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The biological example of writing information on a small scale has inspired me
to think of something that should be possible. Biology is not simply writing
information; it is doing something about it”

-- Richard Feynman, There’s Plenty of Room at the Bottom

Presenter
Presentation Notes
Here’s a couple quotes to motivate the work we do at CATALOG. The first, from Bill Gates … it’s a sentiment you have probably heard before. DNA is a digital sequence of symbols that exists in every living cell and stores genetic information. Not only does it store the information but encodes the machinery that process that information and creates function. The second, from Richard Feynman, is more of a call to action. it is from his seminal lecture “There’s Plenty of Room at the Bottom”In the lecture he discussed the possibility of manipulating individual atoms to store informationhe urges people to consider biological systems as a source of inspiration for what should be possible to build, not just for storing data, but for executing programs. This sort of thinking is what guides our work at CATALOG 



https://www.labs.hpe.com/next-next/impossible-problems

A paradigm shift is required to 
store and compute all useful data
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The amount of digital information is going to grow to >60ZB by 2021 and 3 times that by 2025. Experts predict that not only will we not be able to store all of this information but our ability to compute on this data will be substantially limited. Archival storage is primed for innovation because it represents 60% of all digital storage (and this percentage is expected to grow in the future), and is predominantly tape, one of the older media used for data storage. Some tape innovations are now being introduced to the market including heat-assisted magnetic recording (HAMR) and microwave-assisted magnetic recording(MAMR), techniques that enable smaller regions of the disk to be magnetized. However, these approaches are pushing the physical limits of the technology resulting in high development cost and technical challenges. What does this growth of data production translate into for market opportunity? The size of the world-wide archival storage market is estimated to be $8B by 2021 with a CAGR 9-12%. This number includes archiving software ($2.2B), archival disk-based storage ($2.0B), and tape ($3.5B). Archiving Software Forecast (Worldwide Archiving Software Forecast, 2017–2021: Generating Growth Through Higher-Value Engagements, IDC, 2017); HDD Forecast (Worldwide Hard Disk Drive Forecast, 2017–2021, IDC, 2017); IDC Historical reports



(Mikhail Neiman, 1964) 
“The biophysical information systems and processes 

open favorable prospects in the direction on 
microminiaturisation of information storage and 

processing devices. These processes are, in 
particular, in the recording of the hereditary 

information in single-chain polymer molecules of 
DNA.”

First artificial data stored:  (Joe Davis, 
1988) Designed and synthesized an 18-
bp message and transformed into E. 
coli

Agapakis, Scientific American, 2012 

History of data storage in DNA
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The first record of using DNA for information technology dates back to a paper from a Russian physicist, Michael Neiman, in 1964. This is just about 8 years after the structure of DNA was discovered. But ofcourse, the molecular tools didn’t exist to put this theory into practice.  The first one to do it, as far as I can find, is Joe Davis, an artist collaborating with molecular biologist Dana Boyd in Jon Beckwith's lab at Harvard Medical School. In 1988 he designed and synthesized an 18 base-pair message encoding the image of the ancient Germanic rune representing life and the female earth. The Microvenus message was then pasted into a vector and transformed into E. coli, creating a living work of art. A little interesting tidbit about this work is that it was inspired by the Arecibo telescope message, and there is this interesting article that talks about the artist’s intentions if you care to visit it. Here the image is encoded like asci text, where each pixel is a bit. there are 35 bits which you factor into primes to create the two dimensional image. Then those 35 bits are encoded into DNA using run length encoding. CTAG = run lengths of 1, 2, 3, and 4 respectively.



This approach dramatically reduces cost and 
increases speed of our DNA synthesis.

Our writing technology is similar movable type, 
we are re-using DNA oligos in a combinatorial 
assembly process to synthesize a large 
number of unique DNA molecules. 
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The predominant method for synthesizing DNA uses phorphoramidate chemistry. In phorphoramidate chemistry, single nucleotides are added sequentially through a multi-step organic synthesis process. Although this process was developed 50 years ago, the time required for a single cycle remains around 2 minutes. This is ~5 orders of magnitude away from the speed needed to be competitive in the storage market. Now, 8 years later, this approach is still considered state of the art but continues to have limitations.CATALOG’s method sidesteps the primary bottlenecks by using prefabricated DNA molecules, it is faster because DNA is available immediately and it is cost effective because DNA is ordered in large quantities.In our encoding scheme, each bit in a bit string is mapped to a unique DNA molecule and the bit value, “1” or “0”, is determined by the molecule’s presence or absence. We overcome the synthesis limitations (speed and cost) that other DNA-based storage groups have by using pre-fabricated DNA parts. This is similar to the concept of movable type, where movable components are re-used to make words. Our approach allows us to synthesize a large number of unique DNA molecules using a combinatorial assembly process.





Each bit is represented by a DNA molecule in CATALOG’s 
encoding strategy

Code: 0 0 0 0 1 0 0 1 1 1

Bit Position 0 1 2 3 4 5 6 7 8 9
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Shannon: Mbps write speed instrument

Collocate components Add assembly mix incubate pool
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We’ve developed a custom instrument that allows us to do this. There are 4 modules to the system.Chassis provides the substrate, a slightly hydrophobic polypropylene webbing, that traverses the entire instrument. This substrate is where DNA is dispensed and reaction drop/spots are formed. The Print Engine is an array of industrial inkjet printheads that dispense pL size volumes of each DNA components in specific locations that result in the creation of ligation reactions that assemble identifiers. The final printhead is reserved for an enzyme that catalyzes the assembly reaction. The instrument creates about 500K rxns/second, and we’ve done studies showing that each reaction can assemble up to 32 identifiers. For appropriate environmental conditions, an incubator is used. In the incubator, the reactions located on the webbing or substrate, are threaded through a series of rollers that extend the time for reactions to remain in this environment and eventually empty into a basin that pools all Identifiers. This is the instrument that we’ve previously mentioned being shipped from the UK and is currently being re-built. It brought us from off-the-shelf instrumentation which was much less than Kb/s write speeds to Mb/s write speeds which is where we are currently at, and we believe the technology is scalable on a future instrument to achieve Gb/s write speeds. 
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I just want to zoom in so that you can get a better appreciation for aspects of the instrument. The image in the upper left corner is the array of printheads in the print engine – you are looking at the top of the printhead and the green circuit boards are controller cards for each head. Each printhead is able to dispense 4 unique components (in 300 reactions simultaneously). In the lower left, this is a birds-eye view of the printed droplets on the webbing. We add dye to our “inks” to help with visualization. Each printed reaction is between 100 to 200pL. Each reaction is separated by 150um (a hair is about 50um). Each reaction is about 8 bits or a byte of information.On the right is a video (you just have an image) of the webbing with reactions moving through the incubator module. You’ll notice the series of rollers (that have red caps on their ends), and the webbing threaded around the rollers. The spacing of the reactions is such that the field of reactions look like a slice of cheese on the webbing. Each one of those rectangles has a couple hundred thousand of these reaction spots.----Assuming video works, describe the pooling process, liters of liquid produced at the end, and post-processing that reduces volume to uL (or complete dehydration).



DNA has been perfected over 3 billion years 
of evolution for data storage and computation

CATALOG versus
Current Media

(ex. HDD, SSD, Tape)

Less data migrations because 
of media longevity

Archives are portable and 
easily replicated because of 
areal density and DNA biology

CATALOG versus Other 
DNA groups

Use of pre-made DNA makes 
CATALOG’s writing strategy more 
than 1000x cheaper and faster

CATALOG versus future 
media technologies

DNA’s biophysical properties 
enable massively parallel search 
operations and potentially other 
advanced computing functions
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We believe that DNA is the next media for information storage and are developing a platform that enables this. Some of the advantages that we see are:DNA longevity is well documented in the literature – when stored properly, DNA is stable for 1000s of years and requires no additional energy to maintain its integrity. This stability virtually eliminates the need for data migrations that is current challenge with archivists and other data storage facilities. Further, no power consumption addresses a growing issue for those same groupsDNA also offers a much greater storage density than conventional media. Recently, SRC (Semiconductor Research Corporation) calculated that the areal density of DNA is orders of magnitude greater than SSD or Tape. This means that data archives stored in DNA have a smaller footprint and are more portable.DNA’s portability combined with its biological ability to replicate, allow for DNA archives to be disseminated to different geographical locations. DNA’s structure is amenable to a highly parallel search operations.Other groups are working on developing this media but are limited by bottlenecks in the chemistry of nucleotide synthesis.
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