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Organoids: a better in vitro model
Katherine Ellen Foley

3D human cell cultures are changing the way scientists model organ development and function—
but they have their own set of complications. 

Over 25 years ago, Mina Bissell, a chem-
ist at the Lawrence Berkeley National 
L aborator y ’s  Div is ion of  C el l  and 
Molecular Biology, in California, noticed 
something peculiar: the murine mamma-
ry cells she was studying in flat cultures in 
petri dishes weren’t behaving the way they 
should have. 

Most obviously, they weren’t making 
milk—the hallmark of mammary tissue. 
She hypothesized that there was something 
about the way the cells were organized that 
was making them misbehave. So, she tried 
to make them more at home and put them 
in a solution of extracellular matrix, much 
like what surround them in vivo.

She found that in this setting, the cells 
assembled themselves into a 3D structure, 
and started producing milk once more1. 
Cells, she discovered, need context from 
their surroundings in order to know how 
to act. “In 2D, not only do [cells] lose their 
architecture, but they also become wound-
ed,” she says. 

Bissell’s work on breast tissue was some 
of the original work on 3D epithelial cell 
cultures, now often referred to as organ-
oids. In the years since, many scientists 
have started to develop 3D models of 
mouse and human cells. Stem cells, wheth-
er of the adult, embryonic or induced plu-
ripotent variety, have been used to create 
models of organs from intestines, liver and 
stomach all the way up to the brain. 

These 3D cultures have advantages over 
both 2D cultures and in vivo animal mod-
els. When laid flat in petri dishes, cells can’t 
behave like they normally would. And in 
vivo models, though potentially power-
ful, are limited because mice, monkeys 
and other animals aren’t humans, and 
thus it’s not always easy to translate results 
from these models into a mechanistic 

understanding of 
h u m a n  o r g a n s . 
With organoids, 
“you get to answer 
questions in an in 
vitro [model] that 
you  c an’t  k now 
from looking at 
in vivo [model],” 
says  Gai l  Pr ins , 
an andrologist at 
the University of 
Illinois College of 
Medicine who uses 
embr yonic stem 
cells to create pros-
tate organoids. 

Organoids derived from embryonic stem 
cells allow scientists to study development 
similar to the way it would occur in utero, 
and induced pluripotent stem cells (iPSCs) 
and adult-tissue-derived organoids allow the 
study of cells specific to actual patients. In 
some cases, organoids have shown whether a 
particular treatment will work for a rare form 
of a disease. 

But like any model, organoids are imper-
fect and come with their own set of limita-
tions; for example, they are unvascularized 
and lack many of the cell types that typi-
cally make up a given organ. Scientists are 
advancing these 3D models by improving 
their culture media, modeling only specific 
regions of organs or engineering different 
organoids separately before assembling 
them together.

Models for disease and development
Shortly after Bissell began building 3D 
breast cell models, Hans Clevers, a phy-
sician and molecular geneticist at the 
Hubrecht Institute in the Netherlands, 
began filling his lab with tiny gut organoids 

derived from adult stem cells. 
His team first created these organoids 

with stem cells from mice, and then moved 
on to human organoids. In 2009, the scien-
tists published their first work showing that 
they were able to grow gut organoids in the 
lab2. Since then, they’ve created organoid 
livers, stomachs, lungs, prostates—almost 
anything except tissues like bone marrow 
and heart tissue, which can be generated 
only by embryonic stem cells. These organ-
oids consist of healthy tissue, in the sense 

that live animals 
can accept them 
in transplants. “If 
you transplant [cell 
cultures] back to 
mice, they’ll make 
tumors, whereas 
our organoids are 
normal,” Clevers 
says. 

For disease mod-
eling in particular, 
traditional 2D cul-
tures make it hard 

A human cerebral organoid shows complex structure.
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Hans Clevers’s group is 
using patient-derived 
organoids for drug 
testing.
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to determine whether cell abnormalities are 
due to genetics or environment. Organoids 
not only are 3D, but can be derived from 
patients. Clevers and the other members of 
his lab take epithelial cells from patients to 
study specific pathologies, and to see wheth-
er various medications will work to treat 
those pathologies. “We can quite readily 
take a little sample of their lung, and within 
a week or so, we have tissue we can grow in 
lab,” he says.

One of the focuses of his lab’s work is the 
growth of gut organoids from cells derived 
from people with cystic fibrosis. This condi-
tion can be caused by a number of genetic 
mutations and results in a mutant protein 
that is expressed primarily in the lungs, 
but also in the intestinal tract. Medication 
has been approved only for patients with 
common variants. Clevers’s group can cre-
ate gut organoids from a patient’s cells and 
see whether they respond to experimen-
tal medication; if they do, the patient will 
receive treatment that he or she would not 
have been given otherwise. So far, Clevers’s 
group has benefited seven patients who have 
received and responded to such medication.  

Clevers’s lab has devised chemical recipes 
that promote the growth of organoids from 
many tissues and keep them alive in the cul-
ture dish. Usually cells are programmed to 
divide a specific number of times and then 
stop. But Clevers’s organoids can be stud-
ied as long as they’re kept alive with proper 
nutrition. “We found the growth factor 
cocktail that will keep them dividing for-
ever,” he says.

Organoids derived from embryonic stem 
cells, in turn, allow researchers to model 
how organs develop in utero—and to study 
conditions that may change their growth. 
Prins has used embryonic prostate organ-
oids to model the effects of endocrine-
disrupting chemicals, such as BPA, on the 
development of the prostate3. Prins and 
other members of her lab figured out how 
to instruct embryonic stem cells to form 
the equivalent of embryonic prostate, and 
exposed them to chemicals at different 
points. They found that when exposed to 
BPA during development, the prostate gen-
erates more stem-like cells than it would 
normally. These cells fail to become actual 
prostate cells. 

Prins says this work wouldn’t have been 
possible without organoids. With these 3D 
cell cultures, she says, “you can really focus 
on the direct effects on that organ.” With in 
vitro 2D models, she isn’t able to observe 

the differences in cell proliferation over 
time because the cells can’t organize them-
selves, and in in vivo models it’s harder to 
see and isolate prostate development alone. 

Tiny thinking caps
Just as they’ve done for organs in other parts 
of the body, researchers have figured out 
how to make models of brains. 

Madeline Lancaster, a neuroscientist at 
the University of Cambridge, didn’t intend 
to create brain organoids in the early 2000s, 
when she was still in the laboratory of Jürgen 
Knoblich at the Insitute for Molecular 
Biotechnology in Vienna, Austria. She was 
trying to create 2D models of brain cells 
from embryonic stem cells, and she found 
that, frustratingly, they weren’t sticking 
to the dishes. Instead, they were floating 
around in little balls. Upon closer inspec-
tion, she realized they were self-organizing 
into mini-brains, complete with distinct 
brain regions4.

“The biggest advantage is that they are 
human, and for obvious reasons we’re never 
going to do in vivo brain human studies,” 
Lancaster says. Her work focuses on the use 
of embryonic-stem-cell-derived organoids 
to model normal brain development and 
defects that may affect this process, such 
as microcephaly, which largely occurs dur-
ing the first trimester of gestation. She also 
uses patient-derived iPSCs to investigate the 
pathology of developmental conditions.

In the approach taken by Lancaster and 
her team, the organoids encompass many 
regions of the brain. But other research-
ers have focused on just parts of the brain. 
Guo-li Ming at Johns Hopkins University, 
for example, uses organoids derived from 

embryonic stem cells that model just the 
forebrain. It’s a reductionist approach, she 
says, but it provides a more detailed view of 
development in this part of the brain, and 
can model the process through the second 
trimester. 

Ming’s lab was one of the first to model 
how the Zika virus causes microcephaly in 
developing infants. She was able to infect 
forebrain organoids with the virus at differ-
ent stages of development, and noticed that 
Zika was able to spread among neural stem 
cells even after the virus had been removed 
from the culture. 

Once the virus was in the brain cells, it 
inhibited future cell proliferation. “The 
most striking finding is that when you 
infect the Zika virus and let the organoids 
continue to grow, after infection, the organ-
oids grow much smaller,” Ming says. “If you 
open it up, what you actually see is that the 
structure … [has] reduced stem cell layers 
as well as reduced cortical layers” compared 
with healthy organoids.

Homing in on the problems
The brain is the most complex organ, with 
thousands of types of neurons with trillions 
of connections among them; it’s not surpris-
ing that models—even 3D ones—are still 
riddled with limitations.

Because of the brain’s complexity, it’s dif-
ficult to control where different types of 
brain cells end up from organoid to organ-
oid. “You have these different brain regions, 
like the cortex, hippocampus, spinal cord 
and retina, but they will be randomly placed 
in there,” says Lancaster. Although she and 
her team can look at these different regions 
and see some kinds of connections among 
them, organoids don’t function like an actu-
al brain.

Additionally, dividing organoids quick-
ly run into a logistical problem. When 

A murine gut organoid labeled for DCLK1 to mark 
tuft cells (green), lysozyme to mark  paneth 
cells (blue), and chromogranin A to mark 
enteroendocrine cells (red).
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Madeline Lancaster models brain development 
with organoids.
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that provides nutrients to organoids, is the 
general base solution. Each type of organ-
oid needs its own Matrigel-based cocktail 
to encourage growth of the desired cells. 

Usually, figuring out these particu-
lars requires more trial and error than 
anything. Matthias Lütolf, a biomedical 
engineer at École polytechnique fédérale 
de Lausanne in Switzerland, says that 
although Matrigel has been hugely success-
ful, it could be improved. Because of all the 
variation among organoids at present, they 
aren’t ready for clinical or drug testing just 
yet. “Every batch that you get has different 
characteristics,” he says.

The challenge with improving Matrigel 
is that the organoids themselves change 
in culture so quickly—what works in one 
moment is inadequate the next. But, Lütolf 
says, this could be solved with an altogeth-
er different way of approaching the model 
system. “Rather than starting to form a 
complex system and removing parts, you 
can re-engineer it by building up,” he says. 
He and his group are currently devising 
ways to deliver extracellular matrix signals 
through Matrigel so that different cells 
can get different chemical prods at differ-
ent times, or to different degrees, or even 
with cues from different levels of light. In 
theory, this could allow scientists to coax 
stem cells to differentiate into more cell 
types within the same culture.

Even if organoids could develop more 
types of cells, there would still be the 
problem of making the models larger. 
“Bioreactors [used with] mini-brains allow 
them to grow larger structures, but sooner 
or later the cells inside these structures die 
because of a lack of nutrients,” Lütolf says.

Somehow, cells like blood vessels and 
nerves need to be incorporated into organ-
oids. But growing additional cell types, 
especially ones that are entirely different 
from the organ in question, potentially 
poses new problems. “What works for a 
brain tissue might not keep vascular cells 
happy,” says Lancaster. 

However, it’s been done in some mod-
els. In 2016, Jim Wells, an endocrinologist 
at the Cincinnati Children’s Hospital, and 
his team developed gut organoids contain-
ing nerves by growing them separately and 
then putting them together to allow them 
to self-assemble5. At Stanford University, 
Sergiu Paşca and his team are also taking a 
similarly integrative approach to the genera-
tion of brain organoids by fusing together 
multiple types of cortical spheroids. 

There are other 
issues,  too,  that 
ke e p  org an oi d s 
from being perfect 
models. Organoids 
typically contain 
only epithelial cells, 
but these are only 
one component of 
organs. To be sure, 
Clevers’s group has 
been able to devel-
op gut organoids 
with all of the rele-
vant epithelial cells, 
including those 
that secrete mucus 
and hormones. But 
organs also con-
tain vascular cells, 

nerves and fibroblasts—cells that act as 
scaffolding and provide structure.

“Every cell in your body can do any-
thing you want to ask it to do, if you have 
the right context,” says Bissell. Without a 
more complete complement of cell types, 
organoids will always lack the context they 
need to be actual ‘mini-organs’.

This shortcoming extends beyond the 
organ wall as well. In the body, organs 
are surrounded by muscles that contract 
around them, and they’re constantly 
flooded with immune cells circulating in 
the bloodstream. Organs in the digestive 
tract also have an important relationship 
with the trillions of bacteria they play host 
to, which cannot yet be transplanted into 
their respective organoids. 

But not all researchers see this as a fault; 
Prins thinks that without other types of 
cells present, she can look at the direct 
effect of toxins on developing prostate cells. 
“If the effects of that toxin on that prostate 
gland were only secondary to the effect on 
the immune gland, then I shouldn’t see 
[those] effects,” she says.

Improving the status quo
Still, chemists and biomedical engineers 
are working to make organoids more 
similar to organs. There are roughly two 
approaches they can take: either they can 
improve the environment surrounding the 
cells, or they can engineer ways to generate 
more types of cells simultaneously. 

Organoids are in part made possible by 
the specific types of solutions in which 
they’re suspended. Matrigel, a gel of extra-
cellular proteins made from murine cells 

the brain develops in utero, neurons form 
around sacks of fluid. Normally, vascular 
cells provide neurons on the inner side of 
these pockets with oxygen and nutrition. 
But because organoids are made up of only 
neurons, cells on the inside die after a short 
period of time. Although an organoid can 
survive for up to a year, its inner neurons 
will die sooner, says Lancaster. So morpho-
logically, even year-old organoids look like 
a 9–10-week-old embryonic brain, she says. 

One way to control for the differences 
among organoids—and to keep them alive 
longer—is to study only one section of the 
brain, like Ming does. The forebrain organ-
oids generated in her lab often look more 
similar to each other in terms of their cell 
organization, because they are modeling 
fewer types of neurons. And they’re small 
enough that they can live to a developmen-
tal point corresponding to the 24th week 
after conception.

However, this in itself is a tradeoff. “If you 
only have one part of the brain, you’re los-
ing the complexity of how they communi-
cate with other brain parts,” Ming says. But, 
she adds, connections among neurons take 
longer to develop anyway, and are not the 
main focus of her work. 

At the moment, this is the nature of 
organoids: they can be used to answer spe-
cific questions that couldn’t be answered 
before, but they can typically tackle only a 
limited set of questions. Lancaster can use 
her models to study very early brain devel-
opment, whereas Ming focuses specifi-
cally on questions that require access to the 
forebrain. Each type of model has its own 
advantage. 
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A human forebrain organoid generated from iPSCs and cultured in a 
bioreactor. Anti-PKCλ (green) was used to label adherens junctions, DAPI 
(red) marks the nucleus, and CTIP2 (blue) indicates neurons.  
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able to entirely replace in vivo or in vitro 2D 
models, these cultures already constitute a 
useful tool in the biology utility belt. As Prins 
says, “The bottom line with all systems is, 
you need to use multiple models.”

Katherine Ellen Foley is a health reporter 
based in Washington, DC (katherine.
ellen.foley@gmail.com).
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In the brain, the 
cortex is made up 
of both excitatory 
a n d  i n h i b i t o r y 
neurons. In utero 
and through early 
development, these 
neurons are made 
in different regions 
and actually migrate 
to come together to 
form cortical cir-
cuits, Paşca says. 
T h e s e  t y p e s  o f 

neurons hadn’t been modeled together in 
organoids until recently, when Paşca and 
his team grew them in separate organoids 
before introducing them to each other6. “We 
found a way to put them together, and they 

fuse.” Paşca thinks that these spheroids will 
be able to model autism or epilepsy, both of 
which are thought to be related to misfirings 
between these two types of neurons. At the 
IMBA in Vienna, Knoblich and his team 
have also very recently reported an organ-
oid-fusion approach and used it to model 
neuron movement between brain regions7.

Of course, as organoids improve, there 
may be questions about the ethics of their 
use in research. At what point, for example, 
do these organoids actually become organs? 
If they come from patients, what ownership 
do those patients have over their own ex vivo 
livers or kidneys? Would a patient’s organoid 
brain be able to think for itself? 

At the moment, organoids are too simple 
for any of that, but they are suitable as mod-
els for research. Although they will never be 
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Sergiu Pasca is using 
organoids to model 
neurological disease.
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