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1. Introduction to aptamers

Covalent aptamers: agents with promising
therapeutic and diagnostic potential

Savannah Albright, Jessica Boette, Mary Cacace and Alexander Deiters (2 *

Small molecule- and antibody-based approaches have shown tremendous success in both therapeutic
and diagnostic applications. Aptamers, which are engineered nucleic acid ligands for proteins, have not
found similar broad applicability, potentially due to their susceptibility to nuclease-mediated degradation
and short engagement times of their targets. One approach to mitigate these issues is the use of
covalent aptamers. Here, the aptamer sequence is functionalized with an electrophilic motif, combining
the high specificity of aptamer—protein binding with the ability to form a permanent covalent bond at
nucleophilic residues on the target protein. These electrophilic motifs can be either non-cleavable,
allowing for the formation of aptamer—protein conjugates, or cleavable, allowing for transfer of a
payload onto the target protein. The chemical structures of these motifs define their functions which
range from protein detection to targeted protein degradation. The covalent bond formed between the
electrophile and a nucleophilic amino acid sidechain at the protein surface dramatically increases the
engagement time and duration of action of the functional moiety. In this review, we summarize efforts
in establishing, understanding, and applying the chemistry of covalent aptamers.

conformations, including stems, loops, and quadruplexes.®*
Aptamers utilize these three-dimensional poses to bind their

Aptamers are short, single-stranded oligonucleotides, typically target proteins over a large surface area through hydrogen
10-100 nucleotides in length, that are generated to bind bonding, electrostatic, and hydrophobic interactions.>® Despite
proteins and small molecules.” Their affinity and specificity for ~similarities to antibodies, aptamers present distinct advantages
their targets rival that of antibodies, and can be attributed in large over antibodies including (1) longer shelf lives and easy storage
part to their ability to fold into unique three-dimensional at room temperature, (2) facile and inexpensive generation via

solid-phase synthesis, (3) amenability to a wide range of site-
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ity, and (5) low immunogenicity.”
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Fig.1 The SELEX cycle. A randomized aptamer pool is first incubated
with an immobilized target protein. Unbound sequences are partitioned
from the target-aptamer complex prior to eluting hit sequences. Bound
sequences are amplified, and the cycle is repeated until significant
sequence convergence is achieved. Select aptamer sequences are then
resynthesized and evaluated for target binding.

While antibodies are developed through a lengthy and costly
production process, aptamers are generated through an in vitro
selection process termed SELEX (systemic evolution of ligands
by exponential enrichment, Fig. 1) and therefore can, theo-
retically, be generated to target any protein.””> Aptamers are
selected by (1) incubating a target protein or small molecule
with a library of randomized oligonucleotide sequences,
(2) partitioning unbound sequences from bound sequences,
(3) amplifying the bound sequences, and (4) generating a
new pool of ssDNA or RNA aptamers.® After several rounds,
potentially including rounds of negative selection with non-
target proteins to enhance specificity, enriched aptamers are
sequenced, individually synthesized, and evaluated. A number
of alternative SELEX strategies have been developed including
methods for the selection of aptamers targeting specific
cells in vitro and in animals,”™" approaches that cannot be
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conducted with antibodies. Next-generation sequencing has
played a significant role in enhancing the SELEX process since
it allows the tracking of sequence enrichment dynamics in real
time, thereby dramatically reducing the number of necessary
rounds. Furthermore, metrics like copy number and frequency
shifts help prioritize candidate aptamers with strong binding
properties through bioinformatics-driven identification of con-
sensus sequences and structural motifs.'**

Aptamers have been applied as both antagonists and ago-
nists of biological processes, as well as diagnostic and targeted
delivery agents.”** Two such agents, the RNA-based aptamers
pegaptanib (Macugen)"® and avacincaptad pegol (Izervay)'®
have been FDA-approved to treat age-related macular degenera-
tion. As of 2024, there were eleven aptamers'” in clinical devel-
opment to treat diseases such as macular degeneration,'® acute
myeloid leukemia,'® and cardiovascular disease.”® Clinical trials
of the nucleolin-targeting aptamer AS1411 demonstrated low
toxicity and no signs of constitutive immune activation, but
also showed low clinical efficacy requiring high dosages to be
administered.>! As an alternative approach, aptamers have been
covalently linked to therapeutic payloads opening up the potential
for precise and specific delivery of drugs to target proteins. For
instance, these drug-loaded aptamers have been equipped to bear
cytotoxic small molecule generating aptamer-drug conjugates
(ApDCs) similar to antibody-drug conjugates (ADCs, Fig. 2A).>>
The aptamer plays an analogous role to that of the antibody in an
ADC, guiding the small molecule drug to a cell-surface biomarker
expressed on tumor cells, followed by internalization and drug
release (Fig. 2B). One such example of an ApDC is the protein
tyrosine kinase 7 (PTK7)-targeting aptamer, sgc8c, which was
synthesized to carry the cytotoxic drug doxorubicin (sgc8c-
Dox).”® The drug-aptamer conjugate was formed in two steps with
moderate yields through attachment of doxorubicin to an N-(e-
maleimidocaproic acid) hydrazide linker and conjugation of the
resulting maleimide-containing hydrazone to thiol-modified
sgc8c (Fig. 2C). The ApDC reduced cell viability specifically in cell
lines expressing PTK7 and exhibited an ICs, of 0.32 pM against
CCRF-CEM cells, a PTK7-positive T-cell acute lymphoblastic leu-
kemia line, which is a comparable to FDA-approved ADCs.>*?>*
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Fig. 2 Aptamer-drug conjugates (ApDCs) for cell-specific drug delivery.
(A) General design of an ApDC containing a drug payload (green) tethered
to an aptamer (blue) via a linker (yellow). (B) The ApDC binds to its cell-
surface target for the delivery of a drug payload to, for example, a cancer
cell. (C) Synthetic scheme and yield of the sgc8c-doxorubicin ApDC
targeting PTK7-positive cells. Parts of this figure were reproduced from
ref. 23 with permission from John Wiley and Sons, copyright 2009.

Alternatively, an off-target ApDC was designed to test the specifi-
city of aptamer-mediated drug delivery to CCRF-CEM cells. The
TDO5 aptamer, specific for Ramos cells, a human Burkitt’s
lymphoma cell line, was conjugated to doxorubicin. PTK7-
positive CCRF-CEM cells incubated with the TDO5-dox aptamer
displayed no loss in viability or internalization of the off-target
ApDC. Similarly, the sgc8c-dox aptamer had no effect on the
PTK7-negative Ramos cells. Together, these studies demon-
strate that sgc8c binding of PTK7 allowed for targeted drug
delivery. Currently, there is an ongoing phase I clinical trial for
AST-201, a GPC3-targeting aptamer with three incorporated
gemcitabine drugs, targeting GPC3-positive advanced solid
tumors.>® However, despite the success of aptamers in pre-
clinical studies, these biomolecules lag behind antibodies in
their clinical development.*®

In addition to therapeutic advances, aptamers have gained
traction as biosensors, diagnostic agents,””>° and molecular
imaging agents,’ including fluorescence imaging,*® magnetic
resonance imaging,** computerized topography,*! ultrasound
imaging,** and contrast imaging.*® For example, sgc8c, the
aforementioned PTK7-targeting aptamer, was developed into
a fluorescent probe through tethering the aptamer to a DNA
sequence containing a fluorophore and a quencher.** Only
when bound to PTK7 on CCRF-CEM cell surfaces, the sensor
underwent an induced conformational change resulting in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fluorescence that was detected both in vitro and in vivo.
Through similar nucleic acid engineering approaches, apta-
mers have been used in various systems for sensitive, early
detection of viral infections,**™*° bacterial infections,**™** and
neoplastic diseases.>**™>>

While aptamers have comparable, in some cases superior,
properties to antibodies, the in vivo potency of aptamers is
limited due to their physiochemical characteristics. Their small
size (as small as 4.7 kDa) and vulnerability to nuclease-
mediated degradation negatively affect their pharmacokinetics,
specifically metabolic stability and renal filtration.® On the
other hand, antibodies are unaffected by nucleases and, as
large biomolecules of ~145 kDa, are cleared more slowly than
smaller aptamers. In addition, antibodies are protected from
filtration and catabolism through a neonatal Fc-receptor
(FcRn)-mediated recycling mechanism.>® It is important to note
that the longer circulation time of antibodies can be beneficial
or detrimental, based on the application.

The limitations of aptamers have been partially addressed
through the incorporation of chemical modifications at the
phosphate, sugar, and/or nucleobase level.'* Examples of such
modifications include the incorporation of polyethylene glycols
(PEGs), phosphorothioate linkages, 2'-fluoro, 2’-amino, or 2'-O-
methyl modifications, and inverted thymidines for 3’-end
capping.®>* Alternatively, xeno-nucleic acids (XNAs) have been
developed in which the canonical ring of DNA and RNA is
replaced by various artificial motifs, including hexitol nucleic
acids (HNA), o-(1)-threose nucleic acids (TNA), locked nucleic
acids (LNA), and 2’-fluoro-nucleic acids (FNA). These modified
sugars provide enhanced nuclease resistance and an expanded
chemical repertoire for aptamers.>>>® Six of the eleven apta-
mers currently in clinical development as well as the two
approved aptamer therapeutics, pegaptanib and acacinaptad
pegol, all include some form of chemical modification to
enhance their pharmacokinetic properties.

Previous studies have shown that the off-rates of aptamers
are 10-fold higher than those of antibodies.”” These high off-
rates can possibly be attributed to their confirmational lability
as well as the SELEX process itself. SomaLogic developed slow
off-rate modified aptamers (SOMAmers) to counteract the fast
off-rates of aptamers. SOMAmers are designed to contain one
or two®® nucleotides modified with groups mimicking amino
acid side chains, e.g., benzyl, naphthyl, tryptamino, or isobutyl
moieties. These non-canonical side chains are capable of
interacting with hydrophobic residues on their target proteins,
thereby enhancing the stability of the interaction and conse-
quently on-target residence time.>*® This approach has been
used to develop aptamers with enhanced specificity for thou-
sands of protein targets and provides the foundation for a
commercially available multiplexed, aptamer-based proteomic
assay for biomarker identification.®*

One emerging technology that holds promise in addressing
rapid clearance and short target engagement times, while
simultaneous enabling new applications, are “covalent apta-
mers”. Here, covalent aptamers are defined as any aptamers
that have been functionalized with an electrophilic group
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suitable for attack by nucleophilic amino acid residues resulting
in covalent bond formation. The aptamer acts as a ligand, binding
the surface of the target protein and correctly positioning the
electrophile such that proximity-driven covalent bond formation
occurs. The earliest report of a covalent aptamer was by the
Repine group in 1995, where a covalent active site inhibitor, based
on a diphenyl phosphonate electrophile, of the protease the
human neutrophil elastase (hNE) was used as an anchoring point
for SELEX. The RNA aptamer library was attached to the covalent
inhibitor through RNA:DNA duplex formation,*® and aptamers
were identified that showed increased specificity and potency
compared to the small molecule inhibitor alone. A rat lung
perfusion model was used to assess ex vivo performance of the
aptamer-small-molecule conjugate and provided proof-of-concept
evidence that targeted covalent inhibitors against hNE could be
effective in treating inflammatory lung diseases. Lungs treated
with the covalent aptamer showed significantly less structural
injury compared to untreated controls. This report was followed
by a study by the Zichi group in 1997, where aptamers specific for
the cell adhesion glycoprotein r-selectin were modified with a
3’-aldehyde group capable of crosslinking to proximal lysine
residues through a reductive amination in order to characterize
the protein/aptamer complex.®*

In the design of covalent aptamers, electrophile modifica-
tion should be chosen appropriately to avoid undesired intra-
molecular reactions, as work by several labs has shown the
possibility for alkylation of the N7-position of guanosine and
acylation of the 2’-hydroxyl group of RNA transcripts.®>*° Of
note, recent reports by the Micura group describe efficient and
selective alkylation of the N7 position in RNA through the use
of a mesyl electrophile, thus indicating that the choice of
electrophile is key for covalent aptamer assembly and success-
ful protein labeling.

Ideally, a covalent aptamer in a therapeutic setting would
have similar desirable characteristics to those of small-
molecule covalent inhibitors, namely high target specificity,
high affinity, and favorable pharmacokinetics. Covalent target
engagement can allow for higher potency, lower dose, and
extended duration of action compared to non-covalent inhibi-
tors, possibly decreasing the chance for off-target engagement.
Additionally, arguments have been made that irreversible
action of covalent bond formation and slow protein turnover
reduces off-target effects in vivo through prolonged, single-
event target engagement, as free aptamer is systemically
cleared.”” Complete degradation will release a free electrophile,
which, without a proper targeting motif, will be at a concen-
tration too low to have a discernable effect. Due to the need for
a proximal nucleophilic amino acid for the covalent interaction
to occur, covalent aptamers could show increased specificity
compared to their non-covalent counterparts depending on the
binding interface of the target protein.”’ However, concerns
remain regarding the safety profile of covalent therapeutics.
Covalent drugs can elicit undesired immune responses through
hapten formation, as observed with B-lactam antibiotics, where
the covalent modification of host proteins can trigger allergic
reactions.”’ Additionally, the irreversible nature of covalent
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bond formation may capture transient, non-specific interac-
tions that would normally dissociate rapidly, potentially lead-
ing to off-target protein modification and associated toxicity.
Here, the recent developments and applications in the field of
covalent aptamers will be discussed, exploring their underlying
chemistry and mechanisms of covalent bond formation.
We will examine their potential as therapeutic agents, includ-
ing their advantages in terms of target engagement and
pharmacokinetics, as well as their emerging applications as
diagnostic tools.

2. Development of covalent aptamers
and utilized electrophiles

The generation of covalent aptamers echoes that of covalent
small molecule inhibitors, which are derived from known
ligands and are similarly functionalized with electrophilic war-
heads capable of targeting nucleophilic amino acids, particu-
larly serine, cysteine and lysine.”” Small molecule non-covalent
inhibitors can associate with and dissociate from the protein
target, as determined by k., and k. rates (Fig. 3A). Together,
the on and off rates afford the dissociation constant Kp.
However, the covalency of crosslinking prevents the dissocia-
tion of the ligand from the small molecule-protein complex and
thereby introduces the irreversible rate of kerosslinking. AS such,
the labeling reaction of covalent inhibitors is dependent upon
both the affinity of the ligand and the reaction rate of the
covalent inhibitor, where the second-order rate constant can be
described as kerossiinking/Kp- Therefore, a higher-affinity ligand
(smaller Ky, value) and/or a more reactive electrophile (higher
Kerosstinking value) will result in a faster reaction rate.”* These
small molecule ligands, referred to as targeted covalent inhibi-
tors, show prolonged target engagement, conferring sustained
inactivation, high specificity, and increased potency. The ensu-
ing prolonged inhibition allows for dosage at lower concen-
trations, leading to less toxicity. There are more than 50 FDA-
approved covalent drugs’* for diseases such as cancer,””*°
bacterial infection,®" viral infection,®” gastrointestinal disease,*’
cardiovascular disease,®* and sickle-cell anemia.®

To translate this chemistry to aptamers, electrophilic
warheads can either be site-selectively incorporated within
the nucleic acid sequences or tethered to either the 5’ or
3’ termini. DNA and RNA do contain some slightly nucleophilic
functional groups at the backbone (phosphates), the sugar
moiety of RNA (2'-hydroxy of the ribose sugar), and at their
nucleobases (for example the N7 position of guanine). However,
these are much less nucleophilic than many amino acid side-
chains and are not reactive enough to quench the incorporated
electrophilic motif. The lack of inherent nucleophilicity in DNA
allows for the installation of chemical warheads bearing clea-
vable electrophiles and payloads for transfer. Binding of the
armed covalent aptamer to its protein of interest positions the
electrophile into proximity with nearby nucleophilic amino
acids, allowing for covalent bond formation between the two
molecules through either crosslinking (Fig. 3B) or label transfer

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 3C), depending on the chemistry of the electrophile.
Multiple methods of warhead incorporation exist, including
conjugation of the warhead to an amine-modified terminus®®
and attachment to alkyne-modified phosphoramidites, such as
the ethynyl-deoxyuridine (EdU) and octadiynyl-deoxyuridine
(OdU) nucleobases.®”

The use of electrophilic warheads to arm covalent aptamers
has varied widely by the reactivity and stability of the electro-
phile and by its selectivity for certain amino acid side chains.
As previously mentioned, the first covalent aptamer developed
contained arguably the simplest motif, an acrylamide (Fig. 4).
Acrylamides specifically crosslink with cysteine sidechains,
which are one of the least common amino acids in the prote-
ome.*®®® The kinetics of acrylamides can be tuned through
chemical modifications, though they maintain a rate around
~100 M~ s71.% Many small molecule covalent modifiers
possess acrylamide motifs, and mutations of cysteines to the
less nucleophilic serine often infers resistance of these proteins
to modification. Crosslinking aptamers bearing aldehydes have
also been developed, though they also have slow reaction rates,
around 1 M~' s™'. While aldehydes mostly target lysines, mass
spec analysis has confirmed modification of other nucleophilic
amino acid side chains, such as cysteine and histidine, and
with N-terminal amino groups, though these interactions
demonstrate instability and must be stabilized via borohydride
reduction.’®"

N-acyl-N-alkyl sulfonamide

dibromophenyl benzoate
(Lys, His)

N-acyl-N-aryl sulfonamide
(Lys)

104 ‘

rate constant (M-'s™)

Fig. 4 Electrophilic warheads that have been utilized for covalent protein modification arranged by the rate constant of label transfer. Amino acid side-
chain specificity is listed in parentheses. R = Cl, Br, NO,, or F; R = CH or N.
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The naturally occurring deoxyoxanine nucleobase (Fig. 4),
which endogenously forms in cellular environments due to
deamination of guanine, is capable of forming a covalent bond
with an amino group.®>™®* This can be a crosslink with a nearby
DNA nucleobase or lysine sidechain on a protein surface. Lower
reactivity has been observed with cysteine, arginine, and histi-
dine residues.’® The electrophile, a cyclic O-acylisourea moiety,
is remarkably stable toward hydrolysis. However, this also
results in slow reactions, with rates as low as 107> M~ * s71.%¢

As a result of its synthetic accessibility and high reactivity,
the most popular electrophile for crosslinking aptamers is the
N-hydroxysuccinimide (NHS) ester (Fig. 4). NHS esters can label
lysine and N-terminal amines with high reaction rates, and to a
much lesser extent serine, threonine, and tyrosine residues.’”*®
Reactions of NHS esters are relatively slow, with a rate of about
1 M ' s7'. While the amide product formed from the nucleo-
philic attack is quite stable, NHS esters themselves show limited
stability under aqueous conditions (half-life of ~4-5 h at pH 7),
which further decreases at higher pH and temperature.®

Overcoming the limited aqueous stability of NHS esters, the
aryl sulfonyl fluoride (ASF) moiety has been incorporated into
covalent aptamer designs (Fig. 4). ASF electrophiles label
nucleophilic residues on proteins through sulfur(vi)-fluoride
exchange (SuFEx) chemistry, show quick reaction rates
(~10° M~' h™"),"°° and good stability in aqueous conditions
(t1» of hydrolysis of up to 25 h in rat plasma).'®* However, the
increased reactivity results in amino acid promiscuity, as the
ASF warhead reacts not only with lysine, but also serine,
threonine, tyrosine, cysteine, and histidine residues."*>

While these electrophiles result in crosslinking of the apta-
mer to its protein of interest, ligand-directed (LD) chemistry,
instead allows for traceless surface labeling of target proteins
via cleavable electrophiles. In the context of small molecule
ligands, this approach has been extensively developed by the
Hamachi group,'®*'%* who studied a variety of electrophiles.
These include tosylates, acyl-imidazoles, dibromophenyl benzo-
ates, benzotriazoles, and N-acyl-N-alkyl-sulfonamides (NASA,
Fig. 4). The reactivities of these electrophiles cover a range of
reaction rates and specificities, such as labeling of lysine,
threonine, tyrosine, histidine, and serine side chains. They
have been used for the specific, covalent modification of
dihydrofolate reductase, folate receptor, carbonic anhydrase II
and XII, Bruton tyrosine kinase (BTK), and NADH-quinone
oxidoreductase, among others."*>'°

The NASA warhead has particularly desirable characteristics,
such as excellent reactivity and selective labeling of lysine
residues. While aqueous stability is limited, with a ¢, of
~8 h at pH 7, it is still slightly better than the previous
generations of LD electrophiles. To improve the stability of
the NASA electrophile, the Hamachi group developed a second-
generation NASA electrophile, the N-acyl-N-aryl-sulfonamide
(ArNASA).'® While maintaining lysine specificity and high
reactivity rates, ArNASA displays a ¢/, of hydrolysis of >24 hours
at pH 7, showing a surprising stability in aqueous conditions. This
new generation of LD electrophiles has been used to modify BTK
and heat shock protein 90.°
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3. Aptamer-directed protein
crosslinking with aldehyde and
difluoromethylene-carboxyl groups

An early example of aptamer-mediated covalent modification
was the Tan lab’s reported protein-aptamer template for site-
selective installation of DNA on protein surfaces.''' Target
proteins were tagged with DNA aptamers via a one-step cross-
linking method for cancer biomarker isolation and character-
ization. Two electrophiles were tested by installing either an
aldehyde at the 3’ end through oxidation (Fig. 5A) or a o,o-gem-
difluoromethyl carboxyl group (F-carboxyl; Fig. 5B) at the
5 terminus of the aptamer and several linker lengths were
explored."" Thrombin and a series of RNA-CpG (cytosine-
phosphate-guanine) thrombin-targeting aptamers were used
as initial model systems. Here, recombinant protein and the
aldehyde-modified aptamer were incubated in the presence of
sodium cyanoborohydride (NaBH3;CN) allowing for reductive
amination of protein surface lysines to form irreversibly cross-
linked aptamer-protein products. The methodology was also
applied to platelet-derived growth factor-BB (PDGF-BB) and its
aptamer. Here, moderate crosslinking (~50%) to the target
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Fig. 5 Aldehyde and difluoromethyl-carboxyl modified electrophiles in
aptamer crosslinking. (A) Crosslinking of an aldehyde-modified aptamer
with its protein target. (B) Structure of synthesized F-carboxyl phosphor-
amidite. Crosslinking of (C) aldehyde-modified PDGF aptamers and (D)
KpED2a (DLD-1 cells) and KCHA10a (HCT116 cells) aptamers modified with
a 5’ biotin and a 3’ aldehyde specifically bound target cell lines as
measured by flow cytometry using a streptavidin-phycoerythrin dye. (E)
Crosslinking of PDGF with F-carboxy-modified PDGF aptamers. This figure
was reproduced from ref. 111.
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protein was observed (Fig. 5C); however, a control aptamer (A-6)
armed with the same aldehyde electrophile showed the same
level of crosslinking. While this nonspecific interaction could be
mitigated through incubation with unmodified PDGF aptamer,
the Tan lab transitioned to alternative crosslinking moieties.

Prior to changing moieties, however, the Tan lab showcased
covalent crosslinking in a cellular context, aptamers that bind
the colorectal cancer cell lines DLD-1 and HCT116, but whose
protein targets are unknown, were functionalized with terminal
aldehydes.""* Here, 5’ termini of aptamers specific for each cell
line were appended with a biotin while the 3’ termini were
oxidized to leave the reactive aldehyde group. Streptavidin
modified with Cy5 dyes was added to cells and the binding
was detected via flow cytometry. As a nonspecific control, the
experiment was repeated with a randomized library of
aldehyde-modified aptamers, which showed no binding to the
colorectal cancer cells (Fig. 5E).

In an attempt to increase crosslinking efficiency, the Tan lab
synthesized an F-carboxyl modified phosphoramidite and gen-
erated aptamers with this reactive group at the 5’ end. About
50% crosslinking between the aptamer (F-1) and PDGF (Fig. 5D)
was observed and, unlike in experiments with the aldehyde
warhead, non-specific crosslinking of the control covalent
aptamer (F-2) did not occur. Though the cell labeling appears
to be quantitative (Fig. 5E), only partial crosslinking was
observed with the aldehyde and F-carboxyl electrophiles
in vitro and left room for improvement with a more reactive
motif. Further directions could include identifying the
unknown cell surface binding protein in these cell lines via
covalent crosslinking and subsequent pull down. Additionally,
mass spec analysis of the crosslinked conjugate was not reported,
which could give further insight into the binding mechanisms of
these aptamers.

4. Aptamer-directed protein
crosslinking with
N-hydroxysuccinimide (NHS) esters

N-Hydroxysuccinimide-esters (NHS esters) have been employed
widely in chemical biology for bioconjugation to nucleophilic
amino acid residues. These electrophilic esters react readily
with lysine residues, and to a lesser extent with serine, threo-
nine, and tyrosine residues.’”*® Not surprisingly, NHS esters
were installed on aptamers for crosslinking to target proteins.

As a first example, the Tan lab utilized NHS ester chemistry
to generate a covalent thrombin-binding aptamer (TBA). The
design utilized a 23-nucleotide linker that was recognized by a
complementary “reacting oligonucleotide”” (RO) carrying a NHS
ester on its 3’ terminus (Fig. 6A).%® Utilizing DNA duplex
formation for presentation of the NHS ester, as opposed to
chemically installing in on the aptamer itself, allows for gen-
eralization of a single NHS-modified RO to multiple aptamers.
Upon hybridization of the RO strand, the electrophile could
crosslink to a proximal lysine residue on the target protein
(lanes 4 & 9, Fig. 6B). Crosslinking of the RO did not occur
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aptamer containing a linker sequence binds to a complementary reactive
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philic attack onto the ester crosslinks the aptamer to the protein. (B) SDS-
PAGE analysis of DNA—protein complex formation with thrombin and its
aptamer (HD22), the 3’-modified RO, and the blocking cDNA oligo-
nucleotide. (C) Flow cytometry results of aptamer-mediated conjugation
of PTK7 on CEM cells. Parts of this figure were reproduced from ref. 86
with permission from John Wiley and Sons, copyright 2017.

without the proximity afforded by the aptamer (lanes 3 & 8,
Fig. 6B). Addition of a full-length complement oligonucleotide
released the aptamer from the complex, leaving the protein-RO
conjugate (Fig. 6B, lanes 5 & 10). A significant percentage of the
protein was crosslinked (85%) after one hour incubation with
2 equivalents of aptamer and RO. RO crosslinking was specific
for thrombin in the presence of the off-target protein bovine
serum albumin (BSA). Mass spectrometry revealed the modifi-
cation of thrombin at K57 and K288 residues with both the
3’- and 5’-modified ROs.

Modification of CCRF-CEM cell surfaces was explored next
by lengthening by installing the linker strand on the well-
established sgc8 aptamer targeting the cell surface cancer
antigen PTK7.'"* Using an RO bearing a fluorescein dye and
the sgc8c aptamer, specific covalent delivery of the RO strand to
PTK-7 expressing cells was observed along with negligible
labeling of PTK7-negative Ramos cells (Fig. 6C).'** Taken
together, this showed efficient crosslinking to thrombin and
cell surface proteins, engaging a ternary complex between the
target protein, the aptamer, and a hybridized reactive DNA
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strand. Further studies may be helpful in determining potential
site-selectivity of this approach of crosslinking to nucleophilic
amino acid sidechains.

The specificity of aptamers can be further enhanced by
conditional control in a temporal and spatial fashion. For
example, tumor microenvironments maintain uniquely acidic
pH levels compared to the rest of an organism. The Tan group
developed pH-responsive NHS ester-modified aptamers to acti-
vate crosslinking solely to tumor cells expressing a desired
biomarker."** The aforementioned PTK7 aptamer, sgc8c, was
fused to a split, intercalated-DNA motif (i-motif) which takes on
a folded structure only in the acidic tumor microenvironment
(pH = 6.5) due to the stabilization of intercalated, cytosine-
cytosine base pairs (Fig. 7A).""® Since sgc8c binding was main-
tained with only the loop region of the folded aptamer (Fig. 7B),
the stem portion was replaced with the cytosine-rich i-motif
sequence."'® At physiological conditions, the i-motif is unstruc-
tured, preventing proper sgc8c folding and therefore PTK7
recognition.’*® After exposure to acidic pH, the pH-responsive
DNA probe folds into its native structure allowing for crucial
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Fig. 7 pH responsive aptamer crosslinking. (A) The aptamer "ON" folded
conformation (pH = 6.5) allows for target binding and covalent lysine
modification by an NHS ester. (B) Sequence of the isgc8-5 aptamer. (C)
OFF (pH 7.4) vs. ON (pH 6.5) aptamer-meditated labeling of PTK7 cell
surface protein, quantified by flow cytometry. (D) Micrographs of cells
labeled by fluorescently tagged aptamers at pH 6.5. (E) Increased accu-
mulation of pHSCsgc8nns) at CCRF-CEM tumor xenografts in mice after
24 h. Parts of this figure were reproduced from ref. 114 and 116 with
permission from American Chemical Society, copyright 2022 and 2018.
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surface binding interactions to occur between aptamer and the
target protein (Fig. 7A). Then, the NHS ester installed at the 3’
terminus of the aptamer reacts with a proximal lysine residue
on the protein surface.®® Flow cytometry analysis showed that
the aptamer bound the target cells at both low pH (6.5) and at
normal biological pH (7.3). In contrast, the pH-responsive
covalent aptamer, pHSCsgc8ynus), only bound the PTK7-positive
CCRF-CEM cells at low pH (Fig. 7C). A lower dissociation constant
was observed with the covalent aptamer (K4 = 13.2 £+ 1.5 nM)
compared to the non-covalent aptamer, isge8-5 (Kg = 66.4 +
5.4 nM), assumed to be due to an off-rate of zero for aptamers
that are covalently engaged with PTK7. These results were con-
firmed via confocal imaging, as the covalent aptamer showed
more intense labeling of PTK7 positive cells, compared to its non-
covalent, pH-dependent counterpart (Fig. 7D). However, labeling
was comparable with the non-modified sgc8 aptamer at this lower
pH. When injected into mice, pHSCsgc8(ps) exhibited increased
accumulation at tumor xenografts, compared to sgc8c without a
crosslinking electrophile (Fig. 7E), likely due to increased stability
and residence time after covalent bond formation."** Mass spec-
trometry studies revealing the extent of modification and sites
modified on the PTK7 surface would provide additional important
information.

In light of the recent global pandemic several aptamers
targeting components of the SARS-CoV-2 virus have been
reported, including the full Spike protein (S1),"'”**" receptor
binding domain (RBD),***%!*#12%122 N.terminal domain (NTD),"*?
the trimeric S protein,""”""*®'?>*"?% and nucleocapsid protein
(NP).'?¢ Aptamers targeting the nucleocapsid protein (NP) and
the receptor binding domain (RBD) of the spike protein of
SARS-CoV-2 were functionalized with electrophiles.'®” NP is the
preferred target for early detection of SARS-CoV-2 as it is the
most conserved and abundant structural protein. Tangentially,
ELISA assays are the gold standard for high-throughput detec-
tion of viral infection, and the Tan lab hoped to increase the
sensitivity of these assays through covalent aptamer-protein
complex formation to allow for harsher washes of non-specific
probe binding (Fig. 8A)."”” Here, the presence of a protein
of interest (POI) is detected via immobilization of a ‘“capture
probe,” typically an antibody or aptamer. Then, the sample is
added, capturing the POI, which can be read out through
binding of a “detection probe,” typically a labeled antibody
or aptamer producing fluorescence or chemiluminescence, and
was used to characterize the binding of the aptamers to their
target proteins. For comparison to covalent aptamers (NHS-
Apt), a monoclonal antibody (MAb), a commercially available
rabbit antibody (rAb), and a non-covalent aptamer were used.
The harsher wash of a sodium citrate buffer containing 10%
formamide (10%) and tween-20 (1%) significantly reduced the
limit of detection of the viral probes and was utilized to display
the increased sensitivity of the covalent functionalization.

To increase the sensitivity of these diagnostic assays, an aryl
sulfonyl fluoride (ASF), an NHS ester, or an acrylamide (Acr)
(see Fig. 4 for structures) was installed at the 5’-terminus of the
aptamers.'*>'*® Examination of the crosslinking efficiency,
specificity, and kinetics of all three warhead-functionalized

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00133a

Open Access Article. Published on 30 September 2025. Downloaded on 2/5/2026 4:55:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

" E
recognition

—_—
HZN—

QTR THEY,
TR

streptavndln A biotin <> electrophile  © fluorophore or HRP

O’é) unbound apt

harsh

[

[+~ CRApt ICsp = 1.98 nM

RAb  ICg = 5.85nM
—— RApt ICs)=89.6nM
¥t.2=14.6 min y . /1/1
~ Acr-RApt
t,,= 237.7 min
w=2377min__4 ¥ 1
—

] 60 120 180 240 10 100 101 102 108
time / min concentration / nM

g

,,

3
~
o

SF-RApt
NHS-RApt

pseudovirus
neutralization / %

»
b
»
3

RBD crosslink / %

3

Probe B15 B61 MAb RAb
Kon (M1s°) 9.38 x 10° 1.24 x 10° 8.25 x 10° 6.88 x 10°

NHS-B15
4.51x10°

NHS-B61
5.34x 10°

Kon (7) 9.14x 103 6.82x10° 7.95x 104 2.48 x 104 1.28 x 104 4.88x 105

Ky (M) 9.74x10° 5.51x 10° 9.64 x 100 3.60 x 101° 2.84x 100 9.14 x 10"

Fig. 8 Crosslinking aptamers targeting SARS-CoV-2 proteins. (A) Sche-
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kinetics of the three covalent aptamers. (C) Evaluation of pseudovirus
neutralization using either NHS-CRapt, RAb, and RApt. (D) K4 measure-
ments of different NP probes by SPR. Parts of this figure were reproduced
from ref. 127.

NP aptamers revealed that the NHS modification is optimal for
covalent bond formation to NP, with high efficacy (81%) and
fast kinetics (¢,, = 22.8 min, Fig. 8B); however, an excess of 6
equivalents of aptamer was used to achieve these results. While
the SF-NP aptamer showed even higher crosslinking efficacy
(95%) and faster kinetics (¢1, = 12.7 min), it produced unde-
sired crosslinks with the off-target protein HSA (human serum
albumin).”*® The authors hypothesized that off-target cross-
linking to HSA was due the electrophile’s higher reactivity,
increased stability (¢, ~25 h in biological conditions'®") and
the use of excess off-target protein (10:1 HSA to NP). Mean-
while, the acrylamide warhead displayed slow kinetics and did
not efficiently label either target. This poor reactivity is due to a
combination of its lower electrophilicity compared to NHS and
ASF warheads and the lack of cysteine residues on the surface
of NP (0) and RBD (4).

While the covalent NP aptamers demonstrated increased
detection sensitivity through a covalent ELISA assay, the cova-
lent RBD aptamers were utilized in a neutralization assay to
showecase the therapeutic potential of this approach. Once the
aptamers are bound to RBD, the virus is unable to bind the
ACE2 receptor, therefore preventing viral infection of a host
cell. The neutralization ability was determined through infec-
tion of ACE2-expressing HEK293T cells with luciferase-tagged
pseudovirus. The CRApt (IC5, = 2 nM) displayed an increased
ability to neutralize infection compared to the noncovalent
aptamer (ICso = 80 nM), and comparable neutralization to the
antibody (ICs, = 6 nM, Fig. 8C).

To validate that the increased sensitivity of detection and
ability of virus neutralization were a result of tighter
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dissociation constants afforded by the covalency, ELISA ana-
lyses were performed analyzing the binding constants for the
NHS-B15 and NHS-B61 aptamers compared to the non-covalent
B15 and B61 aptamer complexes. While significant dissociation
of the non-covalent B15 and B61 aptamer complexes was
detected, the k¢ rates for the covalent aptamers were 1-2 full
orders of magnitude slower (Fig. 8D). As there was only a
negligible difference in the k,, rates for the covalent vs. non-
covalent aptamers, an improved Ky, value was obtained for the
covalent aptamers. Additionally, the K of the NHS-aptamers
was comparable or even less than that of the corresponding
antibodies. It is important to note that the k¢ values were not
zero for the covalent complexes as the crosslinking efficiency
was not 100%. Lastly, mass spectrometry analyses revealed that
K417 of RBD, which participates in a key interaction to promote
viral infection, was the site of crosslinking. These experiments
highlight promise towards the use of covalent aptamers as
diagnostic and therapeutic tools for viral infections.

The MacPherson lab developed an RNA-SELMA (selection
with modified aptamers) strategy that enables the de novo
selection of covalent RNA aptamers by incorporating N-hydroxy-
succinimide (NHS) esters into an RNA library (Fig. 9A)."*° This
approach adapts elements of click-SELEX, where ethynyl-
modified nucleotides (such as 5-ethynyluridine triphosphate)
are incorporated in place of all uridine residues during in vitro
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crosslinking scheme. (B) SDS-PAGE analysis of crosslinking specificity of
the selected streptavidin aptamer with increasing concentrations of BSA.
(C) Mouse IgG antibody was incubated with selected crosslinking aptamer
and analyzed via reducing SDS-PAGE. (D) DNA-paint image of microtu-
bules. Scale bar: 5 um. Parts of this figure were reproduced from ref. 129
and 131.
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transcription, allowing for the subsequent attachment of elec-
trophiles via copper-catalyzed azide-alkyne cycloaddition.*°
The resulting RNA library, which is physically linked to its
encoding DNA through a “capture arm” sequence, was thus
equipped with multiple NHS-ester groups per oligonucleotide,
creating “barbed’” aptamers capable of covalently reacting with
protein targets. Following modification of the alkyne-incor-
porated RNA with sulfo-HSAB, the NHS-ester-functionalized
RNA library was incubated with the target protein (streptavidin),
leading to covalent bond formation between the aptamer and
accessible lysine residues on the protein. Covalently crosslinked
RNA-protein complexes were selectively retained and the corres-
ponding, attached DNA templates were PCR-amplified to regen-
erate the library for subsequent rounds of selection. To enhance
specificity, six of the sixteen selection rounds included negative
selection steps using bovine serum albumin (BSA) as an off-target
competitor, with both denatured and native BSA employed at
increasing stringency in later rounds. Despite the covalent nature
of the selection, a relatively high number of rounds was required
to achieve enrichment, likely reflecting the challenge of isolating
highly specific covalent binders from a diverse and reactive
library.

No binding of streptavidin by the selected aptamer with
canonical uridines as opposed to the ethynyluridine bases used
during selection was detected in gel shift assays, indicating
that the electrophile was necessary for the interaction with
streptavidin. Additionally, incomplete crosslinking to strepta-
vidin (35%) and off-target crosslinking to BSA was observed
(Fig. 9B). It is interesting that the off-target affinity remained
despite negative selection rounds in the SELMA process. Never-
theless, covalent DNA aptamers were selected for the Fc domain
of mouse monoclonal antibodies (mAbs) using this approach.
The mAb-targeting covalent aptamers showed near complete
crosslinking to the heavy chain of the antibody (95% modified,
Fig. 9C). MS analysis of crosslinked residues was attempted but
was unsuccessful and no information on target residue speci-
ficity was obtained. The aptamers were used in a DNA-PAINT
imaging application, where a fluorophore-modified c¢DNA
bound the antibody-aptamer conjugate (Fig. 9D), showcasing
a unique application of covalent aptamers.'**

Despite the development of this particular streptavidin-
targeting RNA aptamer, the majority of aptamers functionalized
with electrophilic warheads have been DNA aptamers, likely
because RNA is more susceptible to hydrolysis and degra-
dation."®*> Moreover, RNAs carty a nucleophilic 2’ OH group, which
has been taken advantage of in strategies like selective 2'-hydroxyl
acylation analyzed by primer extension (SHAPE) reagents. These
are based on activated esters, such as isatoic anhydride or benzoyl
cyanide derivatives, and are utilized to probe RNA structure and
dynamics through acylation of the 2’ OH functional group.'**™
Thus, there is limited literature precedence for installing an
electrophilic moiety onto an RNA molecule for subsequent cova-
lent labeling or crosslinking to proteins. In one such instance, a
tRNA with a 2’ azido modification at the 3’ terminus was synthe-
sized and subsequently reduced and conjugated to diethylsqua-
rate, an electrophile that can crosslink to proximal amines on an
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tRNA aminoacyltransferase.'®” Together with another report of an
RNA ligand equipped with a NASA electrophile for transfer of a
hydrophobic tag to a target protein, this suggests that the reactiv-
ities of amine-reactive electrophiles and ribose 2'-hydroxyl groups
are compatible.*® Regardless, the authors of the RNA-SELMA
report themselves note the rarity and difficulty of generating
base-modified RNA aptamers compared to DNA aptamers, and
the need for careful handling and storage of NHS-ester-modified
RNA due to its lability. In subsequent work, the same group
focused on DNA aptamers for covalent crosslinking.

5. Aptamer-directed protein
crosslinking with aryl sulfonyl
fluoride (ASF)

Although NHS esters have a robust precedence for labeling
of biomolecules, their susceptibility to hydrolysis in aqueous
conditions®® remains a concern for translation in vivo and
therefore other warheads such as arylsulfonyl fluorides (ASFs)
were investigated to overcome these limitations. As previously
discussed, ASF warheads possess favorable resistance to hydro-
lysis (t1, of 25 h in physiological conditions), with their
reactivity being tunable depending on the substituents on
the aryl ring. However, with a labeling rate constant of up to
1902 M~ ' h™", the ratio of labeling/hydrolysis can be as high as
5000-fold, suggesting ideal kinetics for aptamer-mediated
crosslinking.'*'°* Comparison of ASF warheads appended
with different electron withdrawing groups showcased tunable
rates and residue specificity, though in all cases the reaction
rate was slower for lysine modification than tyrosine modifica-
tion. Nevertheless, this suggested the ability to rationally design
ASF warheads for the specific environment of a protein’s
binding pocket.'®" Additionally, while NHS esters show speci-
ficity towards lysine residues, ASF warheads react with most
nucleophilic residues in addition to lysines, including serine,
threonine, tyrosine, cysteine, and histidine.'> This presents a
higher probability for an appropriately reactive residue being
present proximal to the aptamer binding site. Taken together,
hydrolytic stability and extended reactivity toward a range of
nucleophiles make ASF a viable candidate for aptamer-protein
crosslinking.

The first aptamer equipped with an ASF warhead was the well-
established thrombin binding aptamer (TBA; Fig. 10A).'3%'*°
The electrophile was installed onto the DNA sequence through
incorporation of an alkyne-modified nucleobase during synthesis
and subsequent CuAAC conjugation to an azide-modified
electrophile.'® Unlike the reports previously discussed where
the electrophile was tethered to either the 5’ or 3’-terminus of
the aptamer, the ASF warheads were site-specifically installed at
position 3, 9, and 12 of the aptamer. These sites were chosen
for their positioning either facing towards (positions 3 and 12)
or away (position 9) from the TBA/thrombin interface based on
the crystal structure.’*' Though all positions were capable of
crosslinking thrombin, TBA(3) exhibiting the greatest efficiency
at approximately 90% crosslinked thrombin (Fig. 10B)."*°

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A) Scheme of covalent crosslinking of aptamer to thrombin (Nu =
Y88 and H91) and subsequent reversibility of protein inhibition through
hybridization to a complementary strand. Structure of the ASF warhead. (B)
SDS-PAGE analysis of covalent aptamer—protein conjugates. Part of this
figure was reproduced from ref. 140 with permission from Royal Society of
Chemistry, copyright 2021.

Only minimal crosslinking was observed with TBA(9), facing
away from the TBA/thrombin interface, confirming the covalent
bond formation is resultant of correct positioning of the
electrophile. Mass spec sequencing of thrombin crosslinked
to TBA(3) revealed that the amino acids Y88 and H91 were
modified, which was rationalized through the reported crystal
structure of TBA(3) and thrombin in complex, showing
the electrophile positioned proximally to these nucleophilic
residues. It would have been interesting to see if mass spec
sequencing of thrombin crosslinked to TBA(9) resulted in
modification of different residues to confirm the hypothesis
of multiple aptamer binding sites.

ASF warheads were also employed in the generation of
covalent aptamers that targeted the SARS-CoV-2 spike protein
(S-protein) via an in vitro selection strategy (Fig. 11A).>” After
library amplification, using dATP-o-S for specific PS installa-
tion, the ASF warhead was introduced through Sy2 chemistry to
generate crosslinking aptamers (Fig. 11B)."** Through the
covalent in vitro selection strategy, two aptamers were selected
targeting the S-protein. This approach to covalent SELEX
was only slightly different then MacPherson’s method for
RNA-SELMA. While it included the rational placement of elec-
trophiles, the number of selection rounds was similar (13 and
16 total, including 2 and 6 negative rounds). Qin et al. eluted
their bound sequences through a denaturing urea PAGE and
isolated the bands corresponding to the protein-aptamer
complex. The gel slices were treated with stringent conditions
(NaOH at 50 °C for 2 h) to remove the ASF modifications and
release native DNA, a process more involved than dehybridiza-
tion of the aptamer-encoding oligo in the case of RNA-SELMA.

Expanding on their covalent DNA SELEX approach, the
Xiang group selected two aptamers for the RBD of SARS-CoV-
2. While the binding constants of the covalent aptamers were
not reported, the analogs without electrophiles installed dis-
played Kps as low as 2.05 nM, comparable to other aptamers
selected for S-protein or receptor binding domain (RBD) of
SARS-CoV-2.*>'*! While it would have been compelling to
compare the dissociation constants of both the unmodified
and the ASF-modified aptamers, quantitative crosslinking of
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Fig. 11 (A) Reactive ASF warheads installation into the backbone of a site-

specifically PS modified DNA library. (B) Schematic depicting SF-aptamer
crosslinking proteins, followed by cleavage, reduction, and alkylation via
N-ethylmaleimide (NEM) for mass spectrometry analysis. (C) SDS-PAGE
analysis of time dependency study of the reaction between S1 and SF-
Seq2-89. (D) SDS-PAGE analysis of specific SF-Seq2-89 crosslinking to the
RBD of S-protein but no other relevant off-target proteins. Parts of this
figure were adapted from ref. 57 from Springer Nature, copyright 2023.

S-protein was observed with 6 equivalents of the aptamer SF-
Seq2 within 3 hours (Fig. 11C). Specificity of SF-Seq2 was
confirmed by incubating the aptamer with various off-target
proteins, including IgG1 Fc, GST, and trypsin (Fig. 11D). It is
interesting that there is more specificity with these aptamers
compared to the streptavidin aptamers selected in MacPher-
son’s RNA-SELMA approach, even though fewer negative selec-
tion rounds were employed.'*°

Mass spec sequencing revealed that the aptamer crosslinked
at positions Y421 and K458, which are conserved residues
across the different SARS-CoV-2 variant strains. These residues
are closely situated in the protein structure, indicating that the
aptamer binds at a proximal site. Though it is not reported how
many warheads are engaged in covalent bond formation,
the authors did note that reducing the number of electrophile
modifications significantly reduced the ability of the aptamer
to crosslink RBD and to inhibit the RBD-ACE2 interaction.
Peptide mapping data showed that several different residues
on the RBD (including K378, R408, Y422, Y424, Y453, and
K458) are modified by the aptamer; however further mass
spectrometry studies are needed to elucidate the relative cross-
linking efficiency at each lysine residue. Overall, the cross-
linking aptamers were capable of blocking the interaction
between S-protein and the ACE2 receptor expressed on cells,
and neutralized SARS-CoV-2 virus with 100-fold more potency
(ICso = 0.93 nM) than their non-covalent counterparts
(ICs50 = 110 nM).
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The modification of PS backbones was also employed in
the generation of ASF-modified covalent aptamers capable of
initializing the autophagic degradation of proteins present on
cell membranes (Fig. 12A).'** Here, covalent aptamers targeting
transferrin receptor 1 (TfR1) and nucleolin (NCL) were gener-
ated through the incorporation of multiple PS modifications at
defined backbone sites and were equipped with ASF warheads
through the same chemistry. Aptamer crosslinking was assessed
with recombinant TfR1 protein (Fig. 12B), comparing the efficien-
cies of aptamers with one or two warheads. Though the cross-
linking efficiency significantly increased with the double
modification, only a 42% crosslinking efficiency was observed
when using an excess of 10 equivalents of the aptamer. In contrast,
the nucleolin aptamer containing two warheads showed an excel-
lent 95% crosslinking efficiency (Fig. 12C). Unfortunately, mass
spec analysis of crosslinked residues was not performed but might
reveal mechanistic insight as to whether the crosslinking efficiency
increases due to targeting of different nucleophilic residues on the
protein, as suggested by molecular modeling studies.

However, despite observing nearly complete target crosslinking
with either aptamer, both covalent aptamers were conjugated with
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Fig. 12 Covalent aptamer mediated autophagic degradation of membrane
proteins. (A) Scheme depicting the synthesis of LC3-recruiting covalent
aptamer chimeras. SDS-PAGE analysis of SuFEx-induced crosslinking to
recombinant (B) TfR1 and (C) NCL. (D) TfR1 and (E) NCL degradation in HelLa
cells emphasizes the necessity for covalent engagement. (F) TfR1 degrada-
tion was also observed in a mouse xenograft model. Parts of this figure were
adapted from ref. 143 with permissions from John Wiley and Sons, copyright
2025.
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LC3 (microtubule-associated protein 1 light chain 3) ligand
(Fig. 12A). Recruitment of LC3 to a protein of interest should
initiate autophagic degradation as the membrane proteins
are internalized through caveolin-mediated endocytosis. LC3
is hypothesized to interact with cargo receptors to recruit the
marked proteins to the autophagosome, resulting in degrada-
tion."**'** Here, degradation of 88% of TfR1 and 76% of NCL
was observed in cell culture (12 h incubation, Fig. 12D and E),
and a significant reduction of TfR1 levels was seen in a mouse
xenograft model (Fig. 12F). Interestingly, HeLa cells treated
with the covalent TfR1 aptamer had an increase in the popula-
tion of S phase cells, indicating that the reduction in TfR1 levels
promoted cell cycle arrest. These results inspired a combined
aptamer treatment with 5-fluorouracil (5-FU), which displays
cell-cycle dependent cytotoxic effects for a synergistic treat-
ment. The co-treatment led to a significant increase in cyto-
toxicity compared to either treatment independently and
concomitant suppression of tumor growth in mice. These
studies represent the second example of covalent aptamers
showing efficacy in vivo, highlighting the therapeutic promise
of this approach.

6. Aptamer-directed protein
crosslinking with a deoxyoxanosine
electrophile

All electrophiles discussed thus far suffer, to varying degrees,
from some instability due to hydrolysis. A recent report devel-
oped a unique solution to this limitation of electrophilic
warheads by synthesizing and incorporating one or more
hydrolysis-resistant, amine-reactive deoxyoxanosine (dOxa)
nucleobases at the 3’ termini of aptamer sequences.’>*>> This
dOxa motif is capable of Watson-Crick base pairing with
deoxycytidine (dC) and therefore was incorporated by exploiting
the sequence similarity between dOxa and deoxyguanosine
(dG). Therefore, the desired number of dC repeats were added
at the 5’ terminus of the aptamer’s ¢cDNA, resulting in DNA
polymerase-mediated addition of the equivalent number of
dOxa repeats being added to the 3’ terminus of the aptamer.
These terminal dOxa repeats are capable of crosslinking lysine
residues on its target protein surface (Fig. 13A).

The authors proposed that the stabilized ring structure
containing the carboxylic ester instilled structural stability and
hydrolysis resistance. To test this, the same aptamers were appended
with a terminal NHS ester or the dOxa moiety for comparison.
The dOxa aptamer reported a 10°-fold increase in stability.

Proof of concept work was performed with two aptamers,
TBA and HD22, which bind different sites on thrombin. Apta-
mer sequences containing 3-12 electrophiles were screened
and the optimal numbers of 4 dOxa for TBA and 10 dOxa for
HD22 were identified. Full crosslinking was observed using
these aptamers with 1 eq. of TBA-dOxa and 2 eq. of HD22-dOxa
after a 4-16 h incubation (Fig. 13B). Mass spec sequencing
analysis revealed K440 (for TBA) and K537 (for HD22) as the
predominantly modified residues, though additional labeling

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scale bar is 20 um. Parts of this figure were adapted from ref. 95 with
permission from the American Chemical Society, copyright 2025.

of K384 was observed with both aptamers and K440 with HD22.
These lysine residues are positioned near the 3’ termini of the
respective bound aptamer partner based on crystal structures
(Fig. 13C).

The success of thrombin crosslinking was followed up by
detection of the cell surface proteins PTK7 and nucleolin with
their respective aptamers, sgc8c and AS1411. Each aptamer was
appended with 10 dOxa repeats on its 3’ terminus,” and >85%
crosslinking of PTK7 and complete crosslinking of nucleolin was
achieved with 4-5 equiv. of covalent aptamer and a 24 h incuba-
tion (Fig. 13D). The long incubation time was surprising, given the
i, of crosslinking for TBA and HD22 were 0.2 h and 1.7 h,
respectively. Adding Cy5-modified cDNA to the two Cy3-labeled,
covalently engaged aptamers at the cell surface enabled imaging of
PTK7 and NLC (Fig. 13E). This revealed that PTK7 was localized at
cell-cell interfaces along the apical membrane, while nucleolin
was concentrated at the cell periphery on the basal membrane.

6. Aptamer-directed label transfer
and protein crosslinking with N-acyl
N-alkyl sulfonamides (NASA)

While the reports of covalent aptamers discussed thus far have
solely consisted of nucleic acid-protein crosslinking, the use of
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cleavable electrophilic warheads allows for aptamer-mediated
covalent label transfer of a small molecule to a protein of
interest. The NASA electrophile is part of a suite of warheads
used for ligand-directed (LD) label transfer, a method estab-
lished by the Hamachi lab for the covalent labeling of endo-
genous proteins.”> 007108146

The first use of NASA-functionalized aptamers, published by
the Deiters lab, targeted thrombin as a proof-of-concept study.
The same TBA sequence, later used by the Taki and Oh
labs,”>?91% was site-specifically equipped with a NASA elec-
trophile through incorporation of an EdU nucleobase followed
by functionalization through a Cu-catalyzed [3+2] cyclo-
addition.""” The cleavable electrophile, once brought in proxi-
mity to the protein surface by aptamer binding, covalently
transfers a label onto a nearby lysine (Fig. 14A). A set of six
TBA positional isomers was synthesized and a structure-activity
relationship study revealed that TBA(3)-NASA, with the electro-
phile at position 3, showed the most efficient biotinylation of
thrombin (Fig. 14B), TBA(7), TBA(12) and TBA(13) showed some
labeling, while TBA(4) and TBA(9) showed no labeling. The lack
of activity observed with TBA(9) was later confirmed by the Taki
lab, as their TBA(9)-ASF showed little crosslinking activity, which
can likely be attributed to TBA(9) positioning the electrophile distal
to the aptamer-protein interface (Fig. 10C and 14C)."**'*” While
TBA(4) is located near the aptamer-protein interface, it is possible
that no labeling is observed due to modification of this nucleobase

({_/(o
HN

dissociation

0= biotin, fluorophore, etc.

t2=9.6 mm““__'____ii
9 12 13 electrophile position on TBA e B
= = labeled thrombin
——————— ~== stained thrombin

'w

1M
405 uM

pooT
A7 t,=34min

normalized density

0 30 60 90 120
time / min

Fig. 14 Covalent aptamer-mediated thrombin labeling. (A) Schematic
depicting generation and POI labeling of NASA-functionalized aptamers.
(B) Structure—activity relationship of the positional TBA isomers biotinylating
thrombin. (C) Labeling kinetics of TBA with either 500 nM (blue) or 1 uM (red)
of aptamer. (D) Crystal structure of TBA (light blue) bound to prothrombin
(pink). Position 3 on TBA is highlighted red. Biotinylated residues are high-
lighted in orange (PDB 1HAQ). Parts of this figure were adapted from ref. 147
with permission from John Wiley and Sons, copyright 2021.
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potentially interrupting key binding interactions with R75 and R77
on thrombin."*" Interaction of these residues with TBA(13) could
also cause the decreased labeling observed with that positional
isomer.

The fast label transfer observed with TBA(3)-LDNASA
(t12 = 34 min, Fig. 14D) outcompetes nuclease catalyzed
degradation, which provides opportunities for future in vivo
applications.’*®'*° Mass spec analysis determined that resi-
dues K149, K109, K110, and K36 were biotinylated, with K149
being the prime target (91%) (Fig. 14C). Unfortunately, K149 is
not present in the crystal structure; however, the other residues,
K109, K110, K81, and K36, are found along the interface of the
protein-aptamer interaction. Labeling of these lysine residues
is supported by the crystal structure, which shows the electro-
phile modification at TBA(3) oriented towards these residues
(Fig. 14C). Additional mass spec sequencing of the residues
labeled by the other positional isomers of TBA would provide
insightful data towards the binding and labeling chemistry. Intact
mass spec analysis revealed that 81% of thrombin molecules were
biotinylated, with an average of 1.4 biotins per thrombin following
incubation with 2 eq. of aptamer for 1 h. The biotinylated residues
determined by the Deiters lab are positioned closely to the Y88 and
H91 residues that were crosslinked by the TBA(3)-ASF, corroborat-
ing the crystal structure that shows the aptamer binds proximal to
these residues."**"*

The Deiters lab next inverted the NASA warhead for mod-
ification of the same TBA-EdUs, providing the ability to cross-
link the nucleic acid ligand to thrombin (Fig. 15A)."*” The six
positional isomers showed a comparable SAR to the label-
transferring aptamers, demonstrating generally applicable
reactivity (Fig. 15A). Near complete crosslinking was observed
after 1 h with TBA(3), TBA(7), TBA(12), and TBA(13), all forming
a 1:1 aptamer-protein complex. To investigate the functional
effect of covalent aptamer binding, a clotting assay of thrombin’s
proteolytic activity to convert fibrinogen to fibrin was per-
formed."™ In this assay, the NASA-crosslinked aptamers improved
inhibition of thrombin’s enzymatic activity (12 min clotting time,
Fig. 15B) compared to the unmodified aptamer (6 min)."*” Similar
assays were also performed by the Taki and Oh labs with their ASF-
modified and dOxa-modified TBA aptamers to inhibit thrombin,
showing similar trends (Fig. 15C).>"*° Importantly, the Taki lab
showcased the maintained ability of the crosslinked-TBA to inhibit
thrombin in the presence of nucleases, while unmodified TBA was
unable to do so (Fig. 15D)."*°

While this instability of aptamers towards nucleases has tradi-
tionally been addressed with chemical modifications,*>*>® these
studies suggest that crosslinking of aptamer to its protein target
could instill increased stability towards nuclease activity. First,
the Deiters lab assessed the stability of their aptamer-thrombin
complexes towards nuclease-mediated degradation in human
serum.’” The NASA-mediated crosslinked aptamer—protein
complex maintained integrity for over 24 hours in human
plasma, whereas non-crosslinking aptamer was degraded in just
2 hours under the same conditions (Fig. 15E). These results were
independently confirmed by the Taki lab, who also showed
stability of the covalent thrombin-aptamer complexes to
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Chemical Society, copyright 2025, and John Wiley and Sons, copyright 2021.

recombinant nucleases for 24 hours (Fig. 15F)."*" Thus, covalent
aptamers could facilitate the clinical translation of aptamers as
therapeutic options should the unexpected stability of cross-
linked aptamer-protein complexes be a general phenomenon.

The next implementation of NASA-modified aptamers tar-
geted the cell-surface expressed cancer biomarker PTK7. The
PTK7-targeting aptamer sgc8c was site-specifically modified
with OdU nucleobases for conjugation to the NASA-biotin
electrophile.' SAR studies revealed that position 27 afforded
the most efficient biotin transfer and was therefore chosen for
further study (Fig. 16A). Similar ECs, values were observed for
both recombinant protein labeling and labeling of PTK7 on cell
surfaces along with a ¢;,, of 103 minutes (Fig. 16B and C),
showing promise for biological applications that require over-
coming nuclease susceptibility. Mass spec sequencing showed
biotinylation of residues K501 and K636 (Fig. 16D). While the
binding site of sgc8c on PTK?7 is yet to be determined, this data
suggests it to be near the Ig6 and Ig7 extracellular domains.
Aptamer-mediated biotinylation of cancer cell surfaces was
used to recruit a streptavidin-small molecule conjugate, specifically
SA-TMR (tetramethyl rhodamine). Internalization of SA-TMR to
endosomes was observed two hours post-labeling, indicating
promise for targeted drug delivery (Fig. 16E and F).'>> While this
exciting proof-of-concept work has showcased highly efficient
biotinylation of a cell surface biomarker, this work can and should
be expanded to other cell surface targets with more biologically
relevant small molecule labels.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00133a

Open Access Article. Published on 30 September 2025. Downloaded on 2/5/2026 4:55:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

A LDNASA position
on sgc8c

biotinylated PTK7 **
total PTK7 i e W 0 0 00 0 & 9

2 4 8 112730323738
L L

o]
(2]

2
2 1.00 E
5 S 1.00
S 0.75 3
R osel / 5 075
g o 8 0.50
T ECgo = 251 5 "
g 025 = g o025 tyz = 103 min
2 0.00 2 0.00
00 05 1.0 15 20 0 60 120 180 240
aptamer concentration (UM) time (min)
193 F

transmembrane |
domain H

o o T extracellular
- domain

pseudokinase
domain

E apt

electrophilic
warhead and label

antigen
/ fumoricall covalent transfer
_—
Fomid\ Py

Fig. 16 Covalent aptamer-mediated PTK7 labeling. (A) Position-dependent
reactivity of sgc8c-NASA mediated PTK7 labeling. (B) ECso determination and
(C) ty2 of label transfer to PTK7 expressed on HEK293T cell surfaces. (D) Mass
spec analysis of labeled residues on PTK7. (E) Schematic of PTK7 labeling and
internalization. (F) Endosomal internalization of SA-TMR on biotinylated cells
surfaces. Parts of this figure were adapted from ref. 152.

proximity enabled

receptor and label
internalization
T

ApTACs, aptamers modified with E3-recruiting ligands, are
capable of inducing degradation of the target protein, similar to
a PROTAC."*"* More recently, Huang, et al. synthesized a
NASA electrophile capable of transferring a Von Hippel-Lindau
(VHL) ligand to recruit E3 ligands to a covalently modified
protein of interest (Fig. 17A)."*>'°® They opted to target the
Z-DNA binding protein 1 (ZBP1) due to its role in viral infection
and performed a traditional SELEX selection to generate their
new ZBP1-targeting aptamers."”” "> The aptamer library was struc-
tured based on the consensus Z-DNA conformation that ZBP1 is
known to bind and resulted in 5 potential aptamers that were
further characterized via SPR. The best aptamer had a K, of 2 nM, a
20-fold increase in affinity compared to the consensus Z-DNA
sequence (Kp = 48 nM, Fig. 17B), and was functionalized with a
terminal DBCO to install an azido carrying NASA-VHL. To show-
case the ability to degrade ZBP1 on cells, the protein was
upregulated with CBL0137, a small molecule that induces
Z-DNA formation in cells, and subsequently treated with either
their covalent aptamer or an analog conjugated to the VHL ligand
with no electrophile present.’®® While the non-covalent aptamer
did induce some degradation of ZBP1, there was a 3-fold increase
in degradation when the VHL ligand was covalently transferred to
ZBP1 (Fig. 17C). Covalent transfer was confirmed by mutating
nucleophilic amino acids in the ZBP1 sequence, which reduced label
transfer (Fig. 17D). The authors further studied the downstream
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Fig. 17 Aptamer-medicated covalent transfer of VHL ligands for the
degradation of target proteins. (A) Structure of NASA-VHL electrophile.
(B) SPR analysis of aptamer Z3. (C) Degradation of ZBP1 as measured by
western blot. (D) Comparison of relative fluorescence intensity of wild-type
or mutated ZBP1 incubated with Z3-NASA-Cy3 (mimicking C-PROTAC) or
Z3-Cy3 (mimicking PROTAC). (E) Survival of HIN1-infected cells treated with
the indicated aptamer. (F) Survival of infected mice treated with nanolipo-
some containing covalent aptamer. Parts of this figure were reproduced
from ref. 155 from John Wiley and Sons, copyright 2025.

signaling effects due to ZBP1 degradation and its positive impact on
the survival of cells infected with the H1N1 virus (Fig. 17E).

For in vivo experiments, the covalent aptamer was encapsulated
in liposomes for delivery and administered to mice with an
induced inflammatory response. The nanoliposome was stable in
mice for 72 h, an impressive feat compared to the 1 h half live of
aptamers in serum."**'*° Treated mice showed improved survival
toward infection (Fig. 17F), demonstrating the potential of a new
class of antiviral agents using aptamers as targeting agents for
infected cells.

Outside of aptamers, an RNA ligand based off of the RNA
consensus binding element of an RBP was functionalized with a
NASA electrophile capable of transferring a hydrophobic tag to
its cognate binding proteins, Lin28a, leading to degradation of
this protein."*® As Lin28a inhibits productions of let-7 miRNA,
there was a subsequent increase in these mature miRNAs, which
act as tumor suppressors. ®"

7. Aptamer-directed attempts at
catalytic protein labeling

Two labs designed systems for catalyzing covalent label transfer
from aptamer to target protein. As opposed to tethering an

RSC Chem. Biol., 2026, 7, 9-30 | 23


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00133a

Open Access Article. Published on 30 September 2025. Downloaded on 2/5/2026 4:55:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

label transfer

apt dissociation

thioester
substrate N7

PyOX diPyOX
D
- + - 4+ - 4+ - + TBA(12)
BSA
- . IS ~  thrombin

papain

fluorescence coomassie
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catalysts and substrates. SDS-PAGE analysis of the specificity of (D)
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massie stain. (E) Crystal structure of TBA (light blue) complexed with
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residues as determined by mass spec analysis are highlighted orange
(TBA(3)-LDNASA), blue (TBA(3)-ASF), or cyan (TBA(3)-diPyOx) (PDB
1HAOQ). Parts of this figure were reproduced from ref. 163.

electrophile to the oligonucleotide itself, the Albada lab func-
tionalized TBA with organocatalysts. Using a system inspired by
foundational work of the Hamachi lab,'® the group tested their
aptamer-mediated workflow with two acyl-transfer catalysts,
4-(N,N-dimethylamino)pyridine (DMAP) and 4-pyridinecarb-
aldehyde oxime (PyOx) (Fig. 18A and B).'®® Organocatalysts
were synthesized with azide handles and attached at individual
alkyne-modified thymidine residues in the TBA sequence via
CuAAC reactions. The “clicked” catalyst activated an acyl donor
substrate as a charged intermediate with increased reactivity,
which in turn is attacked by proximal nucleophilic residue on
the bound protein (Fig. 18C)."®® Thioester and NASA substrates
are activated by DMAP and PyOx, respectively. The organocata-
lyst-aptamer complex can repeat the activation process with
another substrate molecule or can dissociate and bind another
protein. This would, in theory, enable lower aptamer concen-
trations, decreasing the likelihood of off-target labeling.

Both TBA(3)-DMAP and TBA(12)-DMAP were synthesized
and first incubated with thrombin followed by addition of the
azido-thioester substrate. Protein labeling was visualized by gel

24 | RSC Chem. Biol., 2026, 7, 9-30

View Article Online

RSC Chemical Biology

shift after conjugation of BCN-PEG2000 and modification of
27-49% of thrombin was observed. However, up to 20% of
thrombin labeling was the result of simple background reac-
tion between the target protein from the azido-thioester sub-
strate. Despite the background activation, catalyst-clicked
aptamers showed specific fluorophore transfer to thrombin in
the presence of multiple off-target proteins, which suggests that
the presence of the aptamer directs the activated thioester
towards thrombin faster than the background reaction occurs.
However, a large excess of catalyst (3 eq.) was needed for
efficient labeling, rendering the reaction non-catalytic.

While there was no decrease in background labeling with
the PyOX catalyst paired with a NASA electrophile, labeling
efficiency was further reduced (18-28%). To counteract this,
aptamers functionalized with two PyOX catalysts, instead of
one, were assembled, which resulted in near quantitative
labeling of thrombin (93%) in the presence of multiple off-
target proteins (Fig. 18D). Mass spec sequencing showed that
K106 for TBA(3)-diPyOX and K12 and K77 for TBA(12)-diPyOX
were the primary targets, indicating the positioning of the
catalyst on the aptamer directly influences which lysine resi-
dues on the target is labeled.'®® While the Taki lab (Y88 and
H91, blue), Deiters lab (K36, K109-110, and K149, orange), and
Albada lab (K106, red) all used TBA modified with an electro-
phile at position 3, the labeling of different residues on
thrombin was observed. However, all were positioned along
the same surface of the protein (Fig. 18D)."*%'*”1% This could
be due to the different size of the warheads and linker designs,
or a result of the different covalent chemistries. Regardless, the
potential for background labeling in the absence of the catalyst
and the necessity to use an excess of the catalyst-aptamer
conjugate leaves room for further optimization.

The Ju lab also developed an aptamer-based, proximity-
enabled catalytic labeling approach, utilizing a design that resem-
bles APEX and related methodologies.'®* Here, the aptamers
KH1C12 and T2-KK1B10, which target the HL60 and K562 leuke-
mia cell lines, respectively, were conjugated to horse radish
peroxidase (HRP) using a maleimidomethyl-NHS-ester bifunc-
tional linker (Fig. 19A). When incubated with biotin-phenol (BP)
in the presence of hydrogen peroxide (H,0,), HRP catalyzes the
formation of BP hydroxyl radicals, which undergo covalent bond
formation with protein surface residues (Fig. 19B). The catalytic
aptamers were evaluated for specificity in mixed cell populations
to show labeling of only the appropriate target leukemia cell line
(Fig. 19C), where the short lifetime of the radical intermediates
ensure cellular specificity. Quantification of labeling showed that
over 97% of target cells were labeled with 95% accuracy. However,
mass spec analysis of the identity of target proteins was not
performed, which would have provided detailed information on
the aptamer interaction partners.'®*

8. Summary

Covalent protein-nucleic acid complexes have previously been
reviewed in the context of structural analyses'®® and as covalent

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Radical labeling of tyrosine residues. (A) Schematic of aptamer-
HRP synthesis through a maleimidomethyl-NHS-ester bifunctional linker.
(B) Structure of phenol-label and corresponding radical formation. (C)
Schematic of horseradish peroxidase-aptamer (HRP-apt) induced covalent
labeling of tumor cells. (D) Targeted labeling of mixed cell population
(target: HL60, non-target: K562 cells, pre-stained with green cell
membrane dye DiD). BP labeling visualized with SA-Cy3 (red). Scale bars:
20 um. Parts of this figure were reproduced from ref. 164 with permission
from American Chemical Society, copyright 2023.

tags for protein functionalization."®® Here, we specifically sum-

marized the recently emerging modification of aptamers with
electrophilic warheads, which holds promise in diagnostic and
therapeutic applications due to the synthetic accessibility
and ease of chemical modification, while retaining the high
specificity and affinity of aptamers towards their protein tar-
gets. Aptamers offer opportunities to target proteins that have
traditionally been considered ‘“undruggable” by small molecule
ligands. Additionally, compared to their antibody counterparts,
aptamers lack strongly nucleophilic sites, enabling the installa-
tion of select electrophilic warheads. For instance, the pseudo-
kinase PTK7 does not have a known small molecule ligand,
but its aptamer has seen widespread applications, e.g., as an
imaging and drug delivery agent.>**®*”'>> Both crosslinking
and label transferring aptamers have been utilized for bio-
logical applications, including directed cargo internalization,
sensitive detection of specific cells, and inhibition of enzyme
activity.”>'*>'*” Thus far, covalent aptamers have been developed
targeting a variety of proteins including PDGF-BB, thrombin,
PTK7, S-protein, streptavidin, mAbs, TfR1, nucleolin, and ZPB1,
and some targeting whole tumor cells, including DLD-1, HCT116,
HL60, and K562 cells. While the vast majority of covalent apta-
mers were created from literature-reported non-covalent counter-
parts, dedicated SELEX approaches for the de novo selection of
covalent aptamers have been reported as well.>”**°

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In nearly all examples, the addition of covalency enhanced
the functionality of covalent aptamers compared to their non-
covalent counterparts, including an increased stability of the
aptamer to nucleases, overcoming one of the major hurdles for
therapeutic success. For instance, accumulation of covalent
aptamers was observed at tumor sites in mice despite renal
filtration and/or degradation of its non-covalent counterpart.™**
Additionally, multiple labs showcased an increased stability
of aptamers towards nuclease degradation when covalently
crosslinked to their target protein.'*”'*' Thus, the covalency
has led to improved pharmacokinetic properties with promise
for increased in vivo efficacy.

Covalent aptamers have the potential to be further developed
into therapeutic agents for targeted drug-delivery, immune cell
recruitment, protein degradation, among many other applica-
tions. For example, covalent aptamers targeting the S-protein
and the RBD domain of SARS-CoV-2 were developed and showed
increased detection sensitivity and enhanced virus neutralization
compared to their non-covalent analogs.’”'?” Moreover, aptamer
crosslinking or transfer of ligands has been utilized for targeted
protein degradation, leading to cancer cell killing and a reduction
of tumor burden in mouse xenografts."***>

Covalent engagement of the target protein effectively sets ko
rates to zero, eliciting more pronounced biological effects. The
reports of electrophile-modified aptamers summarized here
demonstrate quick kinetics, high labeling yields, and broad
applicability, although there is still room for further improve-
ment. The majority of the reported covalent aptamers have
been DNA aptamers, but with careful electrophile selection this
technology could be expanded to RNA aptamers, keeping in
mind previous studies that have utilized electrophiles for
selective and covalent modification of RNA.*>"%® As RNA tends
to be more prone to degradation, covalent bond formation
between the RNA and protein of interest will theoretically
increase the stability of these nucleic acid probes. RNA is
capable of folding into more complex three-dimensional struc-
tures than DNA, which could facilitate the discovery of more
covalent aptamer-protein pairs. Additionally, some studies
discussed in this review did not report mass spec analysis of
the modified protein. While few protein-aptamer structures
have been elucidated, label transfer offers a unique ability to
map interaction sites, as shown in the example of PTK7. For
aptamers that have unknown target proteins since they were
discovered by cell-SELEX processes, covalent bond formation
could play an integral role in target identification via mass spec
sequencing.'®” There are several additional electrophiles that
should be explored, such as recently reported dibromophenyl
benzoates, benzotriazoles, and N-acyl-N-aryl sulfonamides.*®'%%11°
These electrophiles have increased reactivity and/or stability com-
pared to other warheads and have the potential to increase the
efficiency or specificity of aptamer-mediated protein modification. It
is important to point out that higher reactivity of the electrophile
could result in covalent bond formation to off-target proteins,
amplifying negative side effects that may not be observed with
non-covalent counterparts. For this reason, it is of the utmost
importance and interest to develop and utilize aptamers with
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specificity that rivals that of small molecule covalent drugs. The off-
target toxicities of covalent small molecule inhibitors have been
mitigated through the use of reversible covalent inhibitors, which is
another reactive motif that could be used here as well."*®

While outside the scope of this review, covalent bonds
between aptamers and proteins have been establish using
photocrosslinkers, such as azides,"®*'”° diazirines,"””""”> and
5-iodo- or 5-bromo-2’-deoxyuridines.””**”® In addition, photo-
crosslinking has been integrated into the SELEX process,"”*
suggesting the ability to develop new aptamers to replace those
that cannot be modified with photoreactive groups.

Looking ahead, the continued development of covalent apta-
mers will benefit from systematic improvements in electrophile
selection and SELEX methodologies. Key priorities include opti-
mizing the balance between reactivity and selectivity to minimize
off-target effects, expanding the use of mass spectrometry for
comprehensive target characterization, and conducting thorough
pharmacokinetic studies in relevant disease models. As more
structure-activity relationships are established, covalent aptamers
may prove useful for targeting proteins that remain challenging
for conventional small molecules and antibodies. While signifi-
cant questions remain regarding their clinical translation, the
combination of aptamer specificity with covalent engagement
offers a distinct approach that warrants further investigation
across therapeutic and diagnostic applications.

Conflicts of interest

There are no conflicts to declare.

Data availability

No primary research results, software or code have been included
and no new data were generated or analyzed as part of this review.

Acknowledgements

We thank the National Institutes of Health for financial support
(RO1GM145086). Some figures were generated, in part, using
https://BioRender.com.

References

1 A. D. Ellington and J. W. Szostak, Nature, 1990, 346,
818-822.

2 C. Tuerk and L. Gold, Science, 1990, 249, 505-510.

3 C. Chandola, S. Kalme, M. G. Casteleijn, A. Urtti and
M. Neerathilingam, J. Biosci., 2016, 41, 535-561.

4 S. Yoon and ]J. J. Rossi, Adv. Drug Delivery Rev., 2018, 134,
22-35.

5 T. H. Ku, T. Zhang, H. Luo, T. M. Yen, P. W. Chen, Y. Han
and Y. H. Lo, Sensors, 2015, 15, 16281-16313.

6 S.Ni, Z. Zhuo, Y. Pan, Y. Yu, F. Li, J. Liu, L. Wang, X. Wu,
D. Li, Y. Wan, L. Zhang, Z. Yang, B. T. Zhang, A. Lu and
G. Zhang, ACS Appl. Mater. Interfaces, 2021, 13, 9500-9519.

26 | RSC Chem. Biol., 2026, 7, 9-30

View Article Online

RSC Chemical Biology

7 S.M. Nimjee, R. R. White, R. C. Becker and B. A. Sullenger,
Annu. Rev. Pharmacol. Toxicol., 2017, 57, 61-79.

8 Y. X. Wu and Y. J. Kwon, Methods, 2016, 106, 21-28.

9 C. Cheng, Y. H. Chen, K. A. Lennox, M. A. Behlke and
B. L. Davidson, Mol. Ther. - Nucleic Acids, 2013, 2, e67.

10 M. Sola, A. P. Menon, B. Moreno, D. Meraviglia-Crivelli,
M. M. Soldevilla, F. Carton-Garcia and F. Pastor, Mol
Ther. — Nucleic Acids, 2020, 21, 192-204.

11 K. N. Morris, K. B. Jensen, C. M. Julin, M. Weil and L. Gold,
Proc. Natl. Acad. Sci. U. S. A., 1998, 95, 2902-2907.

12 N. Komarova, D. Barkova and A. Kuznetsov, Int. J. Mol. Sci.,
2020, 21, 8774.

13 T. Schiitze, B. Wilhelm, N. Greiner, H. Braun, F. Peter,
M. Morl, V. A. Erdmann, H. Lehrach, Z. Konthur, M.
Menger, P. F. Arndt and ]. Glokler, PLoS One, 2011, 6,
€29604.

14 A. D. Keefe, S. Pai and A. Ellington, Nat. Rev. Drug Dis-
covery, 2010, 9, 537-550.

15 E.W. Ng, D. T. Shima, P. Calias, E. T. Cunningham, Jr., D. R.
Guyer and A. P. Adamis, Nat. Rev. Drug Discovery, 2006, 5,
123-132.

16 A. Mullard, Nat. Rev. Drug Discovery, 2023, 22, 774.

17 F. Mahmoudian, A. Ahmari, S. Shabani, B. Sadeghi,
S. Fahimirad and F. Fattahi, Cancer Cell Int., 2024, 24, 108.

18 E. S. Gragoudas, A. P. Adamis, E. T. Cunningham, ]Jr.,
M. Feinsod, D. R. Guyer and V. L. S. i. O. N. C. T. Group,
N. Engl. J. Med., 2004, 351, 2805-2816.

19 R. K. Stuart, K. Stockerl-Goldstein, M. Cooper, M. Devetten,
R. Herzig, B. Medeiros, G. Schiller, A. Wei, G. Acton and
D. Rizzieri, J. Clin. Oncol., 2009, 27.

20 M. Y. Chan, C. P. Rusconi, J. H. Alexander, R. M. Tonkens,
R. A. Harrington and R. C. Becker, J. Thromb. Haemostasis,
2008, 6, 789-796.

21 J. E. Rosenberg, R. M. Bambury, E. M. Van Allen,
H. A. Drabkin, P. N. Lara Jr., A. L. Harzstark, N. Wagle,
R. A. Figlin, G. W. Smith, L. A. Garraway, T. Choueiri,
F. Erlandsson and D. A. Laber, Invest. New Drugs, 2014, 32,
178-187.

22 G. Zhu, G. Niu and X. Chen, Bioconjugate Chem., 2015, 26,
2186-2197.

23 Y. F. Huang, D. Shangguan, H. Liu, J. A. Phillips, X. Zhang,
Y. Chen and W. Tan, ChemBioChem, 2009, 10, 862-868.

24 J.T. W. Tong, P. W. R. Harris, M. A. Brimble and I. Kavianinia,
Molecules, 2021, 26, 5847.

25 J.Y. Park, J. R. Chae, Y. L. Cho, Y. Kim, D. Lee, J. K. Lee and
W. J. Kang, Pharmaceutics, 2020, 12, 985.

26 J. Zhou and ]. Rossi, Nat. Rev. Drug Discovery, 2017, 16,
181-202.

27 W. Zhang, Q. X. Liu, Z. H. Guo and J. S. Lin, Molecules,
2018, 23, 344.

28 W. Zhou, P. J. Huang, J. Ding and J. Liu, Analyst, 2014, 139,
2627-2640.

29 S. Tombelli, M. Minunni and M. Mascini, Biomol. Eng.,
2007, 24, 191-200.

30 A. Z. Wang and O. C. Farokhzad, J. Nucl. Med., 2014, 55,
353-356.

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://BioRender.com
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00133a

Open Access Article. Published on 30 September 2025. Downloaded on 2/5/2026 4:55:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53
54

D. Kim, Y. Y. Jeong and S. Jon, ACS Nano, 2010, 4,
3689-3696.

M. A. Nakatsuka, R. F. Mattrey, S. C. Esener, J. N. Cha and
A. P. Goodwin, Adv. Mater., 2012, 24, 6010-6016.

H. Shi, X. He, K. Wang, X. Wu, X. Ye, Q. Guo, W. Tan,
Z. Qing, X. Yang and B. Zhou, Proc. Natl. Acad. Sci. U. S. A.,
2011, 108, 3900-3905.

B. Chakraborty, S. Das, A. Gupta, Y. Xiong, T. V. Vyshnavi,
M. E. Kizer, J. Duan, A. R. Chandrasekaran and X. Wang,
ACS Infect. Dis., 2022, 8, 667-692.

S. Tombelli, M. Minunni, E. Luzi and M. Mascini, Bioelec-
trochemistry, 2005, 67, 135-141.

C. Nicol, O. Cesur, S. Forrest, T. A. Belyaeva, D. H. Bunka,
G. E. Blair and N. J. Stonehouse, PLoS One, 2013, 8, €64781.
P. Bellecave, C. Cazenave, ]J. Rumi, C. Staedel, O.
Cosnefroy, M. L. Andreola, M. Ventura, L. Tarrago-Litvak
and T. Astier-Gin, Antimicrob. Agents Chemother., 2008, 52,
2097-2110.

J. Kirkegaard and N. Rozlosnik, Methods Mol. Biol., 2017,
1572, 55-70.

M. Sun, S. Liu, X. Wei, S. Wan, M. Huang, T. Song, Y. Lu,
X. Weng, Z. Lin, H. Chen, Y. Song and C. Yang, Angew.
Chem., Int. Ed., 2021, 60, 10266-10272.

Y. Song, J. Song, X. Wei, M. Huang, M. Sun, L. Zhu, B. Lin,
H. Shen, Z. Zhu and C. Yang, Anal. Chem., 2020, 92,
9895-9900.

N. E. Trunzo and K. L. Hong, Int. J. Mol. Sci., 2020, 21, 5074.
Y. Ning, L. Cheng, M. Ling, X. Feng, L. Chen, M. Wu and
L. Deng, Pathog. Dis., 2015, 73, ftv034.

A. T. Bayrac and S. 1. Donmez, Anal. Biochem., 2018, 556,
91-98.

H. Ma, J. Liu, M. M. Ali, M. A. Mahmood, L. Labanieh,
M. Lu, S. M. Igbal, Q. Zhang, W. Zhao and Y. Wan, Chem.
Soc. Rev., 2015, 44, 1240-1256.

L. Kelly, K. E. Maier, A. Yan and M. Levy, Nat. Commun.,
2021, 12, 6275.

E. Sicco, A. Monaco, M. Fernandez, M. Moreno, V. Calzada
and H. Cerecetto, Sci. Rep., 2021, 11, 19942.

E. Sicco, J. Baez, M. Ibarra, M. Fernandez, P. Cabral,
M. Moreno, H. Cerecetto and V. Calzada, Cancer Biother.
Radiopharm., 2020, 35, 262-270.

S. E. Lupold, B. J. Hicke, Y. Lin and D. S. Coffey, Cancer
Res., 2002, 62, 4029-4033.

R. Ueki and S. Sando, Chem. Commun., 2014, 50, 13131-13134.
S. E. Wilner, B. Wengerter, K. Maier, M. de Lourdes Borba
Magalhaes, D. S. Del Amo, S. Pai, F. Opazo, S. O. Rizzoli,
A. Yan and M. Levy, Mol. Ther. — Nucleic Acids, 2012, 1, e21.
G. Mahlknecht, R. Maron, M. Mancini, B. Schechter,
M. Sela and Y. Yarden, Proc. Natl Acad. Sci. U. S. A,
2013, 110, 8170-8175.

C. L. Esposito, D. Passaro, I. Longobardo, G. Condorelli,
P. Marotta, A. Affuso, V. de Franciscis and L. Cerchia, PLoS
One, 2011, 6, €24071.

L. Liu, Protein Cell, 2018, 9, 15-32.

H. Kaur, J. G. Bruno, A. Kumar and T. K. Sharma,
Theranostics, 2018, 8, 4016-4032.

© 2026 The Author(s). Published by the Royal Society of Chemistry

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70
71

View Article Online

Review

V. B. Pinheiro and P. Holliger, Trends Biotechnol., 2014, 32,
321-328.

S. Diafa and M. Hollenstein, Molecules,
16643-16671.

Z. Qin, K. Zhang, P. He, X. Zhang, M. Xie, Y. Fu, C. Gu,
Y. Zhu, A. Tong, H. Wei, C. Zhang and Y. Xiang, Nat. Chem.,
2023, 15, 1705-1714.

B. N. Gawande, J. C. Rohloff, J. D. Carter, I. von Carlowitz,
C. Zhang, D. J. Schneider and N. Janjic, Proc. Natl. Acad.
Sci. U. S. A., 2017, 114, 2898-2903.

J. C. Rohloff, A. D. Gelinas, T. C. Jarvis, U. A. Ochsner,
D. ]J. Schneider, L. Gold and N. Janjic, Mol. Ther. - Nucleic
Acids, 2014, 3, e201.

L. Gold, D. Ayers, J. Bertino, C. Bock, A. Bock, E. N. Brody,
J. Carter, A. B. Dalby, B. E. Eaton, T. Fitzwater, D. Flather,
A. Forbes, T. Foreman, C. Fowler, B. Gawande, M. Goss,
M. Gunn, S. Gupta, D. Halladay, ]J. Heil, J. Heilig, B. Hicke,
G. Husar, N. Janjic, T. Jarvis, S. Jennings, E. Katilius,
T. R. Keeney, N. Kim, T. H. Koch, S. Kraemer, L. Kroiss,
N. Le, D. Levine, W. Lindsey, B. Lollo, W. Mayfield,
M. Mehan, R. Mehler, S. K. Nelson, M. Nelson, D.
Nieuwlandt, M. Nikrad, U. Ochsner, R. M. Ostroff,
M. Otis, T. Parker, S. Pietrasiewicz, D. I. Resnicow,
J. Rohloff, G. Sanders, S. Sattin, D. Schneider, B. Singer,
M. Stanton, A. Sterkel, A. Stewart, S. Stratford, J. D. Vaught,
M. Vrkljan, J. J. Walker, M. Watrobka, S. Waugh, A. Weiss,
S. K. Wilcox, A. Wolfson, S. K. Wolk, C. Zhang and D. Zichi,
PLoS One, 2010, 5, €15004.

R. M. Ostroff, W. L. Bigbee, W. Franklin, L. Gold,
M. Mehan, Y. E. Miller, H. I. Pass, W. N. Rom,
J. M. Siegfried, A. Stewart, J. J. Walker, J. L. Weissfeld,
S. Williams, D. Zichi and E. N. Brody, PLoS One, 2010,
5, €15003.

B. Lollo, F. Steele and L. Gold, Proteomics, 2014, 14,
638-644.

D. Smith, G. P. Kirschenheuter, J. Charlton, D. M. Guidot
and J. E. Repine, Chem. Biol., 1995, 2, 741-750.

B. E. Eaton, L. Gold, B. ]J. Hicke, N. Janjic, F. M. Jucker,
D. P. Sebesta, T. M. Tarasow, M. C. Willis and D. A. Zichi,
Bioorg. Med. Chem., 1997, 5, 1087-1096.

L. Fang, W. A. Velema, Y. Lee, L. Xiao, M. G. Mohsen, A. M.
Kietrys and E. T. Kool, Nat. Chem., 2023, 15, 1374-1383.
N. A. Springer, P. R. A. Zanon, A. Taghavi, K. Sung and
M. D. Disney, bioRxiv, preprint, 2025.2004.2022.649986,
2025, DOI: 10.1101/2025.04.22.649986.

R. Bereiter, L. Flemmich, K. Nykiel, S. Heel, S. Geley,
M. Hanisch, C. Eichler, K. Breuker, A. Lusser and R. Micura,
Nat. Chem. Biol., 2025, 21, 843-854.

R. Bereiter and R. Micura, Beilstein J. Org. Chem., 2025, 21,
727-735.

L. Flemmich and R. Micura, Beilstein J. Org. Chem., 2025,
21, 483-489.

T. A. Baillie, Angew. Chem., Int. Ed., 2016, 55, 13408-13421.
L. P. Deimel, L. Moynié, G. Sun, V. Lewis, A. Turner,
C. J. Buchanan, S. A. Burnap, M. Kutuzov, C. M. Kobras,
Y. Demyanenko, S. Mohammed, M. Stracy, W. B. Struwe,

2015, 20,

RSC Chem. Biol., 2026, 7,9-30 | 27


https://doi.org/10.1101/2025.04.22.649986
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00133a

Open Access Article. Published on 30 September 2025. Downloaded on 2/5/2026 4:55:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

72

73

74

75

76

77

78

79

80

81

A. J. Baldwin, J. Naismith, B. G. Davis and Q. J. Sattentau,
Nat. Commun., 2024, 15, 6851.

N. V. Mehta and M. S. Degani, Drug Discovery Today, 2023,
28, 103799.

K. Shiraiwa, R. Cheng, H. Nonaka, T. Tamura and
I. Hamachi, Cell Chem. Biol., 2020, 27, 970-985.

F. Sutanto, M. Konstantinidou and A. Domling, RSC Med.
Chem., 2020, 11, 876-884.

A. O. Walter, R. T. Sjin, H. J. Haringsma, K. Ohashi, J. Sun,
K. Lee, A. Dubrovskiy, M. Labenski, Z. Zhu, Z. Wang,
M. Sheets, T. St Martin, R. Karp, D. van Kalken,
P. Chaturvedi, D. Niu, M. Nacht, R. C. Petter, W. Westlin,
K. Lin, S. Jaw-Tsai, M. Raponi, T. Van Dyke, ]. Etter,
Z. Weaver, W. Pao, J. Singh, A. D. Simmons, T. C. Harding
and A. Allen, Cancer Discovery, 2013, 3, 1404-1415.

M. R. Finlay, M. Anderton, S. Ashton, P. Ballard,
P. A. Bethel, M. R. Box, R. H. Bradbury, S. J. Brown,
S. Butterworth, A. Campbell, C. Chorley, N. Colclough,
D. A. Cross, G. S. Currie, M. Grist, L. Hassall, G. B. Hill,
D. James, M. James, P. Kemmitt, T. Klinowska, G. Lamont,
S. G. Lamont, N. Martin, H. L. McFarland, M. J. Mellor,
J. P. Orme, D. Perkins, P. Perkins, G. Richmond, P. Smith,
R. A. Ward, M. ]J. Waring, D. Whittaker, S. Wells and
G. L. Wrigley, J. Med. Chem., 2014, 57, 8249-8267.

J. C. Byrd, R. R. Furman, S. E. Coutre, I. W. Flinn, J. A.
Burger, K. Blum, J. P. Sharman, W. Wierda, W. Zhao, N. A.
Heerema, Y. Luan, E. A. Liu, J. P. Dean and S. O’Brien,
Clin. Cancer Res., 2020, 26, 3918-3927.

J. B. Fell, J. P. Fischer, B. R. Baer, ]J. F. Blake, K. Bouhana,
D. M. Briere, K. D. Brown, L. E. Burgess, A. C. Burns,
M. R. Burkard, H. Chiang, M. J. Chicarelli, A. W. Cook,
J. J. Gaudino, J. Hallin, L. Hanson, D. P. Hartley,
E. J. Hicken, G. P. Hingorani, R. J. Hinklin, M. J. Mejia,
P. Olson, J. N. Otten, S. P. Rhodes, M. E. Rodriguez,
P. Savechenkov, D. J. Smith, N. Sudhakar, F. X. Sullivan,
T. P. Tang, G. P. Vigers, L. Wollenberg, J. G. Christensen
and M. A. Marx, . Med. Chem., 2020, 63, 6679-6693.
Z.Pan, H. Scheerens, S. J. Li, B. E. Schultz, P. A. Sprengeler,
L. C. Burrill, R. V. Mendonca, M. D. Sweeney, K. C. Scott,
P. G. Grothaus, D. A. Jeffery, J. M. Spoerke, L. A. Honigberg,
P. R. Young, S. A. Dalrymple and J. T. Palmer, ChemMed-
Chem, 2007, 2, 58-61.

B. A. Lanman, J. R. Allen, J. G. Allen, A. K. Amegadzie,
K. S. Ashton, S. K. Booker, J. J. Chen, N. Chen, M. J. Frohn,
G. Goodman, D. ]J. Kopecky, L. Liu, P. Lopez, J. D. Low,
V. Ma, A. E. Minatti, T. T. Nguyen, N. Nishimura, A. J.
Pickrell, A. B. Reed, Y. Shin, A. C. Siegmund, N. A. Tamayo,
C. M. Tegley, M. C. Walton, H. L. Wang, R. P. Wurz,
M. Xue, K. C. Yang, P. Achanta, M. D. Bartberger,
J. Canon, L. S. Hollis, J. D. McCarter, C. Mohr, K. Rex,
A. Y. Saiki, T. San Miguel, L. P. Volak, K. H. Wang,
D. A. Whittington, S. G. Zech, J. R. Lipford and V. J. Cee,
J. Med. Chem., 2020, 63, 52-65.

A. C. Dijkmans, N. V. O. Zacarias, ]J. Burggraaf, J. W.
Mouton, E. B. Wilms, C. van Nieuwkoop, D. J. Touw,
J. Stevens and I. M. C. Kamerling, Antibiotics, 2017, 6, 24.

28 | RSC Chem. Biol., 2026, 7, 9-30

82

83

84

85

86

87

88

89

90
91

92

93

94

95

96

97
98

99

100

101

View Article Online

RSC Chemical Biology

D. R. Owen, C. M. N. Allerton, A. S. Anderson, L.
Aschenbrenner, M. Avery, S. Berritt, B. Boras, R. D. Cardin,
A. Carlo, K. J. Coffman, A. Dantonio, L. Di, H. Eng, R. Ferre,
K. S. Gajiwala, S. A. Gibson, S. E. Greasley, B. L. Hurst,
E. P. Kadar, A. S. Kalgutkar, J. C. Lee, J. Lee, W. Liu,
S. W. Mason, S. Noell, J. J. Novak, R. S. Obach, K. Ogilvie,
N. C. Patel, M. Pettersson, D. K. Rai, M. R. Reese, M. F.
Sammons, J. G. Sathish, R. S. P. Singh, C. M. Steppan,
A. E. Stewart, J. B. Tuttle, L. Updyke, P. R. Verhoest, L. Wei,
Q. Yang and Y. Zhu, Science, 2021, 374, 1586-1593.

L. Olbe, E. Carlsson and P. Lindberg, Nat. Rev. Drug
Discovery, 2003, 2, 132-139.

P. Savi, J. M. Pereillo, M. F. Uzabiaga, J. Combalbert,
C. Picard, J. P. Maffrand, M. Pascal and J. M. Herbert,
Thromb. Haemostasis, 2000, 84, 891-896.

E. Vichinsky, C. C. Hoppe, K. 1. Ataga, R. E. Ware, V. Nduba,
A. El-Beshlawy, H. Hassab, M. M. Achebe, S. Alkindi,
R. C. Brown, D. L. Diuguid, P. Telfer, D. A. Tsitsikas,
A. Elghandour, V. R. Gordeuk, J. Kanter, M. R. Abboud,
J. Lehrer-Graiwer, M. Tonda, A. Intondi, B. Tong, J. Howard
and H. T. Investigators, N. Engl. J. Med., 2019, 381, 509-519.
C. Cui, H. Zhang, R. Wang, S. Cansiz, X. Pan, S. Wan,
W. Hou, L. Li, M. Chen, Y. Liu, X. Chen, Q. Liu and W. Tan,
Angew. Chem., Int. Ed., 2017, 56, 11954-11957.

F. Seela and V. R. Sirivolu, Nucleosides, Nucleotides Nucleic
Acids, 2007, 26, 597-601.

D. J. Brooks, J. R. Fresco, A. M. Lesk and M. Singh, Mol.
Biol. Evol., 2002, 19, 1645-1655.

P. A. Jackson, J. C. Widen, D. A. Harki and K. M.
Brummond, J. Med. Chem., 2017, 60, 839-885.

L. Robert and F. S. Penaranda, J. Polym. Sci., 1954, 12, 337-350.
C. B. Afonso, B. C. Sousa, A. R. Pitt and C. M. Spickett, Arch.
Biochem. Biophys., 2018, 646, 38-45.

T. Y. Suzuki, R. Yamaoka, M. Nishi, H. Ide and K. Makino,
J. Am. Chem. Soc., 1996, 118, 2515-2516.

T. Suzuki, M. Yamada, H. Ide, K. Kanaori, K. Tajima,
T. Morii and K. Makino, Chem. Res. Toxicol., 2000, 13,
227-230.

T. Nakano, H. Terato, K. Asagoshi, A. Masaoka, M. Mukuta,
Y. Ohyama, T. Suzuki, K. Makino and H. Ide, J. Biol. Chem.,
2003, 278, 25264-25272.

H. Jo, S. Ju, M. Kim, ]J. Beon, S. Y. Jang, S. P. Pack, C. Y. Son,
J. S. Kim and S. S. Oh, J. Am. Chem. Soc., 2025, 147,
9328-9340.

E. K. Jang, Y. Koike, Y. Ide, K. Tajima, K. Kanaori and
S. P. Pack, Chem. Commun., 2020, 56, 5508-5511.

Y. Cai, Mass Spectrom. Rev., 2025, 44, 773-807.

D. Paramelle, G. Miralles, G. Subra and ]J. Martinez, Pro-
teomics, 2013, 13, 438-456.

O. Koniev and A. Wagner, Chem. Soc. Rev., 2015, 44,
5495-5551.

B. Yu, L. Cao, S. Li, P. C. Klauser and L. Wang, Chem. Sci.,
2023, 14, 7913-7921.

H. Mukherjee, J. Debreczeni, J. Breed, S. Tentarelli,
B. Aquila, J. E. Dowling, A. Whitty and N. P. Grimster,
Org. Biomol. Chem., 2017, 15, 9685-9695.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00133a

Open Access Article. Published on 30 September 2025. Downloaded on 2/5/2026 4:55:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

102
103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

A. Narayanan and L. H. Jones, Chem. Sci., 2015, 6, 2650-2659.
T. Tamura and I. Hamachi, J. Am. Chem. Soc., 2019, 141,
2782-2799.

T. Tamura, M. Kawano and 1. Hamachi, Chem. Rev., 2025,
125, 1191-1253.

S. H. Fujishima, R. Yasui, T. Miki, A. Ojida and 1. Hamachi,
J. Am. Chem. Soc., 2012, 134, 3961-3964.

Y. Takaoka, Y. Nishikawa, Y. Hashimoto, K. Sasaki and
1. Hamachi, Chem. Sci., 2015, 6, 3217-3224.

S. Tsukiji, M. Miyagawa, Y. Takaoka, T. Tamura and
I. Hamachi, Nat. Chem. Biol., 2009, 5, 341-343.

M. Kawano, S. Murakawa, K. Higashiguchi, K. Matsuda,
T. Tamura and I. Hamachi, J. Am. Chem. Soc., 2023, 145,
26202-26212.

T. Masuya, M. Murai, K. Ifuku, H. Morisaka and
H. Miyoshi, Biochemistry, 2014, 53, 2307-2317.

X. Xin, Y. Zhang, M. Gaetani, S. L. Lundstrom, R. A.
Zubarev, Y. Zhou, D. P. Corkery and Y.-W. Wu, Chem.
Sci., 2022, 13, 7240-7246.

R. Wang, D. Lu, H. Bai, C. Jin, G. Yan, M. Ye, L. Qiu,
R. Chang, C. Cui, H. Liang and W. Tan, Chem. Sci., 2016, 7,
2157-2161.

K. Sefah, L. Meng, D. Lopez-Colon, E. Jimenez, C. Liu and
W. Tan, PLoS One, 2010, 5, €14269.

D. Shangguan, Z. Cao, L. Meng, P. Mallikaratchy, K. Sefah,
H. Wang, Y. Li and W. Tan, J. Proteome Res., 2008, 7,
2133-2139.

J. Zhang, D. Wang, H. Chen, X. Yuan, X. Jiang, L. Ai, J. He,
F. Chen, S. Xie, C. Cui and W. Tan, Nano Lett., 2022, 22,
9441-9449.

H. A. Day, P. Pavlou and Z. A. Waller, Bioorg. Med. Chem.,
2014, 22, 4407-4418.

L. Li, Y. Jiang, C. Cui, Y. Yang, P. Zhang, K. Stewart, X. Pan,
X. Li, L. Yang, L. Qiu and W. Tan, J. Am. Chem. Soc., 2018,
140, 13335-13339.

Z. Zhang, R. Pandey, J. Li, J. Gu, D. White, H. D. Stacey,
J. C. Ang, C. J. Steinberg, A. Capretta, C. D. M. Filipe,
K. Mossman, C. Balion, M. S. Miller, B. J. Salena,
D. Yamamura, L. Soleymani, J. D. Brennan and Y. Li,
Angew. Chem., Int. Ed., 2021, 60, 24266-24274.

J. Li, Z. Zhang, J. Gu, H. D. Stacey, J. C. Ang, A. Capretta,
C. D. M. Filipe, K. L. Mossman, C. Balion, B. J. Salena,
D. Yamamura, L. Soleymani, M. S. Miller, J. D. Brennan
and Y. Li, Nucleic Acids Res., 2021, 49, 7267-7279.

L. Shi, L. Wang, X. Ma, X. Fang, L. Xiang, Y. Yi, J. Li, Z. Luo
and G. Li, Anal. Chem., 2021, 93, 16646-16654.

G. Yang, Z. Li, I. Mohammed, L. Zhao, W. Wei, H. Xiao,
W. Guo, Y. Zhao, F. Qu and Y. Huang, Signal Transduction
Targeted Ther., 2021, 6, 227.

J. valero, L. Civit, D. M. Dupont, D. Selnihhin, L. S. Reinert,
M. Idorn, B. A. Israels, A. M. Bednarz, C. Bus, B. Asbach,
D. Peterhoff, F. S. Pedersen, V. Birkedal, R. Wagner,
S. R. Paludan and ]. Kjems, Proc. Natl. Acad. Sci. U. S. A.,
2021, 118, €2112942118.

X. Liu, Y. L. Wang, J. Wu, J. Qi, Z. Zeng, Q. Wan, Z. Chen,
P. Manandhar, V. S. Cavener, N. R. Boyle, X. Fu, E. Salazar,

© 2026 The Author(s). Published by the Royal Society of Chemistry

123

124

125

126

127

128

129
130

131

132
133

134

135

136

137

138

139

140

141

142

143

144

145

View Article Online

Review

S. V. Kuchipudi, V. Kapur, X. Zhang, M. Umetani, M. Sen,
R. C. Willson, S. H. Chen and Y. Zu, Angew. Chem., Int. Ed.,
2021, 60, 10273-10278.

N. Kacherovsky, L. F. Yang, H. V. Dang, E. L. Cheng,
I. I. Cardle, A. C. Walls, M. McCallum, D. L. Sellers,
F. DiMaio, S. J. Salipante, D. Corti, D. Veesler and
S. H. Pun, Angew. Chem., Int. Ed., 2021, 60, 21211-21215.
Z. Zhang, J. Li, J. Gu, R. Amini, H. D. Stacey, J. C. Ang,
D. White, C. D. M. Filipe, K. Mossman, M. S. Miller,
B. J. Salena, D. Yamamura, P. Sen, L. Soleymani,
J. D. Brennan and Y. Li, Chemistry, 2022, 28, €202200524.
G. Yang, S. Zhang, Y. Wang, L. Li, Y. Li, D. Yuan, F. Luo,
J. Zhao, X. Song and Y. Zhao, Signal Transduction Targeted
Ther., 2022, 7, 120.

L. Zhang, X. Fang, X. Liu, H. Ou, H. Zhang, ]J. Wang, Q. Li,
H. Cheng, W. Zhang and Z. Luo, Chem. Commun., 2020, 56,
10235-10238.

D. Wang, J. Zhang, Z. Huang, Y. Yang, T. Fu, Y. Yang,
Y. Lyu, J. Jiang, L. Qiu, Z. Cao, X. Zhang, Q. You, Y. Lin,
Z. Zhao and W. Tan, ACS Cent. Sci., 2023, 9, 72-83.

S. Obara, K. Nakane, C. Fujimura, S. Tomoshige,
M. Ishikawa and S. Sato, Int. J. Mol. Sci., 2021, 22, 8676.
I. S. MacPherson and T. Liedl, Aptamers, 2018, 2, 74-81.
F. Tolle, G. M. Brandle, D. Matzner and G. Mayer, Angew.
Chem., Int. Ed., 2015, 54, 10971-10974.

N. Soxpollard, S. Strauss, R. Jungmann and I. S. MacPherson,
Commun. Chem., 2024, 7, 174.

W. A. Velema and E. T. Kool, Nat. Rev. Chem., 2020, 4, 22-37.
K. M. Weeks and D. M. Mauger, Acc. Chem. Res., 2011, 44,
1280-1291.

R. C. Spitale, P. Crisalli, R. A. Flynn, E. A. Torre, E. T. Kool
and H. Y. Chang, Nat. Chem. Biol., 2013, 9, 18-20.

R. C. Spitale, R. A. Flynn, E. A. Torre, E. T. Kool and
H. Y. Chang, Wiley Interdiscip. Rev.: RNA, 2014, 5, 867-881.
S. A. Mortimer and K. M. Weeks, J. Am. Chem. Soc., 2008,
130, 16178-16180.

M. Fonvielle, N. Sakkas, L. Iannazzo, C. Le Fournis,
D. Patin, D. Mengin-Lecreulx, A. El-Sagheer, E. Braud,
S. Cardon, T. Brown, M. Arthur and M. Etheve-Quelquejeu,
Angew. Chem., Int. Ed., 2016, 55, 13553-13557.

Y. Wang, J. Zhang, J. Deng, C. Wang, L. Fang, Y. Zhang and
J. Li, CCS Chem., 2023, 5, 2207-2214.

L. C. Bock, L. C. Griffin, J. A. Latham, E. H. Vermaas and
J. J. Toole, Nature, 1992, 355, 564-566.

Y. Tabuchi, J. Yang and M. Taki, Chem. Commun., 2021, 57,
2483-2486.

I. Russo Krauss, A. Merlino, A. Randazzo, E. Novellino,
L. Mazzarella and F. Sica, Nucleic Acids Res., 2012, 40, 8119-8128.
J. A. Fidanza, H. Ozaki and L. W. McLaughlin, J. Am. Chem.
Soc., 1992, 114, 5509-5517.

Y. Shi, Y. Yun, R. Wang, Z. Liu, Z. Wu, Y. Xiang and
J. Zhang, Angew. Chem., Int. Ed., 2025, €202425123, DOI:
10.1002/anie.202425123.

V. Rogov, V. Dotsch, T. Johansen and V. Kirkin, Mol. Cell,
2014, 53, 167-178.

Y. K. Lee and J. A. Lee, BMB Rep., 2016, 49, 424-430.

RSC Chem. Biol., 2026, 7,9-30 | 29


https://doi.org/10.1002/anie.202425123
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00133a

Open Access Article. Published on 30 September 2025. Downloaded on 2/5/2026 4:55:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

146

147

148

149

150

151

152

153

154

155

156

157

158
159

160

T. Tamura, T. Ueda, T. Goto, T. Tsukidate, Y. Shapira,
Y. Nishikawa, A. Fujisawa and I. Hamachi, Nat. Commun.,
2018, 9, 1870.

Y. Tivon, G. Falcone and A. Deiters, Angew. Chem., Int. Ed.,
2021, 60, 15899-15904.

C. P. Rusconi, J. D. Roberts, G. A. Pitoc, S. M. Nimjee,
R. R. White, G. Quick, Jr., E. Scardino, W. P. Fay and
B. A. Sullenger, Nat. Biotechnol., 2004, 22, 1423-1428.

C. Kratschmer and M. Levy, Nucleic Acid Ther., 2017, 27,
335-344.

K. Wakui, T. Yoshitomi, A. Yamaguchi, M. Tsuchida,
S. Saito, M. Shibukawa, H. Furusho and K. Yoshimoto,
Mol. Ther. — Nucleic Acids, 2019, 16, 348-359.

Y. Tabuchi, J. Yang and M. Taki, Int. J. Mol. Sci., 2022, 23, 7778.
S. Albright, M. Cacace, Y. Tivon and A. Deiters, J. Am.
Chem. Soc., 2023, 145, 16458-16463.

Y. Liu, X. Qian, C. Ran, L. Li, T. Fu, D. Su, S. Xie and
W. Tan, ACS Nano, 2023, 17, 6150-6164.

L. Li, S. Xie, J. Zhou and J. Ran, J. Pathol., 2025, 266, 134-143.
R. Huang, Y. Hu, Y. F. Wang, S. Zhang, Z. G. Wang,
D. W. Pang and S. L. Liu, Angew. Chem., Int. Ed., 2025,
€202423524, DOI: 10.1002/anie.202423524,.

D. L. Buckley, I. Van Molle, P. C. Gareiss, H. S. Tae,
J. Michel, D. J. Noblin, W. L. Jorgensen, A. Ciulli and
C. M. Crews, J. Am. Chem. Soc., 2012, 134, 4465-4468.

J. W. Upton, W. J. Kaiser and E. S. Mocarski, Cell Host
Microbe, 2012, 11, 290-297.

A. Herbert, Commun. Biol., 2019, 2, 7.

J. Maelfait and J. Rehwinkel, J. Exp. Med., 2023, 220,
€20221156.

T. Zhang, C. Yin, A. Fedorov, L. Qiao, H. Bao, N. Beknazarov,
S. Wang, A. Gautam, R. M. Williams, J. C. Crawford, S. Peri,
V. Studitsky, A. A. Beg, P. G. Thomas, C. Walkley, Y. Xu,
M. Poptsova, A. Herbert and S. Balachandran, Nature, 2022,
606, 594-602.

30 | RSC Chem. Biol., 2026, 7, 9-30

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

View Article Online

RSC Chemical Biology

J. Balzeau, M. R. Menezes, S. Cao and J. P. Hagan, Front.
Genet., 2017, 8, 31.

T. Tamura, Z. Song, K. Amaike, S. Lee, S. Yin, S. Kiyonaka
and L. Hamachi, J. Am. Chem. Soc.,2017,139, 14181-14191.
J. F. Keijzer, J. Firet and B. Albada, Chem. Commun., 2021,
57, 12960-12963.

Y. Guo, N. Wang, Y. Zhong, W. Li, Y. Li, G. Wang, Y. Yao,
Y. Shi, L. Chen, X. Wang, L. Ding and H. Ju, J. Am. Chem.
Soc., 2023, 145, 5092-5104.

G. L. Verdine and D. P. Norman, Annu. Rev. Biochem., 2003,
72, 337-366.

M. Su, T. Peng, Y. Zhu and ]. Li, ChemBioChem, 2024,
€202400805, DOI: 10.1002/cbic.202400805.

S. C. Gopinath, T. Lakshmipriya, Y. Chen, M. K. Arshad,
J. P. Kerishnan, A. R. Ruslinda, Y. Al-Douri, C. H. Voon and
U. Hashim, Appl Microbiol. Biotechnol., 2016, 100,
6955-6969.

C. Gai, S. J. Harnor, S. Zhang, C. Cano, C. Zhuang and
Q. Zhao, RSC Med. Chem., 2022, 13, 1460-1475.

J. L. Vinkenborg, G. Mayer and M. Famulok, Angew. Chem.,
Int. Ed., 2012, 51, 9176-9180.

A. Kohata, R. Ueki, K. Okuro, P. K. Hashim, S. Sando and
T. Aida, J. Am. Chem. Soc., 2021, 143, 13937-13943.

H. Zhang, Y. Song, Y. Zou, Y. Ge, Y. An, Y. Ma, Z. Zhu and
C. J. Yang, Chem. Commun., 2014, 50, 4891-4894.

W. Bi, X. Bai, F. Gao, C. Lu, Y. Wang, G. Zhai, S. Tian,
E. Fan, Y. Zhang and K. Zhang, Anal. Chem., 2017, 89,
4071-4076.

P. Mallikaratchy, Z. Tang, S. Kwame, L. Meng,
D. Shangguan and W. Tan, Mol. Cell. Proteomics, 2007, 6,
2230-2238.

M. C. Golden, B. D. Collins, M. C. Willis and T. H. Koch,
J. Biotechnol., 2000, 81, 167-178.

K. M. Meisenheimer and T. H. Koch, Crit. Rev. Biochem.
Mol. Biol., 1997, 32, 101-140.

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1002/anie.202423524,
https://doi.org/10.1002/cbic.202400805
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cb00133a



