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Norbert Wiener, U.S. News and World Rep, 1964; Mikhail Neiman, Radiotechnika, 1965; Church et al, Science, 2012; Goldman et al, Nature, 2013

Let’s store data in DNA!

The number of 

transistors doubles 

every 18-24 months

The industry 

roadmaps are based 

on that continued 

rate of improvement

Arrange the atoms 

the way we want

DNA molecules use 
approximately 50 
atoms for one bit



Bases: 

Data: Bits Base

00 A

01 C

10 G

11 T

Simple mapping:

Store data in synthetic DNA strands

…

150 to 300 bases

G T

TT G GG T G GT

10000111001001



Credit: Tara Brown Photography/University of Washington



VS.

Cold Storage: 1EB

Size: Two Walmart Supercenters

It’s here!



(Credit: Philipp Stössel/ETH Zurich)

DNA “synthetic fossils” last 2,000 – 2,000,000 years

Extreme density makes these conditions cheap and easy to keep
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800 Kbases/day 80 Gbases/day 10 Gbases/day

Size of a mainframe Size of a workstation Size of a portable SSD

Same medium as read technology improves:
G T TG



Same medium as read technology improves:
G T TG

Medium changes as read and write technology improves:



Polymerase Chain Reactions (PCR) create copies exponentially

TGG TGT T GG G GTG

TG

T G ACC ACA A CC C C
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Nguyen et al., Electronics Goes Green, 2020
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1GB of data stored and fully recovered

Most data in DNA in peer reviewed publication

Published

Organick et al., Nature Biotechnology, 2018
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1010 0111010111001000

1100 1001010001001001

AGT GCTAGCTAGATCGA

CAC TCGATCGATAGCTA

0001 0101000101011100

0010 1101100001111000

01110101110010000011

10010100010010010100

ACG AGTCGATCAGTCGA

ACT GTCATACGTAGCGA

CTATCGTGACTAGTCAGA

ATCGCTCGATCGATAGC

1 of 4 2 of 4 3 of 4 4 of 4
Photo credit: OK Go. 

Redundant 

data for later 

error correction*

0101000101011100 1101100001111000 0111010111001000 1001010001001001

ACGT TGCA

ACGT TGCA

ACGT TGCA

ACGT TGCA

ACGT TGCA

ACGT TGCA

Grass et al., Angewandte Chemie, 2015; Bornholt et al., ASPLOS, 2016



Addition

Oxidation

Deblocking

AC GACTCTGAACGT TGCA

G TGT T GG G G

Array synthesis



(Credit: Grass et al./ETH Zurich)

DNA library

Grass et al., Angewandte Chemie, 2015; Chen et al., Advanced Functional Materials, 2019 ; Kohll et al. Chemical Communications, 2020



TGG TGT TGG G GTG

TG
T G

G TG TGT T GG G GTG

Selecting one 
item out of two

PCR primers 
are used to 
access units 
of storage 
individually

Yazdi et al., Scientific Reports, 2015; Bornholt et al., ASPLOS, 2016; Organick et al., Nature Biotechnology, 2018; Organick et al., Nature Communications, 2020; Chen et al., Nature Communications, 2020



AC GACTCTGAACGT TGCA

AC GACTCTGAACGT TGCA

AC GACTCTGAACGT TGCA

AC GTCTCTGAACGT TGCA

AC CTCTCAGAACGT TGCA

AC CTCTGTGAACGT TGCA

…

G TT T GGG T



AC GTCTCTGAACGT TGCA

AC CTCTCAGAACGT TGCA

AC CTCTGTGAACGT TGCA

AC GACTCTGAACGT TGCA

Force 
direction

1.8nm

Yazdi et al., Scientific Reports, 2017; Organick et al., Nature Biotechnology, 2018; Lopez et al., Nature Communications, 2019



Illumina NextSeq

ONT MinION
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AC GACTCTGAACGT TGCA

GA ACTACAGCACGT TGCA

AC GACTCTGAACGT TGCA

GA GCTATAGCACGT TGCA

GA GCTACTGCACGT TGCA

AC GTCTCTGAACGT TGCA

AC GACTCTGAACGT TGCA

GA GCTACAGCACGT TGCA

Rashtchian et al., NeurIPS, 2017; Organick et al., Nature Biotechnology, 2018



AC GACTCTGAACGT TGCA

GA GCTACAGCACGT TGCA

0001 0101000101011100

1100 1001010001001001

0001 0101000101011100

0010 1101100001111000

0011

0100 1001010001001001

1010 0111010111001000

1100 1001010001001001

0001 0101000101011100

0010 1101100001111000

0100 1001010001001001

0011 0111010111001000



0001 0101000101011100

0010 1101100001111000

0011 0111010111001000

0100 1001010001001001

Photo credit: OK Go. 

0101000101011100 1101100001111000 0111010111001000 1001010001001001
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[Ceze et al., Nature Genetics Reviews’19]

for DNA data storage, highlighting the key proposed 

mechanisms. We also discuss systems aspects such as 

random access and preservation. We then highlight the 

remaining challenges to mainstream adoption and con-

trast them with challenges to gene synthesis. We also 

provide an overview of DNA data storage in vivo, discuss 

its target use and contrast it with in vitro data storage. 

For readers interested in an in- depth review focused on 

such in vivo DNA- based memory systems that record 

cellular activity, we recommend a recent review by Sheth 

and Wang7.

A brief history of DNA data storage
The basic concept of using DNA for data storage can 

be dated back to the mid-1960s, when Norbert Wiener 

and Mikhail Neiman discussed ‘genetic memory’ ideas8,9. 

However, DNA sequencing and synthesis technologies 

were still in their infancy then, and it was not until more 

than 20 years later (around the same time that Richard 

Dawkins discussed the idea in his 1986 book The Blind 

Watchmaker10) that the concept of DNA data storage 

was first demonstrated experimentally with Joe Davis’ 

bioart piece ‘Microvenus’. Davis encoded a 35 bit image 

of the ancient Germanic rune for ‘female Earth’11. The 

concept was demonstrated again in 1999 as a means of 

hiding secret messages (steganography) in DNA micro-

dots on paper12. The microdot work is unique in that 

it was not only the first but also remained until 2012, 

the only demonstration of DNA data storage that did 

not include an in vivo step in the storage or recovery 

process: beginning with Davis’ project, all other sub-

sequent works (until 2012) stored data within living 

cells11–18. Ostensibly, this was as much a practical as it 

was a strategic decision, as synthetic DNA was typically 

cloned into replicative vectors to facilitate sequencing 

and selection of correctly synthesized sequences.

A major breakthrough occurred in the early 2010s, 

when Church et al.19 and Goldman et al.20 independently 

revisited the idea of DNA data, storing on the order of 

hundreds of kilobytes of data and making the observa-

tion that progress in writing and reading could make 

DNA data storage viable in the foreseeable time frame. 

FIGURE 1 shows a timeline of experimental results with 

data volumes and the major techniques used. Notably, 

there is a clear exponential rate of progress in capac-

ity, with improvements of approximately 3 orders of 

magnitude in a mere 6 years. Most of the studies use 

phosphoramidite- based DNA synthesis, a process that 

has been perfected over decades; enzymatic DNA synthe-

sis is still an emerging area of research, yet it has already 

been successfully used for data storage21. For readouts, 

most of the studies use sequencing by synthesis, which 

is a commercially available sequencing method popu-

larized by Illumina. Recently, multiple groups have had 

success decoding data with nanopore sequencing using 

the Oxford Nanopore Technology MinION platform, 

although at more modest data volumes. We expect these 

volumes to increase in the near future. In FIG. 1, note the 

important step in data volumes with array- based DNA 

synthesis, which we discuss below.

As mentioned above, most early work on DNA data 

storage involved in vivo cloning and storage compo-

nents, for convenience, watermarking or steganog-

raphy11,13–18,22. More recently, an emerging branch of 

in vivo DNA data storage harnesses advances in syn-

thetic biology to record new information within regions 
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Fig. 1 | Timeline of major published works on digital data storage with DNA. The timeline comprises studies that 

included a wet- laboratory experimental demonstration. Details include how the DNA data were synthesized, stored and 

read and whether retrieval supported random access. Superscript numbers correspond to citations in the references 

section. ONT, Oxford Nanopore Technologies.
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Latency

Synthesis and sequencing are 

currently batch processes, 

matches archival storage SLAs

(~hours).

Emerging technologies, like 

nanopore devices, provide 

closer to real time latency



Opportunities for improvements in write and read throughput, latency and cost

Opportunities Life sciences Data storage

Error rate Single base mutations 
affect function

Error correcting codes allow data recovery even 
in the presence of multiple errors

Error types: substitutions, deletions and insertions
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Longer sequences 
have more function

Shorter sequences are faster and easier to make

0%

20%

40%

60%

80%

100%

0 500 1000 1500 2000
O

v
e
rh

e
a
d

DNA strand length

Sweet spot

Diminishing returns

TG T G



Random
AccessEncoding Synthesis Sequencing

(write)

1

0

0

0

1

0

1

0

1

1

G

C

A

C

T Preservation

G T
(read)

Decoding

Electronic ElectronicMolecular 1

0

0

0

1

0

1

0

1

1

G

C

A

C

T

Highly parallel and 
energy efficient



Problem: shifts complexity from time to amount of material

Hamiltonian path problem
Node 1

G GT G

Node 2

TT GG G

Edge B

C AC C C

Adleman, DNA1, 1994



Operate over data already stored in DNA

Target polynomial time algorithms

Extremely parallel and energy efficient10000111001000001 10101010

10000111001000001 11011101



?



?



Double helix: complete match

Exploiting matches for exact and approximate search

T TT G GG TGGT

TG G T T GG

Good partial match Poor partial match

T
G G

T T GG

T
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G GG TGGTT G
T

G GG
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G
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T G

T
G G

T TG
G



Good partial match

Poor partial match

Perfect match

CTACGG A T C TC A GCAGT
3x

3x

3x

9x

TT G GG T G GT

TT A G GA C G C T G C AGATC

Magnetic 

nanoparticle

CTACGG A T C TC A GCAGT

GT A C G CTAA CCT C AG AG

TAG GA T CT C C AGG GG A T

3x

2x

1x
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image 2 ACGTAAGTCAGCGTGACTACGTAG

image 5 TCGATCTGAGTAAGTCGCGTAGTA

image 6 GTCAGGCGTACTTAGCTGATGACT

image 8 AGTCATGCGCGTACTCGTAGCTGA

Database/ training

Query/ 

inference CTGTGTAAGTCGTATAGTA

GACACATTCAGCATATCAT

image 5

Stewart et al., DNA24, 2018; Nature Communications, 2021



T G T G GT

T CTAACG GA TC CA G CAG

Image 5

TAGGC ACGAATATGCCC

CTCATACGAG



T G T G GT

T CTAACG GA TC CA G
CA

G

Image 5



“Database” strands
(many)

“Query” strands
(one type)

CTAA C G G A T C T C A G C AG TT G GG T G GT

C T AAC G GATC TC A GC AG

TCGT CAGG GC A T A C A C T

T CTAACG GA TC CA G CAG

C CT AACG GAT C T A GC AG

TT G GG T G GT

TT G GG T G GT

TT G GG T G GT

TT G GG T G GT



T CTAACG GA TC CA G CAG

T G GT

CTAA C G G A T C T C A G C AG

TT G GG T G GT

C T AAC G GATC TC A GC AG

AACG CTAC GG A T T C A G C

TT G GG T G GT

TT G GG T G GT

TT G GG T G GT

T CTAACG GA TC CA G CAG

T G GT

C CT AACG GAT C T A GC AG

T CTAACG GA TC CA G CA G



T CTAACG GA TC CA G CAG

T G GT

CTAA C G G A T C T C A G C AG

TT G GG T G GTC T AAC G GATC TC A GC AG

AACG CTAC GG A T T C A G C

TT G GG T G GT

TT G GG T G GT

TT G GG T G GT

C CT AACG GAT C T A GC AG

T CTAACG GA TC CA G CA G

T CTAACG GA TC CA G CAG

T G GT



T CTAACG GA TC CA G CAG

T G GT

TT G GG T G GT

TT G GG T G GT

TT G GG T G GT

TT G GG T G GT

T G GT

T CTAACG GA TC CA G CAG



T CTAACG GA TC CA G CAG

T CTAACG GA TC CA G CAG
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Adapted from Salakhutdinov et al. 2007
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Cross-Entropy

Loss

Gradients

Layer Size

Sequence Output 30 x 1

ReLU + 

Softmax Activations
30 x 4

Fully Connected Weights 10 x 128 x 30 x 4

ReLU Activations 10 x 128

Convolutional Weights 2 1 x 128 x 128
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Retrievals

Dissimilar

Retrievals
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Losses

Dissimilar 

Losses

1.6M images, 3 queries
Magnetic bead extraction
Illumina-based sequencing



Physically “diffusing” computation 

through data offers parallelism and 

virtually unlimited access bandwidth. 

Yes, at a higher latency. 
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Carmean et al., IEEE Proceedings, 2018
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First fully automated DNA data storage system

G T

synthesis

storage & 

prep

sequencing

Takahashi et al., Nature Scientific Reports, 2019





First fully automated DNA data storage system

G T

synthesis

storage & 

prep

sequencing

digital 

microfluidics

Takahashi et al., Nature Scientific Reports, 2019



Versatile platform to implement wet lab preparation protocols

VV

Newman et al., Nature Communications, 2019; Willsey, ASPLOS, 2019; Stephenson et al., IEEE Micro, 2020



No measurable contamination

60s dwell time

33ng mass

[Stephenson, Takahashi, Nguyen, et al.., Nature 

Communications’19]



def thermocycle(droplet, temps_and_times):
for temp, time in temps_and_times:

heat(droplet, temp, time)
if droplet.volume < MIN_VOLUME:

droplet += input("water", min_volume)

def pcr(droplet, n_iter):
thermocycle(droplet, n_iter * [

(95,  3 * minutes),
(62, 30 * seconds),
(72, 20 * seconds),

])

High-level 

programming 

with Puddle

Hardware

“Assembly code” activate(3,0)
activate(3,1)
activate(3,2)

…

Microfluidic Chips

Molecular 

Computing

Synthetic DNA

Domain Specific Reasoning

Hardware Abstraction

Core Fluidic Semantics

Experiment
Medical 

Diagnostics

Chemistry Medicine

Willsey et al., ASPLOS, 2019; Stephenson et al., IEEE MICRO 2020. 



Molecular domain Electronic domain



Biomolecules:
Self assembly, massive 

data and efficiency

Electronics: 
Ultra low latency, 

engineerable, perfect control

Quantum: 
Massive specialized parallel 

computing, little data

CPU

FPGA

GPU

Special purpose General purpose



https://www.microsoft.com/en-us/research/project/dna-storage/

https://misl.cs.washington.edu

https://www.microsoft.com/en-us/research/project/dna-storage/
https://misl.cs.washington.edu/

