
signatures at different gestational ages, and 
the authors suggest that this approach could 
be an adjunct to pregnancy dating in settings 
in which prenatal ultrasound is unavailable. 

The authors also expand on previous work 
that demonstrated the potential of detecting 
fetal-tissue-specific cfRNA in maternal circula-
tion8. Rasmussen et al. define specific subsets 
of the cfRNA transcripts in maternal plasma 
that reflect maternal tissues, fetal organs 
and the placenta, and generate insights into 
how these subsets normally change across 
gestation. Maternal transcriptomes demon-
strated increased expression of genes encod-
ing proteins such as collagen that comprise 
the extracellular matrix, possibly reflecting 
remodelling of the cervix in preparation for 
labour and birth. Changes in the abundance 
of RNA transcripts putatively originating from 
fetal organs were consistent with known devel-
opmental trajectories — for example, levels of 
transcripts from a part of the fetal kidney that 
shrinks over time also declined with advancing 
gestation. These findings demonstrate excit-
ing potential to track pregnancy progression 
and fetal organ development non-invasively 
using transcripts in maternal blood.

Next, Rasmussen and colleagues evaluated 
whether cfRNA signatures in maternal blood 
during the second trimester could predict 
the future incidence of pre-eclampsia, well 
before clinical signs or symptoms develop. 
The authors compared cfRNA signatures from 
plasma samples of 72 pregnant individuals who 
developed pre-eclampsia (cases) with 452 sig-
natures from individuals who did not develop 
the condition (controls). These samples were 
taken at an average of 14.5 weeks before deliv-
ery. The authors identified seven genes with 
expression levels that consistently differen-
tiated cases from controls. Four of the genes 
had previously been associated with either 
pre-eclampsia or placental development9–12.

The authors created a mathematical model 
that used cfRNA signatures to estimate the 
probability of pre-eclampsia. The model had 
a sensitivity of 75%, meaning it could iden-
tify three-quarters of the eventual cases of 
pre-eclampsia. In a group of pregnant indi-
viduals in which pre-eclampsia occurred in 
almost 14% of participants, the model had 
a positive predictive value (PPV) of 32%, 
meaning that approximately one-third of 
the individuals who were predicted by the 
model to develop pre-eclampsia were later 
diagnosed with the disease. This PPV repre-
sents a sevenfold increase compared with the 
next-most-predictive test for pre-eclampsia 
currently described in the literature13. 
Notably, the authors found that the predic-
tive capability of the model was not affected 
by inclusion of maternal race as a variable. This 
lends further support to abandoning racially 
biased approaches for diagnosis and treat-
ment that have been found to have little or no 

utility and that perpetuate racial disparities in 
health care14. 

A limitation of the authors’ work is that 
the incidence of pre-eclampsia in this group 
(almost 14%) is higher than the reported global 
incidence5 of about 2–8%; thus, the PPV of the 
test would be lower in groups that have lower 
rates of the disease. Any future clinical appli-
cations would need to consider the benefits 
gained from early prediction of pre-eclampsia 
against the potential harms of a possible false 
positive result, such as unnecessary monitor-
ing or interventions, and increased maternal 
anxiety.

A key direction for future work will be to 
determine whether cfRNA that is sampled dur-
ing the first trimester could be used to detect 
increased risk for pre-eclampsia, because treat-
ment with low-dose aspirin, the only current 
preventive therapy for the condition, is likely 
to be more effective if started before 16 weeks 
of pregnancy. The wide range of efficacy of 
low-dose aspirin in preventing pre-eclampsia 
(estimated to be 2–30% effective)15,16 high-
lights the problematic nature of using one 
treatment for a highly variable disease that 
manifests in diverse ways. A molecular test 
that could give insight into the develop-
ment of pre-eclampsia represents a key step 
towards a more personalized trans criptomic 
or genomic approach to pregnancy therapeu-
tics. In addition, trans criptomic data can be 
entered into computational resources such as 
the Connectivity Map17 — an online database of 
transcriptomic signatures of various cell types 
after treatment with different therapeutics — 
to inform the repositioning of existing thera-
peutics to treat pregnancy-specific diseases.

This large-scale transcriptomic resource 
from a racially and geographically diverse 
pregnancy population is exciting for several 

reasons. Not only have the authors devel-
oped a predictive test for pre-eclampsia, but 
the study’s findings also have the potential to 
provide insights into typical pregnancies and 
fetal development, and to advance the design 
of rational, precision therapeutics that can 
improve pregnancy care. 
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Quantum bits (qubits) that use the quantum 
properties of electrons in silicon devices 
offer enormous potential for developing 
compact and robust quantum computers 
that take advantage of the existing 
silicon-microchip industry. But quantum 

operations are subject to error, and getting 
error rates low enough to make quantum 
silicon devices feasible remains a challenge. 
Three papers in this issue, by Xue et al.1, Noiri 
et al.2 and Mądzik et al.3, report demonstra-
tions of qubit operations in silicon devices 

Quantum information

Silicon qubits get closer to 
achieving error correction
Ada Warren & Sophia E. Economou

A silicon-based quantum-computing platform has met key 
standards for reducing error — setting the stage for quantum 
devices that could benefit from established semiconductor 
microchip technologies. See p.338, p.343 & p.348
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with fidelities above the threshold of one of 
the most popular quantum error-correcting 
codes. The results suggest that these devices 
could be a competitive platform for scalable 
quantum-information processing.

The basic idea behind any quantum com-
puter is that the quantum nature of qubits 
enables them to be in a state that is not sim-
ply ‘1’ or ‘0’, but some combination known as a 
superposition. This means that two qubits can 
be in a superposition of ‘01’, ‘10’, ‘11’ and ‘00’, 
which leads to even more possibilities. This 
ability can be used to speed up certain compu-
tations that are too complicated for a classical 
computer to perform in a reasonable amount 
of time. These include Shor’s algorithm, a strat-
egy for factorizing large numbers, which could 
compromise existing encryption schemes for 
internet security,  and other algorithms that 
could be used in materials science and drug 
design.

The effort to build a large, operational 
quantum computer is an extremely ambi-
tious technological undertaking. Currently, 
the most widely used qubits are made of super-
conducting circuits that are used by technol-
ogy companies such as IBM and Google in their 
quantum processors. Important demonstra-
tions have been achieved with these systems, 
including proof-of-principle chemistry sim-
ulations4 by IBM. The quantum-computing 
researchers at Google reported that one of 
their superconducting-qubit devices took 
around 200 seconds to perform a compu-
tation for which they claimed a classical 
supercomputer would require 10,000 years 
(ref. 5). However, superconducting qubits are 
relatively large, and this makes it difficult to 
fit a lot of them on one chip housed in a single 
cooling system, and to scale to larger devices.

Another problem, common to all qubits, 
is that they can remain in a given super-
position of states for only a limited amount 
of time, known as the coherence time. This 
limitation introduces errors into computa-
tions performed with qubits and has moti-
vated the development of error-correction 
protocols aimed at mitigating these errors, 
by implementing quantum algorithms using 
more qubits than the computations require. 
This has the effect of grouping many physi-
cal qubits into fewer logical qubits, leading to 
redundancy, which can be used for quantum 
error correction.

A compact alternative to the superconduct-
ing qubit also has long coherence times: the 
electron spin qubit6 is based on the quantum 
nature of the magnetic moment (or spin) of 
the electron. These qubits must be formed 
through a mechanism that isolates individ-
ual electrons from their environment while 
ensuring that they are accessible and can still 
be controlled with applied electromagnetic 
fields. The most common way to do this is 
with quantum dots7, which are tiny traps that 

form at the interface of two semiconductor 
materials. Multiple quantum dots can be 
engineered by using metallic leads to create 
separate traps, each of which can host a single 
electron.

Silicon is an attractive material with which 
to create spin qubits. This is mainly because 
it can be isotopically purified, which means 
that the vast majority of its atoms will not have 
a net spin associated with their nuclei. If the 
atoms had non-zero nuclear spin, this spin 
would interact with the qubits and lead to the 
loss of quantum information. Furthermore, 

silicon is the material used for the circuits in 
everyday computers, so silicon-based quan-
tum computers stand to benefit greatly from 
the existing nanoelectronics infrastructure, 
which is very sophisticated. This explains why 
the quantum-computing research programme 
of Intel, one of the leading chip-manufacturing 
companies, has focused on this platform8.

To implement quantum algorithms, 
single-qubit control and two-qubit inter-
actions are required to realize both single- and 
two-qubit logic gates. These gates are the build-
ing blocks of any quantum algorithm — similar 
to the logic gates used in classical computing. 

They can be produced using magnetic fields, 
with which spins interact naturally. However, 
these magnetic interactions are weak. By 
contrast, electric fields offer faster control by 
coupling the spin to the motion of the elec-
tron, and can be used for both types of gate.

For two-qubit gates, two electrons are 
brought close together — close enough that 
they have overlapping quantum-mechanical 
wavefunctions, which can be thought of as the 
spatial extent of the electrons. This overlap 
gives rise to an effective spin–spin inter action 
that, when carefully controlled, results in the 
qubits becoming ‘entangled’, meaning that 
they share a common state and can no longer 
be described independently. Changes to 
the state of one qubit depend on that of the 
other. The accuracy with which these condi-
tional operations are carried out is measured 
by a quantity called fidelity, which needs to 
meet a minimum threshold for quantum 
error-correction strategies to be viable. Xue 
et al. (page 343) and Noiri et al. (page 338) met 
this milestone in experiments using electron 
spin qubits in isotopically enriched silicon 
quantum-dot arrays (Fig. 1a).

Mądzik et al. (page 348) made similar pro-
gress on a different silicon spin qubit made 
from the nuclear spin of a phosphorus atom 
that had been substituted in place of a silicon 
atom in a silicon lattice (Fig. 1b). In this case, 
the nuclear spin of a single atom can be used as 
a resource. Nuclear spins have extremely long 
coherence times, which makes them attrac-
tive spin-qubit candidates, but methods to 
induce inter actions between nuclear spins to 
enable accurate operations have been scarce. 
Mądzik and colleagues used an electron to 

Figure 1 | Quantum gates built from silicon. Xue et al.1, Noiri et al.2 and Mądzik et al.3 optimized silicon 
quantum bits (qubits) for error correction. The qubits were fabricated in silicon heterostructures consisting 
of a silicon layer sandwiched between other semiconductors, and were controlled by metallic leads. a, Xue 
et al. and Noiri et al. used quantum dots, which are tiny traps hosting single electrons at the interface of 
semiconductor materials, such as silicon. The two groups implemented two-qubit gates by positioning 
two electrons so that their quantum-mechanical wavefunctions (the electrons’ spatial extent) overlapped 
to a degree that was controlled by an electric field acting as a barrier between the quantum dots. When the 
barrier was lowered, the interaction between electrons resulted in changes to the state of one qubit that 
depended on that of the other. b, Mądzik et al. achieved a similar goal by using phosphorus nuclei instead of 
electrons. The interaction between nuclei was mediated by an electron controlled by a microwave antenna.

a b
Metallic
lead

Barrier
control

Silicon

Electron Electron
wavefunction 

Phosphorus
nucleus

Quantum dot

Silicon
heterostructure 

Microwave
antenna

“Error-correction protocols 
aim to mitigate errors by 
implementing quantum 
algorithms using  
more qubits than 
computations require.”
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mediate the interactions between two nuclear 
spins, and generated high-fidelity two-qubit 
entangling gates, bringing the accuracy of 
nuclear spin-qubit operations to the quantum 
error-correction threshold.

The results of all three groups move 
silicon-based quantum-information pro-
cessing a step closer to offering a viable quan-
tum-computing platform — a status so far held 
by only a few other systems, including super-
conducting qubits9 and trapped ions10. How-
ever, there are still challenges to be overcome 
if the groups’ devices are to become scalable. A 
key issue is that a lot of the qubits’ calibration, 
benchmarking and achieved fidelities will be 
negatively affected when the system size is 
increased — even by a single qubit. The next 
experimental milestone for this system would 
therefore be to build a larger array of quantum 
dots hosting two-qubit gates with fidelities 
as high as those demonstrated by Xue et al. 
and Noiri et al., despite the presence of more 
qubits. A further breakthrough for such a sys-
tem would be the demonstration of quantum 
error correction.

At some point, adding qubits to the array 
will do more harm than good. This is because 
it will become too difficult to calibrate and 
control a large system with multi-qubit inter-
actions. A modular architecture could instead 
be developed based on resonators, which are 
microstructures that use light to tune spins 
to certain ‘resonant’ frequencies. Resonators 
have already been shown to be capable of 
coupling two quantum-dot spins11, and could 
potentially be used to build arrays of quan-
tum dots that are connected in a network. 
The details of how large these modules need 
to be and how they would be connected is an 
open problem from both a theoretical and an 
experimental point of view.
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Creating new drugs is extremely difficult, 
and very expensive1. There are an estimated 
1060 drug-like molecules in chemical space — 
the theoretical space spanned by all possible 
molecules and compounds2. However, only 
relatively few will bind to a particular target 
site in the body and thus be medically useful. 
Therefore, identifying a molecule that acts on 
a specific target and is also suitable for use as 
a drug (for example, in terms of how it travels 
to its target and is broken down) is a highly 
complex task. On page 452, Sadybekov et al.3 
present an innovative approach to identifying 
potential drug molecules from exceptionally 
large chemical libraries, and demonstrate its 
performance in a screen for inhibitors of three 
target proteins.

Chemical space is very large, and only a 
handful of molecules within it are potential 
drug candidates (called hits); therefore, 
exploring as much of this space as possible 
is important. High-throughput experimen-
tal methods enable millions of molecules 
to be tested for activity against a particular 

biol ogical target, and high-powered comput-
ers can screen virtual libraries of tens of mil-
lions of compounds against specific biological 
targets. However, these numbers are still small 
compared with the scale of the challenge of 
finding potential drug molecules.

Virtual libraries containing billions of com-
pounds have been developed by combining 
compound fragments and reliable chemical 
reactions to generate molecules. As the size 
of virtual libraries increases to the billions, 
screening the molecules that the libraries con-
tain becomes computationally impractical and 
prohibitively expensive. Indeed, Sadybekov 
et al. describe how screening even 10 billion 
compounds using a single central processing 
unit could take more than 3,000 years.

Thus, more-efficient methods are needed 
to search these, and even larger, libraries. 
Sadybekov and colleagues’ approach, called 
V-SYNTHES (virtual synthon hierarchical enu-
meration screening), substantially reduces the 
number of molecules that need to be assessed 
when searching for potential hits in these 

Drug discovery

Less is more in 
virtual drug screens
Charlotte Deane & Maranga Mokaya

A computational method has been devised to identify 
drug-candidate molecules from a library of billions of 
molecules using 100 times less computational power 
than is used by standard methods. See p.452

Figure 1 | A virtual drug-screening approach to tackle enormous chemical libraries. Some compound 
libraries contain billions of molecules, and are therefore computationally expensive to screen for promising 
drug candidates (called hits). Sadybekov et al.3 present an innovative way to approach the virtual screening 
of such libraries. They selected about 600,000 fragments (small compounds with a low molecular weight) 
from a library of 11 billion molecules, and used a method called docking to computationally estimate 
the affinity of the binding of these fragments to each of three target proteins. The authors selected the 
1,000–10,000 fragments with the highest docking scores and added synthons (small segments of a 
molecule) to them to create a new library of about 1 million molecules. By repeating the docking and 
synthon-addition steps, the authors were able to identify a relatively high number of hits by screening only 
a few million compounds, thereby using about 100 times less computational resources than do standard 
virtual-library-screening methods.
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