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Why is DNA so unique as a digital tool?



DNA is a really special molecule

Meiser et al. Nat. Commun. 2022.



Chemistry and information

Analytical chemistry

Chemistry IN Information OUT



Only with DNA: single molecule detection

DNA (100 bp)

Detection limit: 1 molecule (PCR)

(0.1 attogram)

+ sequence (NGS sequencing)

200 bit Information per 0.1 attogram

Analytical 

(Bio-)Chemistry
Chemistry IN Information OUT



DNA is a really special molecule

Meiser et al. Nat. Commun. 2022.



DNA Synthesis = Writing

today: ~ 0.0005 USD / Base
Kosuri & Chruch, Nat. Methods 2014.



Only with DNA: Massive parallel synthesis

Synthesis with up to 8 million parallel reactions per step (Genscript)
Up to 300 nucleotides long (Twist Bioscience)
--> Theoretical 340 MBs per pool

Antkowiak et al. Nat. Commun. 2020.



DNA is a really special molecule

Meiser et al. Nat. Commun. 2022.



Only with DNA: Making copies

Courtesy: National Human Genome Research Institute



Making copies of DNA pools

Goldman et al. Nature, 2013. Luescher et al. Nat. Commun. 2023.



Do all sequences amplify to the same extent?

Erlich et al. Science, 2017.

Gimpel et al. Nat. Commun. 2023.

Gimpel et al. Nat. Commun., 2023.



Understanding bias in multi-template PCR

• Pools of DNA sequences with constant adapters

• Measure sequence dependent amplification efficiency (by NGS 
sequencing)

Gimpel et al. bioRxiv, 2024.09. 20.614030 2024., collaboration with K. Borgwardt



Machine learning to connect sequence to 
amplification efficiency

1D-CNN

Gimpel et al. bioRxiv, 2024.09. 20.614030 2024., collaboration with K. Borgwardt



Motiv discovery

Intramolecular loop formation depends on distance – short distance motivs are more stable
→ Confirmed by thermodynamic calculations

Gimpel et al. bioRxiv, 2024.09. 20.614030 2024., collaboration with K. Borgwardt



Avoiding sequences improves sequence recovery

Gimpel et al. bioRxiv, 2024.09. 20.614030 2024., collaboration with K. Borgwardt

It is not GC balance and polynucleotide repeats – but other features that impede amplification



Proven workflow for identification of PCR bias

Gimpel et al. bioRxiv, 2024.09. 20.614030 2024., collaboration with K. Borgwardt



DNA is a really special molecule

Meiser et al. Nat. Commun. 2022.



DNA weakest link: stability

> 1 Mio year old mammoth tooth

van der Valk. Nature 2021. 

3’600 Mio base pairs after 1’000’000 years DNA only stable for extended storage at -20°C

DNA storage recommondations



DNA stability

Nobel prize 2015

In our body: 60’000 errors per day – DNA repair

In environment:  durability << 1 year



DNA decay

Lindahl, Nature, 1993.
Gimpel et al. Digital Discovey, 2024
Meiser et al. Comms. Biol. 2022.

The decay rate is per nucleotide in the strand
→ Rate of having at least one break in a strand scales (linearly) with length of DNA



DNA weakest link: stability

Ancient DNA (2 Mio years at -17°C)

Kjær et al. Nature 2022. 



How bad is it at room temperature? 

Antkowiak et al. Small. 2022.

Dry DNA
150nt length



Preventing Decay

Cold Tin-can Fossil

Decay is slowed down Protected from the atmosphere Protected from the atmosphere

Imagene DNAShell© Glass capsules



Storage in calcium phosphate

Antkowiak et al. Chem. Commun. 2022



Synthetic fossil

Paunescu et al. Angew. Chem. Int. Ed. 2013, 52, 4269.

Paunescu et al. Nat. Protoc. 2013, 8, 2440.



Synthetic fossil (made of glass)

50 nm 200 nm

Paunescu, et al. Angew. Chem. Int. Ed. 2013, 52, 4269.

Paunescu et al. Nat. Protoc. 2013, 8, 2440.



50 
nm

200 nm

Paunescu et al., Angew. Chem. Int. Ed. 2013.

Organick et al. Small Methods 2021.

If stored correctly, DNA is highly stable



DNA long-term storage format

Antkowiak et al. Small 2022.



Size difference: DNA Particles on DVD

50 nm

150 nm

DVD

~ 3 bit

200‘000 bits an Information

Encapsulated DNA: 10000 bit

On this image

~ 160 bit DVD

> 1 million bit DNA



DNA decay

Lindahl, Nature, 1993.
Gimpel et al. Digital Discovey, 2024
Meiser et al. Comms. Biol. 2022.

The decay rate is per nucleotide in the strand
→ Rate of having at least one break in a strand scales (linearly) with length of DNA



DNA decay and repair

Meiser et al. Biol. Commun. 2022.
Can only be repaired if unsaturated aldehyde is removed 



Only for DNA: Molecular repair

Meiser et al. Comms. Biol. 2022.
We can reverse some DNA decay by enz. reaction
but DNA decay still has to be prevented



DNA is a really special molecule

Meiser et al. Nat. Commun. 2022.

+ have technologies to 
    prevent DNA decay



What can we do with it?

- DNA data storage

- DNA computing (will not be discussed here)

- DNA barcoding
- DNA of things

- DNA cryptography – chemical unique functions



DNA data storage

Gimpel et al. Digital Discovery 2024.



DNA data storage

Gimpel et al. Digital Discovery 2024.



DNA-containing capsules to directly label cotton
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IN-product labels

Each distinct marker represents a label of quality and unique identifier for each individual producer, 

manufacturer, location or batch. All of this information is stored in the product and further used to unravel 

its journey.
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DNA marked cashmere in shops

www.haelixa.com



Product information in products

Documentation
(Paper & Digital)

Product 
identification

TodayNATURE

ca. 1.5 GB of genetic
Info. per cell as DNA

~ 1013 cells per body

Future
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DNA = 
Chemical Information

Individual strands

DNA Product barcoding Digital data archive

Millions of DNA strands (15 MB)

DNA of things

DNA of things



Application in 3D printing

* collaboration Erlich & Grass
Koch et al. Nat. Biotechnol. 2020



enables 8x1019 bunnies
* collaboration Erlich & Grass

Koch et al. Nat. Biotechnol. 2020



Storing data in everyday objects

600'000 copies of a 1.4 MB movie stored as DNA in the lens

* collaboration Erlich & Grass
Koch et al. Nat. Biotechnol. 2020



DNA of democracy

• 75th anniversary of Germany’s Grundgesetz
• Grundgesetz encoded into synthetic DNA
• Links biological heritage and cultural legacy 
• DNA (in silica) added to ink of newspaper

400’000 edition, 18.05.2024



Massive Attack Mezzanine



Netflix Biohackers

• To promote Netflix German TV Series "Biohackers"

– Store full episode (40 min) in DNA (ca. 65 MB, 360p)

– 3.6 million DNA sequences (each  140 nt long)

– Every vial contains 1 million copies of the whole episode



Cryptography using random objects

A physical one way function = Physical unclonable function

Pappu et al. Science 2002.



Random DNA synthesis

Meiser et al. Nat. Commun. 2020.

→ Bias from synthesis
→ Debiasing (e.g. von Neumann)
→ 7 million GB of randomness from one synthesis run (100 Usd)

Typical synthesis: 200 µg DNA = 1016 different DNA strands



Chemcial one way functions

Luescher et al., Nat. Commun. 2024



Same input and pool → same output

Cryptographic bio-chemical functions
Luescher et al., Nat. Commun. 2024



Decentralized authentication

Luescher et al., Nat. Commun. 2024



Application to paracetamol formulation

Luescher et al., ACS Nano, 2024



Why we love DNA
• Unique molecule

– Self assembly, amplification, single molecule detection /sequencing
– Can be stabilized by ”fossilization” and protection from water 

• Sequences allow digital representation of
– Information
– Entropy

• Useful 
– for distribution/integration of information into objects
– as a source of randomness & entropy
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