bioRxiv preprint doi: https://doi.org/10.1101/2020.02.05.936369; this version posted April 6, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Random access DNA memory in a scalable, archival file storage system

James L. Banal', Tyson R. Shepherd!?, Joseph Berleant', Hellen Huang', Miguel Reyes'?,

Cheri M. Ackerman?, Paul C. Blainey'??, and Mark Bathe'-**

"Department of Biological Engineering, Massachusetts Institute of Technology, Cambridge, MA

02139 USA
Broad Institute of MIT and Harvard, Cambridge, MA 02142 USA
3Koch Institute for Integrative Cancer Research at MIT, Cambridge, MA 02142 USA

*Correspondence should be addressed to: mark.bathe@mit.edu

"These authors contributed equally to this work


https://doi.org/10.1101/2020.02.05.936369
http://creativecommons.org/licenses/by-nc-nd/4.0/

10

11

12

13

14

15

16

17

18

19

20

21

22

23

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.05.936369; this version posted April 6, 2020. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

ABSTRACT

DNA is an ultra-high-density storage medium that could meet exponentially growing worldwide
demand for archival data storage if DNA synthesis costs declined sufficiently and random access
of files within exabyte-to-yottabyte-scale DNA data pools were feasible. To overcome the second
barrier, here we encapsulate data-encoding DNA file sequences within impervious silica capsules
that are surface-labeled with single-stranded DNA barcodes. Barcodes are chosen to represent file
metadata, enabling efficient and direct selection of sets of files with Boolean logic. We
demonstrate random access of image files from an image database using fluorescence sorting with
selection sensitivity of 1 in 10° files, which thereby enables 1 in 10% per N optical channels. Our
strategy thereby offers retrieval of random file subsets from exabyte and larger-scale long-term
DNA file storage databases, offering a scalable solution for random-access of archival files in

massive molecular datasets.

INTRODUCTION

While DNA is conventionally the polymer used for storage and transmission of genetic
information in biology, it can also be used for the storage of arbitrary digital information at
densities far exceeding conventional data storage technologies such as flash and tape memory, at
scales well beyond the capacity of the largest current data centers'2. Recent progress in nucleic
acid synthesis and sequencing technologies continue to reduce the cost of writing and reading
DNA, thereby rendering DNA-based information storage potentially viable commercially in the
future>®. Demonstrations of its viability as a general information storage medium include
numerous examples including the storage and retrieval of books, images, computer programs,

audio clips, works of art, and Shakespeare’s sonnets using a variety of encoding schemes’"!3, with
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data size limited primarily by the cost of DNA synthesis. In each case, digital information was
converted to DNA sequences composed of ~100-200 nucleotide (nt) data blocks for ease of
chemical synthesis and sequencing. Sequence fragments were then assembled to reconstruct the
original, encoded information.

While significant 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 a successful
molecular data storage system is the ability to efficiently retrieve specific files, or random subsets
of files, from a large-scale pool of DNA data on demand, without error, without data destruction,
and ideally at low cost for a practical archival data storage and retrieval device. Toward this end,
to date research has largely used conventional polymerase chain reaction (PCR)%!!:!3, which uses
up to 20-30 heating and cooling cycles with DNA polymerase to selectively amplify and extract
specific DNA sequences from a DNA data pool using primers. Nested addressing barcodes!#16
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!”.

Major limitations of PCR-based approaches, however, include the length of DNA needed
to uniquely label DNA data strands for file indexing, which dramatically reduces the DNA
available for data storage. 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. Further, selective amplification of a
specific file using PCR requires access to the entire data pool for each query, which is destructive
to the data pool, and intrinsically limited by the finite number orthogonal primers, e.g., 28,000 for
previously demonstrated PCR-based random access system!®, available to amplify target files

without strand crosstalk due to non-specific hybridization. Finally, PCR-based approaches do not
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allow for physical deletion of specific files from a data pool and require numerous heating and
cooling cycles with DNA polymerase, which may be prohibitively costly, time-consuming, and
impractical for random access memory in exabyte-to-yottabyte-scale data pools. While spatial
segregation of data into distinct pools'® and extraction of selected DNA using biochemical affinity
pulldown have yielded significant improvements in PCR-based file selection strategies, these
implementations vastly reduce data density!’, and cannot access random subsets of files in this
direct manner that is required for a truly scalable and deployable archival molecular file storage
and retrieval system.

As an alternative to PCR-based approaches, here we focus on archival DNA data storage
and retrieval by first encapsulating physically DNA-based files within discrete, impervious silica
capsules, which we subsequently label with single-stranded DNA barcodes that enable direct,
random access on the entire data pool via barcode hybridization, without need for amplification
and without crosstalk with the physically isolated data-encoding DNA, followed by downstream
selection that may be optical, physical, or biochemical. Each “unit of information” encoded in
DNA we term a file, which includes both the DNA encoding the main data as well as any additional
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 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 (see Supplementary Section S0 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
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monodisperse, 6-um silica particles that were chemically surface-labeled using up to three 25-mer
single-stranded DNA (ssDNA) oligonucleotide barcodes chosen from a library of 240,000
orthogonal primers, which allows for identification 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 renewable, closed-

20-22
2

cycle write-store-access-read system using bacterial DNA data encoding and expression our

file system is equally applicable to single-stranded DNA oligos produced using solid-phase

2,7,8,10-13,17 23-26

chemical synthesis or gene-length oligos produced enzymatically*>~*°, and larger file
sizes on the megabyte to gigabyte scale. And while only twenty 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 equally applies to
thousands, billions, or larger sets of images, limited only by the cost of DNA synthesis, rather than
any intrinsic property of our file system itself (Supplementary Fig. 1).

Fluorescence-activated sorting (FAS) was used to select target subsets of the complete data
pool by first annealing fluorescent oligonucleotide probes that are complementary to the barcodes
used to address the database?’, enabling direct retrieval of specific, individual files from a pool of
(10%)" total files, where N is the number of fluorescence channels employed, without amplification
required for PCR-based approaches, or loss of nucleotides available for data encoding. Further,
our system enables direct, complex Boolean AND, OR, NOT logic to select random subsets of
files with combinations of distinct barcodes to query the data pool, similar to conventional Boolean
logic applied in text and file searches on solid-state silicon devices. And because physical

encapsulation separates file sequences from external barcodes that are used to describe the

encapsulated information, our file system offers long-term environmental protection of encoded
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10.28.29  where external

93 file sequences via silica encapsulation for permanent archival storage
94  barcodes may be renewed periodically, further protected with secondary encapsulation, or replaced
95 for more sophisticated file operations involving re-labeling of data pools. Taken together, our
96 strategy presents a practical and scalable archival molecular file storage system with random
97  access capability that applies to the exabyte-to-yottabyte scales, limited only by the current cost of
98  DNA synthesis.
99
100  File Synthesis
101 Digital information in the form of 20 icon-resolution images was stored in a data pool, with each
102  image encoded into DNA and synthesized on a plasmid. We selected images of broad diversity,
103  representative of distinct and shared subject categories, which included several domestic and wild
104  cats and dogs, US presidents, and several human-made objects such as an airplane, boats, and
105  buildings (Fig. 1 and Supplementary Fig. 1). To implement this image database, the images were
106  substituted with black-and-white, 26 x 26-pixel images to minimize synthesis costs, compressed
107  using run-length encoding, and converted to DNA (Supplementary Fig. 1, 2). Following
108  synthesis, bacterial amplification, and sequencing validation (Supplementary Fig. 3), each
109  plasmid DNA was separately encapsulated into silica particles containing a fluorescein dye core
110  and a positively charged surface?®?°. Because the negatively charged phosphate groups of the DNA
111 interact with positively charged silica particles, plasmid DNA condensed on the silica surface,
112 after which N-[3-(trimethoxysilyl)propyl]-N,N,N-trimethylammonium chloride (TMAPS) was
113 co-condensed with tetraethoxysilane to form an encapsulation shell after four days of incubation
114 at room-temperature'®? (Fig. 2a) to form discrete silica capsules containing the file sequence that

115  encodes for the image file. Quantitative PCR (qPCR) of the reaction supernatant after
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116 encapsulation (Supplementary Fig. 4) showed full encapsulation of plasmids without residual
117  DNA in solution. To investigate the fraction of capsules that contained plasmid DNA, we
118  compared the fluorescence intensity of the intercalating dye TO-PRO when added pre- versus post-
119  encapsulation (Supplementary Fig. 2). All capsules synthesized in the presence of both DNA and
120  TO-PRO showed a distinct fluorescence signal, consistent with the presence of plasmid DNA in
121 the majority of capsules, compared with a silica particle negative control that contained no DNA.
122 In order to test whether plasmid DNA was fully encapsulated versus partially exposed at the
123 surface of capsules, capsules were also stained separately with TO-PRO post-encapsulation (Fig.
124  2b). Using qPCR, we estimated 10° plasmids per capsule assuming quantitative recovery of DNA
125  post-encapsulation (Supplementary Fig. 5). Because encapsulation of the DNA file sequence
126  relies only on electrostatic interactions between positively-charged silica and the phosphate
127 backbone of DNA, our approach can equally encapsulate any molecular weight of DNA molecule
128  applicable to MB and larger file sizes, as demonstrated previously?’, and is compatible with
129  alternative DNA file compositions such as 100-200-mer oligonucleotides that are commonly
130 used?7$12.13.17,

131 Next, we chemically attached unique content addresses on the surfaces of silica capsules
132 using orthogonal 25-mer ssDNA barcodes (Supplementary Fig. 6) describing selected features of
133 the underlying image for file selection. For example, the image of an orange tabby house cat
134  (Supplementary Fig. 1) was described with cat, orange, and domestic, whereas the image of a
135  tiger was described with cat, orange, and wild (Supplementary Fig. 1 and Supplementary Table
136  2). To attach the barcodes, we activated the surface of the silica capsules through a series of
137  chemical steps. Condensation of 3-aminopropyltriethoxysilane with the hydroxy-terminated

138  surface of the encapsulated plasmid DNA provided a primary amine chemical handle that


https://doi.org/10.1101/2020.02.05.936369
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.05.936369; this version posted April 6, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

139  supported further conjugation reactions (Fig. 2¢). We modified the amino-modified surface of the
140  silica capsules with 2-azidoacetic acid N-hydroxysuccinimide (NHS) ester followed by an
141 oligo(ethylene glycol) that contained two chemically orthogonal functional groups: the
142 dibenzocyclooctyne functional group reacted with the surface-attached azide through strain-
143  promoted azide-alkyne cycloaddition while the NHS ester functional group was available for
144 subsequent conjugation with a primary amine. Each of the associated barcodes contained a 5’-
145  amino modification that could react with the NHS-ester groups on the surface of the silica capsules,
146  thereby producing the complete form of our file. Notably, the sizes of bare, hydroxy-terminated
147  silica particles representing capsules without barcodes were comparable with complete files
148  consisting of capsules with barcodes attached, confirmed using scanning electron microscopy (Fig.
149  2d and 2e, left). These results were anticipated given that the encapsulation thickness was only on
150  the order of 10 nm?® and that additional steps to attach functional groups minimally increases the
151  capsule diameter. We also observed systematic shifts in the surface charge of the silica particles
152 as different functional groups were introduced onto their surfaces (Fig. 2e). Using hybridization

30-32 " we estimated the number of barcodes available for

153  assays with fluorescently-labelled probes
154  hybridization on each file to be on the order of 10® (Supplementary Fig. 7). Following synthesis,
155  files were pooled and stored together for subsequent retrieval. Illumina MiSeq was used to read
156  each file sequence and reconstruct the encoded image following selection and de-encapsulation,
157  in order to validate the complete process of image file encoding, encapsulation, barcoding,
158  selection, de-encapsulation, sequencing, and image file reconstruction (Supplementary Figs. 9,
159  10).

160

161 File Selection
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162  Following file synthesis and pooling, we used FAS to select specific targeted files from the
163  complete data pool through the reversible binding of fluorescent probe molecules to the file
164  barcodes (Supplementary Fig. 6). All files contained a fluorescent dye, fluorescein, in their core
165 as a marker to distinguish files from other particulates such as spurious silica particles that
166  nucleated in the absence of a core or insoluble salts that may have formed during the sorting
167  process. Each detected fluorescein event was therefore interpreted to indicate the presence of a
168  single file during FAS (Supplementary Fig. 11). To apply a query such as flying to the image
169  database, the corresponding fluorescently labeled ssDNA probe was added, which hybridized to
170  the complementary barcode displayed externally on the surface of a silica capsule for FAS
171 selection (Fig. 3a).

172 We subjected the entire data pool to a series of experiments to test selection sensitivity of
173  target subsets using distinct queries. First, we evaluated single-barcode selection of an individual
174 file, specifically Airplane, out of a pool of varying concentrations of the nineteen other files as
175  background (Fig. 3b). To select the Airplane file, we hybridized an AFDye 647-labelled ssDNA
176  probe that is complementary to the barcode flying, which is unique to Airplane. We were able to
177 detect and select the desired Airplane file through FAS even at a relative abundance of 10
178  compared with each other file (Fig. 3¢). While comparable in sensitivity to a nested PCR barcoding
179  data indexing approach!’, unlike PCR that requires 20-30 of rounds of heating and cooling to
180  selectively amplify the selected sequence, our approach selects files directly without need for
181  thermal cycling and amplification. This strategy also applies to gating of N barcodes
182  simultaneously in parallel optical channels, which offers file selection sensitivity of 1 in 10%" total
183  files, where common commercial FAS systems offer up to N = 17 channels***. For example,

184  comparison of the retrieved sequences between the £1ying gate and the NOT f£1lying gate after
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185  chemical release of the file sequences from silica encapsulation revealed that 60—95% of the
186  Airplane files were sorted into the £1ying gate (Supplementary Figs. 18-21), where we note
187  that any sort probability above 50% indicates enrichment of Airplane within the correct population
188  subset (£1lying) relative to the incorrect subset (NOT flying), while a sort probability of 100%
189  would indicate ideal performance. Besides single file selection, our approach allows for repeated
190  rounds of FAS selection, as well as Boolean logic, described below.

191

192 Boolean Search

193  Beyond direct selection of 1 in 10" individual random files directly, without thermal cycling or
194 loss of fidelity due to primer crosstalk, our system offers the ability to apply Boolean logic to select
195  random file subsets from the data pool. AND, OR, and NOT logical operations were applied by
196  first adding to the data pool fluorescently labeled ssDNA probes that were complementary to the
197  barcodes (Fig. 4, left). This hybridization reaction was used to distinguish one or several files in
198  the data pool, which were then sorted using FAS. We used two to four fluorescence channels
199  simultaneously to create the FAS gates that executed the target Boolean logic queries (Fig. 4,
200 middle). To demonstrate a NOT query, we added to the data pool an AFDye 647-labelled ssDNA
201  probe that hybridized to files that contained the cat barcode. Files that did not show AFDye 647
202  signal were sorted into the NOT cat subset (Fig. 4a). An example of an OR gate was applied to
203 the data pool by simultaneously adding dog and building probes that both had the TAMRA label
204  (Fig. 4b). All files that showed TAMRA signal were sorted into the dog OR building subset
205 by the FAS. Finally, an example of an AND gate was achieved by adding fruit and yellow probes
206  that were labelled with AFDye 647 and TAMRA, respectively. Files showing signal for both

207  AFDye 647 and TAMRA were sorted into the fruit AND yellow subset in the FAS (Fig. 4¢).

10
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208  For each example query, we validated our sorting experiments by releasing the file sequence from
209  silica encapsulation and sequencing the released DNA with Illumina MiniSeq (Fig. 4, right). Sort
210  probabilities of each file for each search query are shown in Supplementary Figs. S22—-S24.

21 The preceding demonstrations of Boolean logic gates enable file sorting with varying
212 specificity of selection criteria for the retrieval of different subsets of the data pool. FAS can also
213 be used to create multiple gating conditions simultaneously, thereby increasing the complexity of
214  target file selection operations, as noted above. To demonstrate increasingly complex Boolean
215  search queries, we selected the file containing the image of Abraham Lincoln from the data pool,
216 which included images of two presidents, George Washington and Abraham Lincoln. The
217  president ssDNA probe, fluorescently labeled with TAMRA, selected both Lincoln and
218  Washington files from the data pool. The simultaneous addition of the /8% century ssDNA probe,
219  fluorescently labeled with AFDye 647 (Fig. Sa, left), discriminated Washington, which contained
220  the 18" century barcode, from the Lincoln file (Fig. 5a, middle). The combination of these two
221 ssDNA probes permitted the complex search query president AND (NOT 18%" century).
222 Sequencing analysis of the gated populations after reverse encapsulation validated that the sorted
223  populations matched search queries for president AND (NOT 18t century),
224 president AND 18*" century, and NOT president (Fig. 5a, right; Supplementary
225  Fig. 25).

226 To demonstrate the feasibility of performing Boolean search using more than three
227  fluorescence channels for sorting, we also selected the Wolf file from the data pool using the query
228 dog AND wild, and used the black & white probe to validate the selected file (Fig. 5b, left).
229  Because conventional FAS software is only capable of sorting using 1D and 2D gates, we first

230  selected one out of the three possible 2D plots (Fig. 5b, left and bottom): dog-TAMRA against

11
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231 wild-AFDye 647. We examined the black & white-TYE705 channel on members of the dog AND
232 wild subset (Fig. 5b, left and bottom). Release of the encapsulated file sequence and subsequent
233  sequencing of each gated population from the dog versus wild 2D plot validated sorting (Fig. Sb,
234  right; Supplementary Fig. 26).

235 In contrast to single-stranded DNA oligos, our use of plasmids as a substrate for encoding
236  information offered the ability to restore files into the data pool after retrieval. In cases where
237  single images were sorted (Figs. 4¢, 5a, b), we were able to transform competent bacteria from
238  each search query that resulted in a single file (Supplementary Fig. 27). Amplified material was
239  pure and ready for re-encapsulation into silica particles, which could be re-introduced directly back
240 into the data pool. Importantly, our molecular file system and file selection process thereby
241 represents a complete write-store-access-read cycle that in principle may be applied to exabyte and
242  larger-scale datasets, with periodic renewal of single-stranded DNA barcodes and bacterial
243  replication of DNA data following reading?-22. While sort probabilities were typically below the
244  optimal 100% targeted for a specific file or file subset query, future work may characterize sources
245  of error that could be due to sample contamination or random FAS errors. The latter type of error
246  can be mitigated through repeated cycles of file selection in series. Our technical approach differs

9,11,13,17,18’ in

247  significantly from approaches that rely on selective PCR amplification for selection
248  which repeated amplifications may reduce fidelity of file selection.

249

250 Discussion & Outlook

251 We introduce a scalable, non-destructive, random access molecular file system for the direct access
252  of arbitrary files and file-subsets from an archival DNA data store. The introduction of our file

253  system overcomes former limitations of indirect, PCR-based file systems for the practical

12
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254  implementation of archival DNA memory systems. This advance now leaves the high cost of DNA
255  synthesis compared with alternative memory storage media as the primary remaining rate-limiting
256  step for translation of this technology. While the overall data density of our file system is
257  considerably lower than the theoretical limit of DNA data density due to the encapsulation of DNA
258 files in silica particles, the physical size of exabyte-scale DNA data stored in our system is still
259  orders of magnitude smaller than conventional archival file storage systems. For example,
260 assuming 2 bits per base, 102! grams per base, and a density of double-stranded DNA of 1.7 grams
261  per cubic centimeter?, PCR-based random access approaches have a theoretical volumetric density
262  limit of 10%7 bytes per m?, compared with our approach of 10** bytes per m? that is 10°-fold lower
263  (Supplementary Section S6). However, PCR suffers from numerous issues such as enzyme cost,
264  requirement of numerous heating and cooling cycles, and potential crosstalk between file

265  sequences and barcodes!”:!8

, which requires spatial segregation of file sequences in electrowetting
266  devices!'® that reduced data density to ~10%° bytes per m®, seven orders of magnitude below the
267  theoretical limit for dry DNA (Supplementary Section S6).

268 In the current implementation of our file system, each file capsule contained 10°® DNA
269  plasmids, which could instead store multiple unique file-encoding plasmids or file fragments to
270  increase data density to gigabyte-sized files per capsule, with an overall data density of 10** bytes
271 per m? (Supplementary Section S6), which is only three orders of magnitude lower than the
272 theoretical data density limit of dry DNA, and four orders of magnitude higher than published
273 approaches to storing and accessing DNA data with spatial segregation'®. And equally important
274  to data density per se is the physical size required to store an exabyte- or larger-scale DNA data

275  pool. Using our approach, 10° gigabyte-sized files would still only require 0.2 cm? of total dry

276  volume, without any need for physically separated data pools. Notwithstanding, further increases

13
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277  in data density could be achieved by using nanoparticles ~100-200 nm in diameter to encode
278 files'®?%2° sorted with higher sensitivity FAS systems®>3¢, or multiple layers of encapsulated
279  DNAY"

280 In addition to data pool size and density, another crucial operating feature is the latency or
281  time associated with DNA file retrieval. Because FAS scales linearly with the size of the data pool,
282  retrieval time may still be limiting in an exabyte-scale data pool, even assuming gigabyte-sized
283  files. To further reduce file selection time, future file system implementations may leverage
284  parallel microfluidics-based optical sorting procedures, brighter fluorescent probes to increase

38-42

285  selection throughput, alternative barcode implementations®***, or physical sorting strategies such

286 as direct biochemical pulldown!7:4344

, such as recently implemented using direct magnetic
287  extraction of files labelled with biochemical affinity tags!’. Additional latency due to chemical
288  deprotection of DNA from silica encapsulation renders our file system ideally suited to long-term,
289  archival DNA storage at the exabyte-to-yottabyte scales.

290 Indeed, because we view our scalable file system as an alternative to tape-based, ‘cold’
291  archival data storage systems rather than flash or other ‘hot’ memory, for which latency times may
292  be tolerated on the time frame of several days to weeks, the foregoing latency limitations are of
293  minimal importance compared with the transformative capability offered by our system to store
294  exabyte-to-yottabyte-scale datasets with direct retrieval of arbitrary, random file subsets. Example
295  applications include the retrieval of specific images from archival databases of astronomical image
296  databases*, high-energy physics datasets*®, or high-resolution deep ocean floor mapping*’.

297 Finally, because our system is not limited to synthetic DNA, it applies equally to long-term

298  archival storage of bacterial, human, and other genomes for archival sample preservation and

299 retrieval®**8, forensic analysis, and retrospective analysis of pandemic outbreaks, as explored in
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accompanying work*. Our demonstrated file system enables complex file search operations on

underlying molecular data pools, moving us closer to realizing an economically viable, functional

massive molecular file and operating system?7-%31,
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469  Figure 1 | Write-access-read cycle for a content-addressable molecular file system. Colored
470  images were converted into 26 x 26-pixel, black-and-white icon bitmaps. The black-and-white
471 images were then converted into DNA sequences using ternary encoding scheme ®. The DNA
472  sequences that encoded the images (file sequences) were inserted into a pUC19 plasmid vector
473  and encapsulated into silica particles using sol-gel chemistry. Silica capsules were then addressed
474  with content barcodes using orthogonal 25-mer single-stranded DNA strands, which were the final
475  forms of the files. Files were pooled to form the molecular file database. To query a file or several
476 files, fluorescently-labelled 15-mer ssDNA probes that are complementary to file barcodes were
477  added to the data pool. Particles were then sorted with fluorescence-activated sorting (FAS) using
478  two to four fluorescence channels simultaneously. Addition of a chemical etching reagent into the
479  sorted populations released the encapsulated DNA plasmid. Sequences for the encoded images
480  were validated using Sanger sequencing or Illumina MiniSeq. Because plasmids were used to
481  encode information, re-transformation of the released plasmids into bacteria to replenish the

482  molecular file database thereby closed the write-access-read cycle.
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Figure 2 | Encapsulation of DNA plasmids into silica and surface barcoding. a, Workflow of
silica encapsulation 2°. b, Raw fluorescence data from FAS experiments to detect DNA staining of
TO-PRO during or after encapsulation. ¢, Functionalization of encapsulated DNA particles. d,
Scanning electron microscopy images of bare silica particles, silica particles functionalized with
TMAPS, and the file. e, Distribution of particle sizes determined from microscopy data (left) and

zeta potential analyses of silica particles and files.
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Figure 3 | Single-barcode sorting. a, Schematic diagram of file sorting using FAS. b, Sorting of
Airplane from varying relative abundance of the other nineteen files as background. Percentages
represent the numbers of particles that were sorted in the gate. Colored traces in each of the sorting
plots indicate the target population. ¢, Sequencing validation using Illumina MiniSeq. Sort
probability is the probability that a file is sorted into one gated population over the other gated
populations. Boxes with solid outlines indicate files that should be sorted into the specified gate.

Other files have dashed outlines.
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503  Figure 4 | Fundamental Boolean logic gates. a, NOT cat selection. Raw fluorescence trace
504  from the FAS system (left) plotted on a 1D sorting plot showing the percent of particles that were
505 sorted in each gate. Sequencing using [llumina MiniSeq tested selection specificity (right). b, dog
506 OR building selection. Raw fluorescence trace from the FAS system (left) plotted on a 1D
507  sorting plot showing the percent of particles that were sorted in each gate. Sequencing using

508 Illumina MiniSeq evaluated sorting using the OR gate (right). ¢, A 2D sorting plot to perform a
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509 yellow AND fruit gate. Percentages in each quadrant show the percentages of particles that
510  were sorted in each gate. Colored traces in all of the sorting plots indicate the target populations.
511 Sort probability is the probability that a file is sorted into one gated population versus the other
512  gated populations. Boxes with solid outlines indicate files that were intended to sort into the
513  specified gate. Other files have dashed outlines.

514
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516

517  Figure 5 | Arbitrary logic searching. a, president AND (NOT 18" century) sorting.
518 A 2D sorting plot (middle) was used to sort Lincoln by selecting a population that has high
519 TAMRA fluorescence but low AFDye 647 fluorescence. Sequencing using MiniSeq offered
520 quantitative evaluation of the sorted populations. b, Multiple fluorescence channels were projected
521  into a 3D FAS plot (left and top). There are three possible 2D plots that can be used for sorting.
522  To select the Wolf image using the query wild AND dog, a 2D plot of wild versus dog was first
523  selected and then populations selected using quadrant gates (left and bottom). One of the quadrants

524  were then selected where the Wolf image should belong based on the wild AND dog query in
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525  order to test whether only a single population was present in the TYE705 fluorescence channel.
526  Sequencing quantified the sorted populations (right) using Illumina MiniSeq. Sort probability is
527  the probability that a file was sorted into one gated population over the other gated populations.
528  Boxes with solid outlines indicate files that would ideally be sorted into the specified gate. Other
529 files have dashed outlines.

530
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