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Introduction to the Workshop

Objectives and Scope
A workshop entitled “Future Directions of Biochemical Engineering – Vision and Priorities” that was sponsored by the Division of Bioengineering and Environmental Systems (BES), Directorate for Engineering (ENG), National Science Foundation (NSF), was held at NSF on November 29 and 30, 2001. The scope of this NSF Workshop was to identify, define, and recommend the future directions and priorities in research and education in the area of Biochemical Engineering and the engineering aspects of Biotechnology.

A further objective within the scope of this Workshop was to assess the ever-increasing needs for interactions and collaborations among and between biology, chemistry, engineering, and bioinformatics. Equally important to Biochemical Engineering is the relationship between the industrial and academic sectors. 

It should be emphasized that a two-day workshop cannot possibly cover the entire spectrum of Biochemical Engineering education and research. The workshop was primarily focused on human health-care areas that are relevant to Biochemical Engineering. The selection of the workshop participants reflected the scope of the workshop. There are many other areas of science and technology that are equally relevant to Biochemical Engineering.  Unfortunately due to time constraints, these areas, such as bio-based products (chemical and fuels), biomaterials, environmental biotechnology, food and agricultural biotechnology, and others were not covered in depth in this workshop. Their focus on somewhat limited but well-defined scope does not reflect the workshop participants’ opinions as to their relative importance compared to human health-care.

Based on presentations and discussions from this workshop, it was the intent that new research opportunities be recommended for possible new research program initiatives at NSF.  In addition, developing strategies for increasing research funding was an additional objective. A continuing objective of the workshop will be to sustain the global leadership and international competitiveness in the field of Biochemical Engineering and the engineering aspects of Biotechnology through developments of visionary, high-impact research programs. This will include an examination of the anticipated needs for the 21st century workforce in this field. It was also within the scope of this Workshop to consider new program opportunities, interactions and collaboration with various program elements within NSF and other federal agencies, together with industrial sectors as well as international research organizations. 

Workshop Participants

The workshop participants were divided into three different areas in order to assure a broad expression of opinions.  The different groups and other participants are shown below.

Chair of Workshop: Professor Daniel I.C. Wang (MIT)

Co-Chair of Workshop: Professor Dewey Ryu (NSF/University of California, Davis)

Group 1: Biological Scientists from universities and industry

Professor Janet Westpheling: Session Chair (University of Georgia)

Professor Harvey Lodish (Massachusetts Institute of Technology)

Dr. Frank Lee (engenOS, Inc.)

Dr. Claire Fraser (The Institute for Genomic Research)

Group 2: Biochemical Engineers from industry

Dr. Renato Fuchs: Session Chair (Chiron Corporation)

Dr. Brian Kelley (Genetic Institute)

Dr. Hendrik Meerman (Genencor International)

Dr. Margaret A. Speed (Amgen, Inc.)

Dr. Dane Zabriskie (Biogen, Inc.)

Group 3: Biochemical Engineers from Universities

Professor Harvey W. Blanch: Session Chair (UC Berkeley)

Professor Michael Betenbaugh (Johns Hopkins University)

Professor Jonathan S. Dordick (Rensselaer Polytechnic Institute)

Professor George Georgiou (University of Texas, Austin)

Professor E. Terry Papoutsakis (Northwestern University)

Professor Gregory Stephanopoulos (MIT)

Professor James Swartz (Stanford University)

Professor K. Dane Wittrup (MIT)

Professor Dewey Ryu (UC Davis)

NSF Participants

Dr. Esin Gulari, Acting Assistant Director, ENG/NSF

Dr. Bruce K. Hamilton, Division Director, BES)

Dr. Fred Heineken, Program Director, BEB/BES   

Workshop Format

Participants to the three groups were invited to make 20-minute presentations that addressed the needs of Biochemical Engineering in education and research.  From Group 1, the presentations were from scientists providing perspectives on Biochemical Engineering.  From Group 2, the industrial perspectives on the education and research in Biochemical Engineering were provided. From Group 3, academics reviewed the Biochemical Engineering curriculum and research activities, but more importantly considered where Biochemical Engineering is headed in the 21st century.  In addition to formal presentations made by these three groups, four breakout sessions were also held and these included:

· Program Interfaces within BES

· Program Interfaces between NSF and Other Federal Agencies

· Program Interface between NSF and Industry and among NSF, university and industry

· Strategy for Increased Biochemical Engineering Research Funding and Supply and Demand for Biochemical Engineers

Workshop Objectives 

This Workshop deliberated the future goals and programs that are relevant to Biochemical Engineering and the engineering aspects of biotechnology.  From these deliberations, recommendations on the following aspects of Biochemical Engineering will include:

· New research programs

· New educational and training programs

· New collaborative and more interactive programs

· Strategy for increasing research funding  

The highlights from the workshop will be used to prepare this final report that will address “New Directions of Biochemical Engineering - Vision and Priorities.” This report will be disseminated to the appropriate readership such as the Biochemical Engineering community and NSF. Other organizations will also be considered for receipt of this report.

Biochemical Engineering Research & Education – Perspectives from Biology

Introduction 

As biologists we participated in this workshop to provide a view of Biochemical Engineering in its relationship to the biological sciences.  The objectives of our panel were to: 

· Define the relationship between Biology and Biochemical Engineering.

· Identify the current and future areas of Biology at the interface with Biochemical Engineering

· Define the biological science educational needs of a Biochemical Engineer.

The Relationship between Biology and Biochemical Engineering

Historically, Science and Engineering have played important but somewhat separate roles in discovery and process development.  

Ideas and Tools - Science - Engineering - Technology – Business and Economy

Tool development and discovery research have come primarily from the basic biological sciences and engineers have focused on translating these discoveries into practical technology. This "reduction to practice" has enabled the development of the biotechnology industry and commercialization of useful products.  Examples include the large-scale production of small molecules, such as antibiotics, interferon and human insulin from microbial cells, the ability to grow tissue culture for manufacturing human therapeutics, and the development of robust economical processes that allow commercialization of these and other products. The contributions that Biochemical Engineering made to these areas are not as visible as the contributions made by biology and therefore perhaps as a result the engineering component has been under-appreciated.  

The study of the basic biology of living systems, including mechanisms for gene regulation and cell biology, has allowed the design of "expression systems" for virtually every kind of cell.  The use of regulated promoters has allowed the controlled transcription of genes of interest.  The ability to make human insulin in E. coli required construction of regulatory signals not found in eukaryotes to allow the bacterium to transcribe and translate this foreign molecule.  Similar types of constructions have allowed the controlled expression of eukaryotic genes in eukaryotes to avoid expression during time when the gene products would not be stable.  Heterologous gene expression has also required the re-engineering of the protein coding regions of many genes to allow high-level expression in organisms with different codon usage.  For example, some amino acids may be specified by several different codons and different organisms have preferences.  TTA may be used infrequently to specify leucine in some organisms but is common in others, and the ability to re-engineer genes to accommodate preferences in codon usage without changing protein sequence has been an important contribution of biology to the manufacture of human therapeutics in bacteria.  Understanding the basic cell biology of a variety of systems has made a variety of cell types available for process design.  For example, some products are best made in microbial systems while others require mammalian cells, insect cells or plant cells.  Advances in the understanding of basic cell biology of these systems have enabled their use for process development. 

Biology’s Roles in Biochemical Engineering and the Biochemical Engineer’s Interface with Biology

There are a number of roles for biology in education and research in Biochemical Engineering.  Some of these that were identified by the panelists in this session of the Workshop included:

· Design of expression systems

· manipulation of the cell type used for production

· regulated promoters, optimization of codon usage for heterologous protein production, biological process control

· Genetic and biochemical analysis/manipulation of metabolic pathways 

· transcriptional profiling using microarrays 

· proteomics including translational profiling and metabolic profiling

· metabolic engineering of pathways

· Manipulation of protein structure and function 

· structural analysis of protein folding

· site specific mutagenesis/gene shuffling

While the advances in basic science have played an important role in process development, engineering has provided an invaluable complement to biology.  Engineers provide a different approach to problem solving because they have a quantitative and systems perspective of process design.

As biologists who have interacted extensively with engineers we appreciate the value of the perspective they bring to the study of biological systems.  Engineers by training approach problems with a quantitative systems view, which is often in contrast to the view of biologists.  While we are all essentially reductionists, engineers, perhaps because of their quantitative perspective, have a view of the overall process rather than a focus on individual parts.

The study of a reaction rate necessarily requires consideration of the flux through entire pathways. Understanding the limitations of a process requires an understanding of the control of complex systems.  Some of the best microbial physiologists are engineers and, in general, engineers who can present systems view of organism and pathway interactions best describe metabolic flux.

Some important factors in a quantitative systems view of biology include:

· Quantitative Analysis of Biological Systems

· biochemical reaction kinetics: metabolic flux and thermodynamic constraints

· dynamic equilibrium vs. rate controlling reaction steps

· modeling of complex systems: a systems view

· Physical Analysis of Biological Systems

· mass transfer (e.g., oxygen and substrates)

· momentum transport (e.g., mixing)

· mathematical tools for computation and modeling

· defining and manipulating the rate controlling reactions

At the end of the 20th century, biology experienced a revolution driven by the availability of tools that enabled experiments that otherwise could not have been done. The technology for rapid and accurate DNA sequencing is prominent on the list of such tools. The availability of the DNA sequence of the entire genomes of a large number of organisms has provided insights not possible from other kinds of analysis.  Comparisons of the genome sequence of flies, humans, worms, and yeast revealed striking similarities between the very different eukaryotes. Comparisons of prokaryotic genomes have revealed the reasons for obligate parasitism, the strategies pathogens use for evading host immune responses and insights about how metabolism is tailored to life style. 

An important consequence of the availability of entire genome sequences has been the use of microarrays for transcriptional profiling. The construction of "chips" that display the entire repertoire of genes of an organism has allowed the examination, for the first time, of every gene of that organism under a given set of conditions.  Recently, transcriptional profiling has been used to monitor the expression of every gene in yeast as it made the metabolic transition from aerobic fermentation to anaerobic respiration and detected sets of genes not previously associated with the regulation of diauxic growth. As powerful as conventional genetic analysis has been (isolating mutants individually and connecting gene interaction by suppression), the ability to examine entire genomes open a new dimension to the study of gene regulation.  In the more than 30 years yeast was studied by conventional genetic analysis, fewer than 50% of the genes in this organism were identified! This observation has been made for most genomes that have been sequenced. The large number of genes without known function presents a continuing challenge to both biologists and engineers.

An important part of engineering is the design and production of instruments that allow the physical analysis of biological systems. In the future, building tools in anticipation of scientific discovery will be a significant challenge. Biochemical Engineering research activities should include addressing the needs of biological sciences by designing tools that enable scientific investigation. In this context, the workshop is timely and our charge as biologists is to identify areas of science that will interface with engineering in the future.

Current Areas of Biology at the Interface of Biochemical Engineering

The current areas of interface between biology and biochemical engineering focus largely on microbial systems (fungi and bacteria) and cellular enzymes. A great deal is known about the mechanisms of gene regulation and the cellular physiology of E. coli. Combined with the fact that many genetic tools are available for its manipulation, this has made E. coli the system of choice for production of a large number of therapeutic molecules, as well as the production of many commodity products. The actinomycetes, which make most of the natural product antibiotics used in human and animal health care, also play a major role in the production of small molecules by fermentation. One impact of engineering has been in process design and fermentation technology based on the metabolic needs of these organisms.

The use of genomic analysis, transcriptional profiling and proteomic analysis will contribute directly to this area of investigation. Targets will include the identification of genes involved in altering cellular metabolism in response to environmental changes and defining pathways for natural product synthesis, as well as heterologous protein production. Metabolic engineering will have immediate impact in microbial systems (fungi as well as bacteria) because many of the tools for analysis of metabolism, such as RNA profiling, do not currently exist for mammalian cells.  

The information needed for metabolic engineering will be obtained, not from cells grown on Petri dishes, but from cells grown in fermentors under controlled conditions.  The ability to examine gene expression in this systems, quantitative way will have a significant impact on the ability do "metabolic engineering" of organisms to redirect metabolism for product synthesis.  Metabolic engineering will require the collaboration of engineers and biologists and a truly interdisciplinary approach.  

The contributions from biology will include elucidation of the basic mechanisms of gene regulation from a variety of organisms as well as the development of tools for genetic manipulation. Engineering will contribute computational analysis and modeling of flux. Pathway engineering will require the ability to manipulate the system biologically as well as a kinetic analysis of cellular physiology.  Computational analysis will play a major role in calculating and predicting flux through pathways, analyzing information from transcriptional profiling and proteomic analysis as well as combining data from different methods of analysis.

While RNA analysis on a genome wide scale has been informative, the ability to profile the entire protein repertoire of an organism will allow the regulation of gene expression beyond transcription to post translational modifications required for protein function to be studied. Engineering will play a lead role in this through improvements in mass spectrometry, surface chemistry and engineering, BIAcore (and other methods) that enable the detection of proteins and their modifications.

New initiatives in the manipulation of protein structure and function will follow from the ability to do rapid crystal structures of proteins and protein complexes. The ability to deduce protein folds and their function by combining structural information with mutational analysis will allow the elucidation of the role of structure in function.  The ability to alter the structure of proteins by site directed mutagenesis and whole gene shuffling would allow the engineering of more efficient, more stable and more usable proteins. This information will contribute not only to the understanding of biochemical mechanism; it will also allow the construction of "improved" proteins for commercial and industrial applications. 

The traditional roles for biochemical engineering in process design will continue to be important. These include instrument development for biosensors, fermentation technology for upstream and downstream process development, bioreactor design and operation, as well as new technologies for bioseparations and large-scale protein purification. Of particular importance as an emerging area of development is mammalian cell and tissue engineering, as the progress in this area will impact drug discovery, selective drug targeting, multi-drug therapy, and design of multi-cellular tissues.

Technology for purifying DNA vaccines is an extremely important and unmet need.  Current methods for purification of viruses are based on analytical methods such as CsCl gradient centrifugation and are not practical for scale up. The quantities of virus need and the degree of purity required requires new separation technology.

Another very important area of science at the interface with engineering is the use of biological components and cells for bioremediation and energy production. These include sustainable sources of energy and chemical supply, benign chemical conversions and detoxifications, improved urban environments with lower contamination from sulfur fuels. Water reclamation is becoming increasingly important in some areas and provides an engineering challenge.

Future (Five to Ten Years) Areas of Biology that will be at the Interface with Biochemical Engineering

The areas of biology outlined above will continue to be important in the future but there are areas of biology that are not currently amenable to engineering practice but will be within five years.

One of the most important emerging areas of biology that will depend on biochemical engineering for practical application is the use of stem cells for organ and tissue biosynthesis. The limiting issues now are primarily biological. The technology for embryonic and adult stem cell proliferation without differentiation or apoptosis is at an early stage of development. The ability to grow stem cells in ways that control development (channeling development down a particular path) is partially successful but the resulting population of cells is heterogeneous and the differentiated cells are a minority population. Even with the projection of breakthroughs in the biology of stem cell growth and development, the ability to grow these cells in environments that allow efficient large-scale production and the ability to purify specific cell types in large numbers from a mixture of cells will depend on engineering. Cell specific stem cell production (hematopoietic, mesenchymal, nerve, etc) will involve the same issues.  

Once the biological problems of stem cell growth have been solved and efficient methods of purification exist, technologies for delivery and other therapeutic application of these cells in vivo will require advances in fundamental principles of engineering and technology. This is clearly an area in which biochemical engineering may provide leadership by anticipating the need. One avenue for engineers to provide leadership will be their ability to participate in the development of new engineering concepts and tools for science and technology that do not yet exist in this area.  

The ability to produce human therapeutics in mammalian cell lines still requires both biological and engineering development. Problems of incorrect or partial glycosylation, apoptosis, and necrosis during production and the inability to achieve high-level expression remain to be solved.  Mixing in low shear environments, recovery of proteins produced in low yield from cells and cellular debris, and the demand of high purity for the final product make scale up of these processes difficult.  

One excellent example of how some of these problems will be solved not only by interdisciplinary research but also by interagency funding was provided by one of the workshop participants.

An Example of a Possible Interagency, Interdisciplinary Project:

Title: Comparability of Microheterogeneous Recombinant Proteins 

Agencies: NSF, NIH, and FDA

Evaluating the effect of manufacturing process changes on the quality and efficacy of protein therapeutics could be investigated by a three-way collaboration between NSF, NIH, and FDA. The latitude to make manufacturing changes which was promised by the Well Characterized Biologics initiative in 1997 has more recently been stalled by conservative interpretations of what constitutes a meaningful change in product quality; often times very small differences are revealed by high resolution techniques such as peptide mapping or oligosaccharide fingerprinting. 

Consider an example based on subtle changes in glycosylation that arise upon bioreactor scale-up or purification changes.  Biochemical engineering laboratories traditionally funded by NSF could study the characteristics and control of these glycoforms.  These laboratories lack the ability to evaluate the effect of these changes on PK/PD profiles in relevant animal models. By enrolling NIH labs, which can evaluate these endpoints in animals, meaningful conclusions can be made which bring clarity to questions, which are currently data, poor. The FDA should be asked to comment on the design and interpretation of the studies, as well as assist in selecting appropriate proteins and model systems.
One area of engineering that will clearly contribute to virtually all areas of biology in the future is quantitative systems analysis. Analysis within cells (metabolic pathways), analysis between cells (signal transduction), and physiological response (to drugs, to disease – using mouse models) are some examples.

A particularly interesting example, the use of cells as programmable factories for specific input and output functions by designing living cells for specific functions, will be a reality in the next 5 years. The use of cells with "molecular memory", sensing capacity, other specialized function will allow sensitivity not possible with machines. The ability to use computer assisted design of cells based on genomics and physiological data is an area of active investigation.  Production of such cells with as yet unknown physiological requirements will require biology and engineering.  

Other areas identified as important in the future were:

· gene therapy and delivery (vector development, viral vs. non-viral gene targeting and delivery, gene regulation)

· biosensors based on biological principles and molecules

· miniaturization for high throughput screening, such as lab-on-a-multi-functional chip 

· exploitation of biological resources for energy

· RNA profiling for mammalian cells and metabolic pathway engineering

Applications for the chemical industry to make commodity chemicals also need to be considered. 

Education: What does a Biochemical Engineer need to know about Biology?

This was perhaps the most controversial issue we discussed in the workshop and received a great deal of attention.  The best engineering programs in the country have struggled with this issue and are not in complete agreement about what engineers need to know about biology. The answer depends largely on the educational and career goals of the program and individual, in particular whether the focus is on bioprocess implementation or on biological discovery.

As biologists, we suggest that the most important thing a bioprocess engineer needs to know about biology is that living organisms are not entirely predictable. With perfect pH control, perfect mixing, perfect oxygen transfer and perfect nutrient feeding, the results of any fermentation will depend of the viability and growth of living organisms which may or may not behave as the model predicts. The only thing everyone seems to agree about is that engineers DO need to know something about biology, and that training must allow them to communicate effectively with biologists, but what would a course to accomplish this look like?

Perhaps one way to address this issue is to ask specifically about what is useful to know. For example, should cloning and routine molecular biology be part of a bioprocess engineer’s training?  We suggest not, for the simple reason that anyone who can read can do simple molecular biological techniques such as ligating DNA together and it is waste of time to teach this a priori to someone who is unlikely to do such an experiment.  Should an engineer understand that putting a non-essential gene such as that for human insulin, into a bacterium on an unstable plasmid, would never result in a viable production strain?  Probably.  Should an engineer be familiar with the basic biology of the cells he or she is working with? Definitely!  If there is one course all engineers should take it is broad scope cell biology. Courses designed by engineers and biologists working together will address this issue.

We suggest the following: a cell/molecular biology course(s) should be required for all engineers and should include basic physiology of prokaryotes and eukaryotes, formal and molecular genetics, biochemistry, and molecular structure/architecture.

We make the following recommendation: Interdisciplinary education should not be a one way street. Biochemical engineers would provide a great service (that will impact on their ability to interact with biologists) by participating in courses in quantitative biology. Biologists are capable of understanding the principles of engineering providing the language and technology is made accessible. 

During the discussions on education, one sentiment expressed repeatedly by the representatives from industry was the need for biochemical engineers with MS rather than BS or Ph.D. degrees. NSF might fund a training grant program that is a degree program with an MS as a terminal professional degree. While there was some reluctance to commit to such a program by some of the academics present, a program like this might best be funded in an institution with a commitment to teaching as a priority.

Biochemical Engineering Research & Education - Perspectives from Industry 

Introduction

From the perspective of engineers in the pharmaceutical protein industry, the vision and priorities for biochemical engineering should be an alignment of the research and education in academia with the needs of that industry. Specifically, preparing bioprocess engineers for the pharmaceutical, biotechnology, and chemical industries requires fostering research initiatives of industrial relevance and providing adequate training particularly at the BS/MS level to face industrial challenges. 

Advances in biochemical engineering research hinge upon the implementation of new collaborative and interactive programs involving academia, industry, and government.  Initiatives that strengthen industrial/academic ties support industrial internships, fund university-industry partnerships, and mediate intellectual property barriers will enable advances in the field. In addition, interdisciplinary research and cross-disciplinary collaborations are key components to advance biochemical engineering’s role in new technologies.

To meet these goals, various government, university, and industry-funded programs in biochemical engineering and biotechnology have established a solid foundation for advances in research, education, and collaborative initiatives.  Within the National Science Foundation (NSF), the successful cross-disciplinary programs in biochemical engineering include the Engineering Research Centers (ERC, NSF 01-121) & Science and Technology Centers (STC, NSF 00-67), Industry/University Cooperative Research Centers (I/UCRC, NSF 01-116), the Integrated Graduate Education and Research Training Program (IGERT, NSF 00-78), the Experimental Program to Stimulate Competitive Research (EPSCoR, NSF 00-43), and the Combined Research and Curriculum Development Program (CRCD, NSF 01-139).  

Other recent initiatives within the Division of Bioengineering and Environmental Systems (BES) include the Interagency Announcement of Opportunities in Metabolic Engineering (ME, NSF 02-037), Quantitative Systems Biotechnology (QSB, NSF 02-026), the establishment of a new Engineering Research Center for Bioengineering Educational Technology (ERCBET, NSF 98-68), Collaborations to Study Complex Biological Systems (CSCBS, PA 98-024), Exploratory Research on Biosystems at the Nanoscale (ERBN, NSF 99-109), Biophotonics Partnership Initiative III (BP, NSF 02-012), New Technologies for The Environment (NTE, NSF 00-49), and the Initiative on Sensing and Imaging Technologies for Multi-Use Applications (SITMA, NSF 00-106). In addition, NSF has been active with BES in encouraging careers in the sciences as well as industrial interfaces in programs such as the Faculty Early Career Development Program (CAREER, NSF 01-84) and the Presidential Early Career Awards for Scientists and Engineers (PECASE, pecase00), the Research Experience for Undergraduates program (REU, NSF 01-121), the Small Grants for Exploratory Research Program (SGER, NSF 01-2), the Grants Opportunities for Academic Liaisons with Industry Program (GOALI, NSF 98-142), the Small Business Innovation Research Innovation Research and the Small Business Technology Transfer Programs (SBIR/STTR, NSF 01-28), and the Major Research Equipment Awards (MRE, NSF 01-171).  These and other programs demonstrate how the government, academia, and industry can provide mutual support to biochemical engineering research and education.

Highlights from Presentations

The rapid increase in the supply and value of recombinant protein therapeutics requires that the industrial workforce hire more biochemical engineers to develop and validate manufacturing processes, support existing production facilities, and push the limits of technology to enable commercialization of high volume therapeutics. A renewed focus on the well-established technology of bioprocess engineering should be balanced with the funding of new research areas.  In addition, several new research programs should be considered to face the next set of industrial challenges of large-scale manufacturing and the pressure to reduce the cost of goods dramatically.

Proper training in any technology field requires constant innovation in the educational programs. Training in biochemical engineering must include increased research opportunities, a curriculum that provides a broad science and mathematics base, industrial input into the design of application based curricula, industrial internships, university-industry partnerships in research, and a BS/MS degree for non-doctoral students.  An increase in the number of Masters biochemical engineering graduates would help address the shortfall of bioprocess engineers, but need not come at the expense of the enrollment of current doctoral programs. Programs tailored to bioprocess engineering could be established at many universities, and their graduates would find ready employment in the growing industrial sector.  

Strengthening the interactions amongst NSF, universities, and industry would benefit both academia and industry. Several mechanisms exist to foster university-industry collaborations within current NSF programs, and launching a biotechnology thrust initiative within these programs would create awareness within the biochemical engineering community of these opportunities for academic/industry collaborative ventures. The concept of a biotechnology consortium or strategic research partnership is another mechanism to collaborate in applied research amongst academic and industrial institutions. Frequently intellectual property rights issues act as a barrier against university-industry collaborations and the field would benefit from developing guidelines and recommendations to resolve IPR issues.  In addition, a collaborative approach to leverage research funding via academic/industry initiatives, industrial matching funds, and multiple federal agencies funding strategies would strengthen research and education in biochemical engineering.

Observations from Presentations

In the course of the NSF workshop, discussions amongst representatives from industry, academia, and government have led to some common observations from the perspective of engineers from industry.

First, there is a disparity between academic research on emerging technologies and industrial needs in today’s technologies. From an industrial perspective, current biochemical engineering training in universities suffers from a deficit in industrially relevant areas of research, including upstream/downstream processing, formulation, and scale-up. In addition, university faculty members lack the motivation and incentives to invest in training biochemical engineers for the bioprocess industry.

The second observation is the unanimous consensus amongst representatives from industry regarding the need for well-trained BS/MS candidates. Besides technical proficiency in the core chemical engineering courses, students would benefit from the incorporation of industrial case studies of real industry problems into the curriculum, a multidisciplinary approach to research, and an awareness of intellectual property and regulatory issues.  In addition, there is a need to improve training in quantitative skills, including statistics, as well as a need for significant exposure to materials science, cell physiology, and other relevant courses providing a solid foundation in biological sciences and engineering.

Recommendations

To build upon the success of the current programs in biochemical engineering, this report proposes several initiatives in new research programs, new educational and training programs, and new collaborative and interactive programs. The top priorities are identified in the form of recommendations to reform biochemical engineering training and research.

Research

To meet industry’s needs in providing a supply of qualified biochemical engineers and conducting supportive relevant research, academic research should include industrially relevant areas, such as the following:

· Fundamental aspects of bioprocess research

· In situ process monitoring

· Improving expression systems

· Mammalian and microbial cell physiology

· Development of selective, high capacity purification methods

· High throughput process development

· Validation of scale down / miniaturization processes

· In vitro and in vivo glycosylation engineering

· Post-translational protein processing (in vivo), protein refolding, stability, and formulation of therapeutic protein

Training

For chemical engineering graduates to function effectively in an industrial biochemical engineering setting requires Bachelors candidates with a thorough understanding of relevant biological sciences and a pool of Masters candidates with appropriate training and experience for the bioprocess industry.  

· Bachelor’s training therefore should include more biological understanding, which may require revamping the traditional chemical engineering curriculum.  There are multiple valid pathways by which students may obtain an adequate foundation in biology and biochemical engineering. As an undergraduate, a chemical engineering student who has completed coursework in fundamental and applied biology and biochemical engineering should receive a Bachelor’s Degree in Biochemical Engineering, and this track within the Chemical Engineering Department should have full accreditation. Alternatively, students with an undergraduate degree in Chemical Engineering may take biology courses in conjunction with a Masters Program, and doctorate students may pick up the required biology through the Masters or in conjunction with their doctoral course studies.  Regardless of the timing of the biology coursework, it is essential that biochemical engineers have the proper credentials to work in the industry.

· Based on the growing need for experienced biochemical engineers, unanimous support exists within the industrial sector for the creation of a Masters Degree in Biochemical Engineering, with full accreditation. The program should feature a laboratory component, industrial internship, and/or additional coursework, as well as exposure to a teamwork environment. One track of the program could follow the Practice School concept featuring thesis work performed in industry and hands-on training in traditional bioprocess unit operations. If research work is performed within the university, doctorate students or post-doctoral scientists may serve as mentors for the Masters candidates. An alternative track that is coursework-based would serve as a continuing education program for industrial employees. Funding is recommended from NSF and industry to support the Masters program.

NSF/ university / industry interface

For academia to meet the needs of industry and for industry to serve universities effectively NSF can promote and facilitate closer ties between academia and industry through existing programs that may be better utilized within the biochemical engineering sector. Through the Combined Research and Curriculum Development Program (CRCD), industry can provide more input into curriculum to ensure training in development approach to research, applied research in traditional and emerging areas, and analytical techniques for biopharmaceuticals.  In addition, promoting an awareness of programs such as the GOALI awards within the biochemical engineering community would provide a mechanism to promote university-industry interactions.

· To train biochemical engineering graduates to work in industry, NSF should provide a biotechnology thrust initiative and earmark funds for industrial projects within BES. This initiative would provide university-industry internships and sabbatical programs at biotechnology and pharmaceutical companies through GOALI awards in biochemical engineering. Industrial post-doctorate positions, summer internships, and industrial REU internships would expose students and academics to the needs of industry. To promote these opportunities, a national brokerage system listing opportunities for industrial training would provide prospective students with a database of available internship positions.

· To ensure adequate investment in research and education to meet the needs of industry, there should be industrial partnership with setting national research priorities. This may involve increasing the number of industrial reviewers or requesting letters of endorsement from industry for academic research grants. In addition, creating an industrial advisory group to the NSF to draft Research Requests for Proposals would serve as a means to communicate industrial needs.

· Other mechanisms to promote closer ties between academia and industry include industrial representation on academic thesis committees, considering industrial partners as end-users of university graduates, and increasing the number of adjunct biochemical engineering professors from industry.

· Improving communication of NSF/academic research back to industry would also facilitate the interaction amongst industry, universities, and government.  Providing a database of academic research grant awards and making annual progress reports available to industry, and creating a library system of automatic reporting based on keyword searches would facilitate these interactions.

· A major hurdle for academic and industry collaborations is the issue of intellectual property rights. Developing guidelines for standard IPR agreements would facilitate university/industry partnerships in NSF programs such as GOALI. Convening university and industrial legal representatives to discuss standard IPR agreements could address the hurdle. In this way, streamline the legal hurdles to GOALI partnerships would facilitate collaborations.

Conclusions

The rapid growth in the biopharmaceutical sector has resulted in a demand for experienced biochemical engineers in the industrial workforce.  From the perspective of engineers in industry, changes must be made in the nature of academic research and training to meet that demand. The recommendations in this report focus on building a foundation of education and research in technologies and applied research of industrial relevance. An appropriate balance should be found between current research in emerging technologies and a renewed focus on well-established bioprocess technologies. Biochemical engineering must be brought to the genomics revolution but not at the expense of training in established bioprocess engineering. Expansion of a professional Masters program in Biochemical Engineering would help address the shortfall of bioprocess engineers with hands-on experience.  

The vision for rejuvenating biochemical engineering research and education requires a multi-pronged approach involving academia, industry, and government. Improved interactions between universities and industry would provide students with an industrial perspective of research and enable academia and industry to better serve one other.  Novel collaborative initiatives between academia and industry, amongst biotechnology consortium members, and across multiple government funding agencies can leverage intellectual, equipment, and monetary resources. Critical priorities include providing industrial internship and research opportunities, fostering cross-disciplinary collaborations, and addressing current intellectual property rights issues.  Enacting these recommendations and setting a new direction for biochemical engineering will require a cooperative effort of government agencies, universities, and industry to transform the nature of our research, education, collaborations, and funding for the field.
Biochemical Engineering Research & Education – Perspectives from Academia

Introduction

Eight faculty members in Biochemical Engineering from various universities participated in this Workshop to provide their perspectives on the present and future directions in Biochemical Engineering education and research.  

Biochemical engineering is involved in producing materials for the health care, chemicals, materials and energy sectors. In the US, there are around 45 chemical engineering departments with undergraduate and graduate teaching and research programs in Biochemical Engineering, involving approximately 120 faculty members. There is a rapidly growing interest in biochemical engineering among undergraduate and graduate students, and an increasing fraction of students find employment in the pharmaceutical and biotechnology companies. 

The emphasis of much of the early research on biochemical engineering was on physicochemical processes impacting equipment design and operation, with the goal of process optimization. Bioprocessing research has also driven much of the educational process. Today there is a need to infuse more of the current advances in biology into bioprocessing. This can be accomplished with a focus on discovery, incorporation of the advances in nanoscale and mesoscale materials processing, and a stronger linkage to cell biology. 

The application of biochemical engineering to translate advances in the life sciences into commercial products and processes will occur rapidly in the next decade. This is a result of a number of factors:

· Developments in genomics, resulting from the human genome initiative

· Advances in applied molecular biology

· Advances in metabolic engineering and signaling system

· A large investment in the life sciences over the past twenty years

· Exciting opportunities in medicine, chemicals materials and pharmaceuticals production 

Highlights from Presentations

Education in biochemical engineering must continue to meet the needs of industry, primarily to produce students familiar with fermentation, downstream processing and mammalian cell culture. It is well known that single cell type cultures are phenotypically very different from mammalian cells in intact tissues and organs; this is due to the influence of different cell types on the expression profiles and functioning of each other. Attention should be given to this principle not only in tissue engineering, but perhaps also for its utility in prokaryotic and eukaryotic cultures.

There are a number of developments in biology that have provided new tools that have a significant impact in bioprocessing. The advents of microarrays, and the ability to profile proteins and metabolites, have opened new opportunities to understand the associations between the genome and physiological behavior (systems biology). Incorporating biology into the undergraduate chemical engineering curriculum, making it an equal partner with chemistry was cited as a vital component of the education of chemical engineers.

Demand for graduate students in biochemical engineering by industry was seen as high. This was particularly the case for students trained in fermentation, cell culture and protein separation and purification. An accurate assessment of the needs was recommended, by surveying industry and tracking student placement from campus. Obtaining figures for undergraduates would also provide data that would be valuable for development of new chemical engineering curricula. Educating personnel at all levels is crucial for the biotechnology and pharmaceutical industries. 

Development of teaching materials for biochemical engineering, including textbooks that reflect the changes in biology, is a priority. Biological processes could also be introduced into the chemical engineering undergraduate course material, particularly by use of biological examples in transport, kinetics, process design and control. Development of undergraduate teaching modules may be one form to incorporate these materials. 

A need for a Masters degree program with a practical focus was apparent. This could include industrial internships and laboratory training on campus. There was a perception among all faculty members that biochemical engineering and biomedical engineering (“bioengineering”) could be competing for undergraduate students, and that many of these students did not understand the differences between these areas and there are distinct professional opportunities afforded by each area. At the BS level, biochemical engineering students find employment in the pharmaceutical, biotechnology and chemicals industries; biomedical engineering students entered medical school (ca. 50%), graduate school (ca. 30%) or found employment in biomedical-related companies. 

The number of undergraduate bioengineering degree programs that were initiated in the past five years as a result of support form the Whitaker Foundation was of concern, as these now draw on the same pool of high school students with interests in engineering applications to the life sciences. A recommendation to develop materials that would help students understands the differences in career options were made. The recent rapid growth of biomedical engineering at the graduate level, again fostered by the Whitaker Foundation and the formation of a new NIH institute, could result in competition for students entering graduate degree programs. Making biochemical engineering more visible within chemical engineering departments was seen as necessary to address this concern. This might involve a change in the department name to “Chemical and Biochemical” or “Chemical and Biological” Engineering. A further possibility is to form a new department for Biochemical Engineering. 

Biochemical engineering research activities address a wide range of industrial sectors. Biotechnology has had its most significant and immediate impact in the human health care area, particularly in the production of therapeutic proteins. However, incorporation of biological processes in the production of specialty and commodity chemicals, agrochemical, and small-molecule pharmaceuticals (particularly chiral molecules) is expanding rapidly. A continuing focus on the discovery of new biological activities (organisms, enzymes) should provide further opportunities for biological process development. This will involve the development of new biocatalytic toolboxes (new biocatalysts, molecular evolution of biocatalysts, combinatorial biocatalysis and techniques to engineer metabolic pathways in microorganisms); high throughput systems for probing the cellular phenotype (including gene-wide gene expression measurements, proteomics and metabolite profiling) and applying biological approaches to the production of new materials, including biologically-inspired, self-assembling materials of various length scales (mesoscopic, nanomaterials).  

Current and emerging research areas

A significant theme of the current academic research in biochemical engineering involves applications in health care. Opportunities are also significant in specialty and commodity chemical, agrochemical, biomimetic materials, bioremediation and in the development of biologically based sensors. Examples of current research and future needs are summarized below. 

Genomics

There are a number of sequence-driven problems that require input in probability theory, database management and manipulation, and computer science. Most of the contributions are expected to arise from biology. These include identification of open reading frame sequences, gene splicing sites (introns), gene annotation (intergenomic comparisons), and determination of sequence patterns of regulatory sites, and gene regulation. 

Proteomics 

Significant problems involve identification of functional domains in protein sequences, single, multiple protein alignment (homology), determining sequence-structure, sequence-function relationships (structural bioinformatics), pattern discovery and providing the framework for the analysis of signaling networks. 

Metabolic Engineering

Developing the technology for metabolic profiling requires high throughput for hundreds or thousands of small molecular weight analytes. Dynamic profiling and the interpretation of patters of fluxes and their changes with interventions requires large scale modeling of cellular biochemical systems, including transcriptional control. This field will contribute to biochemical engineering process control and to systems biology of single and multicellular organisms.

Systems Biology

Identifying associations between related parts of the cellular phenotype would require techniques for the discovery of patterns in data, based on a full array of measurements. Models tend to support the existing base of knowledge and do not provide a means of discovering new patterns.   

Biocatalytic Toolboxes

Development of active, stable biocatalysts will require discovery of new enzymes from unexplored organisms, and development of techniques for enhancing stability and performance. A limiting factor continues to be cofactor regeneration and recycle schemes for cofactor-dependent systems. Chemical and biological routes for cofactor regeneration need to be further explored. Molecular evolution of selected biocatalysts may provide routes to improved activities and more stable enzymes.

Cell and Tissue Engineering

Certain research areas in cell and tissue engineering directly interface with activities in biomedical engineering, in particular the development of artificial organs and replacement of tissues such as skin. The contributions made by biochemical engineers to these areas reflect their background in chemistry, transport and biology. There are several opportunities in cell and tissue engineering, including those that extend beyond direct human health care applications:

· Development of artificial organs

· Development of therapeutic adult stem cell culture technology and ex vivo cell culture technology

· Cultivation of metazoan cells, e.g., porifera (sponge cells) for bioactive metabolite production and as simple models of the immune system

· Cultivation of specialized cells for single products

· Establishment of plant cell and tissue cultures for secondary metabolite production

Bioseparations

Although typically half of capital and operating costs of biological processing involve bioseparations, research activities in this area lag those of upstream processing. New research programs in the following areas would address some of the current needs in bioseparations:

· Protein stability, formulation, separation techniques

· New recovery methods based on nanoscale materials

· Single biomolecule detection systems

Bioremediation 

Development of biosensors for toxic and hazardous material as well as removal of groundwater contamination, remediation of contaminants in soils, and biodesulfurization of coal and liquid fuels represent current areas of opportunity for biochemical engineering. Early detection and monitoring tools for toxic and hazardous material.

Energy Production

There are a number of opportunities for biochemical engineering to impact energy production. These include:

· Methane conversion

· Carbon dioxide capture using biological routes

· Production of liquid fuels such as ethanol. 

Sensing & Tools for Discovery and Diagnosis 

Analytical devices for detection of small and high molecular weight analytes, toxins, and bio-warfare agents are required. In addition, advances in materials and chemistry will open opportunities for development of new generations of analytical sensing devices. New bioinformatics approaches will be required for analysis and interpretation of biological data. Specific opportunities include:

· Applications of nanotechnology to the development of analytical tools

· Bioinformatics and data mining tools

· High throughput analytical systems

· New and non-invasive diagnostic tools for preventive healthcare management

Educational needs and opportunities

Advances in the life sciences have altered research and industrial needs for manpower training. These need to be reflected in the undergraduate and graduate curricula of biochemical engineers. Increased emphasis in biology and informational science will be necessary. Instructional modules in undergraduate and graduate areas will provide a means of “sharing the load” among faculty as the number of students currently involved in biochemical engineering does not justify the type of text found in biology or chemistry, which have a significantly larger audience. A revised biochemical engineering text would also be of value.

Observations from Presentations and Discussions

Provision of support for pre-doctoral students was seen as a wide-reaching concern. There are few training programs that provide support for biochemical engineering and it was felt that there is an unmet need for such programs to provide a means of interdisciplinary training in cell and molecular biology. 

A further concern was for post-doctoral support mechanisms. With the anticipated industrial demand for students trained for the pharmaceutical, (agro) chemical and biotechnology industries, additional faculty will be required. In examining the backgrounds of faculty in this area who receive NSF Career Awards, most have post-doctoral training. Thus a means of providing support for this training for doctoral students interested in academic careers will be important. 

In order to recognize the increasing role that biology will play in the chemical and related industries, in addition to its current role in the biotechnology and pharmaceutical industries, faculty felt the development of a separate accredited biochemical engineering department or a change of name of many chemical engineering departments would be important in continuing to attract students to the discipline. Interaction with industry, including student internships and adjunct industrial faculty presenting courses, should be encouraged. 

Recommendations on Education and Training

· Explore within Engineering Division of NSF the possibility of providing support for post-doctoral fellowships, to address the manpower needs for future faculty in biochemical engineering. 

· Survey existing biochemical engineering programs to determine how many have biomedical engineering programs at the undergraduate or graduate levels at each campus, and whether there is competition for entering freshmen or for graduate students. 

· Develop a course of action to attract students into biochemical engineering at undergraduate and graduate levels, with input from industry highlighting career opportunities and personnel needs for biochemical engineering.

· There is an urgent need for new curricula development for both undergraduate and graduate Biochemical Engineering programs. Develop instructional modules or similar approaches for undergraduate and graduate biochemical engineering courses.

· Explore the establishment and expansion of an MS program with support from NSF to address the needs of the pharmaceutical and biotechnology industries. 

· Develop funding opportunities for research and pre-doctoral training fellowships from NSF and other funding agencies for biochemical engineering. NIH, especially through the new bioengineering-related institute (NIBIB), should be a particular funding source. A second “training program” with a biochemical engineering focus should be established within NIH/NIBIB, and discussions with NIH/NIBIB about separate review panels would provide a more realistic route for program assessment. The potential for NSF/NIBIB collaborative program should be explored now as NIBIB develops its plans.

· Develop a stronger presence in AIMBE, particularly in identifying potential fellows from industry, and expand the member categories from the current “biotechnology” to better reflect the broader base of biochemical engineers.
· There is a need for University-industry bilateral exchange programs such as internships and sabbatical programs with biotechnology and pharmaceutical companies

· There is a need for a significant exposure of students and academics to the needs of industry 
Appendices

A number of Breakout Sessions were also held during the two-day Workshop.  Highlights from these Breakout Sessions are presented below in the various Appendices.

A. Biochemical Engineering Program Interfaces within NSF

Question Examined: 

Where and how can program interfaces within NSF be strengthened/revised/created to enhance the future of Biochemical Engineering?

Discussion:

Program interfaces at three levels were discussed—

Level 1: within BES.  Biochemical Engineers, Biomedical Engineers, and Environmental Engineers are all within the same BES division.  Interactions among these 3 engineering areas are strong, often, and suitable.

Level 2: between Biochemical Engineers in BES and other ENG divisions.  Although there is interaction, there is a need to reassess whether the amount of interaction is adequate, particularly between the Biochemical Engineers in BES and the Chemical Engineers in CTS.  The existing interaction between BES and EEC is excellent.

Level 3: between Biochemical Engineers in BES and non-ENG directorates.  Again there is interaction, but it should be reinforced.

Recommendations

Recommendation #1: New ERCs. One of the best mechanisms to enhance interactions is through ERCs.  A new call for ERC proposals has just been issued, with initial due dates in early 2002.  The Biochemical Engineering community should mount a strong effort to submit bold, compelling, visionary ERC proposals in exciting, cutting-edge areas, such as Post-Genomic Engineering and Stem Cell Technology. It was noted that even though the MIT BPEC ERC is active in stem cell technology development for gene delivery, the stem sell culture technology is such an important new area that there is plenty of room for a separate new ERC.
Recommendation #2: More proposals are needed from the Biochemical Engineering community addressed to special NSF ENG programs, such as:

QSB, GOALI, I/UCRC, and CRCD. 

Recommendation #3: More proposals are needed from the Biochemical Engineering community addressed to NSF cross-directorate programs, such as: NSE (especially Centers), ITR, BE (especially GEN-EN), IGERT, MRI, and GRF.

B. Program Interfaces within NSF and with other Federal Agencies

Biochemical Engineering is interfacing with other Federal Agencies in a number of activities.  Examples (not exhaustive) include the following:

· Metabolic Engineering (USDA, DOC, DOD, DOE, EPA, NASA, NIH and NSF)

· Tissue Engineering (DOC, DOD, DOE, FDA, NASA, NIH, NSF)

· Technology for a Sustainable Environment (EPA, NSF)

· Bioremediation (DOD, DOE, EPA, NSF)

· Renewable and Sustainable Bio-based Products (USDA, DOE, NSF)

The Breakout Session B saw opportunities for additional interagency program interfaces in the following areas:

· Cell Engineering (particularly stem cell engineering)

· Quantitative Systems Biology

· Biomaterials and Biomimetics 

· Biosensors

One rationale for interagency interfaces is that they provide opportunities for agencies to carry out projects that they would not normally be able to do on their own, or could do so only with great difficulty.  An example is a joint project between a University and a National Laboratory.  NSF does not provide support to the National Labs, but an interagency activity between NSF and DOE does make possible a joint project where NSF supports the University effort and DOE supports the National Laboratory effort.  There are numerous other examples.

Another rationale is that the interagency activities provide an opportunity for agencies to leverage their scarce resources.  These types of activity also foster interagency communications, and highlight the impact of Biochemical Engineering across a wide range of Agency interests.  Having an Interagency Working Group in place (e.g. Tissue Engineering) also provides an opportunity to respond rapidly to the possible solicitation from government for big engineering projects (e.g. stem cell engineering).     

There are some difficulties in establishing interagency programs.  Among these are the difficulties in getting participating agencies to agree on text for a program announcement, and once this is obtained, to get agencies to agree to provide a funding agreement to support awards resulting from the program announcement.  Part of this has to do with the individual mission that each agency is required to fulfill.

C. Program Interfaces among NSF, University & Industry

This breakout session considered and recommended the potential future program interfaces among NSF, university and industry.
It recommended that NSF to continue to expand and explore new opportunities for collaborative programs Within NSF and that NSF should capture future opportunities for interagency programs between NSF and other Federal Agencies, especially with NIBIB for multidisciplinary programs.

The following recommendations are made for program interfaces amongst NSF/industry/universities.

1) Expand internships, sabbatical programs, and adjunct professorships

2) Provide industrial input into curriculum

3) Expand industrial partnership with universities for setting national research priorities and expand industrial advisory group activities for universities

4) Establishment of database operation for training opportunities and exchange programs as well as the results of academic research grant awards

5) Develop guidelines for standard intellectual property right agreements to better facilitate the university/industry partnerships and other collaborative programs

D. Recommendations on Increased Research Funding 

The following recommendations are made by this breakout session.

1) Expand co-funding with other NSF Divisions in the interface areas: systems biology, microbial physiology, interface of chemistry and biology for biotechnological applications, bio-nanotechnology, biocomplexity, cell and tissue engineering, and bioinformatics, 

2) Expand funding for pre- and post-doctoral training programs (Supplements for MS, Ph.D. and Postdoctoral trainees from ENG/EEC)

3) Enlarge but simplify interagency funding opportunities.

4) Expand existing programs and develop new program initiatives to fund large multi-investigator, cross-disciplinary, and interagency programs especially for the newly emerging fields of research. For example, therapeutic adult stem cell culture technology, bioinformatics, biomolecular engineering, engineering of macromolecular complexes, genome- and proteome-enabling technology, whole cell design for targeted specific functions, and engineering of whole cell biocatalysis.

5) Increase the size of the research grants to allow the introduction of new high throughput technologies in research and education/training.

6) Develop collaborative funding mechanism with NIH (NIGMS, NIBIB, NCI, and NIID) 

7) Proactively solicit matching support from biotechnology industry
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