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The Process Analytical Technology (PAT) guidance of the Food and Drug Administration (FDA) is designed to move pharmaceutical production away from off-line product quality testing to 'real-time release' strategies supported by online measurement of critical process variables. A successful PAT implementation primarily requires in-depth process knowledge but also a number of tools and methods including on-line analysis, process monitoring, as well as process control. In order to achieve successful PAT implementation, the students and professionals already working in the pharmaceutical industry will need more skills particularly within the design, tuning and implementation of process control algorithms. Based on reported experiences in other engineering disciplines such as chemical and environmental engineering, we conclude that development of a benchmark (mechanistic) modeling platform for pharmaceutical manufacturing systems is needed. Supported by a team of experts from academia and industry, this benchmarking effort can deliver documented and validated models of selected case-studies from pharmaceutical industry. Such publicly available and expert validated models could significantly contribute to educating students and professionals with skills that are essential for implementing the Process Analytical Technology guidance in pharmaceutical manufacturing systems.

Most pharmaceutical products today are small-molecule targets that are made using organic synthesis. In recent years the complexity of the molecules has increased in an attempt to improve selectivity and reduce side-effects. Higher molecular-weight molecules with multiple-chiral centers has also seen many processes now start to incorporate enzyme-based catalysis (driven also by environmental needs) [START_REF] Pollard | Biocatalysis for pharmaceutical intermediates: the future is now[END_REF]. Alongside these targets are also a growing group of biotechnology-based macromolecular targets, often referred to as biopharmaceuticals, such as insulin for example [START_REF] Johnson | Human insulin from recombinant DNA technology[END_REF][START_REF] Barfoed | Insulin production technology[END_REF]. Whether a small-molecule or a bio-pharmaceutical target is required, until a couple of years ago, all such manufacturing processes were fixed according to the specific production process description that was provided in the Drug Master File submitted to the FDA (or any other national regulatory body equivalent to the FDA).

It is common knowledge that there can exist considerable variation in raw materials, e.g. when switching from one batch of a chemical to the next batch, or when acquiring a chemical from an alternative supplier. Excessive variation in product quality -or in other words sub-optimal performance of the processcould be the result of having a fixed production process when confronted with unknown disturbances or variations in raw materials composition and/or properties, as schematically illustrated in the upper part of Figure 1. This does not affect the consumer (patient) directly, since time-consuming off-line laboratory testing of product quality is performed to ensure that every product batch achieves the required quality standards. The latter approach -also called the 'lab-centric' approach -is characterized by minimal closed loop, real-time control and limited enterprise-wide data availability. However, since each product batch of inferior quality will lead to increased production costs of a pharmaceutical, the price of the final product becomes higher as a consequence of these inefficient production methods. An additional factor that might lead to inefficient production processes is that there is usually very little time for production process development. Indeed, any delay in establishing a production process leads to decreased profit in view of the limited patent lifetime for each pharmaceutical, and thus process development by necessity is a compromise to ensure rapid time-to-market. During the past couple of years, the PAT guidance has slowly but consistently led to the change of an increasing number of pharmaceutical production processes (e.g. [START_REF] Sistare | Process Analytical Technology: an investment in process knowledge[END_REF]). In addition, the implementation of the basic ideas of the PAT guidance by the pharmaceutical industry have also resulted in increased focus on this area in other regulated sectors, such as the food industry. This paper is an attempt to initiate a broader discussion within the biochemical engineering community on how the PAT guidance influences the required skills of scientists, engineers and managers involved in pharmaceutical process development and manufacturing. This of course also includes the current and future generations of biochemical and chemical engineering students. First, a concise literature overview is provided, to illustrate what is available in the literature with respect to PAT. This is followed then by a critical discussion and an outlook to the future. 

PAT in the literature

When taking a closer look at the literature, a substantial number of articles have been published already reporting PAT case studies or PAT-related work. The emphasis in many reported projects immediately following publication of the PAT guidance was on the analytical aspects: the papers either (i) report the development and implementation of on-line analysis techniques (e.g. [START_REF] Cogdill | Process Analytical Technology case study part I: Feasibility studies for quantitative near-infrared method development[END_REF][START_REF] Wikström | On-line content uniformity determination of tablets using low-resolution Raman spectroscopy[END_REF])especially spectroscopic methods -or (ii) report on the development and application of chemometric models to interpret the data generated by on-line analysis (e.g. [START_REF] Sulub | Content uniformity determination of pharmaceutical tablets using five near-infrared reflectance spectrometers: A process analytical technology (PAT) approach using robust multivariate calibration transfer algorithms[END_REF]). The focus on analytical aspects in the early applications of PAT can be understood from a process control point of view, since development of online process monitoring tools is essential to provide on-line information about the process which can subsequently be applied by implementing suitable control strategies. On the other hand, Maes and Van Liedekerke [START_REF] Maes | The need for a broader perspective if process analytical technology implementation is to be successful in the pharmaceutical sector[END_REF] point out that this focus on analytical aspects in many cases can be explained also by a misunderstanding of the PAT concept, i.e. companies think of PAT in terms of current validation and quality control processes, focusing on the sensor and what it can measure rather than on the wider quest for process understanding. So, it seems that closing the loop, i.e. using the on-line sensors installed in the frame of a PAT project within a control loop, is a major challenge for industry. One explanation for this could be that people working on PAT projects in general do not have sufficient skills to design, tune and implement control loops. The most essential point when developing PAT applications is the availability of sufficient process knowledge, i.e. one has to know how a change in an input will influence the process output, for example the product quality. A number of authors have recently suggested that mechanistic modeling -a skill that most engineers possess -is an excellent way to represent the process knowledge [START_REF] Brass | Application of modelling techniques for the improvement of industrial bioprocesses[END_REF][START_REF] Dassau | Combining six-sigma with integrated design and control for yield enhancement in bioprocessing[END_REF][START_REF] Sin | Matrix notation for efficient development of first-principles models within PAT applications: Integrated modeling of antibiotic production with Streptomyces coelicolor[END_REF][START_REF] Rathore | Modeling of biopharmaceutical processes. Part 1: Microbial and mammalian unit operations[END_REF][START_REF] Kaltenbrunner | Modeling of biopharmaceutical processes. Part 2: Process chromatography unit operation[END_REF].

Indeed, the differential equations representing one or several unit operations in a production process inherently represent the input-output dynamics, which is precisely the type of information needed to pinpoint the causes of excessive variation of product quality or to select suitable actuators to counteract undesired variations in product quality. To this end, the model can be supplemented by a modeling toolbox including uncertainty and sensitivity analysis to assess the statistical quality (read as reliability) of the simulated scenarios [START_REF] Sin | Good modelling practice (GMoP) for PAT applications: Propagation of input uncertainty and sensitivity analysis[END_REF].

Crystallization, a key operation in most pharmaceutical processes, is a good example to illustrate how process knowledge can be used. The increased understanding of the crystallization process has lead to the use of first-principles based approaches for crystallization process design [START_REF] Fujiwara | First-principles and direct design approaches for the control of pharmaceutical crystallization[END_REF], and first-principles based models are increasingly used in the design of advanced control strategies for crystallization processes [START_REF] Nagy | Modelling and control of combined cooling and antisolvent crystallization processes[END_REF].

Despite the fact that the use of mechanistic models for process knowledge representation increases steadily, it should be emphasized that data-driven modeling also plays a prominent role in the development of PAT applications. Chemometric models, for example, can be helpful tools in acquiring process [START_REF] Kourti | Process Analytical Technology beyond real-time analyzers: the role of multivariate analysis[END_REF]. For complex operations, for example [START_REF] Kiviharju | Modeling and simulation of Streptomyces peucetius var. caesius N47 cultivation and εrhodomycinone production with kinetic equations and neural networks[END_REF][START_REF] Jenzsch | Estimation of biomass concentrations in fermentation processes for recombinant protein production[END_REF], data-driven modeling is the only feasible alternative to represent input-output dynamics because our level of understanding is simply not sufficiently high to formulate mechanistic models. One of the key advantages of data-driven models is that they can be solved extremely fast, and therefore this type of models is preferred if predictions are to be available in real-time, for example in a process control context.

Last but not least, while on-line analysis is excellent and essential within a PAT application, it is not a goal in itself. On-line analysis methods should rather be perceived as useful tools. In a PAT context they are to be supplemented by continuous development of process understanding and by implementation of appropriate control strategies. Only then will PAT projects become a complete success.

Discussion

According to the PAT guidance, the following can be listed as PAT tools: [START_REF] Pollard | Biocatalysis for pharmaceutical intermediates: the future is now[END_REF] Multivariate tools for design, data acquisition and analysis; applications in an efficient way? Or in other words, how can we educate people to use the above-mentioned PAT tools? It is our thesis that education should not focus exclusively on the tools themselves -this too often appears to be the current approach (see above). Instead, learning should be based on detailed and realistic case studies, where the PAT tools are put to work to help create innovative manufacturing processes. Such an approach will help students to get a good feeling for the practical problems that will occur in any production process that needs to meet stringent product quality requirements, and in particular would assist in teaching problem-solving skills. Working with case studies should also appeal to professionals already working in the pharmaceutical industry, and would allow them to update their knowledge and skills such that they are better prepared for the task at hand: collecting relevant process knowledge and based on that, developing suitable control strategies to obtain consistent process performance and the requested high product quality.

We are convinced that process modeling and simulation will play an important role here. Indeed, educating students in process monitoring and process control would arguably be easier through the availability of a number of realistic and industrially relevant modeling case studies that are validated by a group of experts from academia and industry, and made available freely for download. Note that the idea of using process modeling and simulation in pharmaceutical process development and production is not new. Petrides et al. [START_REF] Petrides | Bioprocess simulation: an integrated approach to process development[END_REF] already demonstrated in 1989 how modeling and simulation can be applied to bioprocesses for where optimization could be most rewarding. In 1995, Lonza demonstrated how process modeling and simulation can be used to shorten development time in the production process of a pharmaceutical intermediate [START_REF] Rohner | Applications of modelling for bioprocess design and control in industrial production[END_REF]. Nevertheless, it would appear that the idea didn't completely catch up with the pharmaceutical industry in the nineties, probably because modeling often is considered as a timeconsuming task or perhaps due to the "perceived" reluctance of regulatory bodies to accept such manufacturing procedures as pointed out in the FDA guidance (http://www.fda.gov/cder/guidance/6419fnl.pdf.). The literature overview in the previous section of the paper demonstrates convincingly that there is a renewed interest in mechanistic modeling and simulation of production processes. [START_REF] Maes | The need for a broader perspective if process analytical technology implementation is to be successful in the pharmaceutical sector[END_REF] suggest that PAT project teams could learn from relevant experiences accumulated by other industries. To illustrate that the availability of the above-mentioned industrially relevant case studies is not an unrealistic dream, it is certainly worth mentioning a couple of initiatives that were taken in other research fields over the recent past to promote research in process control and process monitoring. In the chemical engineering field, the Tennessee-Eastman challenge was established in 1993 [START_REF] Downs | A plant-wide industrial process control problem[END_REF]. The Tennessee-Eastman challenge consists of a complete model of a chemical plant, including definition of control objectives, manipulated variables (including constraints), on-line measurements (ideal and non-ideal) and process operating constraints. In particular, the definition of the constraints and the fact that also non-ideal sensors on process optimization, process control (e.g. [START_REF] Mcavoy | Base control for the Tennessee Eastman problem[END_REF][START_REF] Ricker | Nonlinear model predictive control of the Tennessee Eastman challenge process[END_REF]) and process monitoring (e.g. [START_REF] Chiang | Fault diagnosis in chemical processes using Fisher discriminant analysis, discriminant partial least squares, and principal component analysis[END_REF][START_REF] Lin | Nonlinear dynamic principal component analysis for on-line process monitoring and diagnosis[END_REF][START_REF] Russell | Fault detection in industrial processes using canonical variate analysis and dynamic principal component analysis[END_REF]).

Maes and Van Liedekerke

Likewise in the field of environmental technology, the use of benchmark systems for assessment of process performance, control system evaluation and similar purposes is well established, especially for the evaluation of wastewater treatment plant control strategies [START_REF] Stare | Comparison of control strategies for nitrogen removal in an activated sludge process in terms of operating costs: A simulation study[END_REF][START_REF] Lee | New monitoring technique with an ICA algorithm in the wastewater treatment process[END_REF]. Originally started more than a decade ago, several benchmark plant lay-outs have now been developed, including a specific benchmark plant for testing of process monitoring algorithms [START_REF] Rosen | Towards a common benchmark for long-term process control and monitoring performance evaluation[END_REF] and a benchmark plant with a focus on plant-wide control (dynamic interaction between different plant units considered) [START_REF] Jeppsson | Benchmark Simulation Model No 2 -General protocol and exploratory case studies[END_REF]. Each wastewater treatment plant benchmark lay-out consists of a complete model representing a general treatment plant, an associated control system, a benchmarking procedure and a set of evaluation criteria. The inclusion of the benchmark wastewater treatment plant layout as a predefined software tool in several commercial simulator packages as well as in stand-alone Matlab, FORTRAN and C++ implementations has contributed considerably to their success. In addition, the simultaneous implementation of 12 different unit process models in several software packages resulted in some unexpected "by-products": it has for example led to a set of validated models (e.g. [START_REF] Rosen | Implementing ADM1 for plant-wide benchmark simulations in Matlab/Simulink[END_REF]) and modeling tools (e.g. [START_REF] Zaher | Transformers for interfacing anaerobic digestion models to pre-and post[END_REF]) which have become a standard in the wastewater treatment modeling community.

With these successful experiences in mind, we suggest to start a similar modeling benchmark initiative for pharmaceutical manufacturing systems -biotech-based as well as chemical-based -similar to the above-mentioned Tennessee-Eastman challenge [START_REF] Downs | A plant-wide industrial process control problem[END_REF] and the wastewater treatment benchmark plants [START_REF] Rosen | Towards a common benchmark for long-term process control and monitoring performance evaluation[END_REF][START_REF] Jeppsson | Benchmark Simulation Model No 2 -General protocol and exploratory case studies[END_REF]. The prime purpose of this pharmaceutical manufacturing system benchmark initiative would be to promote and facilitate the development and implementation of innovative PAT applications as well as the training of students at universities and staff involved in pharmaceutical production facilities. Specifically for the training of operators and engineers, one could for example use model simulations to illustrate the interaction between operating conditions in a crystallization unit (e.g. temperature, etc) and final product properties. Another example could be to demonstrate how the operating mode of a reaction unit (e.g. batch versus continuous process operation) influences the product yield as well as the choice of control and monitoring algorithms. The expert panel should then reach a consensus on the dynamic models to be used for the unit processes, the sensors and the actuators that are part of these case studies. These models would then have to be implemented and validated -ideally in different software packages -and following validation the models could then be made publicly available for download. These publicly available validated models would be similar for example to the model repositories in the systems biology field (e.g. http://www.biomodels.net/). The model implementation and validation would undoubtedly be one of the most timeconsuming parts of the simulation benchmark model development. Finally, the expert panel should decide on a number of reference simulation scenarios for each case study, such that the users of the simulation benchmark models have a reference point with respect to the process performance that is to be obtained. In fact, it could even be such that a competition could be organized where students at different universities could compete, for example to obtain the best process performance assuming that a limited number of on-line measurements can be introduced on the process.

Note that the definition of the case studies should be such that they allow a realistic simulation of manufacturing systems for pharmaceuticals, which includes 15 would be to apply for funding at the European level for setting up a network activity. Likewise similar organizations in the USA and Asia could also assist in developing the methodology and the tools. We would however strongly encourage industry (pharmaceutical production and software vendors) to be involved also,

i.e. it should not become a purely academic exercise.

Assuming that a benchmarking initiative for pharmaceutical manufacturing systems could be initiated, every participant in the initiative would clearly benefit.

For academia, students confronted with realistic simulation-based case studies would receive high-quality training into monitoring and control problems that are highly relevant for industry. Pharmaceutical production companies could employ graduated students with improved PAT-related skills, especially with respect to increased understanding of process dynamics and process monitoring/control. The benefit for the software vendors is that such a collaboration would create a forum where modeling case studies are validated such that they could be used to demonstrate simulation packages to a potential customer. For the research community, the participation of software vendors and pharmaceutical companies would have the additional benefit of promoting the dissemination of the work done in the framework of such a benchmarking initiative.

Conclusions and perspectives

Process Analytical Technology has changed pharmaceutical production, but has also created a need for the development of new skills for the scientists, engineers 

  However, with the publication of the Process Analytical Technology (PAT) guidance in 2004 (http://www.fda.gov/cder/guidance/6419fnl.pdf.), the situation for the pharmaceutical manufacturing has changed significantly: One of the central issues in the FDA PAT guidance is indeed the transition from a fixed to a robust and adjustable manufacturing process by adopting innovative and new technology-based systems, as illustrated in the bottom part of Figure1. When implementing the PAT guidance on pharmaceuticals production, the process operation is adjusted as a consequence of upstream changes, such as changes in the properties of the raw materials. Instead of laborious off-line testing of product quality, the 'real-time release' concept is introduced in the PAT guidance, where product quality is now assessed in real-time based on the interpretation of on-line measurements. The focus of the PAT guidance is clearly on obtaining safe -for and efficient pharmaceutical manufacturing processes, but for industry the PAT guidance is also an open invitation towards development and implementation of innovative manufacturing processes. Indeed, as long as the critical process variables are kept within the "design space" of the process, it is possible to perform process optimization, for example by introducing more advanced control combined with on-line measurement of critical process variables.

  discussed in detail byKourti 

  [START_REF] Johnson | Human insulin from recombinant DNA technology[END_REF] Process analysis equipment and tools (e.g. including software sensors); (3) Process control tools;(4) Continuous improvement and knowledge management tools (e.g. artificial intelligence, supervisory control). The question is now how we can provide the necessary education for the scientists and engineers involved in pharmaceutical process development and manufacturing to allow them to develop PAT

  economics and to identify precisely those process points

  a more realistic validation of process monitoring and control algorithms. The Tennessee-Eastman challenge -originally implemented in Fortran -has subsequently been implemented in other software packages (see e.g. http://depts.washington.edu/control/LARRY/TE/download.html), thereby extending the number of potential users considerably. As a consequence the Tennessee-Eastman challenge has been used extensively in research and teaching

Such a modeling benchmark

  initiative would require setting up an international expert panel. The expert panel should first agree on a number of suitable casestudies, for example one fermentation-based case-study and one based on organic

  in pharmaceutical manufacturing process development, for example within understanding, design, tuning and implementation of control algorithms. Based on experiences in other engineering fields, we conclude that mechanistic modeling applied to a number of relevant case studies, and supported by experts from academia and industry, could form the foundation for a benchmark modeling effort of pharmaceutical manufacturing systems. The result of such a benchmarking effort -documented and validated models of selected case-studies, endorsed by experts and publicly available for download -could significantly contribute to educating students and professionals with skills that are essential for implementing the Process Analytical Technology guidance in practice. a plant-wide modelling context. Environ.Model. Softw. 2007, 22, 40-58. 
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 1 Figure 1. Comparison between traditional 'fixed process' pharmaceutical
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