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Abstract

Research is being conducted at the University of Tennessee at Chattanooga (UTC) on the development and optimization of very small (microscale) bioreactors.  These reactors use enzymes to promote beneficial chemical reactions, and the research effort includes both experimental and computational work.  Since a principal focus of the engineering program at UTC is undergraduate instruction, there is a strong desire to include undergraduate students in this research in a meaningful way.  In addition, potential employers would like for new engineering graduates to have experience in using commercial simulation software to model the behavior of complex physical phenomena.  This paper describes UTC’s approach for taking bioengineering-related simulation from the research lab and integrating it into the undergraduate curriculum.

Introduction and Background

Computer simulations have emerged as powerful tools in engineering analysis and design.  Because of benefits in cutting product costs and development times, industry is now voicing expectations that new engineering graduates should have the ability to perform and interpret complex engineering simulations very soon after being hired.  To meet this need, engineering programs are wrestling with just how to effectively incorporate engineering simulation instruction into existing curricula. 

One way to accomplish this is through undergraduate involvement in research projects.  At the University of Tennessee at Chattanooga (UTC), research is being conducted on the development and optimization of microbioreactors.  Because of physical phenomena particular to the reduced scale, these very small devices have the potential for dramatically increased effectiveness (e.g., higher purity of product) over their larger counterparts.  Applications for such microreactors include the production of beneficial drugs and the cleanup of toxic waste streams.  Since microreactors are such a new technology, little is known about how to optimize their design.  Computer simulation of flow and reaction within the reactors allows investigators to evaluate changes in geometric and flow configurations with substantially reduced effort and cost relative to experimental work.  

This paper describes UTC’s approach for including bioengineering-related simulation instruction into our undergraduate engineering programs.  To aid the reader, a brief background on microreactor research is first provided.

Microbioreactor Research

Micro Electro Mechanical Systems (MEMS) and Chemical Process Miniaturization (CPM). 

In 1996, the first author began working in the then nascent area of chemical process miniaturization (CPM). During the 1990's, a large community of Micro E1ectro Mechanical Systems (MEMS) researchers began to use techniques developed in the microelectronics industry to fabricate miniature devices, including the traditional chemical process instruments. In the last few years, the MEMS field has incorporated biological aspects such as the use of cells, enzymes, and other biological chemicals and structures to establish the emerging area of BioMEMS. 

A broad range of miniaturized devices is being developed, including biological and chemical sensors and reactors, micro-scale pumps, valves, and separators (1). Miniature chemical process devices offer many advantages. Due to chemical process fluid channels having very small cross dimensions (usually on the order of tens to hundreds of micrometers), there is rapid heat and mass transfer because of very large surface area to volume ratios. Economic and environmental benefits are also foreseen. For small-scale reactors, a more efficient use of catalyst and improved yields and selectivities are being accomplished (2,3). 

As in the microelectronics industry, these micro devices are machined from silicon. Features as small as one micrometer can be fashioned very precisely. These devices are robust in high temperature and other extreme conditions. However, working with silicon wafers is expensive and difficult. Alternative materials are being sought for specialized applications (4). Biological reactions using enzymes as catalysts do not require high temperatures or elevated pressures. Therefore, plastics can be safely and effectively used as a reactor fabrication material. 

Enzyme Immobilization and Bioreactors

Bioreactors employ either cells or enzymes to catalyze reactions.  Enzymatic bioreactors use free enzymes in solution or enzymes fixed on a substrate.  There are three modes of enzyme immobilization: entrapment (capturing the enzymes in the polymer matrix), adsorption to the surface, and covalent bonding (5). There is well-documented potential for immobilized enzymes in the pharmaceutical, biomedical and chemical industries as well as in analytical chemistry (6). Many commercial examples have already been developed. Urease immobilized on tubes and in membranes has been used in artificial kidney devices (7). Recently, researchers have used catalase entrapped in gels to treat wastewater containing hydrogen peroxide as part of a growing effort in the biodegradation of industrial pollutants (8). 

Enzymes have been incorporated directly into carbon plastics such as PMMA to create biocatalytic resins. For example, Wang et al. have directly incorporated subtillson Carlsberg into the PMMA polymer chains during polymerization (9). The enzymes in these resins retain an appreciable fraction of their reactivity in free solution. Interior enzymes are available for reaction along with those at the surface. We are pursuing equivalent studies using polydimethylsiloxane since the MEMS and BioMEMS communities see great potential in the use of PDMS for micro scale device fabrication due to its particularly excellent moldability and toughness (10). 

Previous Work by the Authors in MEMS and BioMEMS

The first author’s initial PDMS bioreaction microsystem system was developed with Dr. Cynthia Dickey, who was then a Ph.D. student at Louisiana Tech. Urease was immobilized on the walls of circular PDMS pores with diameters of 150 to 450 micrometers. Aqueous solutions of urea were fed to the reactors with a circular micropore configuration. Some breakdown to ammonia was detected (11, 12, 13). This situation was not thoroughly studied due to Dr. Dickey's graduation in May 2000. The activity and stability of the bonding procedures were found to be inadequate. Ongoing research at UTC is pursuing better bonding procedures. 

Subsequently, the PI and collaborators Dr. Bill Elmore and Ph.D. student Zonghuan Lu of the Department of Chemical Engineering of Louisiana Tech University further developed procedures to fabricate novel bioreactors. Urease entrapped in PDMS was successfully used as a material to mold micro scale bioreactors in a more advanced configuration (14, 15, 16).

A mask patterning technique is used for fabricating the microreactors. The reactor design is first sketched using computer software. This pattern is then printed onto a transparency and used as a mask. The mask pattern is transferred via ultraviolet light exposure onto a layer of SU-8 photoresist that has been spun-coated on a silicon wafer. By chemically etching the SU-8, a negative pattern (ultimately, this is the mold) of the microreactor channels is prepared to precise geometry and dimension. The mask pattern for the photolithographic process is drawn using the integrated circuit design software L-Edit version 5.17. The program has an internal unit equivalent of 1 micrometer and printed to a file in an encapsulated postscript format with a print ratio of 356 to 1. This ensures that the mask has the same dimensions as the actual design. The mask design is then transferred to a transparency sheet via a high-resolution printer. An L-Edit sketch from the first author’s previous work is shown in Figure 1. 

Figures 3 and 4 show details of the micro mold in scanning electron microscopy (SEM) images. Parts of two neighboring channels are shown in Figure 3. Triangular features are placed within the channels to increase surface reaction area. In principle, the packing, size, shape, and density can be optimized. Little mixing is expected from the packing features since Reynolds number in the channels is only 4 at a volumetric flow rate of 1 cc/min. Each triangular packing feature is an equilateral triangle 125 micrometers on a side and 125 micrometers in height as shown in Figure 4. The reactor contains six channels, each 500 micrometers wide connected by manifolds at entry and exit. The triangular transverse "packing" features are separated by 125 micrometers both laterally and along the channel length. The overall footprint of the device is about 6.5 x 8 cm.

Most recently, the research being performed at UTC has focused on (1) improving the bonding procedures for attaching the enzymes to PDMS and (2) simulating the flow and reaction within microreactor channels using  a commercial computer code, CFD-ACE+, developed by CFD Research Corporation (CFDRC) (17).  CDF-ACE+ solves the full Navier-Stokes equations, together with the differential energy and species-balance equations, using a finite-volume approach.  It is capable of modeling the relevant physical phenomena present in microreactor channels, including enzymatic catalysis reactions at the wall.

Applications to Undergraduate Education

To meet the challenge of providing undergraduate students with meaningful computer simulation experience, UTC has devised a three stage approach.  In the first stage, students are assisting in the microbioreactor simulation and experimentation efforts described above.  In stage 2, learning modules are being developed for incorporation into an existing fluid mechanics laboratory course.  Finally, in stage three, learning modules for the simulation of channel-based bioreactors will be incorporated into the senior level chemical and environmental processes laboratory course.  Each of these stages is now described.

Stage 1 – Undergraduate Research Assistants

During the past two years, UTC’s bioreactor development research has been performed by a graduate student under the supervision of the authors. Preliminary 2-d and 3-d numerical simulations of reacting flow within a reactor channel have been conducted (see Figure 5) (18,19).  These simulations demonstrated that it was possible to model the relevant physics including fluid mechanics, species diffusion, reaction kinetics 
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Figure 1.
Procedure for microreactor mold fabrication. An SU-8 mold is built on a silicon wafer by a photolithographic process.
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Figure 2.
L-Edit sketch of one of the first author’s bioreactors. A computer sketch of a design is made as a first step in the procedure to manufacture a reusable micro mold. A printout of this sketch is used as a photolithographic mask. The resulting devices are shown in Figures 3 and 4.
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Figure 3.
An SEM image of a section of a channel in a micro scale bioreactor fabricated by the first author in 2001. The channels are 125 micrometers deep and 500 micrometers wide. The triangular features are added to enhance reaction surface area.
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Figure 4.
A detail of a channel showing the packing features. The triangles are 125 micrometers on a side. PDMS can be molded into any shape to an accuracy of about one micrometer. Enzymes are immobilized on channel and feature walls to act as catalysts.
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Figure 5.
Sample results generated using a three-dimensional CFD-ACE+ model of one reactor channel with  triangular obstructions.  The reaction is the breakdown of H2O2 in water via the enzyme catalase.  The color contours represent H2O2 concentration (M)

(Michaelis-Menten), and reactor geometry.  They also quantitatively verified that reductions in scale could lead to high conversions in lower residence times, i.e., shorter reactors.

Beginning in the fall of 2002, a senior-level undergraduate student was selected to assist in the effort.  This student is working with CFD-ACE+ to accomplish two objectives:  

1. Optimize the reactor design by investigating the effects of size, shape, and density of flow obstructions within the reactor.

2. Compare the results of the numerical simulations with experimental data to demonstrate the accuracy of the numerical model.

The overall approach consists of two parallel and complimentary efforts.  A “base” model of a microreactor channel has already been developed using CFD-ACE+ (18,19).  This model is being systematically modified to investigate the effects of various channel and flow obstruction geometries on the level of conversion along the reactor, and the most promising configurations will be noted.  In parallel, as experimental data become available, the computational models will be exercised to attempt to reproduce ongoing experimental work. The results of these comparisons may point to changes that should be made in the computational models.  Similarly, the results of the simulations may identify areas where additional experimentation is warranted.  Ultimately, an optimized reactor configuration will be identified based on both the experimental and computational efforts.

Since the student is an undergraduate, it is critical that appropriate guidance be offered by the faculty to keep things on track, and care is being exercised to ensure that this is the case.  Topics are introduced in a building-block fashion, e.g., get the fluid mechanics working first for a simple geometry, then move on to add chemical reaction; begin with a 2-d model, then move on to 3-d.  In this way, the student has time to assimilate the material, and learning, rather than replication, takes place.  An additional undergraduate research assistant is to be added in the spring of 2003.

Stage 2 – Flow Simulation in Fluid Mechanics Laboratory

The use of research assistants is a valuable way to include undergraduates in research, but the exposure is necessarily limited to a few students.  To allow other students to learn about the benefits and limitations of numerical simulation techniques and bioengineering, learning modules are being developed for inclusion into existing courses.  Since chemically reacting flow within bioreactors is very complex, the first learning module is focused on fluid flow only and is targeted for UTC’s junior-level fluid mechanics laboratory course.  In this course, groups of 10 to 15 students investigate various fluid mechanics phenomena and fluid-related engineering devices through experimentation.  One of the existing experiments involves measuring the lift and drag forces on several objects placed in a subsonic wind tunnel.  CDF-ACE+ is capable of simulating both laminar and turbulent airflow over objects, so the new learning module focuses on trying to predict the lift and drag forces using numerical simulation techniques.

The objectives of the exercise are for the students to (1) learn the basic steps required to use CDF-ACE+ (and similar programs) to model fluid flow, and (2) to identify the strengths and pitfalls of using numerical simulations.  Pressure distributions can be quite difficult to calculate accurately, especially when separation is present.  The simulation results should be reasonable, but the anticipated presence of inaccuracies should reinforce the notion that the computer is not a “black box” whose results are to be accepted without question.

The entire exercise takes three, three-hour class periods to complete.  In the first session, the instructor provides very basic explanations of the following topics:

· the partial differential field equations that describe fluid flow (already introduced in the companion lecture course)

· numerical solution of partial differential equations using finite differences; discretization of the physical domain

· application of boundary conditions

Once these topics are discussed, the students, who sit at computers, are guided through a set of basic tutorial problems for CFD-ACE+.  They develop simple geometric models, generate grids for those models, apply boundary conditions, generate flow solutions, and examine the results graphically.  Handouts allow the students to continue these activities outside of class.

In the second session, each student receives his or her own unique object, which he or she subsequently test in the wind tunnel at different Reynolds numbers.  This takes about half the class period.  During the second half of the period, the students move to the computer lab to create a model of their object for numerical simulation with CFD-ACE+.  Some may complete their model at this time; many may not.

Finally, in the third session, the instructor works directly with the students to debug and execute their models.  Topics such as convergence and stability are discussed as the solutions are generated.  The atmosphere is informal, and the focus is on hands-on learning.  Once complete, the students are required to write-up their experimental/computational work in a laboratory report that is due the following week. They compare their computational and experimental results, comment on the agreement (or lack thereof), and propose reasons for any discrepancies.

Stage 3 – Microbioreactor Simulation in Unit Operations Laboratory

Microbioreactor design and simulation using CFD-ACE+ software will occur in a senior-level unit operations laboratory for chemical and environmental engineers. All of these students will have received training in this software one year previous in the fluid mechanics lab described above. The reactor configuration for all students is essentially laminar liquid flow through a rectangular channel with enzyme-coated walls.

The entire design and simulation exercise is designed for three, three-hour lab periods. The first period will be somewhat of a re-enforcement of CFD-ACE+ and simulation basics learned previously such as mesh generation and convergence characteristics. This will be accomplished by the students working with liquid flow through a rectangular channel. In the second session, the enzyme package is turned on. CFD-ACE+ is equipped with a liquid-solid heterogeneous catalysis package with enzyme-catalyzed reactions at the wall. Only the Michaelis-Menten kinetics parameters for the enzyme of interest need be inserted. 

Weeks two and three will be devoted to studying the effects of scale, residence time, and enzyme characteristics on the level of conversion. The effect of scale on conversion is dramatic. It is a major reason for the birth of the fields of MEMS and BioMEMS over a decade ago. Students will reduce channel cross-dimensions by an order of magnitude. Conversions will be compared. For a given channel cross-dimension, residence time is controlled by flow rate. Flow rates will be varied and conversions compared. Each enzyme has its own turnover rate. Some are orders of magnitude faster than others. Therefore, for a given level of conversion, each enzyme’s Michaelis-Menten parameters will dictate its own best design length (for a given cross-section) and flow rate. 

Closing Comments

A three-stage program for incorporating bioengineering research into the undergraduate curriculum at UTC has been described.  This program gives students hands-on experience in engineering simulation using commercial CFD software, and it also exposes students to an important emerging area of interdisciplinary engineering—the design of microbioreactors for chemical processing.  We are currently developing the learning modules for stage two, and hope to implement them in the fall of 2003.  Stage 3 will then follow in the spring or fall of 2004.  It is certain that the program will evolve as time goes on, but it’s focus will remain on bringing valuable research experience from the laboratory into the classroom.
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