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A.  Specific Aims

The Gerlach group is performing investigational studies on various hepatocyte cell lines using a small scale, multi-compartment bioreactor. Media pH, a critical system parameter, is currently monitored via samples extracted from the mock circulatory loop three times a day. Corrections to the pH level are manually using a rotameter to introduce CO2 into the system. An automated system would prove a considerably more efficient and cost effective method of regulation. The phase I goals are:

I. Selection of an ideal pH electrode with real-time monitoring capabilities in a low flow environment. The probe must be ethylene oxide sterilizable with an accuracy of +/- 0.02 and precision of +/- 0.01. The operating range will be from pH 6 to pH 9 and the probe will function in a solution containing biologic compounds. 

II. Design and development of a reservoir to house the pH electrode. The reservoir will be constructed from biocompatible material and be ethylene oxide sterilizable. The reservoir will be inserted into the mock circulatory loop following the bioreactor. All fittings and connections will be constructed such that there is no breach in sterility. 

III. A software application will be programmed using National Instruments LabView package. The application will first calibrate the probe to convert sampled voltage values to pH. The program will then take samples from the pH at user specified intervals, compare values to a user specified pH, and then introduce CO2 into the system by controlling the mass flow controller to make appropriate adjustments in the system pH.  

IV. Testing of the phase I prototype will be performed in vitro to evaluate function. The probe and reservoir will first be incorporated into the mock circulatory loop to ensure a leak free system. Following confirmation of proper sealing, a mercury manometer will be connected across the reservoir to measure the pressure drop. Verification of LabView functionality will be confirmed by implementing the entire automated control system into the circulatory loop and observing system behavior. 

B. Significance

Acute and chronic liver failure is a significant health risk to people of all ages; approximately 60,000 patients die from liver failure in the United States each year1. It is generally a secondary disease that can be brought about by a number of different illnesses including hepatitis, Reye’s Syndrome, cystic fibrosis, and a number of other vascular and metabolic disorders.  Transplantation is the primary treatment of choice for individuals suffering from acute liver failure.  In these cases, a small amount of transplantable livers are available; a number of patients die while on the waiting list for a new organ.  If their own liver function can be supplemented or replaced while waiting for transplant, their chance of survival would be greatly increased.  For this reason, the use of bioartificial liver devices (BALs) could prove to be very beneficial to the population. For acute liver failure, patients will often recover part or all of their liver function if their ailment can be treated; this however requires another method of treating the blood while the liver recuperates.  Therefore, BALs are used both as a bridge to transplant in addition to a bridge to wellness.  As with all medical devices, BALs must undergo exhaustive laboratory and clinical research before they are approved for use in the United States.  For this reason, smaller scale bioreactors must be developed and tested using animal hepatocytes to further the research to further the eventual goal of clinical use.

One of the steps necessary to begin the journey to development of BALs is a predominately self sufficient bioreactor that mimics the human physiological environment as closely as possible. The Bioreactor Group at the Cellomics building is currently conducting research of a laboratory scale bio-artificial liver bioreactor. This bioreactor is a scaled-down analogue to a BAL currently in clinical trials in Europe developed by the Gerlach group.  The small-scale bioreactor is used to evaluate improvements and modifications that can then be implemented on the clinical model.  This type of bioreactor promotes primary liver hepatocyte cells and utilizes three independent, but interwoven capillary systems, forming four compartments that carry out different functions. The four functions are media inflow, cell oxygenation, carbon dioxide removal, and media outflow. In these bioreactors, animal hepatocytes and stem cells (typically rat cells) are incorporated into the reactor and exposed to physiologic conditions to examine hepatic function2.  

A principal concern in the development of a BAL is maintenance of an optimal cell-culture environment.  Hepatocyte cells have proven to be one of the most difficult mammalian cell types to maintain in culture for extended periods of time.  One concern is that the cells tend to de-differentiate in culture, and thereby lose their functionality.  As with all physiologic tissue these cells are highly sensitive to minor changes in system parameters; minimal modifications to the pC02 (thereby pH), temperature, and glucose can have major effect on the performance of the cells3.  In order to maintain cell viability and function, an optimal pH level must be maintained in the bioreactor.  In addition, hepatocytes are anchorage dependent, requiring a scaffold or biomatrix to grow on.  The unique multi-compartment design of the Gerlach bioreactor has shown success at mimicking the physiological basement membrane2, thereby dealing with a concern that has been a major problem in the design of other BAL devices3.  The group has evidence of tissue-like structures forming within the bioreactor, which mimic the physiological liver lobuli2.  A more accurate pH regulation system will therefore significantly contribute to the already promising culture techniques implied by the Gerlach group.      

The current method for monitoring pH requires a technician to withdraw a small amount of media from the system, by hand, three times a day4. After analyzing the samples, the operator makes necessary adjustments manually to the CO2 gas flow controller to reestablish physiologic pH. This process introduces human error into measurement and system modification. It is inefficient because it requires the user to take samples and manually modify system parameters by “knob-turning”; this manner of adjusting the system is imprecise and leads to overcorrection when attempting to rectify any parameters deficiencies.  

Our product provides finer control of media pH and reduces the large fluctuations associated with manual adjustment. The system we have developed automates real-time measurement and modification, which substantially decreases user intervention. The reservoir serves to house the pH electrode, which will sample the media at user specified intervals. This eliminates the need of a technician to withdraw media samples from the system to analyze. The LabView program then functions in analyzing the samples and delivering an output to a mass flow controller with a specified adjustment to the amount of CO2 flowing into the bioreactor. The imprecision of manual adjustment by the technician is eliminated by the automatic adjustment feature our system provides.

The application of this type of automated system is also not limited to pH measurement; other laboratories conducting bioreactor research measure and may utilize the technology in assessment of parameters including pCO2, pO2, glucose, and others.  The automated experimental procedure will be more accurate, less costly, and overall allow for more efficient utilization of resources (laboratory staff, equipment, etc.)

Once the automated system has been developed for the laboratory scale bioreactor, the Gerlach group can incorporate it into the BAL currently in clinical use.  Since the system supports perfusion of patient plasma as well as hepatocyte nutrient media, our system could be an integral part of the clinical system.  An automated system would eliminate the need for a technician trained in system modification to ensure that the BAL is operating under perfect physiologic conditions.  Given the higher accuracy and user control, it will also ensure that the BAL is operating ideally.  Under these model system conditions, it is possible to extend the time that patients may safely spend on a BAL before transplant.  As the Gerlach group has seen success in Phase I clinical study it presents a solid option for patients with liver failure.  In those trials, all eight patients survived until liver transplants were completed and all had survived after a three-year monitoring period.  These results make the Gerlach system one of the frontrunners in the competition for stateside FDA approval of a BAL device.  If this control system were packaged with every Gerlach BAL used in a clinical setting, it has the potential to affect a large market in a short time.

The Gerlach group will find this as a cost effective solution to the system they currently employ. Although a small initial investment is required, the costs saved on employee time and testing materials alone will pay for the system in time.  In addition implementation of the system provides more reproducible results, which will improve the consistency of bioreactor experiments.  The automated system will also be applicable in potential clinical scale bioreactor systems. 

C. Relevant Experience

John Pani is a Senior Bioengineering student at the University of Pittsburgh.  He is working in the Biotechnology/Artificial Organs focus area.  He has worked in Dr. Sanjeev Shroff’s Cardiovascular Dynamics Laboratory for 7 months.  In addition, he is interested in bioreactor development.  He has experience working with Solidworks modeling in addition to CFD.

Jon Washburn is a Senior Bioengineering student in the Biotechnology / Artificial Organs concentration at the University of Pittsburgh.  He worked for Agentase, LLC. in Pittsburgh, PA for 8 months on development of a polymeric single use sensor for detection of nerve agent.  He is also currently working in Dr. Michael Sacks’ Engineered Tissue Mechanics Laboratory; his research there is directed towards collagen fiber orientation analysis in mitral valve leaflets.  He has experience in Solidworks modeling, Floworks CFD, and DesignEase.

Marina Udowenko is a senior undergraduate student in the department of bioengineering at the University of Pittsburgh. Her area of concentration is Artificial Organs and Tissue Engineering. She has experience performing biocompatibility experimentation from a project involving left ventricular assist device at the McGowan Institute of Regenerative Medicine. Additional research experience includes hepatocyte stem cell research in the Department of Pathology at the University of Pittsburgh. Further investigational studies involving left ventricular assist devices were conducted at the University of Ghent in Belgium. She acquired industrial experience at Compact Membrane Systems, Inc. working upon a bio-artificial liver project. Software applications she has used include DesignEase and LabView.

D. Experimental Designs and Methods

The design and development of the reservoir will begin following the selection of an appropriate pH electrode based on the criteria set forth in the specific aims section. After observing the mock circulatory loop in its current configuration, T-junction and in-line reservoirs were chosen as options for probe housings. The slow rate of recirculation of the media through the system would not provide adequate exposure of the pH electrode to fluctuations in media pH. The exposure of main effluent flow over the pH electrode will allow for rapid detection of pH fluctuations. 

The reservoir will be cylindrically shaped, abutted on both the inflow and outflow sides with conical structures. The reservoir will be manufactured in four pieces: the cylinder housing the probe, the central body, and the inlet and outlet sections (or junctions). The cylindrical probe housing will screw into the central body of the reservoir. The long axis of the pH electrode will be perpendicular to the central body of the reservoir; appropriate insertion of the electrode will ensure the glass bulb sensor lies approximately three quarters of an inch into the central body of the reservoir. The length of the selected probe will determine the length of the cylindrical probe housing, as the length of the housing will be used to ensure correct vertical placement of the probe. The probe diameter will be utilized in determining the diameter needed to be burred along the length of the probe to allow for appropriate probe insertion. To prevent media leakage from the central body of the reservoir into the cylindrical housing of the probe, o-rings will be incorporated at the inlet and outlet of the cylinder. The necessary o-ring diameter will be calculated using the groove diameter and the percentage of stretch desired. 

The inlet and outlet junctions will be conically sectioned on one side. The incorporation of this feature is necessary to minimize turbulent flow in the reservoir. The other face of the junctions will have quarter inch openings to allow for insertion of luer fittings. This allows for rapid connection and disconnection to the PVC tubing of the flow loop. These two sections will be solvent bonded to the central body of the reservoir. The central body will have an inner diameter of an inch burred through the core.

Construction of a model of the reservoir will be created in SolidWorks. All appropriate dimensions will be detailed in the figure. The prototype shall be manufactured using a milling process based on the SolidWorks figure and technical drawings.  

The materials for reservoir construction shall be selected so that the reservoir may be utilized in clinical scale up applications. The material chosen for prototyping must be ISO 10993-1 compliant. To meet the FDA standards the reservoir will be cast acrylic. The acrylic material is ETO sterilizable and therefore will allow the sterile reservoir to be incorporated into the circulatory system preventing contamination. To ensure biocompatibility of the system, the following in-vitro tests would be required: Cytotoxicity, Hemocompatibility (Compliment Activation, Hemolysis testing, Coagulation Studies, Platelet and Leukocyte Counts, and Thromboresistance), and Mutagenicity. 

The prototyped reservoir, complete with the pH electrode, will be connected to the mock circulatory loop. The flow conditions present during bioreactor operation shall be applied to the test loop. A media flow rate of approximately thirty milliliters per min will enter and exit the reservoir. 

In addition to the hardware components, a software application must also be developed to fully automate the system.  Given its availability, power, ease of use, and specific scientific application, National Instruments’ LabView will be used for data acquisition and user interface design.  A single computer will be consistently used to automate the bioreactor system, a PCI data acquisition board will be purchased and installed to provide the input and output necessary to communicate with the pH probe and mass/flow controller.  The LabView application created for this use will read voltages from the pH probe and, based on user specified operating parameters, send a corresponding voltage to the mass/flow controller to adjust the CO2 introduced into the system.  For the voltages read by the probe to correspond to actual pH values, a calibration sub-program will be created within the LabView application.  Since the voltages output by the pH probe will range from –200 millivolts for highly basic solutions to 200 millivolts for highly acidic solutions, a linear relationship can be made between voltages and pH values.  Upon opening the main application, a window will appear instructing the user to calibrate the pH probe.  This will be done by placing the probe into three pH buffer solutions at pH values of 4, 7, and 10.  The probe will send a voltage value to the LabView program when immersed into each reference solution; after all three values are recorded, a native LabView subprogram will be used to automatically generate the linear relationship between the voltages and pH.


After probe calibration, the interface will instruct the user to begin the control program.  Within the main application, there will be several outstanding features: a plot comparing the actual pH to the optimal pH over time, a plot of the CO2 output over time, and several user controls.  Control panels will be created on the main interface to allow the user to modify the system-sampling rate and pH setpoint, and CO2 regulation sensitivity.  When the system is started, voltage readings will be taken by the pH probe and sent to the LabView program at the user-specified sampling rate.  The voltages will then be converted to pH values using the generated linear relationship and compared to the user-specified ideal system pH.  If the value read by the probe is within 0.02 pH units of the setpoint then the system will do nothing; the mass/flow controller will continue to supply the same amount of CO2 to the bioreactor.  If the pH value moves greater than 0.02 pH units from the setpoint, a PID controller within LabView will analyze the amount that the pH moved since the last sample.  The controller will modify the CO2 output based both on the amount of pH change and on the rate of pH change.  A sharper pH change will elicit a larger response by the CO2 controller.  In general, if the pH increases in the reactor, the CO2 output will also increase; decreases in system pH will elicit a decrease in CO2 output.  Changes in pH and CO2 flow will be graphically represented on the system front panel to allow users to easily identify problems.  Both the pH values and CO2 values will be saved at every sample in tab delimited format for further statistical analysis.


Upon manufacture, the prototyped reservoir will be incorporated into a test-loop that simulates the flow conditions present in the working bioreactor circulation loop.  An initial testing phase will be conducted to verify the sealing between the pH electrode and the reservoir, and between the reservoir and its connections to the circulatory loop.  This testing will also include a pressure drop test to examine the flow characteristics within the electrode reservoir, as possible mechanical vibrations caused by turbulence pose a possible concern to the operation of the pH electrode.  While the low flow rates and relatively large reservoir diameter predict the lack of such problems, a verification of the mathematical prediction will prove useful.  A roller pump capable of producing flow rates between 0-110 mL/min will be used to reproduce flow rates present in the working bioreactor model.  In addition, similar tubing sets (1/4” PVC tubing) will be used to form the test-loop.  The protocol will include three test cycles of 8 hours each.  Cell culture media will be perfused through the system.  The first cycle will run at 30 mL/min (the standard flow rate of the system).  The reservoir and its interfaces will be visually monitored to detect any leakage from the reservoir and any of the sealing junctions.  Pending successful completion of the first cycle (which will be defined as no observable leakage), two additional cycles will be conducted with the media flow rate increasing to 70 mL/min for the second cycle and 110 mL/min for the third cycle, with observation of the system continuing.  The pressure drop test will be conducted after the third cycle.  Pressure transducers will be connected at the inlet and outlet of the reservoir, and pressure drops will be recorded as the flow rate is varied from 0-110 mL/min. After the completion of this initial leakage test, the feasibility of the O-ring and Luer-lock as sealing options will be assessed.  Any necessary modifications to the design will be considered and implemented.  


When the measurement and regulation software has been developed sufficiently, a preliminary trial will be conducted in which the pH electrode will be connected to the input port of the data acquisition card.  This test will examine the effectiveness of our software in creating a pH electrode calibration curve, and subsequently converting voltages produced by the pH electrode into pH values.  It will consist of the introduction of the electrode into three consecutive pH buffer solutions (of pH 4, 7, and 10).  The software will then create a calibration curve, which will convert incoming voltages to pH units, display them graphically, and record them to a data file.  After calibration, the electrode will be immersed in a test solution of cell nutrient media.  The pH of the test solution will then be increased from pH 7.4 to pH 10 through the introduction of NaOH, and will subsequently be lowered from pH 10 to pH 4 by the introduction of HCl.  In addition to the test electrode, a control electrode that is connected to a commercially manufactured pH meter will be placed in the solution during testing.  The pH output produced by both sources will be recorded over the course of the testing.  The data will be compared to look for a statistically significant difference between our system and the control system output, and any necessary modifications to the software will be completed.


The next level of testing will involve the in vitro implementation of the pH electrode and reservoir into the actual bioreactor loop, without the presence of cells in the bioreactor.  In addition, the pH electrode and CO2 mass-flow controller will be connected to the bioreactor pH regulation hardware/software system.  This phase of testing will focus on the effectiveness of the system pH measurement in flow conditions, and the regulation of media pH through the automated software control of the CO2 mass flow.  The protocol will occur with the regulation portion of the program disabled.  It will consist first of the cycling of the flow loop pH through a range of pH values (pH 4 to pH 10) through the addition of NaOH or HCl.  The system will measure and record the values as the fluctuation occurs.  After the introduction of an acid or base, the system will be allowed to come to equilibrium for 10 minutes, at which point the pH of the system will also be measured by withdrawing a sample for use in an ABL pH monitor.  These values will then be compared with the values obtained from the automated system to look for any significant differences.  An additional testing protocol will be implemented to examine the pH regulation capabilities of the system.  The regulation capabilities of the software will be engaged, and the system will be allowed to bring itself to the selected pH set point.  Measurements of pH will be recorded by our system verified with the ABL system.  Once the system has reached equilibrium, we will continue to add small amounts of acid or base to alter the pH of the system.  The data obtained from this testing will be used to assess how quickly the regulation software returns the system to the optimal pH from a given incorrect pH level.  In addition, it will provide information on whether the system maintains system pH within the specified range of the optimum pH +/- 0.05.  Any necessary modifications of the system will be implemented, and depending on the results of prior testing, a final stage of preliminary testing may be conducted.


Ultimately, incorporation of the system into the working bioreactor flow loop will be conducted to examine the efficacy of the pH regulation system at conducting long-term monitoring and regulation of the pH when viable cells are present and metabolically active within the bioreactor.  This stage of testing will be conducted over the course of a continuous 14 day test.  The system will be monitored regularly to watch for any problems with the software (such as incorrect pH measurement or CO2 mass flow regulation) that could possibly damage the cell culture.     
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