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16.1 Introduction

The last decade has witnessed an enormous advance in the identification of dis-
ease-associated molecular targets for the development of new therapeutic and
imaging agents. Indeed, the development of high-affinity reagents to selectively
target affected tissues and organs has led to substantial advantages in combating
important life-threatening diseases, including cancer. Major hurdles are repre-
sented by the lack of efficient, safe, and specific delivery systems able to selec-
tively target the diseased tissue or organs. Until now, monoclonal antibodies are
considered to be the molecules of choice predominantly used for cell-specific
targeting. Nucleic acid aptamers have been recently shown to represent a valuable
alternative to antibodies because may couple the advantages of their chemical
nature to the high specific binding of antibodies to their proper targets. Indeed,
aptamers have similar binding affinities as monoclonal antibodies, and like anti-
bodies, they can be used for the recognition and sometimes the inhibition of
disease-associated proteins [1, 2]. On the other hand, aptamers have a number of
unique properties that make them particularly interesting for diverse areas, not just
as alternatives to antibodies, but as main tools of medical and analytical strategies.
They are produced chemically in a readily scalable process, thus avoiding the use
of animal cells and assuring an easy, relatively inexpensive, and rapid production
with high batch fidelity. At difference of protein-based reagents that undergo
irreversible denaturation, functional aptamers, once denatured, can be regenerated
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easily within minutes. Aptamers have shown no or low immunogenicity and are
generally non-toxic [3, 4], which is an important advantage in comparison with
antibodies for clinical applications requiring long period treatments.

Aptamers are short, structured single-stranded DNA or RNA able to bind, due
to their specific three-dimensional shapes, with high affinity and specificity to a
multitude of targets ranging from small chemical compounds to cells and tissues
[1, 5–8]. They can be developed against almost any target protein through iterative
cycles of in vitro screening of a combinatorial oligonucleotide library for target
binding by a process named systematic evolution of ligands by exponential
enrichment (SELEX) [9, 10]. Aptamers have a small size (ca. 15 kDa) which
allows easy membrane penetration and short blood residence and can have been
chemically modified to enhance their stability, bioavailability, and pharmacoki-
netics [11–13]. Furthermore, introduction of functional groups during the chemical
synthesis of aptamers allows their subsequent derivatization with other molecules
(nanocarriers, tracers for imaging, drugs). Aptamers can then perform therapeutic
functions both acting as direct therapeutic agents and upon conjugation, as drug-
targeting vectors, addressing drugs onto specific aptamer-sensitive targets [6, 7].

16.2 Aptamers Against Cell Surface Proteins as Delivery
Systems: The Goal of Specificity

A great promise in developing specific molecular probes for disease biomarker
discovery and for diagnostic and therapeutic applications is represented by the
cell-SELEX strategy that allows us to select aptamers against even rare antigens if
specifically expressed on living cells used as target for selection [6, 14–16]. This
approach permits to select aptamers against cell surface transmembrane proteins,
including receptor tyrosine kinase, in a physiological context, and can be carried
out even when the purification of the target protein in native conformations can be
difficult [17–22]. Furthermore, cell-SELEX can be developed without prior
knowledge of the multiple proteins exposed on the surface of the target cells
allowing the selection of aptamer ligands that specifically recognize a surface
molecular signature specific of the cells.

As recently shown, when applied to cancer cell lines, cell-SELEX consents to
select a set of aptamers that, by binding, distinguish with high accuracy even close
tumor types in terms of malignancy, therapeutic response, metastatic potential,
proliferation, and apoptotic rate, thus representing an ideal tool for supporting a
more specific and selective antitumor therapy [6, 16, 18].

It has been reported that several aptamers by binding cell surface proteins are
transported through the plasma membrane, thus acting as specific delivery agents
for a variety of imaging and therapeutic agents including RNAs (siRNAs, miR-
NAs, antagomiRs) whose activity depends on their effective delivery to intracel-
lular compartments [6, 23–26]. This approach combines the cell-type-specific
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expression of proteins, as targets of therapeutic value, on the surface of cell
populations, to the high affinity and specificity of aptamers versus such proteins.
This means that aptamers may function as specific recognition ligands for targeted
proteins exposed on the surface of the targeted cell type. Thus, aptamers can
permit that conjugated reagents impart their therapeutic effect onto a specific
subset of cells. Since non-targeted cells should not be exposed to the conjugated
reagent, the risk of unwanted side effects is largely reduced.

The ability of aptamers to penetrate from outside the target cell to the cytosol,
thus assisting the tissue-specific internalization of transported molecules, becomes
crucial when an effective delivery strategy for those molecules is still lacking, as in
the case of therapeutic antisense, siRNA or miRNA (ONs). Indeed, while the
therapeutic value of sequence-specific gene silencing with small ncRNA is being
evaluated in preclinical and clinical trials, the highly negatively charged RNA has
the problem of requiring transport across cell membranes to the cytosol. Conse-
quently, the development of vectors for specific ncRNA delivery is one of the key
hurdles to overcome before RNA-based therapeutics can achieve widespread
clinical use. A variety of natural and synthetic nanocarriers, including liposomes,
micelles, exosomes, synthetic organic polymers, and inorganic materials, have
been developed for the delivery of short ncRNAs, and some of them have entered
clinical evaluation. However, these carriers are unable to specifically target a given
cell or tissue unless driven by a recognition moiety as MoAbs or aptamers.

Several variants of the SELEX approach have been recently used by us and
others to generate aptamers as specific ligands of membrane-bound receptors
[19, 20, 27–31] or to select aptamers for cell-specific internalization [22]. These
aptamers have been shown to be invaluable reagents for cell-specific targeting able
to distinguish target cells both grown in vitro and in mouse xenograft in vivo.
Some aptamers revealed as potent antagonist of the transmembrane receptor tar-
gets, and more recently, cell-specific aptamers have proved to mediate specific
targeting of nanoparticles, anticancer drugs, toxins, enzymes, radionuclides, virus,
and siRNAs (Fig. 16.1). The cargoes are attached to the aptamers either by direct
conjugation or by using delivery carrier nanoparticles for loading [25].

16.3 The Conjugation of Aptamers

Biomolecules can be conjugated with other biomolecules, forming bioconjugates,
and with chemical entities of a different nature, giving rise to assemblies endowed
with new properties. In the field of medicinal chemistry, the goal of conjugation is,
for example, the enhancement of drug potency, a more precise and effective tar-
geting, an improvement in absorption, distribution, metabolism, elimination, and
toxicity, the development of new therapeutic systems, the development of novel
diagnostics and biosensors. Common components of conjugates are small mole-
cules, such as drugs, biotin, fluorescent dyes, and larger molecules, such as pro-
teins, oligosaccharides, nucleic acids, synthetic polymers, and also nanomaterials.
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Aptamers are commonly synthesized by solid-phase chemical synthesis;
therefore, chemical conjugation is possible at any position in the molecule, dif-
ferently from proteins and peptides that can accept conjugation only on specific
residues.

Common strategies for the post-synthesis, covalent bioconjugation of aptamers
exploit the coupling of a terminal group like an amino group with a reactive
succinimidyl ester or of a sulfhydryl group with a reactive maleimide.

Common strategies for the post-synthesis, non-covalent bioconjugation of
aptamers are mainly based on interactions regulating nucleic acids and proteins
structural assembly and association, involving the use of post-synthetic linkers, of
sticky ends, or similar ways.

16.3.1 Conjugation of Aptamers with siRNA/miRNA

Because of their nucleic acid nature, the rational design of structured conjugates of
aptamers with siRNA, with miRNAs, or even with larger therapeutic RNA-based
molecules is greatly simplified. Recently, different groups have constructed dis-
tinct aptamer–siRNA conjugates for successful delivery of siRNA into target cells
by employing diverse strategies to realize the chimeric molecules. Since aptamers
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Fig. 16.1 Aptamers against cell surface proteins. Aptamers can act both as direct antagonist of
the transmembrane receptor targets a and as delivery agents (b–g). b Aptamer–streptavidin–
siRNA conjugates; c aptamer–siRNA chimeras; d aptamer–radionuclide/fluorescent agent
conjugates; e aptamer–doxorubicin; f aptamer–protein conjugates; g aptamer–nanoparticles–drug
conjugates
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are commonly prepared by automated synthesis, they can be directly fused with
their partner component in the chimeric molecule by the design and synthesis of
single longer molecules. Additionally, particular labels, like many dyes or biotin,
can be directly added as labeled phosphoramidite within the same process. In
addition, aptamers and siRNA molecules can be assembled via a protein con-
nector, or alternatively, completely RNA-based chimeric molecules can be gen-
erated by means of several approaches (see below).

16.3.1.1 Streptavidin–Aptamer–siRNA Conjugates

One of the first studies on the development of aptamer–siRNA conjugates involved
the non-covalent conjugation of a 27-mer siRNA-targeting laminin A/C and
GAPDH genes with the antiprostate-specific membrane antigen (PSMA) A9 RNA
aptamer via a streptavidin bridge [32]. The siRNA aptamer and the RNA aptamer
were chemically conjugated with biotin. Further, to enhance siRNA release in the
cytoplasm, a reducible disulfide linker was designed between the sense strand of
siRNA and the biotin group. In cell-based assays, the resulting conjugates were
efficacious in silencing target genes at levels comparable with what observed with
conventional lipid-based reagents.

16.3.1.2 Aptamer–siRNA/MiRNA Conjugates Consisting Only of RNA
Components

Research has gone beyond with the aim to develop completely RNA-based
delivery methods, thus reducing the various side effects associated with reagents
such as proteins. The first report of a delivery system consisting only of RNA
components was by McNamara et al. [33]. They described an approach in which
the anti-PSMA A10 aptamer was covalently conjugated at the 30 end to the 21-mer
sequence complementary to the antisense strand of the siRNA and the chimeras
were formed by annealing to the siRNA antisense strand. The resulting aptamer–
siRNA molecules were shown to be selectively internalized into PSMA-positive
cells and to effectively target the tumor survival genes polo-like kinase 1 and BCL-
2. Further developments, including truncation of the aptamer portion, swapping of
the sense and antisense strands of the siRNA portion, and addition to the chimera
of a two-nucleotide 30-overhang and of a PEG tail, produced analogous chimeric
RNAs displaying enhanced silencing activity and specificity, and optimized
in vivo kinetics [34]. By applying the same approach, PSMA aptamer–siRNA
fusions were generated to target two key components of the nonsense-mediated
mRNA decay (NMD) [35]. Tumor-targeted NMD inhibition forms the basis of a
clinically feasible approach to enhance the antigenicity of disseminated tumors
leading to their immune recognition and rejection.

Again by using the anti-PSMA A10 aptamer as a vector, Wullner et al. suc-
ceeded in generating bivalent aptamer–siRNA constructs in which the siRNA
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against the eukaryotic elongation factor was used as a linker to join the two
aptamers, or alternatively, the siRNAs were appended onto the 30 ends of each
aptamer [36].

Most work in the generation of aptamer–siRNA chimeric molecules has been
performed by the group of Rossi JJ by using the 20-F-modified RNA aptamer
targeting the HIV-1 envelope glycoprotein gp120 as a vector. The gp-120 aptamer
was covalently linked to siRNAs that target the HIV-1 tat/rev common exon, thus
generating a novel anti-gp120 aptamer–siRNA chimera in which both components
function as anti-HIV agents, thus showing a dual inhibitory function [37]. Further,
a highly versatile approach was developed by the same group by using a G-C-rich
dsRNA of 16 nucleotides ‘‘stick’’ as the scaffold to link the aptamer and the
siRNAs. The two complementary sticky sequences were chemically conjugated at
the 30 end of the aptamer and of one of the two siRNA strands, thereby allowing
the aptamer and siRNA portions to be non-covalently conjugated via Watson–
Crick base-pairing by simple mixing. Both aptamer and siRNA were separated
from each sticky strand by a flexible seven-unit three-carbon linker. The assembly
proved efficacious both in vitro and in vivo [38, 39]. The functional assembly
‘‘aptamer–stick–siRNA’’ displayed a great versatility offering the possibility to
easily combine different siRNAs to the vector aptamer, thus envisaging the pos-
sibility of using these chimeras for an antiretroviral siRNA combinatorial therapy
[26, 40].

Recently, by using the delivery stick approach, we have generated completely
RNA-based chimeric molecules containing internalizing aptamers coupled to
therapeutic miRNAs that are down-regulated in human tumors and whose
expression results in selective tumor growth inhibition. We have shown that when
applied to cells expressing the specific aptamer target, the chimeric molecules are
internalized and processed by Dicer, thus increasing miRNA cellular level and
inhibiting miRNA target protein (our personal communication).

Two approaches have been reported to generate RNA-based chimeric mole-
cules by directly fusing the aptamer with its partner component in a single longer
molecule. In the first construct, Ni et al. [41] linked a short hairpin RNA against
the DNA-activated protein kinase to a truncated A10 aptamer generating a single
intact nuclease-stabilized molecule. The 30-terminus of the A10 aptamer was
conjugated to the passenger (sense) strand, followed by a 10-mer loop sequence
and then by the guide or silencing (antisense) strand of the siRNA. In the second
construct, chimeric molecules containing internalizing antimucin 1 (MUC1) apt-
amer fused to therapeutic miR-29b palindromic sequence were generated by direct
synthesis. Applied to cells expressing the specific aptamer target, the chimeric
molecules proved to be internalized and to increase miRNA cellular level [42].

With the increasing development of the conjugation strategies, the list of
aptamers against surface epitopes that are being used as delivery agents for siRNA/
miRNA is growing rapidly and now includes, in addition to PSMA and gp120
aptamers, those against CD4 [43], epidermal growth factor receptor 2 (HER2)
[22], MUC 1 [30, 42], B cell-activating factor (BAFF) receptor (BAFF-R) [44],
transferrin receptor [45], (see Table 16.1).
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16.3.2 Covalent Conjugation of Aptamers with Drugs

Conjugation of aptamers with drugs can be used as a tool favoring specific cell
targeting and internalization, in particular for drugs like antitumor drugs, which
often lack cell specificity and produce life-threatening toxic side effects in patients.

Doxorubicin is the most utilized anticancer drug against neoplasms including
acute lymphoblastic and myeloblastic leukemias, and malignant lymphomas,
although producing heavy side effects among which cumulative cardiac damage.
In order to improve its therapeutic potential, doxorubicin was covalently conju-
gated to DNA aptamer Sgc8c [46], selected for human T cell ALL CCRF-CEM
cell lines, that can act as a drug carrier, targeting protein tyrosine kinase 7 (PTK7),
a transmembrane receptor highly expressed in CCRF-CEM cells. To this aim,
doxorubicin was reacted with N-(e-maleimidocaproic acid) hydrazide to yield the
C-13 (6-maleimidocaproyl) hydrazone derivative and then combined with the
50-thiol-modified sgc8c DNA, prepared by automated synthesis. The linked sgc8c
aptamer prevents the non-specific uptake of doxorubicin and decreases cellular
toxicity to non-target cells.

However, despite the fact that anti-CEM/PTK7 aptamer has been reported to
bind specifically to leukemia cell lines thus indicating PTK7 as a new biomarker
specific for leukemia cells, Li et al. by examining how the aptamer performed with
additional cell lines, which were not of hematopoietic origin, showed that it is
possible that the aptamer instead of a specific binding to PTK7 may identify a
propensity for adherence, thus needing further investigation [47].

16.3.3 Conjugation of Aptamers with Synthetic Polymers

Conjugation of biomolecules to synthetic polymers, such as polyethylene glycol
(PEG), is used to increase the hydrodynamic volume to molecular weight ratio and
thus improve their performance as therapeutics influencing their permanence in the
body. Aptamers are relatively small, and charged molecules subject to rapid renal
elimination and PEGylation of aptamers can overcome this potential limitation.

Table 16.1 Aptamers as delivery agents for siRNA/miRNA

Aptamer composition Target siRNA/miRNA delivery References

RNA, 20-F-Py PSMA siRNA [32–36, 41]
RNA, 20-F-Py PSMA miRNA [51]
RNA, 20-F-Py gp120 siRNA [37–40]
RNA, 20-F-Py CD4 siRNA [43]
RNA, 20-F-Py HER2 siRNA [22]
DNA Mucin 1 miRNA [30, 42]
RNA, 20-F-Py TfR siRNA [45]
RNA, 20-F-Py BAFF-R siRNA [44]
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PEG shows low toxicity, non-immunogenicity, and high solubility in water and is
commercially available in various configurations (linear, branched, or comb-
shaped) and molecular weights and with a large variety of terminal functional
groups suitable for conjugation.

PEGylated aptamers have been prepared by coupling the activated polymer to
amino-modified aptamers [48]. In addition, comb polymers of PEG acrylate con-
taining a pyridyl disulfide terminus have been reversibly conjugated to siRNAs [49].

As an example of more recent PEGylation chemistry, a 30-thiol-modified
(disulfide protected) 25-nucleotide DNA aptamer, selected against the protein core
of MUC1 glycoprotein, was successfully conjugated via a maleimide–thiol reac-
tion to a range of maleimide-activated PEGs. The affinity of the PEG–aptamer
conjugate for the target resulted to vary according to the structure and confor-
mation of the synthetic polymer [50].

PEG was also used as a spacer and linker for a second polymer, polyamido-
amine (PAMAM), to construct a multicomponent, multifunction aptamer conju-
gate. PAMAM, due to the positively charged amino groups present on its surface,
can bind, transport, and deliver therapeutic nucleic acids like siRNA and miRNA.
The multicomponent conjugate was accomplished by combining first PEG with
PAMAM and then adding aptamer A10-3.2, a shortened version (39 nucleotides)
of PSMA-specific aptamer A10, more easily synthesized, more stable, and more
efficient than A10 itself. In details, PAMAM dendrimer was reacted with a-ma-
leimidyl-x-N-hydroxysuccinimidyl polyethylene glycol to give PAMAM/PEG
conjugate further reacted with sulfhydryl A10-3.2. The conjugate PAMAM/PEG/
aptamer was used as a vehicle for the safe and effective target delivery of miR-15a
and miR-16-1, identified as tumor suppressor genes in prostate cancer. These
miRNA/PAMAM/PEG/aptamer conjugates proved ca. fivefold more active than
miRNA/PAMAM/PEG conjugates, lacking the aptamer, in viability assays on
PSMA-positive human prostate adenocarcinoma (LNCaP) cells [51].

16.3.4 Conjugation of Aptamers with Nanoparticles

The integration of cell-type-specific aptamers with nanocarriers like liposomes,
micelles, synthetic polymer nanoparticles, carbon nanotubes, quantum dots (QDs),
and other nanoparticles can produce new, versatile, and multifunctional specific
delivery vehicles. Aptamer-functionalized nanoparticles have a size in the mid-
nanometer range, allowing preferential accumulation in target tissues and organs
through an enhanced permeability and retention effect, facilitating cellular entry by
endocytosis. Conjugation with nanocarriers can also reduce renal clearance and
improve circulation half-life and biodistribution in vivo [26].
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16.3.4.1 Conjugation of Aptamers with Synthetic Polymer
Nanoparticles

Aptamer–nanoparticles were prepared by first synthesizing a poly(lactic acid)
(PLA)-block-PEG copolymer, with a terminal carboxylic acid functional group
(PLAPEG- COOH), by ring-opening polymerization of the D,L-lactic acid dimeric
lactide and OH-PEG3400-COOH. Nanoparticles were then prepared using the
water-in-oil-in-water solvent evaporation procedure (double-emulsion method).
These nanoparticles (Mn = 10,500) carry carboxylic acid groups available for
covalent conjugation to amino-modified aptamers, forming a negative charge
surface, which may minimize non-specific interactions with the negatively charged
aptamers. The presence of PEG on particle surface enhances circulating half-life.
The nanoparticles were conjugated with 30-NH2-modified A10 RNA aptamer-
targeting PSMA and the resulting bioconjugates proved to efficiently target and
take up by PSMA-expressing prostate LNCaP cells [52].

16.3.4.2 Conjugation of Aptamers to Drug Carrier Synthetic Polymer
Nanoparticles

An aptamer–nanoparticles-based delivery system, targeting the transmembrane
MUC1 protein, overexpressed in most malignant adenocarcinomas, has been
realized for delivering the anticancer drug paclitaxel to MUC1-positive tumor
cells. To this aim, the S2.2, 25-nucleotide MUC1 aptamer was synthesized as
chimeric ON with a 30-NH2-modified 73-nucleotide spacer and covalently con-
jugated to a nanoparticle made of poly(lactic-co-glycolic-acid) (PLGA, 50:50,
MW = 16,000). The paclitaxel–Apt–NP assembly was realized using the emul-
sion/evaporation method. The MUC1 Apt–NP system proved to enhance the
delivery of paclitaxel to MUC1-positive MCF-7 cells in vitro [53].

16.3.4.3 Conjugation of Aptamers to Self-assembling Nanoparticles

Self-assembling nanoparticles, able to deliver siRNA and other therapeutics to
targeted cells, can be obtained by fusion with the packaging phi29 motor RNA
(pRNA). For example, a CD4 aptamer and a siRNA against survivine were
covalently fused with pRNA and assembled into dimers that proved to specifically
bind to CD4-expressing cells and to be internalized, knocking down the target
transcripts [54].

16.3.4.4 Conjugation of Aptamers to Form Micelles

An amphiphilic block copolymer made of a hydrophilic oligonucleotide and a
hydrophobic polymer, in aqueous solution, can self-assemble into a spherical or a

16 Engineering Aptamers for Biomedical Applications: Part II 435



nanorod-like micelle. An aptamer with a hydrophobic polymeric tail attached to its
end can form a highly ordered micelle-like structure, in which the aptamer not only
acts as the building block for the nanostructure, but also performs the recognition
of its specific target. Furthermore, the dense packing of the aptamer in the micelle
can greatly improve binding affinity to its specific targets. Micelles are also con-
sidered to be dynamic and soft materials, which may interact with the dynamic
lipid bilayer of the cell membrane favoring drug delivery.

Aptamer TDO5, specific to Ramos cells (a B-cell lymphoma cell line), gen-
erated by automated synthesis, has been directly fused to a PEG linker carrying a
diacyl lipid tail. This TDO5 amphiphilic conjugate self-assembled into a spherical
micelle structure, as demonstrated by transmission electron microscopy (TEM).
The average diameter of TDO5–micelles, estimated to contain 1,000 copies of
conjugate unit, resulted 68 ± 13 nm, consistent with the hydrodynamic diameter
of 67.22 nm measured by dynamic light scattering. The TDO5–micelles demon-
strated extremely rapid recognition of the target cells, were found to enhance the
binding capability of otherwise low-affinity TDO5 aptamer at physiological
temperature, and helped cell internalization. Additionally, the aptamer–micelles
displayed low koff once on the cell membrane, high sensitivity, low critical micelle
concentration values, great dynamic specificity in flow channel systems that mimic
drug delivery in a flowing system, thereby appearing to function as an efficient
detection/delivery vehicle in the biological living system [55].

16.3.4.5 Conjugation of Aptamers with Liposomes

Liposomes can be loaded with pharmaceuticals, in particular highly toxic or poorly
soluble chemotherapeutics. A therapeutic aptamer–liposome (100 nm diameter)
drug delivery system was molecularly engineered by assembling hydrogenated soy
phosphatidylcholine, cholesterol, methoxy poly-(ethylene glycol)-distearoyl-
phosphatidyl-ethanolamine and maleimide-terminated poly-(ethylene glycol)-
distearoyl-phosphatidyl-ethanolamine, in a second step covalently linked to
30-thiol-modified sgc8 aptamer, which has high binding affinity toward leukemia
CEM-CCRF cells. The liposome system proved stabilized by PEG coating and
able to bind target cells and deliver a model drug [56].

16.3.4.6 Conjugation of Aptamers with Gold Nanoparticles

Gold nanoparticles (AuNPs) hold great promise for biological and medicinal
applications. AuNPs can be synthesized by reducing tetrachloroauric acid with
trisodium citrate. AuNPs can be characterized by UV–vis spectroscopy and
TEM. The concentration of the AuNPs can be calculated according to Beer’s law
using an extinction coefficient of 2.4 9 108 M-1 cm- 1 at 520 nm for the 12 nm
AuNPs [57].
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They have unique colorimetric, conductivity, and nonlinear optical properties,
easy surface conjugation with biological entities, high stability, biological com-
patibility, controllable morphology, and size dispersion. On the basis of their
unique surface plasmon resonance (SPR) property, dispersed AuNPs appear red,
whereas their aggregates appear purple allowing target-induced colorimetric
assays generally based on their assembly or disassembly associated with target
recognition [58].

Detection methods relying on the conjugation of ONs with AuNPs show more
sensitivity than conventional assays based on ONs probes, so that AuNPs func-
tionalized in particular with an aptamer (Apt) provide a powerful platform for
targeted delivery, detection, and therapy. Some tests based on Apt-AuNPs have
been commercialized [59].

AuNPs can be directly functionalized with thiolated aptamers and other thio-
lated ONs by chemisorption. With the introduction of the Apt-AuNPs platform,
many kinds of analytes have been monitored on the basis of different mechanisms.

According to a bridging mechanism, AuNPs modified with aptamers for
platelet-derived growth factors (PDGFs) produced a highly specific sensing system
with detection limits of 3.2 nM [60]. Aggregation and redispersion of AuNPs
connected to specific color changes can be achieved by inducing loss or screening
of surface charges [61]. Assays based on the process of AuNPs disassembly can be
performed with ODNs-AuNPs first cross-linked by an aptamer sequence to form
aggregates that are forced to dissociate upon binding of a specific target [62].

Aptamers linked to the surface of solid AuNPs can result hindered in assuming
the functional conformation with respect to free solution, and their target recog-
nition ability can result impaired. To overcome this problem, AuNPs have been
assembled with ONs complementary (cON) to a non-functional part of the aptamer
sequence, allowing the subsequent hybridization of the aptamer, in this way
leaving the functional part more exposed to solution and free to assume the
appropriate conformation [63]. Taking advantage of the highly efficient fluores-
cence quenching properties of AuNPs for proximately fluorescent dyes through
energy transfer processes (FRET) [64], this method of bioconjugation was applied
to perform the multiplex detection of small molecules (adenosine, potassium, and
cocaine) through the utilization of aptamer-based multicolor fluorescent AuNPs
probes.

The strategy exploiting a 30-FAM-Apt:cON-AuNPs probe has been applied to
the monitoring of a protein, on the basis of the hybrid disruption and release of the
aptamer from the Apt:cON-AuNPs assembly upon binding by its target protein.
Upon hybridization, the fluorescence of the 30-FAM-Apt is quenched through
FRET by the AuNP, while in the presence of the target protein, the aptamer is
induced to fold, fitting to its target and disrupting the hybrid, which causes
30-FAM-Apt to be released and the generation of a fluorescence signal.

Recombinant human erythropoietin-a (rHuEPO-a) has been monitored by a
simple signal transduction system made of 30-FAM-modified aptamer (35 nt)
hybridized to a partially complementary ON linked to AuNPs through a 50-thiol
linker. This simple method has shown high selectivity. It was observed that the
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cON length and composition should be optimized; the average cON loading
attached to each AuNPs can be estimated [65]; the Apt:cODN-AuNPs probe
should be equilibrated in solution with, for example, BSA for preventing non-
specific binding with any possible interfering proteins.

16.3.4.7 Conjugation of Aptamers to Quantum Dot Nanoparticles

Among aptamer–siRNA chimeric delivery systems, those based on inorganic
nanoparticles are positively charged; consequently, negatively charged aptamer-
siRNA may collapse onto their cationic carriers, thus affecting aptamer confor-
mation and selective binding. To overcome this problem, aptamer–siRNA
chimeras were linked onto quantum dot (QD) nanoparticles following a two-step
approach. siRNA molecules (targeting eGFP), modified with a thiol reactive
group, were first adsorbed onto polyethylene imine (PEI)-coated nanoparticles,
and then, thiol-modified aptamers (targeting PSMA) were added to form aptamer–
siRNA chimeras through the thiol-disulfide exchange reaction. The non-covalent
adsorption facilitates the release of siRNA from the nanocarrier inside cells;
additionally, neutralizing some of the positive charges on the nanoparticle surface,
their interaction with aptamers is weakened, thus helping to retain aptamer
properties [66]. Highly stable, water-soluble QDs were prepared by molecular
self-assembly of hydrophobic QDs with amphiphilic copolymers poly (maleic
anhydride-alt-1-tetradecene). Adding carbodiimide-activated QDs to polyethyl-
eneimine yields single non-aggregated PEI-QDs. QDs excellent photoluminescent
properties allows real-time monitoring.

Aptamer–siRNA chimeras directly adsorbed in one step onto nanoparticles
elicited only ca. 8 % improvement in selective gene silencing with respect to non-
targeted nanoparticle siRNA complexes, while the two-step approach produced
34 % more silenced cells.

16.3.4.8 Conjugation of Aptamers to Magnetic Nanoparticles

Biocompatible aptamer-conjugated magnetic nanoparticles (ACMNPs) have been
prepared by conjugating streptavidin-coated iron oxide nanoparticles with biotin-
labeled aptamers and used for cancer cell detection and pattern recognition [67]. In
fact, binding of the aptamer to target cells produces an aggregation of dispersed
ACMNPs and this variation determines a decrease in spin–spin relaxation time
(T2) of adjacent water protons that can be measured by an NMR analyzer. The
ACMNPs can detect as few as 10 cancer cells in a 250 lL sample; their specificity
and sensitivity are maintained also in complex biological samples. Since cell lines
more abundant in receptors produce comparatively larger T2 variations, distinct
recognition patterns can be associated with different levels of receptor expression
in different cell lines. ACMNPs can be arranged in arrays able to recognize pat-
terns of different types of cancer cells.
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A nanosurgeon system was prepared by modifying the surface of commercially
available carboxylated dextran-coated MNPs, with a diameter of 200 ± 50 nm,
through conjugation, via the carbodiimide chemistry, with a 50-NH2-modified
GB-10 aptamer, specifically targeting human glioblastoma cell lines. Aptamer-
conjugated magnetic nanoparticles, controlled by an externally applied three-
dimensional rotational magnetic field, proved able to perform selective surgical
actions on target cells in in vitro studies [68].

16.3.4.9 Conjugation of Aptamers to Silica-Coated Magnetic
Nanoparticles

ACNPs made of silica-coated magnetic (MNPs) and fluorophore-doped silica
nanoparticles (FNPs) have been conjugated to highly selective aptamers to detect
and extract targeted cells in a variety of matrices, according to dual nanoparticles-
based assays. Following to an accurate process of optimization, the best
performing ACNPs proved to be the 60 nm MNPs, with the most efficient capacity
of extraction, and the tetramethylrhodamine-doped FNPs, showing the greatest
signal-to-background ratio. The use of multiple aptamer sequences on the NPs
increased sensitivity without impacting selectivity, allowing us to reach a theo-
retical limit of detection of 6.6 cells. This approach can be adapted for different
types of cancer cells [69].

16.3.5 Conjugation of Aptamers with 99mTc for Single-
Photon Emission Computed Tomography

Despite the fact that to date only a few aptamers have been developed as targeting
agents in imaging modalities, very promising examples indicate their great
potential in this field. Among them, the TTA1 aptamer directed against tenascin-C
(TN-C) [70] has been extensively modified for performing single-photon emission
computed tomography (SPECT), an imaging technique using gamma rays that
allows for visualization of tumors at a spatial resolution in the submillimeter range.
Indeed, to improve aptamer in vivo stability and guarantee a good blood persis-
tence leading to sufficient signal-to-noise ratios for imaging, aptamer backbone
(20-F-Py containing RNA, 39 mer) has been further modified with the addition of
20-OMe purine substitutions, a thymidine cap at the 30 end and locked nucleic acids
(LNA) in not binding critical stem [71]. The TTA1 derivative has been conjugated
with mercapto-acetyl diglycine (MAG2) chelate via a hexyl-aminolinker at the 50

end, labeled with 99mTc and administrated by intravenous injection in murine
xenograft models of glioblastoma and breast cancer [48]. Data showed a rapid
renal and hepatobiliary clearance, 0.2 and 1.5 %ID/g at 3 h, respectively, and a
rapid tumor penetration (6 % injected dose at 60 min). Tumor retention was
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durable (2.7 % injected dose at 60 min), and the tumor-to-blood signal was sig-
nificantly high, thus enabling clear tumor imaging.

Also, DNA aptamers that target MUC1 have been labeled with 99mTc [72]. Four
types of chelating agents have been coupled to the aptamer to generate novel
complexes for diagnostic imaging: MetCyc, MAG3, DOTA, and porphyrin. Dif-
ferent from the monomeric Tc-MetCyc-Apt and Tc-MAG3-Apt, the tetrameric
compounds, DOTA and porphyrin, conjugated with 99mTc were able to grab four
aptamer molecules modified at 50 by inserting amine groups to facilitate coupling
with the ligands carboxylic terminations and at 30 ends to protect against nuclease
degradation. Despite the fact that the tetrameric complexes showed improved
tumor retention and pharmacokinetic properties compared to the monomeric
compounds, biodistribution studies have shown the presence of free Tc in the
stomach and large intestine highlighting some kind of lack in the Tc–aptamer
binding [73]. In another study by Pieve et al. [74], anti-MUC1 aptamers have been
successfully conjugated to MAG2 chelator and labeled with 99mTc to analyze
biodistribution of the aptamer in MCF7 xenograft-bearing nude mice. Even if the
radiolabeled aptamers demonstrate good tumor uptake and clearance, they require
further optimization before diagnostic use.

16.4 Modifications of Aptamers

RNA aptamers resulting from the SELEX process are single-stranded oligoribo-
nucleotides composed in the average of ca. 80 bases. In general, they are not
utilized as such but could be truncated to the minimal target-binding domain,
usually down to 25–50 ribonucleotides, in order to reduce the risk of unwanted
interactions. The reduction in the aptamer length, combined with different modi-
fications (Fig. 16.2), may allow to first increase their stability in the biological
media of application and second to render their chemical synthesis easier and more
convenient in terms of final yield and accordingly also of economic cost.

It is well known that RNA aptamers, siRNAs, miRNAs, and other synthetic
RNAs exposed to cells or tissues for performing therapeutic, diagnostic, or ther-
anostic functions must be generally protected to overcome degradation by ribo-
nucleases, with the consequent loss of their potential activity. In order to enhance
resistance to nuclease attack, chemical modifications at position 20 of ribonu-
cleotides can be exploited with success, since ribonucleases utilize the 20-OH
group for the cleavage of the adjacent phosphodiester bond. In particular, sub-
stitution at the 20 position of ribonucleotides with 20-amino (20-NH2), 20-fluoro
(20-F), or a variety of 20-O-alkyl moieties has proven to lend resistance preventing
degradation [75].

The most used chemical modification for the development of RNA aptamers
stable in animal serum is the substitution of 20-OH with 20-F in pyrimidines. Such
RNA can also be efficiently transcribed in vitro with a mutant viral RNA poly-
merase, thus facilitating its use in the SELEX process [9, 10, 75]. However, the
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stability of RNA modified with 20-fluoro-modified pyrimidines in the different
contexts has not yet been well assessed.

It is noteworthy to mention that in culture media contaminated by mycoplasma,
there are multiple mycoplasma-derived ribonucleases that can readily degrade also
RNA modified with either 20-F or 20-O-methyl-modified pyrimidines [76].

Comparing the modification of aptamers with either 20-NH2 or 20-F pyrimi-
dines, it was concluded that (1) 20-NH2 modification decreases the thermal stability
of model DNA/DNA, RNA/RNA, and RNA/DNA duplexes [77, 78] that, on the
contrary, is increased by substitution with 20-F [79–81]; (2) 20- NH2 groups
increase in general the conformational flexibility of ODNs, and this may limit the
binding affinity of 20- NH2-pyrimidine-modified aptamers, while 20-F-pyrimidine-
modified aptamers may adopt more rigid conformations and, thus, may exhibit
higher binding affinities for their targets; (3) the chemical synthesis of 20-F-
pyrimidine-modified aptamers is more economical, i.e., the coupling efficiency of
20-F-pyrimidine phosphoramidites during automated synthesis is greater than that
of 20-NH2-pyrimidine phosphoramidites and the 20-F groups do not require pro-
tection/deprotection steps [82].

Another way to make ONs resistant to nucleases is the transformation of the
phosphodiester backbone into a phosphorothioate backbone, with the substitution of
non-bonding oxygen of the bridging phosphate group with a sulfur atom, by the use
of sulfurizing agents directly within the automated synthesis of the ONs. Analo-
gously, resistance can be acquired by the synthesis of ONs as LNAs, by the use of the

Fig. 16.2 Possible chemical modifications of aptamers
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appropriate phosphoramidites (Exiqon A/S), in which the ribose moiety is modified
with an extra bridge connecting the 20 oxygen and 40 carbon [83]. The substitution of
RNAs with LNAs leads to nuclease insensitivity and higher melting temperatures.
For example, the introduction of LNA modifications in the TN-C aptamer signifi-
cantly improved its plasma stability and enhanced its tumor uptake [71].

A challenging approach to enhance stability of aptamers is based on the selection
of RNA aptamers binding to the mirror image of an intended target molecule (e.g.,
an unnatural D-amino acid peptide), followed by the chemical synthesis of the
mirror images of the selected sequences, named Spiegelmers [84]. Since they are
enantiomers of natural nucleic acids, they are not recognized by nucleases. Two
Spiegelmers, NOX-A12 and NOX-E36, are in clinical trials for the treatment of
type 2 diabetes and hematologic tumors, respectively [reviewed in 7, 8].

In order to render the chemical synthesis of RNA aptamers more efficient and
less costly, systematic studies are usually carried out with the aim of defining the
minimal length of the aptamer compatible with an acceptable binding affinity for
the target. In fact, the chemistry at the basis of the oligoribonucleotide synthesis is
such that the shorter is the sequence to synthesize, the higher is the final yield and
the lower is the cost. A type of refinement consists in the screening of the single
bases along the natural sequence that must/can be kept as unmodified ribonu-
cleosides. A further refinement consists in protecting the 30 end of the oligoribo-
nucleotide from degradation by replacing a number of phosphodiester bonds with
phosphorothioate bonds and to introduce an initial 30-30 oligodesoxynucleotidic
capping junction.

With the support of computational programs, able to predict the conformational
structure of the aptamer of interest, tracts can be identified along the sequence that
can be substituted with non-nucleosidic bridges, like (CH2CH2O) units, thus
improving stability and final yield, while reducing the cost.

16.5 Conclusions

In the last decade, researches in the field of aptamer have generated great interest
because of their high potential as targeting agents. They discriminate between
closely related targets and are characterized by high specificity and low toxicity,
thus representing a valid alternative to antibodies for in vivo cell recognition.
Further, due to their relatively simple chemistry, aptamers have several advantages
that make this class of molecules as highly promising for their use in clinic.
Development of new effective selection methodologies as, for example, whole-
cell-SELEX, has recently offered the possibility to generate aptamers able to
internalize into the cell in a receptor-mediated manner and thus molecules of
choice for the cell-specific delivery of nucleic acid-based therapeutics. The
increasing knowledge gathered in the last decade of the molecular mechanisms of
RNA interference has boosted the interest in this class of molecules, including
siRNAs, microRNAs, antisense oligonucleotides, and ribozymes as safe and
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highly selective therapeutics. In this respect, because of their chemical nature,
aptamers are more easier than antibodies to accept functional groups needed to
create conjugates with nanoparticles or other macromolecules. Therefore, the
combined advantages of cell-specific aptamers with those of nanoparticles and
RNAi-based therapeutic agents provide now a very attractive and flexible new
approach for selective delivery in the desired cells or tissue.
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