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Abstract: Information, such as text printed on paper or images
projected onto microfilm, can survive for over 500 years.
However, the storage of digital information for time frames
exceeding 50 years is challenging. Here we show that digital
information can be stored on DNA and recovered without
errors for considerably longer time frames. To allow for the
perfect recovery of the information, we encapsulate the DNA in
an inorganic matrix, and employ error-correcting codes to
correct storage-related errors. Specifically, we translated 83 kB
of information to 4991 DNA segments, each 158 nucleotides
long, which were encapsulated in silica. Accelerated aging
experiments were performed to measure DNA decay kinetics,
which show that data can be archived on DNA for millennia
under a wide range of conditions. The
original information could be recov-
ered error free, even after treating the
DNA in silica at 70 8C for one week.
This is thermally equivalent to storing
information on DNA in central
Europe for 2000 years.

Prehistorical information put down
by our ancestors in cave drawings,
texts engraved in gold, and medieval
texts are some of the strongest links
with our past. An example is the
Archimedes Palimpsest that origi-
nates from the tenth century. This
contains the single known copy of
“The Methods of Mechanical Theo-
rems”, and represents a cornerstone

in the development of geometry and modern calculus. The
book has survived more than 1000 years and in 1998 was
valued at more than two million USD. In view of this
valuation of information it may seem surprising that current
efforts of guaranteeing longevity of digital information are
scarce (e.g. M-Disc, Syylex) and the storage half-life of
information has dropped drastically since the transition from
analog to digital storage systems.[1]

Traditional storage technologies such as optical and
magnetic devices are not reliable for long-term (> 50 years)
data storage.[2] Furthermore, the development of reliable
systems requires long-term testing, which is well above the
current device-development timelines. DNA is the only data-

storage medium for which real long-term data are available
from archeology. Most recently, 300 000 year old mitochon-
drial DNA from bears and humans has been sequenced.[3]

DNA has also previously been utilized as a coding language,
for applications in forensics,[4] product tagging,[5] and DNA
computing.[6] As a consequence, several approaches to store
information on DNA have been proposed.[7] However, those
approaches are not reliable as they cannot handle errors
efficiently and do not suggest how to (physically) store the
DNA to maintain its stability over time.

To overcome these issues we combined an error-correct-
ing information-encoding scheme tailored to DNA
(Scheme 1) with a previously established chemical method
for storing DNA in “synthetic fossils”. The corresponding
experiments show that only by the combination of the two
concepts, could digital information be recovered from DNA
stored at the Global Seed Vault (at �18 8C) after over
1 million years.

Scheme 1. Digital information is encoded to DNA and encapsulated within silica spheres. Upon
release of the DNA from the spheres by fluoride chemistry, the DNA is read by Illumina sequencing
and decoded to recover the original information, even if errors were introduced during the
procedures.
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Since synthesis and sequencing of very long DNA strands
is technically impeded, data must be stored on several short
DNA segments, which cannot be arranged geometrically.
Writing and reading DNA is, therefore, different to com-
monly used storage technologies such as magnetic disks.
Moreover, DNA-specific errors are expected during writing,
long-term storage, and DNA reading (sequencing). These are
the loss of individual base information as well as the loss of
complete sequences. In classical data-storage devices, error-
correcting codes are implemented, which add redundancy and
allow the correction of essentially all errors that occur during
usage. To account for the specific requirements of storage on
DNA the existing data coding schemes had to be adapted:
Individual sequences are indexed and two independent error-
correcting codes (specifically Reed–Solomon codes)[8] are
used in a concatenated fashion (Figure 1; see the Supporting
Information for the rationale of code design and parameter
choice).

To physically test the code we stored the text from two old
documents: the Swiss Federal Charter from 1291 and the
English translation of the Method of Archimedes. The
(uncompressed) total text is 83 kilobytes large, and was
encoded as shown in Figure 1. This resulted in 4991 sequen-

ces, each 117 nucleotides long to which constant primers were
added (giving a total length of 158 nt) to allow for a rapid and
indexed library preparation for sequencing. The sequences
were synthesized on an electrochemical microarray technol-
ogy (CustomArray),[9] prepared for sequencing by a custom
PCR (polymerase chain reaction) method, and read using the
Illumina MiSeq platform (see the Supporting Information for
experimental details). From reading the sequences, the inner
code had to correct an average of 0.7 nt errors per sequence
and the outer code had to account for a loss of 0.3% of total
sequences and correct about 0.4% of the sequences, thereby
resulting in a complete and error-free recovery of the original
information.

This experiment demonstrates that information can be
stored on DNA reliably. It still remains to be shown if DNA
can indeed be utilized for ultralong storage times, as DNA in
solution decays within several years.[10] To test if DNA stored
in the solid state is more stable,[11] we took the 4991 element
oligo pool and tested the stability of three previously
established dry storage procedures for DNA by accelerated
aging tests (Figure 2). The individual technologies are a stor-
age format on impregnated filter paper,[12] a biopolymer
technology that mimics the anhydrous vitreous state of DNA

Figure 1. Encoding text to DNA by Reed–Solomon coding: A) Two letters of a text file (or more general, two bytes of a digital file) are mapped to
three elements of the Galois Field of size 47 (GF(47)) by base conversion (2562 to 473). This original information is arranged in blocks of 594 � 39
elements. B) In an outer encoding step Reed–Solomon (RS) codes are employed to add redundancy A to the individual blocks. To each column
an index is added and redundancy B is generated using a second (inner) RS encoding step. C) The individual columns are converted into DNA by
mapping every element of GF(47) to three nucleotides by utilizing the GF(47)toDNA codon wheel, thereby guaranteeing that no base is repeated
more than three times. D) Two constant adapters are added and the resulting sequences of 158 nucleotides are synthesized. E) To recover the
original information from the DNA, the read sequences are translated to GF(47) and are decoded by first decoding the inner code (correcting
individual base errors), sorting the sequences by means of the index, followed by outer-decoding, which allows the correction of whole sequences
and the recovery of completely lost sequences (see the Supporting Information for details on coding and experimental procedures).
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in seeds and spores,[13] and a synthetic silica fossilization
technology based on a procedure developed in our group.[14]

Compared to the storage of solid-state DNA without addi-
tional agents, all three solid-state DNA storage technologies
decreased the DNA decay rates considerably. From the
temperature dependence of the decay rates, Arrhenius-type
activation energies (EA) were calculated by assuming first
order kinetics, which were equivalent for all three storage
formats (155� 2 kJmol�1; see the Supporting Information for
details). This is in line with recent data on the kinetics of
single-strand breaks in dry DNA storage (EA =

158 kJmol�1)[11] and differs considerably from the previously
established activation energy of DNA depurination in solu-
tion (105–120 kJ mol�1).[10] Although the activation energy is
near to identical for the three storage formats, the individual
decay rates differ. As a result of the humidity dependence, the
decay kinetics of solid-state DNA can be best represented by
Equation (1):

dcDNA

dt
¼ k0 � cH2O

� �n�e
�EA
RT � cDNA ¼ A � e

�EA
RT � cDNA ð1Þ

where the observed factor A accounts for the preexponential
Arrhenius factor k0 and the effect of water cH2O

� �n. It may be
concluded from the identical activation energies that DNA
degrades by the same single-strand break mechanism,[11,16]

and the individual decay rates depend merely on the storage

temperature and the water concentration within the vicinity
of the DNA molecules. (It is to be expected that water is
associated with DNA when stored within biopolymers and
even when encapsulated within silica.) From the data shown
in Figure 2 it is evident that DNA preservation is best in the
inorganic storage format (DNA encapsulated in silica), which
has the lowest local water concentration. By separating the
DNA molecules from the environment by an inorganic layer,
the degree of preservation is not affected by the humidity of
the storage environment. This independence of humidity is
very important for guaranteeing long-term stability, as a non-
humid environment is hard to maintain. In contrast, stability-
increasing factors such as low temperature (e.g. permafrost)
and absence of light can be maintained for extended periods
of time without energy input. The DNA storage system within
silica further offers exceptional stability against oxidation
(see the reactive oxygen species (ROS) test in the Supporting
Information), and by adding an additional titania layer the
photoresistance of DNA can be greatly improved.[17]

In ancient fossil bone, DNA has the greatest chance of
survival if encapsulated within apatite/collagen structures[18]

and crystal aggregates,[19] which protect the solid DNA from
the environment and humidity—very similar to the encapsu-
lation of DNA within the inorganic silica particles utilized
here. Indeed if the decay kinetics presented in Figure 2 for
DNA encapsulated in silica are extrapolated to lower
temperatures, the data coincides well with the degradation

Figure 2. Degradation kinetics of dry DNA storage: A) Effect of temperature and humidity on DNA integrity (per qPCR) as a function of time
using four different dry DNA storage technologies: pure solid-state DNA, DNA on FTA filter cards, DNA in a biopolymeric DNA storage matrix
(DNAstable), and DNA encapsulated in silica (data at 70 8C were collected at a higher rate to account for the accelerated kinetics). B) First-order
decay rate constants derived thereof and activation energy of degradation processes assuming first-order kinetics. C) Half-life of 158 bp DNA
stored in a silica matrix extrapolated according to the Arrhenius Equation with activation energies of 155�10 kJ mol�1 and compared to literature
data on DNA stability in solution,[10] desiccated DNA stability,[11] and DNA stability in ancient moa bone.[15] Data from the literature are scaled[15]

by t1/2
158 nt = t1/2

1nt/158.
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rate of DNA in fossil moa bone derived by Allentoft et al.
from samples up to 8000 years old.[15] Additionally, the decay
rates coincide with previously reported decay rates on
desiccated DNA storage over the course of 32 weeks
(point 4 in Bonnet et al.[11]). Sufficient stability to explain
sequencing success from 300000 year old bone samples is also
given (see discussion in the Supporting Information). This
indicates that in both cases (DNA in bone and DNA in silica)
the decay of information follows the same kinetic rate law and
the accelerated aging experiments performed with DNA in
silica mimic the long-term decay of DNA in fossil bone.

To show that the information stored in the synthetic DNA
can still be read after significant thermal treatment, DNA
stored within silica particles at 70 8C for half and for one week
was sequenced. The decoding scheme presented in Figure 1
was utilized to reconstruct the data. These two data points
represent DNA degraded by about one and four decay half-
lifes. Although the inner and outer code of the error-
correcting scheme had to correct significantly more errors
than in the non-heat-treated sample, in both cases the original
information could be recovered without final error (Figure 3).

Being able to reconstruct the original data from DNA
decayed for 4 half-lifes, which according to Figure 2c is
equivalent to storing DNA in Zurich (9.4 8C) for 2000 years,
or at the coldest, year-round accessible place in Switzerland
(Jungfraujoch, 3471 m above sea level) for about
100 000 years. These data further predict that digital informa-
tion could be stored encapsulated in silica at the Global Seed
Vault (at �18 8C) for over 2 million years.
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Figure 3. Decoding statistics and error correction: A) Error probabilities of individual base calls (e.g. A2C is the probability of reading C instead of
A). B) Probability of a sequence to contain errors (initial error), as well as sequence errors and erasures handled by the inner and outer decoder
resulting in a final decoding error probability of 0 (*) for all cases (see the Supporting Information for definitions and discussion of errors).
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