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Metabolites are chemically hetero-
geneous and difficult to quantify in 
easily read formats. Recently, Tan 
and Fraser demonstrated that me-
tabolites can be readily quantified 
by pairing aptamer function with 
DNA sequencing. This reflects a 
larger trend of sequencing for 
assessing biomolecule abundances, 
further leading to sequencing being 
a universal analytical tool. 
Structure-switching aptamers are single-
stranded nucleic acid molecules that 
change conformation upon binding to 
effectors. Aptamers have been used exten-
sively for the detection of protein targets, 
small-molecule targets, and even cells [1]. 
Although small-molecule responsive 
aptamers account for a small subset of 
developed aptamers, they are among 
the most widely used in biosensing. 
Several hundred aptamers have been de-
veloped for the detection of metabolite 
targets, including amino acids and 
antibiotics [2]. 

While in many cases nucleic acids have 
been used to detect just one type of mole-
cule, extensive research has been done to 
allow simultaneous detection of diverse 
analytes in sample mixtures using arrays 
[3,4]. Beyond one-to-one analyte-to-
aptamer detection, studies have shown 
that anti-protein aptamers can be used 
for identifying signatures in molecular mix-
tures, including cell- and disease-specific 
patterns [5]. However, to date there has 
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not been an easily usable method for 
quantifying many different metabolites in 
parallel within a mixture, either in a one-
to-one fashion or for more complex signal 
identification. 

Conformational changes have previously 
been coupled to fluorescent or electro-
chemical readouts [6,7], but recently re-
searchers have developed a method that 
readily couples to DNA sequencing, called 
small-molecule sequencing (smol-seq) [8]. 
In this system, the structure-switching 
aptamer consists of two oligonucleotides, 
a ligand-binding oligo (LBO) and a short-
release oligo (SRO) which is base-paired 
to the LBO (Figure 1). A ligand binds to 
the LBO, which is immobilized to a matrix, 
causing a conformational change in the 
stem–loop structure of the LBO. This re-
sults in the barcode-containing SRO to be 
displaced from the matrix, which can then 
be sequenced. Generating a barcode se-
quence on the SRO that is unique to one 
metabolite provides a signal readout pro-
portional to the target amount in a mixture. 
Using this methodology, researchers dem-
onstrate that detecting the barcodes re-
leased can quantify metabolite target 
levels across chemically diverse molecules, 
including ATP, glucose, ampicillin, lactate, 
and cortisol. Remarkably, this sequencing 
method can even differentiate between 
stereoisomers (D- and L-glucose) which 
has previously been a difficult task.

However, in order for smol-seq to be used 
for diagnostic or therapeutic applications, 
it must be useful and specific  in  complex  
mixtures. To this end, Caenorhabditis 
elegans nematodes were exposed to the 
antimalarial drug piperaquine, and cellular 
lysates were analyzed for the drug using 
a piperaquine-specific barcoded aptamer. 
Barcode quantification revealed that nema-
todes exposed to piperaquine could be dis-
tinguished from a control. Since smol-seq 
can detect many metabolite targets concur-
rently by parallel sequencing of target-
specific barcodes, this may indi cate that
concomitant quantification of metabolites 
in cellular samples is possible, opening up 
the potential for systematic metabolic profil-
ing. An important question still to be re-
solved is whether smol-seq can overcome 
the need for the multiple chemical extrac-
tions that are typical of conventional meta-
bolomics protocols to measure both polar 
and non-polar metabolites. 

The prospects for multiplex metabolic 
analyses are real, given that similar efforts 
with aptamers that recognize proteins 
have proved successful. Illumina’s proteo-
mics assay (Illumina Protein Prep) based 
on SOMAmer aptamers can detect 9000 
unique human proteins using 11 000 
highly specific SOMAmer aptamer re-
agents. Currently, the Illumina Protein 
Prep is being used in conjunction with 
the UK Biobank to analyze over 50 000 
clinical samples. The success of proteome 
characterization with aptamers also re-
veals the chief issues facing any similar 
analysis of the metabolome: the develop-
ment of large numbers of unique, specific 
aptamers that can recognize individual 
metabolites. The Human Metabolome 
Database contains 114 100 annotated 
metabolites, including peptides, lipids, 
nucleic acids, carbohydrates, vitamins, 
and pollutants [9]. SOMAmer arrays were 
the result of a multi-year, extensive effort 
to streamline and automate aptamer se-
lection [5,10], and proteins are for the 
most part better targets for selection than 
small molecules. That said, machine 
learning has already proved successful in 
engineering protein binders and is begin-
ning to show results for the development 
of high-affinity aptamers. Machine learning 
models have been trained on aptamer 
screening data from a single protein target 
to predict target affinity, enabling the pre-
diction of sequence modifications and 
even the de novo prediction of aptamer 
sequences [11]. Transformer-based 
methods for aptamer design have also 
used structural data for sequence genera-
tion, enabling a hybrid structure–sequence
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Figure 1. (A) High-throughput DNA sequencing has transformed genomics and transcriptomics, 
while proteomics and metabolomics were not coupled. Aptamers might now allow these fields to 
integrate via shared sequencing outputs. (B) Small-molecule sequencing (smol-seq) and SOMAmers enable 
the quantification of metabolites and proteins, respectively, by coupling the function of specific aptamers to 
barcode quantification using DNA sequencing.
method for de novo generation of RNA 
aptamers, at least where sequence data 
for a given target are already known [12]. 

Such generalizable deep-learning methods, 
combined with a plethora  of  data  on  antime-
tabolite aptamers (that does not yet exist),
have the potential to scale aptamer design. 
If machine learning or other clever strategies 
can indeed better enable the parallel devel-
opment of thousands of antimetabolite 
aptamers, then smol-seq could greatly 
streamline the acquisition of metabolomics 
data, enabling applications in human 
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disease, environmental monitoring, and 
drug discovery. 
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