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Aptamers are single-stranded DNA or RNA molecules that can be identified through an iterative in vitro selection–

amplification process. Among them, fluorogenic aptamers in response to small molecules have been of great

interest in biosensing and bioimaging due to their rapid fluorescence turn-on signals with high target specificity and

low background noise. 

aptamer  aptasensor  aptazyme  fluorogen  small molecule  RNA reporter

1. Introduction

Aptamer-based biosensors (aptasensors) have made significant progress in multidisciplinary fields because

aptamers, single-stranded (ss) DNA or RNA molecules, have been used as bioreceptors because of their excellent

abilities, including easy modification, reproducible synthesis, small size, and high thermal stability compared to

antibodies . Concurrently, their structural diversity and target-dependent conformational changes have given rise

to various biosensing platforms, such as optical , electrochemical , and mass-based detection  in a

label-free or label-based manner. Among them, fluorescence (FL)-based aptasensors have been considered the

most effective and sensitive method with a broad dynamic range and applicability . To detect or monitor small

molecules that play a variety of roles in living organisms or environments, these aptasensors are more suitable as

fast and sensitive tools, compared to traditional mass spectrometry or chromatography methods, which are time-

consuming and cumbersome. Given the innate ability of nucleic acids to bind to small molecules, it is not surprising

that aptamers act as efficient receptors for small molecules. The FL-based aptasensors can be divided into two

groups based on their structural change: fluorescent and fluorogenic aptasensors. Unlike fluorescent aptasensors

that rely on dye-labeled aptamers as affinity tags for targets , fluorogenic aptasensors lead to higher signal-

to-background ratios because non-fluorescent aptasensors under normal conditions can emit a bright FL signal

only when recognizing target molecules . This fluorogenic process is derived from the structural change in

aptamers and has been harnessed for kinetic and/or homogenous detection without the need for washing steps.

For example, Förster resonance energy transfer (FRET) using aptamers labeled with a dye-to-quencher can yield

sensitive FL signals at the nanoscale only upon binding small molecules , including metal ions, antibiotics,

toxins, metabolites, and other small ligands. This switchable and real-time detection of small molecules is

otherwise difficult to realize using other bioreceptors or other detection formats.

Recently, the unique advantages of fluorogenic aptamers have been extensively employed in combination with

nanomaterials  or enzymatic features  to increase the detection sensitivity. Because nucleic acids
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confer easy conjugation with nanomaterials or induce sequence-dependent transformations to obtain switchable

sensors or enzymatic activity in the presence of small ligands, this format takes a step further as smart sensing

platforms in many applications. In addition, genetically encoded RNA aptamers activated by fluorogens have been

attractive as protein-independent reporters, enabling dynamic imaging of transcriptional RNAs or metabolites with

high structural stability in living cells , as is the case with genetically encoded fluorescent proteins.

2. Duplex or Molecular Beacon-Type Fluorogenic
Aptasensors with Small Molecules

Fluorogenic aptasensors for the direct detection of small molecules can be designed in two major formats: duplex

aptasensors (DAs) and molecular beacon-type aptasensors (MBAs). Because single-stranded (ssDNA) or RNA

aptamers specifically bind a small ligand with high affinity, DAs can be easily designed using two separate nucleic

acid elements (aptamer sequence and aptamer-complementary element) coupled via Watson-Crick base pairing.

On the other hand, MBAs have a characteristic stem-loop structure in a single nucleic acid element through which

the 5′ and 3′ ends are complementarily attached to each other. In both DA and MBA, FL from a fluorophore (energy

donor) at one end is inhibited by a nearby non-fluorescent quencher (energy acceptor) via a FRET process. FRET

is a distance-dependent physical process by which the excited energy of a donor fluorophore can be transferred to

a nearby acceptor chromophore in a non-radiative manner. The energy transfer efficiency depends on the inverse

sixth power of the distance between donor and acceptor, enabling the sensitive detection of the structural change

in aptamers. When the acceptor is an organic quencher, the close proximity between the donor and acceptor turns

off the FL signal. It is possible to combine different FRET couplers; in addition to conventional fluorophores or

organic quenchers, various nanomaterials have been used, including quantum dots (QDs), gold nanoparticles

(AuNPs), and graphene oxide (GO) (Figure 1). Importantly, these fluorogenic aptasensors rely on structural

changes in the small molecule-binding aptamer. The duplex form in DA consists of a dye-labeled aptamer as a

receptor and a quencher-labeled DNA element as a hybridizing bait, which yields a strong FL signal by the

structural switching of the aptamer when binding the small molecule. However, in MBAs, the ssDNA aptamer

sequence participates in the open loop, which binds to a small molecule. While the MBA is maintained in a closed

configuration in the absence of a target molecule, the binding of the target molecule to the loop leads to

dissociation at the stem region, thus activating the FL signal. In both cases, the FL signal depends on the distance

between the donor and acceptor with a marginal background signal, which results in a high signal-to-background

ratio. Because of this advantage, DA and MBA in response to small molecules have been so far implemented as

chemical sensors, imaging probes, and drug delivery vehicles.
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Figure 1. Schematic illustration of fluorogenic aptasensors for the detection of small targets (T). (A) DA or MBA

linked to fluorophore (F) and quencher (Q). (B) QD-based DA labeled with Q or F. (C) AuNP-based DA or MBA

labeled with F. (D) GO-based MBA labeled with F. DA, duplex aptasensors; MBA, molecular beacon-type

aptasensors; QD, quantum dot; AuNP, gold nanoparticle; GO, graphene oxide.

 

Most studies have primarily used conventional dye-to-dye or dye-to-quencher FRET pairs in DA or MBA (Figure

1A). For example, Marty and coworkers demonstrated two types of DAs for the detection of aflatoxin B1 (AFB1)

and aflatoxin M1 (AFM1), which were designed using a dye-to-dye coupler between 6-carboxyfluorescein (6-FAM)

and tetramethylrhodamine (TAMRA) . AFB1 and AFM1 are known to be highly toxic carcinogens in

agricultural crops and milk, respectively. They designed a fluorogenic aptasensor based on two complementary

sequences between the FAM-labeled aptamer and TAMRA-labeled bait ssDNA fragment, which underwent the

structure-switching process by the aptamer-AFM1 recognition event. The limit of detection was observed to be 0.2

ng mL  (equivalent to 0.2 ppb) for AFB1 or 5 ng L  (equivalent to 5 ppt) for AFM1. Dwidar and Yokobayashi

developed fluorogenic DA for the detection of histamine, which is an important indicator of anaphylactic shock in

plasma and urine . They designed a simple duplex form by assembling the Cy5-labeled anti-histamine aptamer

(A1-949) at the 5′ end and BHQ-labeled ssDNA at the 3′ end. They also developed enantiomeric aptasensors (L-

RNA and L-DNA) to increase biochemical stability, showing the rapid determination of achiral analyte, similar to

detection sensitivity in its parental aptamer sequence. Tan’s group reported an earlier smart-engineered micelle

flare with MBA . When the core of the micelle flare comprised diacyllipids and MBA labeled with TAMRA and 4-

(4-dimethylaminophenylazo)-benzoic acid (DABCYL), its color was changed by switchable aptamers in response to

adenosine triphosphate (ATP), thus allowing the detection of ATP levels in vitro as well as in living cells by
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fluorescent imaging. In MB-type aptasensors, unlike the stem loop structure stretched by small molecules, the

presence of coralyne, as one of the anti-cancer drugs, can promote a stable antiparallel duplex of

polydeoxyadenosine via the coordination of adenosine-coralyne-adenosine. By utilizing the coralyne-triggered

double-stranded DNA formation, aptasensors have been reported to detect other small molecules, such as cyclic

diadenosine monophosphate , melamine , or cardiotoxin .

DA or MBA has also been designed with different types of nanomaterials, such as QDs, AuNPs, or GO. Unlike

classical organic dyes or quenchers, these nanomaterials have superior photochemical properties. For example,

QDs have distinct advantages including broad absorbance, narrow emission, high quantum yields, and improved

photochemical stability. QD-based DAs have been investigated to detect small molecules with high sensitivity by

several groups (Figure 1B). Zhang and Johnson developed a DA nanosensor to detect cocaine using a FRET

phenomenon between QD605 and Cy5, in which the aptamer was conjugated with QD605 and its complementary

DNA sequence with Cy5 (or Iowa Black RQ as a strong quencher) . In the presence of cocaine, the QD-tethered

aptamer liberated the complementary binding of dye (or quencher)-DNA, owing to the structural change of the

cocaine-aptamer complex, which resulted in a reduced FRET signal with an increased intensity of donor QDs.

They showed that the detection limit of cocaine (5–10 μM) using this method was comparable to the values

previously reported in electrochemical or enzymatic assays. In particular, this QD-DA method does not involve

complicated sample preparation and large sample consumption. A similar work on 17β-estradiol detection was

demonstrated by Wang and coworkers . They designed a QD-DA based on the FRET signal between QD-17β-

estradiol-bovine serum albumin conjugates and Cy5-labeled aptamers. This method is different from previous work

in respect to its reliability on competitive assay rather than direct quantitative measurements. As the Cy5-labeled

aptamer was bound to 17β-estradiol immobilized onto the QDs (high FRET signal), the FRET intensity was

inversely proportional to the 17β-estradiol concentration in the samples. The method showed a detection limit of

~0.2 nM 17β-estradiol. Sabet et al. demonstrated FRET-DA for the detection of AFB1 in peanut and rice, in which

FRET occurred between QD-conjugated AFB1 aptamers and AuNPs . Based on pioneering works on the

excellent energy transfer efficiency between the QDs and AuNPs , the metallic AuNPs in this study functioned

as strong quenchers (acceptors) against the QD donors. In the presence of AFB1, the QD-aptamer bound to AFB1

was not quenched by the AuNPs, which resulted in an increased FL intensity as a function of AFB1 concentration.

The detection limit of AFB1 with QD-DA was 3.4 nM, which was better than those of the conventional

immunosensors.

AuNPs have been employed in DA or MBA with various dyes owing to their strong quenching ability at broad

wavelengths (Figure 1C). In addition to a couple of studies showing FL-based detection of a single target

(adenosine or ATP) based on the AuNP-DA , Zhang et al. used AuNPs as a common quencher for multiplex

detection of adenosine, potassium ions, and cocaine . When three distinct aptamers were differently labeled with

6-FAM, Cy5, or Rox dye, conjugation of multiple complementary DNA-conjugated AuNPs with three types of

aptamers strongly inhibited FL in the absence of the target. In contrast, the presence of the target yielded strong FL

signals with target-dependent multicolor changes. AuNP-DA enabled simultaneous detection of three small

molecules with high selectivity and selectivity in three colors at the same time. Zhang et al. explored AuNP-DA for

the fluorogenic detection of urinary adenosine . They modified the anti-adenosine ssDNA aptamer and labeled it
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with the FAM. The FAM-aptamer was duplexed with the thiolated complementary sequence linked to the surface of

the AuNPs. The proximity between FAM and AuNPs in the assembly caused a dramatic reduction in FL under

target-free conditions. In the presence of adenosine, the adenosine-bound aptamer complex departed from the

AuNPs because of the dissociation of the complementary coupling due to the high affinity of the adenosine-

aptamer. They showed that AuNP-DA-based detection is more sensitive than DA modified with DABCYL as a

common organic quencher. Based on this finding, adenosine was simply detected over the range of 2.0 × 10  to

1.8 × 10  mol L  with a detection limit of 6.0 × 10  mol L . Lee et al. demonstrated the enhanced detection of

bisphenol A (BPA) using an AuNP-combined MBA platform . Instead of a dye-conjugated aptamer, they

employed SYBR Green I, which is a DNA-intercalating dye specifically bound to a duplex region of the free

aptamer. The addition of BPA caused conformational changes in the BPA-bound MBAs, leading to their release

from the AuNPs. Thus, SYBR Green I turned on the FL signal in solution because of the increased duplex form in

BPA-bound MBA. This method enabled synergistic dual measurements of FL and AuNP-based colorimetry, thus

yielding a greater detection sensitivity as low as 9 pg mL  than classical AuNP-based colorimetry or other MBA-

based methods.

GO is compatible with MBA because the surface nanostructure of GO can serve as both an efficient FL quencher

and a binding site for aptamers (Figure 1D). However, the GO-based MBA is somewhat different from the

traditional MB measurement, which relies on the stretching conformation of the stem structure through the loop-

target interaction. This system largely depends on the fact that the target-unbound loop of hairpin-type ssDNA

aptamers is more adsorbed onto the surface of GO than the target-bound loop. The strong quenching efficiency of

GO to dye-labeled aptamers is based on noncovalent π–π interactions between the bases of ssDNA and GO .

In contrast to free linear or hairpin-type ssDNA aptamers, duplex or small molecule-bound hairpin ssDNA rarely

interacted with GO. Using this principle, fluorogenic detection of ATP or oxytetracycline (OTC) has been reported

. Because the GO-based MBA allowed a low background signal platform based on long-range resonance

energy transfer, Pang and coworkers demonstrated that the designed GO-based MBA showed a very low

background in the absence of ATP, while the addition of ATP to GOliberated dye-labeled aptamers, leading to high

FL signals . Therefore, ATP could be detected in a wide range of 5–2500 μM with a detection limit of 2 μM. In

addition, Quan’s group showed that the addition of OTC led to the formation of G-quadruplex (G4) structures in

OTC-bound aptamers, leading to the rapid recovery of FL, allowing for quantitative assay of OTC over the 0.1–2

μM concentration range and with a detection limit of 10 nM . As a more advanced work, Wang et al. harnessed

GO-combined MBA for in situ molecular imaging in living cells . Briefly, they designed a nanocomplex consisting

of FAM-labeled anti-ATP aptamers and GO nanosheets and demonstrated that the nanocomplex, an efficient cargo

for cellular delivery, enabled the transfer of MBA-GO into living JB6 cells. This resulted in an increased FL

distribution in cells with culture time, whereas there was no considerable change in FL intensity in the cultured cells

with scramble aptamer-attached GO nanosheets. Tan’s group also demonstrated MBA-GO complex for use in two-

photon excitation to avoid self-absorption, autofluorescence, and photodamage observed in biological samples .

Using GO/aptamers labeled with two-photon dye, they investigated ATP-targeted two-photon imaging with

protecting aptamers against intracellular enzymes. Based on these findings, it is believed that dye-labeled MBAs in
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combination with GO are more suitable for the high-speed detection of a variety of small molecules with greater

sensitivity than conventional DAs or MBAs.

3. Fluorogenic Aptazymes with Small Molecules

It is important to note that natural RNAs undergo secondary structural changes in the presence of small molecules,

leading to both genotype and enzymatic functions, as observed in ribozymes and riboswitches . Similar to the

way RNA evolves to have an enzyme activity, aptazymes are a class of artificially engineered DNA or RNA

aptamers that consist of a target-bound unit (aptamer unit) and a catalytic unit (nucleic acid enzyme unit) .

The term aptazymes is interchangeably used with nucleic acid enzymes (NAzymes); moreover, their functions are

similar to allosteric enzymes, in which the binding of ligands (effectors) to allosteric sites regulates catalytic activity,

accompanied by conformational changes in the enzyme. The two units in the aptazymes are interdependent and

are often connected to one domain. Aptazymes (or NAzymes) can be classified into two major groups: ribozyme-

like aptazymes and deoxyribozyme (DNAzyme). The major difference lies in whether the aptamer unit is made up

of RNA (for ribozyme-like aptazymes) or DNA sequence (for DNAzyme). In both cases, the aptamer unit functions

as a molecular switch by binding small molecules, which can regulate the activation of the catalytic unit via a

significant structural change. Based on this principle, ribozyme-like aptazymes inserted into a gene cassette have

been used to control gene expression by small molecule-induced self-cleavage, while DNAzymes (especially

ssDNA) have been developed in biosensors and bioassays primarily by ligand-induced RNA-cleavage or G4-

mediated reactions. While self-cleaving ribozymes have been identified in various organisms over the past

decades , hammerhead ribozymes have been rationally designed with a DNA oligonucleotide effector  or an

ATP-binding RNA aptamer . Chimeric aptazymes have been successfully used to detect small molecules, such

as ATP, flavin mononucleotide, and theophylline; however, they have been used to control gene expression.

Therefore, we focused on ssDNA-based fluorogenic aptazymes (i.e., fluorogenic DNAzymes) in response to small

molecules and looked at examples of the ability to generate FL by aptamer catalytic activity.

As depicted in Figure 2, fluorogenic DNAzymes can be classified into RNA-cleaving and G4-structured DNAzymes

in terms of FL generation. RNA-cleaving DNAzymes consist of an ssDNA aptamer and its target RNA sequence.

The aptazyme sequences can be identified from random-sequence DNA libraries through an in vitro selection

process, and the RNA-cleaving ssDNA catalytic unit mostly requires metal ions as cofactors . Once the ssDNA

element unit binds to a metal ion, it catalyzes the transesterification of a phosphodiester linkage in an RNA

substrate, leading to RNA cleavage. If both ends of the RNA substrate are labeled with dye and quencher,

respectively, the activity of the DNAzyme can be simply detected through the generation of a fluorescent signal

(Figure 2A). Using this advantage, RNA-cleaving DNAzymes have been implemented as chemical sensors to

detect metal ions, such as Pb  , UO  , Cu  , Hg  , Na  , Ca  , or Mg  . Lu’s group has

been dedicated to the wide development of catalytic DNA-based metal sensors , whereas Li’s group has been to

develop diverse RNA-cleaving DNAzymes . Significantly, the target-inducible RNA-cleaving feature enabled

highly sensitive catalytic sensors in biological matrices without considering the autofluorescence background.

Moreover, many attempts have been made to use the split sequence of RNA-cleaving DNAzymes and MB probes
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as FL-generating substrates. This strategy was favorable because of high signal amplification and low background.

For example, Wu and coworkers accomplished target (Hg )-induced FL signal amplification via the activation of

Mg -mediated RNA-cleaving DNAzyme . The FL signal was produced by the cleavage of the loop region of the

MB substrate by Mg -dependent DNAzyme when Hg  triggered the DNAzyme activation via the specific thymine-

Hg -thymine (T-Hg -T) interaction. Owing to the enzymatic multiple turnover rates of the formed RNA-cleaving

DNAzyme, this method showed greater detection limit (down to 0.2 nM for Hg  within a 20 min assay time) than

those of most previously reported FL assays. This integrated method was also explored for the sensitive detection

of ATP and NAD  by Tan’s group  or adenosine by Lin’s group . When a target molecule existed, the

sequential reactions triggered the cleavage of the substrate, resulting in a larger signal amplification through the

cyclization and regeneration of DNAzyme. In addition, similar to DA or MBA, these RNA-cleaving DNAzymes have

been integrated with nanomaterials, including GO  or AuNPs  to improve detection sensitivity.

Figure 2. Schematic overview of fluorogenic aptazymes for the detection of small targets (T): (A) RNA-cleaving

DNAzymes, (B) hemin (or FG)-conjugated G4 DNAzymes, and (C) aptazymes by combining (A) and (B) Red

arrows indicate RNA-cleaving sites. RNA substrates are linked to F-to-Q in (A) or consist of a short fragment of G4-

DNAzyme sequence in (C). The FL signal from FG can be generated via H O -mediated oxidation or upon binding

to the G4 structure in (B). Additionally, these DNAzyme-based aptasensors can be extended to different formats by

integrating other nucleic acids or nanomaterials. G4, guanine (G)-quadruplex; FG, fluorogen.

The second group of fluorogenic DNAzymes is G4-structured DNAzymes in response to small molecules, and are

termed G4 DNAzymes (Figure 2B). Most of them belong to peroxidase-like DNAzyme to catalyze H O  in the

presence of hemin, as reviewed elsewhere . They can oxidize chromogenic  or chemiluminescent

substrates , as well as fluorogenic substrates, including 3-(4-hydroxyphenyl)propionic acid (HPPA), thiamine,

benzoic acid, and 2,7-dichlorodihydrofluorescein diacetate . Because hemin is an iron (iii)-protoporphyrin

compound that fits into the G4 structure as a cofactor for peroxidase-like activity , the hemin/G4-based

DNAzyme alone, its split forms, or its conjugates with other nucleic acids have been used to generate small

molecule-responsive FL signals. For example, Yao and coworkers developed a fluorogenic detection of potassium

ions (K ) using hemin/G4 DNAzyme . They observed an increased FL signal from the HPPA substrate as the K

concentration increased, which was based on the principle that K  can stabilize the hemin/G4 structure. G4

DNAzymes can be integrated with RNA-cleaving DNAzymes (Figure 2C). Kim et al. explored hemin/G4 DNAzyme

combined with RNA-cleaving DNAzyme for the detection of sodium ions (Na ) . They used Na -specific RNA-
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cleaving DNAzyme as a recognition element, whereas hemin/G4 DNAzyme was used as a signal generator .

Because a split sequence of hemin/G4 DNAzyme was partially involved in the substrate sequence for RNA-

cleaving DNAzyme, Na  sequentially catalyzed two DNAzymes, enabling the quantitative determination of Na  in

artificial tears. In addition to hemin/G4 DNAzyme, protoporphyrin IX (PPIX) or N-methyl mesoporphyrin IX can be

used as fluorogenic conjugates to label G4-structured DNA. Tan and coworkers integrated a fluorophore-activated

G4/DNAzyme with a metal-ion-activated DNAzyme . They demonstrated FL signal enhancement for detecting

Pb  using RNA-cleaving DNAzyme as a Pb -mediated activator and catalytic zinc (II)-protoporphyrin IV

(ZnPPIX)/G4 DNAzyme as a signal amplifier. They designed a G-rich hairpin-structured form by extending the

original RNA-cleaving DNAzyme substrate strand at both ends. The presence of Pb  caused the self-assembly of

G4 by cleaving the hairpin substrate, resulting in a strong association of ZnPPIX followed by an increased FL

signal. In an earlier study, Willner’s group employed the ZnPPIX/G4 DNAzyme for the multiple FL detection of

DNA, ATP, and telomerase activity .

Unlike classical chemical sensors based on fluorogenic chemicals, these aptasensors based on DNAzymes

triggered by small molecules exhibit a wide detection range and high sensitivity because of their high catalytic

turnover rate and rapid reactivity. In particular, two major components of biosensors, bioreceptors and transducers,

can be integrated in a single rection, leading to rapid and straightforward detection without complicated steps.

However, despite the significant progress in signal amplification, the reproducibility of these aptazymes and the

process of minimizing interference by other molecules still require optimization for the reliable quantification of

small targets.

4. Fluorogen-Activating Aptamer Reporters for Imaging
Small Molecules

Fluorogen-bound fluorescent RNA aptamers inspired by chromophore-incorporated fluorescent proteins, where

fluorogens confer FL to structurally diverse RNAs, have been reported in recent reviews . These are termed

fluorescent light-up aptamers (FLAPs) or fluorogen-activating aptamers. Similar to genetically encoded fluorescent

proteins enabling the spatial and temporal monitoring of various target proteins in living cells, FLAP reporters have

emerged as an innovative tool for endogenous RNAs or metabolites in molecular imaging and biosensing .

Recently, this protein-independent RNA reporter system has been employed for transgene identification in plants

. A key feature is the formation of highly stable complexes between the fluorogen and aptamer, which can be

represented by the dissociation constant (K ). Unlike other fluorogenic aptasensors as mentioned above, these

FLAPs enabled the real-time monitoring of FLAP-tagged RNAs or metabolites without the need for chemical

labeling with fluorophores or quenchers. Once the RNA aptamers recognize their cognate fluorogens that are

minimally fluorescent, their FL intensities are dramatically enhanced by many orders of magnitude in living cells .

In addition to the detailed transcriptional studies by FLAPs, we focus on the examples and advances of FLAP

reporters for imaging RNAs or small molecules (especially metabolites) in living cells as molecular targets. As a

target molecule, RNA belongs to macromolecules, not small molecules, but is included in part in this section

because RNAs and small molecule-binding RNA aptamers have been studied simultaneously for imaging in most
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studies. The detection principles are illustrated in Figure 3 and the FLAP reporters for this purpose are listed in

Table 1.

Figure 3. Schematic overview of FLAP reporters for imaging endogenous RNAs or metabolites in living cells. (A)

Genetically encoded FLAP reporters for imaging RNAs. (B) FLAP-riboswitch reporters for imaging small targets.

(C) FLAP-ribozyme reporters for imaging small targets. (D) Time-lapse FL imaging of SAM in living bacteria using

RNA aptamers, exhibiting dynamic changes in the endogenous levels of SAM; fast increase (arrow), slow increase

(arrowhead), or early increase/late decrease (double arrow). Scale bar, 5 µm. The image is adapted from . In

FLAP reporters, RNA aptamers recognize their cognate FG that are minimally fluorescent, leading to a strong FL

intensity with different colors. This process is known to be resistant to fluorophore maturation and photobleaching.

FLAP, fluorescent light-up aptamer (or fluorogen-activating aptamer). SAM, S-Adenosyl-L-methionine.
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