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Nucleic acid aptamers are single-stranded DNA or RNA molecules identified to recognize with high affinity spe-
cific targets including proteins, small molecules, ions, whole cells and even entire organisms, such as viruses or
bacteria. They can be identified from combinatorial libraries of DNA or RNA oligonucleotides by SELEX technol-
ogy, an in vitro iterative selection procedure consisting of binding (capture), partitioning and amplification
steps. Remarkably, many of the aptamers selected against biologically relevant protein targets are G-rich se-
quences that can fold into stable G-quadruplex (G4) structures.

i:{zlnzg& Aiming at disseminating novel inspiring ideas within the scientific community in the field of G4-structures, the
G-quadruplex emphasis of this review is placed on: 1) recent advancements in SELEX technology for the efficient and rapid
Protein target identification of new candidate aptamers (introduction of microfluidic systems and next generation sequencing);
Therapy 2) recurrence of G4 structures in aptamers selected by SELEX against biologically relevant protein targets; 3) dis-
SDéi%?(OStiCS covery of several G4-forming motifs in important regulatory regions of the human or viral genome bound by en-

dogenous proteins, which per se can result into potential aptamers; 4) an updated overview of G4-based
aptamers with therapeutic potential and 5) a discussion on the most attractive G4-based aptamers for diagnostic
applications. This article is part of a Special Issue entitled "G-quadruplex” Guest Editor: Dr. Concetta Giancola and

Dr. Daniela Montesarchio.

© 2016 Elsevier B.V. All rights reserved.

1. Description and selection of nucleic acid aptamers

Nucleic acid aptamers are single-stranded DNA or RNA molecules,
generally 25 to 60 bases in length, identified from pools of random-
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sequence oligonucleotides (ONs) by an in vitro selection process called
SELEX (Systematic Evolution of Ligands by EXponential enrichment)
[1], introduced in the early 90s independently by the research groups
of Gold and Szostak [2-4]. Thanks to their unique three-dimensional
folding, aptamers can recognize a wide range of molecular targets in-
cluding proteins, small molecules, ions, whole cells and even entire or-
ganisms, such as viruses or bacteria, with affinities, expressed in terms
of dissociation constants (Ky), ranging from picomolar (pM) to micro-
molar (uM) [5-7]. Each ON aptamer can adopt a unique subset of 3D
structures defined by the combination of base-pairing, m-m stacking,
sugar puckering, as well as electrostatic, hydrogen bonding and non-
canonical intra-molecular interactions. This structural complexity re-
sults in a high probability of selecting an aptamer that can strongly
and specifically interact with the target of interest through hydrogen
bonds, salt bridges, van der Waals, hydrophobic and/or electrostatic in-
teractions. The high affinity and selectivity for the target, as well as the
multiplicity of possible target types, make aptamers a valid alternative
to antibodies in a wide variety of applications, from therapeutics
(as drugs or drug-delivery systems) to diagnostic and sensing devices
[8-15]. Nucleic acid aptamers exhibit significant advantages over anti-
bodies, such as smaller size, lower immunogenicity, remarkable stability
in a wide range of pH (~4-9) and temperature; in addition, aptamers
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allow an easy control of their folding processes, which, even after
prolonged denaturation, are typically reversible upon restoring the na-
tive conditions. In addition, once selected, oligonucleotide-based
aptamers are easily obtained in animal-free systems by chemical syn-
thesis. This allows also easily performing ad hoc tailored chemical mod-
ifications that can increase aptamer chemical and biological stability
and bring the production costs well below those of antibodies [16,17].

1.1. SELEX technology

As mentioned before, aptamer development generally exploits the
SELEX methodology which involves an in vitro iterative selection proce-
dure consisting of three main steps: (i) binding (capture), where a ran-
dom ON library is incubated with the desired target molecule under
defined conditions; (ii) partitioning, in which the target-bound ON
aptamers are separated from unbound ones; and (iii) amplification,
where the enriched pool of selected aptamers is amplified before
being used in the successive round of selection. During these processes,
the best aptamers for the selected target are enriched and the initial ON
library complexity is decreased (Fig. 1, left).

The starting pool, whose appropriate choice represents a crucial point
for the success of the SELEX method, can contain 10'2-10'® DNA or RNA
single strands, each with an internal randomized sequence of usually 30-
80 nucleotides and terminal fixed sequences, complementary to pre-
defined primers used in the amplification step. Aptamer libraries can
be derived from chemical synthesis, genomic DNA [18] or transcriptomic
sources [19], and can be realized with deoxyribo-, ribo-, or modified nu-
cleotides [20-23]. Modified nucleotides are primarily used to increase
the chemical and enzymatic stability of aptamers, but can also contribute
to greatly broaden their chemical diversity, improving their binding af-
finity and specificity for a selected target. Among the methods developed
for expanding the repertoire of nucleobase-modified aptamers, recently
Mayer et al. introduced click chemistry protocols to generate a novel
class of modified aptamers, termed “clickmers”, fully compatible with
the common steps of established in vitro selection procedures (click-
SELEX) [23]. Many enzymes that can “read” or “write” aptamer se-
quences containing unnatural nucleotides are available [20-26] and
methods that identify the precise location of these nucleotides within
an aptamer sequence are known as well [27-29].

Valuable examples of modified nucleic acids used for aptamer
production are: 1) locked nucleic acids (LNAs) [16,30]; 2) ONs with
sugar backbones containing 2’-fluoro or 2’-O-methyl-ribonucleotides
[16,17,31]; 3) spiegelmers (from the German word spiegel, “mirror”),
high-affinity RNA-like ligands composed of L-ribose units, highly
resistant to nuclease degradation due to their chirally-inverted backbone
(developed by NOXXON Pharma; some spiegelmers are currently in ad-
vanced clinical trials) [32]; and 4) SOMAmers (Slow Off-rate Modified
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Aptamers, developed by SomalLogic, Inc.) which are single-stranded
DNA aptamers bearing 5-methyl-dC (MedCTP) and base-modified dU
(5-benzylaminocarbonyl-dU, BndU; 5-naphthylmethylaminocarbonyl-
dU, NapdU; 5-tryptaminocarbonyl-dU, TrpdU; and 5-isobutylamino-
carbonyl-dU, iBudU) residues, which produce aptamers with significantly
increased chemical diversity, allowing higher chances of selective interac-
tions with proteins. The development of SOMAmers constituted a highly
multiplexed proteomic platform used for simultaneous identification
and quantification of target proteins in complex biological samples
(biomarker discovery) [20,33].

After incubation of the library with the selected target, partition of
bound from unbound sequences can be obtained in different ways
(Fig. 1, right side). Typically, heterogeneous methods have been applied
for this purpose: (i) filtration, based on differential retention of protein—
DNA complexes and free DNA on a membrane; (ii) affinity chromatog-
raphy, in which the protein is immobilized on a surface and retains oli-
gonucleotides on the basis of their binding affinity, while the unbound
sequences are discarded; or (iii) magnetic beads-based separation, in
which a magnetic separator is employed for partitioning the unbound
ONs from the beads-bound target-aptamer complex [34]. These
surface-based techniques suffer from non-specific adsorption of free
ON's to the surface of the matrix, reducing the efficiency of partitioning
and leading to the necessity of multiple rounds as well as negative selec-
tion steps. Furthermore, the immobilization process used in heteroge-
neous partitioning techniques can negatively affect protein structure,
so potentially reducing the biological relevance of the selected oligonu-
cleotide [34]. Thus, homogeneous methods are highly desirable for the
selection of aptamers for protein targets, especially in case of aptamers
developed for therapeutic applications. As an alternative to surface-
based methods, kinetic capillary electrophoresis (KCE) techniques
have been described as very efficient systems in aptamer selection.
These are based on the separation of the aptamer-target complexes
from unbound ONs according to their different electrophoretic mobility
in an electric field [35]. In particular, non-equilibrium capillary electro-
phoresis of equilibrium mixtures (NECEEM) is the most widely used
KCE method for the highly efficient selection of aptamers, allowing
also to accurately calculate the binding parameters (Kg, kon, and ko) of
the aptamer-target interaction [36,37]. The efficiency of partitioning
by NECEEM is at least 2 orders of magnitude higher than those of con-
ventional surface-based selection techniques [36]. As a result, library
enrichment can be completed in as few as 2-4 rounds of NECEEM-
based SELEX, in contrast to the 10-30 rounds typically required in
SELEX based on heterogeneous partitioning. Ideally, in an electric field,
the zones of free DNA, DNA-target complex, and free target are separat-
ed. The lower the Ky value, the more time the aptamers spend within
the target, and the closer is their migration time to that of the free target.
In contrast, the higher the K4 value, the more time the aptamers spend
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Fig. 1. Schematic representation of the SELEX process.
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as free DNA molecules, and the more similar is their migration time with
respect to that of free DNA [37]. The mobility of DNA-protein complexes
is typically intermediate between those of the DNA and protein alone,
and thus the whole electropherogram displays the various components
in the following order: (1) free protein; (2) specific DNA-protein com-
plex (with low Ky values); (3) non-specific DNA-protein complex (with
high K4 values); and (4) free DNA. A fraction collection approach in cap-
illary electrophoresis SELEX (FCE-SELEX) allows partition and collection
of the aptamer-target complexes from the original DNA library, as illus-
trated in Fig. 2, ensuring no aptamer is missing [38].

Following partitioning, the target-bound oligonucleotides are eluted
from the target and amplified by PCR (DNA SELEX) or reverse transcrip-
tion PCR (RNA SELEX) to give an enriched pool of selected oligonucleo-
tides, which is used in the successive SELEX round. With increasingly
stringent conditions (shorter incubation times, higher temperatures,
higher ON/target ratios) in successive rounds of SELEX, the high-
affinity oligonucleotides are enriched. For a number of years, the classi-
cal PCR amplification protocol has been used. However, the convention-
al PCR amplification method was found to quickly degrade the products
and rapidly form by-products through the formation of heterodimers
[39]. Additionally, DNA amplification by conventional PCR is susceptible
of nonspecific primer hybridization, primer dimers, amplification bias
[40], and potential aptamer loss due to their adhesion on the walls of
PCR tubes [41]. A number of approaches have been proposed over the
years to mend the aforementioned inefficiencies of PCR amplification
in SELEX [34]. More recently, a SELEX method which combines the
NECEEM partitioning with a highly efficient amplification procedure,
termed Emulsion PCR (ePCR), has been described [42]. ePCR allows
compartmentalizing and miniaturizing the PCR reaction in vitro, by vig-
orously mixing mineral oil and surfactants with a conventional PCR mix,
creating a local homogeneous-like PCR amplification environment.
These conditions reduce primer-dimer formation, nonspecific primer
hybridization and amplification bias, i.e. the major causes of PCR ineffi-
ciencies in early amplification cycles [39-41], allowing increasing the
product yield due to the close proximity in micelles of the template
DNA, the primers and polymerase, each in high local concentration.

Historically, enriched aptamer pools from the SELEX experiments
are cloned into a plasmid and a few hundred individual clones, at
most, have to be sequenced to identify high affinity aptamers. However,
the recent application of next-generation sequencing (NGS) combined
with bioinformatic analysis of the growing aptamer populations is a
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Fig. 2. Illustration of FCE-SELEX selection for aptamers.
(Adapted from ref[38]. by permission of The Royal Society of Chemistry)

powerful improvement in the SELEX procedure [43]. The analysis of
evolving aptamer populations during SELEX, from which many se-
quence families can be obtained, has been approached with proper al-
gorithms to search for structural motifs that might be critical for the
aptamer-target interaction [44-46].

Next steps for obtaining functional aptamers are structure-
and sequence-guided molecular engineering that include truncations
and/or mutations of the sequence(s) to develop the shortest
aptamer(s) with the highest affinity and specificity [1]. Once identified,
the putative aptamers can be synthesized and analyzed to determine
the target affinity and specificity of binding vs. other possible targets.
Structural characterization is important for optimizing the aptamer fea-
tures after its selection from a pool. Then, computational analysis can
predict the nucleotide bases important for ligand binding and biophys-
ical studies by NMR or X-ray crystallography can identify the molecular
details of the aptamer-target interaction. These biophysical analyses, by
far the most definitive and informative techniques for resolving tertiary
structures, are however limited to buffer conditions compatible with
data collection. The interaction sites between an aptamer and its target
can be established by biochemical assays such as nuclease protection
[47] and UV-cross-linking assays [48], performed on the selected ON
in the presence or absence of the target [49]. Information on the binding
pocket and the bases critical for target contacts are essential for aptamer
optimization. This provides a map that guides the insertion of modifica-
tions to retain or increase the binding affinity while altering aptamer
properties such as size or structural stability.

Another important consideration for aptamer development is that
the target used during the selection process should be identical to the
“natural” one, i.e., in the case of a protein target, for example, very sim-
ilar to the protein found in vivo. This requirement is frequently fulfilled
using, as SELEX targets, proteins that might only be modified with a
short tag. It is often more difficult to ensure identity when the “natural
target” is a membrane protein or a small molecule that has to be modi-
fied to allow its immobilization for the SELEX capture protocols. Indeed,
isolated membrane proteins used for SELEX may lack the normal glyco-
sylation pattern or the association with natural partners such as other
proteins, lipids or carbohydrates, that influence/modulate their struc-
ture, the availability of surface docking sites and the affinity for
aptamers preventing the access to the natural target [50]. To address
some of these problems, selection techniques like cell-SELEX and
tissue-SELEX have been developed [51-54]. These methods provide an
effective approach for the identification of new biomarkers as disease
signals in diagnosis and therapy. However, the cell-SELEX system pro-
vides low aptamer enrichment efficiency because many off-target sur-
face biomarkers are co-expressed on the cells of interest [55]. To
overcome this challenge, a modified SELEX method that combines the
cell-based SELEX with purified protein-based SELEX techniques was in-
troduced (hybrid SELEX) [55,56]. In addition to the hybrid-SELEX ap-
proach, other modified cell-SELEX technologies have been developed,
such as internalized cell-SELEX, designed to select functional aptamers
that can be internalized by human cells [55,57-60] and FACS-SELEX,
that is used to eliminate dead cells that non-specifically bind nucleic
acids and affect subsequent aptamer selection results [55,61].

Despite the advances and huge body of literature documenting the
success of aptamers, their commercial application remains relatively
undeveloped, probably because of the overwhelming antibody-based
market and a certain degree of hesitation to move to a new type of prod-
ucts. However, with the many advances made to improve the efficiency
of selection and to increase the affinity, specificity, and bioavailability of
aptamers, the future of therapeutic aptamers looks extremely promis-
ing. To date, Macugen (pegaptanib sodium), selected against the vascu-
lar endothelial growth factor (VEGF), is the only existing aptamer-based
drug, approved by the US Food and Drug Administration for the treat-
ment of neovascular age-related macular degeneration (AMD) in
humans, also undergoing clinical trials for the treatment of diabetic
macular oedema [62]. Nevertheless, new aptamer-based candidate
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drugs are undertaking clinical trials [9,32], and this gives us hope that
increasingly more aptamers and aptamer-like compounds will be ap-
proved as drugs in the next future.

2. G-quadruplex (G4) motifs in oligonucleotide aptamers

Among the combinatorially selected aptamers endowed with signif-
icant bioactivity, many are G-rich oligomers sharing a common struc-
tural feature, i.e. the ability to fold into stable G-quadruplex (G4)
conformations under physiological conditions and recognize very dif-
ferent protein targets [63,64]. This apparent contrast can be easily
solved considering the extremely high polymorphism of G-quadruplex
structures. In fact G-quadruplexes are non-canonical nucleic acid con-
formations adopted by guanine-rich oligonucleotides. The core G-
quadruplex unit is the guanine tetrad, a cyclic planar arrangement of
four guanines linked through Hoogsteen-type hydrogen bonds. Stack-
ing of two or more guanine tetrads generates a G-quadruplex motif,
which is further stabilized by cations hosted in the central cavity of
the G4 [65,66] (Fig. 3).

The discovery of G4-forming aptamers demonstrated that unusual
DNA structures with even very similar sequences can result into a
large variety of different conformations, thus embodying sufficient ele-
ments for the recognition of a wide range of unrelated protein systems,
and accounting for the diversity of biological effects produced. The ap-
parently rigid G4 structure is instead rather plastic and can fit into wide-
ly different nucleic acid architectures. Multiple elements participate in
conferring G4 structures a high level of adaptability: 1) the intramolec-
ular or intermolecular character of the system; 2) the parallel or anti-
parallel direction of the guanine-rich tracts in the G4 assembly; 3) the
length, sequence and direction of the loops; 4) the syn or anti guanine
orientation around the N-glycosidic bonds; and 5) the number of
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consecutive G-quartets formed. The body of evidence thus far gained in-
dicates that intramolecular G4 conformations are generally favoured,
with loops consisting of 2-4 bases, often adopting an antiparallel ar-
rangement with alternated syn/anti orientations. The preferred number
of consecutive G-quartets is 2 or 3, to avoid excessive conformational
stiffness. Furthermore, other individual differentiating elements can be
additionally present in the G4-based aptamers, such as bulges [67],
mixed G:A:G:A, G:T:G:T and G:C:G:C tetrads [68,69], G-vacancies [70],
A-tetrads sandwiched between G-tetrads [71] or A:G4 pentads [72].
An additional level of structural diversity is related to the possibility of
raising both DNA and RNA G4-based aptamers [73,74].

One possible explanation for the high number of G4-forming se-
quences found in the aptamer selection processes is the significant
charge density of G-quadruplex DNA — twice the negative charge per
unit length compared to duplex DNA [11]. The consequent high electro-
static potential provides for strong binding to the positively charged
surfaces of proteins, although hydrophobic interactions can be also crit-
ical for strong and specific binding to the target.

3. G4-forming aptamers in therapeutic applications

In the last two decades, aptamers have proved to be very attractive
as therapeutic agents mainly for their enhanced cellular uptake, non-
immunogenicity and lower production costs [75]. Several aptamers
against different human pathologies, such as neurodegenerative dis-
eases [76], age-related macular degeneration [77], inflammation [78],
thrombosis [79], diabetes [63] etc., have been discovered and evaluated.

The ability of G4-forming aptamers to recognize various proteins
playing fundamental roles in different pathologies opened the way to
the development of DNA or RNA G4-based therapeutic agents. Here
we will focus on these particular aptamers, the most popular of which
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proved to be potential drugs against cancer, human immunodeficiency
virus (HIV) and coagulation (Table 1).

3.1. G4-based aptamers as drugs
3.1.1. Anticancer G4-aptamers

AS1411. Discovered by coincidence and not by conventional SELEX ap-
proaches [80], AS1411 (Advanced Cancer Therapeutics, formally
named as ACT-GRO-777) is the most advanced and first-in-class anti-
cancer aptamer having entered clinical trials. AS1411 is a G4-forming
26-mer DNA aptamer, highly stable and resistant to nuclease degrada-
tion, targeting nucleolin. Nucleolin is a ubiquitous and multifunctional
protein playing essential roles in cell survival, growth and proliferation
[78]. AS1411 binds to the external domain of nucleolin, which is
overexpressed on the surface of cancer cells. Therefore, AS1411 is
able to specifically recognize and then be taken up by cancer cells
[81]. The internalized aptamer-nucleolin complex inhibits DNA
replication, resulting in accumulation of cells in S phase and cytotoxicity
against cancer cells [82]. Recently, a novel mechanism of action for
AS1411 has been proposed: AS1411 is internalized via nucleolin-
mediated macropinocytosis, the internalized aptamer-nucleolin

complex hyperstimulates macropinocytosis, which then causes non-
apoptotic cell death, known as methuosis [83].

In preclinical studies, AS1411 has shown antiproliferative activity in
several cell lines, including lung, prostate and breast cancer cells. The ac-
tivity of AS1411 has been also proved in nude mice, resulting in a signif-
icant growth reduction in xenograft models of prostate cancer. In Phase
I clinical trials, AS1411 was well tolerated by patients with advanced
solid tumors without serious toxicity [80]. In Phase II clinical trials,
AS1411 has shown promising activity against metastatic renal cell carci-
noma and acute myeloid leukemia with minimal toxicity [84].

T40214. STAT3 protein is a signal transducer and activator of transcrip-
tion involved in cellular differentiation, proliferation and apoptosis,
over-activated in many types of human cancer [63]. T40214 is a 16-
mer oligonucleotide which forms a stable G-quadruplex and targets
STAT3 dimer, inhibiting its DNA binding activity [85]. Injection of
T40214 caused a significant reduction in STAT3 expression, increased
apoptosis processes and suppressed the growth of prostate and breast
xenografts tumors in nude mice [86,37].

HJ24. Shp2 is a protein of the family of tyrosine phosphatases involved
in numerous essential cellular processes, such as cell growth,

Table 1
State-of-the-art of known G4-forming aptamers.
Disease Aptamer Sequence (5 — 3') Target Current status References
Cancer AS1411 d(GGTGGTGGTGGTTGTGGTGGTGGTGG) Nucleolin Phase II NCT01034410,
(completed) NCT00740441, [134]
T40214 d(GGGCGGGCGGGCGGGC) STAT3 Phase 0 [86,87]
HJ24 d(AGCGTCGAATACCACACGGGGGTTTT Shp2 In vitro studies [89,90]
GGTGGGGGGGGCTGGGTTGTCTTGGGGG (ICs5o = 29 nM)
TGGGCTAATGGAGCTCGTGGTCAT)
3R02 d(TGTGGGGGTGGACTGGGTGGGTACC) VEGF In vitro studies [92-94]
(Kq = 0.30 nM)
Human immunodeficiency ISIS 5320 d(T*T*G*G*G*G'T*T) HIV gp120 In vitro studies [98-100]
virus (HIV) (ICs0 = 0.30 uM)
Hotoda sequence DBB-d(TGGGAG) and TBDPS-d(TGGGAG) HIV gp120 In vitro studies [101,103]
(IC5o = 037 uM
and 0.88 uM, resp.)
Modified Hotoda (4-benzyloxy)phenylphosphate-d(TGGGAG) HIV gp120 In vitro studies [104]
sequence (ECsp = 61 nM)
Modified Hotoda [TBDPS-d(TGGGCG)]4-TEL HIV gp120 In vitro studies [102]
sequence (ICsp = 39 nM)
AS1411 d(GGTGGTGGTGGTTGTGGTGGTGGTGG) Nucleolin In vitro studies [105-107]
(ECso = 15.4 nM)
93del d(GGGGTGGGAGGAGGGT) HIV Integrase In vitro studies [108,109]
(ICso = 42 nM)
Zintevir d(G*TGGTGGGTGGGTGGG*T) HIV Integrase Phase | NCT00002403, [134]
(completed)
RT6 d(ATCCGCCTGATTAGCGATACTCAGGCGTTAG HIV Reverse In vitro studies [114]
GGAAGGGCGTCGAAAGCAGGGTGGGACTTG Transcriptase (ICs5o = 16 nM)
AGCAAAATCACCTGCAGGGG)
ODN 93 d(GGGGGTGGGAGGAGGGTAGGCCTTAGGTTTCTGA) HIV RNase H In vitro studies [115]
(ICs0 = 0.50 uM)
ODN 112 d(CCAGTGGCGGGTGGGTGGGTGGTGGGGGGACTTGG) HIV RNase H In vitro studies [115]
(ICso = 0.50 puM)
Coagulation TBA d(GGTTGGTGTGGTTGG) Thrombin Phase | [117-119]
(completed)
HD22 d(AGTCCGTGGTAGGGCAGGTTGGGGTGACT) Thrombin In vitro studies [120-122]
(Kq = 3.2nM)
HD1-22 d(GGTTGGTGTGGTTGGAAAAAAAAAAAAAAAAGTC Thrombin In vitro studies [123,124]
CGTGGTAGGGCAGGTTGGGGTGACT) (Kq = 0.65 nM)
RA-36 d(GGTTGGTGTGGTTGGTGGTTGGTGTGGTTGG) Thrombin Phase 0 [125,126]
NU172 d(CGCCTAGGTTGGGTAGGGTGGTGGCG) Thrombin Phase II NCT00808964, [134]
(unknown)
Osteoporosis Scl 2 d(TTGCGCGTTAATTGGGGGGGTGGGTGGGTT) Sclerostin In vitro studies [129]
(ICs0 = 0.90 puM)
Prion diseases R12 r(GGAGGAGGAGGA) PrP¢ In vitro studies [131,132]
(Kq = 8.5nM)
Tuberculosis PPK2 G9 d(AACACATAGGTTTGGTTAGGTTGGTTGGTTGAATTA) PPK2 In vitro studies [133]

(ICso = 39.3 nM)

* = phosphorothioate bond; DBB = 3,4-dibenzyloxybenzyl; TBDPS = tert-butyldiphenylsilyl; TEL = tetra-end-linker.
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differentiation and oncogenic transformation. Thus, it is considered as a
key target in different human diseases and mainly in cancer pathologies
[88]. SELEX methods allowed identifying the DNA aptamer HJ24, selec-
tively recognizing Shp2: it binds Shp2 phosphatase with affinity in the
nanomolar range and strongly inhibits its activity (ICso = 29 nM) [89].
HJ24 adopts a G4 structure, which is a prerequisite for stable binding
to Shp2 [90].

3R02. VEGF is a protein that acts as a key regulator in angiogenesis, thus
playing an important role in several diseases, such as age-related macu-
lar degeneration and cancer. VEGF has different isoforms, the prevalent
being VEGF-165 [91]. Vap7 was identified as an aptamer against VEGF
after three rounds of SELEX [92]. Its sequence is d(TGTGGGGGTGGACG
GGCCGGGTAGA), which folds into a stable G-quadruplex structure. On
this basis, a truncated mutant of Vap7 was designed (V7t1) in which
the guanine tracts necessary to form the G-quartets were conserved.
V7t1 folds into several G4 structures [93] and strongly binds VEGF-
165 with low nanomolar Ky values. Using in silico maturation to further
increase the aptamer binding affinity, a class of mutants of V7t1 was de-
signed; from these studies, the best aptamer selected was 3R02, having
a 16-fold higher affinity for the target than V7t1 (Ky = 300 pM) [94].

3.1.2. Antiviral G4-aptamers

Many G-rich sequences have been identified as aptamers active
against infective agents, such as the Hepatitis C Virus (HCV) and the se-
vere acute respiratory syndrome coronavirus (SARS-CoV) [95,96], but
the class of antiviral G4-based aptamers by far most represented is cer-
tainly that against HIV. Indeed, among the anti-HIV agents, many are
G4-based aptamers able to interact with: a) the HIV envelope glycopro-
tein gp120 (which binds the cellular receptors CD4 or CCR5/CXCR4
favouring virus entry), b) the HIV integrase, or c¢) the HIV reverse tran-
scriptase, inhibiting, respectively, virus binding and entry into the target
cell, viral genome integration and reverse transcription. A detailed over-
view of anti-HIV agents based on G-quadruplex forming oligonucleo-
tides developed in the last two decades was recently reported by our
research group [97].

Virus attachment inhibitors. Upon screening a library of phosphoro-
thioate octanucleotides containing all possible sequences, the first
anti-HIV G4-aptamer identified was d(TTGGGGTT) (ISIS 5320) [98]. It
forms a tetramolecular parallel G-quadruplex which inhibits HIV infec-
tion at sub-micromolar concentrations (ICso = 0.3 uM). Due to its highly
anionic character, it strongly interacts with the cationic V3 loop of the
envelope glycoprotein gp120 and inhibits virus adsorption and cell fu-
sion [99,100].

A series of hexadeoxyribonucleotides, carrying various modifica-
tions at either the 5’ or the 3’ ends, based on the so called d(TGGGAG)
Hotoda's sequence, was also synthesized and evaluated in vitro for
their anti-HIV activity, proving to be potent gp120 inhibitors, with ICsq
values from sub-micromolar to nanomolar concentrations [101-104].

Besides the main cellular receptors for HIV entry (CD4, and the two
chemokine receptors CXCR4 and CCR5), virus attachment can also occur
through the interactions with heparan sulfate proteoglycans and
nucleolin on the host cell-surface [105]. Therefore, also targeting
nucleolin can interfere with HIV attachment, as demonstrated using
AS1411, which showed a marked antiviral activity [106]. In vitro tests
have shown that AS1411 is effective against HIV at low nanomolar con-
centrations (ECso = 15.4 nM), thus proving to be more potent as an an-
tiviral than as an anticancer agent [107].

Virus integration inhibitors. Anti-HIV integrase activity has been
found for 93del, an aptamer with a sequence of d(GGGGTGGGAGG
AGGGT) which adopts a peculiar dimeric interlocked G4 structure and
exhibits in vitro inhibitory activity in the nanomolar range [108,109]. A
remarkable inhibition of the HIV integrase, with ICso values in the

nanomolar range, was observed also for T30177, an aptamer with
a sequence of d(GTGGTGGGTGGGTGGGT), containing single phospho-
rothioate internucleoside linkages at its 5’- and 3’-ends. This oligonucle-
otide showed an unusual high nuclease resistance in physiological
environments, due to its capacity to form a stable dimeric structure
involving two subunits of propeller-type parallel-stranded G-
quadruplexes [110]. T30177 was the first HIV integrase inhibitor tested
in clinical trials (Zintevir, Aronex Pharmaceuticals) [111].

Reverse transcription inhibitors. The HIV reverse transcriptase (RT) is
a multifunctional enzyme composed of two domains: the DNA polymer-
ase domain converts the viral RNA genome into DNA in the cytoplasm of
the host cell, while the RNase H domain specifically cleaves the RNA
strand in the RNA/DNA heteroduplex [112,113]. The first HIV RT inhib-
itor identified was RT6, an aptamer with a bimodular structure compris-
ing a 5’-stem-loop module connected to a 3’-G4 module [114]. DNA
aptamers for the RNase H domain of RT were then identified by SELEX
procedures, using recombinant RT with or without the RNase H domain.
Two aptamers, ODNs 93 and 112, selectively inhibited the HIV RNase H
with ICsg values in the sub-micromolar range, not showing activity on
the human enzyme [115].

3.1.3. Anticoagulant G4-aptamers

Thrombin is a serine protease that plays a key role in the last step of
blood clotting process, converting soluble fibrinogen into insoluble fi-
brin [116]. The first anticoagulant aptamer targeting thrombin was de-
scribed in 1992 by Bock et al. [117]. Subsequently, other DNA
aptamers were also discovered as thrombin inhibitors, most of them
adopting G-quadruplex structures.

TBA. Thrombin-binding aptamer (TBA, also known as HD1 or ARC183,
Archemix and Nuvelo) is a DNA aptamer targeting thrombin exosite |
with nanomolar affinity (range 25-200 nM) [117]. It folds into a chair-
like G-quadruplex structure consisting of two G-quartets, a TGT loop
and two TT loops [118]. In Phase I clinical trials, TBA has been tested
as putative anticoagulant in coronary artery bypass graft surgery. The
preliminary results confirmed the desired dose-related anticoagulation
activity. However, the high amount needed to obtain the desired
anticoagulation effect resulted in a sub-optimal dosing profile. There-
fore, Archemix and Nuvelo interrupted Phase I clinical trials on TBA in
2005, claiming to focus on improved second generation aptamers [119].

HD22. HD22 is a DNA aptamer with a duplex/G-quadruplex mixed
structure [120,121]. HD22 recognizes the heparin-binding exosite II of
thrombin, inhibiting thrombin-mediated activation of platelets, with a
binding constant in the nanomolar range, showing higher affinity for
thrombin than TBA [122].

HD1-22. HD1-22 is a bivalent DNA aptamer consisting of exosite I bind-
ing aptamer HD1 (TBA) and exosite Il binding aptamer HD22, connected
through a poly-dA linker [123]. It binds thrombin with higher affinity
than the precursor aptamers alone and is able to prolong thrombin
clotting times in a dose-dependent manner, proving to be a strong in-
hibitor of thrombin activity [124].

RA-36. RA-36 is a bivalent DNA aptamer consisting of two covalently
bound G-quadruplexes, each containing the TBA motif, connected via
a thymine linker. It binds thrombin exosite I and blocks fibrinogen bind-
ing to the enzyme with a dose-dependent effect, thus resulting into an
efficient thrombin inhibitor. Animal tests have shown that this aptamer
shows a high species-specificity [125,126].

NU172. Discovered through SELEX and subsequently truncated to 26
nucleotides, NU172 (ARCA Biopharma) is a DNA aptamer targeting
thrombin exosite 1 [127], able to fold into a G4 structure [128]. In
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preclinical studies, NU172 has shown the ability to prolong thrombin
clotting time. Furthermore, due to rapid nuclease degradation, the anti-
coagulant activity can be halted without using antidotes. A Phase II clin-
ical trial to test its anticoagulant efficacy in coronary artery bypass graft
surgery is in unknown status [78].

3.1.4. G4-aptamers against other diseases

Skeletal diseases. Sclerostin is an extracellular protein involved in the
negative regulation of bone growth and, for this reason, is a key target
for the treatment of osteoporosis. A parallel G4-forming aptamer has
been identified and evaluated against sclerostin. In vitro studies have
shown that the G4-based aptamer specifically binds sclerostin with af-
finities in the nanomolar range [129].

Prion diseases. Prion diseases are neurodegenerative disorders of
mammals due to the conversion of soluble normal cellular prion protein
PrP€ in its insoluble abnormal isoform PrP*° that accumulates in the
brain [130]. Targeting PrP¢ can be a strategy to stabilize the normal
prion protein and avoid its conversion to the abnormal PrP*¢ form.
Mashima et al. discovered an RNA aptamer against bovine PrP¢ with a
sequence of r(GGAGGAGGAGGA) (R12). It folds into a dimeric G-
quadruplex structure [131] and exhibits anti-prion activity in mouse
as a result of the PrP* level reduction [132].

Tuberculosis. [norganic polyphosphates act as key regulators of myco-
bacterials stress and virulence. Polyphosphate kinases (PPKs) are the
major enzymes involved in polyphosphates metabolism proving to be
key targets in Mycobacterium tuberculosis. Shum et al. identified G4
and non G4-forming aptamers against PPK2, one of the two classes
of M. tuberculosis PPKs, but only the G4-forming aptamer PPK2 G9
proved to effectively bind the protein and inhibit its catalytic activity
(ICso = 39.3 nM). Mutational analysis provided further evidence of
the key role played by the G-quadruplex architectures in the specific
and strong binding to PPK2 [133].

3.2. G4-based aptamers as drug delivery systems

Taking into account that most of the known anticancer/antiviral
drugs and candidate drugs are associated with heavy side effects due
to their intrinsically poor selectivity, efficient targeted drug-delivery
systems are urgently required. Due to their ability to strongly and selec-
tively recognize protein targets, aptamers can be helpful also for specific
targeting. Indeed, aptamers can be conjugated with the drug of choice in
order to deliver it towards specific receptors (usually cell surface pro-
teins) overexpressed on target cells and underexpressed on non-
target healthy cells [82].

A very interesting case is the above-discussed G4-forming aptamer
AS1411, which acts both as a potential drug, having promising antitu-
mor [80,84] and anti-HIV [106,107] activity, and as a drug-delivery sys-
tem, being efficiently and selectively internalized through nucleolin,
overexpressed on cancer cells, by macropinocytosis [135]. In particular,
several research groups have focused their attention on AS1411-based
drug-delivery approaches, developing essentially three different kinds
of systems: AS1411-drug, AS1411-drug-liposomes and AS1411-drug-
nanoparticle conjugates. For each of these systems some valuable exam-
ples are reported here [136-140].

Shieh et al. have described an AS1411-TMPyP4 conjugate useful in
photodynamic therapy [136]. The hypothesized mechanism of action
is the following: the complex is efficiently taken up by cells exploiting
the binding to nucleolin and, after light exposure, the activation of
TMPyP4 destroys only the cells carrying the internalized complex. In
vitro studies have shown that TMPyP4, when conjugated with AS1411,
preferentially accumulates in breast cancer cells than in epithelium nor-
mal cells. Furthermore, the photodamage produced by this conjugate is
overall more extensive in cancer cells than in normal cells. These results

proved that the delivery and uptake of TMPyP4 are effectively mediated
by the specific interaction of the AS1411-TMPyP4 complex with
nucleolin.

Le Trinh et al. have crosslinked AS1411 with doxorubicin, a known
chemotherapeutic agent [137]. In vivo tests in a murine xenograft
model have shown that injection of the AS1411-doxorubicin adduct re-
sulted in a reduced antitumor activity compared with free doxorubicin,
but also in a significant reduction of the typical side effects associated to
doxorubicin treatments, such as cardiotoxicity, nephrotoxicity and
weight loss [137]. Another AS1411-doxorubicin adduct has been devel-
oped by Liu et al., who constructed a dimeric nanocarrier consisting of
the AS1411 domain, responsible for the selective targeting of cancer
cells, and a DNA duplex domain, necessary to capture and transport
doxorubicin. This nanosystem showed efficient in vitro and in vivo anti-
tumor activity on drug-resistant breast cancer cells and reduced toxicity
compared to free doxorubicin [138].

In order to selectively deliver higher amounts of chemotherapeutics
into cancer cells, Liao et al. have proposed the use of doxorubicin-
containing liposomes functionalized with AS1411. A thiol-derivatized
AS1411 was first conjugated to maleimide-PEG 2000-DSPE via forma-
tion of a thioether linkage; the purified conjugates self-assembled into
spherical micelles, which were then incubated with liposomes, allowing
the micelle components to be exchanged into the liposome bilayers. In
vivo studies in nude mice have shown that, when delivered by lipo-
somes, doxorubicin preferentially accumulates in tumour tissues with
respect to free doxorubicin, inhibiting the tumour growth with minimal
toxicity compared to the free drug [139].

Finally, Guo et al. have developed AS1411-functionalized nanoparti-
cles to deliver paclitaxel, a potent chemotherapeutic agent. In vivo stud-
ies on these nanoparticles have shown enhancement of paclitaxel
accumulation in tumor cells and higher reduction of glioma weight in
nude mice compared with free paclitaxel [140].

Another G4-forming aptamer potentially useful in drug delivery,
named AIR-3A, has been discovered by Meyer et al. AIR-3A is an RNA
aptamer of sequence r(GGGGAGGCUGUGGUGAGGG) that specifically
recognizes the receptor of interleukin-6 (IL-6), a cytokine that plays a
key role in inflammatory diseases and cancer. AIR-3A was proved to
specifically deliver proteins towards cells expressing IL-6R (Interleu-
kin-6 Receptor) on their surface, such as hepatocytes, monocytes, mac-
rophages, lymphocytes and HIV-infected cells [141,142], further
stimulating the research on novel drug delivery systems useful not
only in anticancer, but also in anti-HIV treatments.

3.3. State-of-the-art on therapeutic G4-forming aptamers

The overall analysis of the known G4-forming therapeutic aptamers
provides an interesting picture, from which some general conclusions
can be drawn [143]. First of all, a significant number of aptamers selec-
tive against cancer cells adopt a G4 structure as a preferential conforma-
tion. The presence of a G4 folding appears to be an essential structural
motif for aptamers endowed with cancer-selective antiproliferative ac-
tivity. Upon screening 11 oligonucleotide combinatorial libraries, differ-
ing in nucleobase composition and length, Bates et al. found that only
the G-rich libraries showing features consistent with G4 formation
strongly inhibited cancer cell growth, in contrast not affecting healthy
cells [144]. Then, the parallel G4 topology seems to be largely prevailing
among these bioactive aptamers. One remarkable example is the
nucleolin-binding aptamer AS1411, advanced to Phase II clinical trials
against renal cell carcinoma [80], which, even if present as a mixture
of different monomeric and even dimeric G4 conformations, essentially
prefers parallel structures [145]. In another study, investigating
the antiproliferative effects of G4-forming aptamers, Shangguan et al.
suggested that the intramolecular parallel G4 structure may be a
key feature for cellular protein recognition, allowing efficient cell
uptake through endosome/lysosome pathways [146]. This study was
carried out on a number of parallel G4 structures, including putative
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G4-forming sequences from the human genome. These findings support
the idea that structure-activity relationship analyses can speed up the
identification of G4 scaffolds useful for the design of optimized thera-
peutically active aptamers. Thus, aptamer selection can be performed
using partially randomized G-rich oligonucleotide libraries combining
SELEX with rational design methods. However, in some cases, even
minor mutations in G4 sequences may have dramatic effects on
aptamer stability and/or activity [147-150], inducing marked alter-
ations in the G4 topology (e.g., an intramolecular antiparallel G4 can
be converted into an intermolecular parallel one [151]) or causing the
aptamer to target different epitopes of the protein [120]. Thus, the ran-
domization process is always a compromise between the need for the
highest sequence permutation and for a stable G4-folding [152]. In the
case of an intermolecular scaffold, the combinatorial libraries usually
contain several consecutive guanines (G-runs) with randomized flanks
[98]. In the case of an intramolecular scaffold, the G4 core is typically
kept intact, while the loops are randomized.

A promising strategy to increase the molecular diversity of the
aptamers within a combinatorial drug discovery approach is to exploit
their modular assembly. An active G4 module can be linked to a duplex
motif to get a hybrid structure with improved thermodynamic stability
[153,154]. Alternatively, polyvalent aptamers [118] can be obtained by
conjugating similar or different G4 modules (homo-polyvalent or
hetero-polyvalent aptamers, respectively), able to recognize distinct
sites on the same target protein [123,155,156] or different targets
[157]. A synergistic effect between the linked domains is typically ex-
pected with polyvalent systems [158]; in this case, however, the success
of the overall strategy critically depends on the choice of the linker be-
tween the modules. In this context, combinatorial libraries with random-
ized linkers and fixed active modules have been fruitfully used [159].

Another central issue is that, due to the abundance of G4 motifs in
the human genome [160], all playing diverse regulatory roles [161], a
variety of genomic G4-forming motifs (particularly those located in
gene promoters) can be regarded as potential candidate aptamers. In
other words, G4-forming aptamers can be designed taking inspiration
from natural nucleic acid substrates and then used as their competitors
for endogenous G4-binding regulatory proteins, ultimately affecting
gene expression and normal cell functions. In this regard, a valuable ex-
ample is the G4-forming oligonucleotide carrying the sequence located
in the insulin promoter, found to recognize insulin and insulin-like
growth factor 2 [162,163]. A promoter-derived aptamer selection meth-
od (G4PAS) has been successfully used to identify G4s with good affin-
ities for VEGF, platelet-derived growth factor-AA and retinoblastoma
protein RB1 [164]. Native and modified ON mimics of G4s from RAS
proto-oncogenes are able to compete with DNA-protein complexes
that regulate transcription and therefore can be used as decoys for tran-
scription factors [165,166]. Rational design of G4 decoys, first described
by Xodo et al., appears to be a very promising strategy in anticancer
research [167]. In parallel, it can be expected that new, more effective
G4-forming antiviral agents will be developed as a consequence of the
rapid progress in the studies on the G4-forming sequences of HIV-1,
Epstein-Barr virus and Papilloma Virus genomes and their participation
in viral life cycles [96,97]. Hopefully, more and more gene-inspired G4-
forming aptamers will be discovered in the near future.

4. G4-forming aptamers in detection and diagnostic applications

Considering all the advantages discussed before, such as the wide
target library, high affinity, stability, selectivity, and capability to form
specific Watson-Crick and/or Hoogsteen H-bonds, it is not surprising
that nucleic acid aptamers have emerged as key recognition elements
also in the design of novel biosensors (i.e., the so called “aptasensors”),
in combination with various sensing strategies compatible with almost
all kinds of targets, detection requirements and readout techniques
[168]. The sensing process of aptasensors is similar to other biosensors:
the aptamer recognizes its target, and the signal transducer transfers the

recognition information into measurable signals. The aptamers can be
immobilized (heterogeneous) or used in solution (homogenous
phase) [169]. Once immobilized, the aptamers are able to release
targets upon washing with different buffers, thus allowing in principle
to reuse an aptasensor several times. Multiple sensing strategies
have been developed till now, combined with various transducers,
such as quartz crystal microbalance (QCM), surface plasmon resonance
(SPR), fluorescence, colorimetry, electrophoresis, electrochemistry,
electrochemiluminescence (ECL), field-effect transistor, and so on.
These aptasensors can be generally divided into two classes: “labeled”
and “label-free” sensors [170]. The most recent developments in the
use of aptamers in diagnostics and imaging have been recently
reviewed by Neerathilingam et al., who have discussed in detail the ap-
plications of aptamers for the detection of infective agents, antigens/
toxins (bacteria) and biomarkers (cancer) [171].

In the specific case of G4-forming aptamers, the versatility and plas-
ticity of these structures can be fruitfully exploited in various types of
detection assays [64].

4.1. Thrombin detection by TBA and its variants: a biologically
relevant case and/or a proof-of-concept

The most studied G4-forming aptamers in many diagnostic applica-
tions are the thrombin binding aptamers (TBAs), two short DNA se-
quences of 15 (TBA;5) and 29 (TBA,g) nucleotides in length, relatively
easy and inexpensive to synthesize and able to recognize with high af-
finity and specificity the fibrinogen- and heparin-recognition exosite
on thrombin, respectively (exosites I and II) [117]. Despite the high bio-
logical significance of thrombin as a target, both TBA;5 and TBA,g, prop-
erly modified to fulfill the desired detection process, have been widely
used essentially as a proof-of-concept to verify the feasibility of the pro-
posed analytical method. The success of TBAs as model systems in the
development of detection assays is due to several factors, such as:
1) the high affinity and specificity for the target; 2) the availability of
two G4-based thrombin aptamers, each targeting a specific exosite on
the protein in a non-interferring manner, giving the possibility to per-
form sandwich-type assays; 3) the rapid and unambiguous switching
of the aptamer structures triggered by thrombin binding, and 4) the cat-
alytic activity of the protein, still present after the binding event for both
aptamers. The scientific literature has plenty of research studies for the
detection of thrombin. They are based either on very complicated multi-
recognition systems or on rapid and easy methods, and can be grouped
in homogenous- or heterogeneous-phase assays, using labeled or label-
free, as well as enzyme-assisted assays. For a detailed recent review, il-
lustrating the development of more than one hundred analytical tech-
niques centered on the TBA-thrombin system, see also ref. [172]. We
report here an update on recent TBA-based sensing systems, discussing
in parallel other, less recent assays, selected on the basis of their appar-
ent efficiency and simplicity.

In 2011 Yan et al. developed a probe for thrombin sensing based on
TBA;s and a multi-branched fluorescent pyrazine derivative (TASPI)
which, upon strongly interacting with the single strand DNA, turns off
its bright fluorescence. In the presence of thrombin, which specifically
binds to TBA inducing its folding into an antiparallel G-quadruplex
structure, TASPI molecules are released from the aptamer, resulting
into vivid and facile fluorescence recovery (“turn ON” system, Fig. 4a).
Interestingly, this approach can be employed also in real plasma sam-
ples during the coagulation process [173].

Another similar example for the detection of thrombin has been re-
ported in 2013 as a facile and sensitive label-free homogeneous assay. In
this approach, Zhang et al. used CdTe quantum dots (QDs), Cd?>™ ions
and the TBA;5 [174]. The QDs can be “activated” with fluorescence en-
hancement by adding extra Cd?>™ to the solution in a basic medium;
the positively charged Cd?"-activated CdTe QDs interact with the neg-
atively charged TBA, leading to fluorescence quenching; when thrombin
is added, TBA forms a G-quadruplex structure through specific
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Fig. 4. Schematic representation of thrombin detection using various TBA-based sensing systems and different detection techniques employing fluorescence, phosphorescence,

chemiluminescence or colorimetry.

interaction with its target, releasing the QDs with a recovery of the fluo-
rescence intensity (Fig. 4b). A linear response for thrombin has been ob-
served in the range from 1.4 nM to 21 nM, with a detection limit of
0.70 nM. This method is easy to perform since covalent modifications
or immobilizations of the aptamer are avoided, can reduce background
signal and improve sensitivity due to the turn-on sensing mode, and can

be performed directly on real serum samples, not requiring pre-
treatments of the serum matrix.

A remarkable fluorescence enhancement upon thrombin recogni-
tion has been obtained also using a dansyl/cyclodextrin-tagged TBAs:
in this case, thrombin binding to the TBA produces a fluorescence en-
hancement due to encapsulation of dansyl, attached at the 3’-end of
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the TBA, into the apolar cavity of the B-cyclodextrin at the 5’-end of the
aptamer sequence [175].

Similarly, another aptamer-based turn-on thrombin biosensor was
based on Mn-doped ZnS quantum dots, whose phosphorescence was
restored after thrombin-aptamer recognition [176]. The system in-
volved an efficient phosphorescence energy transfer (PET) donor-
acceptor pair: Mn-doped ZnS quantum dots labeled with thrombin-
binding aptamers (TBA QDs) as donors, and carbon nanodots (CNDs)
as acceptors. Due to the m-m stacking interactions between the aptamer
and CNDs, the energy donor and acceptor are taken into close proximity,
leading to the phosphorescence quenching of TBA QD-donors. With the
introduction of thrombin onto the TBA-QDs-CNDs system in “off state”,
the phosphorescence is “turned on” due to the formation of G4-
thrombin complexes, which release the energy acceptor CNDs from
the energy donors (Fig. 4c). The sensor displays a linear range of 0-
40 nM for thrombin, with a detection limit of 0.013 nM in pure buffers.
The proposed aptasensor has also been used to monitor thrombin in
complex biological fluids, including serum and plasma, with satisfactory
recovery ranging from 96.8 to 104.3%. These results can be explained
because the interference to phosphorescence deriving from auto-
fluorescence and scattering light in complex matrixes can be easily
avoided.

Also chemiluminescence was employed in a turn-off solution
assay for thrombin detection. In this case TBA;s, conjugated to 6-
carboxyfluorescein  (6-FAM), was reacted with 34,5-
trimethoxylphenylglyoxal (TMPG) in the presence of tetra-n-
propylammonium hydroxide (TPA): the high-energy intermediate
formed transfers energy to 6-FAM, emitting bright light based on
chemiluminescence energy transfer (CRET). In the presence of throm-
bin, the brightness of guanine chemiluminescence was quenched due
to the formation of G-quadruplex TBA-conjugated 6-FAM bound with
the target (Fig. 4d). The detection limit of G4-TBA aptasensor with
good linear calibration curves, accuracy, precision, and recovery was
12.3 nM in 5% human serum [177].

In another study, a colorimetric ultrasensitive thrombin-detection
assay has employed an elongated variant of TBA;5 (21-mer), the cation-
ic polymer poly(diallyldimethylammonium) chloride (PDDA) and gold
nanoparticles as sensing elements [178]. Initially, the cationic polymer
interacts with the TBA and the dispersed gold nanoparticles confer a
wine-red color to the solution. Upon thrombin addition, the target
strongly interacts with the TBA probe displacing the cationic polymer,
which in turn induces gold nanoparticle (AuNP) aggregation; this
event produces a visible change in color from red-wine to blue-purple,
detectable also by naked eye (Fig. 4e). This colorimetric sensor could
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detect thrombin up to 1 pM with high selectivity also in the presence
of other interfering proteins and was successfully applied to determine
thrombin levels in human serum samples.

A more complicated but ultrasensitive assembled system for throm-
bin detection was based on an off-on-off electrochemiluminescence
(ECL) approach [179]. The system is composed of an Eu>*-doped CdS
nanocrystal (CdS:Eu NC) film on a glassy carbon electrode (GCE) as
ECL emitter. AuNPs, labeled with a hairpin-DNA probe (ssDNA1,
Fig. 5) containing TBAs, are linked on the NC film: an ECL quenching ef-
fect (off) is produced as a result of Forster-resonance energy transfer
(FRET) between the CdS:Eu NC film and the proximal AuNPs. Upon hy-
bridization with a free ssDNA (ssDNA2) complementary to the hairpin,
a duplex structure is formed and the AuNPs are pulled away from the
CdS:Eu NC film, causing an ECL enhancement (on) due to the interac-
tions of the excited CdS:Eu NCs with ECL-induced surface plasmon res-
onance (SPR) in AuNPs at large separation. The addition of thrombin
induces ssDNA1 to form a G-quadruplex structure, displacing the
ssDNA2 and allowing the AuNPs to get close to the CdS:Eu NC film
again, eventually producing an enhanced ECL quenching (off). This
“off-on-off” system showed a maximum 7.4-fold change of ECL intensi-
ty, due to the configuration transformation of ssDNA1, providing great
sensitivity in thrombin detection in a wide detection range, from
50 aM to 1 pM.

Very recently, a novel label-free electrochemical aptasensing plat-
form for rapid and facile detection of thrombin, using a graphene
oxide (GO)-modified pencil graphite electrode and TBA;s has been de-
signed [180]. The strategy relies on the preferential adsorption of
single-stranded DNA (ssDNA) to GO over aptamer-target complexes.
The TBA-thrombin complex formation was monitored by differential
pulse voltammetry (DPV) using the guanine oxidation signal. In the ab-
sence of thrombin, the aptamers are adsorbed onto the surface of GO,
leading to a strong background guanine oxidation signal. Conversely,
in the presence of thrombin, the conformational transformation of
TBA after incubation with the thrombin solution and formation of the
aptamer-thrombin complexes, which have weak binding affinity for
GO, leads to the desorption of TBA-thrombin complex from the elec-
trode surface and significant oxidation signal decrease (Fig. 6). The
selectivity of the biosensor was studied using other biological sub-
stances. The biosensor signal was proportional to the thrombin concen-
tration from 0.1 to 10 nM with a detection limit of 0.07 nM.

In order to evaluate the analytical reliability and application poten-
tial of this biosensor in clinical analysis, the proposed biosensor was
used for the detection of thrombin in healthy human blood serum sam-
ples under optimal experimental conditions. Similar responses were
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Fig. 5. TBA-related ECL “off-on-off” platform based on energy transfer between CdS:Eu NC film and AuNPs. EDC = N-(3-dimethylaminopropyl)-N'-ethyl-carbodiimide hydrochloride;

NHS = N-hydroxysuccinimide; MCH = 6-mercapto-1-hexanol.
(Adapted with permission from ref. [179]. Copyright 2014, Elsevier B.V.)
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Fig. 6. Schematic illustration of the label-free electrochemical aptasensor for thrombin detection.

found for both buffer and serum samples, and proved the applicability
of the proposed sensor for real sample analysis. Moreover, this biosen-
sor was used for the determination of thrombin concentration in a
spiked diluted serum sample by the standard addition method. The ob-
tained results for measurements at four different concentrations
showed good recovery values (98-103%), indicating that the proposed
biosensor has high accuracy in practical applications and can be used
for the thrombin detection in real biological samples.

Many other sensing systems for the detection of thrombin, or of
other protein targets of therapeutic relevance, require an enzymatic ac-
tivity to obtain the signal transduction producing fluorescence, colori-
metric or electrochemical changes.

Very important advances in the field of G4 aptasensors came from
the discovery of a peroxidase activity associated with the G4-hemin
complex (DNAzyme). Initially, in 1998, a specific aptamer binding iron
(Ill)-protoporphyrin IX (hemin) was selected (PS2.M), which was a G-
rich DNA sequence able to form a stable G-quadruplex structure [181].
It was demonstrated that the aptamer-hemin complex had significantly
higher peroxidase activity than hemin alone, under physiological condi-
tions, catalyzing (DNAzyme) the oxidation of 2,2’-azino-bis(3-
ethylbenzothiozoline)-6-sulfonic acid (ABTS) by hydrogen peroxide
(Hz0,), with concomitant formation of the colored radical cation prod-
uct ABTS" [181]. Its peroxidase activity was also significantly higher
than that of a previously reported hemin-catalytic-antibody complex
[182]. It was later realized that the RNA version of PS2.M (rPS2.M)
also showed enhanced peroxidase activity, demonstrating that RNA-
based aptamers can have a similar structure and function [183]. The in-
tramolecular G-quadruplex structure was shown to play an important
role in the peroxidase activity [184]. As a general DNA ligand with the
porphyrin ring, hemin should bind also to other G-quadruplex families.
This point was indeed investigated exploring the interactions between
hemin and other G-quadruplex aptamers, discovering that most G4-
forming aptamers were able to bind hemin, with different affinities de-
pending on the type of G4 structure, and had peroxidase activity
(DNAzyme) [185]. Regarding the sensing system, in addition to ABTS,
many other compounds can also act as substrates being oxidized
by H,0, upon G4-hemin complex catalysis, such as luminol to
produce chemiluminescence [186] or chemiluminescence resonance
energy transfer [187], 3,3’-diaminobenzidine (DAB) [188], etc.
The peroxidase-mimicking activity of G4 DNAzyme is related to the to-
pology and conformation of the G4 structure [189]: remarkably, parallel
G-quadruplexes display much higher peroxidase activity than those
displayed by hemin and antiparallel G-quadruplexes.

TBA-hemin
complex

Thrombin

Thrombin

—

Also TBA;5 binds hemin; this occurs when the G4-forming aptamer
is in the folded state, thus forming a stable complex with weak
peroxidase-like activity. After incubation with thrombin, the TBA-
hemin complex is recognized by the protein target, forming a supramo-
lecular DNAzyme with significantly increased catalytic activity. This rec-
ognition event produces an absorbance change in the ABTS-H,0,
system which can be easily monitored using UV-vis absorption spec-
troscopy (Fig. 7), thus providing a facile approach to reveal thrombin
with a detection limit of 20 nM [190].

Improved sensitivity with respect to the colorimetric assay with
ABTS was obtained combining the TBA G-quadruplex-based DNAzyme
(TBA-hemin-thrombin) with the H,0,-thiamine fluorescent system.
The H,0,-mediated oxidation of thiamine, a cheap fluorescent sub-
strate, gives rise to fluorescence emission (Fig. 7) allowing the quantita-
tive analysis of thrombin with a detection limit of 1 pM [191].

Employing the synergistic effect of the hemin/G-quadruplex perox-
idase activity, of the enzymatic activity of an alkaline phosphatase
(ALP) as well as of the sandwich-type recognition of thrombin by the
two TBAs (TBA;5 and TBA,g) specific for the exosites I and I of the target
protein, respectively, an ingeniously-designed and very sensitive
electrochemical aptasensor for thrombin has been obtained [192].
This thrombin aptasensor is composed of two systems: 1) gold-
nanoparticle-decorated zinc oxide nanoflowers (Au-ZnO) as the matrix
for immobilizing ALP and TBA labeled with hemin to form hemin/G-
quadruplex/ALP/Au-ZnO bioconjugates, and 2) a solid platform as the
sensing interface, constituted by a GCE on which a thin layer of AuNPs,
functionalized with TBAs, is deposited. Thrombin detection was ob-
tained exploiting a sandwich-type recognition, which led in close prox-
imity the TBAy9-Au-ZnO bioconjugates and the TBA;5-AuNP modified
electrode. In these conditions, upon addition of 1-naphthyl phosphate,
ALP efficiently catalyzed its oxidation to 1-naphthol on the surface of
the electrode, on the other hand, 1-naphthol could be oxidized by the
hemin/TBA/thrombin system in the presence of H,0,, resulting in the
final promotion of electron transfer to the electrode and amplification
of the electrochemical signal. An enzyme-assisted signal amplification
strategy was incorporated into this assay to increase the sensitivity of
the electrochemical aptasensor (Fig. 8). The proposed thrombin
aptasensor yielded a linear response in the range 1 pM-30 nM with a
detection limit of 0.37 pM.

In a similar system, the same authors used another enzyme, glucose
oxidase (GOx), to construct a sensitive electrochemical aptasensor for
thrombin, exploiting the enzyme-assisted signal amplification strategy.
They employed the synergistic effect of hemin as a peroxidase mimic, of

H,0,

Hzg\_)

ABTS / thiamine

725

ABTS '+ / thiochrome

(fluorescent)

Fig. 7. Colorimetric and fluorimetric approaches for thrombin detection based on the DNAzyme formation between hemin, TBA and the target protein.
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Fig. 8. Schematic illustration of ALP and hemin/G-quadruplex as catalysts for an in situ amplified electrochemical detection signal.
(Adapted with permission from ref. [192]. Copyright 2015, American Chemical Society)

the enzymatic activity of GOx, and of the sandwich-type recognition of
thrombin by the two TBAs (TBA5 and TBA,g) [193]. The system has
been obtained combining two components: 1) a multifunctional
bionanocomposite in solution composed of nano-sized Fe-MIL-88
MOFs encapsulating hemin and functionalized with gold nanoparticles,
glucose oxidase and TBA,g (Fig. 9A); and 2) a solid platform as the sens-
ing interface, constituted by a GCE on which a thin layer of AuNPs func-
tionalized with TBAs was deposited (Fig. 9B). The sandwich-type
recognition involving the Au/hemin@MOF-TBA,9-GOx bioconjugates

and the TBA;5-AuNP modified electrode allowed sensitive thrombin de-
tection (Fig. 9B).

Upon addition of glucose, GOx efficiently catalyzed the oxidation of
glucose to gluconolactone, coupled with the local formation of H,0, in
the presence of dissolved O,; the generated H,0, on the electrode sur-
face was reduced by the hemin@MOF system, with the final promotion
of electron transfer to the electrode and signal amplification. Thus, the
enzyme-assisted signal amplification strategy increased the sensitivity
of the constructed electrochemical aptasensor employing hemin@
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Fig. 9. (A) The preparation of Au/hemin@MOF-TBA,5-GOx bioconjugates. (B) Schematic representation of the stepwise assembly procedure and electrocatalysis detection principle of the

proposed electrochemical aptasensor. HT = hexanethiol.
(Adapted with permission from ref. [193]. Copyright 2015, The Royal Society of Chemistry)


Image of Fig. 8
Image of Fig. 9

C. Platella et al. / Biochimica et Biophysica Acta 1861 (2017) 1429-1447

MOFs as redox mediators for signal generation based on the reversible
redox of Fe(IllI)/Fe(Il) within hemin. The so-obtained sandwich-type
aptasensor showed good sensitivity, stability and satisfactory reproduc-
ibility, as well as good precision in thrombin determination in serum, in-
dicating that the method has the potential to be used for the detection of
this protein in complex samples.

In another detection method based on an enzymatically-assisted
assay, the catalytic activity of the target, i.e. thrombin, was exploited
[194]. Indeed, thrombin is a protease enzyme that can specifically cata-
lyze the cleavage of proteins and peptides and the binding sites of
aptamers on the protein are different from the enzyme catalytic sites.
In the absence of aptamer binding to thrombin, the enzymatic activity
of thrombin can be maintained and used for the development of detec-
tion methods. During the blood sampling process, an anticoagulant
buffer (citrate) containing the reversible active-site inhibitor argatroban
(1, Fig. 10) is added to the blood sample containing thrombin (2, PDB
1DWC). Complex formation between argatroban and thrombin effi-
ciently prevents irreversible inhibition of thrombin by endogenous
thrombin inhibitors. Wells of streptavidin-coated microtiter modules,
previously loaded with the 3’-biotinylated anti-thrombin aptamer
HD1-22 (3), that simultaneously targets exosites I and II of thrombin,
are overlaid with plasma. After incubation and capturing of the
argatroban-thrombin complex by HD1-22, the wells are washed to re-
move plasma remains and reversibly bound argatroban. Subsequently,
a thrombin-specific peptide substrate, bearing an AMC (7-amino-4-
methylcoumarin) fluorogenic probe (H-D-CHA-Ala-Arg-AMC, 4),
is added to quantitatively determine the amount of functional
active thrombin captured in the wells. Thus a supramolecular
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oligonucleotide-based enzyme capture assay for the sensitive detection
of thrombin was developed in plasma, under routine clinical conditions
[194].

In addition to thrombin, two other well-known G4-forming
aptamers named AGRO100 (AS1411) and T30695 (a Zintevir analogue),
identified, as discussed before, as high-affinity binders of the proteins
nucleolin and HIV-1 integrase, respectively, with effective anticancer
and anti-HIV biological activity, exhibit high hemin-binding affinities
comparable to that of the known aptamer (termed PS2M) selected by
the in vitro evolution process. They are capable of simultaneously bind-
ing their protein target and hemin through two different modes. Most
importantly, their corresponding hemin-DNA complexes reveal excel-
lent peroxidase-like activities, higher than that of the reported hemin-
PS2M DNAzyme. The potential of these systems in bioanalysis was dem-
onstrated for AGRO100, which was applied to the chemiluminescence
detection of nucleolin expressed at the surface of Hela cells. Based on
the specific AGRO100-nucleolin interaction, the surface-expressed
nucleolin of HeLa cells is labeled in situ with the hemin-AGRO100
DNAzyme, and then determined in the luminol-H,0, system (Fig. 11).
Through this approach, the sensitive detection of total nucleolin
expressed on the surface of about 6000 HeLa cells was accomplished
[195].

Another G4-forming aptamer probe with great potential as a useful
tool for early diagnosis and prognosis of cancer is C14B1, identified by
SELEX and subsequently optimized for the specific binding to anterior
gradient homolog 2 (AGR2), a good cancer biomarker [196]. Structural
studies have identified that the binding motif of the aptamer is an intra-
molecular parallel G-quadruplex structure and its structure and binding
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Fig. 10. General principle of the oligonucleotide-based enzyme capture assay for thrombin detection developed by Potzsch et al. [194]. a) During the blood sampling process, an
anticoagulant buffer (citrate) containing the reversible active-site inhibitor argatroban (1) is added to the blood sample containing thrombin (2, PDB 1DWC). Complex formation
between argatroban and thrombin efficiently prevents irreversible inhibition of thrombin by endogenous thrombin inhibitors. b) Wells of streptavidin-coated microtiter modules
previously loaded with the 3’-biotinylated anti-thrombin aptamer HD1-22 (3) that simultaneously targets exosites I and II of thrombin are overlaid with plasma. After incubation and
capturing of the argatroban-thrombin complex by HD1-22, wells are washed to remove plasma remains and reversibly bound argatroban. Subsequently, a thrombin-specific peptide
substrate, bearing an AMC (7-amino-4-methylcoumarin) fluorogenic probe (H-D-CHA-Ala-Arg-AMC, 4), is added to quantitatively determine the amount of functional active thrombin

captured in the wells.
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Fig. 11. Multifunctional aptamer AGRO100 (better known as AS1411) as a DNAzyme-based platform for the chemiluminescence detection of nucleolin expressed at the surface of HeLa
cells. After the binding of hemin, the folded AGRO100 can label the cell-surface-expressed nucleolin in situ, providing an approach to sensing this protein marker in the luminol-H,0,

system.

affinity are strongly dependent on the nature of the monovalent ion. For
AGR2 detection, an allosteric molecular beacon, named AGR2-aMB,
coupled with a fluorescence flow cytometry sensing system, was devel-
oped (Fig. 12). The AGR2-aMB is a single strand DNA consisting of a
streptavidin (SA) aptamer sequence [197], a C14B1 sequence, a short
sequence complementary to a small tract of the SA aptamer sequence,
and a fluorophore. A stable hairpin structure is formed by intramolecu-
lar hybridization between the SA aptamer sequence and the comple-
mentary sequence, temporarily disabling the probe ability to bind
with SA beads. Consequently, when incubated with SA beads, no
probe can bind to SA beads, and the beads display very low fluorescence.
In the presence of AGR2, however, the C14B1 sequence in the loop of
aMB binds to the target sequence, in turn disrupting the hairpin struc-
ture to release the SA binding sequence, and thereby activating the
binding affinity of the probe to SA beads. Thus, the AGR2-bound probe
will bind to SA beads, which will strongly fluoresce due to FAM labeling
of the probe. Target molecules can be detected and quantified by read-
ing the fluorescence intensity of SA beads through a flow cytometer
(Fig. 12).

Recently, the possibility to detect bacterial pathogens by a G4-
forming aptamer, selected for Protein A by the FluMag-SELEX process
[198], was evaluated in an integrated assay called ELONA (Enzyme-
Linked OligoNucleotide Assay) [199], for the recognition of intact bacte-
rial cells of Staphylococcus aureus presenting Protein A on their surface
(Fig. 13). The protein target is a typical component of the cell wall of
this gram-positive bacterium and also represents one of its virulence

Py ’ j¢
) g

T

factors, rendering Protein A a suitable target for its detection. Even if
the functionality of the aptamer was based on a very complex and high-
ly variable structure, potentially forming dimeric and multimeric G-
quadruplex assembly, the full-length aptamer and one of its truncated
variants were proved to specifically bind to Protein A-expressing intact
cells of S. aureus, giving a positive signal in the assay.

ELONA was performed by immobilization of native or recombinant
Protein A in microtiter plates followed by addition of 3’-biotinylated
aptamer PA#2/8 for binding and subsequent washing of the unbound
aptamer (Fig. 13a). It was demonstrated that PA#2/8 strongly binds
to native and recombinant Protein A and clearly distinguishes its target
from functional related proteins like Protein G and Protein L,
which were not recognized. Remarkably, the aptamer does not bind to
human serum albumin (HSA) used as unspecific control protein.
ExtrAvidin-peroxidase conjugate was then applied to each well,
following a washing step (Fig. 13a). Successively, a 3,3',5,5'-
tetramethylbenzidine (TMB) solution was added to each well and the
optical density at 450 nm was measured. Similar experiments were per-
formed by coating the wells with bacterial cells of Staphylococcus aureus
to assess the binding ability of aptamer PA#2/8 and truncated variants
to Protein A in an intact cell context. The results of the ELONA
assay clearly demonstrate the specific recognition and binding of
the aptamer to the cells via Protein A. PA#2/8 and its truncated
variant PA#2/8[S1-58] were able to differentiate between the Protein
A-producing S. aureus Cowan strain and the Protein A-deficient
Wo0d46 strain (both as formaldehyde-fixed cells) or living E. coli as
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Fig. 12. Working principle of an allosteric molecular beacon probe for sensitive and selective detection of AGR2 based on fluorescent flow cytometry analysis.

(reproduced from ref. [196])
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Fig. 13. Schematic representation of different ELONA (Enzyme-Linked OligoNucleotide Assay) formats used for aptamer-based protein detection.

the negative control. Improvements of the ELONA assay in terms of
binding results will be obtained by development of a sandwich or com-
petitive assays (Fig. 13b and c), which could avoid the immobilization of
the target cells and improve the assay handling.

5. Conclusions and perspectives

In conclusion, G4-based aptamers have been identified against a
wide variety of protein targets. The discovery of many G4-forming
aptamers, able to recognize even very different proteins, fully demon-
strated that such an unusual nucleic acid structure, either DNA- or
RNA-based, may contain efficient recognition elements for several
unrelated protein systems, spanning from the coagulation cascade
to spongiform encephalopathy. Despite having an overall similar scaf-
fold, a large variety of different structural arrangements are available
for G-quadruplexes, accounting for their remarkable diversity in the tar-
get recognition events, also ensuring high specificities and binding
affinities.

The first aptamer identified was the thrombin binding aptamer
(TBA;s), forming an intramolecular antiparallel chair-like G-quadruplex
with two planes of guanine tetrads, able to inhibit the thrombin-
catalyzed polymerization of fibrinogen [117]. Although TBA - in its un-
modified version - did not prove to be clinically acceptable as an antico-
agulant, it is still extensively used as a model G-quadruplex structure in
fundamental, methodological and ‘proof-of-concept’ works [117,118,
172]. Since these original studies, the G-quadruplex structure has been
observed as main conformational feature in a variety of aptamer selec-
tion experiments, clear evidence that this structural motif is among the
most informative and plastic single-stranded nucleic acid structures
which can be identified by in vitro selection.

A significant number of selective cancer cell-binding aptamers adopt
the parallel G4 topology. Due to the high polymorphism of G4 struc-
tures, on one side, and the relative paucity of structural studies on bio-
logically relevant G-rich oligonucleotides, on the other side, no clear
structure-activity relationship can be drawn to correlate a given confor-
mation with a specific bioactivity. However, further advances in the
knowledge of the structural features of the most biologically relevant
G4-forming oligonucleotides will allow identifying G4 scaffolds
essential for the design of optimized, specific therapeutic aptamers.
To this purpose, an integrated approach for novel aptamer design,
combining combinatorial methods, i.e. SELEX, with various rational de-
sign methods, including the modular assembly approach, is highly
desirable.

It is noteworthy that, due to the G4 motif abundance in the human
genome [160] and the diverse regulatory roles of G4s [161], several oli-
gonucleotide sequences taken from genomic G4 motifs (particularly
those located in gene promoters) can be used as potential aptamers.

Thus, with the aid of computational methods [such as the Quadruplex
forming G-rich Sequences (QGRS) mapper| able to identify G4-
forming sequences in the genomes on the basis of the primary sequence
input [200,201], many potential G4-based aptamers acting as decoy
molecules can be developed and tested for a specific protein target of bi-
ological relevance. Rational design of G4-forming decoys appears to be a
promising approach in anticancer studies [167]. Likewise, rapid
progress in the studies of the G4-forming sites of HIV-1, Epstein-Barr
Virus and Papilloma Virus genomes and their participation in viral life
cycles will facilitate the development of new G4-based antiviral agents
[96,97]. More genomic G4-inspired aptamers will be hopefully tested
in the near future.

The relatively low number of aptamers presently approved or in
clinical trials might leave the reader with the impression that these
compounds represent interesting biochemical tools, but hold poor
promise for real therapeutic applications. We should, however, bear in
mind that aptamer technology for biomedical use is still relatively
young, since the underlying basic knowledge is little over 25 years old
[5]. Hence, much more has to be learned to fully master the tools that
will eventually allow a mature development of aptamer-based drugs.
Nonetheless, the existing data, starting from Macugen's approval as a
drug, indicate that the research in the field (particularly the G4 area)
is properly addressed and will soon bear a number of relevant and con-
crete applications.

Furthermore, the versatility and plasticity of aptamers in G-
quadruplex form can be fruitfully exploited in various detection assays
[179,190,192-195]. Many analytical methods make use of thrombin as
target and TBA as a proof-of-principle of the proposed analytical meth-
od. The literature has plenty of research studies developing both very
complicated multi-recognition systems and rapid, easy systems for the
detection of thrombin. Indeed, in almost all the research works describ-
ing a new TBA-based sensing system, the authors claim that the realized
assay can be potentially extended to other G4-forming aptamers for
whatever target. Therefore, assays for the selective detection of other
molecular targets than thrombin, using G4-forming aptamers, can be
expected. However, we critically need high-resolution structures of
other G4-forming aptamers in complex with their targets to fully an-
swer the question whether TBA is typical or atypical, and how (and if)
other G4-forming aptamers can afford the same high target specificity
and binding affinity displayed by TBAs. New structures will help G4-
forming aptamers to meet their therapeutic promise and analytical po-
tential, leading to a new chapter in DNA G-quadruplex research.
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