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Recently, the eld of bioengineering, which uses biomedical
knowledge to solve problems and create products, has made great

ALEX progress creating tiny, functioning models of human organs, called
eI organoids. The brain is the most complex organ of the human
ALYSSA body. Although brain organoids have been created, they still cannot
AGE: 11 perform calculations, learn, memorize, or make decisions—“thinking”

functions only seen in humans and animals. But a new eld of
ANYA science is emerging that could create brain organoids with some
AGE: 14 cognitive functions. The necessary technologies are now available,

and scientists are starting to combine them. Thinking brain-cell
cultures create a lot of ethical questions that must be addressed as
research proceeds. This article describes the technologies that form
the basis of the science called organoid intelligence (Ol). In the future,
Ol could help us study brain functions, understand brain diseases, nd
new cures, and could possibly even lead to new supercomputers that
are more brain-like than today's computers.
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ORGANOID
INTELLIGENCE

The ability of an
organoid to compute
and store information
that is provided (input)
to execute a

task (output).

BRAINS VS. COMPUTERS?

Do you think the human brain is more powerful or less powerful than

a computer? If you have heard about computer programs beating
human opponents at complex strategy games like chess or Go, you
might naturally think that computers are “smarter.” Computers can
certainly process simple information faster than human brains ¢ an,
and arti cial intelligence (Al) is increasingly being incorp orated into
many common technologies, from facial recognition on phones to
streaming video recommendations. Al is the ability of a computer to
think and learn, with the aim of performing tasks usually done by
people. It is easy to believe that Al will eventually surpass huma n
abilities, even at complex tasks like driving. But there is more to the
story! The processing power and storage capacity of the human brai n
are immense: in 2013, it took the world's fourth-largest computer
40 min to model 1s of 1% of a human's brain activity! The memory
of the human brain is about as big as the large computers found
at universities or research institutes; the number of calculation s per
second that can be performed by the human brain was only reached
by the fastest supercomputer in the world this year (2022). Some tasks
may never be matched by Al—for instance, a child can distinguish
dogs and cats after seeing about 10 pictures, while Al needs more
than 1,000.

As an example, let us look at the AlphaGo system—the Al that beat
the world champion in Go in 2016. AlphaGo was trained on data
from 160,000 games [ 1]. If a human played for 5h a day every single
day, it would take that person over 175 years to experience the same
number of training games! This tells us that the brain is much more

e cient than Al at learning how to perform complex activities. Wh at
is more, training Al requires a lot of energy—much more energy than
the human brain uses to learn. If it takes the same amount of time for a
human and an Al system to learn a new task, the Al system requires 10
million times more energy! AlphaGo's 4-week training required  more
energy than it takes to sustain an active adult human for 10 years.

These comparisons tell us that it will be dicult for Al to
ever surpass humans at complex tasks like driving, which requi re
real-time learning in a changing environment. This is especia lly
true if technology companies keep their promises to limit global
warming by decreasing their carbon emissions. In 2017, it took th e
equivalent of 34 coal-powered plants to meet the power needs
of U.S. data-storage centers [ 2]! But what if, instead of trying to
make computers more like human brains, we instead tried to make
human brains more computer-like? And what if these computer-lik e
human brains could be grown in a lab and interfaced with actual
computers? Does this sound like something out of a science
ction movie? Although it is still in the very early stages with
lots of challenges ahead, this futuristic-sounding technology, called
organoid intelligence (Ol) , is closer to becoming a reality. As a
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BIOLOGICAL
COMPUTING

A technique that uses
living organisms to
perform computer
functions, like storing
and processing
information, to possibly
complement

current computers.

BRAIN ORGANOIDS

Bioengineered models
of the brain that can
perform some

brain functions.

Figure 1

(A) 3D brain cell
cultures called brain
organoids can contain
the same brain cell
types found in the
human brain, including
microglia and
astrocytes, which
support neuron health,
and oligodendrocytes,
which produce myelin.
About 40% of neurons
in brain organoids are
covered with myelin,
which can help signals
travel between
neurons. Fifty-percent
of neurons in the
human brain are
myelinated, so brain
organoids are not far
o! (B)3D brain
organoids are only
about one 3-millionth
the size of the human
brain (top row: 20x;
bottom row: 63x).
Neurons appear as
early as 4 weeks of
culture, while glial cells
emerge at 8 weeks, and
astrocyte numbers
increase over time.

method of biological computing , Ol may be able to overcome the
limitations of traditional Al and accomplish tasks that were previo usly
unimaginable for machines.

WHAT ARE BRAIN ORGANOIDS?

The eventual success of Ol depends on our ability to grow tiny,
3D brain cell cultures, called brain organoids (Figure 1A). These
tiny organoids, which are generated from stem cells, are 300-500

Figure 1
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NEURON

A nerve cell; a
fundamental unit of the
nervous system that
uses electrical and
chemical signals to
transmit information to
other neurons an
muscle cells.

MYELIN

A fatty, insulating
material that covers
nerve bers and makes
electrical
communication
between neurons
more e cient.

MICROFLUIDIC
SYSTEM

A technology that
circulates uids
through small
channels, to supply
cells with oxygen and
nutrients, for example.

micrometers ( mm; 1/1,000 of a millimeter) in diameter and made up
of 30,000-50,000 cells, making them about one 3-millionth the s ize
of the human brain ( Figure 1B) [3].

The more closely brain organoids resemble human brains, the m ore
likely they are to be able to perform human-like brain activities, like
learning and remembering. Despite their small size, brain orga noids
have some structural and functional similarities to human brains
For example, the human brain contains several types of cells:
neurons (nerve cells), which are responsible for sending signals withi n
the brain and between the brain and the body; oligodendrocytes
(oh luh go den druh sites), which cover parts of neurons with a
material called myelin ; and microglia and astrocytes, which support
the health of neurons. Brain organoid cultures have been shown to
support the growth of neurons and these other cell types, all of which
are necessary for learning (Figure 1A). Additionally, about 40% of the
neurons in brain organoids are covered with myelin while, in the
healthy human brain, about 50% of neurons are myelinated—so br ain
organoids are not far o ! Myelin acts like the plastic on the outsid e of
a copper wire—it insulates the wire and, di erent from the insulati  on
on a wire, also makes the signal travel 100 times faster. In terms
of function, brain organoids show electrical activity and respo nd to
electrical stimulation in ways that are similar to cells in the brain s of
premature human babies.

Since the brain organoids being grown now are so tiny that they
are barely visible (about the size of a house y's eye), learni ng how
to make them bigger and more brain-like is an important rst step
toward developing organoid intelligence. When brain cell cultu res
are small or two-dimensional ( at), the cells can obtain oxygen an d
nutrients and get rid of waste products directly through the uid
they are growing in via diusion, which is the natural movement
of molecules from areas of high concentration to areas of low
concentration. But di usion is not e cient enough to support la rger,
3D cultures [4]. The human brain has blood vessels that perform this
transport function—half of the brain's weight in blood ows throug h
the brain every minute. Something similar will be needed to grow
larger brain organoids, to prevent the death of their centers—a pr ocess
called necrosis. Scientists are developing micro uidic systems  that
can act like tiny blood vessels ( Figure 2). Micro uidic systems will
not only remove wastes and provide oxygen and nutrients to the
brain organoids, but they will also allow scientists to administer
and test the eects of other chemicals that are involved in the
normal functioning of the human brain, or possible drugs to treat
brain diseases.
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Figure 2

(A) Once a 3D brain
organoid gets too large,
di usion no longer
works to bring oxygen
and nutrients into the
organoid or remove
wastes, because

di usion can only

reach about 300 mm
into the organoid.
Thus, the center of the
organoid (light pink
circle) will die by a
process called necrosis.
Blood vessels perform
this critical function in
the human brain. (B) To
mimic blood vessels,
micro uidic systems
have been developed
to bring oxygen and
nutrients into the brain
organoid and remove
wastes. These systems
permit the growth of
larger brain organoids
and allow scientists to
test the e ects of
various chemicals and
drugs on the organoid's
function.

Figure 3

(A) Doctors measure
the electrical activity of
human brains with a
technique called
electroencephalography
(EEG), in which
electrodes (yellow
circles connected by
green wires) are placed
on a patient's scalp. (B)
EEG inspired scientists
to create a tiny version,
called a 3D
microelectrode array
(MEA), that can both
stimulate and measure
the electrical activity of
brain organoids. The
MEAs contain many
electrodes in exible
shells that the brain
organoids are grown
inside, allowing
measurement of
electrical activity across
the entire surface of
the 3D organoid.

Figure 2

MEASURING BRAIN ORGANOID FUNCTION AND LEARNING
ABILITY

To develop Ol, brain organoids must function similarly to huma n
brains—and scientists must have a way to measure this activity.
Doctors measure the electrical activity of actual human brains with

a technique called electroencephalography (uh lek trow uhn seh fuh
laa gruh fee; EEG), in which electrodes are placed on a patient's
scalp. This technique inspired us to create a tiny version, calle d a 3D
microelectrode array (MEA) , that can both stimulate and measure
the electrical activity of brain organoids. The MEAs are like ex ible
shells that fold around the brain organoids, allowing measurem ent
of electrical activity across the entire surface of the 3D organoid
(Figure 3). Researchers are also working to develop special probes
that the brain organoids can grow completely around, which might
provide clearer signals and allow researchers to access the in side of
an organoid.

Figure 3

After scientists can monitor the function of brain organoids, they ¢ an
begin to study whether these organoids can learn. In brain organoi ds,
“learning” will involve responding in a certain way to patterns of

kids Volume 11 | Article 1049593 | 5



3D
MICROELECTRODE
ARRAY

A device with many
sensors that can read
the electrical activity in
brain cell cultures,
similar to the
electroencephalogram
(EEG) that is used

in humans.

ETHICS

A branch of philosophy
that studies the

di erences between
good and bad or right
and wrong.

electrical or chemical stimulation, for example by changes in th e
connections between cells or changes in electrical activity. Thes e are
the same two factors that a ect memory formation and learning in

the human brain. One of the rst learning tasks could be a simple
computer game like Pong, in which a paddle must be moved to keep
the bouncing ball in the eld. In fact, researchers from Cortical L  abs
in Australia have recently shown that brain cultures can learn to do
this [5].

BEYOND BIOLOGICAL COMPUTING

While we have established that brain organoids could lead to a
revolution in biological computing, they could also be used as a
powerful research tool. Because the brain is so complex and is
well-protected by the skull, it is a dicult organ to study in living
organisms. So, brain cell cultures that look and act like human brains
could help scientists answer important questions that are tough
to study in humans—questions about brain development, learning
memory, and the e ects of drugs or infections on brain function. B rain
organoids could also be used to study devastating brain diseases like
dementia. Dementia is a disease of older adults, in which memory
and other brain functions progressively decline. Dementiaisag rowing
problem: globally, over 55 million people are living with deme ntia,
and this number is projected to exceed 150 million by 2050 [ 6].
Alzheimer's disease, a type of dementia, is among the top 10 cause s
of death in the US. There is currently no cure for dementia and the
treatments that exist are not very e ective. A brain organoid syste m
might help researchers to understand what causes dementia and ho w
it a ects the brain. Potential treatments could be developed fromthi s
knowledge, and they could be tested in brain organoids to make sure
they work, before they are used in humans.

ETHICAL CHALLENGES

While the use of Ol for biological computing and critical brainr  esearch
may sound promising and exciting, Ol also generates a number of
important questions that scientists and society have never before had
to consider. For example, will brain organoids be “conscious, ”and if so,
is it ethical for scientists to create them? Could organoids experie nce
pain and possibly su er during the experiments scientists perfo  rm on
them? Other dicult ethics questions are sure to arise as the eld
of organoid intelligence develops. Professional ethicists mu st work
closely with researchers to identify and navigate such issues. To be
socially responsible, it is also important for Ol research to b e guided
by input from the public. Discussions with members of the public
who hold various beliefs and moral perspectives can help to earn the
public's trust, which helps to prevent adverse public reactionsto  new
technologies and maximizes their future impact.
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CONCLUSION

While it may still sound a little like science ction, we hope that thi s
article has helped you to understand the potential for brain organo ids
to revolutionize biological computing. There is still much rese arch to
be done and many technological and ethical obstacles to face. But,

if we succeed, Ol is likely to overcome many of the limitations of
traditional computing and Al. Speci cally, we believe that Ol-ba sed
biocomputing systems will allow faster decision-making, impro ved
learning, and greater energy e ciency. These advances could impact
the entire world, through the development of technologies that coul d
enhance Al performance or create “smart” prosthetics that could he Ip
amputees regain body functions. Further, Ol presents an amazing
opportunity for brain research and could help scientists to disco ver
the basic principles behind thinking, learning, and memory, a nd to
better understand and potentially treat devastating brain diseases like
dementia. So, the next time you hear someone talking about Al, take
a minute to tell them about Ol... and make sure to mention that it is
science, not science ction!
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YOUNG REVIEWERS

ALEX, AGE: 14

| am an 8th grader at Synapse School, and a research assistant for the Brainwave
Learning Center. Some of my hobbies include rock climbing, playing badmi  nton,
and playing the cello.
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ALYSSA, AGE: 11

Hello! My name is Alyssa (or Ally if you so desire). | have an inter est in writing (working
onmy rstnovelin fact!), researching and investigating odd sc  ienti ¢ matters, human

anatomy, and have three dogs. | also have a bit of experience in the performing arts
(musical theater mainly) and visual arts (digital is my main eld). | lo ve contemplating
my heart out, but also winding down and relaxing when | can.

ANYA, AGE: 14
| am an 8th grader at Synapse School, and a research assistant for the Brainwave
Learning Center. Outside of school, | enjoy doing debate, volley ball, and math.
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