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Aptamers are single-stranded nucleic acids that bind and recognize targets much like antibodies. Recently,

aptamers have garnered increased interest due to their unique properties, including inexpensive

production, simple chemical modification, and long-term stability. At the same time, aptamers possess

similar binding affinity and specificity as their protein counterpart. In this review, we discuss the aptamer

discovery process as well as aptamer applications to biosensors and separations. In the discovery

section, we describe the major steps of the library selection process for aptamers, called systematic

evolution of ligands by exponential enrichment (SELEX). We highlight common approaches and

emerging strategies in SELEX, from starting library selection to aptamer-target binding characterization.

In the applications section, we first evaluate recently developed aptamer biosensors for SARS-CoV-2

virus detection, including electrochemical aptamer-based sensors and lateral flow assays. Then we

discuss aptamer-based separations for partitioning different molecules or cell types, especially for

purifying T cell subsets for therapeutic applications. Overall, aptamers are promising biomolecular tools

and the aptamer field is primed for expansion in biosensing and cell separation.
Introduction

Aptamers are short, single-stranded nucleic acid molecular
recognition agents that fold into 3D conformations and
specically bind to targets like proteins, peptides, small mole-
cules, and metal ions. Most aptamers are discovered through
a library selection process called systematic evolution of ligands
by exponential enrichment (SELEX), which uses a desired target
to enrich for binders among many random sequences. Utilized
in research elds from biosensing to therapeutics, aptamers
ucy F. Yang completed her PhD
t the University of Washington
nder the supervision of Prof.
uzie H. Pun. Her thesis work
nvestigated SARS-CoV-2 spike
rotein-binding aptamers for
iagnostics and therapeutics.
he received her B.S. from the
assachusetts Institute of
echnology. Her other research
reas include polymers for drug
elivery and microuidics for
ancer applications.

lar Engineering and Sciences Institute,

on, USA. E-mail: spun@uw.edu

the Royal Society of Chemistry
have versatile applications but have yet to reach their full
potential.

Aptamers are similar in function to antibodies, which are
currently the most widely used molecular recognition agent.
Aptamers can have very high affinity (as low as ∼10 picomolar1)
and specicity (e.g. with the ability to distinguish between
single amino acid differences in proteins2) for their targets.
However, unlike antibodies, aptamers are chemically synthe-
sized and thus are less expensive and faster to produce, more
homogenous with less batch-to-batch variation, and more
amenable to controlled chemical modications.3–6 Moreover,
DNA aptamers are more stable at a range of ionic conditions,
pH, temperatures, and other storage conditions compared to
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Table 1 Aptamers vs. antibodies

Aptamer Antibody

Intrinsic qualities Affinity 10 pM to10 mM 10 pM to10 mM
Specicity Highly specic Highly specic
Molecular weight 10–20 kDa 150 kDa (IgG)
Synthesis method Chemical Biological
Stability pH 5 to 9, –80 to 100 °C, liquid or dry pH 5 to 8, sequence specic,

empirically determined, −80 to 4 °C
Application-related qualities Selection speed Days to weeks in vitro Weeks in vivo

Variability Very uniform Batch to batch
Commercial cost of 1 mg ∼$50a ∼$2000–5000
Chemical modications 5′ end, 3′ end, internal; controlled Primary amine, carboxylic acid,

thiol chemistries; difficult to control

a Cost for DNA with no or simple chemical modications (ex. thiol, amide, biotin)
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protein antibodies7,8 (Table 1). Despite these advantages,
aptamers currently lag behind in diversity of discovered
sequences and commercial development compared to anti-
bodies. Some potential causes include the labor-intensive
nature of aptamer discovery and limitations due to early
patent protection of aptamers.9 Today, however, advances in
aptamer discovery and expiration of key patents around 2010
have allowed the eld to ourish.

RNA enzymes, the stepping stones for aptamers, are nucleic
acids that can fold into complex structures and catalyze reac-
tions, garnering research interest in the 1980s.10–13 In 1990,
three research groups independently described iterative in vitro
selection methods for RNA enzymes,14–16 which Tuerk and Gold
coined SELEX.15 Ellington and Szostak expanded on the
previous work and named the nucleic acids that were output of
Nataly Kacherovsky is a research
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M.S. from Lomonosov Moscow
State University in Molecular
Genetics. She continued her
studies under the guidance of
Prof. Sergey Mirkin in the Insti-

tute of the Molecular Genetics trying to solve the mysteries of DNA
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transcription in yeast for 15 years. For a year she tried making
living as an artist doing jewelry and pottery, but when the
opportunity to join Prof. Pun came along, she didn't hesitate to
jump on a new project. Nataly is passionate about aptamers, art,
and Boston terriers.

4962 | Chem. Sci., 2023, 14, 4961–4978
selections “aptamers”: ‘apta’ from aptus meaning ‘tting’ in
Latin.17 Many other major milestones in aptamer history
occurred in quick succession. In 1992, the rst DNA aptamers,
thrombin-binding aptamer and specic dye-binding aptamers,
were discovered.18,19 The rst aptamers isolated by cell SELEX
were reported in 1999 and bound to the parasite Trypanosoma
brucei.20 In 2004, the rst aptamer therapeutic drug, Macugen,
was approved by the FDA to treat macular degeneration.21 Over
time, technical advancements in DNA manipulation and
sequencing, as well as new developments in selection strategies,
have streamlined the selection progress and lowered the barrier
to entry. However, the core idea behind SELEX remains
unchanged for over 30 years. In that time, aptamer literature
has grown from about 20 articles published in 1990 to over 14
000 articles published in 2020.
Suzie H. Pun is the Washington
Research Foundation Professor
of Bioengineering and incoming
Director for the Molecular Engi-
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In this review, we will describe aptamer selection and opti-
mization strategies and then examine biomedical applications
of aptamers in in vitro settings such as biosensing and cell
separation. Overall, this review will prepare readers for entering
the world of aptamers as it stands today, especially in light of
the COVID-19 pandemic. For further reading, we recommend
many other excellent general aptamer reviews22–25 as well as
more focused reviews.26–30
Panning for gold: aptamer sequence
discovery & optimization

As the primary method for discovering new aptamers, SELEX is
the heart of aptamer research (Fig. 1). In SELEX, a starting
library is incubated with desired molecular targets. In each
selection round, bound sequences are recovered and PCR-
amplied to create a new pool of aptamer sequences, which
are used in the subsequent selection round. Typically, between
ve to 20 rounds are necessary to enrich the aptamer pool to
nd target-binding aptamers. In this section, we will cover basic
concepts of and considerations for SELEX.
Starting library selection

The properties of the aptamer library are important to optimize
for successful selection. In this section, we will focus on (A) the
constant region, (B) the random region, (C) the library length,
(D) pre-structured libraries, and (E) the type of nucleic acid.

Aptamers typically consist of a random region anked by two
constant regions, which allow PCR amplication via comple-
mentary primers (Fig. 1, top le inset). The random region is
theoretically unique for each aptamer in a starting library, and
the longer the random region, the more possible candidate
sequences there are. For example, a complete library containing
a 40-nt random region would have 440 or ∼1024 unique
sequences, which would weigh ∼50 kg in its entirety. Practically
Fig. 1 Systematic evolution of ligands by exponential enrichment (SELE
After annealing, aptamers fold and adopt secondary structures that may
1014–1015 unique sequences. (2) Then the aptamer library is incubated
target-binding aptamers are eluted. (4) After conducting PCR on aptamer
pool is used in the next round of selection and evaluated for binding.

© 2023 The Author(s). Published by the Royal Society of Chemistry
speaking, selection libraries are smaller and usually contain
1014–1015 unique sequences.31–33

The choice of aptamer length and random region length may
inuence SELEX success. Aptamers have been discovered in
libraries with random regions as large as 220-nt and as short as
22-nt.31 One study compared the effect of six different random
region lengths (16, 22, 26, 50, 70, 90) on target-binding
sequence abundance and found that the target motif was
most abundant in the 50-nt and 70-nt selections.34 In recent
publications, a random region of 36- to 52-nt in length have
been the most common, which is about 70- to 90-nt in total
aptamer length. DNA synthesis costs also play a factor, as longer
syntheses become more expensive and less efficient. For
example, if the efficiency of adding a nucleotide base is 99.5%,
an 80-mer aptamer is produced with 69% yield but a 160-mer
aptamer is produced at 45% yield.

Pre-structured libraries are one strategy for increasing the
probability of successful selection. One pre-structured library
stabilizes the aptamer structure by incorporating a double-
stranded stem formed by the constant regions. This predict-
able nal structure also simplies aptamer truncation
designs.35 Another library strategy is guanine (G)-rich sequences
in the random region to increase the probability of G quad-
ruplexes,36 which are stable secondary structures formed by
stacks of four guanidine units. Aside from their unique struc-
ture, G quadruplexes are of interest because they have impor-
tant functions in DNA replication and repair, epigenetics, and
other pivotal cellular processes.37 G quadruplexes are also oen
found in high-affinity aptamers,38,39 therefore increasing their
frequency in the starting library may lead to higher chances of
success.

Although early aptamer research focused on RNA aptamers,
the majority of recently discovered and applied aptamers are
DNA-based. Both DNA and RNA can form secondary and tertiary
structures, though RNA backbone is more exible. Compared to
RNA, DNA is more stable and does not require reverse
X). Aptamers are composed of a random region and constant regions.
allow them to bind to targets. (1) The starting aptamer library contains
with target during selection. (3) Unbound aptamers are removed, and
s, sense and anti-sense strands are separated. (5) The enriched aptamer

Chem. Sci., 2023, 14, 4961–4978 | 4963
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transcription step during amplication, thus making selection
less tedious.24,29

Non-natural or chemically-modied nucleic acids also
increase aptamer library diversity by increasing access to
available binding epitopes on proteins.40 In one recent work,
McCloskey et al. used alpha-L-threofuranosyl nucleic acid (TNA)
to make backbone- and base-altered aptamers capable of
undergoing in vitro selection and binding target proteins.41

These TNA aptamers (“threomers”) contain traditional bases as
well as modied bases containing phenylalanine and trypto-
phan, which are planar aromatic amino acids oen found at the
antibody–antigen interface. From TNA libraries with ∼1014

unique instances of 40-nt random region, McCloskey et al.
enriched for threomers that bind SARS-CoV-2 S1 protein or
TNFa, and many threomers possessed nanomolar to sub-
nanomolar affinities aer optimization. However, some draw-
backs of using threomers included the need for lengthy chem-
ical synthesis (14 to 29 steps per TNA nucleoside triphosphate)
and optimization of TNA polymerases. Similarly, the “click-
SELEX” strategy uses alkyne-modied uridine (EdU) that are
functioned by azide-modied groups.42 Unlike TNAs, EdU is
commercially available and therefore DNA amplicons can be
generated to include EdU in place of dT using conventional
DNA polymerases and PCR methods. Click-SELEX can be
employed with an azide that contains a group also found on the
target's natural binders in order to improve binding probability.

Another non-natural nucleic acid strategy is to use mirror
image aptamers made from L-RNA or L-DNA, called spie-
gelmers.43 Unrecognized by nucleases and DNA processing
enzymes, spiegelmers are more stable in vivo but also are not
easy to PCR amplify in selection. To circumvent the amplica-
tion problem, Williams et al. conducted SELEX with the enan-
tiomer of the target peptide and D-RNA then synthesized the
spiegelmers based on the discovered D-RNA sequence.44

However, challenges in generating target enantiomers limit the
discovery of spiegelmers. The need for non-natural enantiomers
is bypassed if the target is a symmetric molecule, such as
biphenol A (BPA). In one recent work, Ren et al. developed BPA-
binding spiegelmer for gold nanoparticle-based colorimetric
detection of BPA.45
Selection targets

Incipient aptamer research identied binders of dyes on
agarose beads,19 but today, aptamer binding targets have
expanded to include metal ions, small molecules, peptides, and
even molecules (usually receptor proteins or glycans) expressed
on the surface of bacteria, virus, or human cells.

A plethora of cell types have been used as selection targets,46

including cancer cells,39,47,48 T cells,33 and bacteria.49 The
protocol for cell-SELEX is straightforward to perform and does
not require many specialized tools.50 Cells are easily partitioned
by centrifugation, leaving unbound aptamers in suspension.
The cell-bound aptamers are eluted by incubating at high
temperatures then separating by centrifugation. Aside from its
simple protocol, cell-SELEX is advantageous because of its
authentic target presentation on the cell surface and variety of
4964 | Chem. Sci., 2023, 14, 4961–4978
targets.46 However, some challenges of cell-SELEX include
binding reaction temperature and receptor identication. In
our process, we conduct selection at 4 °C to avoid aptamer
internalization, which would remove candidates from the pool.
Consequentially, identied aptamers perform well at 4 °C, but
may require optimization for binding at room temperature or
37 °C. However, cell-SELEX can also be performed at 37 °C
because both internalized and surface-bound aptamers can be
recovered upon cell lysis. Chemical extraction methods, such as
TRIzol, can recover internalized RNA aptamers.51 The other
major hurdle is identifying the aptamer's target, usually
a membrane protein, which can be identied by pull-down and
mass spectrometry.52 However, target identication is not
straightforward because of non-specic pulldown and multiple
potential targets. A newer method, stable-isotope labeling by
amino acids in cell culture (SILAC) measures aptamer-specic
pulldown by comparing pulldown in cells cultured with heavy
lysine and arginine to that of “light” unlabeled cells.53 Aer
optimization of binding, cross-linking, and lysis conditions for
each aptamer, the SILAC-based workow was used to identify
two targets of aptamers with previously unknown receptors.
Overall, there still remains many cell-targeting aptamers with
unidentied targets and new strategies, and new approaches for
receptor identication are needed.

Another prevalent selection target is recombinant protein.
Unlike cell-based selection, protein-SELEX can be done at any
temperature and does not require a receptor identication step.
In fact, further studies, such as protein binding studies and
cryo-EM,35 can precisely identify the binding epitope. However,
the presentation of the protein may not be faithful to its native
conformation, which may lead to aptamers that perform well in
protein binding studies but not in its application. To circum-
vent this, hybrid cell- and protein-SELEX has been a successful
approach. Pioneering this strategy, Hicke et al. used tumor cells
then recombinant protein for selecting aptamers against
tenascin-C, a protein implicated in tumor growth.47 Many
aptamers were also identied by combined SELEX strategies.
C42-aptamer, which targets human programmed cell death
protein 1, was found aer 13 rounds of protein then three
rounds of cell SELEX.54 Wilner et al. discovered transferrin
receptor-targeting RNA aptamers aer selection against
recombinant transferrin receptor protein for four rounds and
Jurkat cells for the h round.55 SARS-CoV-2 spike protein-
binding aptamer SNAP4 was found aer six rounds of selec-
tion with HEK293 stably expressing spike protein and four
rounds of protein SELEX.56 Using multiple protein targets
within the same SELEX can also yield high affinity aptamers.
Zhang et al. completed 13 selection rounds with wild-type SARS-
CoV-2 S1, but then conducted ve separate selection rounds
using different variants of SARS-CoV-2 S protein.57

Another issue with protein-SELEX is that typically embedded
or inward-facing portions of membrane proteins can be exposed
during selection, potentially allowing aptamers to bind to an
inaccessible location in the native state. One strategy to avoid
this issue is to conduct selection with enveloped viruses. In
“viro-SELEX”, the target membrane proteins are expressed on
the viral envelope of a surrogate baculovirus, allowing native
© 2023 The Author(s). Published by the Royal Society of Chemistry
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conformation expression.58 Similarly, Peinetti et al. conducted
SELEX with target viruses to identify pathogen-binding aptam-
ers.59 Lastly, protein-SELEX also struggles with enriching
aptamers that bind to protein tags or solid supports. Many
recombinant proteins are produced with a tag, such as His-tag
or biotin, so the protein can be puried. In addition, many
selection strategies utilize the tag to bind the protein to solid
supports, which aid in partitioning. However, aptamers may
bind to tags and solid supports instead of the target during
SELEX, inadvertently enriching non-target binding aptamers.

For both cell- and protein-SELEX, negative selection or
counter-selection is a common strategy used to reduce enrich-
ment of off-target binders. During a round of selection, the
aptamer pool is incubated with an undesired target, and those
binders are depleted from the pool. For example, in some of our
successful selections, the aptamer library is incubated with His-
tagged non-target protein (negative selection), then aer parti-
tioning, the remaining sequences are incubated with His-
tagged target protein (positive selection.)35,60
Partitioning bound and unbound aptamers

Separating binding and non-binding aptamers during selection
is a key component of SELEX. With cell-SELEX, the partitioning
is conveniently performed by centrifugation. For protein-
SELEX, libraries are typically partitioned by two major
methods. One method is capillary electrophoresis SELEX (CE-
SELEX), which separates free aptamer, protein, and aptamer–
protein complexes from each other due to varying electropho-
retic mobility constants. CE-SELEX was rst developed in
2004,61 and many variations exist today for improving certain
aspects of the process: single step CE-SELEX (ssCE-SELEX)
streamlines the selection in a single run to save time and
materials;62 fraction collection CE-SELEX (FCE-SELEX) reduces
contamination by loading PCR reagents directly into oil-sealed
mixtures;63 and ideal-lter capillary electrophoresis (IFCE)
tunes the ionic strength of the running buffer to migrate non-
binding nucleotides in the opposite direction of nucleoprotein
complexes, dramatically increasing the efficiency of separation
by eliminating carry-over of non-binding aptamers.64 Overall,
CE-SELEX offers tunable, quantiable partitioning, but is
limited by several factors. CE-SELEX can only process a small
volume, which limits the library size and diversity sampled. CE-
SELEX also requires size and charge differences between indi-
vidual components and aptamer-target complex in order to be
separated, and this is challenging for small molecule and
membrane protein targets.

Another approach for protein-SELEX is immobilization of
protein onto magnetic spheres for magnetic separation. This
technique was rst used in 2005 as a less wasteful alternative to
immobilization on columns,65 and today many SELEX strategies
use magnetic spheres. Polyhistidine tags (His-Tag) on proteins
are immobilized onto nickel-nitriloacetic acid (Ni-NTA) or
cobalt-based magnetic spheres.32,35,66 Since this method only
requires cheap, commercially available components like
magnetic spheres and magnetic rack, protein SELEX with
magnetic spheres is very accessible. Some drawbacks of
© 2023 The Author(s). Published by the Royal Society of Chemistry
magnetic selection include labor-intensive manual pipetting
and dead volume during washing that may carry over non-
binding aptamers. Other less frequently used methods also
exist, such as repurposing surface plasmon resonance (SPR)
chips67,68 and biolayer interferometry (BLI) biosensors69,70 for
selection.

Recently, more efficient and accurate separation methods
have emerged to improve the affinity and specicity of nal
aptamer candidates.71 One of these strategies is particle display
developed by the Soh group, where emulsion PCR allows
amplication and immobilization of each unique aptamer
sequence to a particle, which is easily analyzed and collected by
uorescence-activated cell sorting.72 This technology also
enables simultaneous screening for both affinity and specicity
by labeling target and non-target, respectively, with different
uorescent colors.

Altogether, aptamer researchers today can choose from
a diverse cast of SELEX targets and partitioning methods, not to
mention combinations of multiple approaches and emerging
techniques.

Secondary library preparation (PCR & strand separation)

Aer collecting aptamers that bind the target, it's necessary to
amplify the pool and isolate the sense strand for further selec-
tion or binding analysis. The most common method for strand
separation is PCR using a biotin-labeled reverse strand for
pulldown. The PCR products are captured on streptavidin
agarose and the desired strand is eluted by gentle denaturation
followed by buffer exchange.50 The biotinylated PCR product
pulldown method is high yield, commercially available, and
quick, making it the most commonly used strand separation
strategy. Another method employs lambda nuclease, which
preferentially digests DNA with 5′ phosphorylation.73 A 5′

phosphorylated reverse primer is used in PCR, allowing specic
digestion of the anti-sense strand. A third method for library
preparation is asymmetric PCR.74,75 Forward and reverse
primers are used in unequal molar ratios in order to preferen-
tially amplify the sense strand. Then, the PCR product is sepa-
rated by gel electrophoresis and ssDNA is eluted from the gel in
a labor-intensive, low-yield process.

Improving and evaluating library binding

Once a cycle of SELEX is completed, the resulting library can be
used in another round of SELEX to further hone the library
toward higher percentages of target-binding sequences.

For each selection iteration, “knobs” can be adjusted to tune
the stringency and desired results. For example, the stringency
can be increased through: a decrease of aptamer library
concentration; a decrease in incubation time or concentration
of target; addition or increased concentration of competitors,
such as bovine serum albumin (BSA), yeast tRNA, salmon sperm
DNA, and dextran sulfate; addition or increased concentration
of surfactants, such as Tween-20; an increase in wash steps;
addition or increased concentration of counterselection target;
a change in target, for instance to a smaller portion of the target
protein or alternative cell line. Generally, these selection
Chem. Sci., 2023, 14, 4961–4978 | 4965
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conditions are empirically determined. If conditions are too
stringent, the amplication of the aptamer pool could be
unviable or take a large number of PCR cycles. If conditions
were too relaxed, the number of PCR cycles may be very small
and successive pools may not increase binding signal. Because
the rst round of selection contains only unique aptamers, it is
better to start with gentle conditions to avoid loss of potential
binding candidates early in the selection process.

The aptamer library can be evaluated for target binding to
monitor selection progress. Before modern methods, radioac-
tive isotopes were used to label aptamers, but now, many SELEX
protocols use uorescently labeled primers. Apparent KD

binding can be measured by methods like cell ow cytom-
etry,56,66 dot blot assay,57 and direct ELISAs.56,76 Techniques that
directly measure binding kinetics include surface plasmon
resonance (SPR)32,77 and biolayer interferometry (BLI).35,56

Binding assessment between rounds is important for
adjusting the SELEX strategy. For example, if no binding is
observed, the strategy needs major reworking and SELEX can be
restarted from an earlier round or restarted entirely from the
beginning. When the binding signal is saturated in latter
rounds, SELEX can conclude and the libraries can be
sequenced. However, amplication of aptamer library to
conduct binding studies requires signicant time and materials
investment, which can be more effectively spent on performing
more SELEX rounds.

Lastly, the aptamer round libraries are sequenced and
analyzed (Fig. 2). Next generation sequencing (NGS) is the
primary tool for sequencing because it is commercially avail-
able, requires very little aptamer library relative to binding
studies, and accurately outputs sequences. In our process, we
typically read 100 000 to 500 000 complete aptamer sequences
per library pool. To analyze the primary sequence, several
soware and web tools are commonly used. FASTAptamer ranks
aptamer sequences by frequency and fold enrichment,78

Multiple Em for Motif Elicitation (MEME) Suite groups aptam-
ers by motifs,79 G-quadruplex prediction soware “Quadruplex
forming G-Rich Sequences” (QGRS) predicts the presence of G-
quadruplexes,80 FigTree visualizes sequences in a phylogenetic
Fig. 2 Representative sequence analysis pipeline. The enriched aptamer
produce a list of aptamer sequences and their relative abundance. This
Combining information from these analyses, candidate aptamers wer
sequence similarity to other aptamers were generated based on the cand
were designed and 3D structure were predicted. At several points (bar g

4966 | Chem. Sci., 2023, 14, 4961–4978
tree,81 and DNAMAN is an all-in-one molecular biology tool.
Tools for secondary structure prediction include NUPACK,
which predicts nucleic acid structure and aids in design,82 and
Mfold, which predicts folding and hybridization based on free
energy.83

Based on these data, sequences can be grouped into families
and consensus sequences picked to synthesize and further
characterize. In an ideal selection, the binding sequences are
ones with the highest frequency, the most common motif,
increased frequency in later rounds, or greatest fold enrichment
in one round. In some selections, however, the best-binding
sequences may be less frequent or contain a less common
motif.60 For example, it's possible that some binding sequences
are less favored during amplication due to secondary struc-
ture.84 It is therefore prudent to pick sequences based off
a minimal cut-off, such as sequences containing a unique motif
and at least 1000 reads per million. Parasitic sequences can also
appear in high frequency despite not being target binders,
occluding the best-binding sequences.56 We hypothesize that
parasitic sequences originate from PCR bias or contaminating
oligos in reagents or equipment, but further investigation is
needed.

In our experience, we have found that simple primary and
secondary structure predictions are sufficient to continue
aptamer characterization and applications. However, visual-
izing the aptamer binding site is important for understanding
the binding mechanism. To that end, more computationally
intensive methods are needed for tertiary structure prediction,
which results in predicted 3D aptamer structures for in silico
docking studies. There are several methods for tertiary structure
prediction. In general, the aptamer sequence is converted to
RNA for secondary and tertiary structure prediction, converted
back to DNA, then rened by structural energy minimization.85

Molecular docking-based andmachine learning-basedmethods
are best reviewed in the cited articles due to the complex nature
of these analyses.85,86 Overall, in silico experiments are useful to
generate hypotheses, but further experiments are still necessary
to dene predicted aptamer–target interactions.
pool(s) from SELEX were sequenced, and the data set was analyzed to
list was used to generate a phylogenetic tree and to search for motifs.
e chosen for further investigation. The predicted 2D structure and
idate aptamer sequence. From the predicted 2D structure, truncations
raph icon), binding studies were conducted.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Aer picking aptamer sequences to test, the previously
mentioned techniques for assessing aptamer library binding are
also used to evaluate individual sequence binding. In our experi-
ence, if little enrichment was observed (i.e. later aptamer pools
remained diverse) or no candidate sequences bind, the selection
strategy needs revision. For example, the conditions could have
been too harsh, removing potential binders, or the intended target
was not presented properly (i.e. a recombinant cell membrane
protein presented in a non-natural orientation or context.)
Other considerations

Typically, SELEX is conducted by manual pipetting, but micro-
uidic and computational approaches are under investigation
for automating the process. Initially prototyped in 2006,87

microuidic SELEX platforms can precisely control uids and
temperature in order to mix, incubate, and partition SELEX
reagents from aptamer library introduction to secondary library
generation. Several microuidic systems that automate part of
the SELEX process have been proposed,88 including systems
that utilize magnetic particles or a class of molecularly
imprinted polymers (MIPs) called sol–gel. Recently, Sinha et al.
developed a microuidic system capable of automating most of
the process on-chip (negative selection, positive selection, PCR,
competitive assay).89 Despite these advances, microuidic
SELEX requires substantial technical know-how and investment
to set up, such as master molds for pouring poly-
dimethylsiloxane (PDMS) and controllers for air valves and
temperature regulation. In contrast, traditional SELEX uses
tools readily available in most molecular biology labs (thermo-
cycler, magnetic rack, etc.) therefore, additional investigation is
needed to commercialize and disseminate the technology.

Computational approaches to SELEX have also been investi-
gated. In silico binding design can save time and reagents by
performing docking simulations instead of tedious benchwork.
This concept has been readily applied to de novo protein switches
and biosenors.90,91 In addition, in silico SELEX can circumvent
some inherent aws in the process, such as avoiding the ampli-
cation of sequences that are preferentially PCR amplied or
transcribed.92 Computationally-aided93 and combined computa-
tion and high-throughput array SELEX schematics72 have recently
been conducted. However, in silicomethods are hampered by the
difficulties in accurately predicting aptamer structure, especially
3D DNA structures. A more accurate method for modeling is
cryogenic electron microscopy (cryo-EM), which is difficult due to
the exibility and small size of short single-stranded DNA. For
example, we recently developed a cryo-EM density-guided model
of the DNA aptamer tJBA8.1 binding to its target transferrin
receptor 1.94 However, our attempt to model the 3D structure of
tJBA8.1 from its 2D prediction failed to match the cryo-EM map,
indicating that in silico tools need further improvement to accu-
rately predict structures and binding.
In vitro applications

Aptamers are being applied to biomedical problems in a multi-
tude of use cases, from sensitive drug detection to being a drug
© 2023 The Author(s). Published by the Royal Society of Chemistry
itself. In this review, we focus on recent in vitro applications in
two main sections: biosensing (with an emphasis on SARS-CoV-
2 applications) and separations.

Biosensing

Biosensors are systems that recognize biological inputs and
output electrical, electrochemical, or optical signals indicating
presence or absence of an analyte. Biosensors use biological
recognition agents to detect the analyte and transducers to read
signal.95 Biosensors typically produce results quickly (on the
order of minutes to hours), in real-time, and sometimes
continuously. Many biosensors are also easy to operate and
inexpensive to produce, increasing the accessibility of the
device. These key properties make biosensors suitable for
applications such as point-of-care rapid diagnostics of diseases
and monitoring of biomolecules in the environment.

Not only are aptamers capable of molecular recognition like
antibodies, but also they are smaller in size, easier to chemically
modify, robust across various sample conditions, and more
affordable to produce. These properties uniquely position
aptamers as a recognition agent of choice in biosensing. The
aptamer's compact size (∼101 kDa) is essential to decrease the
distance between an electrode and the binding event, allowing
for sensitive detection of electrochemical signal changes.
Addition of functional groups and molecules onto nucleic acids
is straightforward and controlled, and therefore less poly-
disperse and more consistent than chemistries conducted on
antibodies.3–6 Lastly, aptamers can withstand harsh cleaning
treatments and reuse unlike antibodies,96 allowing for repeated
measurements on the same device.

Due to the aforementioned advantages, aptamers have been
used in biosensors acrossmany elds of study. In particular, the
COVID-19 pandemic has shined a spotlight on biosensors for
disease detection.97–100 Although PCR testing has been the gold
standard, the need for rapid, point-of-care results led to the
dominance of lateral ow assays and investigation into other
rapid testing technologies, including aptamer-based detection
methods. In this section, we will focus on biosensors organized
by detection method through the lens of SARS-CoV-2 antigen
detection.

Electrochemical biosensors

Electrochemical aptamer-based (E-AB) sensors are one type of
label-free biosensor that employs conformational change of the
aptamer upon binding to produce an electrical signal change
(Fig. 3A). Typically, E-ABs require three electrodes, one of which
is the aptamer-modied gold working electrode. A region of the
aptamer containing redox reactive molecules, such as methy-
lene blue or ferrocene, moves relative to the electrode aer
target binding. A “signal-on” E-AB produces the signal aer
binding, while a “signal-off” E-AB interrupts the signal aer
binding. The electrical signal change can be a change in
potential, current, or impedance depending on the setup.101,102

Potential for high sensitivity, label- and sample processing-free
prep, real-time detection of signal, and reusability give E-ABs
distinct advantages over other diagnostic platforms.
Chem. Sci., 2023, 14, 4961–4978 | 4967
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Fig. 3 Electrochemical aptamer-based (E-AB) biosensor diagrams. (A) In a typical “signal-on” E-AB, aptamers change conformation after target
binding, resulting in an increase in electrical signal. (B–I) SARS-CoV-2 detecting E-ABs. (B) Virus detection from Lasserre et al.110 (C) Spike protein
detection from Mart́ınez-Roque et al.111 (D) Spike protein detection from Idili et al.112 (E) Virus detection by “Cov-eChip” from Zhang et al.113 (F)
Virus detection from Ban et al.114 (G) Spike protein detection fromCurti et al.115 (H) Virus detection from Peinetti et al.59 (I) Virus detection from Shi
et al.116
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One of the most-cited E-AB platforms is a thrombin-
detecting “signal-off” E-AB from the Plaxco group.103 A
thrombin-binding aptamer was functionalized with methylene
blue, a redox agent, and conjugated to a gold working electrode.
When the aptamer bound thrombin, its new conformation
shied the methylene blue away from the electrode, reducing
electron transfer and signal. This thrombin E-AB demonstrated
rapid detection, nanomolar sensitivity, and reusability, igniting
further research into E-ABs. Today, research groups have
developed different electrode set ups and detection schemes, as
well as expanded the menu of analytes, which now includes
small molecule drugs (cocaine,104 ampicilin105), proteins
(CRP,106 insulin107), and viruses (zika virus,108 avian u,109 SARS-
CoV-2 (ref. 59 and 110–116)).

Several recent publications describe aptamer-functionalized
gold electrode E-ABs for detection of SARS-CoV-2 proteins and
virus. Lasserre et al. used thin lm gold electrodes (used in
blood glucose test strips) functionalized with SARS-CoV-2 spike
protein-binding aptamers to detect target by electrochemical
impedance spectroscopy (Fig. 3B).110 The system detected 80 ng
mL−1 (∼1 nM) of SARS-CoV-2 spike subunit 1 (S1) protein and
distinguished between SARS-CoV-2 positive and negative clin-
ical samples. In a different report, Mart́ınez-Roque et al.
described an aptamer-functionalized gold electrode E-AB to
detect SARS-CoV-2 spike protein with sub-femtomolar
4968 | Chem. Sci., 2023, 14, 4961–4978
sensitivity (0.007 to 700 fM dynamic range) (Fig. 3C).111 Idili
et al. achieved picomolar precision (10−11 to 10−9 M dynamic
range) detection of SARS-CoV-2 spike protein or receptor
binding domain (RBD) with an aptamer-functionalized gold
wire electrode (Fig. 3D).112 Lastly, Zhang et al. functionalized
dimeric DNA aptamers to gold electrodes for SARS-CoV-2
protein and virus detection, named Cov-eChip (Fig. 3E).113

Notably, Cov-eChip detected SARS-CoV-2 with 80.5% sensitivity
and 100% specicity in 73 unprocessed patient saliva samples,
which outperformed all commercial and published rapid tests
available.

There are also non-gold electrode E-ABs with similar detec-
tion strategies. Ban et al. recently reported a DNA aptamer-
conjugated graphene eld-effect transistor (GFET) platform
for detecting SARS-CoV-2 spike protein and intact inactivated
virus at <2 PFU mL−1 (Fig. 3F).114 This system was able to
accurately distinguish between 10 positive and negative wild-
type SARS-CoV-2 patient samples with 100% sensitivity and
specicity. Curti et al. developed DNA aptamer-functionalized
single-walled carbon nanotube screen-printed electrodes
(SWCNT-SPEs) for detecting SARS-CoV-2 spike protein
(Fig. 3G).115

In addition to utilizing electrical properties, E-ABs can use
shape to specically amplify detection signals. Peinetti et al. use
aptamer-functionalized nanopores to conne and detect
© 2023 The Author(s). Published by the Royal Society of Chemistry
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pseudotyped SARS-CoV-2 particles at as low as 104 copies per
mL, even in undiluted human saliva (Fig. 3H).59 Remarkably,
the platform can distinguish between UV-inactivated and intact
SARS-CoV-2 pseudovirus because the pore entrance is narrow,
increasing the variation in current signal upon virus binding.
Shi et al. uses aptamer-functionalized nanochannels to detect as
low as 1 fM of SARS-CoV-2 S1 protein and SARS-CoV-2 in clinical
pharyngeal swabs (Fig. 3I).116 The analyte obstructs ion trans-
port across the nanochannel and increases the zeta potential of
nanochannel surface, resulting in a change in current.
Colorimetric biosensors

Colorimetric biosensors rely on color change to indicate
detection. The most well-known example is the lateral ow
assay (LFA), which were rst pioneered in urine pregnancy
tests117 and recently in COVID-19 rapid antigen tests. LFAs are
portable, single-use paper devices that rely on molecular
recognition agents, such as antibodies and aptamers, to capture
and detect antigens. Typically, sample is applied to an absor-
bent pad and travels across the test strip by capillary action.
When the target antigen is present, a test band appears because
of antigen-specic accumulation of nanoparticles (Fig. 4A).
LFAs are low-cost and easy to use, making them an effective tool
for point-of-care diagnostics.118,119 Using aptamers in place of
antibodies can further improve LFAs. Aptamers are easier to
chemically modify, cost less to synthesize, are more consistent
batch-to-batch, and possess longer shelf life.119 For example,
Fig. 4 Aptamer lateral flow assay (LFA) diagrams. (A) In a typical aptamer s
conjugated gold nanoparticle (NP) detection agent (green) and the aptam
showing only the test bands during detection. (B) Aptamer-antibody LFA
aptamer sequences on the gold NP. Adapted from Zhang et al.77 (C) Antib
with one aptamer for capture and another for detection. Adapted from Y
spike protein (green and teal) using two test bands with unique aptamer

© 2023 The Author(s). Published by the Royal Society of Chemistry
aptamers can be commercially ordered with a thiol end group,
which conjugates to gold nanoparticles with simple chemistry
and consistent orientation. In contrast, antibodies need to be
functionalized at existing chemical groups for covalent conju-
gation, which requires more complex chemistry and inconsis-
tency in antibody orientation and number of functionalized
sites.4,56

Several aptamer LFAs have been developed for sensitive
SARS-CoV-2 detection. Zhang et al. produced an LFA that uses
an antibody to capture and two different nanoparticle-
conjugated aptamers to detect as low as 20 pM SARS-CoV-2
nucleocapsid protein (Fig. 4B).77 We (the Pun group) devel-
oped several aptamer-based LFAs for SARS-CoV-2 detection by
the spike protein.35,56,60 Notably, the antibody-free aptamer LFA
(AptaFlow) uses two different SARS-CoV-2 spike protein binding
aptamers for detection and capture, and can detect as low as 106

copies per mL of intact SARS-CoV-2 virus (Fig. 4C).56 In addition,
we developed a multiplexed LFA that distinguishes between two
variants of SARS-CoV-2 via variant-specic spike protein-
binding aptamers (Fig. 4D).60

Other colorimetric biosensors have also been developed with
aptamers in place of antibodies. Enzyme-linked immunosor-
bent assays (ELISAs) and enzyme-linked apta-sorbent assays
(ELASAs) use antibodies or aptamers, respectively, to capture
antigens. The molecular recognition agent is conjugated to an
enzyme, such as horseradish peroxidase, to amplify signal by
color-changing substrate. ELASAs are used to screen and
andwich LFA, target molecules within a sample bind both the aptamer-
er capture agent (pink), turning the test band dark. (B)–(D) Schematics
detecting SARS-CoV-2 nucleocapsid protein (green) with two different
ody-free aptamer LFA (“AptaFlow”) detecting SARS-CoV-2 virus (green)
ang et al.56 (D) Multiplex LFA for detecting two variants of SARS-CoV-2
s. Adapted from Yang et al.60
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characterize aptamers against SARS-CoV-2,120 but have limited
diagnostic applications because they are not rapid and require
lab processing.

Lastly, gold nanoparticle aggregation colorimetric biosen-
sors rely on color change when aptamer-conjugated gold
nanoparticles aggregate in the presence of antigen.121 Aithal
et al. developed a gold nanoparticle agglomeration test using
SARS-CoV-2 spike protein-binding aptamer-conjugated gold
nanoparticles. The platform detected inactivated SARS-CoV-2
virus at concentrations as low as 3.54 × 106 copies per mL.122

Although rapid, gold nanoparticle aggregation biosensors
require a absorbance reader to observe results near its limit of
detection, which is not practical for point-of-care diagnostics.

Fluorescence biosensors

Fluorescence-based detection is also a key investigation area for
aptamer biosensors. Although aptamers can be simply
substituted in for antibodies in uorescence read-out assays
similar to ELASAs,111 another strategy is using a uorophore and
quencher to deliver signal. In onemode similar to “signal-on” E-
ABs, the aptamer is designed such that the uorophore is
separated from the quencher when the aptamer binds to its
target and changes conformation. Conversely, the aptamer can
be designed to bring the uorophore and quencher close
together upon binding, inhibiting signal.123 Fluorophore-
quencher aptamer biosensors have been designed for small
molecule drugs and proteins.124,125 Some strategies leverage
aptamer's special properties, such as taking advantage of the
aptamer's DNA composition in order to specically amplify
signal. However, like ELASAs, uorescence biosensors require
an instrument to read results, limiting their appeal in COVID-19
diagnostics, which emphasizes point-of-care accessibility and
speed.

Chauhan et al. developed a net-shaped DNA probe (“DNA
Net”) to detect whole SARS-CoV-2 virus by uorescence.126 DNA
Net was designed with three precisely spaced aptamers to bind
to three sites on the trimeric spike protein. Upon aptamer
binding, quencher-conjugated complementary DNA is dis-
placed, releasing the reporter signal. DNA Net detected as low as
1000 copies per mL of SARS-CoV-2 virus, a sensitivity equivalent
to standard PCR testing.

In a different strategy, Liu et al. designed an aptamer-
assisted proximity ligation assay (Apt-PLA) that uoresces
during qPCR amplication.127 When two aptamer probes bind
to the target protein, the ligation region of both probes are
brought together, allowing ligase to connect the two probes.
This completed stretch of DNA is amplied during real-time
PCR, resulting in signal via a uorescent reporter molecule.
Apt-PLA detected SARS-CoV-2 nucleocapsid protein with a limit
of detection of 37.5 pg mL−1, which is on par with commercial
ELISA tests.

Gravimetric biosensors

Mass-sensitive detection is another label-free application
avenue for aptamers. Microcantilevers are regularly used in
microuidic platforms for real-time, label-free mass
4970 | Chem. Sci., 2023, 14, 4961–4978
measurements. When conjugated to the surfaces of micro-
cantilevers, aptamers can immobilize their targets and cause
a signal change in the microcantilever. In stress mode, the
additional mass on the cantilever surface causes the micro-
cantilever to bend, which can be measured by a laser and
detector.128 Aptamer-functionalized microcantilevers have
recently been applied to detect liver toxin microcystin-leucine–
arginine (MC-LR),129 epithelial tumor marker Mucin 1,130 and
tumor biomarkers (carcinoembryonic antigen and alpha-
fetoprotein).131
Summary

The eld of aptamer-based biosensors is expanding rapidly with
a wide variety of application strategies. E-ABs take advantage of
the facile chemistries and small size of aptamers for real-time,
label-free, sensitive detection of analytes. Despite these advan-
tages, E-ABs have yet to reach their full potential in clinical
translation. In future work, streamlining of E-ABmanufacturing
and miniaturization of the equipment required may make E-
ABs more amenable to real-world use cases. As evident in the
COVID-19 pandemic, LFAs are a powerful tool for home diag-
nostics as healthcare shis focus to mobile care instead of
facility-based care.132 Aptamer-based LFAs can retain the
sensitivity of antibody-based ones while also reducing produc-
tion costs and increasing shelf life. However, challenges still
remain for non-LFA colorimetric and uorescence biosensors
because they oen rely on instruments to readout sensitive
detection. Another concern for many biosensors is decreased
sensitivity in non-optimal buffers. For example, aptamer
binding is sensitive to ionic strength,1 andmany biosensor have
lower detection signals in biological uids and complex
matrices (saliva,112 viral transport media,110,115 nasal swab56)
compared to buffer optimized for the aptamer. Some aptamer
biosensor platforms dilute the sample at the cost of losing
sensitivity,113 while others perform well with environmental and
biological samples with no pretreatment or dilution.59,116 Aside
from improving aptamer technology, other factors can improve
point-of-care COVID-19 tests, including internet integration,
expanded testing sites, and big data analysis.133

The SARS-CoV-2 aptamer biosensors discussed have future
applications beyond the immediate needs of the COVID-19
pandemic. Because aptamers are modular, the aptamers used
in biosensors can be replaced with other sequences without
needing new chemistries or bioconjugation strategies. Aptam-
ers that bind another SARS-CoV-2 variant or another virus target
can be substituted in, rapidly re-tooling the biosensor for other
variants or diseases. Overall, ongoing investigation into
aptamer biosensors can improve their cost effectiveness and
ease of use for clinical translation.
Separations

Affinity chromatography is a partitioningmethod widely used to
purify molecules and targets from complex mixtures (Fig. 5).
Due to their high specicity, high yield, and ease of operation,
techniques in affinity chromatography have successfully been
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Aptamers for affinity chromatography. (1) Aptamers designed with spacer arms are immobilized onto a solid support. (2) Mixed input is
loaded onto the platform and aptamer captures the target. (3) The platform is washed to remove non-targets. (4) The target is eluted from the
support. (5) In some cases, the platform can be regenerated for repeated use.
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used in biomedical, clinical, chemical, and environmental
applications.134,135 These techniques rely on selective and
adjustable interactions between immobilized affinity ligands
and their target analytes. Affinity ligands range from small
molecules to large biomolecules. Antibodies are commonly
used as affinity ligands due to their high affinity and specicity
to target analytes. However, aptamers are promising alterna-
tives to antibodies as affinity ligands for the extraction, sepa-
ration, and purication of cells, proteins, and small
molecules.136 The smaller size of aptamers (∼20 kDa for a 60-nt
aptamer compared to 150 kDa for an antibody) allows higher
graing densities to solid supports, thereby increasing
throughput. The synthetic nature of aptamers allows easier
chemical modication and conjugation to chromatographic
supports. In addition, increased stability and less batch-to-
batch variability facilitates more robust protocols and higher
purity end products. Aptamers also can withstand harsh
cleaning treatments and more variable elution conditions (e.g.
pH and temperature).96
Optimization of aptamer-based affinity chromatography
platform

There are several factors to consider in generating aptamer-
bonded stationary phases for chromatography. First, aptamer
ligands usually require a spacer arm modication prior to
graing to maximize specic binding interactions and reduce
steric hindrance between the aptamer and its target. Commonly
used spacer arms include PEG, carbon chains, and oligothy-
midine spacers between the aptamer and solid support surface.
Lao et al. demonstrated through microarray aptamer detection
studies that aptamers with oligothymidine or dodecyl spacers
resulted in 100- to 1000-fold binding signal increases over
aptamers without spacers.137

In addition to the spacer arm, aptamer graing densities
require optimization. Aptamer concentrations that are too low
can result in low binding efficiency. On the other hand, Lönne
et al. showed that aptamer densities that are too high impaired
binding for aptamer-based affinity purication of vascular
© 2023 The Author(s). Published by the Royal Society of Chemistry
endothelial growth factor from a complex protein mixture.138

High aptamer graing density may interfere with proper
aptamer folding and restrict steric accessibility to the target.

Aptamer ligands are compatible with a wide variety of solid
matrices and immobilization techniques. Aptamers have
traditionally been non-covalently attached to solid supports
through biotin-labeling and binding to streptavidin-bonded
supports.136,139 Romig et al. immobilized human L-selectin-
binding DNA aptamer biotinylated at the 5′ end to a streptavi-
din-linked resin in an affinity column. By applying this
aptamer column to Chinese hamster ovary cell-conditioned
medium, they successfully achieved 1500-fold purication and
83% recovery of L-selectin. Although the biotin–streptavidin
immobilization interaction is strong and easy to employ, its use
is limited by a narrow range of ionic strength, temperature, and
pH conditions and requires the use of recombinant proteins,
increasing production costs.140 Thus, recent groups have taken
advantage of the synthetic nature of aptamers to chemically
conjugate aptamers to solid supports. Chemical conjugation
confers higher stability on the aptamer chromatography plat-
form, which can then be used with harsher elution conditions.
The Scheper group modied anti-His-tag aptamers with
terminal NH2 groups, activated the aptamers with cyanuric
chloride, and covalently immobilized them onto amino-
modied magnetic beads.141,142 Conjugation to amino-
modied surfaces achieved more controlled aptamer orienta-
tion than that to aldehyde- or epoxide-modied surfaces
because it minimized interactions within the aptamer sequence
that interfered with proper folding. This aptamer platform
successfully puried His-tagged proteins from crude E. coli
lysates with purities between 58–84%, which was comparable to
conventional immobilized metal affinity chromatography
techniques with purities between 77–85%. More importantly,
this covalent aptamer immobilization platform demonstrated
potential regeneration ability and maintained functionality
aer six months in storage.

Aptamers have been immobilized to various solid support
matrices including resin, magnetic nanoparticles (MNPs),
monolithic capillary columns, and microuidic channels.
Chem. Sci., 2023, 14, 4961–4978 | 4971
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Resin-packed columns are traditionally used in affinity chro-
matography. For example, Forier et al. immobilized three
different plasma-protein-binding, amine-functionalized
aptamers to NHS-activated Sepharose and packed the resin
beads into a column.96 With higher surface areas leading to
higher binding capacities, the platform achieved high purity of
target proteins. For example, coagulation FVII was separated
from modied human plasma with 98% purity and 80%
recovery, and human factor IX expressed in transgenic swine
was isolated from milk at 98% purity in a single step. Resin
platforms yield good performance due to higher surface areas
compared to monoliths, membranes, and continuous-ow
protocols, but can be subject to bed compaction, high pres-
sure drops, and long processing times.143 Najafabadi et al.
conjugated amino-modied, adenosine-binding DNA aptamers
to glutaraldehyde-activated, amino-modied MNPs for adeno-
sine partitioning.144 The MNP platform extracted adenosine
from urine samples with an efficiency of 94% and a detection
limit of 0.02 mg mL−1. In clinical applications to urine samples
of lung cancer patients, the MNP platform achieved similar
adenosine levels comparable to HPLC-UV analyses. Despite the
high extraction efficiency of this technique, MNPs require
magnets for washes and extraction, which becomes costly in
industrial scale-up.

In contrast to packed resin columns, monolithic columns
are composed of a single rigid porous element and offer greater
mass transfer rate and lower back pressure. Zhao et al. devel-
oped an aptamer-based monolithic capillary platform for
sensitive detection of thrombin in serum samples.145 The
researchers performed in situ polymerization of the monolith
inside a silanized capillary, coupled streptavidin to the mono-
lithic column, and immobilized two different thrombin-
binding, biotinylated aptamers to the streptavidin-modied
monolithic column. With laser-induced uorescent detection,
the platform achieved a detection limit of 0.1 nM of thrombin
pre-spiked into serum. Due to the high porosity of monoliths,
the platform achieved faster convective ow than packed
columns. However, tuning monolithic morphology is complex
and ensuring specicity of monoliths for sample enrichment is
not always consistent.146

Aptamers can also be used for partitioning in microuidic
devices, which offer advantages including rapid analysis,
decreased sample and chemical consumption, and portability.
Cho et al. developed a microuidic chip with immobilized RNA
aptamer on beads to detect hepatitis C virus (HCV) RNA poly-
merase from serum.147 Using a photocleavable linker elution
strategy to attach the aptamer to the beads run through PDMS
microchannels, the researchers successfully eluted and detec-
ted as low as 9.6 fmol of HCV RNA polymerase from patient
serum.

An important design consideration in aptamer-based affinity
chromatography are the wash and elution buffers. Wash buffers
must preserve the structure and binding specicity of the
aptamer. For instance, salt-containing SELEX wash buffers are
commonly used as the affinity chromatography wash buffer.
Elution buffers used at separation must be tested to preserve
stability of the target molecule and facilitate dissociation of the
4972 | Chem. Sci., 2023, 14, 4961–4978
aptamer-target complex. If aptamers were selected in buffers
with metal ions (Ca2+, Mg2+), elution buffers containing EDTA,
a biocompatible metal chelator, can disrupt aptamer structure
and release the target without compromising target stability.

Applications for small-molecule and protein separations.
Since the early 2000s, aptamers have been applied to small
molecule separations. In earlier work in this area, Deng et al.
employed biotinylated DNA aptamers immobilized in capillary
columns for the separation of adenosine and its analogues from
complex mixtures.148 The adenosine-binding column platform
was then applied to in vivo rat brain cortex dialysis samples,
where adenosine was successfully detected with high sensitivity,
high efficiency, and minimal sample preparation.149 Aptamers
have also been used for partitioning chiral forms of small
molecules. For example, Ravelet et al. reported the use of an L-
RNA aptamer in a chiral separation phase to capture L-tyrosine
and its related compounds.150

In 1999, the Drolet group rst reported aptamer affinity
chromatography for protein separations by using biotinylated
DNA aptamer immobilized on streptavidin–polyacrylamide
beads to purify human L-selectin-receptor globulin fusion
protein from Chinese hamster ovary cell culture.139 Since then,
aptamer affinity chromatography has been used widely in
biomolecular separations. The Wang group successfully used
DNA aptamer to extract lysozyme from a chicken egg white
mixture with high precision and reproducibility.151 Zhao et al.
also employed biotinylated DNA aptamers to separate cyto-
chrome c and thrombin from human serum samples.145,152

One recent advance in aptamer affinity chromatography is
streamlining separation procedures through single-step puri-
cation or fast, “one-pot” column syntheses,153,154 minimizing
time and personnel effort and improving ease of separation. For
example, Zhao et al. developed an aptamer-based hybrid affinity
monolith at room temperature using photopolymerization and
thiol–ene click chemistry that took only 7 minutes for complete
synthesis.153 This platform detected ochratoxin A analytes in
beer and red wine samples with yields >99% and lowered
nonspecic adsorption up to 25-fold compared to monoliths
formed by thermal polymerization.

Applications for cell separations. Aptamer affinity chroma-
tography is applied to not only small molecule and protein
partitioning, but also cell partitioning. Recently, aptamers have
emerged as a promising affinity ligand for the separation and
detection of target cells from complex cell mixtures. Cell parti-
tioning is useful for obtaining rare cells, such as circulating
tumor cells for analysis and T cells for cell therapy. Phillips et al.
rst developed aptamer-based microuidics for the isolation of
circulating tumor cells (CTCs) from a cell mixture.155 Their
aptamer-immobilized PDMS microchannel captured target
tumor cells with >97% purity and >80% purity. Since then,
many groups have reported the use of aptamer-based micro-
uidic devices for cancer cell analysis.156

Uniquely, aptamer ligands can be used with complementary
reversal strands to separate target cells from a mixture in
a label-free manner. Gray et al. immobilized EGFR-binding
aptamer on magnetic beads or conjugated it to uorescent
dye to purify EGFR+ cells from a cell mixture using magnetic-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Aptamer-based platforms for label-free cell isolation. Amixed cell population is incubatedwith aptamer-labeledmagnetic spheres, which
bind specifically to the target cell. After magnetic separation to remove non-target cells (gray), labeled target cells remain. A reversal agent, or
oligonucleotide complementary to a sequence within the aptamer, is added to release aptamer binding, resulting in a label-free target cell
population. (A) Separation of EGFR+ cells (green) spiked in blood. Adapted from Gray et al.157 (B) Separation of CD8+ cells (purple) from PMBCs.
Adapted from Kacherovsky et al.33 (C) Serial elution of CD4+ (red) and CD8+ (purple) cells from PBMCs. Adapted Cheng et al.94
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activated or uorescence-activated cell sorting, respectively
(Fig. 6A).157 They achieved 99.9% purity and 33% recovery in
EGFR+ cell purication from a 5% EGFR+ cell-spiked blood
mixture with the complementary reversal strand. Importantly,
they demonstrated that the reversal strand elution restored
native EGFR phosphorylation levels, preserving cell viability
and function. In another example, we discovered and applied an
CD8+ T cell-binding aptamer with high affinity and specicity
(KD ∼14.7 nM) to traceless T cell isolation for CAR T cell
manufacturing (Fig. 6B).33 We selected CD8+ T cells from
human peripheral blood mononuclear cells (PMBCs) through
magnetic activated cell sorting with >95% purity and >72%
yield. Compared to the standard isolation protocol, aptamers
not only reduce manufacturing costs, but also create a less
immunogenic product because aptamers can be reversibly
denatured. Building on this work, we report in Cheng et al.
a reversal strand for our CD71-binding aptamer, which we
previously used to successfully deplete malignant cells from
PBMC product in CAR T cell manufacturing (Fig. 6C).94 Upon
© 2023 The Author(s). Published by the Royal Society of Chemistry
combining CD71-binding aptamer and CD8-binding aptamer
with their respective reversal strands in a single cell isolation,
we successfully sorted out activated CD4+ and resting CD8+ T
cells separately from the same bulk PBMCs with 93% and 85%
purity, respectively.158 This aptamer-based multiplexed cell
isolation system could decrease processing times and
manufacturing costs and be applied to a diverse set of targets.
Summary

Aptamers show great promise as affinity ligands in chromato-
graphic separations of small molecules, proteins, and cells.
With numerous advantages over antibody affinity ligands, such
as greater stability, longer shelf-life, cheaper cost of manufac-
ture, and ease of customizability, aptamers could be adapted in
the future to industrial downstream purication processes.
With complementary reversal sequences, aptamers can also
achieve traceless and multiplexed target selection, thus
improving product quality and decreasing processing times and
manufacturing costs.
Chem. Sci., 2023, 14, 4961–4978 | 4973
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Conclusion

Aptamers have a wide range of binding targets and applications,
making them excellent tools among molecular recognition
agents. Researchers use SELEX to identify new aptamers that bind
cells, proteins, viruses, and other targets of interest. However,
recent investigation into SARS-CoV-2 spike protein binding
aptamers revealed the difficulty of isolating aptamers against
a target that mutates faster than researchers can perform selec-
tion and create commercializable biosensors.60 Improving selec-
tion speed or easing the labor-intensive process of traditional
SELEX are potential solutions to this problem. For instance,
automation of benchwork or using computational methods to
accelerate the selection process could improve selection speed.

Compared to antibodies, aptamers lag behind in commercial
support and development. For example, antibodies specic to
SARS-CoV-2 variants were identied and characterized much
faster than their aptamer counterparts. The antibodies were
also disseminated more quickly, becoming commercially
available for research purchase in the matter of weeks, despite
their cell- or animal-based synthesis methods. Possible expla-
nations for this delay in aptamer commercialization include
SELEX being a rate-limiting step, nuclease degradation
concerns for clinical samples, and lack of standard aptamer
handling protocols.159 Given the surge of interest in aptamer-
based biosensors due to COVID-19, the aptamer eld is
poised to quickly provide a greater range of biosensor strategies
for the next global health crisis. Similarly, the rapid growth of
immune cell therapy eld for cancer treatment increases the
need for aptamer-based cell separation technology, which can
potentially provide high efficiency at a lower cost.

It is also clear that a standard for aptamer handling and
validation is needed. Several recent publications reported that
some published aptamer sequences do not bind to their targets
as originally claimed.60,160 To that end, the Aptamer Consor-
tium, which is part of the International Society on Aptamers,
proposed minimum aptamer publication standards in order to
address these concerns.161 For example, providing the complete
details of the selection conditions in each aptamer publication
allows the reader to determine whether the selection buffer or
cell culture conditions were appropriate. Most importantly,
scrambled sequence aptamer and non-target proteins or cells
should be used as controls in binding experiments. If the
proposed standards are followed, the aptamer research
community can increase reproducibility of aptamer studies and
promote the use of aptamers by a wider audience.

This review has focused on in vitro applications of aptamers
for diagnostics and bioseparations, but aptamers also have
great potential in vivo. Historically, in vivo application of
aptamers have been hampered by their poor nuclease resistance
and serum stability. However, several important advances have
been reported in nucleic acid stabilization in recent years.
Established chemical modication strategies for increased
serum stability include 3′ inverted nucleotide cap, 2′-O-methyl,
and 2′-uoro modications.162,163 Another strategy is to circu-
larize (by complementary strand hybridization) or cyclize (by
4974 | Chem. Sci., 2023, 14, 4961–4978
ligase or click chemistry) the aptamer to reduce misfolding,
increase stability, and improve nuclease resistance.164–166 One
recent strategy is to generate photochemical crosslink-locked
(PCCL) aptamers to stabilize conformation.167 PCCL-aptamer
Sgc8 had tighter binding affinity, longer in vivo circulation
half-life, and improved therapeutic effect in animal studies
compared to unmodied aptamer Sgc8. Nanomaterials can also
be used to improve in vivo properties in a covalent modication-
free method. For example, gold nanoclusters self-assemble with
aptamers into clusters that resist nuclease degradation and
enhance cell-specic delivery.168 With these advances in
aptamer stabilization strategies, we anticipate a signicant
growth in biomedical applications of aptamers in the near
future.
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