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ARTICLE INFO ABSTRACT
Keywords: Aptamers are the evidence of the power and versatility of DNA. In the biosensing field, if the important properties
Apt?j‘mers ) of aptamers together with all the many different conformations they can adopt are coupled to the proper transduc-
Optical switch tion system, an unthinkable amount of possibilities is open up to construct biosensing methods for, in principle,
Luminescence . . . . . o

any imaginable target. Inspired by classical molecular beacons, by using the intrinsic property of aptamers of
Surface plasmon resonance . . . o1k s . .
Nanomaterials changing their conformation when binding to the target and the possibility of labelling and coupling them to

other DNA sequences, nanomaterials or polymers, a large variety of “turn on” or “turn off” optical biosensing sys-
tems, can be developed.

This review gives an overview of the recent works dealing with aptamers as optical switches in biosensing. Several
optical approaches based on luminescence are considered, ranging from fluorescence, to chemi/bio luminescence,
to plasmon field-enhanced fluorescence. The attractive combination of aptamer optical switches and nanomateri-
als is also discussed. Finally, the appealing and challenging application of aptamer optical switches to intracellular

Intracellular sensing

sensing and imaging is presented.

1. Introduction

DNA is a powerful molecule: with DNA, and RNA, fragments,
researchers in the biosensing field not only give specificity to their ana-
lytical system, but they can build extraordinary tools, such as nanoma-
chines [1-4], robots [5] and “plug and play” logic gates or
nanocomputers [6]. With DNA, life inside single cells can be spied on
and, after intracellular internalization, DNA molecules can function
simultaneously as sensing and as therapeutic tools [7,8].

In this fascinating area, aptamers are the proof of the intrinsic power
of DNA/RNA molecules. Researchers started playing with DNA-based
combinatorial selection in 1990 [9,10] and these first successes have
guided the research until the recent challenge of selecting aptamers for
in vivo targets [11]. With the advancement and the consolidation of the
systematic evolution of ligands by exponential enrichment (SELEX) pro-
cess, a plethora of aptamers has been selected in 30 years [12-15],
despite the tremendous potential of this technology has not been fully
exploited yet [16,17]. Aptamers are short DNA or RNA fragments
selected among a very complex library, to bind a specific target, which
can range from a very small molecule, such as an ion [18], up to an
entire microorganism, such as a bacterium [19] or from human proteins
[20] up to pesticides [21] or explosives [22]. The wide range of targets
for which aptamers can be generated is only one of the important fea-
tures of these molecules, together with their chemical synthesis and
modification which assures the overcoming of the batch-to-batch varia-
tion encountered in the production of antibodies, for example [23].
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Beside this, the most fascinating property of aptamers is precisely
their mechanism of binding the target molecule via a conformational
change [24]: the definitive 3D conformations, such as hairpin [25],
pseudoknot [26], bulge loop [27], G-quadruplex [28] etc., that aptamers
can adopt binding the vast variety of possible different targets, allows
their application in a huge choice of sensing methods [29,30]. This
aspect is even more attractive when realizing that aptamers are acting
exactly like many molecules in nature, which can achieve a selective
and sensitive output or initiate a biological function when binding to a
specific target [31]: they are biomimetic molecules.

If all these noteworthy characteristics of aptamers are coupled to an
appropriate transduction tool, an unthinkable amount of possibilities is
open up to construct biosensing methods for any imaginable target:
inspired by the action of classical DNA molecular beacons (MBs), the
same principle can be used with aptamers coupled to optical sensing sys-
tems [32]. In this sense, aptamers working as optical switches are sensi-
tive and selective tools that can respond to specific molecular changes
triggered by the binding to the target, combining the selectivity and sen-
sitivity of MBs with the flexibility of aptamers. However, one important
and giant difference between aptamer switches and MBs must be evi-
denced: although the two molecules have similar structures, classical
MBs can recognize and bind via hybridization only other DNA or RNA
molecules [33], whereas aptamers can trigger the generation of a signal
upon binding to all the variety of possible targets for which they can be
selected. In general, MBs are short oligonucleotidic sequences with a
hairpin conformation, containing a loop and a stem formed by the two
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ends of the sequence hybridized with each other [34]. The hairpin is
opened upon hybridization between the MB and its target, which is usu-
ally complementary to the loop portion of the beacon. If the two ends of
the probe structure are labelled, for example, with a fluorophore and a
quencher, these molecules are in close proximity in the intact hairpin
form, i.e. in absence of the target sequence: in this situation, the sensor,
constituted by the MB, is in its OFF stage. In presence of the complemen-
tary target, when the hairpin opens up, fluorophore and quencher are at
a distance for which fluorescence emission can occur and the sensor
switches to its ON stage. Based on this classical MB format, a vast variety
of aptamer optical switches can be envisaged (Fig. 1). The simplest
ones, rely on the intrinsic property of specific aptamers (those for adeno-
sine triphosphate, aflatoxin B1 or thrombin, for example) of adopting a
hairpin or a G-quadruplex structure when binding to the target
(Fig. 1A): if properly labelled at the two ends of the sequence, this
aptamer can alone function as optical switch by turning on or off its opti-
cal signal in presence of the target molecule [35,36]. In some cases, a
bio-engineering step can be applied to specific aptamers for splitting
them in two or more fragments [37]: these so called “split aptamers”
(Fig. 1B) can re-arrange in the structure of the complete aptamer when
binding to the target, cocaine, for example [38], turning on or off an
optical signal if the two segments are properly labelled.

When the aptamer alone is not able to fold in a specific structure, it
may be helped by the addition of other sequences: constructs can be
built by coupling the aptamer to other oligonucleotidic fragments
which, due to specific self-complementarity, can fold in hairpin struc-
tures in absence of the aptamer target molecule (Fig. 1C) [31]. Due to
the stronger affinity of the aptamer towards its target, the molecular
construct re-arranges in a more stable form with the aptamer folded to
bind its specific molecule and not hybridized with the internal comple-
mentary fragment. Also in this case, with proper labelling, optical
switches can be realized. A similar mechanism can be designed based on
the hybridization of the aptamer, labelled for example with a fluoro-
phore, with a complementary strand fixed onto gold nanoparticles
(Fig. 1D): in this configuration, the fluorescence signal is quenched by
the close vicinity of the nanoparticle. Upon binding to its target, the
aptamer is released from the duplex and the fluorescence signal can be
generated.

A last mechanism is based on very interesting two-dimensional mate-
rials, such as graphene oxide (GO) or other nanosheets, which have the
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property of adsorbing biomolecules and, at the same time, display opti-
cal features, such as fluorescence quenching (Fig. 1E) [39]. Aptamers
labelled with fluorescent molecules, in absence of the target, and conse-
quently in their unfolded and quasi-linear conformation, can interact
with the nanosheet, which has the important property of adsorbing only
single-stranded or unfolded DNA fragments. The binding to the target
causes the folding of the aptamer which is in turn no more adsorbed
onto the nanosheet, with the consequent turning on of the optical signal.

In all these methods, the optical mechanisms can be tuned by choos-
ing the proper optically active labelling molecules or nanomaterials
with the aptamer switch-based sensor functioning with a “turn on” or a
“turn off” procedure. If sensitivity of these analytical systems can be
greatly influenced by the optical detection, selectivity highly depends
on the selectivity of the aptamer itself: aptamers have been demon-
strated to be very selective, with the most famous cases being the anti-
theophylline and the anti-l-arginine ones [23]. A selective binding of the
aptamer to its target could be compromised by the introduction of addi-
tional short oligonucleotides or of functional moieties in the aptamer
sequence or by the non-optimal binding conditions, which, in principle,
should be as much as possible similar to the SELEX conditions: however,
if all these important points are taken into consideration, the selectivity
of the aptamer can be retained and very selective sensors can be
obtained.

This review will give an overview of the very last works concerning
aptamer optical switches; the biosensing methods will be subdivided on
the basis of the luminescent-based optical approaches ranging from fluo-
rescence, to chemi/bio luminescence, to plasmon field-enhanced fluo-
rescence. In addition, the attractive features and biosensing possibilities
offered by aptamer optical switches coupled to different nanomaterials
will be also examined. Finally, the fascinating world of intracellular
sensing will be considered with aptamers working not only as optical
switches but also as targeting molecules coupled to classical MBs as sens-
ing tool.

2. Luminescence-based aptamer switches
2.1. Fluorescence-based aptamer switches

The first developed aptamer switches for protein detection main-
tained the concept of donor/quencher pair, as it was commonly used for
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Fig. 1. Scheme of the different aptamer optical switch mechanisms. A) Aptamers adopting conformations of hairpin or G-quadruplex upon binding to the target; B)
Split aptamers; C) Aptamer switches in more complex DNA constructs, changing conformation upon binding to the target; D) Aptamer hybridized to a complementary
fragment fixed onto AuNPs and releasing from this probe once bound to its target; E) Aptamer adsorbed onto GO and released from it due to folding when binding to

the target molecule.
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MB application, applying the Forster Resonance Energy Transfer (FRET)
principle [30]. In summary, FRET is a non-radiative process in which a
donor molecule (usually a fluorophore) in its excited state transfers
energy to a close acceptor molecule which is in its ground state. The
acceptor has the characteristic to absorb energy at the emission wave-
length(s) of the donor, but it can remit it not necessarily as fluorescence
itself (quenching effect). The FRET phenomenon occurs when the two
molecules (donor and acceptor) are in close proximity (10—100 A).

Weihong Tan’s group [40] developed an aptamer beacon, which
formed a G-quadruplex structure upon the interaction with its target,
the thrombin protein. The formation of G-quadruplex structure forced
the fluorophore, 6- carboxyfluorescein (6-FAM), in close proximity to
the quencher, 4-(4’-dimethylaminophenylazo)benzoic acid (DABCYL),
reducing the fluorescence intensity. In order to overcome the fluores-
cence signal decrease upon target binding, Hamaguchi et al. [41]
designed the aptamer sequence introducing additional nucleotides at
the 5’ end, which allowed the formation of a stem in which fluorescein
was quenched by the DABCYL and, consequently, the formation of G-
quadruplex conferred a fluorescence signal increase to the formed com-
plex. Moreover, they discovered the importance of having some metal
ions (such as K* or Mg>™) into the assay buffer, in order to optimize the
aptamer conformation and the emitted fluorescence intensity.

The possibility to design aptamers as molecular switches, expanded
the range of different potential targets, such as myotonic dystrophy
kinase-related Cdc42-binding kinase a (MRCKa) using 5' FAM and 3'
DABCYL as fluorophore/quencher pair [42], trans-activator of transcrip-
tion (Tat-1) protein, a regulatory protein that increases the efficiency of
human immunodeficiency virus type I (HIV-1) viral transcription, using
fluorescein and DABCYL as fluorophore/quencher pair [43]. The work-
ing principle of this assay was based on the presence of a beacon con-
taining the fluorophore/quencher pair and a non-functionalized duplex
aptamer sequence. Only in presence of Tat-1, the functionalized aptamer
beacon and its complementary oligonucleotide sequence were capable
to form a ternary complex, in which the fluorescence intensity increases
together with the increase of Tat-1 concentration.

In addition, targets such as chloramphenicol (CAP) were monitored
using aptamer-switching molecules [44]. A limit of detection (LOD) of
0.987 pg/mL in buffer, was reached in a three-oligonucleotide aptas-
witch sensor complex, in which the aptamer sequence is hybridized
with two other sequences labelled respectively with the fluorophore and
the quencher (FAM and BHQ, black hole quencher, respectively) in such
a way that the two result in close proximity upon hybridization. The
interaction of the aptamer with the target CAP determines a conforma-
tional change, which displaces the sequence carrying the quencher and
the fluorescence is therefore switched on.

An aptamer switching molecule for kanamycin detection, was pro-
posed by Ma et al. [45]. The assay is simply based on an aptamer specific
for kanamycin, which is labelled with a fluorophore (FAM) and a com-
plementary fragment bringing the quencher (DABCYL) close to the fluo-
rophore during the complementary pairing of bases. In the presence of
kanamycin, the aptamer, due to the high affinity with the target,
changes its conformation for target binding and the fragment carrying
the quencher is consequently released, giving rise to fluorescence
enhancement. An LOD of 13.52 nM in milk samples has been reached.

Immunoglobulin E (IgE) has been detected using a pyrene-labeled
aptamer [46]. In summary, the aptamer specific for IgE was labelled at
the two distal ends (5’ and 3”) with two single pyrene molecules, which
came into close proximity upon the aptamer/IgE binding. This event
generates the excimer formation and a consequent distinct fluorescence
emission peak. A LOD of 1.6 nM was reached.

Aptamer optical switches have been designed also for metal ions
such as Pb®>* and Hg®* [47] and in a very simple scheme a detection
limit of 0.16 and of 0.36 nmol/L, respectively, has been reached. In par-
ticular, two specific MB probes, containing the specific aptamers, have
been designed, that one for Hg>* was labelled at the two side ends with
FAM/BHQ-1, as fluorophore and quencher pair; while that one for Pb>*
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was labelled with tetramethyl-6-carboxyrhodamine (TAMRA) and BHQ-
2. Moreover, in both cases, the quenchers were linked to several gua-
nines (G base), which contributed to the quenching effect. In presence of
the metal ions, the aptamer construct is recovered and the stem-loop
conformation is destroyed, the fluorescence is then switched on.

Alternative strategies of aptamer-beacon application, also for the
detection of metal ions, have been proposed by Wang et al. [48], who
designed a dual-aptamer-conjugated molecular modulator for the detec-
tion and inhibition of Zn®*, involved in amyloid # (A ) aggregation.
Briefly, the dual-aptamer-conjugated molecular modulator is composed
by four parts, as showed in Fig. 2: aptamer called 55 (specific for A /),
aptamer called Zn6m2, labelled with Texas Red (specific for 7Zn%"), a
peptide called TGN (which can penetrate the blood-brain barrier), a
complementary DNA fragment, labelled with BHQ-2, which binds the
55 and TGN-Zn6m2 conjugate via complementary base pairing. In pres-
ence of Zn>", the aptamer Zn6m2 goes towards a conformational
change, which causes the release of BHQ-2 labelled-DNA. At this point,
the fluorescence signal is switched on. Moreover, Zn** is removed by
this complex formation avoiding its triggering activity for Af-aggregate
formation. A detection limit of 4.9 yM was determined.

Thompson et al. [49] have designed aptamer switches with program-
mable pH response within the broad range 5.5—7. Their approach has
been a great improvement respect to what was already present [50—-52].
In fact, the previous studies showed aptamers for very specific pH val-
ues, while, in this study, a general strategy capable to create a pH-
responsive switch tunable under acidic, neutral, or alkaline conditions
have been proposed. The entire strategy is based on the construct based
on an aptamer, which is covalently linked to a partially complementary
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Fig. 2. Schematic representation of the dual-aptamer-conjugated molecular
modulator activity. Reprinted with permission from [48]. The four parts forming
the dual-aptamer-conjugated molecular modulator are showed: aptamer called
P55 (specific for A f), aptamer called Zn6m2, labelled with Texas Red (specific
for Zn?*), a peptide called TGN (which can penetrate the blood-brain barrier), a
complementary DNA fragment, labelled with BHQ-2, which binds the 55 and
TGN-Zn6m2 conjugate via complementary base pairing. In presence of Zn**
the aptamer Zn6m2 goes towards a conformational change, which causes the
release of BHQ-2 labelled-DNA. At this point, the fluorescence signal is switched
on. Moreover, Zn?" is removed by this complex formation avoiding its trigger-
ing activity for Ap-aggregate formation.
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displacement strand (DS) through an inert DNA linker. Introducing pH-
responsive DNA motifs into either the linker or the DS, the aptamer pH
dependence can be tuned. Using the same core aptamer sequence, an
array of pH-sensitive aptamer switches, which preferentially bind or
release their molecular target under various pH conditions, have been
realized. As schematized in Fig. 3 (a), the construct is formed by an
intramolecular triplex motif inserted into an aptamer sequence (for
example specific for adenosine triphosphate (ATP)) and the DS. A
duplexed structure is formed at neutral pH bringing the aptamer and the
DS close together Fig. 3 (b, top), while at low pH the protonation of cyto-
sine bases provokes Hoogsteen base pairing within CGC triplets in the
linker (Fig. 3 (b), bottom).

2.2. Chemi/Bio luminescence-based aptamer switches

Despite the great majority of aptamer optical switches is based on
fluorescence, it is possible to find some studies based on chemi/bio-
luminescence, which has the advantage to avoid the background coming
from the light source and then to increase the signal-to-noise ratio [53].
Following this assumption, the chemiluminescence resonance energy
transfer (CRET) is the technique applied by Zhang et al. [54], who devel-
oped a chemiluminescent (CL) aptasensor for ATP detection using a
luminol-H,0,-horseradish peroxidase (HRP)-fluorescein system (Fig. 4).
In particular, they have designed a structure-switching aptamer, the
linking region of which (green sequence in Fig. 4) has an extension that
can hybridize with binary DNA MBs (named CRET-BMBP). In presence
of ATP, the aptamer switches conformation to the more energetically
favorite aptamer-ATP complex, giving rise to the dissociation of CRET-
BMBP probe from the aptamer. Since the CL intensity detected is due to
the CRET-BMBP release, it is therefore proportional to the amount of
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Fig. 3. (a) Design of an ATP aptamer for selective binding at low pH. (b) A sim-
plified model for pH-dependent binding. pH dependence is achieved via confor-
mational changes in the triplex motif, which increases the effective DS
concentration near the aptamer at high pH, thereby inhibiting ATP binding and
fluorescent signaling, where Kpff is the dissociation constant. Reprinted with
permission from [49].
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ATP interacting with the aptamer. The LOD reached with this CRET-
based aptasensor was 0.11 uM ATP. The presence of magnetic nanopar-
ticles is due to their usefulness in the separation of reacted probes from
unreacted ones, which can be conveniently achieved by simply using a
permanent magnet.

Another interesting approach is given by Davydova et al. [55], who
recently (2020) proposed a novel bimodular aptamer construct with
double functionality (recognition sequences for hemoglobin (Hb) and
obelin, respectively). The bi-specific aptamer reported in this paper is
based on two structural modules: (1) the molecular recognition region
which is specific for the target analyte (2’ -F-RNA aptamer HOt11 as the
analyte-binding module for human Hb as proof of concept in this paper),
and (2) the obelin-binding aptamer for a reporter-recruiting module.
The event of the analyte binding confers a structural reorganization to
the whole construct with the consequent disclosure of the obelin-bind-
ing region. The bioluminescent signal is then generated in presence of
calcium ions. Fig. 5 illustrates the general scheme of bioluminescent
(BL) detection assay for an analyte with bi-specific aptamer, in which it
is clearly evidenced the possibility to generate bioluminescent signal
only in presence of both the target analyte and the obelin, strictly in a
sequential manner. The reached LOD was 6.25 nM Hb.

Freeman et al. [56,57] have previously described an aptasensor for
vascular endothelial growth factor (VEGF), which is an important bio-
marker for different diseases and clinical disorders. The association of
the protein to its aptamer forms a G-quadruplex, which can bind hemin,
resulting in a catalytic hemin/G-quadruplex that mimics the activity of
HRP. Then CL can be generated using this complex in presence of H,O,
and luminol. This method allowed reaching a LOD of 1.8 X 1078 M. A
better performing method, reaching a LOD of 8.75 x 1071° M, was opti-
mized by the same group by introducing in the CRET process a quantum
dot (QD) at the 5’ end of the aptamer (4 = 600 nm).

Moutsiopoulou et al. [58], focused their attention on the fact that
even if, as mentioned before, the chemi/bio luminescence approach has
the advantage to avoid the background coming from the light source
and then to increase the signal-to-noise ratio with respect to the fluores-
cence approach, nevertheless, bioluminescence quenching is still com-
paratively inefficient, resulting in a signal-to-noise ratio that could still
be improved. Their idea is based on the design of an aptamer switch for
the detection of the immune-stimulating cytokine, interferon-y (IFN-y)
by the use of the bioluminescent protein, Gaussia luciferase (GLuc), as
replacement of the traditional fluorophore (bioconjugated at the 3’-
azide). Moreover, in order to overcome the quenching inefficiency, an
inhibitor of the enzyme/substrate relationship rather than a quencher
has been introduced (conjugated to the 5’-carboxylic acid). The inhibi-
tor molecule is a compound structurally very similar to the native sub-
strate, which has the aim of totally eliminating the undesired triggering
of the bioluminescent reaction. The inhibitor molecule is coelenter-
amine, which has a similar structure to the native substrate coelentera-
zine. This construct allowed reaching a LOD of 1 nM IFN-y.

2.3. Plasmon field-enhanced fluorescence-based aptamer switches

Aptamer optical switches have been also used in plasmonically
amplified fluorescence-based assays, where the interaction of fluores-
cent dyes with the plasmonically enhanced electromagnetic field allows
an increase of the fluorescence intensity, the quantum yield of fluores-
cence and the photostability of the dye [59].

Actually, the great majority of plasmonically amplified fluorescence-
based assays using an aptamer beacon as carrier of the fluorophore, are
based on the localized surface plasmon (LSP), which takes the advantage
of chemically synthesized metallic nanostructures (deeply reported in
the specific Section 4 of this review).

Nevertheless, an aptamer beacon-based assay that is mediated by the
propagating surface plasmons on metallic films, has been reported to
give very high fluorescence intensity change, up to 18-fold higher than
non-plasmonic surface, as consequence of the analyte binding [59].
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Fig. 4. Schematics of CRET-BMBPs and its application in the detection of ATP. Reprinted with permission from [54].

A necessary condition in order to reach the maximum plasmonic
fluorescence enhancement is to keep the distance between the fluoro-
phore and the metallic surface in the range of 15—20 nm. At shorter dis-
tances, the fluorescence signal is attenuated by the quenching effect
given by the metal; while at longer distances, the fluorophore is moved
outside the evanescent surface plasmon field [60]. In fact, the conforma-
tional change of the aptamer switch, immobilized onto the metal sensor
surface, upon binding to a target, determines an increase in the distance
between the fluorophore and the metal. Thus, the enhanced fluorescence
emission is observed due to the interaction between the fluorophore and
the metallic surface changing from a quenching effect to an enhance-
ment effect [59,61,62].

In Xie et al. [62], an anti-thrombin 15-mer aptamer beacon was
immobilized on a gold-thin-film (50 nm) deposited onto a glass slide.
The reverse Kretschmann configuration was used for the surface plas-
mon-coupled fluorescence emission measurements and the signal at 45°
was about six-fold greater than the spontaneous free space emission at
135° after the interaction of the aptamer beacon with 1 yM thrombin.

Sergelen et al. [59], on the same principle, developed a plasmon
field-enhanced fluorescence energy transfer assay using an aptamer
switch for small molecules, such as adenosine and ATP, reaching a LOD
of 1 uM. In Fig. 6, a scheme of the aptamer beacon-based assay on the
gold sensor surface is reported. The design of the aptamer beacon (com-
posed not only by the stem and analyte specific sequences, but also by
two different spacers) has been studied in order to achieve the suitable
distance between the fluorophore and the metal surface sensor upon the
interaction with the analyte and consequent opening of the structure.
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Fig. 5. A general scheme of bioluminescent detection assay for an analyte with a
bi-specific aptamer. Reprinted with permission from [55].

To better compare the different biosensing mechanisms based on
aptamer switches, a summary of the discussed optical detection methods
is reported in Table 1 [40-49,54-56,58,59,62].

3. Aptamer switches coupled to nanomaterials
3.1. Nanoparticles, nanoclusters and nanosheets

The functionalization of aptamers with nanomaterials allows the
exploitation of the different dynamic properties of these versatile mole-
cules: this modification is often used to improve the sensitivity of the
detection due to signal amplification or to allow the implementation of
the detection assay in homogeneous format with the generation of the
signal in the sample solution [63—65]. The use of nanometric-size mate-
rial offers intriguing advantages, for example, in labelling aptamers: the
interaction of aptamers with fluorescent nanoparticles such as quantum
dots (QDs) or upconversion nanoparticles (UCNPs) can lead to highly
efficient fluorescent aptamers which, at the same time, keep the confor-
mation switching properties. On the other end, in combination with
nanomaterials, the small dimensions of aptamers, for example with
respect to antibodies, can assure a more efficient optical switch mecha-
nism or a higher sensitivity in Forster Resonance Energy Transfer
(FRET)-based methods [66].

In addition to NPs, among the different nanomaterials used in combi-
nation with switching aptamers, nanosheets have been frequently pro-
posed as signal quenching substrate: this nanomaterial offers several
advantages, which make it a promising substrate in aptasensors, such as
the large specific surface area enabling the adsorption of biomolecules
[67,68] and the excellent mechanical and optical properties [69,70].

A summary of the most recent aptamer-based sensing mechanisms
coupled with different kinds of nanomaterials, is reported in Table 2
[67,71—-87]. The combination of switching aptamers with graphene
oxide (GO) will be discussed in details in the next section of this review.

When used in combination with nanosheets, optical aptasensors can
be developed by exploiting their excellent adsorption onto this substrate
and their intrinsic target binding induced switching conformation,
which leads to the desorption of the aptamer from the nanosheet. In
addition, due to the extraordinary quenching efficiency of several nano-
sheets, when using aptamers labelled with fluorescent molecules, versa-
tile “turn on” aptasensors can be realized. To this aim, molybdenum
disulfide (Mo0S5) nanosheets have been extensively used in combination
with DNA molecules in general [88] and with aptamers [89]. Recently,
the quenching property of MoS, nanosheets have been reported in com-
bination with switching aptamers labelled with the FAM fluorophore
[86] and with MoS, QDs [73] for the detection of arsenic ions and dopa-
mine, respectively.

The same scheme has been used by combining cobalt oxyhydroxide
(CoOOH) nanosheets and a methamphetamine specific aptamer labelled
with fluorescent carbon dots prepared by a one-step hydrothermal treat-
ment from grape leaves [74].

A classical target-binding induced turn on method has been used for
the detection of citrulline in combination with gold nanoparticles
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(AuNPs) [80]. Due to the higher sensitivity assured by surface-enhanced
Raman spectroscopy (SERS) with respect to fluorescence [90], the first
detection method was applied to the detection of the small molecule. In
particular, the citrulline specific aptamer was labelled at one end with
Cy3 and at the opposite end with AuNPs (34 nm): these modifications of
the aptamer cause a distance dependent change in the Raman signal due
to the conformation switching of the aptamer upon binding with citrul-
line. Moreover, with the aim of developing a point-of-care (POC) system,
a paper-based vertical flow platform has been optimized to perform the
aptamer-based assay: the vertical configuration of the paper-based
microfluidic system can lead to an enhanced sensitivity due to the
smaller distance for the sample to pass over the different stages
with a lower loss of analyte in the paper before the detection por-
tion [91]. With the use of a handheld Raman spectrometer, a POC
system for the detection of citrulline has been finally optimized with
a LOD of 10 uM, which can be considered adequate for the diagno-
sis of intestinal diseases characterized by citrulline concentrations of
about 30 uM.

AuNPs and a signal turn off mechanism based on aptamers, have
been recently combined with another interesting nanomaterial, terbium
(II1) based metal-organic frameworks (Tb-MOF) [76,77] for the detec-
tion of ATP even in ATP-spiked human plasma samples. Tb-MOFs are
porous crystalline materials formed by the coordination of organic
ligands and terbium(III) ions, possessing several important characteris-
tics, such as high surface area and luminescent properties [92]: the
organic ligand-to-Tb®* ion energy transfer can promote their character-
istic green emission which can be quenched by dispersed AuNPs rather
than the aggregated ones. In addition, it was observed that about 16% of
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Fig. 6. Scheme of the aptamer-based assay on the gold sensor surface
that utilizes a fluorophore coupled to surface plasmons (PSP). The
aptamers were anchored onto the gold surface via a thiol group at the
3’ end and polyethylene glycol-thiol was used to better distribute their
density. The fluorescence light emitted by the used dye to the direction
normal to the surface was collected by a lens (focal length 30 mm,
numerical aperture of NA = 0.2). Reprinted with permission from
[59].

quenching effect was due to the inner filter effect, which was coexisting
with the dynamic quenching effect as demonstrated by the shift of the
fluorescence lifetime of Tb-MOFs from 5.8 to 4.1 ns in presence of
AuNPs coupled to the thiolated aptamer. This FRET mechanism has
been used for the detection of ATP with its specific binding aptamer,
which can protect AuNPs against salt-induced aggregation through mul-
tiple forces. The aptamer was complexed with AuNPs by two distinct
methods, covalent immobilization via thiol-gold bonds or electrostatic
interaction, leading to opposite repulsion forces between the AuNPs: the
covalently immobilized aptamer, free from ATP, can protect AuNPs
from aggregation in high salt solution due to steric hindrance enhance-
ment whereas the same aptamer without ATP, only electrostatically
interacting with AuNPs cannot protect them from aggregation. Only in
presence of ATP, the aptamer switches in its characteristic folded confor-
mation to bind to its target and this conformation change leads to
increased proximity of AuNPs covalently modified with the thiolated
aptamer, which aggregate. On the other hand, the folding of the free
aptamer due to ATP binding, increases protection of AuNPs from aggre-
gation. By playing with the combination of AuNPs aggregation, Tb-
MOFs fluorescence quenching and immobilized or free aptamers, two
sensors for ATP have been presented based on a turn on or a turn off
mechanism, respectively [76,77]. Both the sensors reached a detection
limit in the sub-micromolar range with a good selectivity and applicabil-
ity to real sample analysis.

The FRET mechanism between a CAP Cy3-labelled aptamer and
AuNPs has been interestingly considered to construct a plug-and-play
molecular logic system with logic gates created by the modulation of the
fluorescence emission by metal ions free or chelated [75].

Table 1

Aptamer optical switches based on luminescence and plasmonically-enhanced fluorescence.
Optical detection method Target Sensing mechanism LOD Ref.
Fluorescence decrease Thrombin G-quadruplex formation [40]
Fluorescence increase Thrombin G-quadruplex formation [41]
Fluorescence increase MRCKa Aptamer switch [42]
Fluorescence increase Tat-1 Ternary complex formation [43]
Fluorescence increase CAP Three-oligonucleotide aptaswitch sensor complex 0.987 pg/mL [44]
Fluorescence increase Kanamycin Aptamer switch 13.52 nM in milk sample [45]
Excimer formation IgE Pyrene-labeled aptamer 1.6 nM [46]
Fluorescence increase Pb** and Hg?* Aptamer switch 0.16 and of 0.36 nM, respectively [47]
Fluorescence increase Zn** Dual-aptamer-conjugated molecular modulator 4.9 uM [48]
Fluorescence increase and decrease H* pH-responsive tunable aptamer switch [49]
CL ATP Structure-switching aptamer 0.11 uM [54]
BL Hb Bimodular aptamer construct 6.25 nM [55]
CL VEGF G-quadruplex formation 1.8x107%M [56]
BL IFN-y Aptamer switch with inhibitor instead of the quencher 1 nM [58]
Plasmonically-enhanced fluorescence Thrombin Aptamer switch [62]
Plasmonically-enhanced fluorescence ~ ATP Aptamer switch 1uM [59]
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Table 2

Biosensing systems based on aptamer switches and nanomaterials.
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Aptamer target Nanomaterial Sensing mechanism Analytical characteristics Ref.
OTA Molybdenum disulfide Target-binding induced turn on sig- LOD 1 ng/mL Real samples: spiked red [67]
nanosheets + quantum dots nal/fluorescence wine
OTA Colloidal cerium oxide Target-binding induced turn on sig- LOD 2.5 pg/mL Real samples: penauts  [71]
nanoparticles + graphene quantum nal/fluorescence
dots
OTA Gold nanorods + enzyme induced Target-binding induced turn on sig- LOD 3.6 ng/mL Real samples: grape [72]
metallization nal/colorimetric juice
Dopamine Molybdenum disulfide nanosheets and Target-binding induced turn on sig- LOD: 45 pM
quantum dots nal/fluorescence
Real samples: human serum, dopa- [73]
mine hydrochloride injection
samples
Methamphetamine Cobalt oxyhydroxide nanosheets and =~ Target-binding induced turn on sig- LOD: 1 nM Real samples: human [74]
carbon dots nal/fluorescence serum
CAP Gold nanoparticles Target-binding induced turn on sig- LOD: 81 ng/mL [75]
nal/fluorescence
ATP Gold nanoparticles + terbium(III) Target-binding induced turn off sig- LOD: 23 nM Real samples: human [76,77]
based metal-organic framework nal/fluorescence plasma
Small molecules (adenosine, cocaine, = DNA-Silver nanoclusters Split aptamer/fluorescence LOD: adenosine 40 pM, cocaine 35 [78]
17p-estradiol) pM, 17p-estradiol 15 pM) Real sam-
ples: human serum
Cocaine Silica nanoparticles Split aptamer/fluorescence LOD: 84 pM Real samples: human [79]
serum
Citrulline Gold nanoparticles Target-binding induced turn on sig- LOD: 10 uM
nal/SERS
[80]
CEA Hollow gold Target-binding induced turn on sig- LOD: 0.78 ng/mL Real samples: [81]
nanoparticles + magnetic beads nal/colorimetric human serum
Aflatoxin B1 CdZnTe quantum dots + Gold Target-binding induced turn off sig- LOD: 20 pg/mL Real samples: peanuts  [82]
nanoparticles nal/fluorescence
Zearalenone DNA-Silver nanoclusters Aptamer-trigger sequence/ LOD: 0.32 pg/mL Real samples: maize, [83]
fluorescence beer
Kanamycin Platinum nanoparticles Hairpin aptamer construct/colorimet- ~ LOD: 0.2 pg/mL Real samples: milk [84]
ric detection
Acetamiprid Copper nanoparticles Hairpin aptamer construct/ LOD: 2.37 nM Real samples: apple, [85]
fluorescence ginger
Arsenic ions Molybdenum disulfide nanosheets Target-binding induced turn on sig- LOD: 18 nM Real samples: tap and lake [86]
nal/fluorescence water
Mercury ions Upconversion nanoparticles + Gold Target-binding induced turn off sig- LOD: 60 nM Real samples: tap water, [87]
nanoparticles nal/fluorescence milk

In addition, a colorimetric detection based on gold nanorods or hol-
low AuNPs, has been reported in combination with conformation
switching aptamers for the detection of ochratoxin A (OTA) and carci-
noembryonic antigen CEA, respectively [72,81].

Increased sensitivity in aptamer-based detection has been achieved
by coupling the use of AuNPs with UCNPs which offer important advan-
tages with respect to other fluorescent nanomaterials often coupled to
AuNPs in FRET-based detection: UCNPs possess high Stokes shift, they
are resistant to photobleaching and they can provide higher signal-to-
background ratios due to their weak autofluorescence background [93].
These interesting features have been used for the determination of mer-
cury ions (Hg®") in combination with a structure switching aptamer
modified with NaYF4:Tm®*,Yb®>* UCNPs and initially hybridized with
a complementary sequence fixed onto AuNPs [87]. In this configuration,
UCNPs fluorescence is quenched by the proximity of AuNPs, but with
the addition of Hg?", the aptamer binds to its target switching its struc-
ture and releasing the complementary strand with the AuNPs. In this
form, the fluorescence of the UCNPs is restored. The sensor could
achieve a LOD of 60 nM, a concentration well below the maximum level
of Hg?™ in food of 10 uM.

Very interesting nanomaterials-modified DNA sequences have been
used in combination with aptamers to build turn-on fluorescence biosen-
sors: these sequences, termed DNA-silver nanoclusters (DNA-AgNCs) are
formed by cytosine-rich DNA modified by reducing Ag* on the nucle-
ation region of the DNA molecules leading to the formation of a fluores-
cent DNA nanomaterial (diameter around 2 nm) [94]. When placed in
the immediate proximity of guanine-rich DNA sequences, the DNA-

AgNCs increase their fluorescence emission due to the transition of elec-
tronic states between the surface state and the ground state, leading to
enhancements up to 500 fold and signal to background ratio decrease
[95]. This mechanism has been used in combination with aptamers pro-
moting a change in conformation upon binding to the target molecule
[78]. In particular, in a first example [83], the aptamer for zearalenone
was strongly hybridized to a complementary DNA strand, an inhibitor
strand, which prevents the binding of the aptamer with other DNA
sequences; in presence of zearalenone, the aptamer binds to it switching
to a conformation in which it is not hybridized to the inhibitor sequence
any more. The availability of the aptamer triggers a series of hybridiza-
tion and conformational changes in the aptamer together with other
hairpin shaped DNA sequences containing the AgNCs probe: at the end
of this process, the AgNCs probe, at low fluorescence when single,
results in close proximity to a specific G-rich-strand with the consequent
dramatic enhancement of the fluorescence signal.

A similar protocol has been adopted in [78] for the detection of small
molecules, such as adenosine, cocaine, and 17f-estradiol: in this case,
the DNA-AgNCs and the G-rich sequence were connected to different
segments of a specific aptamer (split aptamer), which, upon binding to
the target, re-organizes its original structure bringing the DNA-AgNCs
and the G-rich sequence in close proximity with the consequence
enhancement of the fluorescence signal. The versatility of the aptasensor
was also demonstrated by the detection of bigger molecules such as
thrombin with the insertion of a linker sequence between the split
aptamer segments and DNA-AgNCs/G-rich sequence to avoid steric hin-
drance.
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Split aptamers have been also used in combination with silica nano-
particles (SiNPs) for the detection of cocaine [79]. To this aim, one of
the two segments of the cocaine split aptamer was labelled with BHQ-1
and fixed onto SiNPs and the other was labelled with the two fluoro-
phores FAM and TAMRA at the two ends: binding of the two segments
to cocaine generates the re-folding of the aptamer in its original struc-
ture increasing the fluorescence signal of TAMRA due to the close prox-
imity to SiNPs, and the decrease of the fluorescence of FAM due to the
vicinity of the BHQ-1 quencher.

Aptamer-based colorimetric detection coupled to the use of nanoma-
terials have attracted researcher attentions in the last years due to sev-
eral advantages such as practicability, low cost and naked eye detection
[96]. In addition, several enzymatic amplification strategies have been
recently coupled to aptamer-based colorimetric assays in order to
achieve a sensitivity enhancement: restriction endonuclease, lambda
exonuclease and exonucleases, mainly exonuclease I, have been used in
combination with aptameric constructs to improve the sensitivity of col-
orimetric biosensors [97]. Coupling a DNA nicking endonuclease with
an aptamer-based construct having a hairpin conformation, a colorimet-
ric kanamycin aptasensor has been realized [84]. In particular, the hair-
pin construct was formed by the kanamycin aptamer and a target DNA
and extended DNA (Fig. 7): the binding between the aptamer and kana-
mycin leads to an aptamer change in conformation which switches the
construct format from a hairpin to a partially linear one with the target
DNA available for the hybridization with a complementary strand
labelled with platinum nanoparticles (PtNPs) and magnetic beads. In the
cycling amplification process, the nicking enzyme cleaves the double
stranded DNA releasing the labelled strand: after magnetic separation
the colorimetric signal (blue color) was obtained by the reaction
between 3,3',5,5'-tetramethylbenzidine (TMB) and H,0, catalyzed by
the PtNPs. The signal is highly amplified by the continuous enzyme
cleavage which leaded to a detection limit as low as 0.2 pg/mL for kana-
mycin in milk.

3.2. Graphene oxide

Graphene oxide (GO) is a widely used nanomaterial in DNA-based
sensing methods [98]. GO, being a chemically modified graphene with
oxygen functionalities, overcomes many of the drawbacks of pristine
graphene, such as its hydrophobic properties, which make it hardly dis-
persed in water [99]. On the contrary, GO can be dissolved in water and
other solvents due to the exposure of some functional groups, such as
ester, epoxide, hydroxyl and carboxyl groups. Moreover, its tunable elec-
trical conductivity and optical properties make GO a very good substrate
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for the development of electrochemical and optical biosensors
[100-103]: most of the GO-based optical biosensors are based on the
FRET mechanism in which GO can function as a donor or an acceptor
molecule having at the same time quenching [101] and luminescence
properties [104].

DNA-based biosensors using GO as substrate, take advantage of its
optical properties and of its large surface area and abundant z electrons
to provide an excellent solid support capable of interacting with the
nucleobases of single-stranded DNA via z-z stacking and hydrogen
bonding [98]. This format has been also implemented with aptamers to
create DNA-based biosensors to detect food allergens [39], antibiotics
[105,106], pesticides [107], cancer biomarkers [108,109] and a pleth-
ora of other different targets [65]. Less common are GO-based biosen-
sors with RNA or RNA aptamers as functional molecule due to the low
stability of RNA [110]. The property of GO of preferentially interacting
with single-stranded DNA or, at least, unstructured DNA, opened the
possibility of realizing optical biosensors with a target binding induced
signal generation [111]: this can be particularly significant for those
aptamers having intrinsic switching structures, such as the ATP [112]
and the platelet-derived growth factor (PDGF) aptamers [113], which
can strongly adsorb onto GO when target-free and unstructured,
whereas a desorption from GO is caused by their structuring in a more
complex format due to the binding with the target [114—-118]. A similar
mechanism can be used for GO-based biosensor with the 15-mer throm-
bin aptamer which is known to switch to an intramolecular guanine
quadruplex (G-quadruplex) [119] structure with two layers of guanine
tetrads stacking on each other through z—z interactions when binding
to its target [120,121]. The G-quadruplex conformation can be also
adopted by the Hg?* specific aptamer [119]: this feature has been again
applied in combination with GO and with the addition of a further DNA
sequence in order to form a T—Hg2+—T structure [122]. In absence of
the mercury ion, the specific aptamer is in its unstructured form and GO
can function as a quencher of the fluorescence of free acridine orange
which can interact with GO via z—x stacking and electrostatic interac-
tions. When binding to Hg®* the aptamer switches in its G-quadruplex
conformation forming the T-Hg?* —T structure and acridine orange is
complexed in the G-quadruplex aptamer portion releasing from GO with
the consequent switching on of the fluorescence signal. Excellent LOD of
0.17 nM was achieved with the sensing method with good selectivity
and the demonstration of applicability to the analysis of real samples
such as tap water.

Among the works dealing with the aptamer switching mechanism, an
aptasensor based on GO was reported for the detection of a tuberculosis
biomarker (TB7.7, also known as Rv2654c) [123]: the TB7.7 21-mer
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Fig. 7. Scheme of the aptamer switch assay for kanamycin based on colorimetric detection and an enzyme-assisted signal amplification. Reprinted with permission

from [84].
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Fig. 8. Design and optimization of the aptamer beacon for TB7.7. (A) Secondary
structure of the final aptamer. Blue and yellow boxes indicate the sequences
implicated in the interaction with TB7.7. (B) Design of aptamer beacon by add-
ing 9 nucleotides at the 3’-end (grey box) of the aptamer. (C) Optimization of
the additional sequence (5—10 nt) of the aptamer beacon by using 30 nM TB7.7.
Reprinted with permission from [123].

aptamer was engineered to display a beacon structure by flanking a com-
plementary sequence, optimized in length, to its 5’-end to create the
stem and by using the last 5 nucleotides of the 3’-end, in the hairpin, as
initiator of the ligand binding process (Fig. 8). This hairpin structure
labelled with 5'-FAM and 3'-BHQ1, produces a fluorescence signal only
when opening due to the binding with TB7.7. GO was here used as a
background noise reducer in order to obtain an enhanced sensitivity of
the aptasensor: low LODs of 0.8779 nM and 0.7089 nM were obtained
in buffer and serum, respectively.

A very interesting work has been recently published on the exploita-
tion of a similar mechanism for the detection of surface protein patterns
of tumor-derived exosomes [124]: GO served as quencher of the fluores-
cence generated by the aggregation-induced emission luminogen (AIE-
gens) tertiary amine-containing tetraphenylethene (TPE-TA) which can
bind in high number a single aptamer resulting in an amplified fluores-
cence signal. In absence of tumor-derived exosomes, the TPE-TA/
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aptamer complex is strongly adsorbed onto GO, resulting in a quenched
signal; when interacting with specific target proteins on the surface of
the tumor-associated exosomes, the florescence signal is restored due to
the binding of the aptamer to its target on the exosome, which causes
the TPE-TA/aptamer complex detachment from GO (Fig. 9). The biosen-
sor can detect breast cancer-derived exosomes by testing three different
tumor-associated protein biomarkers on exosomes, epidermal growth
factor receptor (EGFR), epithelial cell adhesion molecule (EpCAM), and
human epidermal growth factor receptor 2 (HER2).

Original long DNA nanostructures termed as “nanoladders” in com-
bination with GO have been recently presented for the detection of OTA
[125]: the nanoladder was composed of repeated units formed by the
OTA-specific aptamer and a rhodamine X (ROX) fluorophore labelled
DNA strand complementary to the aptamer. The biosensor was based on
a “turn-off” mechanism with GO acting as quencher of the multiple fluo-
rophores labelling the nanoladder structure: in absence of OTA, the
nanoladder is intact in its double-stranded form, which prevents its
adsorption onto GO and, consequently, without the interaction with the
quencher, the fluorescence signal is on the ON state. Upon the binding
of the aptamers in the nanoladder with OTA, the aptamers change their
conformation separating from the labelled strand, which, being now in
its single-stranded form, is adsorbed onto GO. Having GO in close prox-
imity, the fluorescence of the ROX fluorophores of the nanoladder is
quenched turning the sensor in its OFF state. A detection limit for OTA
of 0.1 nM was achieved by further enhancing the sensitivity with the
creation of frail nanoladders, which can be easily disassembled by OTA.

4. Aptamer optical switches for intracellular sensing

Recently, the use of nucleic acids for sensing molecules in the intra-
cellular environment has been exhaustively reviewed by Samanta et al.
(2020) [126]: nucleic acid-based probes offer several advantages for
imaging and detecting different intracellular molecules, such as low cost
of production, variability in their sequence and possibility of chemical
modification in order to improve their selectivity and stability. Nucleic
acid probes can be used to detect other nucleic acids through pairing via
complementarity: this property has been widely utilized, coupled to
proper labeling with optical signal-generating molecules, to create intra-
cellular imaging tools to detect and image other nucleic acids such as
messenger RNA (mRNA). More interestingly, aptamer-based probes
have been used to detect molecules different from nucleic acids such as
small molecules or proteins inside cells [30,127]. In the past years, sev-
eral works appeared in the literature based on aptamers both as

Fig. 9. Scheme of (A) chemical structure and luminous mechanism of
TPE-TAs aggregated on nucleic acid oligomers; (B) the aptamer fluo-
rescence switch sensor for profiling exosome surface proteins.

Restrictionof ./ N/ NN\ Reprinted with permission from [124].
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Table 3

Aptamer optical switches for intracellular sensing or cell targeting.
Aptamer target Aptamer role Sensing mechanism Cell type Ref
ATP Sensing molecule Molecular-beacon-type switch aptamer/fluorescence Yeast cells [128]
HIV-1 reverse transcriptase Sensing molecule Molecular-beacon-type switch aptamer/fluorescence HelLa cells [129]
Nucleolin Cell targeting molecule Molecular beacon/fluorescence MCF-7 cells [130]
ATP Sensing molecule Split aptamer coupled to DNA nanostructures/FRET  Hela cells [131]
ATP Sensing molecule Aptamer/AgCNs complex/fluorescence Hela cells [132]
Nucleolin Cell targeting molecule Molecular beacon and RNA-cleaving DNAzyme Human A549 lung cancer cells and MCF-7 breast cancer [133]

Protein tyrosine kinase 7 (PTK7) Sensing molecule
ATP Sensing molecule
Ca®* ions Sensing molecule

Aptamer + MnO2 nanosheets/fluorescence
Molecular-beacon-type switch aptamer/fluorescence HelLa cells [135]
Switching aptamer coupled to QDs and AuNPs

cells
Human T cell acute lymphoblastic leukemia cells [134]

Mouse pre-osteocyte cells [149]

signaling molecules due to a switching process (change in conformation)
and as targeting molecules, to direct the sensing tools towards specific
cells such as cancer cells; several examples are reported in Table 3
[128-135] and the more recent ones are detailed in this section.

Among small molecules of particular interest due to their role in cell
metabolism and function, ATP has been denoted both as indicator of sev-
eral diseases and as important factor in maintaining the cell function
[136] and the biological processes of the organism [137]. Regarding the
analysis of intracellular ATP, many in vitro methods have been devel-
oped, most based on ATP extraction and subsequent detection [54,138].
Several other works have been presented on the bioimaging of intracel-
lular ATP [139-141], whereas simultaneous imaging and quantitative
detection have been rarely achieved [142,143]. This kind of analysis is
more challenging mostly due to the background interference generated
by the complex matrix [144]. Also in this field, aptamers can play an
important role and, in particular, the ATP specific aptamer due to its ter-
tiary structure [145]: several studies have demonstrated that the ATP-
aptamer exists in a random configuration at low ionic strength and that
it adopts a rigidified double-loop hairpin conformation in high-ionic-
strength conditions or upon binding to ATP [146]. Very interestingly, by
taking advantage of this property, an aptamer-based nanoprobe has
been developed [132] with the aptamer serving as ATP capturing ele-
ment and as template to complex AgNCs. In particular, the sensing
mechanism (Fig. 10) was based on the interaction between the ATP
aptamer (5’-CCTCCTTCCTCCTACCTGGGGGAGTATTGCGGAGGAAGGT-
3’) complexed with AgNCs and transition metal dichalcogenides
(TMDCs) nanosheets made of molybdenum disulfide (MoS,): the vicinity
between the nanosheets and the aptamer/AgNCs simply loaded onto the
nanosheets by electrostatic forces, quenches the AgNCs fluorescence.
The complex (MoS, — aptamer/AgNCs) was then incubated with cells
(HeLa cells) after coating the nanosheets with lipoic acid polyethylene
glycol folate (LA-PEG-FA) to promote internalization into cells. In the
cells, due to the interaction between the aptamer and ATP, the aptamer/
AgNCs/ATP complex is released by the nanosheets causing the restoring
of the AgNCs fluorescence signal. After this intracellular imaging of
ATP, cell lysis was conducted and the released aptamer/AgNCs/ATP
(few nanometers) was separated by the MoS, nanosheets (about
150 nm) by centrifugation: the complex containing ATP was then ana-
lyzed by inductively coupled plasma mass spectrometry (ICP-MS) and
the ATP concentration was derived by the detected amount of '®’Ag.
High reliability was demonstrated by the method due to the use of
AgNCs, which are at the same time a good fluorophore and a tag, which
can be detected by ICP-MS: a concentration of ATP in HelLa cells of
24.6 + 1.7 nM was detected, which was in good agreement with a com-
mercial ATP detection kit. Moreover, the complex nanoprobe was dem-
onstrated to be biocompatible, selective, without background
interferences by the biological complex matrix, and simple to prepare.

Another research group has reported the realization of a switchable
aptamer-based complex for the intracellular imaging of ATP, which can
also serve for photodynamic therapy [147]. In this work, the ATP
aptamer is immobilized onto PEGylated AuNPs and hybridized with a
complementary strand labelled with methylene blue: in this condition,
the photodynamic properties of methylene blue are inhibited by the

close proximity to the AuNP (OFF state). Once internalized into cells,
the aptamer binds to ATP changing its conformation and inducing the
release of the methylene blue-labelled strand from the AuNP with the
consequent activable generation of singlet oxygen under light irradia-
tion bringing the system in the ON state.

In intracellular sensing, aptamers have been also used as targeting
agent, to direct the sensing tool only towards specific cells, often coupled
to molecular beacons as sensing molecules. In particular, the anti-nucle-
olin aptamer AS1411 has been widely employed with this aim due to its
particular G-quadruplex structure and to its very specific binding to
nucleolin, a multifunctional protein overexpresses on the surface of can-
cer cells but absent on most of the normal cells [148]. This aptamer was
recently coupled to a MB specific for survivin mRNA engineered to con-
tain in the loop sequence a RNA-cleaving DNAzyme [133]: the complex
structure was internalized into cancer cells thanks to the presence and
specificity of the aptamer and the MB, labelled with a FAM fluorophore
and a dark quencher, served as sensing molecule due to its opening
upon hybridizing with the target mRNA. At the same time, the opening
of the MB and its conformation change generate a typical DNAzyme
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Fig. 10. Scheme of the aptamer switch probe for imaging and quantification of
intracellular adenosine triphosphate based on molybdenum disulfide nanosheets
and silver nanoclusters. Reprinted with permission from [132].
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structure, which cleaves survivin mRNA preventing the further produc-
tion of the protein and leading to an ultimate theranostic effect.

5. Conclusions and future trends

Aptamers were discovered in the 1990s and, since that moment, a
certain number of molecular constructs with good affinity for their spe-
cific targets, were designed and developed via SELEX processes. In fact,
aptamers have the advantage that, even if based on oligonucleotidic
sequences, their definitive 3D conformations (hairpin, pseudoknot,
bulge loop, G-quadruplex, etc.) make it possible the binding with a vast
variety of different targets (proteins, small molecules, ions, etc.), allow-
ing to compare them to antibodies. Anyhow, notwithstanding the great
enthusiasm of the scientific community for aptamers, the gap between
their potentialities and the real applications in clinical environment was
never filled. This is quite in contrast with the large use of antibodies in
that field. In fact, the latter are much more laborious, time-consuming,
and expensive to be produced, while aptamers are chemically more sta-
ble, biologically non-toxic and easy to be manipulated. Among all the
possible reasons for that, a limitation of aptamers expansion could be a
well-developed commercial infrastructure, which is still missing, while
it is well established for antibodies production and commercialization;
together with sensitivity and specificity performances, which are quite
below what is currently achievable with antibodies.

In this context, the success of developing structure-switching
aptamers resides in creating the possibility for real-time detection and
imaging of the analyte of interest. Such idea was already implemented
by the use of molecular beacons (for which, for example, commercial
kits are already available for real time polymerase chain reaction (RT-
PCR) assays), but with the aptamer optical switches the selectivity and
sensitivity of molecular beacons together with aptamer technologies
(antibody-like selective recognition of an immense variety of target mol-
ecules) have been combined, giving the possibility for new future per-
spectives, but for which commercial kits are not available yet.

It is important to notice that aptamers can be combined not only with
fluorescent systems but also with a variety of nanomaterials, which have
improved a lot their performances and expectations. Their application in real
samples (i.e. human serum/plasma, milk, red wine, grape juice, peanuts,
etc.) has been also demonstrated and here reported in details in Table 2.

Moreover, those constructs can not only work in a system with the
configuration of a classical bioassay, but also can be internalized in cells
bringing the scientists to the challenging world of the in vitro real-time
biosensing in living cells.

The expanding developments of nanotechnology will provide unique
strategies to address sensitivity and specificity limitations bringing the
aptamer optical switches to further fascinating applications, such as
improvements in the early detection of severe diseases accompanied by
possible therapeutic effects (theranostics) and more controlled outcomes
during pharmaceutical treatments.
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