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The resilience of ancient DNA (aDNA) in bone gives rise to the preserva-
tion of synthetic DNA with bioinorganic materials such as calcium
phosphate (CaP). Accelerated aging experiments at elevated tempera-
ture and humidity displayed a positive effect of co-precipitated, crystal-
line dicalcium phosphate on the stability of synthetic DNA in contrast to
amorphous CaP. Quantitative PXRD in combination with SEM and EDX
measurements revealed distinct CaP phase transformations of calcium
phosphate dihydrate (brushite) to anhydrous dicalcium phosphate
(monetite) influencing DNA stability.

The degradation of DNA is important for various areas of science
and technology, including molecular biology,' medicine,>
archeology® and more recently, digital data storage.™® First inves-
tigations of the chemical decay of genetic material started soon after
the revelation of the structure of DNA in the 1950s, paving the way
for today’s diverse interest in DNA.” Since decay conditions are
manifold and highly dependent on environmental factors, there is
no unanimous model on decay kinetics. However, dominant path-
ways include oxidation, hydrolysis and methylation.” In archeology,
progress in DNA purification and extraction technologies as well as
new sampling sites have very recently pushed the record for the
oldest sequenced genome to 1.65 million years,* consistent with
experimental calculations.>'® Such aDNA extracted from bone and
tooth fossils still holding information after long periods, shows the
ability of bioinorganic materials to massively increase the durability
of DNA. Several technical solutions to enhance the stability of DNA
molecules have been reported, ranging from simple drying proce-
dures on Whatman filter paper,"* various sugar matrices,***
inorganic salts," carrier DNA or RNA'®" to more elaborate nano-
particle encapsulates,'®'® anoxic environments,*
storage with drying agents such as phosphorus pentoxide.

as well as co-
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Anhydrous calcium phosphate crystals stabilize
DNA for dry storagef
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One specific application of DNA, for which long-term stabi-
lity is required, is its possible use as a storage medium for the
world’s ever-increasing amount of data. The molecule has
proven to be an excellent data carrier due to its density and
universal format.>'>* Expected data densities surpass several
exabyte per gram, which is orders of magnitude higher than
current non-volatile storage media. For automatized, long-term
storage of DNA-encoded data***° extensive cooling and liquid
handling steps are not practical due to high energy and infra-
structure cost. A simple solution, without the use of elaborate
multi-step preparations to enhance DNA stability, has not yet
been found. The efficient preservation of aDNA in bone sup-
ports the idea of using bioinorganic materials such as CaP,
although the effect of the material on the stability of DNA is
only poorly understood. Few studies provide quantitative data
on the interaction between bone and DNA.”” Most work
assumes that the adsorption of DNA onto hard, connective
tissue is the reason for the stability of DNA in archaeological
samples.”® Also, in biotechnology CaP is widely used to co-
precipitate DNA for an efficient transfection process due to an
increased in vitro DNA stability,”*™"' increased melting
temperatures,”® and further engineered CaP nanoparticles
show a better transfection performance.**** Building on these
observations, we here investigate the structure and durability of
DNA co-precipitated with CaP for dry storage. We show
enhanced stability of DNA in crystalline CaP using powder
X-ray diffraction (PXRD) including Rietveld refinement to iden-
tify phase compositions, scanning electron microscopy (SEM)
and infrared spectroscopy (DRIFTS).

The synthesis of encapsulated model DNA with CaP was
performed by co-precipitating an equimolar mixture of
KH,PO,/K,HPO, and CaCl, in the presence of DNA at pH 6,
to yield Ca[PO;(OH)]-2H,0 (brushite) and KClI (sylvite), exhibit-
ing a Ca/P ratio of 1. We chose this system because it provides
favorable synthesis conditions in conjunction with DNA at a
high weight loading of 18 wt% (see Fig S1, ESIt and previously
published data'®) and allows consistent and controlled produc-
tion of crystalline calcium phosphate. Other calcium phosphate
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Fig. 1 Scheme summarizing the workflow of stability testing. Synthetic
DNA was precipitated in the presence of CaCl,, K;HPO,4 and KH,PO4. The
samples were dried at 4 °C and 65% relative humidity (RH), resulting in
crystalline CaP (brushite) and KCl or at 45 °C under vacuum, which gave
amorphous CaP and crystalline KCl. The change of DNA concentration in
accelerated aging experiments at 70 °C and 50% RH were subsequently
measured with gPCR.

compositions were not obtainable at temperature and pH
conditions compatible with DNA, and our initial tests showed
no increase in DNA stability (see Fig. S2, ESIt) with other
precipitation compositions. Fig. 1 shows an overview of the
conducted experiments with Ca/P = 1. Since PXRD and DRIFTS
require sample amounts in the milligram range, we chose to
use genomic salmon testes DNA, which can be obtained in
larger amounts than the synthetic DNA (sDNA) usually handled
for DNA storage applications. For qPCR experiments, we
employed synthetic, double-stranded DNA with a length of
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148 bp as this is the format in which data is optimally
preserved.’ In order to have both model DNAs as similar as
possible, the genomic DNA was sheared with ultrasonication,
which yielded an average length of 100 bp. Thus, the two DNA
sources are comparable in length and structure (dsDNA), and
only differ in nucleotide sequence. We exposed the CaP/DNA
co-precipitates to different drying conditions and recorded
PXRD patterns to reveal differences in crystallinity, resp. mate-
rial composition. Fig. 2a shows the patterns for the same
precipitation reaction, dried in two different ways. Samples
dried for 30 min at 45 °C under vacuum ( <20 mbar, referred to

s “quickly dried”) mainly feature reflections belonging to
sylvite (KCI), which forms as a byproduct from mixing calcium
chloride and the potassium hydrogen phosphates. As indicated
in Fig. 2a, Rietveld refinements show two small and broad
peaks around 33°6 assigned to monetite. We therefore assume
that major parts of calcium phosphate in this sample are in a
disordered (amorphous) state. This is supported by the electron
micrographs displaying the absence of identifiable crystals,
independent of the used DNA source (gDNA and sDNA). Slow-
ing down the crystallization process by increasing humidity to
65% and lowering the temperature to 4 °C for 5 days (referred to
as “slowly dried”) increased the amount of ordered phase of the
material, showing the formation of brushite. This trend is also
observable in samples precipitated in the absence of DNA
(Fig. S8, ESIt). Also, in contrast to the quickly dried samples,
characteristic needle like structures are visible in the electron
micrographs, independent of the DNA source utilized. Addi-
tional images are shown in the ESIL.{ The formation of brushite

18 wt% genomic DNA

18 wt% synthetic DNA

« Slowly dried>| =

(a) PXRD patterns and fitted models of salmon testes DNA in CaP with precipitates quickly dried (upper diffractogram) and slowly dried (lower

diffractogram). Miller indices are indicated at the corresponding reflection. (b) SEM micrographs of genomic and synthetic DNA in CaP dried both ways.
For slowly dried samples, characteristic needle-shaped brushite crystals are visible which do not occur in quickly dried samples. The scale bar denotes a

length of 500 nm.
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over monetite can be explained by the sufficient amount of
water present during the drying process. The fitted data did not
reveal any other major calcium phosphate or amorphous
phases. The intensities for single reflections in the PXRD of
KCl and brushite varied due to preferred orientation of the
measured crystal powders according to March-Dollase.*’

To investigate the stability of the co-precipitated synthetic
DNA in CaP, we performed rapid aging experiments.® For this,
dried co-precipitates of synthetic DNA in CaP with 18 wt% DNA
were exposed to 70 °C and 50% RH for up to 6 days and DNA
decay was measured by qPCR (Fig. 3). During the first day, all
samples show a similar degree of degradation. Subsequently,
DNA in crystalline CaP (orange squares) exhibited an increased
stability compared to DNA in rapidly dried CaP (brown dots).
The latter moreover degraded with about the same rate as DNA
in the absence of CaP. Notably, after 5 days, the concentration
of DNA protected in crystalline CaP was close to three orders of
magnitude higher. To better understand the influence of CaP
crystal structure under the measurement conditions, we deter-
mined the change in crystal structure after various time inter-
vals at 70 °C and 50% RH, corresponding to the accelerated
aging conditions. After 10 hours, essentially all brushite origin-
ally in the sample (65.9% brushite, remainder sylvite) was
transformed to monetite (see Fig S6-S8 ESIt), which is favored
at temperatures above 60 °C.>*® Our data moreover shows that
during aging over four days, monetite is also formed in the
quickly dried samples, however with less crystallinity (Fig. S8
ESIY).

Considering the observed decay rates and PXRD data, the
stabilizing effect for DNA can be attributed to monetite, which
forms more rapidly in the slowly dried samples and presumably
prevents hydrolytic damage to dried DNA due to its anhydrous
crystal structure. Therefore, the decay rates should be
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Fig. 3 Relative concentration of 18 wt% DNA in CaP quickly and slowly
dried with pure DNA as control samples, measured after a phase of crystal
re-structuring (hatched). Accelerated aging conditions comprised 70 °C
and 50% RH. The red and brown lines are a guide for the eye. DNA decay in
crystalline CaP is slowed down compared to DNA in amorphous CaP.
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compared after the initial phase transition of brushite to
monetite, as indicated in Fig. 3.

To shed more light on the local distribution of genomic DNA
in CaP, an electron dispersive X-ray analysis (EDX) was con-
ducted. Fig. 4 shows element maps of a representative spot
displaying cubic-shaped sylvite and needle-structured brushite
crystals. Intensities of phosphorus and nitrogen are slightly
more pronounced in the vicinity of calcium, which shows that
DNA can be predominantly found close to CaP. This is in good
agreement to studies investigating DNA’s affinity to CaP under
various conditions®”®” and depicts the close interaction
between the phosphate bearing biopolymer and the calcium
phosphate structures. The observations of crystal structure
changes during drying and aging are confirmed by DRIFTS
measurements of genomic DNA in CaP (Fig. S9, ESIf):
For slowly dried DNA in CaP the FTIR spectrum closely resem-
bles the spectra of CaP precipitated in the absence of DNA,
with characteristic peaks at 1650, 1215, 1139, 1005, 986 and
874 ecm?, all characteristic for brushite.*® For quickly dried
samples, significantly less structure is observable. This shows
that upon rapid drying, the organization of calcium phosphate
to form homogeneous species is hindered by the presence of
the biopolymer. This trend persists with aging of the samples for
4 days at 70 °C (see additional DRIFT spectra in Fig. S10 ESIY).

Above data shows that DNA encapsulated in well-ordered
monetite structures is protected from decay. The interaction of
the phosphate DNA backbone with the calcium ions of the
crystal and the absence of free water from this crystal structure
may be of importance to prevent hydrolytic damage. Still, the
format investigated here differs from the naturally occurring
bone samples comprising ancient DNA, which mainly consist
of calcium-deficient hydroxyapatite (HAp, Ca/P ratio 1.67)
embedded in a collagen matrix. It would be of great interest

Fig. 4 EDX element maps of calcium (Ca), phosphorus (P) and nitrogen
(N) for a representative spot of slowly dried DNA in CaP. The scale bar
denotes a length of 50 um. The contrast in the element maps was
increased for clarity.
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to investigate and compare the stability of DNA encapsulated in
synthetic HAp with monetite. However, due to elevated pH and
temperature ranges required to form crystalline HAp**™** no
synthesis procedure compatible with DNA could be identified,
and initial attempts forming non-crystalline CaP with Ca/P =
1.67 did not yield an increased DNA stability (see Fig. S2, ESIT).
However, it may be expected that DNA encapsulated in natural
HAp crystals similarly profits from the absence of free water in
the crystal structure as well as the strong interaction between
the phosphate backbone of DNA and the calcium ions of the
inorganic crystals.

In search for a simple, solid-state storage format for DNA, we
have shown the importance of CaP crystal structure on the
thermal stability of DNA. We found a stabilizing effect through
calcium phosphate dried at low temperature and high relative
humidity (brushite), which undergoes a structural change to
monetite at 70 °C. DNA protection with wet salt chemistry
features a facile encapsulation and release process compared
to more elaborate methods such as silica nanoparticle encap-
sulates or anoxic capsules. CaP-DNA precipitates are amenable
to full automation, which is paramount for scalable DNA data
storage applications. While the control of crystal structure has
clear advantages in this respect, the long drying time of 5 days,
control of humidity and temperature during that time and the
presumably rigid peak stability performance around 18 wt%
need to be considered for further applications. However, this
simple, bottom-up synthesis of DNA salt encapsulates shows
the potential of bio-inspired, inorganic materials for solid-state,
room-temperature storage of DNA. From our analyses we
hypothesize a correlation between the monetite crystal struc-
ture and qPCR detectable damage, showing a positive influence
on stability for crystalline compared to amorphous CaP. The
facile synthesis and drying procedure provide accessible tools
for dense and stable room temperature storage of DNA. Our
study shows the capability of salt-based storage solutions
featuring high-loading, which further drives the technology
towards automatized, long-term preservation of digital data
stored in DNA.

We would like to thank Michael Worle for the help with XRD
analysis and Microsoft for funding.
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