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Abstract

It is more important now than ever to develop more effective data storage techniques
in the constantly advancing field of computers. Due to their limits in terms of durability,
information density, and physical space requirements, current storage technologies, such as
magnetic and optical media, are finding it difficult to keep up with the global demand for data
storage, which is expected to exceed 175 trillion gigabytes by 2025.

Nature’s own method of storing genetic information for a long time, deoxyribonucleic acid
(DNA), provides great data density, stability, and endurance, making it a viable solution to
address this issue.

Through a comprehensive analysis of existing literature, this paper aims to provide
a nuanced understanding of DNA computing’s current state - mainly its trajectory towards
becoming a viable alternative to traditional storage methods - highlighting the history, current
developments/challenges, and future prospects.
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Introduction

In the rapidly evolving landscape
of computing, the invention of more
efficient data storage methods has become
increasingly critical. Data storage can be
described as the technological means by
which digital data is retained and archived
for use on a computer or other related
device (1). With the huge increase in
global data, the demand for data storage
worldwide is predicted to reach 1.75 x 10’
4 GB (175 trillion) by 2025 (2) which our
current storage methods struggle to keep
pace with. This also means even more
physical space will be needed for memory.(3)
A vast majority of our data is currently
stored on magnetic media such as hard
drives and tapes, with some data also stored
on optical media like CDs and DVDs. These
storage methods present us with several
disadvantages including low durability
(<50 years), low information density, and
the need for specialised readers (2). Given
these limitations, researchers are exploring
various alternatives to meet the constantly
rising data storage demands, and as nature’s
own system for reliable, long-term storage
of genetic information - deoxyribonucleic
acid (DNA) offers remarkable data density,
stability, and longevity, making it a promising
potential solution. No organisms or cells are
used for DNA data storage; rather, the DNA
is synthesised through controlled chemical
processes (4) which will be discussed later
in this paper.

Process

DNA is made up of two chains of
smaller molecules called nucleotides, coiled
around each other to form a double helix.
Each chain contains a string of nucleotide
monomers, also referred to as bases:
adenine (A), thymine (T), cytosine (C) or
guanine (G)(5). The two chains are held
together by bonds formed between the
bases of the opposite chain. These bases are
complementary to a specific type of base,
which means A only forms bonds with T, and

C only forms bonds with G. The process of
using DNA as a storage method undergoes
many stages, which can be broken down
into encoding, synthesis, storage, retrieval,
sequencing and decoding (4, 5).

Encoding

Computers represent all the data
they work with in the form of Os and 1s
(binary). The process of converting these Os
and 1s into sequences of bases (A,T,C,G) is
called encoding. There are various methods
of encoding that have been developed.

Modern day encoding algorithms

The encoding method we use directly
affects (and is affected by) the overall
quality of the data storage system including
factors such as data density, cost, and data
reliability (5). Two encoding algorithms that
are regularly used include either assigning
two binary digits to each base, or creating
a library of small oligonucleotides (short
molecules of DNA) representing letters,
symbols, or numbers where the original O’s
and 1’s are encoded to the letters in the
alphabet.

In the first method, each base would be
assigned 2 binary digits, for example:

A =00
C =01
G =10
T=1

Thus, a number such as 0011011001 could
be encoded as ATCGC, which would then be
synthesised (discussed further in section 4)

(5).
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Microvenus

Figure 1
The microvenus binary code

10101
01110
00100

s 00100
00100

00100
00100

HEATHER MASSON-
FORSYTHE

Note: Source of picture: Heather Masson-
Forsythe, https:/www.asbmb.org/asbmb-
today/science/101322/artists-technologists-
bring-data-storage-to-life.

The first attempt at using DNA for
storage purposes was for a collaboration
of art and science, Microvenus (1996) (6).
Their idea was to incorporate data in DNA,
more specifically a living bacteria (e. Coli).
The information they encoded was the
ancient Germanic rune for “life” and “female
Earth”, within a 5x7 or 7x5 figure (35 bits
of data). The encoding strategy they used
was assigning phase-change values to each
of the bases, where each base indicates
how many times each binary digit is to be
repeated. This can be written as:

C=X,T=XX, A= XXX, G = XXXX
where X is a binary digit.

Thus, the first five digits of the
microvenus binary code—101010—would
be written as CCCCC (as the binary digits
occur only once before changing), while the
next few digits—0111000—would be CAA.
By using this encoding method, the thirty-
five bit binary map would translate to only
eighteen bases: CCCCCCAACGCGCGCGCT.
An additional sequence CTTAAAGGGG was

added to the beginning of the DNA sequence
as a clue into their assigned values, thus
giving us a sequence with a final length of 28
nucleotides (which were then incorporated
into the living cell using recombination
molecular biology technique) (7).

Synthesis

DNA synthesis is the creation -
naturally or chemically - of DNA molecules.
In nature, they are synthesised through the
process of DNA replication, often as a part
of cell division. In order to synthesise DNA
in an efficient and cost-effective manner,
the methods we devise are constantly
undergoing improvements. This is also due
to the vast amount of applications of DNA
synthesis, including genetic modification,
protein engineering, molecular tools and
much more (8). Chemical methods, followed
by enzymatic and hybrid methods were
developed for the step-wise synthesis
of DNA (base-by-base or nucleotide-by-
nucleotide), which allowed us to generate
DNA of longer length and higher complexity
than oligonucleotides (9).

Chemical and Enzymatic synthesis

Chemical synthesis (phosphoramidite
synthesis) as well as enzymatic synthesis
are both base-by-base synthesis methods.
This is done by beginning the process with
a base bound by a chemical element called
a blocker. The strand is then “de-blocked”
and a new base with a blocker is added to
the strand. This helps prevent the synthesis
of undesired molecules and allows the
DNA chain to synthesise in the right order.
This process is then repeated to continue
synthesising the DNA, while maintaining
acceptable error rates (5).

In phosphoramidite synthesis
(phosphoramidites are building
blocks used in chemical synthesis of
oligonucleotides(10)), the oligonucleotides
are synthesised from building blocks that
replicate natural bases (5). On the other
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hand, enzymatic DNA synthesis (EDS) is
another method developed as an alternative
to phosphoramidite synthesis where instead
of solvents and phosphoramidites, they
make use of aqueous reagents and enzymes
(11). While phosphoramidite synthesis
currently dominates the market compared
to EDS due to advantages in quality and
robustness, EDS is progressing rapidly. DNA
printers have already been developed, such
as DNA script (the world’s first DNA printer
powered by EDS), making this technology
more accessible and slowly building on its
efficiency as a whole by enabling the parallel
synthesis of multiple sequences.

The ideal path to take in the future
might be a hybrid format, which will be
difficult but essential to work towards
in order to build up to more efficient,
affordable, and accurate DNA synthesis
methods.

Storage/Preservation

The storage environment of DNA
has a significant impact on its stability.
Environmental factors play a huge role
in the preservation of DNA, as DNA is
known to be degraded by interactions
with water, UV irradiation, pollutants, etc.
The environmental factors that need to be
controlled can be listed by: temperature,
water, UV irradiation, oxidation, and pH
value.

Environmental Factor:

Temperature is stores imy ways: cold storage at 4 °C, freezing DNA at 20 or ~80 °C,

most common approach being to freeze

Water

the hal -life of DNA expos:

UV irradiation UV light can induce DNA strand breaks, cross-linking, nucleobases modification,

and more. However, newer discoveries (from

DNA may be specially designed to protect itself from

ften referred to as ROS; highly reactive chemicals

hydrogen peroxide), which are anot

pH value Neutral or slightly alkaline pH is suitable to preserve DNA.

Note: Source of data: Tan, X., Ge, L., Zhang,
T., & Lu, Z. (2021). Preservation of DNA for
data storage. Russian Chemical Reviews,
90(2), 280.

Retrieval

Retrieval is the extraction of DNA
molecules from a DNA archive to prepare it
for sequencing. During the encoding process,
each DNA can be designed to have its own
unique ‘barcode’ block to identify it. By
doing this, a specific sequence can be read
when required as in modern random-access
memory (RAM). Then, when the data needs
to be decoded, the DNA can be selectively
retrieved and amplified (using polymerase
chain reactions [PCR] - a technique to
rapidly produce a large number of copies
of a specific segment of DNA) from the
pool, using specific primers (a short, single-
stranded nucleic acid) corresponding to the
barcode block (12).

Sequencing

DNA sequencing is the term for the
process of detecting the order of bases in a
strand of DNA. The two main methods used
for sequencing data are sequencing-by-
synthesis (SBS) and nanopore sequencing
(4). Both of these fall under the category of
next generation sequencing (NGS).

Sequencing-by-synthesis

SBS determines the sequence of
bases in a DNA sample using an engineered
DNA polymerase (the enzyme that catalyses
the synthesis of DNA) to synthesise a copy
of a single strand of DNA (13). This step is
generally referred to as “library preparation”.
It then indirectly identifies the sequence of
the bases by reconstructing the strand back
into its (double-stranded) DNA form using a
polymerase to incorporate the new strand of
complementary bases to the strand. Every
“incorporation” generates a signal that is
then detected and used to determine the
sequence of bases (4).
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Nanopore Sequencing

Nanopore sequencing detects the
sequence of bases directly by passing a
strand of DNA through a pore in a kind of
membrane surrounded by an electrolyte
solution. By measuring the disturbances
in the ionic current as the strand passes
through the pore (only a few nm wide), we
can determine the sequence of bases quite
efficiently (4, 5).

There is a need for efficient and
cheap sequencing. One nanopore working
at 10 ms/base would take about 20 years to
sequence a human genome. Ten thousand
pores would take less than a day for a
genome, and a million pores would only
take 10 minutes. This highlights not only the
potential of nanopore sequencing, but also
the important of parallel sequencing (14)

Decoding

The final step in DNA storage is
decoding, where the stored DNA sequences
are read and translated back into digital
data. Once the sequence of bases is
obtained, bioinformatics tools are used
to map these sequences back to their
corresponding binary values - quite literally
reversing the encoding process. Error
correction algorithms are often applied here
to ensure data integrity, and watch out for
sequencing errors. Through this step, we
finally achieve a digital reconstruction of the
original data successfully retrieved from its
DNA form.

Conclusion

The ever-increasing global data
demands leads us to keep working on
innovative data storage solutions. Traditional
storage methods come with many
limitations such as durability, information
density and more. DNA storage can serve
as a great alternative, providing us with
unparalleled data density, stability, and
longevity.

However, the current cost of DNA
synthesis and sequencing is quite high,
making DNA storage quite expensive
compared to traditional methods like
magnetic and optical storage. The process
of encoding, synthesising, retrieving,
sequencing, and decoding DNA is also
relatively slow and although advancements
are being made, DNA synthesis and
sequencing can still produce a lot of errors,
which require us to develop sophisticated
error correction algorithms.

As we move forward, and work
towards addressing the challenges of data
integrity, cost and scalability, DNA data
storage still stands as a viable solution for
the global data storage issue. It gives us a
promising future where our data storage
solutions are as resilient and enduring as
the genetic materials that make up our own
bodies.
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