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DNA bits are very durable ...

. e, i ’ Kjeer, K.H., Winther Pedersen, M., De Sanctis, B. et al. A 2-
Figure 2b Mammut americanum m million-year-old ecosystem in Greenland uncovered by

environmental DNA. Nature 612, 283-291 (2022).

https://doi.org/10.1038/s41586-022-05453-y
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.. but we won't store digital data in DNA using fossils

In an ecosystem, different DCS’s have different cost, 7&%
complexity, and duration characteristics 4 )
Apples-to-apples comparison of durability requires S;'i';;';anopamc,es

Standard method(s) for conducting media aging experiments (x years) Vials
(y years)

Standard metric(s)
€

Challenges to creating standard methods & metrics 1
DNA ages very slowly so we need to believe that an ’
accelerated wear methodology won't skew results ~

Can a DCS be evaluated independently of the other steps in @_

the DNA data storage pipeline? Sealed stainless
steel (z years)
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Research on preservation/containment

In general, possible to extend
the durability of DNA media
by using various additives
and containment
mechanisms [table]

In particular, a DCS that
shields DNA media from the
atmosphere preserves
molecular stability for long
periods at room temp (i.e.,
25°C), Grass [11], Coudy [19]

Y
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= Experimental
10 window
"
107
10°* s,

. 25
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Temperature (C)
Edited from figure 2b in Organick et al [41]

P'c?"z‘r;‘,’” Preservation Substrate/Method Drying |PrOlectionfrom| - Stabiity
Encapsulation in salts** v Accelerated aging
Degradable Polymer= v Acceleraed aging
En‘g;‘:smu‘é?i'on Cationic Diblock Copolymer v
Silica nanoparticles =101 v v Arrhenius
Magnetic silica nanopartickes™ v Acceleraed aging
3D-printed microfluidic chip*? 4
DMNA movable type blocks™
Lyophilization | Living Memory Microspheroid™® v 3 months at RT
Storage Platform, P hysical Data Partitioning*® v
DMNA DataStorage n Perf? v Accelerated aging
encpahgssaclztlion Stainless steel capsules’®*® v v Arrhenius
DMAstable*! ¥ Arrhenius
Gentegra DNA+ v Arrhenius
Pullular®® ¥
Incusonina g 7
matrix
composite nucleic acid-polymer fiber 52 v Accelerated aging
300K matr i inclusion™ v
Hierarchically structur ed polymeric microparticles™
Absor ption FTA paper+! v Arrhenius
on paper Chitosan treated paper™ v
Dehydration Glasssi7 v
on solid —
supports Silicon™ v
Dissolution Imidazolium ammonium pyridinium cations™
inliquid sats | Ammonium-Based lonic Liquid™ »1year atrt
yeast genome’ 2 v
E.coli genome™®33+ v
o ) yeast cells™ v
Living organism Bacteriat s v
Bacillus spores™® v
Living M emory Microspheroid*® v 3 months at RT
DMNA beads Magnetic Bead Spherical Nucleic Acid™ v Arrhenius

storagein long
DNA molecules

Experimental DNA storage plaform®

Storage in an Bctremophile Genomic DNA®

construction, sequencing, long artificial DNA sequence™

DNA = a universal chemical substrare™

Source: Jacques Bonnet, Marthe Colotte




What did the research tell us about defining a durability
verification method and metric?

The predominant form of DNA degradation events g S
in storage is a strand break, which can be detected DNAS {" B S-BeB-s
and quantified with qPCR or dPCR, since broken S=B eB-s P, _
. . . . n 1" base N chain
chains will not polymerize. [diagram] P i s loss g—p break ’\
S—B e B-S p P
. 1 1 - 1 1
Strand breaks during storage appear to be re‘ffi‘ggfeff‘_‘%f‘“ N Eh..;f_”'“‘ i $B @ B=s i bF:gEk
independent of the sequences in the DNA strands Is-‘B-iB—§ b A -
stored. [11, 41] In other words, no observed Q: SR_odaion % <
sequence bias for DCS studied to date. e b |
0Z0Nnce [N | I 1 Seqz:rr;f’;ng
. . P ~_ P . _BeB-5S
If a DNA strand survives storage intact, the data : _g;gta_r ) I
oxidaation p

stored in that strand appears to be recoverable
(even at elevated temp during accelerated wear).
[11, 41]
Conclusion

A standard accelerated wear methodology measuring the time by which only 50%
of the original strands remain intact in a DCS gives us a durability metric (half-life)
that is independent of synthesis, retrieval, and sequencing.
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We took the goal to standardize this flow

DNA Accelerated aging at Measured % remaining material Arrhenius curve fit of
Containment various temperature, (i.e., uncut strands over time) degradation data set
System (DCS) humidity conditions

25C

Quantity of intact DNA

Reference
Media Pool

3
o
o
T~ kinetic @T, <
el e t u_._' 10°
kinetic @7, —e—__ Eﬂ
toT » Experimental
. . 10 window
kinetic @T5
-+ time 2
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Highly recommended to run a realtime test

O u tI i n e Of th e S pec even if no measurable degradation detected.

E.g., for a DCS with a claimed half-life of 10
years at 25°C, for 150 nt strands, 87% of the

strands should be intact after 2 years. A
significant deviation from this should lead to
re-evaluation.

Forward Primer (20 nt Payload (110 nt) Reverse Primer (20 nt)
ACATTCCGTGCCATTGGATT NNN ... NNN TTTGTGGAACGATTTGCCGA
\ Y J
Recommended, ) ~
but not required. Reference Media Pool (5)

A/\‘ P
Restof Talk ) Real-time Aging (7)
- Accelerated Aging (6) ~l r Same flow as Accelerated, but Aterative Methods (8)

with actual storage conditions

>_ Permissible to vary Reference

‘ Experiment Parameter Design (6.1) Pool format and measurement

¥ ) : .
tech f fi :

| Storing the Media in the DCS (6.2) O e be do 2 050

v +
| Pre-Aging Media Loss Quantification (6.3)

v +

Agi d M t (6.4 : ‘

| bl easu:eme" ©4) E.g., properties of a DCS may cause short

| Half-Life Calculation (6.5) D (150nt) oligos to result in very long test times,
even at accelerated temp. This may require
longer oligos or other forms of DNA (e.g.,

supercoiled plasmids) that are more sensitive to
degradation at lower temperatures. This may
require measurement methods more sensitive
than qPCR or dPCR (e.g., gel electrophoresis).
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The experiment model (section 6.1)

Humidity (RH) is the controlled parameter Two pre-aging phases defined by three time-values
Constant for each set of temperatures (T,_,) defined in experiment t; = time at which material is prepared, but not yet stored in the DCS[_]
Two mandatory RH points (50% and 75%). t¢ = time at which aging conditions are applied to media in the DCS[_]
More RH points optional; = 20% from the two mandatory points and each other t, r = time by which aging conditions have been applied long enough

so the degradation rate has reached steady state for the kinetic at T.
Temperature (T) is the acceleration parameter

Set of T values for each value of RH Aging phase[ ]
Minimum of 3 temperatures (T,_, where n > 3) For each T, DNA is sampled at time points, {tg, t5, 1, t2, .., tg}, qr = 4
Each temperature point > 10°C from each other At is constant for each kinetic (i.e.tyr = tir + (gr — 1)Atr), but

each kinetic can have a different At

Quantity of intact DNA

Nonlinear degradation, plus constants for pre-aging material loss:
y1 = ¥(t)/yo - material loss prior to aging conditions being applied [_]

v2r = ¥(tir)/(td) - material loss while degradation rate not at steady state | y(t)
A
Concentration Yo fort =ty Yo T RH constant for
attime t (l Y1Yo T = each set of kinetics
y(t) = 10 fort=t5 { (1)

Y1Y2,1Y0 €XP (—nA exp (_TE) t) fort >ty

kinetic @T >

kinetic @T 5

time

t5 oty
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Analysis and Reporting (Section 6.5)

The measured data series for each From each exponential equation, the The k; are used to plot an Arrhenius
kinetic, y(t) for t = t; 7, to 1, ..., tq 1 for degradation rate k; (i.e., strand degradation relation (-log10(k+) plotted 1/T) that is
each value of T, are fit to: rate at temperature T), is estimated in units then used to extrapolate the half-lives
y(tr)=y(t: )exp(—nkr(tr — t11)) (2) of breaks per nucleotide per second (t1/2) of.DNA fragronents, of length n
nucleotides, to 25°C
Y ‘(f) Breazse’:i;r;zﬂzmide Strand Degradation "
Yo A Rate (ky) i’
Y1Yo For strands of
oF length n nucleotides
;:(1‘;? 10'
2
kinetic @T5 “;6 10°
- 4+ time> > o Experimental
to tO tl TZ T3 Temp (C) window
« Testers must report on the quality of all curve fits (i.e., residuals)

and the method used to calculate the fits (e.g., R-square) L
Temperature (C)
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Pre-Aging media loss quantification (section 6.3)

t
Amount of material lost before aging starts (expressed in y E )
model as y,), is also a valuable measure of the quality of a
DCS (ease of use, estimate of how much material one y(ta)
should start with, etc.). ] ™
y(tg)T

Spec recommends strongly to capture this quantity, “DCS
Recovery Rate %", y; = y(t5)/y(ty)):
y(to): Amount of intact DNA before the media stored in DCS

y(td): Amount of remaining intact DNA after media stored in
DCS but before experimental conditions applied

The data collected to calculate the DCS Recovery Rate %
use same methods as for data collected in Aging Phase, kinetic
but are not considered in degradation rate calculations

t5 tots
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We needed a standard method and metric

We offer the DNA Data Stability Evaluation Method v1.0 to meet this challenge

In an ecosystem, different
DCS’s have different cost,
complexity, and duration
characteristics

Apples-to-apples comparison
of durability requires

«  Standard method of conducting
media aging experiments

«  Standard metric
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https://www.snia.org/sites/default/files/technical-work/dna-data-stability/release/Data%20Stability%20Evaluation%20Method%20for%20DNA%20Data%20Storage%20Containment%20Systems%20v1.0.pdf

= ONA DATA
:"&E STURA%

THANK YOU

dave.landsman@wdc.com

Advancing storage &
information technology

DNA Stability Evaluation Method for
DNA Data Storage Containment

Systems

Version 1.0

ABSTRACT: This specification defines a standard procedure to measure and a standard
metric to characterize the molecular stability of DNA in a DNA Data Containment System
(DCS) so that a DCS being considered as a part of a DNA data storage solution can be
objectively compared, in terms of how effectively the DCS protects the media, vs. other DCSs
being so considered.

This document has been released and approved by SNIA. SNIA believes that the ideas,
methodologies, and technologies described in this document accurately represent SNIA goals
and are appropriate for widespread distribution. Suggestions for revisions should be directed
fo hitps://www snia ora/feedback/

SNIA Standard

September 12, 2024




BACKUP

[ [DNA DATA STORAGE ALLIANCE| A SNIA'®Y Community




References

1)

2)

3)

4)

5)

6)

7)

8)

9)

10)

11

12

13]

14)

15)

16)

17)

18]

19)

Kohll, A.X., et al., Stabilizing synthetic DNA for long-term data storage with earth alkaline
salts. Chem Commun (Camb), 2020

Antkowiak, P.L., et al., Anhydrous calcium phosphate crystals stabilize DNA for dry storage.
Chem Commun (Camb), 2022

Newman, S., Stephenson, A. P., Willsey, M., Nguyen, B. H., Takahashi, C. N., Strauss, K., &
Ceze, L. (2019). High density DNA data storage library via dehydration with digital
microfluidic retrieval. Nature communications, 10(1), 1706.

Zelikin, A.N., et al., A general approach for DNA encapsulation in degradable polymer
microcapsules. ACS Nano, 2007. 1(1): p. 63-9.

Prince, E., et al., Reversible Nucleic Acid Storage in Deconstructable Glassy Polymer
Networks. Journal of the American Chemical Society, 2024.

Korobko, A.V., C. Backendorf, and J.R. van der Maarel, Plasmid DNA Encapsulation within
Cationic Diblock Copolymer Vesicles for Gene Delivery. J Phys Chem B Condens Matter
Mater Surf Interfaces Biophys, 2006. 110(30): p. 14550-6

Antkowiak, P.L., et al., Integrating DNA Encapsulates and Digital Microfluidics for Automated
Data Storage in DNA. Small, 2022. 18(15): p. e2107381.

Banal, J.L., et al., Random access DNA memory using Boolean search in an archival file
storage system. Nature Materials, 2021.

Chen, W.D., et al., Combining Data Longevity with High Storage Capacity—Layer-by-Layer
DNA Encapsulated in Magnetic Nanoparticles. Advanced Functional Materials, 2019. 29(28):
p. 1901672.

Koch, J., et al., Preserving DNA in Biodegradable Organosilica Encapsulates. Langmuir, 2022.
38(37):p. 11191-11198

Grass, R.N., et al., Robust Chemical Preservation of Digital Information on DNA in Silica with
Error-Correcting Codes. Angew Chem Int Ed Engl, 2015. 54(8): p. 2552-2555.

Strauss, K.e.a.U.A., US2021291134 (A1) Silica Encapsulated DNA on Magnetic Nanoparticles.

.2021.

Zhang, J., C. Hou, and C. Liu, CRISPR-powered quantitative keyword search engine in DNA
data storage. Nat Commun, 2024. 15(1): p. 2376.

Xu, C., et al., Assembly of Reusable DNA Blocks for Data Storage Using the Principle of
Movable Type Printing. ACS Appl Mater Interfaces, 2023. 15(20): p. 24097-24108.

Luo, H., et al., Engineered Living Memory Microspheroid-Based Archival File System for
Random Accessible In Vivo DNA Storage. Adv Mater, 2025: p. e2415358.

Luo, Y., et al., Integrated Microfluidic DNA Storage Platform with Automated Sample
Handling and Physical Data Partitioning. Analytical Chemistry, 2022.

Ui Jin, L., et al., DNA Data Storage in Perl. Biotechnology and Bioprocess Engineering, 2020.
25(4): p. 607-615.

Bonnet, J., et al., Chain and conformation stability of solid-state DNA: implications for room
temperature storage. Nucleic Acids Res, 2010. 38(5): p. 1531-46.

Coudy, D., et al., Long term conservation of DNA at ambient temperature. Implications for
DNA data storage. PLoS One, 2021. 16(11).

Y

DNA DATA STORAGE ALLIANCE | A SNIA'®Y Community

N
&

N
)

w
e

w
)

w
@«

N
e

Jahanshahi-Anbubhi, S., et al., Pullulan encapsulation of labile biomolecules to give stable
bioassay tablets. Angew Chem Int Ed Engl, 2014. 53(24): p. 6155-8.
Liu, Y., et al., DNA preservation in silk. Biomater Sci, 2017.

) Soukarie, D., et al., DNA data storage in electrospun and melt-electrowritten composite nucleic

acid-polymer fibers. Mater Today Bio, 2024. 24: p. 100900.

Newman, S., et al., High density DNA data storage library via dehydration with digital
microfluidic retrieval. Nature communications, 2019. 10(1): p. 1706.

Lin, K.N., Volkel, K., Cao, C. et al. A primordial DNA store and compute engine. Nat.
Nanotechnol. 19, 1654-1664 (2024). https://doi.org/10.1038/s41565-024-01771-6

MOON, W.-C., US2007254294 (A1) Method for Storing Dna by Using Chitosan, and Products
Using the Methods. 2007.

Newman, S., et al., High density DNA data storage library via dehydration with digital
microfluidic retrieval. Nature communications, 2019. 10(1): p. 1706.

Horton, J.K., P.J. Tatnell, and R. Stone, US20170151545A1 Oligonucleotide data storage on
solid support 2017.

BRAMLETT, B.W. and B.J. PECK, US20210142182A1 DNA-based digital information storage
with sidewall electrodesTwist Bioscience. 2021.

Ohno, H., US 20070196826 Al Solvent for dissolving nucleic acid, nucleic acid-containing
solution and method of preserving nucleic acid. 2007.

Singh, N., et al., Very High Concentration Solubility and Long-Term Stability of DNA in an
Ammonium-Based lonic Liquid: A Suitable Medium for Nucleic Acid Packaging and
Preservation. ACS Sustainable Chemistry & Engineering, 2017. 5(2): p. 1998-2005.

Ping, Z., et al., Towards practical and robust DNA-based data archiving using the yin-yang
codec system. Nature Computational Science, 2022.

Sun, J., et al., Digital information storage on DNA in living organisms. Medical Research
Archives, 2019. 7(6).

Shipman, S. L., Nivala, J., Macklis, J. D. & Church, G. M. CRISPR-Cas encoding of a digital
movie into the genomes of a population of living bacteria. Nature 547, 345-349 (2017).
Maes, A, et al., La révolution de I'ADN: biocompatible and biosafe DNA data storage. bioRxiv,
2022

Hou, Z., et al., "Cell Disk" DNA Storage System Capable of Random Reading and Rewriting.
Adv Sci (Weinh), 2024: p. €2305921.

Liu, F., et al., Engineered Spore-Forming Bacillus as a Microbial Vessel for Long-Term DNA
Data Storage. ACS Synthetic Biology, 2022.

Boullé, O. and D. Lavenier, Experimental DNA storage platform2022

Sun, F., et al., Mobile and Self-Sustained Data Storage in an Extremophile Genomic DNA. Adv
Sci (Weinh), 2023: p. €2206201.

Leblanc, J., et al., Fully in vitro iterative construction of a 24 kb-long artificial DNA sequence to
store digital information. Biotechniques, 2024. 76(5): p. 203-215

Yang, S., et al., DNA as a universal chemical substrate for computing and data storage. Nat Rev
Chem, 2024

Organick L, Nguyen BH, McAmis R, Chen WD, Kohll AX, Ang SD, et al. An Empirical
Comparison of Preservation Methods for Synthetic DNA Data Storage. Small Methods. 2021;
5(5): 2001094



Grass et al [11]

Can we recover data in uncut strands that survive accelerated wear?

Study observations

= “Inner and outer code of the error correcting
scheme had to correct significantly more
errors than in the non-heat-treated sample,
[but] in both cases the original information
could be recovered without final error”

Answer: Yes

= Enough strands survived temperatures
used in accelerated wear to validate
high temperature stress method
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Figure 3
Recovering original data from silica substrate
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Figure 4 — Observed error rates

Organick et al [41]

. Trehalose —— Filter Paper
Do read errors vary due to preservation method? DNAStable GenTegra
—— Mag-Bind + DNAStable —— Imagene
—— DNAStable + PCR
Stu dy Obse rvatlonS: Insertion Average Deletion Average  Substitution Average
o i i A
Minimal (< 1%) variation in error rates across 5 ¥ X 4
preservation methods, temps, and time points g1- "aAahdB Lo : : -
Even substitutions, which show most variance, : § I i i § o
show this variance before any aging begins 0- A S 4 - =
I I I ] I | I I I I I 1 I 1 1
No one preservation method showed consistently . E- - -
more or fewer errors than any other method - £ A
across different temperatures and time points 8@ 1- S EEEE B a _sd
Suggests insertion, deletion, substitution errors are o T ] ¢ 0
independent of storage method o-2 0 & 2 8- -
I 1 1 | 1 1 ] 1 ] I I 1 I 1 ]
2_ - -
L |
For the purposes of evaluating and comparing a DCS, B1- T e T ‘
errors introduced/corrected by synthesis, retrieval, and LI
sequencing can be ignored o~ R 8 & 8 - =
| I I I I 1 I I I | | | | | I
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
Time points
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Organick et al [41]

Do certain sequences cause read errors with specific preservation methods?

Figure 5a
StUdy Observations Sequences Missing over Time

2.00 % 65C

.. . @ 75C

Total # of sequences found missing durin e @ &sC
sequencing (across all methods, time points

temperatures) were analyzed for sequence loss

Total # r.nis.sin§ sequences did not increase over
Time O, indicating no sequence dependent
degradation caused by preservation method (i.e.,
no “storage bias”)

This finding reinforced by further finding that
individual sequences mlssmg.at a particular
timepoint had > 90% probability of reappearing
and being successfully sequenced later

1.50

1.26

e

0.75 J_

0.50

0.25

Percent of Sequences Missing
5
-
HoeH

0.00
0 2 4 6 8 10 12 14
Time (Days)

Further reinforces the conclusion one can define a standard stability evaluation
methodology that is independent of the effects of synthesis, retrieval, and sequencing
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DNA sealed in inert atmosphere

COUdy et al [1 9] . half-life, at 25 °C of a 150 base-long oligonucleotide
Lasor walding according to the storage conditions
q Stainless steel cap 10°
. , 38 000
= Methods which _ s
completely seal media 10° |
from atmosphere yield Argon |
very high durability - | B commercial procedures
Desiccated
DNA 0] e
""""" - g:zﬁ;:i?eel shell 13 18
Laser printed = 4,5 i & 4.0
2D datamatrix code 2.9 a 37
www.imagene.eu
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