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DNA is an ultrahigh-density storage medium that could meet exponentially growing worldwide demand for archival data stor-
age if DNA synthesis costs declined sufficiently and if random access of files within exabyte-to-yottabyte-scale DNA data pools
were feasible. Here, we demonstrate a path to overcome the second barrier by encapsulating data-encoding DNA file sequences
within impervious silica capsules that are surface labelled with single-stranded DNA barcodes. Barcodes are chosen to repre-
sent file metadata, enabling selection of sets of files with Boolean logic directly, without use of amplification. We demonstrate
random access of image files from a prototypical 2-kilobyte image database using fluorescence sorting with selection sensi-
tivity of one in 10¢ files, which thereby enables one in 10°" selection capability using N optical channels. Our strategy thereby

offers a scalable concept for random access of archival files in large-scale molecular datasets.

hile DNA is the polymer selected by evolution for the

storage and transmission of genetic information in biol-

ogy, it can also be used for the storage of arbitrary digi-
tal information at densities far exceeding conventional data storage
technologies such as flash and tape memory, at scales well beyond
the capacity of the largest existing data centres'’. Recent progress
in nucleic acid synthesis and sequencing technologies continues to
reduce the cost of writing and reading DNA, foreshadowing future
commercially competitive DNA-based information storage"~.
Demonstrations of its viability as a general information storage
medium include the storage and retrieval of books, images, com-
puter programs, audio clips, works of art and Shakespeare’s son-
nets using a variety of encoding schemes®"?, with data size limited
primarily by the cost of DNA synthesis. In each case, digital infor-
mation was converted to DNA sequences composed of ~100-200
nucleotide data blocks for ease of chemical synthesis and sequenc-
ing. Sequence fragments were then assembled to reconstruct the
original, encoded information.

While considerable effort in DNA data storage has focused on
increasing the scale of DNA synthesis, as well as improving encoding
schemes, an additional crucial aspect of data storage systems is the
ability to efficiently retrieve specific files or arbitrary subsets of files.
To date, molecular random access has largely relied on conventional
polymerase chain reaction (PCR)>'*'>"*, which uses up to ~20-30
heating and cooling cycles with DNA polymerase to selectively
amplify specific DNA sequences from a DNA data pool using prim-
ers. Nested addressing barcodes'*"'® have also been used to uniquely
identify a greater number of files, as well as biochemical affinity tags
to selectively pull down oligos for targeted amplification’.

While powerful demonstrations of PCR have shown successful
file retrieval from a 150 GB file system'®, notable limitations include,
first, the length of DNA needed to uniquely label DNA data strands
for file indexing, which reduces the DNA available for data stor-
age. For example, for an exabyte-scale data pool, each file requires
at least three barcodes”’, or up to sixty nucleotides in total barcode
sequence length, thereby reducing the number of nucleotides that

can be used for data encoding. Second, PCR-based retrieval requires
an aliquot of the entire data pool to be irreversibly consumed for
random access, and therefore additional PCR amplification of the
entire data pool may periodically be needed to restore this loss of
data. In this case, each PCR amplification may introduce stochastic
variation in copy number of the file sequences, leading to up to 2%
data loss per amplification' if using tenfold physical redundancy,
as recently suggested'®. Finally, avoiding spurious amplification of
off-target files due to crosstalk of PCR primers with incorrect bar-
codes or main file sequences requires careful primer design®. While
strategies exist to circumvent these preceding challenges, they gen-
erally reduce data density and might not be easily scalable to exabyte
and larger file systems. For example, data loss due to periodic PCR
amplification of the entire data pool'” may be reduced by increasing
the physical redundancy of the files in the main data pool, and PCR
crosstalk can be mitigated by spatial segregation of data into distinct
pools® or extraction of selected DNA using biochemical affinity'”*.

As an alternative to PCR-based approaches, here we introduce a
direct random access memory approach that retrieves specific files,
or arbitrary subsets of files, directly using physical sorting, without
a need for amplification, and without any potential for barcode-
memory crosstalk, while also preserving non-selected files intact
by recycling them into the original memory pool. To realize this
file system, we first encapsulate DNA-based files physically within
discrete, impervious silica capsules”**, which we subsequently
surface-label with unique single-stranded DNA barcodes that offer
Boolean-logic-based selection on the entire data pool via simple
hybridization. Downstream file selection may then be optical,
physical or biochemical, with sequencing-based read-out follow-
ing de-encapsulation of the memory DNA from the silica capsule.
Each ‘unit of information’ encoded in DNA we term a file, which
includes both the DNA encoding the main data as well as any addi-
tional components used for addressing, storage and retrieval. Each
file contains a ‘file sequence; consisting of the DNA encoding the
main data, and ‘addressing barcodes, or simply ‘barcodes, which are
additional short DNA sequences used to identify the file in solution
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Fig. 1| Write-access-read cycle for a content-addressable molecular file system. a, A general framework for DNA data storage that uses PCR-based
random access and its associated challenges. b, We demonstrate here an alternative encapsulation-based file system that allows for scalable indexing

and Boolean logic selection and retrieval. Coloured images were converted into 26 x 26 pixel, black-and-white icon bitmaps. The black-and-white images
were then converted into DNA sequences using a custom encoding scheme (Methods). The DNA sequences that encoded the images (file sequences)
were inserted into a pUC19 plasmid vector and encapsulated into silica particles using sol-gel chemistry. Silica capsules were then addressed with content
barcodes using orthogonal 25-nucleotide ssDNA strands, which were the final forms of the files. Files were pooled to form the molecular file database. To
query a file or several files, fluorescently labelled 15-nucleotide ssDNA probes that were complementary to the file barcodes were added to the data pool.
Particles were then sorted with FAS using two to four fluorescence channels simultaneously. Files that were not selected were returned to the molecular
database. Addition of a chemical etching reagent into the target populations released the encapsulated DNA plasmid. Sequences for the encoded images
were validated using Sanger sequencing or Illumina MiniSeq. Because plasmids were used to encode information, retransformation of the released plasmids
into bacteria to replenish the molecular file database thereby closed the write-access-read cycle.

using hybridization. We refer to a collection of files as a ‘data pool’
or ‘database; and the set of procedures for storing, retrieving and
reading out files is termed a ‘file system’ (Supplementary Section 0
for a full list of terms).

As a proof-of-principle of our archival DNA file system, we
encapsulated 20 image files, each composed of a ~0.1 kilobyte image
file encoded in a 3,000-base-pair plasmid, within monodisperse,
6 um silica particles that were chemically surface labelled using up to
three 25-nucleotide single-stranded DNA (ssDNA) oligonucleotide
barcodes chosen from a library of 240,000 orthogonal primers®,
which allows for individual selection of up to ~10'° possible distinct
files using only three unique barcodes per file (Fig. 1). While we
chose plasmids to encode DNA data in order to produce microgram
quantities of DNA memory at low cost and to facilitate a renew-
able, closed-cycle write-store-access-read system using bacterial
DNA data encoding and expression®, our file system is equally
applicable to ssDNA oligos produced using solid-phase chemical
synthesis**”*'>!” or gene-length oligos produced enzymatically*-*
Fluorescence-activated sorting (FAS) was then used to select target
subsets of the complete data pool by first annealing fluorescent oli-
gonucleotide probes that are complementary to the barcodes used to
address the database™, enabling direct physical retrieval of specific,
individual files from a pool of 10°¥ total files, where N is the number
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of fluorescence channels employed, without enzymatic amplifica-
tion or associated loss of nucleotides available for data encoding. We
also demonstrate Boolean AND, OR, NOT logic to select arbitrary
subsets of files with combinations of distinct barcodes to query the
data pool, similar to the conventional Boolean logic applied in text
and file searches on solid-state silicon devices.

While only 20 icon-resolution images were chosen as our image
database, representing diverse subject matter including animals,
plants, transportation and buildings (Supplementary Fig. 1), our
file system may in principle be scaled to considerably larger sets
of images, limited primarily by the cost of DNA synthesis and the
need to develop strategies for high-throughput silica encapsula-
tion of distinct file sequences and surface-based DNA labelling
for barcoding (Supplementary Fig. 1). Because physical encapsula-
tion separates file sequences from external barcodes that are used
to describe the encapsulated information, our file system offers
long-term environmental protection of encoded file sequences
via silica encapsulation for permanent archival storage®***, where
external barcodes may be renewed periodically, further protected
with secondary encapsulation, or data pools may simply be stored
using methods implemented in PCR-based random access, such
as dehydrating the data pool and immersing the dried molecular
database in oil*'.
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Fig. 2 | Encapsulation of DNA plasmids into silica and surface barcoding. a, Workflow of silica encapsulation®. b, Raw fluorescence data from

FAS experiments to detect DNA staining of TO-PRO during or after encapsulation. ¢, Encapsulated DNA particles were functionalized with
3-aminopropyltriethoxysilane (1) to introduce a primary amine group on the silica shell. Addition of 2-azido acetic acid N-hydroxysuccinimide ester (2)
introduced a terminal azide group that reacts with a bifunctional linker, DBCO-PEG13-NHS ester (3). Finally, 5"-amino-modified ssDNA (4) reacted with
the NHS ester, thus labeling the files with addressing barcodes. d, Representative scanning electron microscopy images of bare silica particles, silica
particles functionalized with TMAPS and the files. Scale bars, 10 um. e, Distribution of particle sizes determined from microscopy data determined from
particle size measurements taken from ten different fields of view for each sample (left) and zeta potential analyses of silica particles and files.

File synthesis

Digital information in the form of 20 icon-resolution images was
stored in a data pool, with each image encoded into DNA and syn-
thesized on a plasmid. We selected images of broad diversity, repre-
sentative of distinct and shared subject categories, which included
several domestic and wild cats and dogs, US presidents and several
human-made objects such as an airplane, boats and buildings (Fig. 1
and Supplementary Fig. 1). To implement this image database,
the images were substituted with black-and-white, 2626 pixel
images to minimize synthesis costs, compressed using run-length
encoding and converted to DNA (Supplementary Figs. 1 and 2).
Following synthesis, bacterial amplification and sequencing vali-
dation (Supplementary Fig. 3), each plasmid DNA was separately
encapsulated into silica particles containing a fluorescein dye core
and a positively charged surface’**. Because the negatively charged
phosphate groups of the DNA interact with positively charged silica
particles, plasmid DNA condensed on the silica surface, after which
N-(3-(trimethoxysilyl)propyl)-N,N,N-trimethylammonium  chlo-
ride (TMAPS) was co-condensed with tetraethoxysilane to form
an encapsulation shell after four days of incubation at room tem-
perature”” (Fig. 2a), thus forming discrete silica capsules contain-
ing the file sequence that encodes for the image file. Quantitative
PCR (qPCR) of the reaction supernatant after encapsulation
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(Supplementary Fig. 4) showed full encapsulation of plasmids with-
out residual DNA in solution.

To investigate the fraction of capsules that contained plasmid
DNA, we compared the fluorescence intensity of the intercalating
dye TO-PRO when added pre- versus post-encapsulation (Fig. 2b).
All capsules synthesized in the presence of both DNA and TO-PRO
showed a distinct fluorescence signal, consistent with the presence
of plasmid DNA in the majority of capsules, compared with a silica
particle negative control that contained no DNA. In order to test
whether plasmid DNA was fully encapsulated versus partially
exposed at the surface of capsules, capsules were also stained sepa-
rately with TO-PRO post-encapsulation (Fig. 2b). Using qPCR to
measure released DNA after de-encapsulation, we estimated 10°
plasmids per capsule (Supplementary Fig. 5 and Supplementary
Table 3). Because encapsulation of the DNA file sequence relies
only on electrostatic interactions between positively charged silica
and the phosphate backbone of DNA, our approach can equally
encapsulate any molecular weight of DNA molecule applicable
to megabyte and larger file sizes, as demonstrated previously”,
and is compatible with alternative DNA file compositions such as
100-200-base oligonucleotides that are commonly used>*”!'"'>!” or
multiple layers of encapsulated DNA to increase the data density
per capsule®.
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Next, we chemically attached unique content addresses on the
surfaces of silica capsules using orthogonal 25-nucleotide ssDNA
barcodes (Supplementary Fig. 6) describing selected features of
the underlying image for file selection. For example, the image of
an orange tabby house cat (Supplementary Fig. 1) was described
with ‘cat, ‘orange’ and ‘domestic, whereas the image of a tiger
was described with ‘cat] ‘orange’ and ‘wild” (Supplementary Fig. 1
and Supplementary Table 2). To attach the barcodes, we activated
the surface of the silica capsules through a series of chemical
steps. Condensation of 3-aminopropyltriethoxysilane with the
hydroxy-terminated surface of the encapsulated plasmid DNA
provided a primary amine chemical handle that supported further
conjugation reactions (Fig. 2c).

We modified the amino-modified surface of the silica capsules
with 2-azido acetic acid N-hydroxysuccinimide (NHS) ester followed
by an oligo(ethylene glycol) that contained two chemically orthogo-
nal functional groups: the dibenzocyclooctyne functional group
reacted with the surface-attached azide through strain-promoted
azide-alkyne cycloaddition, while the NHS-ester functional group
was available for subsequent conjugation with a primary amine.
Each of the associated barcodes contained a 5'-amino modifica-
tion that could react with the NHS-ester groups on the surface of
the silica capsules, thereby producing the complete form of our
file. Notably, the sizes of bare, hydroxy-terminated silica particles
representing capsules without barcodes were comparable with com-
plete files consisting of capsules with barcodes attached, confirmed
using scanning electron microscopy (Fig. 2d,e). These results were
anticipated, given that the encapsulation thickness was only on the
order of 10 nm (ref. °) and that additional steps to attach functional
groups minimally increase the capsule diameter. We also observed
systematic shifts in the surface charge of the silica particles as differ-
ent functional groups were introduced onto their surfaces (Fig. 2e).
Using hybridization assays with fluorescently labelled probes®-,
we estimated the number of barcodes available for hybridization on
each file to be on the order of 10® (Supplementary Fig. 7).

Following synthesis, files were pooled and stored together for
subsequent retrieval. The data pool contains at least ~10° copies
of each file based on the mass of silica used during encapsulation
(Supplementary Section 5). Short-read sequencing was used to read
each file sequence and reconstruct the encoded image following
selection and de-encapsulation, in order to validate the complete
process of image file encoding, encapsulation, barcoding, selection,
de-encapsulation, sequencing and reconstruction (Supplementary
Figs. 9 and 10).

File selection

Following file synthesis and pooling, we used FAS to select spe-
cific targeted files from the complete data pool through the revers-
ible binding of fluorescent probe molecules to the file barcodes
(Supplementary Figs. 11 and 12). In FAS, files in solution are hydro-
dynamically focused into a single stream of droplets. At sufficiently
low concentrations of files, each droplet contains a single file and
passes through a laser beam. All files contained a fluorescent dye,
fluorescein, in their core as a marker to distinguish files from other
particulates such as spurious silica particles that nucleated in the
absence of a core or insoluble salts that may have formed during
the sorting process. Each detected fluorescein event was therefore
interpreted to indicate the presence of a single file during FAS
(Supplementary Fig. 11). To apply a query such as ‘flying’ to the
image database, the corresponding fluorescently labelled ssDNA
probe was added, which hybridized to the complementary bar-
code displayed externally on the surface of a silica capsule for FAS
selection (Fig. 3a). Fluorescence originating from fluorescein and/
or fluorescently labelled ssDNA is used to separate fractions using
sorting gates, which are drawn based on specific ranges of fluores-
cence intensities.
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We subjected the entire data pool to a series of experiments to
test the selection sensitivity of target subsets using distinct queries.
First, we evaluated the single-barcode selection of an individual
file, specifically ‘Airplane, out of a pool of varying concentrations of
the nineteen other files as background (Fig. 3b and Supplementary
Fig. 13). To select the ‘Airplane’ file, we hybridized an AFDye-
647-labelled ssDNA probe that is complementary to the barcode ‘fly-
ing}, which is unique to ‘Airplane. We were able to detect and select
the desired ‘Airplane’ file through FAS even at a relative abundance
of 107¢ compared with each other file (Fig. 3c). While comparable
in sensitivity to a nested PCR barcoding data indexing approach'’,
unlike PCR, which requires 20-30 rounds of heating and cooling
to selectively amplify the selected sequence, our approach selects
files directly without the need for thermal cycling and amplification.
This strategy also applies to the gating of N barcodes simultaneously
in parallel optical channels, which offers a file selection sensitivity of
one in 10V total files, where common commercial FAS systems offer
up to N=17 channels***. For example, comparison of the retrieved
sequences between the ‘flying’ gate and the ‘NOT flying’ gate after
chemical release of the file sequences from silica encapsulation
revealed that 60-95% of the ‘Airplane’ files were sorted into the fly-
ing gate (Supplementary Figs. 18-21), where we note that any sort
probability above 50% indicates enrichment of ‘Airplane’ within the
correct population subset (flying) relative to the incorrect subset
(‘NOT flying’). In general, a file with sort probability p has sort error
rate 1-p if it is a target file and error rate p if it is an off-target file.
In this case, for example, a sort probability of 100% for Airplane’
into the ‘flying’ subset would indicate ideal performance. Besides
single-file selection, our approach allows for repeated rounds of FAS
selection, as well as Boolean logic, described below.

Boolean search

Beyond direct selection of one in 10" individual random files, with-
out thermal cycling or loss of fidelity due to primer crosstalk, our
system offers the ability to apply Boolean logic to select random file
subsets from the data pool. AND, OR and NOT logical operations
were applied by first adding to the data pool fluorescently labelled
ssDNA probes that were complementary to the barcodes (Fig. 4,
left). This hybridization reaction was used to distinguish one or
several files in the data pool, which were then sorted using FAS.
We used two to four fluorescence channels simultaneously to create
the FAS gates that executed the target Boolean logic queries (Fig. 4,
middle).

To demonstrate a NOT query, we added to the data pool an
AFDye-647-labelled ssDNA probe that hybridized to files that con-
tained the ‘cat’ barcode. Files that did not show an AFDye 647 signal
were sorted into the ‘NOT cat’ subset (Fig. 4a and Supplementary
Fig. 14a).

An example of an OR gate was applied to the data pool by simul-
taneously adding ‘dog’ and ‘building’ probes that both had the
tetramethylrhodamine (TAMRA) label (Fig. 4b and Supplementary
Fig. 14b). All files that showed a TAMRA signal were sorted into the
‘dog OR building’ subset by the FAS.

Finally, an example of an AND gate was achieved by adding
‘fruit’ and ‘yellow’ probes that were labelled with AFDye 647 and
TAMRA, respectively. Files showing a signal for both AFDye 647
and TAMRA were sorted into the ‘fruit AND yellow’ subset in the
FAS (Fig. 4c and Supplementary Fig. 14c). For each example query,
we validated our sorting experiments by releasing the file sequence
from silica encapsulation and sequencing the released DNA with
Mumina MiniSeq (Fig. 4, right). Sort probabilities of each file for
each search query are shown in Supplementary Figs. 22-24.

The preceding demonstrations of Boolean logic gates enable
file sorting with a varying specificity of selection criteria for the
retrieval of different subsets of the data pool. FAS can also be used to
create multiple gating conditions simultaneously, thereby increasing
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the complexity of target file selection operations, as noted above.
To demonstrate increasingly complex Boolean search queries, we
selected the file containing the image of Abraham Lincoln from
the data pool, which included images of two presidents, George
Washington and Abraham Lincoln. The ‘president’ ssDNA probe,
fluorescently labelled with TAMRA, selected both ‘Lincoln’ and
‘Washington’ files from the data pool. The simultaneous addi-
tion of the ‘18" century’ ssDNA probe, fluorescently labelled with
AFDye 647 (Fig. 5a, left), discriminated ‘Washington, which con-
tained the ‘18" century’ barcode, from the “Lincoln’ file (Fig. 5a,
middle, and Supplementary Fig. 15a). The combination of these two
ssDNA probes permitted the complex search query ‘president AND
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(NOT 18" century)’ Sequencing analysis of the gated populations
after reverse encapsulation validated that the sorted populations
matched search queries for ‘president AND (NOT 18" century),
‘president AND 18" century, and ‘NOT president’ (Fig. 5a, right,
and Supplementary Fig. 25).

To demonstrate the feasibility of performing a Boolean search
using more than three fluorescence channels for sorting, we also
selected the “Wolf” file from the data pool using the query ‘dog AND
wild, and used the ‘black & white’ probe to validate the selected
file (Fig. 5b, left). Because conventional FAS software is capable
of sorting only using one-dimensional (1D) and two-dimensional
(2D) gates, we first selected one out of the three possible 2D plots

NATURE MATERIALS | VOL 20 | SEPTEMBER 2021 1272-1280 | www.nature.com/naturematerials


http://www.nature.com/naturematerials

ARTICLES

NATURE MATERIALS
a 74%
—
Probe: /-\ & 600
conpr £
cat —e §400
- 25%
S 200 F—
=
©
o
0

102 10®  10*  10°
‘cat’-AFDye-647 emission
intensity (a.u.)

b
600 T
Probe: m
dog’ —@ 3 400
+ e 23%
‘building’ —e S 200 —
3
o
0
102 10®  10*  10°
‘dog’,‘building’-TAMRA
emission intensity (a.u.)
c
g 10° ‘
,8 1% : 8%
k] '
£~
Probe: o g
58
‘vellow’ —e © =
+ Q2
A 2§
‘fruit —e I&L IS
95

102 10®° 10*  10°
‘yellow’-TAMRA emission
intensity (a.u.)

AEHEHEH

‘NOT cat’ cat
il - L 1L IR
08 =
v 06 3
HEeMrH & 008
56l (@[ &[4 o 2
: : : ; ; 0o <
Al
‘NOT (dog OR building)’ ‘dog OR building’
(][] I 10 g
B N 08 3
@] il fos g
04 g
QO
IH@II 02 ¢
<
L S (Al
‘NOT yellow AND fruit’ ‘yellow AND fruit’
) ~
@ ~
1.0 @
b f 08 S
0.6 'g
‘NOT yellow AND NOT fruit’ 04 &
02 Z
<

e

5w
Blliai
A

£

~ D

Fig. 4 | Fundamental Boolean logic gates. a, The ‘NOT cat’ selection. Raw fluorescence trace from the FAS system (left) plotted on a 1D sorting plot
showing the percent of particles that were sorted in each gate. Sequencing using Illumina MiniSeq tested selection specificity (right). b, The ‘dog OR
building’ selection. Raw fluorescence trace from the FAS system (left) plotted on a 1D sorting plot showing the percentage of particles that were sorted

in each gate. Sequencing using lllumina MiniSeq evaluated sorting using the OR gate (right). ¢, A 2D sorting plot to perform a ‘yellow AND fruit’ gate.
Percentages in each quadrant show the percentages of particles that were sorted in each gate. Coloured traces in all of the sorting plots indicate the target
populations. Sort probability is the probability that a file is sorted into one gated population versus the other gated populations. We note that the sort
probability is influenced by errors in FAS sorting and sequencing. Boxes with solid outlines indicate files that were intended to sort into the specified gate.

Other files have dashed outlines.

(Fig. 5b, left and bottom, and Supplementary Fig. 15b):
‘dog’~-TAMRA. We examined the ‘black-and-white’-TYE705
emission channel on members of the ‘dog AND wild’ subset
(Fig. 5b, left and bottom, and Supplementary Fig. 15b). Release of
the encapsulated file sequence and subsequent sequencing of each
gated population from the dog versus wild 2D plot validated sorting
(Fig. 5b, right, and Supplementary Fig. 26).

Our use of plasmids as a substrate for encoding information
offered the ability to restore selected files back into the data pool
after retrieval. In cases where single images were selected (Figs. 4c
and 5a), we were able to transform competent bacteria from each
search query that resulted in a single file (Supplementary Fig. 27).
Amplified material was pure and ready for re-encapsulation into
silica particles, which could be reintroduced directly back into the
data pool; thus, this represents a complete write-store—access—
read cycle that in principle may be applied to larger-scale datasets,
with periodic renewal of ssDNA barcodes and bacterial replica-
tion of DNA data following reading®-*. Notably, in a practical
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implementation of our file system, only the selected files must be
restored via amplification, encapsulation and barcoding, because
files that are not selected can be returned to the data pool immedi-
ately following FAS. While sort probabilities were typically below
the optimal 100% targeted for a specific file or file subset query,
future work may characterize sources of error that could be due
to sample contamination or random FAS errors. The latter type of
error may be mitigated through repeated cycles of file selection
in series.

Discussion and outlook

We introduced a direct random access molecular file system for the
retrieval of arbitrary files and file subsets from an archival DNA
data store. Our file system overcomes several challenges associ-
ated with preexisting PCR-based file systems, including obviating
the need for numerous heating and cooling cycles and enzymatic
synthesis, and eliminating non-specific crosstalk between file
sequences and barcodes''*?!, while enabling arbitrary Boolean
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Fig. 5 | Arbitrary logic searching. a, The ‘president AND (NOT 18" century)’ selection. A 2D sorting plot (middle) was used to sort ‘Lincoln’ by selecting
a population that has high TAMRA fluorescence but low AFDye 647 fluorescence. Sequencing using MiniSeq offered quantitative evaluation of the
sorted populations. b, Multiple fluorescence channels were projected into a three-dimensional (3D) FAS plot (left and top). There are three possible 2D
plots that can be used for sorting. To select the "Wolf" image using the query ‘wild AND dog’, a 2D plot of ‘wild’ versus ‘dog’ was first selected, and then
populations were selected using quadrant gates (left and bottom). One of the quadrants was then selected where the ‘Wolf' image should belong based
on the 'wild AND dog’ query in order to test whether only a single population was present in the TYE705 fluorescence channel. Sequencing quantified the
sorted populations (right) using lllumina MiniSeq. Sort probability is the probability that a file was sorted into one gated population over the other gated
populations. We note that the sort probability is influenced by errors in FAS sorting and sequencing. Boxes with solid outlines indicate files that would
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logical search queries. Notwithstanding, several technical limita-
tions also exist for our system.

First, while our file system supports theoretical storage densi-
ties that are orders of magnitude higher than archival file stor-
age systems based on hard disk, magnetic tape or similar archival
media"* commonly used today, silica encapsulation of DNA file
sequences lowers overall data storage density compared with bare
DNA memory (Supplementary Section 6). Second, latency asso-
ciated with DNA-based barcoding of silica capsules may limit its
application to archival data storage and retrieval applications for the
foreseeable future. Specifically, advanced liquid handling or micro-
fluidics will be needed to manipulate large numbers of distinct files
during the encapsulation and barcoding steps, and latency associ-
ated with the encapsulation process itself might need to be reduced
from days, as currently implemented, to several hours or less, for
example, using encapsulant alternatives such as alginates* or syn-
thetic polymers®, in order to realize a practical DNA data storage
device (Supplementary Section 13). This contrasts with existing file
systems, such as PCR and nested file addressing®'"'>'"*?, wherein
barcodes are instead written directly with the DNA file sequences
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using solid-phase phosphoramidite synthesis, for example, using
DNA microarrays.

Third, retrieval time is currently limiting for our system in an
exabyte-scale data pool because FAS scales linearly with the size
of the pool. For example, in our proof-of-concept system, data
reconstruction was successful with 100 copies of a file (Fig. 3
and Supplementary Fig. 13), so that our file size of 0.1kB and
search rate of 1,000 files per second yield a final sorting rate of
only ~1kB per second. However, because our proof-of-concept
system did not make use of the vast majority of DNA stored in
each capsule, the data stored in each capsule can in theory be sub-
stantially increased to yield a search rate of ~1 GB per second, or
~15 days to search through 1 PB of data (Supplementary Section 10).
Additional technology development such as custom flow nozzles
to accommodate high flow rates close to the limit of a typical FAS
instrument (~10* particles per second or ~10GB per second);
parallel flow cytometry to achieve search rates of ~10° particles
per second per device” (~1TB per second); or physical sort-
ing strategies such as direct biochemical pulldown using mag-
netic extraction'”**** may therefore be required to implement a
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practical exabyte-scale or larger memory storage and retrieval
device with our system.

Finally, while DNA file protection by silica encapsulation offers
millennium-scale protection and storage’ of the encapsulated file,
unprotected DNA barcodes and their covalent linkers are suscep-
tible to hydrolysis and will therefore require either periodic renewal
or additional protection, as noted at the outset of this article. As
also noted there, similar to PCR-based approaches, barcodes can
be protected by dehydrating the data pool or immersing files in
hydrophobic liquids®'. Alternatively, secondary encapsulation with
chemistries orthogonal to silica de-encapsulation, such as cleavable
synthetic polymers*® or salts", may be explored.

The latency times associated with file selection and recovery
of DNA from files renders our file system ideally suited to archi-
val data storage in which data are written once, stored for decades
or longer and accessed rarely. File protection by silica encapsula-
tion offers millennium-scale storage’ of immutable data, such as
astronomical image databases®, high-energy physics datasets* or
high-resolution deep ocean floor mapping™. Finally, because our
system is not limited to synthetic DNA, it also applies to compact
and energy-efficient long-term archival storage of bacterial, human
and other genomes for archival sample preservation and retrieval.
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Methods

Generating file sequences. Twenty 26 X 26 pixel, black-and-white icon

bitmaps were generated as representations of 20 high-resolution colour images
(Supplementary Fig. 1) encompassing a broad range of subject matter. Each
black-and-white icon was converted to a length-676 bitstring in a column-first
order, with each black or white pixel encoded as a 0 or 1, respectively. This bitstring
was compressed via run-length encoding, replacing each stretch of consecutive Os
or 1s with a two-tuple (value, length) to generate a list of two-tuples describing the
entire bitstring. The maximum length is 15; runs longer than 15 bits are encoded
as multiple consecutive runs of the same value. This run-length encoding was
converted to a sequence of base-4 digits as follows:

(1) Begin with an empty string, and set the current run to the first run of the list.

(2) Append the value of the current run (0 or 1).

(3) Using two base-4 digits, append the length of the current run.

(4) If the length of this run was 15, encode the next run starting with step (2). Oth-
erwise, encode starting at step (3). If no runs remain, the process is complete.

This process produces a quaternary string describing the entire run-length
encoding of the image. To avoid homopolymer runs and repeated subsequences in
the final nucleotide sequence, each digit is offset by a random number generated
from a linear congruential random number generator (LCG) beginning with a
random seed (that is, the ith value generated by the LCG is added, modulo 4, to the
ith base-4 digit of the quaternary string). We used an LCG of multiplier 5, modulus
2%-1 and increment 0, although any LCG parameters with a period longer than the
length of the sequence would be suitable.

The final ‘randomized’ quaternary string is converted to nucleotides by a
direct mapping (0=G, 1=A, 2=T, 3=C). The number used to seed the LCG
is prepended to this sequence by converting it into a ternary string of length
20, whose digits are encoded in nucleotides via a base transition table, as done
previously by Goldman et al.” (0=GA, AT, TC, CG; 1=GT, AC, TG, CA; 2=GC,
AG, TA, CT). The first digit is encoded directly (0=A, 1=T,2=C).

This sequence was modified with additional flanking sequences added to the
beginning and end. A 64-bit wavelet hash of each bitmap was calculated using the
‘whash’ function provided by the ImageHash Python package, available through
the Python Package Index (https://pypi.org/project/ImageHash/). The 64-bit hash
was split into two 32-bit halves, each of which was represented in a length-24
ternary string that was subsequently converted to nucleotides through the same
process as that applied to the seed. The two 24-nucleotide regions were appended
to the beginning and end of the sequence (Supplementary Table 1). The sequence
containing the image hash, seed and image encoding was additionally flanked
on the 5" and 3’ ends by sequences (5'-CGTCGTCGTCCCCTCAAACT-3’ and
5'-GCTGAAAAGGTGGCATCAAT-3', respectively) that allow amplification from
a ‘master primer’ pair that would amplify every sequence in the molecular plasmid
database (Supplementary Table 1 and Supplementary Fig. 2).

The final sequence was checked for problematic subsequences, specifically,
GGGG, CCCC, AAAAA, TTTTT and the restriction enzyme recognition sites
GAATTC and CTGCAG. If any of these subsequences were found outside of
expected occurrences in the constant flanking regions, the entire sequence was
regenerated with a new random seed until no such subsequences appeared.

The generated sequences were cloned on a pUC19-based vector. The software
for sequence encoding and decoding is publicly available on GitHub at https://
github.com/lcbb/DNA-Memory-Blocks/ (ref. °'), and the plasmids are publicly
available from AddGene (https://www.addgene.org/browse/article/28206796).
Each master primer and the hash barcode pairs were verified by PCR and agarose
gel analysis, and the PCR bias was checked by qPCR (Supplementary Fig. 3).

Generated DNA sequences were ordered as custom genes synthesized,
cloned, sequenced and validated by Integrated DNA Technologies (IDT) into a
pUC19-based vector. Each clone was designed with flanking single EcoRI and
Pstl cut sites, sequences that had been designed against in the inserts, enabling
future subcloning to alternative vectors using standard digestion and ligation. All
plasmids were amplified in bacterial cultures and purified using Qiagen (Venlo)
HiSpeed Midi or Maxi kits following the protocol provided by the manufacturer.
Briefly, DH5a cells were made chemically competent by growing 100 ml of cells
to reach 0.5-0.6 optical density at 600 nm. The cells were gently pelleted and
incubated on ice in 100 mM CacCl, for 30 minutes. The pelleted cells were then
brought up in 100 mM CaCl, with 10% glycerol. Transformations from each
plasmid were accomplished by incubation of 20 ul chemically competent cells
with 1ng of plasmid DNA for 30 minutes on ice, followed by heating to 42 °C for
45 seconds, placing on ice for 2 minutes and then addition of 1 ml of prewarmed
S.0.C. Medium (Thermo Fisher; catalogue number, 15544034). The mixture was
shaken for 1 hour at 250 r.p.m. at 37 °C. A volume of 20 ul of transformed cells was
streaked to single colonies on agar plates that were supplemented with 100 ug ml=!
ampicillin. Single colonies were chosen for growth in 100 ml lysogeny broth (LB)
with 100 ug ml~" ampicillin (Millipore Sigma; catalogue number, A5354) overnight
in disposable baffled flasks and then followed by pelleting cells from the culture.
Pelleted cells were lysed and treated with Qiagen purification buffers. Plasmid
DNA was then purified on the provided silica support matrix and eluted in 1 ml of
TE buffer (10 mM Tris-HCI, 1 mm EDTA, pH 8.0; Tris-HCI, tris(hydroxymethyl)
aminomethane hydrochloride; EDTA, ethylenediaminetetraacetic acid). Plasmid
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preparations were verified by PCR, Sanger sequencing and short-read sequencing
using Illumina MiniSeq for quality control (Supplementary Fig. 3).

DNA encapsulation. A volume of 1.0 ml of 50 mgml™ fluorescein-core 5pm
silica particles (Creative Diagnostics; catalogue number, DNG-L034) was added
into a 2.0 ml DNA/RNA LoBind Eppendorf tube. The particles were centrifuged
at 1,000 r.p.m. for 10 seconds using a benchtop centrifuge. The particles were
redispersed in 1.0 ml anhydrous ethanol with vigorous vortexing. The particles
were centrifuged and redispersed in ethanol five times. We then added 50 ul

of 50% TMAPS in methanol (Alfa Aesar; catalogue number, H66414) to the
dispersed 5 um silica particles (50 mgml™" in ethanol). The mixture was stirred
overnight at room temperature using a thermal mixer (Thermo Fisher; catalogue
number, 13687711) at 1,200 r.p.m. The mixture was centrifuged at 1,000 r.p.m.
and washed with ethanol five times to remove any unreacted TMAPS. The
functionalized particles were finally redispersed in 1.0 ml DNase/RNase-free water
(Thermo Fisher; catalogue number, 10977015). The particles were stored at room
temperature until further use.

For each data-encoding plasmid, a mass of 1.0 mg of TMAPS-functionalized,
fluorescent 5 um particles was added into a 2ml LoBind Eppendorf tube
containing 15 pg of plasmid DNA dissolved in 1 ml of water. The mixture was
mixed gently using a tube revolver (Thermo Fisher; catalogue number, 88881001)
at 30r.p.m. and at room temperature for 5 minutes. A volume of 10 ul of 50%
TMAPS in methanol was then added to the mixture and stirred for 10 minutes
at 1,000 r.p.m. and 25 °C using a thermal mixer. After 10 minutes, a volume of
2l of tetraethoxysilane (TEOS; Millipore Sigma; catalogue number, 333859) was
added, and the mixture was stirred for 24 hours at 1,000 r.p.m. and 25°C using
a thermal mixer (Thermo Fisher). An additional 5l of TEOS was then added,
and the mixture was stirred for 4 days at 1,000 r.p.m. and 25 °C, which formed the
DNA capsules. The mixture was centrifuged at 2,000g for 3 minutes to sediment
the DNA capsules, and then the supernatant was removed without disturbing
the particle sediment pellet. The particles were washed repeatedly five times by
redispersing the particles with 1 ml of water, sedimenting the particles with a
centrifuge at 2,000¢ for 3 minutes and removing the supernatant. After the final
wash, the DNA capsules were redispersed in 1 ml of ethanol with 30 seconds of
vortex mixing. A volume of 20 pl of 2-aminopropyltriethoxysilane (Millipore
Sigma; catalogue number, 440140) was then added, and the mixture was stirred
for 18 hours at 1,000 r.p.m. and 25 °C using a thermal mixer. The mixture was
centrifuged at 2,000g for 3 minutes to sediment the amino-modified DNA capsules,
and then the supernatant was removed without disturbing the particle sediment
pellet. The particles were washed repeatedly five times by redispersing the particles
with 1 ml of N-methyl-2-pyrrolidone, sedimenting the particles with a centrifuge at
2,000g for 3 minutes and removing the supernatant. After the final wash, the DNA
capsules were redispersed in 1 ml of N-methyl-2-pyrrolidone with 30 seconds of
vortex mixing, and the resulting colloidal suspension was then transferred into a
clean 2 ml Eppendorf LoBind tube.

Barcoding DNA capsules. Each encoded image was annotated with three semantic
metadata descriptors (Supplementary Table 2) associated with the original image
(Supplementary Fig. 1). A table was then generated to associate each descriptor
with a unique sequence chosen from a list of 240,000 orthogonal barcode
sequences”. Hexylamine-modified ssDNA oligonucleotides that represented each
descriptor were purchased from IDT and dissolved in nuclease-free water with a
final concentration of 500 uM upon receipt.

Using all the DNA capsules from the previous step, a mass of 5 mg of 2-azido
acetic acid N-hydroxysuccinimide ester (Click Chemistry Tools; catalogue number,
1070) and 5 ul N,N-diisopropylethylamine (Millipore Sigma; catalogue number,
D125806) were added, and the mixture was stirred for 2 hours at 1,000 r.p.m.
and 25°C using a thermal mixer. The azide-modified DNA capsules were
washed repeatedly five times by redispersing the particles with 1 ml of N-methyl-
2-pyrrolidone (Millipore Sigma; catalogue number, 270458), sedimenting
the azide-modified DNA capsules with a centrifuge at 2,000g for 3 minutes
and removing the supernatant. After the final wash, the azide-modified DNA
capsules were redispersed in 1 ml of N-methyl-2-pyrrolidone. A mass of 2mg
of DBCO-PEG13-NHS ester (DBCO, dibenzocyclooctyne; PEG, polyethylene
glycol; Click Chemistry Tools; catalogue number, 1015) was added, and the
mixture was stirred for 30 minutes at 1,000 r.p.m. and 25°C using a thermal
mixer. The particles were washed repeatedly five times by redispersing the
PEG-modified DNA capsules with 1 ml of N-methyl-2-pyrrolidone, sedimenting
the PEG-modified DNA capsules with a centrifuge at 2,000¢ for 3 minutes and
removing the supernatant. After the final wash, the PEG-modified DNA capsules
were redispersed in 200 ul of N-methyl-2-pyrrolidone with 30 seconds of vortex
mixing and 1 minute sonication. A volume 10 pl of each ssDNA barcode (500 uM
in nuclease-free water from IDT) and 200 ul of PEG-modified DNA capsules was
added to 770 ul of 0.1 M bicarbonate buffer (pH 9.2; Alfa Aesar; catalogue number,
AAJ67384AE) in a 1.5 ml Eppendorf LoBind tube. The mixture was stirred for 2
hours at 1,000 r.p.m. and 25 °C using a thermal mixer to produce the final form of
our files. The files were washed repeatedly five times by redispersing the particles
with 1 ml of saline TAE buffer (40 mM Tris, 20 mM acetate, 2mM EDTA, 1.0%
Tween-20, 1.0% sodium dodecyl sulfate and 500 mM NaCl), sedimenting the
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particles with a centrifuge at 2,000¢ for 3 minutes and removing the supernatant.
After the final wash, the particles were redispersed in 500 ul of saline TAE buffer
with 30 seconds of vortex mixing and 1 minute sonication. All the files were then
pooled together, forming the file pool or molecular file database with an estimated
final concentration of 2.0 mgml~ in 10.0 ml of saline TAE bulffer.

Silica particle characterization. Surface zeta potentials were measured using a
Malvern Zetasizer Nano ZSP. All samples for surface zeta potentials were prepared
and measured in a standard fluorescence quartz cuvette (catalogue number, 3-Q-
10) from Starna Cells at a concentration of 0.1 mgml™" with a volume of 700 ul. A
universal ‘dip’ probe (Malvern Panalytical; catalogue number, ZEN1002) was used
to measure the zeta potential of particles. Scanning electron microscopy of the
particles was performed using a Zeiss Gemini 2 field emission scanning electron
microscope. Samples were mounted on silicon substrates for non-DNA-modified
particles and glass for DNA-modified particles.

Querying molecular file database using fluorescently labelled probes. The
molecular file database was vortexed for 10 seconds, sonicated for two minutes
and revortexed for another 10 seconds to redisperse the settled particles. For all
sorting experiments except Fig. 3, a volume of 100 ul of the molecular database
(2mgml~") was added into a 1.5 ml Eppendorf LoBind tube. Dye-labelled probes
(Supplementary Section 7) for querying the molecular file database were added
such that the final concentration of the DNA-dye ssDNA in solution was 5uM.
The resulting mixtures were mixed at 70 °C at 1,200 r.p.m. using a thermal mixer
for 5 minutes. The mixtures were then cooled to 20°C at 1,200 r.p.m. using a
thermal mixer over 20 minutes and then centrifuged at 10,000¢ for 1 minute. The
supernatant was discarded, and the pelleted particles were washed with 500 pl
of saline TAE buffer. The sedimentation and washing process was repeated five
additional times to remove non-specifically bound dye-DNA. The particles were
finally resuspended in 500 ul of saline TAE buffer.

For the sorting experiments performed in Fig. 3 and Supplementary Fig. 13, the
workflow for querying the molecular file database remained the same, except for
the composition of the molecular file database:

Ratio of ‘Airplane’/19 Volume of ‘Airplane’ Volume of stock solution
other files stock solution (ul) of 19 other files (ul)?

11 500° 0

1:10? 5 495

1104 5° 495

1:108 5¢ 495

*Concentration of stock solution is 2mgml~'.
Concentration of stock solution is 2x 102 mgml~! obtained from serial dilution.
Concentration of stock solution is 2 x 10~*mgml~' obtained from serial dilution.

FAS. All FAS experiments were performed on a BD FACSAria III flow cytometer.
Samples were filtered through a Corning 70 um cell strainer (Fisher Scientific;
catalogue number, 07-201-431) prior to particle sorts. Samples were flowed into the
instrument with phosphate-buffered saline (PBS) as the sheath fluid at a flow rate
that maintains an events detection rate of 1,200 events per second and below. We
found that performing sorting at a flow rate that exceeds this events rate clogged the
FAS instrument intermittently. All sorts were accomplished with a standard 70 um
nozzle. The sample was held at room temperature and agitated periodically every

5 minutes by pausing the sort and vortexing the sample vigorously with a vortex
mixer. The internal agitator in the flow cytometer with a 300 r.p.m. agitation speed
was not sufficient to prevent the silica particles from sedimenting over time, and

we found that periodically agitating the sample tube every 5 minutes with a vortex
mixer was more effective. Since all files must contain a fluorescein core, all particles
were gated by default using the ‘FITC laser and detector settings, which is defined
by gating the majority population in the ‘FITC-A channel histogram, in addition to
standard forward scatter (FSC) and side scatter (SSC) gates, to minimize the sorting
of doublets (Supplementary Fig. 11). All FAS experiments were performed at room
temperature and at a 500 pl constant volume, given that sorting rates, detection rates
and flow rates can vary across different flow cytometers.

Release of DNA from sorted files. Sorted populations were centrifuged at 10,000g
for 1 minute. The supernatant was carefully removed with a pipette to avoid
disturbing the silica pellets. A volume of 45 pl of electronics-grade 5:1 buffered
oxide etch (VWR; catalogue number, JT5192-3) was then added. The mixture

was vortexed for 5 seconds to resuspend the pellet, and the mixture was statically
incubated at room temperature for 5 minutes. A volume of 5ul of 1 M phosphate
buffer (0.75M Na,HPO,; 0.25M NaH,PO,; pH 7.5 at 0.1 M) was then added,
vortexed for 1 second and desalted twice through an Illustra MicroSpin S-200 HR
column (Millipore Sigma; GE27-5120-01).

Sequencing of retrieved files. For Illumina MiniSeq and MiSeq sequencing, the
master primer pair with 5 extensions matching Illumina Nextera sequencing
adaptors was used to amplify all plasmids simultaneously (Supplementary Fig. 9).

Template amounts were adjusted based on concentrations determined with Qubit
fluorescence assay (Thermo Fisher) or qPCR. If required, the amplification was
simultaneously followed by qPCR, and enough cycles were used to rise above

the cycle threshold, or alternatively obtain a final concentration of 2ngul~". Dual
sequence indices were then added to the adaptor-modified inserts at the 5" and 3’
ends, associating the sequencing lane with a particular selection experiment, which
was followed by solid-phase reversible immobilization bead cleanup (Beckman
Coulter). A 25l PCR reaction amplified the material over eight to ten cycles
using KAPA HiFi polymerase (Roche) with 1ng of template and 1 uM forward and
reverse primers. After amplification, the PCR mixture was combined with 20 pl of
SPRIselect beads (Beckman Coulter), mixed and left to stand for 5 min. The mix
was then separated by magnetic plates and washed twice with 150 ul 80% ethanol,
dried for 2 min and eluted in 20 ul Qiagen TE buffer. Samples were quantified
using the Qubit fluorescence assay with the provided high-sensitivity buffer

and standards. A sequencing pool was generated to approximately equimolar
amount per index pair. llumina MiniSeq with 150X 150 read lengths was used to
read out the start and end of each sequence. Sequences were demultiplexed, and
sequence clustering was used to count the number of occurrences of each image
(Supplementary Section 9). The sort probability for a file into a particular fraction
was calculated as the count associated with that file divided by the sum of the
counts for that file over all fractions generated from an initial sample. This metric
is also referred to as ‘enrichment’ throughout the text. In Figs. 3-5 in the main
text, the enrichment of each file is indicated by the percent opacity of the images
displayed on the grid.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Gene sequences and plasmid maps are available from AddGene (https://www.
addgene.org/browse/article/28206796/). Insert sequences and barcoding sequences
are given in Supplementary Tables 1 and 2. All the data files used to generate the
plots in this manuscript are available from M.B. upon request.

Code availability
Software for sequence encoding and decoding is publicly available on GitHub
(https://github.com/lcbb/DNA-Memory-Blocks/).
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection All fluorescence-activated sorting (FAS) experiments were performed on a BD FACSAria Il flow cytometer that are running BDFACS Diva
software. Three methods were used for verification of retrieval of DNA, which included quantitative PCR (qPCR), short-read sequencing,
and and Sanger sequencing. We performed gPCR experiments on a Thermo-Fisher QuantStudio 6 Flex. We used Illumina MiSeq and
MiniSeq for short-read sequencing. Finally, we sent samples to GeneWiz for Sanger sequencing.

Data analysis FAS data were analyzed using FlowJo (version 10) and MATLAB (R2019b). We analyzed gPCR data using the proprietary software that was
installed with the instrument (QuantStudio Software v1.3). Sequencing data were analyzed using custom python scripts which are
publicly available on Github (https://github.com/Icbb/DNA-Memory-Blocks/).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Gene sequences and plasmid maps are available from AddGene (https://www.addgene.org/browse/article/28206796/). Software for sequence encoding and
decoding is publicly available on GitHub (https://github.com/lcbb/DNA-Memory-Blocks/). All the data files used to generate the plots in this manuscript are available
from M.B. upon request.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We arbitrarily chose to encode 20 different images in 20 plasmids to demonstrate our file system. We were able to retrieve, i.e., sort and
sequence, each file individually, as well as several collections of file described by various Boolean queries.
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Data exclusions  Sequencing reads that do not align with any of the file sequences were discarded.

Replication All sorting experiments were done at least in triplicates and were successful in all cases. Each replicate was performed on a molecular
database that was synthesized on a different day, i.e., each file sequence was re-encapsulated, re-tagged, and pooled on different days.

Randomization  No randomization required for this work as it was not intended to find differences among samples. Rather, the work's main focus was on
demonstrating the file system's operational characteristics through retrieval of specific samples using different probe combinations and gating

strategies using fluorescence-activated sorting.

Blinding The decoding step was performed without a priori information on the sorted files.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies g |:| ChIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology |Z |:| MRI-based neuroimaging

Animals and other organisms

Human research participants
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Clinical data

Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|:| All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation The molecular file database was vortexed for 10 seconds, sonicated for two minutes, and re-vortexed for another 10 seconds to
re-disperse the settled particles. A volume of 100-uL of the molecular database (2 mg mL-1) is added into a 1.5 mL Eppendorf
LoBind tube. Dye-labelled probes for querying the molecular file database were added such that the final concentration of the
DNA-dye single-stranded DNA in solution is 5 uM. The resulting mixtures were mixed at 70 °C at 1,200-rpm using a thermal mixer
for 5 minutes. The mixtures were then cooled to 20 °C at 1,200 rpm using a thermal mixer over 20 minutes and then centrifuged
at 10,000 g for 1 minute. The supernatant was discarded, and the pelleted particles were washed with 500-puL of 40 mM Tris, 20
mM acetate, 2 mM EDTA, 1.0% Tween-20, 1.0% sodium dodecyl sulfate, 500 mM NaCl. The sedimentation and washing process
was repeated for five additional times to remove non-specifically bound dye-DNA. The particles are finally re-suspended in 500
uL of 40 mM Tris, 20 mM acetate, 2 mM EDTA, 1.0% Tween- 20, 1.0% sodium dodecy! sulfate, 500 mM NaCl. All fluorescence-




Instrument
Software
Cell population abundance

Gating strategy

activated sorting (FAS) experiments were performed on a BD FACSAria Ill flow cytometer. Samples were filtered through a
Corning® 70-um cell strainer (Fisher Scientific) prior to particle sorts. Samples are flowed into the instrument with 1x PBS as
sheath fluid at a flow rate that maintains an events detection rate of 1,200 events per second and below. We found that
performing sorting at a flow rate that exceeds this events rate clogged the FAS instrument intermittently. All sorts were
accomplished with a standard 70 um nozzle. The sample was held at room-temperature and agitated periodically every 5
minutes by stopping the sort and vortexing the sample vigorously with a vortex mixer. We note that the internal agitator in the
flow cytometer with a 300 rpm agitation speed was not sufficient to prevent the silica particles from sedimenting over time and
we found that periodically agitating the sample tube every 5 minutes with a vortex mixer was more effective.

BD FACSAria IlI flow cytometer
BDFACS Diva
At least 100,000 particles were sorted every run.

Since all files must contain a fluorescein core, all particles were gated by default using the ‘FITC' laser and detector settings,
which is defined by gating the majority population in the ‘FITC-A’ channel histogram, in addition to standard FSC and SSC gates to
minimize sorting of doublets. We also ran positive controls for every dye before every FAS experiment to validate that there is
no significant spectral crosstalk during the sorting process and to validate that we have a distinguishable fluorescence signal in
the presence of other fluorescent dyes. For example, because all our files have FITC, we validated that there is no fluorescence
spillover of FITC in the TAMRA (PE-Texas Red channel), AF647 (APC channel), or TYE705 (Alexa Fluor 700 channel) that would
otherwise make it difficult to distinguish the different particle populations. Boundaries of positive and negative in single-color
experiments were determined by measuring the intensity populations of positive control and negative controls (silica particles
only) for each dye channel and then creating gates on their relative intensity distribution.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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