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ABSTRACT: The rapidly increasing use of digital technologies requires
the rethinking of methods to store data. This work shows that digital data
can be stored in mixtures of fluorescent dye molecules, which are
deposited on a surface by inkjet printing, where an amide bond tethers the
dye molecules to the surface. A microscope equipped with a multichannel
fluorescence detector distinguishes individual dyes in the mixture. The
presence or absence of these molecules in the mixture encodes binary
information (i.e., “0” or “1”). The use of mixtures of molecules, instead of
sequence-defined macromolecules, minimizes the time and difficulty of
synthesis and eliminates the requirement of sequencing. We have written,
stored, and read a total of approximately 400 kilobits (both text and
images) with greater than 99% recovery of information, written at an
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average rate of 128 bits/s (16 bytes/s) and read at a rate of 469 bits/s (58.6 bytes/s).

Bl INTRODUCTION

In order to preserve information over long periods of time,
reduce the energy consumption for storage, and prevent
tampering with stored information, new materials and
strategies for storage of information would be useful and
may be required.' > Current devices used to store information
(optical media, magnetic media, and flash memory) have
insufficient operational lifetimes for long-term storage—
typically less than two decades—and require substantial energy
to maintain the stored information.®

Molecules (including, but not limited to DNA) can be used
to store information without power, at high areal density, and
are claimed to be stable for thousands of years or more.””"*
For these systems to be applied to store information, however,
several problems must be considered including (i) read/write
speeds, (ii) retention of information, (iii) density of
information, and (iv) cost.”

Here, we demonstrate a write-once-read-many (WORM)
molecular information storage approach using mixtures of
fluorescent dye molecules covalently bound to an epoxy
substrate. An inkjet printer enables writing of information at a
rate of 16 bytes/s, and a multichannel fluorescence detector in
a confocal microscope enables reading at a rate of S8
kilobytes/s. Using this approach, we have written 14075
bytes of digital information on a 7.2 mm X 7.2 mm surface
(resulting in an aerial information density of 271.5 bytes/mm?)
and read this information over 1000 times without significant
loss (less than 20%) in fluorescent signal intensity. This
approach enables information storage with high density, fast
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read/write speeds, and multiple reads of a single set of
molecules without loss of information, all at an acceptable cost.
Devices currently used to store digital information—
including optical disks, flash drives, and hard disk drives—
have operational lifetimes on the order of decades.'® An
alternative approach to such technologies is, in principle, to
store information in molecules, as molecule-based storage
systems can have very high theoretical storage densities and
half-lives that can extend to millions of years.
Sequence-defined polymers have been examined for
application in data storage, information processing, and
product validation. Inspired by how nature stores genetic
information, synthetic DNA has become the most popular
molecule to be considered for information storage. While
synthetic DNA provides one of the densest methods of data
storage (~10'® bytes/mm?),'” storage of information in long
DNA strands suffers from several significant problems: (i)
DNA sequencing methods (e.g, Next Gen Sequencinglg) are
slow and, even with massive parallelization, typically require
multiple hours to decode a simple message. This slow rate of
reading makes this technique impractical for many applications
where latency (time to access and read the stored information)
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is important (e.g., data centers); (ii) information systems that
use synthetic DNA typically use polymers that are greater than
100 nucleotides in length, which, due to inefficient monomer
coupling, lead to multiple truncation products that decreases
the information density of the material.'”*’

As an alternative to DNA-based systems, several groups have
examined nonbiological polymers for molecular information
storage. In particular, Lutz and co-workers''~'* have encoded
binary information into several sequence-deﬁned polymers,
1nclud1ng non-natural polyphosphates, ' oligo(alkoxyamine
amide)s,"* and oligo(triazole amide)s'® and decoded informa-
tion in these polymers by sequencing them with tandem mass
spectrometry. These synthetic polymer systems require
extensive synthesis and purification. For these polymers to
encode kilobytes of data, the polymer chain must be thousands
of units long, but iterative monomer addition suffers from a
decrease in the yield of the polymer with each additional
coupling.

We have recently demonstrated that information can be
stored in the composition of a mixture of oligopeptides, rather
than the sequence of a long polymer with individual units
covalently bonded to form a chain.”' The use of smaller
fragments, combined with the commercial availability of these
units, eliminates the need for time-consuming and expensive
synthesis. We have used laser-ionization mass spectrometry to
read information stored in molecules on a metal surface. This
method has certain limitations: (i) mass spectrometry is a
destructive approach, and thus information is destroyed during
read-out; (ii) only one location is read at a time, making the
process of read-out slow (20 bits/s) and difficult to parallelize;
(3) there is limited potential to scale down the feature size, as a
decrease in laser spot size leads to an increase in noise.”

The objective of this work is to demonstrate the storage of
information in a set of optically distinguishable molecules
(rather than oligopeptides distinguishable by molecular weight
using a mass spectrometer). Rather than molecular weight, we
use the difference in the wavelength of fluorescent emission of
commercially available dyes to design an optochemical
molecular information storage system. Information is “written”
by inkjet printing of solutions of fluorescent dyes onto a
reactive polymeric substrate. Information is “read” using a
fluorescence microscope equipped with a multichannel
fluorescence detector that can resolve, simultaneously and
independently, any combination of the dyes on the substrate.
This optical read-out technique uses commercially available
technologies and takes advantage of parallelized “reading”. The
system enabled by this combination of molecules is
fundamentally different from other optical storage methods.

The substrate, onto which information is written, is a thin
film of an epoxy polymer, that contains reactive amino groups.
The N-hydroxysuccinimide (NHS) functionalized dyes react
on the substrate to form stable amide bonds. We demonstrate
that these covalently immobilized dyes are stable to more than
1000 reads without significant loss of intensity. In this work,
we used commercially available fluorescent dyes that have been
optimized to reduce the extent of photobleaching.

There are several advantages of our molecular information
storage technique as compared to magnetic tape, which is the
state-of-the-art for long-term storage technique:*” (i) informa-
tion can be stored, presumably, with lower environmental and
power requirements (in magnetic tape, the binder that secures
the parama§netlc material to the substrate can fail in humid

conditions™); (i) information can be stored less expensively
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Table 1. Comparison of Methods for Archival Data Storage”

write speed  read speed
method cost ($/GB) stability (MB/s) (MB/s)
magnetic tape 0.016" 10-30 years 4 X 10*° 4 X 10%
(LTO-7)
DNA™ >530,0007  up to 2000 1x10Y 3x107¢
years
claimed®
SAMDI! 1" not yet 1x10°  3x107°
determined
fluorescent <0.0001° not yet 16X 107 6% 107
imaging (this determined
work)

“Magnetic tape is the most common technology used to store data for
archival purposes. DNA data storage and self-assembled monolayer-
desorption and ionization (SAMDI) data storage are molecular
information storage strategies that have received interest in the
research community. This work descrlbes storage of information in
mixtures of fluorescent molecules. Total revenue divided by total
data volume of tapes shipped in a year.”* “Current generation (LTO-
9). “Reports vary ($530,000—$31,250,000 per GB written). DNA
sequencmg also incurs cost. “Estimated lifetime of DNA encapsulated
m s1hca 7TOverall throughput is estimated to be on the order of kB/

*3 Specific values for writing rates are not reported. ¥Using a single
state of-the-art sequencing device.”® "Self-assembled monolayers for
matrix-assisted laser desorption/ionization;”' ‘See Supporting In-
formation. section S19 for detailed calculations.

than with magnetic tape (see Supporting Information, section
S19); (iii) reading of information is parallelized—a single
image file can be used to read the information, unlike
sequential reading in magnetic tape;*” (iv) information can be
encrypted with novel schemes (see the Registration section).

B RESULTS AND DISCUSSION

Choice of Dye Molecules. We chose seven commercially
available fluorescent dye molecules with different emission
maxima to demonstrate our strategy (Figure 2). The detection
technique, a multichannel fluorescence detector, uses a linear
array of detection channels to resolve multiple emission bands
in parallel and enables spatially resolved information on the
presence or absence of the dye molecules to be obtained in a
single scan across the substrate. In principle, this technique can
be expanded to incorporate more dyes as well (and encode
more information in the same amount of area). The dyes are
dissolved in dimethyl sulfoxide (DMSO), filtered through a
0.45 um polysulfone syringe filter, and injected into the inkjet
printer cartridge (see Table S1 for concentrations). Figure 2A
lists the dyes used in this study. The optimal concentrations of
the dyes were determined empirically by observing their
fluorescence intensity in a microscope.

“Writing” Information. Inkjet printing is a material
deposition technique that has enabled high-resolution micro-
fabrication with specialized materials and has been demon-
strated to be applicable to areas such as electronlcs,3031
displays,”>** drug discovery”*** and others.”® Inkjet printing
has four attractive features: (i) additive operation, where drops
are deposited only where needed; (ii) the ability to use a
variety of inks (aqueous, organic, nanoparticle composites,
biological materials, etc.); (iii) scalability to high throughput
and large substrate area; (iv) lower cost than photo-
lithography-based patterning. We use inkjet printing (other
technologies like aerosol jet printing’’ and electrohydrody-
namic jet printing”® provide better printing resolution but are
either too expensive or are not commercially available) to print
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Figure 1. A schematic diagram of the “writing” and “reading” process.
ASCII information is converted to a binary bit string which is then
encoded into printable patterns and printed with an inkjet printer.
The presence or absence of dye molecules at a location represents a
byte of data. The information is written on an epoxy substrate which
contains free amino groups. Printing of the dyes leads to an amide
bond formation between the substrate and the dye and leads to
covalent immobilization of the dye onto the substrate at a specific
location. Imaging of the printed substrate using a multichannel
fluorescence detector represents the “reading” of the written
information. The multichannel fluorescence detector can, simulta-
neously and independently, detect the presence or absence of the dye
molecules at a specific location. One very important feature of our
approach is that the registration of the dyes with respect to each other
is not important for decoding the stored information.

1 pL droplets with a 30-um center-to-center distance between
adjacent spots on the substrate (Supporting Information,
Figure S4). To demonstrate storage of information at high
density, we wrote the first section of one of the most seminal
research papers in scientific history: “Experimental researches
in electricity” by Michael Faraday, Phil. Trans. R. Soc. Lond.
1832, 122, 125—162 (Supporting Information, section S18).
This text contains 14075 characters (ie, 14075 bytes of
information when converted to ASCII).

“Reading” Information. Fluorescence imaging is a
powerful tool for high-resolution characterization of biological
samples and materials. The availability of a variety of
fluorescent dyes enables unprecedented control in the labeling
of specific sites on the sample. Recently, the analysis of spectral
data sets and the separation of signals by spectral imaging,
combined with linear unmixing, have overcome problems of
spectral overlap for fluorescent dyes, and is used widely in
biological systems.*”

We used a Zeiss LSM 800 fluorescence microscope, which
has one of the most versatile implementations for spectral
imaging. In this technique, fluorescence emission passes
through a pinhole and is separated by wavelength by a
diffraction grating (Supporting Information, Figure SS). The
spectrally resolved light is then projected onto a linear array of
34 detection channels in a photomultiplier detector. The
wavelength of emitted light is determined by the position of
the channel receiving the photons. This system allows very
precise determination of the intensity of peaks separated by
only a few nanometers and thus the concentration of the dyes
responsible. The presence/absence of a specific fluorescent dye

1730

molecule at a specific location on the substrate can thus be
determined.

Choice of Substrate. Long-term storage of information
requires the formation of thermodynamically stable bonds with
very long half-lives. An amide bond is one of the most
thermodynamically stable bonds available to organic chem-
ists.** In our strategy, we used N-hydroxysuccinimide-
functionalized dye molecules, which spontaneously react with
amino groups to form amide bonds. We synthesized a cross-
linked epoxy polymer with an excess of the amine curing agent.
This substrate contains reactive secondary amino groups
(Supporting Information, Figure $2).*" The epoxy polymer is
processed by hot-pressing a mixture of bisphenol A diglycidyl
ether and triethylene tetramine at 120 °C between a glass
coverslip and a flat PDMS surface (see Experimental Section).
We control the pressure (70 psi) to obtain 50-ym thick films
(Supporting Information, Figures S2 and S3). It is important
to have a flat surface for the substrate because irregularities in
thickness lead to blurring of the image and incomplete focusing
in the microscope on reading the information (Supporting
Information Figure S16 for an example).

Encoding Scheme for “Writing” of Binary Informa-
tion. A binary representation of ASCII characters consists of
eight bits where each bit is either “0” or “1”.** In our encoding
scheme, the binary representation of each ASCII character in
the bit string is assigned a position (positions 1—8, Figure 3).
This position is assigned to a fluorescent dye molecule (here,
we assign dyes to positions in the order of increasing emission
maxima). The bit strings for the positions are then used to
generate a printable pattern. Here, we generate a square
pattern out of the bit strings, but, in principle, any pattern
geometry is possible. These square patterns are then
sequentially printed on the substrate using an inkjet printer.
“0” indicates absence of a dye molecule, and “1” indicates the
presence of a dye molecule. For printable ASCII characters, the
first binary digit is always “0”, and hence, the first square
pattern is always a blank pattern. Thus, we require only seven
dye molecules for data storage of printable eight-bit ASCII
characters.

Registration. Figure 3B shows a schematic representation
of the fact that registration of the printed grids of fluorescent
molecules is not required. The fluorescent molecules, when
deposited onto the substrate, lie on a grid where the presence
or absence of the molecule at the intersection of the gridlines
determines binary information (i.e., “0” or “1”). When these
grids are sequentially printed onto the substrate, any offset
between grids of different fluorescent molecules does not make
a difference to the output obtained on reading through a
multichannel-fluorescence detector. To help in determining
the position of the grid, we place three dots that serve as
“calibration spots” as shown in Figure 3B.

We used the Fujifilm Dimatix DMP 2831 inkjet printer to
deposit the dye molecules onto the substrate. As this inkjet
printer can accommodate only one cartridge at a time, we
manually changed the cartridges (each containing one
fluorescent dye solution) to print the computer-generated
images. We needed 7 manual cartridge changes, and it took
116 s on an average to write each pattern for “Experimental
researches in electricity” at 30 pum center-to-center spot
distance on a 7.2 mm X 7.2 mm substrate area. This time and
area translate into a writing speed of 16 bytes/s.

The substrate with the written information was placed in a
Zeiss LSM 880 fluorescence microscope in an inverted
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Figure 2. Optically distinguishable fluorescent dyes. (A) Structures of the fluorescent dyes used in this study along with their emission spectra in
dimethyl sulfoxide. (B) Reaction scheme for the covalent immobilization of the dye molecule on the substrate. Amino groups in the substrate react
with the N-hydroxysuccinimide derivatives of the fluorescent dye to link the fluorescent dye to the substrate with an amide bond.

configuration. Four lasers (405 nm, 488 nm, 561 nm, 633 nm)
were chosen to excite all the dyes simultaneously in the visible
spectrum region (410—695 nm). Using the in-built spectral
imaging function, we could resolve all the patterns with very
good spatial resolution for each dye. Figure 4B show cropped
regions of the unmixed images for all seven dye molecules. It
took approximately 240 s to record the image, giving an
effective reading speed of 58.64 kilobytes/s (469 kilobits/s).
Here we use an inkjet printer and print at the highest
resolution, where it is not possible to specify whether the grids
are offset or perfectly overlap. The multichannel fluorescence
detector is required to show the presence/absence of a dye in
the same location as other dyes if they perfectly overlap.

Decoding the Information. It is straightforward to use
image analysis to decode the stored information. The
individual patterns are read using a simple Python program
script using the OpenCV computer vision library.”> We
obtained good accuracy (99.64%) of the recovered information
(measured as the number of bits read correctly as a percentage
of the total number of bits). This accuracy can be improved
with more sophisticated image analysis techniques and error
correction codes.”* The most common reason for inaccuracies
during reading were dust particles adhering to the substrate
surface.

Stability of the Information. Photobleaching is the
attenuation of fluorescence intensity of a fluorophore molecule,
primarily due to the cleavage of covalent bonds in the molecule
on reaction with oxygen. In our experiments, photobleaching
did not significantly affect our recorded information. As
compared to traditional biological labeling experiments, we use
a high concentration of the fluorescent dye (micromolar
quantities). Two benefits of using high concentration of dyes
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are (i) low laser power is required to excite the fluorescent
dyes at a location, (ii) lower laser power also decreases the rate
of photobleaching. In our experiments, a 2 mm X 2 mm
portion of the information was continuously read 1000 times
in air without significant loss in intensity (Figure S). After 1000
reading cycles, dye 425 showed the largest reduction in
intensity (~21%), while all other dyes showed a <15% change
in intensity.

Storage of Digital Images. Our strategy of storage of
information for ASCII data can be applied to store non-ASCII
data as well. As shown in Figure 6, we converted a 3 kilobyte
JPEG image of Michael Faraday into a bit string, encoded the
bit string to print in seven fluorescent dyes, and inkjet printed
the molecules onto the substrate. In this case, as the data are
already in a compressed format (JPEG), the quality of
recovered data is much more sensitive to errors than when it
is in a loss-less image encoding format. An example of the
image with 0.4% printing errors (0.4% bits read wrong as
compared to the input bit string) is given in the Supporting
Information (Figure S17).

Our technology for storage of information in mixtures of
fluorescent molecules can be expanded with the use of other
fluorophores with narrow emission bandwidths (e.g., quantum
dots™ or ]—aggregates46). An expanded palette of fluorophores
will allow for the use of more fluorophores per location and
could also allow simpler, band-pass filter-based reading,
eliminating the requirement for an expensive multichannel
fluorescence detector. More sophisticated drop-on-demand
technologies (electrohydrodynamic inkjet printer commercial-
ized by SIJ corporation, Japan, dip-pen lithography,*” etc.) can
print at much higher resolutions (sub-1 um spot—spot
distance). At 1 ym spot-to-spot distance with eight fluorescent
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Figure 3. Encoding and registration. (A) Encoding scheme for storage of data for ASCII characters. The algorithm converts the input ASCII string
into binary bit strings. Each specific position in the binary data is combined to generate a separate bit string, which corresponds to a specific
fluorescent molecule. These eight-bit strings are then converted into a pattern (here, a square pattern, but, in principle, any shape of an array of
spots can be used) and printed sequentially onto the substrate with an inkjet printer. (B) A schematic representation demonstrating that the
registration of different colors of the printed grids is not required. The grids, when printed onto the substrate, can either be perfectly registered or
be printed with an offset. In both cases, as information is read using fluorescence emission at predetermined wavelengths, the patterns can be read
independently (1 = presence of the dye and 0 = absence of the dye). Independent read-out from each channel of the fluorescent detector facilitates

this “non-registered” information storage.

dyes, the areal storage density will be S Gbits/in? which is
comparable to the latest generation of magnetic tape (LTO-8,
areal density: 8 Gbit/in?). Another area for improvement is the
use of error correction codes to decrease error rates (e.g., Reed
Solomon error correction codes** have been extensively used
to decrease error rates in optical media like compact discs, and
Blu-ray discs).

B CONCLUSION

In conclusion, we report a fundamentally new molecular data
storage technology that leverages the optical characteristics of
conjugated molecules. A multichannel fluorescence detector
enables the simultaneous and independent detection of the
presence or absence of a molecule in a mixture on a surface.
The “writing” process uses inkjet printing wherein molecules
that are deposited onto the surface form an amide bond to link
the dye molecules to the substrate. An important characteristic
of this information storage method is that registration of the
individual molecules is not required. This characteristic is, to
our best knowledge, unique; it differentiated this method from
existing optical data storage technologies.

We also show that multiple (>1000) readouts of such optical
molecular information are possible without significant loss of
information through bleaching and other mechanisms. This is
also unique as compared to other molecular information
storage systems which involve destructive reading (e.lg.,
sequencing of DNA'” or laser-ablation of oligopeptides”')
We have also demonstrated the fastest reading speed of any of
the molecular information storage methods (0.469 Mbits/s).
Access to newer drop-on-demand technologies like electro-
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hydrodynamic inkjet printing would enable commercially
competitive areal information density.

This optical molecular information storage technology
presents solutions to important problems that are faced by
emerging molecular information storage technologies: energy
used for storage, cost, and ability to resist corruption.

B EXPERIMENTAL SECTION

Safety. Epoxy resins are known skin sensitizers and should
be handled carefully with all safety precautions and personal
protective equipment in a well-ventilated fume hood. Caution
must be taken while handling the reactive fluorescent dyes as
their safety hazards are not fully known.

Materials. AlexaFluor dyes were purchased from Thermo
Fisher and used without further purification. Atto 425 dye, dry
dimethyl sulfoxide (DMSO), bisphenol A diglycidyl ether, and
triethylenetetramine were purchased from Sigma-Aldrich and
used without further purification.

Fabrication of the Epoxy Substrate. Bisphenol A
diglycidyl ether (2.4 g 7 mmol) was mixed with 0.6 g of
triethylene tetramine (4.2 mmol, 3 equiv). This solution was
vigorously stirred for 2 min and degassed under a vacuum (80
mbar) for 5 min. This solution (2.6 mL) was poured onto a
glass slide and placed inside a heat-press. A PDMS (Sylgard
184) block (10 cm X 10 cm X 0.5 cm) was placed on top of
this solution. The PDMS slab plays two roles: (i) it ensures
that the top surface is flat, (ii) it does not stick to the epoxy
film, and hence it is easy to remove after the epoxy polymer has
cured. The polymer was cured under 20 psi pressure at 120 °C
for 30 min. The PDMS layer was manually removed, and the
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Dye 555 °

Figure 4. Reading of information. (A) Fluorescence microscope image of the first section of Faraday’s “Experimental researches in electricity” on a
50 ym epoxy polymer film written using the encoding scheme shown in Figure 3. The image was recorded with excitation using four lasers
simultaneously (405 nm, 488 nm, 561 nm, 633 nm). (B) Zoomed-in image of the printed droplets on the epoxy substrate. (C) Linear unmixing of
the fluorescent microscope image leads to independent deconvolution of each dye at a location. The panel shows individual grids of fluorescent dye
molecules 425, 488, 514, 555, 568, 594, and 647 obtained by spectral unmixing of the original image using the Zeiss Zen Black software.
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Figure S. A subset of the printed area was continuously read 1000 times in the fluorescence microscope. (A) Image of the printed region on the
first read. (B) Image of the same region after 1000 reads. All the patterns of the dyes were easily readable after 1000 cycles of reading. (C) Table
showing the percentage of the initial fluorescence intensity remaining after reading the data 1000 times in air.

epoxy film on the glass substrate was cooled down to room
temperature. This film was then washed with n-hexane three
times to remove any potential residue left by the PDMS
polymer.

Instrumentation. Inkjet Printing. Writing was carried out
with a Fujifilm Dimatix DMP 2831 printer with a 1 pL printing
volume cartridge. The printing parameters are firing voltage of
the active nozzle: 16 V; firing voltage of inactive nozzles: 12V,
printing height: 0.5 mm. Cartridges containing the fluorescent
dyes were manually changed for each dye.

Atomic Force Microscopy. A sample consisting of an epoxy
film on a glass slide was first sonicated in isopropyl alcohol for
10 min and then dried under a nitrogen stream. Atomic force
microscope (AFM) images were obtained using an Asylum
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Research Cypher AFM in tapping mode with a 300 kHz
cantilever. Supporting Information, Figure S2 provides the
data.

Profilometry. A sample consisting of an epoxy film on a
microscope glass slide (VWR, 1 mm thickness) was sliced with
a razor blade to introduce trenches into the film, sonicated in
isopropyl alcohol for 10 min, and then dried under nitrogen.
Profilometry was performed using a Bruker DektakXT
profilometer equipped with a S-um radius diamond tip and
with 3 mg of applied force.

Supporting Information, Figure S3 provides the data.

Microscopy. Reading was carried out using a Zeiss LSM 880
confocal microscope with an in-built 34 channel photo-
multiplier detector. Four lasers were used to excite all the dyes:
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Image converted to
a binary bitstring

110001101
011001100
111000111
010100011
101100011
1101001.....

Image of Michael Faraday L
3.95 KBytes

Image after “reading”

Figure 6. A JPEG image of Michael Faraday (3.95 KB) was converted into patterns for the seven fluorescent dyes used in this study. This
information was printed onto a 4.2 mm X 4.2 mm epoxy substrate. An example of a decoded image with 0.4% printing errors is shown in the
Supporting Information, Figure S17. The image of Michael Faraday has been reproduced with permission from Getty Images.

405 nm, 488 nm, 561 nm, 633 nm. The in-built multichannel
fluorescence detector was calibrated with individual dyes
printed on the epoxy substrate.
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