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How many pictures did you take this week? Did you watch videos

on YouTube, or maybe a series on Net ix? All of these activitiesre ly
on digital information stored on your smartphone, computer, or i n
the cloud, ready for you to access whenever you want. As people
create more and more data, the technology we use to store it has

to change to handle new and challenging problems. One promising
solution is the use of synthetic DNA molecules. DNA is a natural
material found in most cells of all living organisms, and it stores
the organism's genetic information—huge amounts of biological
data. Today, scientists know how to make arti cial DNA molecules

in the lab. This means it is possible to use the enormous storage
potential of DNA to store digital information instead of just biolo gical
data. This article explains how scientists are combining biology and
computer science to create arti cial DNA molecules that can store
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ARTIFICIAL
INTELLIGENCE (Al)

Computer systems or
machines that mimic
human intelligence to
perform tasks.

Figure 1

The expected amount
of digital information
worldwide, from 2010
to 2025. Information is
measured in
Zettabytes, which are a
unit of digital
information equal to a
billion terabytes
(1,000,000,000 TB),
used to measure
massive amounts of
data. One terabyte (TB)
is about the storage
space on a typical
laptop, so one
zettabyte could hold
data from a billion
laptops.

SUSTAINABLE

A way of using
resources without
damaging the
environment or using
up resources needed
by future generations.
Sustainable solutions
are important for
protecting our planet
over time.

large amounts of digital information for a long time, in a way that i S
good for the environment.

THE DATA-STORAGE CHALLENGE

The amount of digital information being created today is growing a t
a dizzying pace. According to some estimates, by 2025, there willb e
ve times more digital data than there was in 2018 ( Figure 1), and it
all needs to be stored somewhere. This huge rise in data is driven b y
several things, including the use of smartphones, social media , and
new technologies like arti cial intelligence (Al) . These technologies
create various types of data, such as personal information, soci al media
posts, business records, medical statistics, sensor data, and oth er types
of digital information stored on computers.
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Figure 1

As technology becomes more advanced, we create more and more
information that needs to be stored and accessed easily. It might
seem like having more information is a good thing, but there is a
problem. The challenge is guring out how to store this growing
stockpile of information. Speci cally, we are approaching a po int
where our current storage technologies cannot keep up with the
amount of data that is being created. This has far-reaching impl ications
because our technological world depends on the ability to store dig ital
information e ectively.

You might have heard people say that saving les on the cloud giv es
you endless storage, as if the cloud were an in nite, invisible sp ace.
But this is not true. In reality, the cloud is not invisible; it is m ade up
of huge storage centers, sometimes as big as several football el ds.
These centers hold thousands, or even millions, of computers tha t
store and manage enormous amounts of digital information. Noton ly
do they take up a lot of space, but they also use as much electricity
as a midsized city. This means that storing information this way is n ot
sustainable , so we must nd better ways to store data ( Figure 2).
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Figure 2

Meta (formerly
Facebook)'s

digital information
storage center ( gure
credit: Meta).

SYNTHETIC DNA

DNA molecules created
in the lab, which are
not derived from

natural sources.

DNA SEQUENCING

A laboratory technique
used to determine the
exact order of the four
letters that make up a
DNA molecule. DNA
sequencing allows
scientists to “read” the
information stored

in DNA.

Figure 2

DNA-BASED DATA STORAGE

When we talk about storing information, there are a few important
things to think about. First, the storage solution should be able to hol d
a lot of information. Second, it should be good for the environm  ent.
And third, it should last a long time. One exciting idea that can
do all of these is using synthetic DNA molecules to store digital
information. But how does this work? And what makes DNA a good
choice for storage?

DNA is a special molecule found in the cells of every living thing
from tiny bacteria to humans. DNA holds all the genetic information
needed to create life. You can think of a DNA molecule as a long
chain made up of four “building blocks”: adenine (A), guanine ( G),
thymine (T), and cytosine (C). The order in which these four buildi ng
blocks are arranged in a chain is unique to each living organis m. For a
long time, scientists have known how to “read” the exact order of the
four building blocks in a DNA molecule, using a process called DNA
sequencing [1]. More recently, scientists have learned how to design
and create synthetic DNA in the lab by putting the building blocks
together in almost any order they like.

WHY DNA?

Compared to other ways we store digital information today, DNA
molecules have some important advantages. First, although DNA
molecules are tiny, they can hold an enormous amount of informa  tion.
Using DNA for information storage would mean we would not need
the huge storage centers used today, which take up a lot of space
and energy. For example, if we store many DNA molecules containin g
digital data in a storage container the size of an average person, th is
container could hold 150 billion terabytes of data! Thatis aninc redible
amount of storage, equivalent to about 150,000 storage centers.
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BINARY LANGUAGE

The language used for
computers, in which
information is
represented by
combinations of only
two numbers, 0 and 1.

The second advantage is that DNA has a stable structure that can last a
very long time. In fact, scientists can even sequence DNA from foss ils
of creatures that roamed the Earth hundreds of thousands of years
ago. For this reason, digital information could be stored and pre served
in DNA for a very long time, unlike our current storage technologi es,
which usually last only 3-30 years. Finally, DNA does not need a
constant source of electricity to keep the data stored. This could sa ve
a lot of energy, making DNA-based data storage an environmentall y
friendly solution.

TRANSLATING DIGITAL INFORMATION INTO DNA
LANGUAGE

How do we take digital information, like a music le, video, orima ge,
and put it on a tiny DNA molecule? The secret lies in the language!
Digital information is stored on computers using the  binary language ,
which consists of only two digits: 0 and 1. On the other hand, DNA's
genetic code uses a language made up of four letters: A, C, G,and T .
If we can translate between these two languages, we could store a lot
of digital information in tiny DNA molecules. Essentially, we trans late
information currently in binary language into DNA language and th en
create the matching synthetic DNA molecules and store them.

To translate one language into another, we need common ground
to connect them. If we look at the binary language, we can take the
numbers 0 and 1 and pair them together into four combinations:

00

01

11
These four combinations work perfectly because they can match the
four letters in the DNA language. So, we can replace each binary pai r
with a DNA letter:
00 becomes A.
01 becomes C.

becomes

11 becomes

For example, let us take the binary sequence 0001001111100100 1. We
can split it into pairs and mark each pair with a color like this:
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Figure 3

Using synthetic DNA
for information storage.
Step 1: The binary
language that makes up
the digital les is read.
Step 2: The digital
information, written in
binary language, is
translated into DNA
language. Step 3: The
information is stored as
synthetic DNA by
creating the desired
DNA molecules in the
lab. Step 4: Later, the
information can be
accessed by reading
the stored DNA
molecules, which gives
us words in DNA
language. Step 5:
Decoding and
translating the words
from DNA language
back into the original
digital le, which is
done with the help of a
computer program
('gure created with
BioRender.com).

0001001111 10010011

Now, we translate each binary pair into a DNA letter:
ACATTC CAT.

Remember, this is just a simple example. In real life, scientis ts use
more advanced methods to ensure that the information stays safe and
accurate, even if there is a mistake in the system [ 2].

STORING DIGITAL INFORMATION IN DNA

After the binary code is translated into DNA language, there are seve ral
more steps in the data-storing process [ 3], which are summarized in
Figure 3.

Figure 3

First, due to technology limitations, the DNA molecules we can make

in the lab are short, which is a problem, because our lescanbe mu ch
larger then what can be stored in a single molecule. Therefore, we
must cut our digital les into smaller sections before each piec e is
written in binary language. The binary information is then transla ted
into DNA language as we just explained, with the help of a computer
program. Finally, in the lab, we create the desired DNA moleculesu sing
advanced equipment. Interestingly, when we make one molecule, a
lot of nearly identical copies are produced at the same time. All  of
these molecules are stored together in storage containers without
any speci c order. That is, DNA molecules are stored in a pool in a
way that is similar to shredding multiple copies of the same book
into a million fragments and mixing all the book fragments in a box
Sometimes, errors can happen during this process, which can ae ct
some of the molecules. This can be thought of as losing some of the
book fragments, and having typos in some of the remaining fragme  nts
(e.g., “Cat” becomes “Cut”).
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RETRIEVING DATA FROM DNA STORAGE

At this point, the digital information has been successfully trans ferred
into synthetic DNA molecules, which can be stored for a very long
time. At any time in the future, we can retrieve the data from these
molecules and transform it back into the original digital les. T  he rst
step in this process is to read the stored DNA molecules using DNA
sequencing. This process gives us a collection of words in the DNA
language created by DNA's four building blocks. Then, we transla te
the DNA words back into binary language, which recreates the origina |
digital le. A computer program helps with this step, too.

SUMMARY AND MAIN POINTS TO REMEMBER

In this article, we explored the challenges of storing digital info  rmation
and introduced an exciting new solution: synthetic DNA molecules.
While we still have a long way to go before we can upload information
into a DNA-based cloud, there are ongoing e orts to reduce costs
and improve the technology. The next time you take a picture or
watch a video, consider where that information is stored. Soon, you
might be able to save your own digital data on a synthetic DNA
molecule, which can hold a huge amount of information for a very
long time while also being environmentally friendly. This incr edible
achievement might be made possible by bridging the worlds of bi  ology
and computer science.
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EISNER FAMILY, AGES: 11-15

We, the children of the Eisner family love science and technolo gy. Shir, the eldest,
15 years old, loves to read. Uri, the middle, 13 years old, loves to le arn Torah and is
interested in science and fantasy. Yishai, the youngest, 11 years old, loves physics
and Dungeons & Dragons.

ZALMAN ARAN JUNIOR HIGH, HOLON: 8 ™M GRADE, AGES: 13-14

We are curious 8th graders from Zalman Aran Middle School in Holon . This year,
our entire class took part in the Frontiers for Young Minds progr am, in which we
were challenged with interesting topics, learned how to read  a scienti ¢ article and
reviewed papers. Our activities with Frontiers Science for Yo ung Minds are part of
our curriculum, and appear on our end-of-year report card.

AUTHORS

DANIELLA BAR-LEV

Ph.D. student at the Faculty of Computer Science at the Technion— Israel Institute of
Technology. Daniella holds a bachelor's degree in computer scien ce, a bachelor's
degree in mathematics, and a master's degree in computer science, al | from the
Technion. Her research focuses on coding solutions and algor ithms for DNA-based

kids Volume 13 | Article 1579129 | 7



storage systems. Daniella believes that collaboration between researchers in
dierent elds is essential to driving innovative research and ma king a real
contribution. Therefore, in her research, Daniella strives to collaborate and share
knowledge with researchers in a variety of elds, such as biologi sts, chemists, Al
researchers, and more. In her spare time, Daniella participates i n a variety of activities
to expose youth, and girls in particular, to the elds of science a nd engineering.
*dbarlev@ucsd.edu

INBAL PREUSS

Ph.D. student at the Faculty of Computer Science at Reichman Unive rsity and a
research assistant at the Technion—Israel Institute of Tec hnology. Inbal holds a
bachelor's degree in computer science, and she is currently invo Ived in several
research projects in the elds of computational biology, informati  on sciences, and
synthetic biology. Her research focuses on developing DNA-base d data storage
solutions, in collaboration with Reichman University and the  Technion. Inbal worked
as a programmer for several years at the Microsoft R&D center in | srael, where she
was involved in the development of the touch screen and pen for Sur  face computers.
As the rst female doctoral student in the Faculty of Computer Scien  ce at Reichman
University, Inbal also actively promotes the inclusion of women  in technology, out of
her belief in the power of women and diversi ed teams to enhance crea tive vision,
leading to technological breakthroughs. * inbalpreuss@gmail.com

LEON ANAVY

Lecturer at Reichman University's School of Computer Science a nd visiting scholar
at Alphabet's Verily Life Sciences, LLC. Leon researches and teaches topics at the
intersection of Al, machine learning, and computational and sy nthetic biology. His
research focuses on the development of coding methods for DNA-based data
storage and the use of synthetic biology and machine learning t o analyze and
characterize complex molecular biological processes. After rec  eiving his bachelor's
degree in industrial engineering and management and a master's deg ree in
computational biology, Leon completed his doctorate in computer sci  ence, all at
the Technion. In addition to his academic work, Leon is involved i  n various initiatives
in the elds of education aimed at integrating disadvantaged populat ions into the
sciences and high-tech elds.

EITAN YAAKOBI

Associate professor at the Faculty of Computer Science at the Te chnion-Israel
Institute of Technology. He holds a bachelor's degree in computer  science and a
bachelor's degree in mathematics from the Technion, a master's deg ree in computer
science from the Technion, a Ph.D. in electrical engineering from the University
of California, San Diego, and a postdoctoral fellowship from C altech and the
University of California, San Diego. Eitan has won a variety of awards for his research,
including the Young Researcher Award from the Marconi Societ y. His interests
include coding theory and information theory with applications f  or information
storage components, DNA-based information storage, informatio n storage and
retrieval, and private information retrieval. In his spare time , Eitan enjoys spending
time with his family, doing yoga, and sur ng.

These authors have contributed equally to this work.

kids Volume 13 | Article 1579129 | 8



