
than did engrafted neurons from control orga-
noids, as well as different synaptic connections 
with other neurons and modified electrical 
activity. These characteristics of Timothy 
syndrome can be explored only in matured 
transplanted tissues.

Perhaps the biggest advance in the study 
comes from the demonstration that the 
human neurons extended axonal projections 
into the rat brain tissue, and formed synapses 
with rat neurons. Furthermore, Revah and 
colleagues showed — using a technique called 
optogenetics — that the human neurons could 
influence the animals’ behaviour. In optoge-
netics, neurons are genetically engineered 
to express light-sensitive proteins called 
channelrhodopsins. Blue light activates 
these proteins, and so activates the neuron 
that expresses them. The authors used this 
approach to stimulate human neurons in rats 
that were being trained to lick a spout to get 
a water reward. They found that stimulating 
the neurons prompted the rat to lick, whereas 
red light or application of blue light to rats that 
had not received the transplant did not. Thus, 
the human neurons are involved in the rats’ 
reward–response learning process (Fig. 1).

Human neurons are different from those of 
all other species, and discrepancies in the rate 
at which rat and human neurons develop will 
limit how well human-to-rodent xenografts can 
mirror human brain function. Nevertheless, the 
ability to produce mature human neural tissues 
that integrate with their host at the circuit level 
provides exciting opportunities for studying 
the development and basic biology of human 
neural circuitry, as well as representing a new 
system for testing therapies for human neuro-
logical diseases.

A future area of research could be to incorpo-
rate other parts of the human brain into devel-
oping rats (both cortical and striatal tissues, 
for instance), to achieve more-complex human 
circuitry. However, these experiments pose 
key ethical questions — related, for instance, 
to how such research should be overseen, 
and to the procurement of human biomate-
rials and donor consent. Other factors to take 
into account include the potential of the work 
to lead to therapies for human diseases, and 
the benefits in terms of reducing the overall 
amount of animal research needed to find such 
therapies. Finally, crucial questions surround 
whether an organoid can have consciousness 
and moral status. Active discourse between 
researchers, bioethicists, regulators and the 
public are required to develop frameworks and 
boundaries for research that uses organoids 
to model the circuitry of the human brain12,13.
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Carbohydrates not only are a biochemical 
source of energy, but also have key roles in 
biological-signal transmission, cell recog
nition and as structural components of living 
organisms1. Naturally occurring carbohydrates 
are often structurally undefined — they consist 
of mixtures of molecules, complicating studies 
of their biological activity. Structurally well- 
defined carbohydrates (which consist of just 
one type of molecule) are therefore in great 
demand for biological studies, but have 
been difficult to synthesize, especially when 
the molecules are large. Writing in Nature 
Synthesis, Yao et al.2 report an impressive solu-
tion to this long-standing problem: an auto-
mated carbohydrate synthesizer that greatly 
streamlines the preparation of large carbo-
hydrates in solution by reducing the number 
of steps in which intermediate compounds 
must be isolated.

Composed of building blocks known as 
monosaccharides, carbohydrates are one of 
the four most important families of substances 
that make up complex organisms, along with 
nucleic acids, proteins and lipids. But, unlike 
nucleic acids and proteins, which are linear 
polymers, each monosaccharide can con-
nect to any one of several positions on other 
monosaccharides. Carbohydrates produced 
by biological systems therefore inevitably have 
structural variation, making it hard to obtain 
structurally well-defined carbohydrates from 
natural sources. 

This problem can, in principle, be overcome 
by synthesizing carbohydrates. However, 
conventional approaches for doing this have 
been limited to molecules with no more than 

about 100 monosaccharides3, because they 
involve many manual steps, such as diffi-
cult isolations of intermediate compounds 
(Fig. 1a). Automated systems for carbohydrate 
synthesis have been reported, including 
enzyme-mediated methods4,5 and electro-
chemical assembly in solution6, but have been 
unable to produce carbohydrates containing 
more than about 150 monosaccharides7.

Yao and colleagues have now solved this 
problem. Their automated solution-phase 
synthesizer has three key sections: the synth
esis system, an online monitoring system 
(consisting of sensors that track the progress of 
reactions) and control software that allows the 
hardware to be programmed. In the synthesis 
system, a reactor is equipped with a magnetic 
stirrer and thermostatic controls (which can 
vary the reaction temperature between –80 °C 
and 100 °C). A lamp is also provided to enable 
visible-light-induced reactions, which offer 
a ‘green’, sustainable approach for carbo
hydrate synthesis8. An automatic injector 
system controls the delivery of the reactants, 
reagents and solvents to the reactor, using a 
self-correcting algorithm to carry out accu-
rate injections of up to 18 different reaction 
components. This system cleans itself using 
fresh solvent between injections, to prevent 
cross-contamination of the solution-carrying 
channels.

The process of constructing carbohy-
drates on the synthesizer is similar to play-
ing the classic video game Snake. In the 
game, players direct the eponymous reptile 
to pick up food — the more food it eats, the 
longer it grows. Similarly, users of Yao and 
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Figure 1 | Increasing the efficiency of carbohydrate synthesis. a, In the 
conventional strategy for carbohydrate synthesis, target molecules are 
assembled by the sequential addition of monosaccharides (spheres) to a  
growing chain. Each addition, and the subsequent isolation of the resulting 
product, is carried out manually, limiting the size of polysaccharides that 
can be assembled. b, Yao et al.2 report an automated ‘multiplicative’ strategy 

carried out by machine. The chemistry is optimized so that several additions 
of monosaccharides (or larger building blocks) can occur in one reaction 
vessel before the resulting product is isolated, greatly reducing the number of 
isolation steps. The product of each cycle of the process is used as the building 
block in the next cycle. In this way, the authors prepared a polysaccharide 
containing 1,080 monosaccharides.
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colleagues’ carbohydrate synthesizer use 
a computer to feed reagents into a reactor, 
directing the growth of a long ‘snake’ built 
from monosaccharides.

The synthetic process used on the authors’ 
machine works as follows. First, in the 
presence of either a chemical promoter or a 
photoactivator (a compound that uses light 
to trigger a reaction), equal quantities of two 
monosaccharide-containing building blocks 
(the glycosyl donor and the glycosyl accep-
tor) react to produce a structurally defined 
disaccharide. This disaccharide can then act 
as a glycosyl acceptor in a reaction with another 
glycosyl donor, extending the chain to form a 
trisaccharide. If this cycle is repeated multiple 
times, a wide range of structurally well-defined 
carbohydrates can, in principle, be made — 
from short chains (oligosaccharides) to long 
chains (polysaccharides).

The synthesizer speeds up the preparation 
of polysaccharides by using an alternative 
method called automated multiplicative 
synthesis, in which chains of saccharides, 
rather than only monosaccharides, are used 
as the building blocks (Fig. 1b). In this way, 
Yao et al. constructed a library of well-defined 
polysaccharides. Impressively, the authors 
prepared a polysaccharide containing 
1,080 monomers — possibly the longest poly
saccharide with a well-defined structure to 
have been made so far.

Yao and colleagues’ system has advantages 
that save time and resources compared with 
manual carbohydrate synthesis and previously 
reported automated carbohydrate synthesiz-
ers. The online monitoring system analyses 
reactions, providing feedback that allows 
decisions to be made about whether to pro-
ceed with the next step in the synthesis. For 
example, it can check that accurate volumes 
of solutions have been added to the reactor, 
thereby avoiding possible side reactions and 
the associated waste of valuable starting 
materials.

Perhaps the biggest advantage of the 

synthesizer is that it avoids the use of protect-
ing groups — chemical groups that are used in 
lengthy syntheses to mask reactive parts of a 
molecule so that modifications can be made 
elsewhere. Many different protecting groups 
are often used in conventional syntheses of 
complex molecules, each of which usually 
adds two steps to the synthetic route (one to 
add the protecting group to the molecule, 
and another to take it off again when it is no 
longer needed). Each of these steps produces 
an intermediate compound that typically must 
be isolated before it can be used in the next step 
of the synthesis. 

Yao and colleagues’ automated protocols 
can bypass these steps, resulting in better 
yields of complex carbohydrates than obtained 
with manual multistep methods. Furthermore, 
the synthesizer removes the need for a highly 
skilled workforce to carry out manual synthetic 
reactions — biologists who need structurally 
defined carbohydrates for their studies could 
make them for themselves. The machine also 
saves time for chemists, who can now use it to 
synthesize valuable polysaccharides while they 
are enjoying a coffee break.

The question now arises of whether this 
strategy can be broadened to synthesize glyco-
proteins9,10 — molecules consisting of a protein 
with attached carbohydrates. Glycoproteins 
are of interest because they have diverse bio-
logical functions, such as in reproduction and 
the immune system. If Yao and colleagues’  
synthesizer can combine chemical and 
enzymatic synthetic methods to prepare 
structurally well-defined glycoproteins, it will 
aid studies of the molecules’ biological roles 
and mechanisms of action. 

Another potential application is in the field 
of antibody–drug conjugates11 (ADCs), which 
consist of a protein (the antibody) attached to 
an anticancer drug. ADCs hold great promise 
for the targeted killing of tumour cells, and have 
several potential advantages over small-mol-
ecule anticancer chemotherapies — such as 
improved pharmacokinetics (properties 

that quantify how a compound is absorbed, 
distributed, metabolized and eliminated by  
the body), in vivo stability and safety profiles. 
There is much interest in attaching carbohy-
drates to antibodies in ADCs, because this can 
greatly increase ADC toxicity to cancer cells. 
A method that can synthesize libraries of anti-
bodies with attached carbohydrates would 
therefore aid ADC development.

Yao and colleagues’ research emphasizes the 
value of machine-driven chemical synthesis 
of carbohydrates. By enabling the automated 
preparation of gram-scale quantities of diverse, 
structurally well-defined carbohydrates, such 
technology should promote rapid advances 
in glycobiology and medicinal chemistry, and 
even in areas such as materials science. The 
authors’ work is also a superb example of how 
expertise and persistence can solve long-stand-
ing scientific problems — in this case, how to 
prepare complicated carbohydrates simply 
and efficiently.
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