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ABSTRACT

In analogy to split-protein systems, which rely on the
appropriate fragmentation of protein domains, split
aptamers made of two or more short nucleic acid
strands have emerged as novel tools in biosensor
set-ups. The concept relies on dissecting an aptamer
into a series of two or more independent fragments,
able to assemble in the presence of a specific tar-
get. The stability of the assembled structure can fur-
ther be enhanced by functionalities that upon folding
would lead to covalent end-joining of the fragments.
To date, only a few aptamers have been split success-
fully, and application of split aptamers in biosensing
approaches remains as promising as it is challeng-
ing. Further improving the stability of split aptamer
target complexes and with that the sensitivity as well
as efficient working modes are important tasks. Here
we review functional nucleic acid assemblies that are
derived from aptamers and ribozymes/DNAzymes.
We focus on the thrombin, the adenosine/ATP and
the cocaine split aptamers as the three most stud-
ied DNA split systems and on split DNAzyme assem-
blies. Furthermore, we extend the subject into split
light up RNA aptamers used as mimics of the green
fluorescent protein (GFP), and split ribozymes.

INTRODUCTION

Besides the well-known roles of DNA and RNA as sources
and carriers of genetic information (1,2), nucleic acid se-
quences are known to adopt a large variety of topologies
that can be employed in bioanalytical sciences (3). After
the discovery of ribozymes by the Cech and Altman labo-
ratories (4,5), Breaker and Joyce described for the first time
in 1994 that also single-stranded DNA sequences can ex-

hibit enzymatic activity (6), an attribute that is currently
extensively used for sensing and nanobiotechnological ap-
plications (7–10). Similarly, since their discovery in the early
1990s, aptamers being single-stranded RNA or DNA struc-
tures with the ability of binding molecules with high affin-
ity and specificity, have stimulated tremendous interest in
biology and medicine (11,12). Aptamers can be obtained
by in vitro selection (Figure 1A), following the classical
methodology of Systematic Evolution of Ligands by Ex-
ponential Enrichment (SELEX), first introduced by Tuerk
and Gold in 1990 (13–15). For selection of deoxyribozymes
(DNAzymes) and ribozymes, the classical SELEX process
needs to be extended from selection of just binders to more
complex functional screening, although iterative cycles of
selection and amplification are retained. DNA- or RNA-
based aptamers are able to interact specifically with a large
variety of targets such as small molecules, ions, enzymes or
proteins employing all kinds of non-covalent interactions.
The first aptamers were revealed in 1990 by Ellington and
Szostak (16) and composed exclusively of RNA sequences.
In 1992, Bock et al. introduced also DNA single-stranded
aptamers (17).

The most common architecture of aptamers is the hair-
pin or hairpin-like structure, in which the target binding
site is situated in the loop region. There are also three-way
junction topologies composed of three DNA stems with the
target binding site located at the branch point, as well as
bulged structures with the target binding site at an inter-
nal loop (Figure 1B). Upon binding of the target molecule,
most aptamers undergo a conformational change, thus fol-
lowing the induced fit model. In all cases, the well-defined
three-dimensional structure is responsible for the observed
high specificity (18,19). Easy to synthesize, aptamers dis-
play very attractive features for target recognition (20–22)
with therapeutic (11,20,23), diagnostic (24) and analytical
applications (25). Moreover, once selected, aptamers are
easy to modify in order to increase their stability against
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Figure 1. General concept and thrombin detection by aptamers and split aptamers. (A) In vitro selection of aptamers by SELEX (13–15). (B) Conforma-
tional change of aptamers in presence of the target (18). (C) General scheme of the split aptamer concept (18). (D) Three-dimensional structure of the two
main DNA aptamers with the nucleotide that directs the aptamer to one of the binding sites marked in red (39, 44). (E) Thrombin detection by conjugation
of two split aptamers with PFEP (50). (F) Thrombin detection by fluorimetry and colorimetry (51). (G) Thrombin detection by ECL using an Ru-SNP
complex (58). (H) Thrombin detection by ECL based on RCA (59).

nucleases (26), or to conjugate with a large variety of part-
ners (fluorescent tags, specific probes, lipophilic or cationic
biomolecules, etc.) (20,27,28). Their ability to switch from
a random coil to an organized conformation in the pres-
ence of a target has thus been exploited efficiently in flu-
orescent sensors (21,29,30). Although being very attractive,
aptamers are not devoid of limitations (31). Degradation by
nucleases can be limited by the incorporation of modified
nucleotides, but the number of negative charges (generally
from 20 to 60) hampers their intracellular delivery. In addi-

tion, long aptamers can form unfavorable secondary struc-
tures that could interact with complex matrixes and may
lead to false positive or nonspecific signals.

In analogy to split protein systems, which rely on the
appropriate fragmentation of protein domains (32), split
aptamers made of two or more short nucleic acid strands
emerged recently to engineer systems easier to synthesize
and with less negative charges per strand (33). In this con-
cept, a defined aptamer is cut into a series of two or more
independent and non-functional fragments, which are able
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to assemble selectively in the presence of the target. The
strong interactions between the ligand and the aptamer-
based structure modify the thermodynamic equilibrium
and promote the assembly of the fragments (Figure 1C).
The stability of the assembled structure can be further en-
hanced by decorating individual strands with functionali-
ties that upon folding would lead to covalent end-joining of
the fragments. Assembly brings the two reactive functional-
ities in close proximity and thus allows, upon chemical acti-
vation, the formation of an additional natural or modified
internucleosidic linkage. To date, within the >100 small-
molecule-binding aptamers that have been discovered, only
a few have been split successfully (34,35). The difficulty to
design split aptamers arises from the necessary 3D struc-
ture of the parent aptamer, which can be highly perturbed
if the division is made at the wrong site, like for example
in a hairpin binding pocket. If the target molecule binds in
the stem region, aptamers are easier to divide. As for three-
way junction-based aptamers, the arms can be easily divided
into short fragments, and yet preserving the interaction with
the target (18).

In this review, we first focus on the three most studied
DNA split aptamers obtained so far from a parent ap-
tamer, namely the thrombin, the adenosine/ATP and the
cocaine split aptamers. Then, we give some examples of split
DNAzyme–aptamer assemblies. Lastly, we extend the sub-
ject to RNA aptamers used as mimics of the green fluores-
cent protein (GFP), which are the split Spinach and the split
Broccoli systems, and further on to split ribozymes.

HUMAN �-THROMBIN SPLIT APTAMER

Properties

Thrombin, also called coagulation factor, is a trypsin-like
serine protease that plays an essential role in thrombosis and
haemostasis (36,37). It exists in several forms, but only the
�-thrombin seems to be physiologically important, whereas
the �- and � -thrombin are much less effective (37,38). Hu-
man �-thrombin is thus a major target for therapy of anti-
coagulation and cardiovascular diseases.

The first inhibitor to human thrombin, isolated by
Bock et al. in 1992 by in vitro selection (17), was
also the first DNA aptamer to be discovered. After
five rounds of selection, 32 oligonucleotide sequences
were obtained, capable of binding to thrombin. All of
them were composed of 60 nucleotides of random se-
quence with a conserved region of 14–17 nucleotides
(5′-GGNTGGN2–5GGNTGG-3′, N being a variable nu-
cleotide), responsible of binding and inhibiting thrombin.
The sequence 5′-GGTTGGTGTGGTTGG-3′, called 60-
18[15] (Figure 1D), was determined to have the highest
thrombin affinity and inhibitory activity in the presence
of potassium ions (39–41). NMR spectroscopy and X-
ray crystallography studies revealed that the thrombin ap-
tamer forms a highly compact structure, composed of an
intramolecular G-quadruplex with an antiparallel orienta-
tion and a chair-like conformation (39,42).

In 1995, Macaya et al. reported a DNA oligonucleotide
obtained by the same process with a quadruplex/duplex
structure composed of the previous sequence and four to
seven added base-pairs flanking the G-quadruplex motif,

which allows to considerably increase the affinity (Kd
values of 10 to 25 nM versus 100 nM for DNA60-18[15])
(43). Then, in 1997, Tasset et al. reported a 29-mer DNA
oligonucleotide, called 60-18[29], obtained by nitrocel-
lulose filter partition, having a minimal sequence of 5′-
NNNCCGTGGTAGGGNAGGA/TTGGGGTGN’N’N’-
3′, where N and N’ are complementary variable nucleotides,
and a Kd value of 0.5 nM (44). This aptamer has also a
quadruplex/duplex structure (Figure 1D) but is potassium-
independent and, in contrast to previously reported
aptamers that interact with the fibrinogen-recognition
exosite (FRE), binds to the electropositive heparin-binding
exosite. This change of binding site was attributed to the
orientation of the G-quadruplex and its fourth nucleotide
(red residue in Figure 1D), determining the selectivity of
the binding site to the aptamer (44–46).

Fluorescent biosensor

Highly sensitive aptamer-based fluorescent sensors for
thrombin have been widely described (47–49). In or-
der to develop more specific biosensors, aptamers were
replaced by split aptamer fragments, that are shorter,
less secondary structured, and conjugated with dif-
ferent molecules to amplify the signal. Thus, in 2014,
Liu et al. designed a new fluorescence-based strat-
egy by using a water-soluble polycationic polymer,
(poly{[9,9-bis(6′-(N,N,N-diethylmethylammonium)hexyl)-
2,7-fluorenylene ethynylene]-alt-co-[2,5-bis(3′-(N,N,N-
diethylmethylammonium)-1′-oxapropyl)-1,4-phenylene]}
tetraiodide, PFEP), having a high fluorescence emission,
and two fragments of the 15-mer thrombin binding DNA
aptamer, one of them being labelled with fluorescein (Fig-
ure 1E) (50). In the absence of thrombin, the two fragments
bind to the polymer via strong electrostatic interactions
and lead to an intense Förster resonance energy transfer
(FRET) phenomenon. However, the presence of thrombin
triggers the formation of the G-quadruplex structure that
decreases the interaction between the polymer and the
fluorophore and results in a significant reduction of the
FRET signal. Compared with the full-length aptamer,
this split aptamer-based sensing strategy is isothermal and
increases the possibility of forming the G-quadruplex upon
thrombin addition, and thus the sensitivity (LOD = 2 nM).
A similar approach using identical split aptamer fragments
adsorbed on graphene oxide (GO) (51) took advantage
of the ability of GO to adsorb single-stranded DNA and
of GO fluorescence-quenching properties associated with
high electronic and thermal conductivities (52,53). In the
absence of thrombin the two fragments are adsorbed on
GO via non-covalent �–� stacking interactions, resulting
in quenching of the fluorescence. Addition of thrombin
triggers the formation of the G-quadruplex structure and
restores the fluorescence with a sensitivity in the nanomolar
range (LOD = 1 nM) that could not be achieved with the
intact aptamer.

More recently, a highly selective and sensitive method
that combines fluorimetry and colorimetry has been devel-
oped (54). The strategy uses two fragments of the thrombin
aptamer anchored on gold nanoparticles (AuNPs) by poly-
adenosine (polyA) DNA extensions (Figure 1F). One of the
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fragments is caged in a duplex with a complementary strand
containing a fluorescent reporter probe (RP). In the absence
of thrombin, the hybridization of RP with its complemen-
tary split aptamer fragment leads to quenching of the fluo-
rophore by the AuNPs (55). At the same time, owing to the
high electrostatic repulsion, AuNPs cannot aggregate, mir-
rored in a wine red color of the solution. The presence of
thrombin triggers the formation of the G-quadruplex struc-
ture and the aggregation of AuNPs, while simultaneously
releasing the RP. This is monitored by a change of color of
the solution from wine red to blue (LOD = 0.45 nM) and by
a fluorescence increase of the RP (LOD = 0.16 nM). Inter-
estingly, this dual mode detection strategy can discriminate
thrombin from other analogues in human serum samples.

Electrochemiluminescent biosensor

Electrochemiluminescence (ECL) is a process that can emit
light when species generated at the surface of electrodes un-
dergo high-energy electron-transfer. ECL has received in-
creasing attention in biomolecule analysis due to its effi-
ciency, high sensitivity and wide linear range. Ru(bpy)3

2+ is
the most used ECL reagent and has been employed in con-
junction with silica nanoparticles to develop an aptamer-
based ECL sensor for thrombin detection (Ru-SNPs) (56–
58). An illustration is given by the work of Lin et al., who
split the 15-nucleotide thrombin aptamer into two differ-
ent fragments: the first fragment was modified with an alka-
nethiol at its 5′-extremity and immobilized on a gold elec-
trode, and the second one was coupled with Ru-SNPs at
the 3′-extremity via an amide link (58). In the absence of
thrombin the two fragments are dissociated resulting in a
weak ECL signal whereas addition of thrombin triggers
the formation of the G-quadruplex structure and provokes
the attachment of Ru-SNPs onto the electrode surface, an
event that can be monitored by ECL measurements (Figure
1G). Apart from being highly sensitive (LOD = 0.2 pM),
the method explores new sensing strategies of split aptamer
fragments.

Electrochemical detection

Electrochemical aptasensors based on split systems have
also been described. Recently, the Fan laboratory devel-
oped a novel electrochemical label-free strategy for throm-
bin detection (59). The concept was based on the well-
known affinity of polyA for gold nanoparticles (55,60,61).
The authors exploited these polyA-Au interactions by de-
signing a split system from the above-mentioned 15-mer
DNA sequence (17). Using a polyA sequence as an an-
choring block allowed the immobilization of the first frag-
ment on a gold electrode surface via polyA-Au interactions
(Figure 1H). The second fragment was also extended by a
short sequence containing several adenosine residues. The
addition of thrombin and the second split aptamer frag-
ment promoted the formation of the G-quadruplex struc-
ture, and the extended part of the second fragment was then,
upon addition of a padlock probe, subjected to rolling cir-
cle amplification (RCA), leading to long DNA sequences
containing repeating A6 sequences. AuNPs were then added
and adsorbed on the surface of the aptasensor by polyA-

AuNPs interactions. Finally, upon addition of H2O2, elec-
trocatalytic reduction of the AuNPs was monitored. This
aptasensor showed high selectivity and remarkable sensitiv-
ity with a LOD of 35 fM in a linear detection range from 0.1
pM to 10 nM, and it was demonstrated to be as efficient as
commercial ELISA assays on real sample analysis.

ADENOSINE AND ADENOSINE TRIPHOSPHATE
SPLIT APTAMER

Properties

Adenosine triphosphate (ATP), discovered in parallel by
Lohmann, Fiske and Subbarow in 1929 (62,63), is implied
in many biological and cell signalling processes. ATP dys-
regulations are associated with various disorders, which
renders its detection particularly important. The first ATP-
aptamer was isolated by Sassanfar and Szostak in 1993 by in
vitro selection and consisted of a 40-mer RNA having a 11-
nucleotides loop sequence and a Kd of 0.7–8 �M, depend-
ing on the specific salt and Mg2+ concentrations (Figure 2A)
(64). A couple of years later, Szostak and Huizenga isolated
and characterized a 25-nucleotides long DNA aptamer for
adenosine and ATP composed of two stacked G-quartets,
with a Kd of 6 �M (Figure 2A) (33). Although not defining
it as a split system, the authors showed that the aptamer
could be divided into two fragments by removing the loop
that closes stem 2 and by extending each fragment with ad-
ditional nucleotides to compensate the loss of stability. Nei-
ther of these fragments could bind ATP or adenosine alone,
but when hybridized, target binding was reactivated (Figure
2A). To the best of our knowledge, this article reports the
very first experiment in the field of split aptamers, although
no LOD was reported at that time.

Fluorescent biosensor

The adenosine DNA aptamer was cut into two halves to de-
velop a label-free method for selective detection of adeno-
sine. A 21 nucleotides homo dA sequence was added to
the first fragment to serve as a template for Klenow frag-
ment polymerase (KF polymerase, Figure 2B) (65). More-
over, both fragments were slightly modified at their extrem-
ities to have complementary sequences, which however, are
too short to be annealed at ambient temperature. SYBR
Green I was selected for its ability to exhibit high fluores-
cence enhancement upon binding to dsDNA. When mixed
together, both fragments do not form a sufficiently stable
initiation complex for Klenow polymerization, and thus are
rapidly digested by the exonuclease activity of KF poly-
merase. Hence, no dsDNA is available for SYBR Green
binding and the fluorescence intensity response is very low.
When adenosine is present, reassembly of the two ssDNA
fragments is supported by adenosine binding, thus gener-
ating a primer-template complex for the DNA polymerase
reaction that leads to the formation of a duplex DNA struc-
ture and a strong increase of the dye’s emission intensity
with a LOD of 12 �M. Although the detection limit is
the same as found for the full-length aptamer-based adeno-
sine sensors, the method presents the advantage of avoiding
fragment labeling.
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Figure 2. ATP and adenosine detection by aptamers and split aptamers. (A) RNA and DNA aptamers and DNA split aptamer (33,64). (B) Label-free
method with KF polymerase and SYBR Green I for split aptamer based adenosine detection (65). (C) ATP detection by sandwich-FRET assay (66). (D)
Adenosine detection by SPR with AuNPs (82).

He et al. used a sandwich-type FRET assay to increase
the selectivity by conjugating one of the aptamer fragments
to the dye BHQ-1, and the other to upconverting nanoparti-
cles containing a silica coating (Si@UCNPs) that is used as
an energy donor (Figure 2C) (66). In the absence of the tar-
get molecule, red and green fluorescence of the Si@UCNPs
is observed, whereas addition of ATP triggers the forma-
tion of a sandwich complex allowing FRET between the
Si@UCNPs and the BHQ-1, and therefore quenching of the
green fluorescence. Moreover, this system allows to discrim-
inate ATP from its CTP, UTP and GTP analogues with a
LOD of 1.7 �M.

More recently, an ATP split aptamer platform was de-
signed for the detection of adenosine deaminase activity
via FRET from AuNPs and gold nanoclusters-linked ap-
tamer fragments (67). The enzymatic activity was moni-
tored by the transformation of ATP into inosine triphos-
phate (which has no affinity to the aptamer) with a LOD
of 0.72 U.L−1, which compares favorably to other reported
techniques (68).

The ATP aptamer was also split into two fragments la-
belled with pyrenes and evaluated in the presence of � -
cyclodextrin (� -CD) that served as a space modulator (69).
The system allows to detect ATP within a linear range from
5.0 to 50 �M and a LOD of 80 nM in buffer solution,
and 0.5 �M in blood serum. More recently, Zhang et al.
developed an ultrasensitive ATP detection method based
on dual-color fluorescence co-localization of split aptamers
(70). According to the previously reported design (69) the
two fragments were labelled with Cy3 and Cy5, respectively.

The Cy3 labelled sequence was immobilized onto a surface
through specific streptavidin/biotin interactions, whereas
the Cy5 labelled fragment was free in solution. Upon ad-
dition of ATP the aptamer target complex is formed and
the two strands become co-localized, which is mirrored in
dual-color fluorescence. This assay can detect ATP in a lin-
ear range from 1 pM to 5 nM with a LOD of 100 fM. By
distinguishing the kinetic signature of the fragments, the
strategy avoids false positive detection and significantly in-
creases the sensitivity as compared to previously reported
methods. Given the interest of this type of systems, many
recent studies report new designs of split aptamers able to
detect ATP or adenosine by fluorescence (71–74).

Sandwich assays and surface plasmon resonance (SPR)

A method widely used for studying biomolecular interac-
tions is SPR spectroscopy that allows to detect refractive
index (RI) changes on the surface of metal nanoparticles
when the ligand binds to the receptor (75–77). This phe-
nomenon is characterized by a specific absorption band,
which is shifted as a function of the dielectric environment
on the nanoparticle surface. However, while this label-free
and real-time technique is very useful, it is challenging to
apply the method to small molecules, because the signal
is proportional to a change of molecular weight. Still, the
method has been applied for sensing adenosine and/or ATP.
A thermodynamic aptasensor was developed, in which the
two fragments are grafted on the surfaces of the SPR sen-
sor and AuNPs, respectively. The hybridization of the two
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sequences and the determination of their melting tempera-
ture was monitored by a home-made thermo-regulated SPR
chamber. In the presence of adenosine, the aptamer/target
complex is formed, leading to an increase of the melting-
temperature, which was found to be dependent on adeno-
sine concentration (78). Thanks to the signal amplification
provided by the AuNP functionalization, this approach en-
abled to reach a LOD 200 times lower than with the na-
tive aptamer (LOD = 30 nM versus 6 �M). Compared to
fluorescence-based biosensors, SPR biosensors do not re-
quire fluorescent labels, which can limit the background sig-
nal and are prone to bleaching. These advantages are illus-
trated by many recent reports dealing with SPR-based split
aptamer biosensors (79–81).

Combination of SPR and nanoparticles allowed the de-
velopment of a high-sensitive aptasensor for adenosine
based on split aptamer fragments. This approach is illus-
trated by the study of Wang et al., in which one fragment is
immobilized at its 5′-terminus on a gold film, whereas the
second fragment is conjugated to AuNPs (Figure 2D) (82).
In the absence of adenosine, the two fragments are not able
to form a stable duplex, and no resonance wavelength shift
could be monitored. However, in presence of the target, the
two single-strands assemble to form the adenosine–aptamer
complex on the Au film, thus leading to a shift of the res-
onance wavelength. The LOD of this SPR biosensor was
determined as 1.5 pM.

COCAINE SPLIT APTAMER

Properties

The cocaine aptamer, discovered by Stojanovic et al. in the
late 1990s (83), has been widely studied (35,84). This ap-
tamer with a three-way junction architecture is composed
of three helical parts. Stems 1 and 3 consist of six and four
base pairs, respectively, including two noncanonical pairs,
and stem 2 consists of five Watson–Crick base pairs (Figure
3A). Stem 2 is always double-stranded, while stems 1 and
3, which are in equilibrium between the single-stranded and
double-stranded state, form a stable duplex only in the pres-
ence of cocaine at concentrations in the range of 10 �M to 1
mM (83,85). Studies were carried out to determine the opti-
mal conditions for maximizing the affinity between the ap-
tamer and the target. It appears that a pH value of 7.4 is nec-
essary to simultaneously have the tertiary amine of the co-
caine protonated and the phosphate backbone of the DNA
deprotonated, which allows to considerably increase elec-
trostatic interactions between the two entities. Three base
pairs, namely G31/C6, G29/A21 and T19/A7, are indis-
pensable for cocaine binding, because they directly interact
with the target and are important for formation of the re-
quired secondary structure.

A simple method to monitor aptamer folding in the pres-
ence of cocaine is to functionalize the aptamer with a flu-
orophore and a quencher at its 5′- and 3′- extremities, re-
spectively. In the presence of the target, the 5′- and 3′-end
of the aptamer are brought in close proximity, leading to
quenching of the fluorescence (LOD = 1 �M) (83,86–88).
Other fluorescence-based systems have been described re-
cently (89,90), and the different conformations have been

studied by NMR or ITC (86,91,92). Another method to
analyze cocaine binding is to divide the aptamer into two
strands and to functionalize the fragments with fluores-
cent tags (83). Amplification strategies (93), electrochemi-
cal sandwich assays (94) and nanoparticles (95,96) were also
developed for the detection of cocaine at low concentration.
Since cocaine binds at the junction of the three helices, the
construction of a split aptamer architecture is feasible by
dividing the aptamer in the loop region of stem 2, where in-
teractions between the two resulting strands and the small
molecule will be less influenced.

Click-chemistry

DNA can be used as a template to guide and promote chem-
ical reactions owing to the Watson–Crick interaction of two
strands that allows to bring the two reagents closer, increas-
ing the effective molarity of the reactants and facilitate the
reaction. Because of its biocompatible reaction conditions
(efficient in aqueous media, rapid, high yielding and inof-
fensive by-products) (97) azide–alkyne cycloaddition (click
chemistry) has been frequently applied to nucleic acid struc-
tures for applications in biology, nanotechnology or mate-
rial sciences (98).

In most cases, the DNA-templated reaction is directed
by the association between the two strands according to
Watson-Crick affinity (99) but, in 2011, Heemstra and
Sharma showed that the DNA-templated reaction can be
controlled by small-molecule binding (100). To achieve this
control, they split the cocaine aptamer at the loop region of
stem 2 and modified one strand at its 3′-extremity with an
azide, and the other at its 5′-extremity with a cycloalkyne.
In the presence of cocaine, the two strands are brought to-
gether and the copper-free azide–alkyne cycloaddition can
proceed, allowing to block the system in this conformation,
in contrast to previous systems that are reversible (LOD = 1
�M–1 mM) (Figure 3B). Successful click reaction has been
visualized by denaturing polyacrylamide gel electrophore-
sis (PAGE) using the Cy3 fluorophore at the 5′-end of the
clicked aptamer for detection. Selectivity of the split ap-
tamer ligation was studied by replacing cocaine with similar
metabolites. The results showed a decreased binding capac-
ity of all tested metabolites, except norcocaine, which has
the most similar structure to cocaine. This result confirms
earlier studies with the complete aptamer (101), showing
that the methyl ester and the benzoyl group of cocaine are
essential for recognition and binding, whereas the methyl
group of the bridging nitrogen seems to be less important.
In general, background click ligation independent of the
ligand was found to take place to a significant extent, and
therefore reductive amination was explored as an alternative
chemistry. Using a 5′-amino and a 3′-aldehyde substrate al-
lowed to detect cocaine at concentrations as low as 1 �M
and quinine and quinidine down to 100 nM (Figure 3C)
(102).

The DNA-templated reaction assisted by cocaine was
used in a DNA-based analogue of the well-known sandwich
enzyme-linked immunosorbent assay (ELISA), applicable
to small-molecule detection (103). First, the capture strand
modified by an azide at the 5′-end and an amine at the 3′-end
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reacts with a N-hydroxysuccinimide covered microplate to
form an amide link (Figure 3D). Then, the detection strand
modified at the 3′-end by a cyclooctyne and at the 5′-end by
a biotin is added in the presence of cocaine to generate the
split aptamer structure that will trigger ligation. Finally, a
conjugate constituted of streptavidin and horse radish per-
oxidase (HRP) is added to bind to biotin and subsequently
allows reaction with tetramethylbenzidine (TMB), resulting
in a blue colored product. In this set-up, the detection of
cocaine is sensitive (LOD = 1 �M) and easy, but the re-
sponse was fivefold slower than observed in previous stud-
ies, where a strong dose-dependent ligation was obtained
after 4 h (100). This observation may be explained by the at-
tachment of the azide containing strand to the microplate,
which presumably makes the azide less accessible. By re-
placing the aryl-less cyclooctyne (ALO) with dibenzoaza-
cyclooctyne (DIBAC), known to be 240-fold more reactive,
the reaction becomes faster. As mentioned above, in the
original version, ligation was observed also in the absence
of the small-molecule target, thus it appeared necessary to
replace a GC base pair in stem 2 with a CC mismatch, and a
GT wobble pair in stem 3 with a GC base pair, to decrease
the affinity between the two strands. Moreover, by adding
a linker between the microplate and the capture strand, the
signal could be considerably increased, probably by easier
access of the detection strand to the azide. This modified
system proved able to detect cocaine at very low concentra-
tions, 100 nM in buffer and 1 �M in human blood serum.
All these parameters make it the so far most sensitive and
fastest split aptamer analogue of sandwich ELISA.

Cooperative-binding split aptamer

The split aptamer concept is advantageous in terms of easier
synthesis and delivery of the nucleic acid strands constitut-
ing the aptamer, but on the other side harbors the risk of
a decrease of target affinity and low sensitivity. This prob-
lem was addressed with a recently developed cooperative-
binding split aptamer (CBSA) having two binding sites
(104). The first cocaine-binding event stabilizes the struc-
ture of the split aptamer and facilitates binding of the sec-
ond cocaine molecule at the second binding site, thus in the
aggregate allowing to achieve higher sensitivity and target
affinity. The system uses two different pairs of cocaine split
aptamer fragments truncated in stems 1 and 2 (105). The
CBSA was constructed by combining stem 1 of the first
split aptamer with stem 2 of the second to form one long
and one short fragment that can assemble in the presence of
the target (Figure 3E). Then, the short fragment sequence
was modified by replacing an adenosine at position 10 with
a C3 spacer in order to form an abasic site that serves to
monitor the assembly by complexation with 2-amino-5,6,7-
trimethyl-1,8-naphtyridine (ATMND). Indeed, ATMND is
fluorescent in solution, but when the two strands are assem-
bled, the fluorescence signal is quenched by the C3 spacer.
The system was found to detect cocaine with a LOD of 50
nM in buffer or in 10% diluted saliva. In 2018, a similar
system based on CBSA has been developed using enzyme-
assisted target recycling to amplify signals, allowing to de-
tect cocaine at 1 �M in 50% urine (106).

Aptachain

The aptachain concept relies on splitting an aptamer into
two overlapping strands able to assemble upon ligand bind-
ing. The nature of the cocaine aptamer makes it an ideal
candidate for such an assembly. Interestingly, it has been
shown that the cocaine aptamer binds quinine with an affin-
ity that is 30- to 50-fold higher than cocaine (107,108). This
property was used to design a model system able to trigger
the assembly of the two fragments that will elongate to an
aptachain (109). The concept was further implemented as
a biosensor by immobilization of one fragment on AuNPs,
which induced a shift of their plasmonic resonance and a
visible color change upon quinine binding (LOD = 1.1 �M,
Figure 3F).

A similar approach was used recently for target induced
construction of a hand-in-hand RNA nanowire. In the ab-
sence of theophylline as the specific ligand, RNA split ap-
tamer fragments were designed to be stable hairpins. When
theophylline was present, hairpin opening of the RNA
probe and subsequent assembly of an RNA nanowire was
triggered. The nanowire was captured on an electrode inter-
face and sensed with silver nanoparticles as electrochemical
species (LOD = 50 nM) (110).

SPLIT DNAZYMES

DNAzymes

DNAzymes are DNA single-strands having catalytic activ-
ities owing to their three-dimensional structure stabilized
by hydrogen bonding, �-stacking and metal-ion coordina-
tion. Obtained by in vitro selection methods, many deoxyri-
bozymes have been evolved to catalyze RNA cleavage, RNA
and DNA ligation, and a variety of covalent modification
reactions of nucleic acid substrates (Figure 4A) (111). There
are different types of DNAzymes, but the most prominent
are ribonucleases, which catalyze the cleavage of a ribonu-
cleotide phosphodiester bond by a transesterification reac-
tion triggered by a metal ion (112). The first DNAzyme has
been discovered in 1994 by Breaker and Joyce, and is a Pb2+-
dependent RNA cleaving DNAzyme (6,113). Most of these
DNAzymes are composed of a catalytic site flanked by two
binding arms able to recognize the nucleic acid substrate.
This also applies to the two well studied DNAzymes that
are the 8–17 and the 10–23 DNAzyme (114). Another cat-
egory of DNAzymes are Ligases, which join molecules in-
stead of fragmenting them. The first example was described
by Cuenoud and Szostak in 1995, in which the Zn2+- or
Cu2+-dependent metalloenzyme catalyses the condensation
of a 5′-hydroxyl with a 3′-phosphorimidazolide to form a
new phosphodiester bond (115). The use of DNAzymes is
continually progressing and the reaction scope of catalysis
by DNA as well as their numerous applications in biochem-
istry have been recently reviewed by key players in the field
(8,9,112,116–120).

Split DNAzymes

Considering the advantages offered by split aptamers, split
DNAzymes naturally have emerged as new functional
biosensors. Composed of multiple oligonucleotides capa-
ble of assembling into the active DNAzyme core in the
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Figure 4. Target detection by split DNAzymes. (A) Catalytic activities of DNAzymes: cleavage and ligation reaction (111). (B) General scheme of a
MNAzyme assay (121). (C) ATP and NAD+ detection by combining split 8–17 DNAzymes and CAMB (127). (D) HMF and LPS detection by hydrazone
chemistry assisted DNAzyme (128). (E) Signal amplification for the detection of Hg2+ (129). (F) Detection of miRNA in living cells by a split DNAzyme
and AuNPs (131). (G) Split peroxidase mimicking DNAzyme principle (133).
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presence of a helper strand, these architectures were called
MNAzymes for Multicomponent Nucleic Acid enzymes,
and proved their high efficiency for nucleic acid detection
and mismatch discrimination (Figure 4B) (121–126).

With the purpose of detecting ATP or nicotinamide
adenine dinucleotide (NAD+), Lu et al. developed a
ligation-triggered DNAzyme cascade by combining a split
DNAzyme with a catalytic and molecular beacon (CAMB)
strategy (127). The 8–17-DNAzyme was split into two frag-
ments, which are inactive toward the molecular beacon
strand in the absence of DNA ligase and the cofactor Zn2+

(Figure 4C). The addition of a complementary strand trig-
gers the hybridization of both fragments to become ligated
by ATP-dependent T4 DNA Ligase (for ATP detection)
or NAD+-dependent E. coli DNA ligase (for NAD+ detec-
tion). The amount of newly formed DNAzyme was found
being directly related to the concentration of the cofactor
ATP or NAD+. The addition of an invasive DNA frees the
8–17-DNAzyme, which subsequently is hybridized with a
hairpin-structured molecular beacon substrate. Addition of
the metal co-factor activates the DNAzyme and cleaves the
molecular beacon substrate, thereby producing a significant
increase of fluorescence. The LOD was found to be 100 pM
for ATP and 50 pM for NAD+.

Very recently, the split 8–17 DNAzyme was also
used for the detection of double targets, namely 5-
hydroxymethylfurfural (HMF) and lipopolysaccharide
(LPS) (128). The design involves a hydrazine group at the
extremity of the first fragment, while the second fragment
carries an aldehyde group. Under standard conditions, the
two fragments react to form the corresponding DNAzyme
modified by a hydrazone linkage (Figure 4D). In the
presence of Mg2+ ions and a molecular beacon substrate
strand labelled with a fluorescent probe and a quencher, a
strong fluorescence emission is observed, thus indicating
that the hydrazone linkage does not significantly influence
the catalytic activity of the DNAzyme (Figure 4D1). In
the presence of HMF only, the aldehyde group present
in the structure inhibits the formation of the DNAzyme,
and hence the cleavage of the substrate, leading to no
fluorescence emission (Figure 4D2). The presence of LPS
is visualized by magnetic beads functionalized with an
LPS aptamer and a fluorescent probe strand hybridized
to the aptamer, such that fluorescence is quenched. A
conformational change induced by the binding of LPS to
its aptamer induces the release of the probe strand and thus
fluorescence emission. Therefore, in the presence of LPS
only, fluorescence of both the DNAzyme cleaved substrate
and the probe strand released from the aptamer is observed
(Figure 4D3). In the presence of both, HMF and LPS,
formation of the DNAzyme and consequently cleavage
of the molecular beacon substrate is inhibited, such that
merely fluorescence of the probe strand is observed (Figure
4D4). The limits of detection have been evaluated to be
0.04 �M for HMF in a concentration range from 0.01 �M
to 5 �M, and 0.08 ng/mL for LPS in a concentration range
from 0.08 to 2000 ng/ml.

Split DNAzyme fragments have also been used to engi-
neer an ultrasensitive biosensor for Hg2+ detection (129).
Many techniques mainly based on colorimetry or fluores-
cence have been previously developed to detect this diva-

lent metal ion, achieving high selectivity, but only moder-
ate sensitivity (130). The DNAzyme based biosensor com-
bines a Mg2+-dependent split DNAzyme (two fragments),
a binding DNA, a hairpin DNA and a caged substrate,
and is also based on colorimetry (Figure 4E). The pres-
ence of Hg2+ is monitored through a cascade signal am-
plification. In the presence of Hg2+, the DNAzyme frag-
ments bind a third DNA strand (helper strand) supported
by the formation of T–Hg2+–T base pairs, thus resulting
in the formation of an active DNAzyme able to cleave the
caged substrate and release segments E and C–D. The C–
D segment will then bind to AuNPs forming an aggregate
network that becomes blue, allowing detection of Hg2+ by
the naked eye. Segment E can initiate another signal am-
plification process by opening the hairpin containing one
part of the split DNAzyme leading to signal amplification
with a LOD value of 10 pM. Furthermore, split DNAzymes
have been used to sense miRNA in living cells. The sys-
tem relies on AuNPs functionalized with a 3′-FAM-labeled
substrate strand hybridized to the two fragments derived
from the Mg2+-dependent 10–23 DNAzyme, one of them
carrying a quencher at its 5′-end (Figure 4F) (131). In the
absence of the target miRNA, the split DNAzyme is inac-
tive and the fluorophore is quenched by both the quencher
and the AuNP. However, the presence of the target miRNA
promotes the formation of an active split DNAzyme that
cleaves the substrate and releases the fluorophore from the
quencher. Simultaneously, the release of the target promotes
another cycle of activation, thus allowing an amplification
of the fluorescent signal and a LOD of the target miRNA
in living cells of 10 pM.

Split peroxidase mimicking DNAzymes

The peroxidase mimicking DNAzyme, initially designed by
Travascio et al. in 1998 (132) and then split for the first
time by Deng et al. in 2008 (133), is actually a hemin-
binding DNA aptamer, which exhibits peroxidase activity.
The DNAzyme sequence possesses four GGG motifs and
is thus able to self-assemble into a G-quadruplex structure,
which can catalyze the H2O2-based oxidation of 2,2′-azido-
bis(3-ethylbenzothiozoline-6-sulfonic acid) (ABTS2−). The
first split DNAzyme was divided into two fragments in a
3:1 split mode (133) (Figure 4G), and many studies have
been devoted to reveal the best architectural features and
reaction conditions to achieve highly effective detection of
nucleic acid sequences (134), mismatches (135), carcinoem-
bryonic antigen (136), enzymes (137,138), metal ions (139–
141), small molecules (142,143) or drugs (144–146).

Compared to the vast number of existing aptamers it is
obvious that only a small number of them have been suc-
cessfully translated into split systems. Splitting designs re-
quire a judicious choice of the fragments that do not dis-
turb the stability and the affinity of the binding site. This is
especially true with aptamers having hairpin and three-way
junction architectures (86). While most systems are based
on fragments that would reassemble non-covalently upon
binding of the ligand, split aptamer covalent ligation strate-
gies might overcome the difficulties encountered with non-
covalent hairpin and three-way junction architectures and
are currently emerging as an efficient alternative for the de-
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tection of small molecules (100,128). However, given the
versatile applications of DNA split aptamers, the engineer-
ing and characterization of new architectures as biosensors
are rapidly expanding (147). Recent examples include the
use of different split fragments for the detection of tumor
cells (148–150), viruses (151,152), antibiotics (153), antigens
(154,155), exosomes (156) or lyzozyme in the residues of la-
tent fingerprints (157).

SPLIT APTAZYMES

There are a few examples of combination of a
DNAzyme/ribozyme with an aptamer in a split de-
sign, hence called split aptazyme or short, splitzyme, to be
applied as biosensor. In general, activity of an aptazyme is
dependent on the presence of a specific ligand that binds to
the aptamer region.

As a prominent example, an RNA-branching deoxyri-
bozyme was engineered as a splitzyme to respond posi-
tively to ATP, resulting in modulated control of its activity
(158). For this purpose, an in vitro selected DNAzyme that
supports reaction of the 5′-phosphate of one RNA strand
with an internal 2′-OH group of another RNA strand, was
reengineered to contain the ATP aptamer in its structure.
To form the splitzyme, the stem-loop of the aptamer was re-
placed by three base pairs, and a break was introduced in the
phosphodiester backbone, thereby requiring two oligonu-
cleotides to form the complete deoxyribozyme. An opti-
mized version of the splitzyme reached a high ligation yield
(∼75–80%) in the presence of millimolar concentrations of
ATP, although only after 22 h. In another approach, a split
version of an aptazyme was combined with molecular bea-
cons that act as substrate and contain a ribonucleotide at
the cleavage site (159). The aptazyme, composed of the 8–
17 DNAzyme and the adenosine responsive aptamer, was
split into two fragments. Similar to the set-up depicted in
Figure 4C (127), a molecular beacon substrate labelled with
a fluorescent dye and a quencher, was used to monitor split
aptazyme activity. In the absence of adenosine, the split ap-
tazyme is inactive, thus leaving the MS intact and result-
ing in low fluorescence. When adenosine was added to the
medium, the two aptazyme fragments interact to form the
catalytically competent structure and cleave the molecular
beacon substrate, which results in significant increase of the
fluorescence signal. The LOD for this system was found to
be 1 �M (159), and thus two orders of magnitude lower
than observed with a previous split aptazyme-based adeno-
sine sensor (160). Also an RNA enzyme, the hammerhead
ribozyme (HHR) has been used in combination with an ap-
tamer in a split aptazyme design (161) as will be described
in more detail below (section Split Spinach).

GFP-MIMICKING LIGHT UP RNA APTAMERS

Over the past decades, it has been shown that RNA plays
crucial roles in the living cell and moreover, can be engi-
neered into a tool with numerous potential applications. To
elucidate the many functions of RNA and to create new
drugs or models of gene expression networks, knowledge
of RNA localization, dynamics, and regulation is impor-
tant. Therefore, many groups developed methods for fluo-

rescence imaging and detection of DNA and RNA in liv-
ing cells in real-time (162,163). The main problem of RNA
imaging is that RNA cannot be easily visualized, and thus
has to be tagged with a fluorescent probe, which however
is challenging in living cells. A solution to this problem
are light-up RNA aptamers that mimic the green fluores-
cent proteins (GFPs). Since 1990, GFPs have been used to
detect proteins in the cellular environment. The first GFP
was discovered by Shimomura et al. from the jellyfish Ae-
quorea Victoria (164). The 4-hydroxybenzylidene imidazoli-
none (HBI), which is formed from intramolecular reaction
of the three amino acid residues Ser65–Tyr66–Gly67, is re-
sponsible for the fluorescence in GFP (Figure 5A). To form
the chromophore, the residues are placed in the �-barrel of
the protein to proceed through a cyclization and oxidation
step (165). Therefore, the chromophore is localized in the
center of the protein and is protected from the environment
to activate the fluorescence. Thus, GFPs are advantageous
as compared to other proteins that bind their chromophores
via non-covalent interactions and thus are dependent on
their environment.

Taking the working mode of GFPs as a lead, light-up ap-
tamers have been developed by in vitro selection (166–171).
Those aptamers create fluorescence upon binding their spe-
cific ligands via non-covalent interactions, and hence do not
possess the advantage of GFPs that is harboring the chro-
mophore as an integral part of their structure. Yet, light-up
aptamers are seen as GFP mimics based on the fact, that
fluorescence of, in the unbound state non-fluorescent, lig-
ands is created by embedding those in a suitable environ-
ment. Thus, light-up aptamers are considered being label-
free fluorescence probes. The ligand binds tightly to the nu-
cleic acid, i.e. by intercalating or as minor groove binder. As
a result, intramolecular movements are limited and, upon
excitation, radiative relaxation can occur, resulting in an
increase of fluorescence. Light-up aptamers can be fused
to RNAs of interest allowing their visualization by optical
methods (167,170). Furthermore, light-up aptamers have
been engineered into aptasensors for detection of pathogens
in food or water samples (172). The Malachite green ap-
tamer (MGA) was the first RNA mimic of GFP to show
a fluorescence response upon binding to malachite green
(MG), a triphenylmethane dye with KD ≤ 1 �M, and split-
ting MG aptamers allowed for fluorescence detection of
nucleic acids (173,174). However, Malachite Green and its
derivatives are highly cytotoxic, and therefore, other dyes
were needed to develop methods for nucleic acid detection
in living cells.

SPINACH RNA APTAMER

Properties

In an effort to develop non-toxic light-up aptamers,
various GFP-like fluorophores like 3,5-dimethoxy-
4-hydroxybenzylidene imidazolinone (DMHBI), 4-
dimethylamino-benzylidene imidazolinone (DMABI),
2-hydroxybenzylidene imidazolinone (2-HBI) and 3,5-
difluoro-4-hydroxybenzylidene imidazolinone (DFHBI)
(Figure 5B) were synthesized and used for in vitro se-
lection (175). The brightest fluorophore among those
was DFHBI and, because of the green fluorescence of
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Figure 5. (A) The three amino acid residues Ser65-Tyr66-Gly67 in the center of GFP, forming the chromophore by intramolecular cyclization and oxidation
(165). (B) GFP-like fluorophore structures (175). (C) Secondary structure of the Spinach aptamer (175). The colored bases refer to the colors used in the
G-quadruplex shown in (D). (D) Cartoon presentation (left) and 3D structure (right) of the G-quadruplex interacting with DFHBI (PDB code: 4TS2)
(176). (E) Secondary structure of the Spinach 2 ‘superfolder’. Red bases are the mutations as compared with the parent Spinach aptamer in (C) (177). (F)
Structure of the Spinach sensor ligated to a metabolite aptamer via a transducer stem (178).

the aptamer bound dye, the system was named like the
green vegetable Spinach. As compared to the other HBI
derivatives, DFHBI exhibits specific fluorescence, also in
the cellular environment, and does not induce cytotoxicity.
The sequence is formed of 98 nucleotides, folded in three
stem-loops (Figure 5C). In the three-dimensional fold,
the three tetrade quadruplex is stabilized by two K+ ions
(176). DFHBI binds on the top of the G-quadruplex
motif to activate the fluorescence (Figure 5D). Different
interactions are involved. Residue G30 binds to the DFHBI
carbonyl oxygen and interacts with the benzylidene carbon
via Van der Waals interactions, N3 of DFHBI binds to
the 2′-OH of A64, and the 2′-OH of G26 binds to the
phenolate oxygen of DFHBI. One of the two K+ ions
coordinates two of the three G-quartets, and the other K+

ion the third lower G-quartet. The understanding of the

Spinach structure allowed the minimization of the aptamer
to generate a ‘Baby Spinach’ system, 51 nucleotides long,
without changed fluorescence properties when binding to
DFHBI (175).

The brightness of the Spinach-DFHBI system is only
53% of that of EGFP or 80% of the GFP brightness, re-
spectively. In addition, Spinach turned out to misfold in
cells (175,177). Thus, the fusion of Spinach with an RNA
of interest remained challenging and showed rather low flu-
orescence. Performance of Spinach was improved by a num-
ber of sequence changes to stabilize the aptamer fold and to
enhance the fluorescence in in vivo systems. Thus, Spinach
2, a ‘superfolder’ aptamer showing enhanced fluorescence
upon fluorophore binding was developed (Figure 5E) (177).
Compared to Spinach, Spinach 2 has almost the same pho-
tophysical properties, the excitation/emission spectra are
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similar, but show higher brightness. Owing to the improved
folding in living cells, the Spinach 2 aptamer allowed to im-
age toxic CGG-repeat-containing RNAs and retained 80%
of its fluorescence, while Spinach did not show any fluores-
cence in an identical set-up.

Spinach systems have been used for the detection of small
molecules (178) and specific nucleic acid sequences (179),
as well as for imaging protein expression (180) and RNA
transcription (181). To acquire a broad range of applica-
tions and to image metabolites like for example ADP, a sen-
sor has been developed composed of the Spinach aptamer
and a second aptamer that binds to small molecules (178).
Therein, stem-loop 2 (see Figure 5E) is essential for the sta-
bilization and the activation of the Spinach fluorescence.
This stem-loop has been replaced by a transducer stem con-
necting the Spinach backbone with the chosen metabolite
aptamer. The transducer is stabilized only when the tar-
get molecule is bound to the aptamer, which in turn al-
lows proper folding of the Spinach aptamer and fluores-
cence emission when bound to DFHBI (Figure 5F).

Split Spinach

The use of light up aptamers in split scenarios has potential
in particular for the visualization of RNA assembly. To this
end, Spinach was cut in two fragments that, upon appropri-
ate interaction, would form the full length aptamer (182). In
order to find a suitable split region, structure-function rela-
tionship studies have been carried out. Stem-loops 1 and
3 are responsible for the formation of the G-quadruplex
structure, which is essential for binding of DHFBI (Figure
5C–E). Therefore, stem–loop 2 of the Spinach system pro-
vides an excellent region for sequence modifications and is
a good candidate for the split region (176,178,182). First
studies of the split Spinach assembly involved DNA blocker
sequences to temporarily control the assembly of the func-
tional aptamer. The split site is located within the stabiliz-
ing stem–loop 2, and the two fragments are elongated. Two
DNA strands (DNA blockers 1 and 2 in Figure 6A) are de-
signed to form duplexes with each of the two Spinach frag-
ments to prevent folding into the functional aptamer. Asso-
ciation of the two pieces is permitted, when two complemen-
tary ‘unblocking’ DNA strands are added, allowing forma-
tion of the DFHBI binding pocket, mirrored in DFHBI flu-
orescence (Figure 6A) (182).

Split systems can also be utilized for RNA self-cleavage
detection and quantification. Thus, the hammerhead ri-
bozyme (HHR) has been combined with one of the Spinach
aptamer fragments (Figure 6B). The Spinach aptamer used
in this study has been minimized, and one fragment (apt 1
in Figure 6B) is used to form the 5′-part of the hammer-
head substrate sequence. A short sequence complementary
to this Spinach fragment is added to the 3′-end of the HHR,
thus forming a short stem structure in the functional ri-
bozyme. Upon self-cleavage, the elongated ribozyme strand
is easily displaced from the Spinach fragment by addition
of the second aptamer fragment (apt 2 in Figure 6B), thus
allowing formation of the functional Spinach aptamer, mir-
rored in high fluorescence in the presence of DFHBI (Figure
6B) (161). This method is easily adaptable and can be used
to analyze the performance of different ribozyme variants.

As seen with the HHR, application of the Spinach ap-
tamer for detection of activity requires sequence adapta-
tion, hence making necessary all the different steps of set-
ting up such a system, like design, synthesis, purification,
and optimization. In 2017, Kikuchi et al. developed a Uni-
versal Split Spinach Aptamer (USSA) probe able to bind
DNA or RNA targets independent of their sequences (183).
In the process, the Spinach fragments (apt 1 and apt 2; Fig-
ure 6C) have to interact with two adaptor strands, which
only upon hybridization to the target would re-form the
binding site for DFHBI. In this way, split aptamers are not
in direct contact with the target and hence can be used in
a universal manner for sensing different RNA or DNA tar-
gets (Figure 6C) with a LOD of 1.5 nM in the best case.
However, the detection of mRNAs using the USSA still
suffered from low-brightness, owing to thermal instability
as well as K+ and Mg2+ concentration-dependent folding,
and thus remained challenging. Wang et al. improved the
strategy and developed an aptamer-initiated fluorescence
complementation protocol for RNA imaging, based on two
fragments of Baby Spinach that are functionalized with
complementary sequences to the mRNA target. When the
mRNA target is present, both fragments become oriented
sufficiently close to one another for formation of the func-
tional aptamer, efficient DFHBI binding and high fluores-
cence (184).

Many of the processes in living systems take place due
to the proximity of the components. Thus, split Spinach
aptamers have been used not only with nucleic acids, but
also for detection of a specific antibody via the correspond-
ing antigens conjugated at the end of both Spinach frag-
ments (Figure 6D). The functionality of the split strands is
retained by an additional spacer, comprising 10 uracil units,
between the split Spinach sequences and the antigen. In the
presence of the specific antibody, the fragments are suffi-
ciently close to properly fold and to bind the DFHBI fluo-
rophore, thus resulting in a fluorescence increase (185).

BROCCOLI RNA APTAMER

Broccoli - a new green light up aptamer

The Spinach aptamer was obtained from in vitro selection
by the SELEX method. This however, is based on the affin-
ity of the aptamer for the target/fluorophore and not on its
capability of activating the fluorescence of the fluorophore
(175). Thus, as mentioned above, Spinach turned out be-
ing not optimal for in vivo experiments (186). To overcome
this problem and to improve RNA imaging by light-up ap-
tamers, research efforts were started to develop aptamers
with similar features like Spinach, but improved character-
istics for application in living cells. Filonov et al. invented a
new selection method combining the classic SELEX proce-
dure in E. coli with a fluorescence-activated cell sorting step,
from which a new light-up aptamer, named Broccoli was
obtained (187). With a sequence length of 49 nucleotides,
Broccoli is shorter than Spinach, and exhibits better fold-
ing efficiency under physiological conditions, green fluores-
cence upon binding DFHBI, and lower magnesium ions de-
pendence.
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Figure 6. (A) Monitoring split Spinach assembly (182). (B) Hammerhead ribozyme cleavage assay using the split Spinach aptamer (161). (C) Universal
Split Spinach aptamer assay (183). (D) Split Spinach aptamer assay for antibody detection (185).

Split Broccoli

Because of its favorable properties, the Broccoli aptamer
has also been studied as split variants (188,189). For this
purpose, two Broccoli aptamers were combined in a three-
way junction structure (Figure 7A), and this structure was
subsequently re-designed to consist of two separate RNA-
strands with the split sites being located in the terminal
loops of the two Broccoli hairpins (Figure 7B) (190).

Additional terminal strands were added to stabilize the
system against nuclease degradation. This system was used
to monitor RNA–RNA hybridization events in vivo (190),
as well as for in cell mRNA imaging (184). For this, one
three-way junction forming Broccoli fragment (Broccoli
1) was functionalized with an RNA ‘Trigger’ sequence,
and another three-way junction forming Broccoli fragment
(Broccoli 2) with an RNA ‘Toehold’ and the mCherry
mRNA. The Trigger and the Toehold have complemen-
tary sequences allowing control of mCherry expression. The
RNA Toehold forms a hairpin structure containing the 5′-
UTR of mCherrry. Upon hybridization, the two three-way
junction forming Broccoli fragments self-assemble into the
functional system, and allow for emission of green fluores-
cence in the presence of DFHBI. In addition, the sequence
of the Toehold comprising the 5′-UTR is set free to favor
ribosome binding and initiation of translation to express
mCherry (Figure 7C). The green fluorescence of the split
aptamer confirms the RNA-RNA hybridization event, and
the red fluorescence of the mCherry protein indicates suc-
cessful activation of translation.

Light-up aptamers are also valuable tools for verifica-
tion of proper folding of DNA and RNA nanostructures.
In this context a split Broccoli aptamer system has recently
been used to monitor the folding of an RNA origami (Fig-
ure 7D) (191). An RNA origami ribbon was formed from
the 212 nucleotides long De Bruijn sequence (DBS) scaf-
fold, designed to adopt a closed conformation only in the
presence of the split Broccoli scaffold, and folding was in-
duced by addition of specific staple strands. The Broccoli
aptamer is split at the terminal stem loop; the two result-
ing Broccoli fragments are extended via an eight nucleotides
spacer with complementary sequences, allowing specific in-
teraction with the DBS scaffold. Formation of the ribbon
was followed by observing the fluorescence of the added
DFHBI-1T dye.

Furthermore, based on a Toehold-mediated strand dis-
placement mechanism, a novel Catalytic Hairpin Assembly
RNA circuit sensor that is Genetically Encoded (named
CHARGE) was designed to detect specific RNA molecules
inside living cells with high sensitivity (192). The two ends
of complementary hairpin RNA strands were functional-
ized with two non-fluorescent fragments of the Broccoli ap-
tamer (Figure 7E). The target strand to be detected serves
the role of invading one of the hairpin structures containing
one Broccoli fragment, thus opening up the stem loop and
inducing hybridization with the other hairpin structure con-
taining the second Broccoli fragment. Thus, the functional
Broccoli aptamer is formed as monitored by the emerging
fluorescence upon addition of the cognate dye DFHBI-1T.
Target concentrations as low as 0.5 nM could be detected.
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Figure 7. (A) The three-way junction of the monomeric Broccoli aptamer (190). (B) The dimeric three-way junction Broccoli aptamer (190). (C) Formation
of the dimeric Broccoli aptamer for monitoring RNA–RNA hybridization events (190). (D) Monitoring the folding of an RNA origami (191). (E) CHARGE
system for detection of specific nucleic acid targets (192).

Other split RNA aptamers

Apart from light-up aptamers, other RNA aptamers have
been used in split designs for specific target detection. A
split version of an aptamer specific for the RNA-binding
protein eIF4A was used in combination with the protein
complementation approach to detect and localize specific
mRNAs in live E. coli cells (193). The assay relies on the
sequence specific binding of two RNA probes complemen-
tary to two adjacent sites on the mRNA target. Each RNA
probe is composed of a sequence complementary to the tar-
get and a fragment of the split aptamer, connected by a flex-
ible linker. In the presence of the target mRNA, binding of
the two RNA probes next to one another, brings the two
aptamer fragments in close proximity and hence supports
assembly. The assembled aptamer binds to a split version of
its target protein eIF4A, and thereby triggers re-association.

elF4A was used here as a fusion protein with EGFP, hence
the emerging fluorescence upon aptamer and protein as-
sembly was used as readout. Compared with assays where
the full size EGFP and/or full length aptamer was used,
the combination of the split aptamer approach with pro-
tein complementation lead to significant fluorescence back-
ground reduction and allowed to detect, in live cells, a signal
from a specific mRNA with an average RNA concentration
of ≤1 molecule per cell.

Another example of a non-light up split aptamer assay
is detection of theophylline by aptamer triggered colori-
metric aggregation of gold nanoparticles (AuNPs) (194).
The theophylline RNA aptamer was cut into two frag-
ments. The fragments interact with the AuNPs, enhancing
the salt tolerance of the nanoparticles and preventing ag-
gregation. Addition of theophylline triggered the assembly
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of the RNA aptamer fragments, thus reducing the amount
of RNA available to protect the AuNPs and allowing their
salt-induced aggregation. Aggregation is associated with a
color change from red to blue, that can be visually detected
or measured by absorption spectroscopy. The relatively low
LOD (67 nM of theophylline), the high selectivity and the
facile visual detection make this assay a good tool for di-
agnostic applications and easily adaptable to other RNA
aptamers.

SPLIT RIBOZYMES

As for split studies on RNA aptamers, the strategy of frag-
mented systems has been used with ribozymes in order to
improve in vivo detection methods. Ribozymes are RNA
molecules that can catalyze a wide range of reactions, al-
though ribozymes occurring in nature are limited to cataly-
sis of trans-esterification, hydrolytic or peptidyl transfer re-
actions (195). Nowadays, the mechanisms and structures of
catalytic RNAs have been studied to an extent that has al-
lowed to create tools for application in molecular biology,
medicine or analytics.

Split hairpin ribozyme

Basically driven by the technical challenges of chemically
synthesizing long RNA strands, ribozymes have been as-
sembled from two or more fragments in mechanism and
structure studies. For example, with the hairpin ribozyme, a
small naturally occurring catalytic RNA derived from the (–
)-strand of the Tobacco Ringspot virus satellite RNA (196),
the terminal hairpin loop closing one of the helices has been
removed, thus splitting the ribozyme strand into two parts.
In order to compensate the stability loss, the helix was ex-
tended by three additional Watson–Crick base pairs. Both
ribozyme versions have virtually the same cleavage charac-
teristics, and thus both set-ups have been extensively used
in numerous studies (197).

Split group I intron ribozyme

The group I intron of the ciliated protozoan Tetrahymena
thermophila is an RNA catalyst that supports mRNA self-
splicing (198). A split version of the Tetrahymena ribozyme
was engineered to develop an mRNA detection method in
mammalian cells (199). The ribozyme fragments were con-
nected at one end to mRNA antisense strands via linker se-
quences. On the other end, the ribozyme fragments were at-
tached each to one half of the coding sequence of nonse-
creted TEM-1 �-lactamase. In the presence of the mRNA
target, the antisense strands would bind to it, thus position-
ing the ribozyme fragments for functional assembly. Upon
ribozyme mediated splicing, the complete coding sequence
of the TEM-1 �-lactamase was regained for translation to
occur. The synthesized proteins were then detected by a flu-
orogenic substrate, that is �-lactam linked to an umbellif-
erone called CC1. The produced �-lactamase catalyzed the
hydrolysis of CC1, thus releasing umbelliferone and induc-
ing a fluorescent signal (200). The key feature of this system
is its inherent capability of signal amplification, since one
molecule of target RNA induces the production of many

protein molecules from the spliced RNA. The assay is uni-
versal, since different mRNA targets can be detected by
adapting the sequence of the antisense strands to the tar-
get of interest.

LIMITATIONS AND FUTURE PERSPECTIVES

Despite the high potential of split aptamers for applica-
tions in diagnostic and therapy, only a rather small number
of split structures have been successfully used so far. This
is certainly a consequence of the fact that the design of a
well-performing split system is still a challenging task. Ba-
sically there are three key issues that require careful consid-
eration: (i) choice of the split site, (ii) stability of the split
aptamer/nucleic acid enzyme target complex and (iii) sen-
sitivity of the split system.

Choice of the split site

When designing split systems, it has to be taken into ac-
count that the three-dimensional structure of the parent nu-
cleic acid strand can be considerably perturbed, if split at
an unfavorable position. Therefore, careful design of the
fragments and verification of the assembled structure by
theoretical (computer aided) and experimental analysis is
a very important task. This requires the understanding of
the aptamer/nucleic acid enzyme target complex including
the role of individual functional groups of nucleobases and
of the sugar-phosphate backbone. In order to maintain the
functionality of the system, splitting is usually restricted to
functionally dispensable sites. Such sites are usually avail-
able in DNAzymes and ribozymes, in aptamers however,
they are often missing. Recent work by Wang et al. has ad-
dressed this problem by studying split aptamers with broken
initial small molecule binding pockets, and demonstrating,
in wet lab experiments as well as in silico, that biorecogni-
tion and binding capabilities are preserved (201). Thus, the
prediction of ligand binding potency of split aptamer de-
signs by MD simulations can be expected to enhance the fu-
ture development of split aptamers for biosensing purposes.

Stability of the split aptamer/nucleic acid enzyme–target
complex

Compared to the parent full-length nucleic acid strand, the
individual fragments of a split system often have lower affin-
ity to the target, which results in reduced stability of the
aptamer/nucleic acid enzyme target complex. Furthermore,
there is a higher entropic cost of complex formation, due
to the fact that two or more fragments need to assemble
instead of only one nucleic acid strand that binds to the
target. Stabilization of the split system can be achieved
by structural manipulation, i.e. extension of the individ-
ual fragments by additional nucleotides that by comple-
mentary base pairing would assist assembly and increase
stability of the split aptamer/nucleic acid enzyme target
complex. Instead of additional nucleotides also other func-
tionalities that support target-induced fusion of the frag-
ments can be used. A prominent example is the work by
Jin et al. (69) described above, who attached pyrene moi-
eties at the ends of two split aptamer fragments, such that

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/48/7/3400/5766658 by Stephane Lanoe user on 23 April 2024



3416 Nucleic Acids Research, 2020, Vol. 48, No. 7

Table 1. Summary of split-systems described in this review. LOD: limit of detection; FAM: 6-carboxy-fluorescein; FRET: Förster resonance energy transfer;
ATP: Adenosine triphosphate; BHQ: black hole quencher; Cy3/Cy5: Cyanines 3 and 5; SPR: surface plasmon resonance; ALO: aryl-less cyclooctyne;
DIBAC: dibenzoazacyclooctyne; NAD: nicotinamide adenine dinucleotide; CAMB: catalytic and molecular beacon; HMF: 5-hydroxymethylfurfural;
LPS: lipopolysaccharide

Target Fragment 1/Fragment 2 (5’-3’) Detection method LOD Ref

FAM-GGTTGGTG/TGGTTGG FRET 2 nM (50)
FAM-GGTTGGTG/TGGTTGG Fluorescence 1 nM (51)

AGGTTGGGGTGACT/AGTCCGTGGTAGGGC Fluorescence/Colorimetry 0.16 – 0.45 nM (54)
GGTTGGTG/TGGTTGG ECL 0.2 pM (58)Th

ro
m

bi
n

GGTTGGTGTGGTTGG/AGTCCGTGGTAGGGGCA Electrochemical 35 fM (59)
ACCTGGGGGAGTAT/TGCGGAGGAAGGT-BHQ1 Fluorescence 1.7 µM (66)

ACCTGGGGAGTAT/TGCGCAGGAAGGT FRET 0.72 U.L-1 (67)
ATTATAGCGGAGGAAAGTATT-pyrene/pyrene-

AGTACCTGGGGAGTATATACT Fluorescence 80 nM – 0.5 µM (69)A
TP

ACCTGGGGGAGTAT-Cy3/TGCGGAGGAAGGT-Cy5 Dual color fluorescence 100 fM (70)
ACCTGGGGGAGTAT/ATGCGGAGGAAGGT Fluorescence 12 µM (65)

AGAGAACCTGGGGGAGTAT/TGCGGAGGAAGGTT
GAG SPR 30 nM (78)

TACCTGGGGGAGTAT/TTGCGGAGGAAGGT SPR 1.5 pM (82)

A
de

no
si

ne

CATCTCTTCTCCGAGCCGGTCGAAATATTGGAGGA
AGCTC/GAGCTGGAGGAAAAAGTGACAA Fluorescence 1 µM (159)

FAM-TTCGTTCTTCAATGAAGTGGGACGACA/
GGGAGTCAAGAACGAA-Dabcyl Fluorescence 1 µM (83)

Cy3-GGGAGTCAAGAAC-cyclooctyne/N3-
GTTCTTCAATGAAGTGGGACGACA Fluorescence 1µM – 1mM (100)

Cy3-GGGAGTCAAGAAC-aldehyde/NH2-
GTTCTTCAATGAAGTGGGACGACA Fluorescence 1 µM (102)

Cy3-GGGAGTCAAGAAC-ALO/N3-
GTTCTTCAATGAAGTGGGACGACA Fluorescence 1 µM (103)

Cy3-GGGAGTCAAGAAC-DIBAC/N3-
GTCCTTCAACGAAGTGGGACGACA Fluorescence 100 nM – 1 µM (103)

CTCCTTCAACGAAGTGGGTTCCTTCAACGAAGTGG
GTCTC/GAGACAAGGAACAAGGAG Fluorescence 50 nM (104)

C
oc

ai
ne

GTCCACTAACGAAGTTGTCTTCCACTAACGAAGTT
GTCC/Cy5-GGACGTGGAGACGTGGAC-Iowa Black Fluorescence 1 µM (106)

CGGCUGGGGCGAUACCAGCCGAAA/
CCAGCCGAAAGGCCCUUGGCACGUCGGG-NH2

Electrochemical 50 nM (110)

Th
eo

-
ph

yl
lin

e

AAAGGCGAUACCAGCCGAAA/GGCC 
CUUGGCAGCGUCAAAA Colorimetry 67 nM (194)

Quinine: TCGTGGGACGACATTCGTTCTTCAATGA/
GGAGTCAAGAACGAA Colorimetry 1.1 µM (109)

Quinine/Quinidine: Cy3-GGGAGTCAAGAAC-
aldehyde/NH2-GTTCTTCAATGAAGTGGGACGACA Fluorescence 100 nM (102)

ATP/NAD+: CATCTCTTCTCCGAGCCGGTCG/
AAATAGTGGGTG Fluorescence 50 – 100 pM (127)

HMF/LPS: CATCTCTTCTCCGAGCCGGTCG-
hydrazine/aldehyde-AAATAGTTGGTCGCTGGG

GGGCTGACC
Fluorescence 0.08 – 2000 

ng/mL (128)

Hg2+: ATCTGTCGAGTGGTTACACCATGTTCG
TCA/TCTTGCAGCGATTAACAACTGATGCTA Colorimetry 10 pM (129)

miRNA: TCAACATCAGTCGGTCGAAATAGT
GAGTCGCTC/BHQ-CATCTCTTCTCCGAGCCT

GATAAGCTA
Fluorescence 10 pM (131)

Hemin: ACAGGCGGCCTTAACTGTAGTTGGG
TAGGGCGGG/TGGGTCTGGTGAAATTGCTGCC Colorimetry 100 nM (133)

miRNA: ACUGUUGAGUAGAGUGUGAGCUC 
CGcagtggcccatacccatgc/gtgttgtgt/TEG/UGGUGAAGG

ACGGGUCCAGU
Fluorescence 1.5 – 4.2 nM (183)

O
th

er
 ta

rg
et

s

RNA: Hairpin RNA 1- CAGAGAGACGGUCGGG 
UCCACAGUUUCC/GGAAACUGUGUCGAGUAGAGU

GUGGGCUCUCUG- Hairpin RNA 2
Fluorescence 0.5 nM (192)
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formation of the pyrene dimer upon split aptamer fold-
ing in the presence of the cognate ligand not only allowed
for detection, but in addition assisted assembly and in-
creased stability of the aptamer target complex. In an-
other scenario, the fragments are functionalized with reac-
tive groups, as for example azides and alkynes or aldehydes
and amines/hydrazines, such that the individual strands,
upon folding, would become covalently linked by an ap-
propriate chemistry (100,102,103). In this way, upon target
induced assembly of the split system, the effective molar-
ity of the reactive groups attached to the ends of the split
fragments would be significantly increased, thus promot-
ing chemical reaction. This in turn would stabilize the split
aptamer/nucleic acid enzyme target complex, and moreover
can be used as readout of target-induced assembly and thus
for detection, and potentially sensing, of the cognate ligand.

Sensitivity of the split system

The problem of limited affinity and stability of split
aptamer/nucleic acid enzyme target complexes is also mir-
rored in reduced sensitivity. Although impressive sensitiv-
ity has been demonstrated in some cases (Table 1), there is
a particular need for signal amplification strategies to im-
prove the sensitivity down to LOD in the picomolar range.
This is challenging with split systems and usually requires
rather complex assays. In a quite straight-forward way sig-
nal amplification is achieved by combination of the split sys-
tem with protein enzymes to turnover a specific substrate,
which is available to the enzyme only if the split aptamer
target complex has formed (202). In an analogous scenario,
aptazymes cleave or ligate specific substrates only in the
presence of a specific ligand that binds to the aptamer re-
gion of the aptazyme and stabilizes the functionally compe-
tent conformation of the catalytic core. Other methodolo-
gies like for example strand displacement amplification of a
sequence that becomes available exclusively upon formation
of the split aptamer target complex and detection/sensing
of the formed dsDNA in a real time PCR assay (203) have
started to be integrated in split aptamer and nucleic acid
enzyme designs.

CONCLUSION

Split aptamers and ribozymes/DNAzymes are at the ini-
tial stage of design and application. The concept of split
aptamers/nucleic acid enzymes involves dissecting the par-
ent full length strand in a series of two or more indepen-
dent and non-functional fragments, which in the presence
of the specific target would assemble to form the functional
entity. Thus, in comparison to full length functional nu-
cleic acids, split systems are easier to synthesize, and due to
their smaller size are less prone to form unwanted secondary
structures, which might deliver false-positive or non-specific
signals in the absence of the target. The ideal design would
include that the fragments of the split system are brought
in close contact and deliver a signal only when the target is
present. Aptamers are the key elements for detecting small
molecules or proteins, whereas nucleic acid enzymes have
been applied mainly for detection of specific nucleic acid se-
quences or metal ions. The combination of both, aptamers

and nucleic acid enzymes, into aptazymes is an appealing
concept of signal enhancement by the multiple turnover of
the enzyme that amplifies the binding event of the target to
the aptamer region into multiple reaction products used for
readout.

Overall, the design and application of split aptamers and
nucleic acid enzymes in biosensing applications is still in
its infancy and remains challenging. Further improving the
stability of split nucleic acid target complexes and with that
the sensitivity is an important task. In addition, fast and
practical approaches based on fluorescence, chemilumines-
cence, colorimetric or electrochemical detection need to be
further implemented in split aptamer/nucleic acid enzyme
assays to achieve efficient working modes. Nevertheless, the
so far reported functional assemblies derived from aptamers
and ribozymes/DNAzymes, impressively demonstrate the
proof of principle, and pave the way for deeper implemen-
tations and exciting new developments in this compelling
and emerging field.
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Thirty-five years of research into ribozymes and nucleic acid
catalysis: where do we stand today? [version 1; peer review: 2
approved]. F1000Research, 5, 1511.

196. Hampel,A. and Tritz,R. (1989) RNA catalytic properties of the
minimum (-)sTRSV sequence. Biochemistry, 28, 4929–4933.

197. Welz,R., Schmidt,C. and Müller,S. (2001) Spermine supports
catalysis of hairpin ribozyme variants to differing extents. Biochem.
Biophys. Res. Commun., 283, 648–654.

198. Sullenger,B.A. and Cech,T.R. (1994) Ribozyme-mediated repair of
defective mRNA by targeted trans-splicing. Nature, 371, 619–622.

199. Hasegawa,S., Gowrishankar,G. and Rao,J. (2006) Detection of
mRNA in mammalian cells with a split ribozyme reporter.
ChemBioChem, 7, 925–928.

200. Gao,W., Xing,B., Tsien,R.Y. and Rao,J. (2003) Novel Fluorogenic
substrates for imaging �-lactamase gene expression. J. Am. Chem.
Soc., 125, 11146–11147.

201. Wang,R., Zhang,Q., Zhang,Y., Shi,H., Nguyen,K.T. and Zhou,X.
(2019) Unconventional split aptamers cleaved at functionally
essential sites preserve biorecognition capability. Anal. Chem., 91,
15811–15817.

202. Li,Q., Wang,Y.-D., Shen,G.-L., Tang,H., Yu,R.-Q. and Jiang,J.-H.
(2015) Split aptamer mediated endonuclease amplification for
small-molecule detection. Chem. Commun., 51, 4196–4199.

203. He,J.-L., Wu,Z.-S., Zhou,H., Wang,H.-Q., Jiang,J.-H., Shen,G.-L.
and Yu,R.-Q. (2010) Fluorescence aptameric sensor for strand
displacement amplification detection of cocaine. Anal. Chem., 82,
1358–1364.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/48/7/3400/5766658 by Stephane Lanoe user on 23 April 2024


