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Abstract

This project recommends a way to automate the plasmid DNA purification process done at the Harlow lab at Harvard Medical School. Components have been designed to replace specific consumables in the process to reduce operating costs. As a result of extensive testing, a filtration method has been selected to replace centrifugation to increase speed, ease of automation, and purity of samples. These innovations provide the cornerstone of a design that can be fully automated to achieve the throughput and purity the Harlow lab desires, while freeing researchers to concentrate on the more important work of genomics.
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Exploded View of Full Filtration Assembly 
The Need for Project
	To achieve the high volume of purified plasmid DNA needed for cancer research, the Harlow lab would like to automate their purification procedure.

	The Harlow lab at Harvard Medical School performs cancer research and needs a high volume of purified plasmid DNA to conduct that research. The process they use to purify plasmid DNA is currently done manually. By automating the process, the Harlow lab hopes to increase throughput dramatically, reduce the cost of purification, and improve the purity of the samples.



The Design Project Objectives and Requirements

	The final device must take plates of 96 different bacteria cultures containing plasmid DNA and use chemicals and physical separation to extract the plasmid without cross-contamination. The present use of centrifugation is a major obstacle to automation.

	Design Objectives
The final automated device needs to take plates containing 96 wells of different bacteria and produce plates containing 96 wells of different plasmid DNA samples. This involves separating the bacteria from the liquid it is grown in, adding chemicals to release the plasmids from the bacteria, and separating the plasmid from everything else in solution. The two separation steps are typically done with centrifugation, which is difficult and expensive to automate.

It is crucial that no cross-contamination occur at any point. Disposable plastics are typically used to prevent this, but are the major contributor to the high cost of purification, and would like to be eliminated. 

Design Requirements

Currently a technician can perform a maximum of 800 purifications per day, though scientists don’t do this all day every day. The goal is to process 20,000 samples (the size of the human genome) in a 10-day period, or 2,000 per day, equivalent to roughly 20 96-well plates of bacteria.
The purification process costs about $0.19 per sample. The lab has set a goal of $0.10 per sample, but any reduction in cost will easily justify the cost of the machine, given the high volume of samples processed.
Purity of samples should also be improved, meaning only plasmid DNA should be collected, and no biological or other matter.




Design Concepts considered

	Filtration is the obvious alternative to centrifugation, and downward applied air pressure, rather than the common vacuum filtration, makes this design faster than either centrifugation or vacuum.

	The logical alternative to centrifugation is filtration, where particles are separated by size rather than by mass. The particles in this process can be separated either way. Filtration is being used now: manufacturers provide 96-well plates with filters built in and a vacuum sucks the liquids through the filter. Automating this system is feasible, but vacuum pressure is slow because it is limited to atmospheric pressure, 14.7 PSI. Applying air (or other gas) pressure from the top allows for higher pressures and faster filtration.
To reduce consumables, as many components as possible should be reusable. This led to the idea of having a replaceable filter sheet that could be clamped to the bottom of a reusable well plate. The plate would have though holes instead of round-bottomed wells, and the filter would be sealed with gaskets and then thrown away at the end of a purification.

It was assumed that different filters would be needed for each separation step, so the initial design allowed filters to be attached to either end of the reusable plate. Once liquid was in the plate, it could be inverted depending on which filter needed to be used. But testing showed that only one filter was needed, with 0.2 micron pore size. Using only one filter will greatly simplify the automation.
Proper mixing of chemicals continues to be a concern. This could be done with existing laboratory robotics (slightly modified) that simply squirt the liquids into the wells, but this just layers the liquids until they are forcefully mixed. This is a disadvantage because one chemical, which contains sodium hydroxide, should not come in direct contact with the bacteria because it is so potent, but be mixed instantaneously, as is currently done through pipetting, which uses disposable tips. This only affects one of the three chemicals added, so a concession may be made to use disposables at that one step.


Recommended Design Concept 

	A combination of a reusable well plate and replaceable filters, sealed properly, gives all the desired results.
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Custom 96-well plate with through holes and tabs for clamping
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ANSYS analysis of 301 stainless steel plate with the bottom fixed and the wells pressurized to 60 PSI. The maximum displacement was 2.2 e-8 mm.

	Design Description
A reusable 96 well plate is being made of stainless steel and will have through holes instead of round-bottomed wells. Stainless steel was chosen because of its chemical inertness and durability.

A 0.2 µm filter sheet will be attached to the bottom of the plate. The small pore size allows the filter to hold liquid for a short time without leaking before adding pressure. The filter is a track-etched membrane which has only vertical channels, ensuring no lateral flow through the filter (and thus no cross-contamination).

Custom-designed gaskets seal the gap between filter and plate and do not allow for cross-contamination. A finely perforated metal sheet rests directly beneath the filter for support. A rigid grid under the perforated metal and another gasket prevents the filter or other components from bowing. Nozzles on the bottom of this grid direct the flow, further reducing cross-contamination.
Once all these components are secured together—with threaded rods in the prototype, but probably some sort of clamp for automation—the bacteria samples are added to the wells and pressure (30 PSI) can be applied from the top with a pressure hood. Growth media is drained away and only bacteria cells remain on the filter.
After the bacteria are filtered, in 90 seconds, the pressure hood is removed and three chemicals are added. After proper mixing, the pressure hood is reapplied (at 30 PSI again) and the plasmid, in solution, is filtered into a collection plate, in 30 seconds.
Analytical Investigations

The custom well plate was analyzed for stress and deflection at a pressure of 60 PSI (the standard pressure with a factor of safety of 2) using ANSYS. Analysis was done for the stainless steel plate (see figure at left), but also for ABS plastic, in the event this device gets commercialized. The deflection was small enough to allay concerns of cross-contamination resulting from liquid seeping under the plate. 
EPDM (ethylene propylene diene monomer rubber) was chosen for the gasket material because of its resistance to the chemicals used in purification and compressibility. Calculations were performed to determine the force necessary to compress the gasket properly (400 lbs.).
Because of the plate’s small dimensions it is not considered a pressure vessel and is not required to meet ASME standards on such.

Experimental Investigations

Extensive testing of filters determined the optimum pore size (0.2 µm) and pressure (30 PSI) for both steps, the necessary time to filter (90 and 30 seconds for the first and second steps), the best filter type (track-etched) and material (polyester). A powdered additive called Celpure was found to reduce clogging dramatically. An advisor at the lab determined that 10 mg of Celpure per sample was the requisite concentration to prevent clogging for 1.5 mL of bacteria.
Filtration yields at each step were equal to, if not better than current methods. Combining the two steps results in a slightly lower yield, mostly due to losses in the overly large test chamber.
Key Advantages of Recommended Concept

Total separation time has been reduced from 30 minutes with centrifugation to 2 minutes with the filtration method outlined above.
Disposable pipette tips have been eliminated at several steps. Growth media is drained away after filtration instead of siphoned off after centrifugation, and similarly plasmid in solution is collected directly in a plate rather than transported to one by pipette. Also, two sets of chemicals can be dripped in by robot instead of added by pipette.
Most importantly to the Harlow lab, DNA yields from this process and purity are equivalent to what is currently achieved. Further tests are necessary to fully quantify these results.



Financial Issues
	The replacement of one consumable from the original process plus other improvements decreases the cost by $9,586 per genome screen (100,000 samples). 
	The current cost of consumables for 96 samples is $18.45, and includes an additional disposable plate for lysate clearing costing $12.40. Filtration captures the lysate, so the clearing plate is not needed, but in its place are a filter costing $4.78 and $0.22 of Celpure. This, plus the reduction in the number of pipette tips used, reduces the per-sample cost from $0.19 to less than $0.10. This seems insignificant, but on the scale of a full genome screen, 100,000 samples, this results in a savings of $9,586. Volume discounts will further reduce the cost.



Recommended Improvements
	Next, machinery is needed to perform the physical tasks a human would do, and a computerized system to tie it all together.
	The focus of this project was to develop a full prototype of the custom well plate and filter assembly that facilitate automation and recommend a way to scale up to full automation. A future design group will implement these innovations. This includes the use of existing laboratory robotics, the invention of custom robotics that will shake the assembly for proper mixing and apply and remove filters and gaskets and such, and a computer-controlled system that will tie everything together.
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