsorber and the operations of one purification cycle. 
2.2. Membrane adsorber modules

Membrane adsorbers are commercially available ranging from downscale units to process scale units (Sartobind modules from Sartorius Stedim Biotech GmbH and Mustang modules from Pall Life Sciences). The geometry of Sartobind downscale units (figure 2, left) is optimized for screening of buffers, whereas the geometry of larger Sartobind modules (figure 2, right) has been optimized for productivity. As a result membrane adsorber modules of different production scales have different geometries and process characteristics. 
[image: image2.wmf]
Figure 2: Downscale membrane adsorbers (left) consist of a stack of flat membrane sheets, whereas pilot scale membrane adsorbers (right) have a radial flow profile. Pictures are courtesy of Sartorius Stedim Biotech GmbH.
3. Mathematical Framework
A modelling framework, known in chromatography as the transport dispersive model [2], has been applied to describe the loading phase of affinity membrane adsorbers [3].  The model consists of a differential mass balance over cylindrical membrane pores with a laminar fluid flow pattern. The mass balance includes convection, axial dispersion and adsorption kinetics. The Langmuir kinetic equation (eq. 1) is often applied to describe protein adsorption by affinity ligands, in which qi represents the concentration of component i in the stationary phase, qmax,i the maximum concentration of component i in the stationary phase, ci the concentration of component i in the mobile phase and  k1,load,i and k2,load,i represent respectively the adsorption and desorption rate constants of component i.
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The model [3] has been extended by van Beijeren et al [4] by addition of a pH-dependent elution kinetics, where it has been assumed that antibodies are desorbing as soon as the pH becomes lower than a certain critical pH. Several desorption reactions have been investigated and an irreversible desorption reaction, described by equation 2, yielded the best description of the experimentally observed elution peaks.
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The required model parameters (qmax,i, k1,load,i, k2,load,I, k2,elution,i and pHcrit,i) have been determined from experimental results for the test system antibody and Sartobind Protein A membrane adsorbers [4]. 

4. Results
The process model has been implemented into the commercial simulation environment Aspen Custom ModelerTM (ACM) and is linked with SuperPro Designer® over a MS ExcelTM interface. A shortcut simulation tool has been implemented in SuperPro Designer®, which is able to perform batch scheduling and economic evaluation based on the simulation results provided by ACM.
4.1. Simulation of complete purification cycles

The rigorous membrane adsorber model allows for simulation of complete purification cycles of both flat sheet membrane adsorber modules and spiral wound membrane adsorber modules. Figure 3 shows an example of a dynamic simulation of antibody purification on a Sartobind Protein A downscale unit. Such a module contains 20 layers of Protein A membrane sheets and has a membrane or column volume (CV) of 2.1 ml. It is operated at flow rate of 15 ml/min and the antibody feed concentration is 1 mg/ml. The module was conditioned with 5 column volumes (CV) of conditioning buffer, loaded with 10 column volumes (CV) of antibody solution, subsequently washed with 10 CV of washing buffer and finally eluted with 10 CV of elution buffer. Figure 3 shows the normalized inlet and outlet concentration of antibody as function of the applied volume over a complete purification cycle. The pH at the outlet of the membrane adsorber is shown on the secondary y-axis.
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Figure 3: Simulation of complete purification cycle of downscale affinity membrane adsorber with normalized antibody concentration at the inlet and outlet of the membrane adsorber (left axis), and pH (right axis) at the outlet of the membrane as function of the effluent volume 

The dimensionless concentration at the inlet of the membrane adsorber increases rapidly from 0 to 1 after completion of the conditioning operation and after having passed the dead volume of the system. The antibodies entering the membrane adsorber are initially adsorbed and therefore the breakthrough of antibodies is delayed until saturation of the module. The antibodies present in the breakthrough fraction obtained during loading and washing have not been purified and are regarded as waste, which reduces the process yield. The antibodies adsorbed on the membrane are eluted in purified and concentrated form by means of a low pH buffer.
4.2. Scale-up study
The goal of the scale up study is optimization of the amount of loaded antibody per batch based on production costs in €/g for a downscale membrane adsorber and a pilot scale membrane adsorber under the conditions reported in Table 1.
Table 1: Boundary conditions for scale up study
	
	Flat sheet
	Radial flow

	Volume to be purified (ml)
	200 
	3500

	Antibody concentration (mg/ml)
	1.0
	1.0

	Dead volume of set up (ml)
	2.6
	185

	Maximum linear velocity (cm/min)
	3.0
	5.0


In the scale up study the dimensions of the modules have been fixed and the buffer solutions have been applied at the maximal linear velocities. A downscale unit (20 layers, 2.5 cm diameter, 2.1 ml column volume) is compared with a radial flow unit (20 layers, 3.0 cm height, 35 ml column volume) and the amount of loaded antibody pro batch is varied from 7.0 CV to 10 CV with increments of 0.5 CV. The results are shown in figure 4.
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Figure 4: Yield and productivity as function of volume of loaded antibody solution for downscale module (left) and spiral wound module (right). Grey bars illustrate the economically optimal operating point.
The observed trends of yield and productivity as function of amount of loaded antibody for both units are qualitatively the same, but are quantitatively different. The yield at increased loadings drops considerably faster for the downscale units compared to the radial flow module and the productivity of the radial flow module is considerable larger than the productivity of downscale module over the whole range of investigated loadings. 
Besides yield and productivity also buffer consumptions, process times and product concentrations have been calculated. These results have been used as input for cost calculations and batch scheduling using a Superpro Designer®.  The grey bars in figure 4 indicate the operating point with the lowest production costs (in €/g) and the distributions of the different costs for these operating points are shown in figure 5.
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Figure 5: Distribution of costs per gram of produced antibody for downscale module 
The operating point with the lowest costs for the downscale unit (figure 4) is found at the highest loading. At this point the required number of batches was minimal and process time shortest. At this small scale labor costs are dominating (figure 5) and therefore the operating point with the shortest process time has the lowest production costs. For the pilot scale module the contribution of labor costs to the total costs is reduced from 90.4% to 10.1% and the lowest costs have been found at an intermediate loading.
5. Conclusions & Outlook
The presented scale up study illustrates that the combination of a detailed simulation tool and a shortcut simulator allows for model based scale up of affinity membrane adsorbers taking into account both technological and commercial aspects of different production scales. The approach will be further extended to simulation and optimization of process scale modules and will be used for implementation of membrane adsorbers into existing downstream processes.
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