
Aptamers
DOI: 10.1002/anie.200804643

The Chemical Biology of Aptamers
G�nter Mayer*

Angewandte
Chemie

Keywords:
aptamers · chemical biology ·
drug discovery · inhibitors ·
oligonucleotides

G. MayerReviews

2672 www.angewandte.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 2672 – 2689

http://www.angewandte.org


1. Introduction

Spiegelman and co-workers described the first evolu-
tionary experiments with nucleic acids in the 1960s.[1–4] Their
work was based on the use of an RNA-dependent RNA
replicase for the replication of a given RNA species. The
subsequent introduction of the polymerase chain reaction
(PCR) in 1986 by Mullis et al. has had a major impact on
molecular biology in general and particularly on evolutionary
experiments.[5–9] The systematic identification of nucleic acids
with defined functions by using in vitro selection techniques,
also termed systematic enrichment of ligands by exponential
amplification (SELEX), was described in 1990—only four
years after PCR. This method enables the specific in vitro
replication of any single- or double-stranded DNA template
using complementary primer oligodeoxynucleotides and
thermostable DNA polymerases.[1, 10] Any nucleic acid of
virtually any length and any sequence composition can be
amplified by using this technique.

In 1990 three research groups independently reported the
isolation of small nucleic acids with predefined functions
given by their defined experimental set-ups: Ellington and
Szostak reported on RNA molecules that bind to a small
organic dye, which they denoted as aptamers—a word
chimera built up from the Latin expression “aptus” (to fit)
and the Greek word “meros” (part).[11] A second study by
Tuerk and Gold described the selection of RNA molecules
that bind to the bacteriophage T4 DNA polymerase, and they
termed this process SELEX.[12] Robertson and Joyce de-
scribed the application of in vitro selection for the adaptation
of the group I ribozyme so that it cleaved DNA rather than
single-stranded RNA.[13] These ground-breaking studies
already highlighted the power of in vitro selection for
obtaining nucleic acid molecules with complex functions.

Thereafter, various studies showed clearly that the
aptamer technology fulfilled these expectations and proved
that nucleic acid molecules can serve as sophisticated func-
tional moieties, besides acting as blueprints of the genetic
code or as rigid materials for nanoarchitectures.[14–20] Further
evidence of the versatility of nucleic acids is given by the
discovery of small noncoding RNA molecules and ribos-
witches, which play key roles as regulatory elements to
control gene expression in bacteria, eukaryotes, and higher
organisms.[21–23] Riboswitches in particular demonstrate that
nature already makes use of aptamer domains to ensure high

affinity for and specific binding to small metabolites.[24–26]

Nucleic acid sequences have both a defined function, as a
result of their distinct 3D shape, and carry the blueprint for
their own synthesis in their primary sequence. Consequently,
chemical synthesis can be applied to equip an aptamer with a
variety of additional functionalities, thereby tailoring it for
diverse applications. Combinatorial solid-phase synthesis first
produces a diverse library of nucleic acids, an in vitro
selection process based on enzymatic methods then follows,
and the resulting aptamers can in turn be manipulated by
chemical synthesis (Figure 1).

The early selection protocols targeting proteins were
cumbersome, and it frequently took several months to
identify aptamers that specifically targeted the desired
protein. Today, the selection process has been reduced to
several days by elaborated handling protocols including
methods based on single beads,[27] capillary electrophore-
sis,[28–32] surface plasmon resonance,[33,34] HPLC,[35] and auto-
mated processes.[36–38] The development of nucleic acid
libraries with superior replication properties, designed to
avoid the accumulation of artefacts, such as molecular
parasites, led to sophisticated selection procedures. The
protocols that make use of robotic workstations are optimized
to do without any purification steps of the nucleic acid
intermediates through immobilization of a target molecule to
magnetic beads.[37, 39] By this means, the simultaneous selec-
tion against up to eight target molecules is possible. Besides
linear nucleic acid libraries (Figure 1B), structurally con-
strained libraries with predefined secondary structure ele-
ments have been successfully applied for in vitro selection
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purposes.[39, 40] These libraries have the advantage that trun-
cation and structural characterization of a representative
aptamer is straightforward.[41] In some cases, these libraries
have been proven to require fewer selection cycles. Recently,
Bugaut et al. demonstrated that chemical synthesis can be
efficiently combined with SELEX procedures.[42] They syn-
thesised a library containing 2’-amino-2’-deoxyuridine with 14
randomized positions. Prior to incubation with the target
molecule, this library was post-transcriptionally modified with
a set of three aldehydes (Scheme 1). After incubation and
elution of the bound RNA species, the aldehydes were
removed to allow enzymatic replication and amplification of
the isolated RNA molecules.

The major disadvantage of the SELEX approach is the
uncertain prediction of the success of the selection. While the
inherent parameters of aptamers, such as affinity and
specificity, can be influenced during the selection process, it
is not possible to judge the ability of a target molecule to be
suitable for the selection process and whether an aptamer can
be successfully raised against the target (aptamerogenicity)
a priori. In the case of proteins, the isoelectric point (pI)
might indicate whether the target is suitable for SELEX or
not. In general, proteins which are positively charged under
physiological conditions (pH 7.0–7.4) are regarded as excel-
lent targets. However, a pI value below 7 does not necessarily
indicate that the target is not suited for the enrichment of
aptamers; various studies have shown the successful selection
of nucleic acid aptamers that target proteins with pI values
below 7. These examples indicate that the pI value alone
might not be a reliable criterion to judge the suitability of a
target protein for SELEX. A serious problem is the con-
formational instability of a target protein, especially under
the conditions employed for the selection process. Since
aptamers recognize a defined 3D shape, conformational
changes to the target molecule consequently result in a loss
of potential binders during the selection—an effect that can
occur from one selection cycle to the other. This difficulty can
be avoided, at least to some extent, by the preparation of fresh
protein solutions and affinity matrixes for each selection
cycle. There is no reliable predicting tool yet available for the
a priori assessment of the success of the selection for a target
molecule. Thus, the complete selection process must be
carried out to completion to obtain aptamers for a target
molecule. The success rate of automated in vitro selection

procedures for a homogeneous protein target is around
75%.[244]

The ever-increasing number of studies describing the use
of aptamers, particularly during the last five years, emphasizes
the emerging use and acceptance of aptamers as tools for
basic research and medical applications.[23, 43–45] A search of
the keyword “aptamer*” on the Web of Science identified
2417 published items and 44 158 citations (status: 21.11.2008).
It is noteworthy that the number of published items and
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Figure 1. A) Deoxynucleoside phosphoramidites protected with dime-
thoxytrityl (DMT) groups for the solid-phase synthesis of DNA (PG:
protecting group). B) Nucleic acid libraries can be synthesized with
defined primer binding sites flanking a random region (N). C) Enzy-
matic methods are mandatory for the in vitro selection process (top
circle), which consists of four key steps: Incubation of the nucleic acid
library (DNA library) with a target molecule of choice, separation of
bound from nonbound nucleic acid species, elution of bound nucleic
acid species, and amplification of eluted nucleic acid species. Once an
aptamer has been identified it can be tailored for distinct applications
(bottom circle), such as target validation, diagnostics, drug and
delivery purposes, and for target identification.
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citations per year have increased continuously, with a strong
surge from 2002 onwards (Figure 2).

In this Review, the most recent developments in the
aptamer field are summarized with an emphasis on the
modification of aptamers by enzymatic and chemical syn-
thesis, with the ultimate goal of tailoring aptamers for specific
applications. It should become clear how synthetic aptamers
can be used for target identification and as validation tools as
well as for diagnostic and drug-discovery processes.[46]

2. Aptamers—Biological and Chemical Substances

Aptamers are short single-stranded nucleic acids with a
defined three-dimensional shape that allows them to interact
with high affinity with a target molecule. DNA and RNA
polymerases are indispensable for the in vitro selection
process since they provide a satisfactory means for the
proper replication of selected sequences and for the mutual
introduction of point mutations to obtain covariations of
selected nucleic acids. Various modifications of nucleotides
have been described which are compatible with the enzymatic
steps of the in vitro selection procedure and thus enhance the
chemical diversity and the biological properties of nucleic
acid libraries (Figure 3).[47] These modifications were intro-
duced either at the phosphate/ribose backbone or at the
nucleobases.[48] The replacement of the DNA phosphate
backbone by a phosphorothioate has enhanced the stability
against nucleases and the cellular availability of such mole-
cules. Besides antisense molecules, such as vitravene, aptam-
ers with a phosphorothioate backbone have also been
described.[49,50] However, the most prominent modification
of aptamers is the derivatization of the 2’-ribose. This position
contributes significantly to the stability of RNA aptamers, and
2’-fluoro- and 2’-amino-2’-deoxy pyrimidine triphosphates
have frequently been used for the direct selection of nuclease-
stabilized RNA aptamers. Chelliserrykattil and Ellington
developed a variant of the T7 RNA polymerase that can use
2’-methoxypyrimidine nucleotide triphosphates and 2’-
methoxyadenine nucleotide triphosphate as substrates for
in vitro transcription.[51, 52] However, the utility of the latter
modification during in vitro selection procedures is hampered
since RNA molecules that bear those modifications can not
be considered as templates for the reverse transcriptase.
Wengel and co-workers described recently the suitability of
locked-nucleic acid (LNA) triphosphates for PCR and in vitro
transcription.[53, 54] LNAs bear a methylene ether bridge
between the 2’-oxygen atom and the 4’-carbon atom. In this
way, the 3’-carbon atom is “locked” in the LNA ribose in an
endo conformation. The adaptation of LNAs for SELEX
processes might pave the way to construct nucleic acid
libraries with LNA building blocks and the de novo selection
of LNA aptamers.

Modifications of the nucleobases that are compatible with
enzymatic replication have also been reported, with modifi-
cations at the C5-position of uridine and deoxyuridine being
the most prevalent.[55–57] In this way distinct chemical moieties
have been introduced in nucleic acid libraries and were
applied for the in vitro selection of aptamers that require
modification for target binding. Moreover, the introduction of
alkyne groups opens up a route for the modification of
aptamers at the completion of the selection, for example,
through reaction with azide-derivatized compounds by cop-
per(I)-catalyzed 1,3-dipolar Huisgen cycloadditions.[58–61] This
allows an aptamer to be equipped with various functionalities
and further adapted to individual applications. Our research
group has developed aptamers whose activity can be regu-
lated by light. This can be accomplished by the post-selective
and site-specific incorporation of photolabile protecting
groups, such as o-nitrophenylpropyl (NPP) and o-nitrophe-

Scheme 1. RNA libraries containing 2’-amino-2’-deoxyuridine can be
modified with aldehydes (gray boxes), thereby increasing the chemical
diversity of the RNA libraries.[42]

Figure 2. Citations found on the Web of Science when searching the
keyword “aptamer*” (status: 21.11.2008).
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nylethyl (NPE), by solid-phase synthesis by employing
modified nucleosides and phosphoramidite approaches
(Scheme 2).[62] Aptamers with photolabile protecting groups
offer the possibility for the spatiotemporal regulation of
aptamer activity and thus control over the activity of the
target molecule. Aptamers, like nucleic acids, have the
advantage that they can be designed to be either activated
or deactivated by light.[63–65] This enables access to numerous
light-regulated aptamer-based protein inhibitors.

2.1. Aptamers and Their Modifications for Diagnostic Purposes

Forcing aptamers to fluoresce under certain conditions
enables their use as fluorescent probes. Several approaches
have been described, and excellent reviews dealing with this
topic have been published recently.[66–68] Aptamers can be
modified at their 5’-position by chemical synthesis, enzymatic
synthesis, or by a combination of the two.[69, 70] DNA aptamers
can be modified by the use of appropriate fluorescently
labeled primer molecules and PCR amplification followed by

Figure 3. Modifications of nucleotides at either the 2’-position (A) or
the C5-position of uridine nucleotides (B) that are compatible with the
enzymatic steps of the SELEX procedure (PPP= triphosphate). Modifi-
cations are highlighted by gray boxes.

Scheme 2. A) Phosphoramidites of nucleotides with photolabile pro-
tecting groups at the exocyclic positions O4 (TNPP), O6 (dGNPP), and N4

(dCNPE) for the site-specific incorporation of photolabile protecting
groups (NPP, NPE) into aptamers by solid-phase synthesis (PG:
Protecting group). B) Irradiation of the modified nucleobases, shown
for TNPP, with light (l = 365 nm) results in the release of the protecting
group (gray box) and the native nucleobases.
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single-strand displacement, or directly by chemical synthesis.
In the latter case the introduction of a 5’-amino group
represents a versatile anchor that can be further modified by
using N-hydroxysuccinimide (NHS) or ethylenediamine car-
bodiimide (EDC). In this way, the desired fluorescent
molecule or any other functional moiety can be introduced
(Scheme 3).[71,72]

Fluorescing RNA aptamers can be synthesized directly by
solid-phase synthesis. However, synthesis is limited since
RNA molecules longer than 80 nucleotides are hard to obtain.
Alternatively, modifications of RNA molecules at the 5’ ends
can be made enzymatically by in vitro transcription with T7
RNA polymerases in the presence of so-called initiator
nucleotides, such as guanosine monophosphothioate
(GMPS).[69, 73, 74] The incorporation of GMPS at the 5’ end of
RNA molecules enables the modification of RNA molecules
with fluorescent moieties or other reporter molecules by
iodoacetamido-based approaches (Scheme 4).[69]

Recently, J�schke and co-workers developed a novel
initiator nucleotide that resulted in an aldehyde modification
at the 5’ end of an enzymatically synthesized RNA which can
then be modified with amino- or hydrazine-functionalized
groups (Scheme 5).[75] This approach allows the synthesis of a
broader range of RNA molecules through a combination of
chemical and enzymatic approaches and might be very useful
for the introduction of diverse functional groups. Besides the
modification of the 5’ end of RNA molecules, the 3’ ends can
also be modified efficiently. One route employs redox
reactions and derivatization with hydrazide or semithiocarb- azide groups to introduce functional moieties at the 3’ end of

RNA molecules (Scheme 6).[76]

Unfortunately, modification after selection can have a
negative effect on the aptamer activities, thereby limiting
their utility for diagnostic purposes. Approaches that circum-
vent this problem make use of aptamers that bind to small
molecules, such as malachite green, whose fluorescent
properties change in the aptamer-bound state.[77–82] The
combination of such reporter aptamers with other functional
nucleic acid subunits might pave the way to highly developed
diagnostic tools. Excellent reports discussing the use of
aptamer-based electronic sensors and microarrays have
been published.[83–92] Gold and co-workers introduced the
so-called photo-SELEX approach, which enables the photo-
chemical cross-linking of an aptamer to a target protein
through incorporated 5-bromodeoxyuridin nucleotides. This
allows a significant enhancement of the signal to noise ration
in microarrays employing photosensitive aptamers as recog-
nition elements.[93] An elegant approach in which structure-
switching aptamers are applied has been described by Li and
co-workers.[94, 95] These aptamers are designed to induce a
change in the fluorescence intensity when complexed to the
target molecule, thereby exploiting the adaptive binding
nature of aptamers to receptor molecules.[96, 97]

Similar to antibodies, modified aptamers have been used
in diverse assays such as ELISA-like formats,[98, 99] Western
Blot analysis,[100] capillary electrophoresis,[30, 101] flow cytom-
etry,[102] in vivo imaging,[103] HPLC,[35,104] and microarrays[93,105]

that allow the sensitive detection of biomolecules. An
ingenious development in the field of aptamer diagnostics is
the use of aptamers as both the recognition element and the

Scheme 3. Derivatization of 5’-amino-modified DNA aptamers by using
NHS (A) or EDC/DCC approaches (B). DCC =N,N’dicyclohexylcarbo-
diimide.

Scheme 4. A) Introduction of GMPS moieties at the 5’-position of RNA
molecules by in vitro transcription. B) GMPS-modified RNA can be
further derivatized with iodoacetamido groups. In this way, either
biotin or fluorescent groups (gray box) can be introduced.
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template for amplification reactions by either rolling circle
amplification[106, 107] or aptamer-affinity PCR.[108] Landegren
and co-workers adapted aptamers for assay formats based on
proximity ligation, thus allowing the very sensitive detection
of analytes in complex mixtures.[109, 110] Proximity ligation
relies on the ligation of DNA molecules located nearby each
other because of receptor–ligand interaction, thus resulting in
a new template which is sensitive for detection by PCR.
However, no easy-to-use, commercially available clinical
assay yet exists; this might be due to the different recognition
properties of aptamers compared to the antibodies that are
used daily in clinical practice: Aptamers require an intact and
folded target structure to maintain high affinity and specific
binding, while antibodies merely recognize a linear epitope,
also in a slightly and totally denatured state of the target
protein. Thus, different prerequisites are required in target
handling prior to the use of aptamers as detection reagents,
and the habits adopted in the use of highly established
methods might be hard to overcome.

The detection of small molecules is a field in which
aptamers will probably start to make a great impact, since in

this case the handling of the target is not a big issue. The
combination of aptamers with quantum dot technology has
provided novel advanced diagnostic assay formats.[111–117] For
example, Levy et al. immobilized a thrombin-recognizing
aptamer on quantum dots by employing a streptavidin–biotin
approach.[113] An annealed complementary strand of the
aptamer equipped with an eclipse quencher was efficiently
displaced by the addition of thrombin, thus resulting in
enhanced fluorescence of the quantum dots (Scheme 7A).[118]

Liu and Lu described a similar approach: They derivatized
quantum dots with two different short adapter oligodeox-
ynucleotides. The addition of an aptamer, which partially acts
as a splint, causes the quantum dots to aggregate together,
thereby resulting in a quenched fluorescence signal. The
addition of the aptamer ligand results in removal of the splint
and thus disassociation of the quantum dots. This was
quantified by a colorimetric assay (Scheme 7B).[114,119, 120]

Besides the streptavidin–biotin approach, Lu and co-workers
used thiol-modified aptamers to efficiently immobilize the
aptamers on the Au surfaces of the quantum dots. They even
went a step further and developed a simple dip-stick assay
format based on quantum dot/aptamer conjugates for the
rapid and easy detection of cocaine.[120,121] Stojanovic and
Landry also used the same anti-cocaine aptamer and devel-
oped a colorimetric detection assay. This assay is, in principle,
based on a competition between cocaine and a cyanine dye
prebound to the aptamer.[115] In an elegant approach, the anti-
prostate-specific membrane antigen (anti-PSMA) aptamer
A10 has been coupled to quantum dots, whose fluorescence
intensity was quenched by a doxorubicin (DOX) molecule

Scheme 6. Modification of 3’ ends of RNA molecules by oxidation with
sodium periodate and condensation of the aldehyde with thiosemicarb-
azide derivatives, such as biotin or fluorescein. Ring closure is
achieved by reduction with sodium cyanotrihydridoborate.

Scheme 5. A) The acetal-protected aldehyde-guanosine phosphate can
be introduced at the 5’ end of RNA molecules during in vitro tran-
scription. B) Cleavage of the acetal by trifluoracetic acid (TFA) releases
the corresponding aldehyde, which can be subsequently modified with
amino- or hydrazide-derivatized functional moieties R (C).
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that was also noncovalently associated with the aptamer
(Scheme 7C). This multifunctional complex has been shown
to be useful for both the specific targeting of tumor cells
expressing PSMA and the detection of these cells following
DOX release.[111] Simultaneously, the cytostatic activities of
the anthracycline drug DOX inhibits cell growth of the
targeted cells.[122] Chen et al. coupled the 5’-amino-modified
tenascin-C binding aptamer GBI-10 to quantum dots by using
an EDC/sulfo-NHS approach to selectively detect and visual-
ize glioma cells.[123]

2.2. Modified Aptamers as Delivery Vehicles

Aptamers with well-defined structure and function can be
assembled into multifunctional molecules containing various
functional groups. For example, aptamers targeting cells

provide the means to develop drug-delivery vehicles that
specifically address a certain malignant cell subtype. The
synthesis of aptamers enables the manufacture of highly
stable oligonucleotides with dramatically enhanced stability
against degradation by nucleases. The bottom-up construction
of functional molecular components with at least one aptamer
building block allows access to multifunctional molecules. In
this regard, aptamers have been applied as guiding modules in
multifunctional complexes to target distinct cell subtypes and
tissues. The most established and best characterized aptamer
in this regard is the nucleic acid molecule A10, which binds to
the prostate-specific membrane antigen (PSMA), a cell-
surface molecule associated with the onset and progression of
cancer.[124] Several studies have been concerned with the
modification of this aptamer with additional molecules,
thereby allowing their selective aptamer-triggered delivery
to cancer cells (Figure 4). For example, polymer-coated
nanoparticles with encapsulated chemotherapeutics (such as
docetaxel) have been attached to the 5’-amino end of the
aptamer by an NHS/EDC approach.[125–127] The systemic
application of these complexes allows the efficient targeting
of solid tumors. In a breakthrough study Langer, Farokzhad,
and co-workers showed the efficacy of such a chimeric
aptamer cargo molecule in an in vivo xenograft rat tumor
model system. The aptameric subunit A10 specifically local-
ized the complex in a solid tumor where the adjacent
chemotherapeutic induced a reduction in the size of the
tumor up to total remission.[126] It is anticipated that such
aptamer-based tumor-targeting systems will result in the
unwanted side effects of therapeutics being significantly
reduced. In a second example, the same research group
directly complexed aptamer A10 with DOX, thereby obtain-
ing so-called physical conjugates (noncovalent complexes
between aptamers and DOX). Again, treatment of prostate
cancer cells resulted in a significant reduction of tumor-cell
proliferation.[122] Besides chemotherapeutics, siRNA mole-
cules can also be used to assemble chimeric siRNA–aptamer
conjugates, thereby facilitating the cell-specific delivery of
siRNA molecules. In this regard, siRNA molecules have been
coupled to aptamer A10 either directly by nucleotidic
extensions[128] or indirectly through the assembly of tetrameric
streptavidin–biotin complexes consisting of two biotinylated
aptamers and two biotinylated siRNA molecules per strepta-
vidin moiety.[129] Both approaches were successful in the cell-
specific siRNA-mediated reduction of the corresponding
mRNA and protein levels. Aptamer–toxin conjugates were
also generated and applied to give specificity for the toxin
gelonin, a ribosome-inactivating protein.[130]

Recently, Rossi and co-workers added a second aptamer
to the list of aptamer-based siRNA-delivering agents. They
fused an anti-gp120-binding aptamer with siRNAs that are
specific for the HIV transcripts tat and rev through a
nucleotide linker.[132] Treatment of HIV-1-infected cells with
these chimeras resulted in the specific down-regulation of the
appropriate mRNA transcript. Several other aptamers have
been described that specifically recognize cell-surface mole-
cules. Of these, aptamers that target the avb3-integrin,[133] the
glutamate receptor channel GluR2,[134] VCAM-1,[135] epider-
mal growth factor receptor-3,[136] or the DC-SIGN[137] protein

Scheme 7. The combination of quantum dots and aptamers.
A) Thrombin-recognizing aptamers are immobilized onto quantum
dots (black circles). The fluorescence of the quantum dot is quenched
by a complementary oligodeoxynucleotide equipped with a quencher
molecule (Q), which hybridizes to the aptamer sequence. The addition
of thrombin induces release of the quencher and thus the fluorescence
of the quantum dots (gray circles) is detectable. B) Two different
oligodeoxynucleotide sequences are immobilized on quantum dots
(gray circles) and the anti-cocaine aptamer annealed to both sequen-
ces. This brings the quantum dots in proximity and the quenching of
the fluorescence is induced (black circles). The addition of cocaine
leads to the release of the aptamer and the quantum dots separate,
thereby resulting in enhanced fluorescence signaling (gray circles).
C) The anti-PSMA aptamer, in a complex with DOX, is immobilized
onto quantum dots (black circle), whereby DOX quenches the fluores-
cence of the quantum dots. The addition of PSMA-positive cells leads
to a release of DOX and thus to enhanced fluorescence of the
quantum dot (gray circles).
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might be also suitable to generate sophisticated and cell-
specific multifunctional tools for the delivery of therapeuti-
cally active agents.

3. Aptamers for the Identification of Biomolecules

An emerging direction in the aptamer field is the system-
atic identification of target molecules that are associated with
distinct cellular states, either pathogenic or not. The identifi-
cation of new therapeutically and diagnostically relevant
biomolecules can be facilitated with the ultimate goal of
developing an individualized medical approach. In this
regard, aptamers that target a specific cell type or subpopu-
lation of malignant cells (for example, tumor cells) are
selected and characterized. After generation of the mono-
clonal aptamers, the cognate target molecules on the cell-
surfaces can be subsequently
identified by employing apta-
mer-based pull-down protocols
followed by SDS-PAGE, pro-
tease digestion, and liquid-
chromatography/mass spec-
trometry (LC-MS) analy-
sis.[138, 139] The first example of
such an approach was reported
by Blank et al.[71] In this study,
aptamers with specificity for rat
endothelial glioblastoma cells
(YPEN) were identified. One
aptamer has been shown, after
modification with a fluorescent
label at its 5’ end, to be efficient
for staining tumor cells. LC-MS

analysis identified the protein pigpen as
the putative target of the aptamer.
Pigpen is an endothelial proliferation
marker protein that is expressed in the
proliferating endothelium but its
expression is down-regulated until con-
fluency (full coverage of sample vial) is
reached.[140] This finding indicates that
pigpen is indeed a marker of the angio-
genic state of endothelial cells, as
already suggested by the aptamer-
based approach introduced by Blank
et al.[141] A subsequent study by the
Gold research group further empha-
sizes the feasibility of the cell–SELEX
approach for target identification. In
this similar study the authors identified
a tumor-cell-specific tenascin-C protein
by an aptamer that had previously been
selected to specifically target a different
glioblastoma cell line.[142]

SELEX procedures that target var-
ious eukaryotic cells, bacteria, parasites,
and viruses have since been de-
scribed.[143–146] Anthrax spores and try-

panosomes have been subjected to in vitro selection protocols
aimed at the discovery of pathogen-neutralizing aptamers
useful for therapeutic intervention. The aptamers were
successfully applied to inhibit the virulence of the targeted
microorganisms, although the cognate targets have not yet
been identified. This is clearly an advantage of the aptamer
technology, where cell-surface molecules and transmembrane
receptors can be targeted within their native environment.[147]

Cumbersome purification procedures are not required, which
in turn lead to suboptimal activities and stabilities of the
biomolecules. Taken together, the targeting of cells with
SELEX allows a forward-genetic approach to be established
based on a phenotype-correlated selection of aptamers (for
example, a tumor cell). Thereafter, the identification of the
associated targets and antigens is possible (Figure 5).

Recently, Tan and co-workers applied in vitro selection to
identify single-stranded DNA (ssDNA) aptamers that target

Figure 4. The anti-PSMA aptamer A10 (boxed) has been conjugated to various agents that exert
antitumor activity. All the pyrimidine nucleotides are 2’-fluoro-2’-deoxynucleotides. Besides
coupling to the small molecules doxorubicin and docetaxel, short interfering RNA (siRNA)
molecules and the ribosome-inactivating protein gelonin were also attached. The depicted 3D
structure represents ricin A, a protein which is highly homologous with gelonin and whose crystal
structure was employed for superimposition of the structure of gelonin.[131]

Figure 5. Identification of aptamers that target a distinct cell subpopulation can be accomplished by
SELEX procedures that utilize fluorescent-activated cell-sorting devices.[148, 149] Individual aptamers serve
as the starting point for the identification of novel antigens, the development of new diagnostic tools, the
characterization of the biological function of the antigen, and the development of novel therapeutic
strategies. PBMC=peripheral blood mononuclear cell.
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several immortalized tumor cell lines.[150–153] They employed a
discriminating counter-SELEX protocol and enriched aptam-
ers that specifically interact with a distinct tumor cell line and
most remarkably also with primary cells from patients.[154]

Aptamer-based pull-down analysis identified the membrane-
bound heavy m chain of immunoglobulin as the putative target
molecule presented on the Burkitt�s lymphoma cell line
(Ramos B-cell) used for the in vitro selection process; RTK7
was deconvulated as the target molecule of a second aptamer,
selected to specifically interact with T-cell lymphomas.[155,156]

Our research group has successfully implemented the fluo-
rescent-activated cell-sorting (FACS) technology in the
in vitro selection process (Figure 5), thus allowing the selec-
tion of aptamers that not only possess high affinity, but also
target a defined cellular phenotype in composite cell mix-
tures.[148] This approach might enable the direct targeting of
subpopulations found in primary blood tumor cells, and thus
offers a route for the direct selection of patient-specific
aptamers, thereby paving the way for individual diagnostics
and therapeutics. Recently, Krylov and co-workers applied a
similar whole-cell SELEX approach to mature and immature
dendritic cells (DCs). Instead of using monoclonal aptamers,
they employed the entire diverse enriched library as an
affinity matrix for the simultaneous identification of target
molecules by LC-MS analysis.[149] These target molecules
might represent novel biomarkers associated with a distinct
differentiation level of mature and immature cells. However,
none of the identified target molecules of the cell-specific
aptamers has been purified and no binding analysis in
homogenous assays has been conducted so far.

The limited number of proteins which have been success-
fully identified by aptamer-based pull-down analysis demon-
strates that aptamer selection involving living cells is a
difficult task, and is still in its infancy. Moreover, identifica-
tion of the target molecules requires a large number of bound
molecules, hence a large number of cells. Fitter and James
showed that a subset of proteins, which are found in whole
blood, for example, can also be employed directly as the
target mixture for in vitro selection.[157] A similar selection
protocol has been used by Layzer and Sullenger. They
selected aptamers against the gamma-carboxyglutamic acid
domain containing protein proteome from human plasma.[158]

In both approaches it was possible to simultaneously enrich
aptamers against several targets. The limited number of
possible targets means that the identification of the appro-
priate aptamer–target pairs might be simplified in these
approaches compared to whole-cell–SELEX experiments.
Wendel and co-workers identified aptamers that target stem
cells and applied them for the isolation of the stem cells from
composite mixtures, with the ultimate goal of developing
functionalized materials with a preference for aggregating a
certain cell-subtype.[159–163] This approach could lead to the
development of smart materials based on aptamers.

4. Aptamers for Target Validation

Aptamers are potent inhibitors of their target molecules
and therefore they are particularly important for target

validation and functional characterization. In the last decade
several studies have been described in which aptamers were
employed to validate the function of a biomolecule in cell-
culture experiments and in vivo.[164–166] In the latter case, the
stability and pharmacokinetic parameters of aptamers can be
manipulated by site-specific chemical modifications, such as
with 2’-fluoro, 2’-amino, and 2’-methoxy nucleotides, and the
addition of CAP structures, such as 3’-3’-dT, and polyethylene
glycol (PEG).[167, 168] This enables the aptamers to be subjected
to versatile experimental set-ups and ultimately the use of
aptamers as drugs. Aptamers offer a wide range of applica-
tions for target validation and the direct targeting of
endogenous proteins. The synthesis of RNA aptamers by
the cell�s own transcription machinery is a great advantage
and offers an alternative to transfection (Figure 6).[165,169–172]

Recently, selection approaches based on the yeast three
hybrid system have been described to assess the in vivo
properties of in vitro selected RNA aptamers and to improve
the activities of aptamers in vivo.[173–177]

Lipid-based transfection experiments, which are used for
the transmembrane location of plasmids and siRNA mole-
cules, can also be used to deliver aptamers into the cytoplasm
(Figure 6).[178] Other methodologies that might be useful for
delivering aptamers inside cells include microinjection,
receptor-mediated internalization, and the construction of
transgenic animals expressing the aptamer under the control
of conditional promoters, as shown in a landmark study by Lis
and co-workers.[179] The validation of intracellular target
molecules with aptamers is a difficult task since this not only
depends on the kinetic and thermodynamic properties of the
aptamer, but also challenges the limitations of delivering
aptamers into the cytoplasm. Each method has its own
inherent limitations and makes optimization necessary with
respect to the transfection efficiency (which also depends on
the cell-type used) and read-out format. Primary cells, tissues,
and organs in living animals are not particularly applicable to
state-of-the-art lipid-mediated transfection protocols. How-
ever, the application of engineered recombinant viruses might

Figure 6. Cellular inclusion of aptamers. Aptamers can be transfected
by state-of-the-art lipofection protocols or expressed by the cellular
transcription machinery. In the latter case either the transfection of
plasmids encoding for the aptamer sequence or the infection with
recombinant viruses bearing the genetic information for aptamer
production has been described.
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be useful in these cases, but the labor-intensive procedures
means that such examples based on these approaches are
rare.[164, 165, 180] Future examples are required to prove the
general utility of viral delivery methods in this regard.

An alternative approach might be an adaption of the
siRNA-transfection method. siRNA molecules have been
successfully distributed into diverse tissues by equipping them
with suitable delivery molecules such as peptides, lipoids,
cholesterol, and even cell-specific aptamers.[128, 181–185] How-
ever, these approaches have not yet been applied for the
delivery of aptamers. It would be of great interest to explore
whether lipid- or peptide-mediated delivery is also feasible
for the cellular delivery of aptamers, even in living organisms.
Similarly to off-target effects associated with siRNA
approaches,[186,187] the secondary endogenous targets of
aptamers need to be addressed extensively in future experi-
ments to allow the precise interpretation of aptamer-induced
phenotypes. The comprehensive and reliable comparison of
the aptamer technology with other techniques for validation
of the target molecule, at least at a cellular level, makes the
compilation of these data indispensable.[188] Data on the
function of the target molecule at the protein level through
the application of aptamers can be regarded as complemen-
tary to data derived from siRNA and genetic knock-out
studies. The combination of both approaches might give
access to a precise analysis of the function of a biomolecule.

In a recent study Clary, Kontos, and co-workers demon-
strated that the synergistic effects of an aptamer targeting NF-
kB can be exploited to suppress drug-resistant phenotypes of
cancer cells that are no longer susceptible to DOX treat-
ment.[174, 189, 190] DOX resistance has been shown to be caused
by the activation of NF-kB, hence the anti-NF-kB aptamer
had a beneficial effect. In a different study, Chan et al.
established that the expression of the anti-NF-kB aptamer in
combination with anti-NF-kB siRNA molecules leads to a
quantitative inhibition of NF-kB function in mammalian
(Hela) cells. In contrast, the expression of only the aptamer or
siRNA molecule leads to nonquantitative inhibition of the
target.[191] The aptamer AGRO100, also known as AS1411,
targets nucleolin and belongs to a family of G-rich oligodeox-
ynucleotides that are known to fold into a stable G-quartet
structure and inhibit the proliferation of cancer cells.[192,193]

The aptamer is undergoing clinical trials as an anticancer
agent. A detailed analysis of its mode of action revealed that
the aptamer inhibits cancer cell proliferation by forming a
competition between the association of nucleolin with distinct
co-factors, such as protein arginine methyltransferase 5 and
NF-kB essential modulator (NEMO), thereby indicating that
nucleolin is necessary for NF-kB regulation.[194, 195] Further-
more, the treatment of breast cancer cells with AGRO100
resulted in an increased instability of the BCL-2 mRNA
transcript.[196] These data demonstrate that a detailed analysis
of the mode-of-action of an aptamer might uncover new
insights into the molecule biology of the target molecule and
pave the way for potential new targets for the development of
novel therapeutics.

5. Drug Discovery with Aptamers

The modification of aptamers with fluorescing reporter
molecules enables the establishment of high-throughput
screening assays. In these formats the aptamer is applied as
a competitive reporter probe, and small-molecule libraries are
searched for compounds that are able to bind to the protein
target and to compete with the aptamer for binding. The first
report on using aptamers as competitors in screening assays
was published in 2001. Green et al. employed an anti-PDGF
aptamer and screened a small library of compounds which
were already known to bind to and inhibit PDGF function,
analogous to the parent aptamer.[197,198] Whereas the study by
Green et al. used radioactively labeled aptamers, Famulok
and co-workers employed so-called aptazymes for high-
throughput screening.[199, 200] Aptazymes are RNA molecules
that contain two domains: one ribozyme domain which can be
designed to undergo cis or trans cleavage and a second
aptamer domain that binds to an effector molecule and
thereby induces conformational changes within the ribozyme
domain.[201, 202] This set-up can be employed for the exogenous
control of ribozyme activity, and was used to screen a library
of diverse antibiotics that compete with the anti-HIV-1 rev
aptamer for binding to the rev protein. Remarkably, the
identified compound, coumermycin A1, was shown to contain
aptamer-inherited properties and was able to inhibit virus
replication in cell cultures (Figure 7). HIV-1 reverse tran-
scriptase inhibitors were identified by a very similar approach,
but using a commercially available library of diverse small

Figure 7. Small organic molecules identified by aptamer-based high-
throughput screening experiments. The name of the compound (top)
and its primary biological target (below) are given.

G. MayerReviews

2682 www.angewandte.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 2672 – 2689

http://www.angewandte.org


molecules (Figure 7).[203] The compound SY-3E4 has been
shown to inhibit virus replication in HIV-1 strains that are
resistant to known reverse transcriptase inhibitors. Since the
design of the aptazyme is rather complex, and the future
applications of aptazymes might focus on the regulation of
gene expression,[204–207] straightforward protocols are required
that allow an aptamer to be used for general screening
purposes.

One such approach is based on fluorescence polarization
and utilizes fluorescently labeled aptamers. In this method,
the read-out signal is directly derived from the aptamer and
strictly correlates with it being bound to the target molecule
or not.[208,209] The application of such an approach led to the
identification of the small molecule SecinH3, which binds to
cytohesin and competes with the anti-cytohesin aptamer M69
(Figure 7).[164, 210] Moreover, the compound could be used to
further investigate the function of cytohesins in animals.[210,211]

In a different approach, Li, Brown, and co-workers identified
a new adenosine deaminase inhibitor.[212] Their screening
assay was based on an aptamer that interacts with adenine,
whereas the deaminated adenine (the product of deaminase
enzymatic activity) was not recognized. The aptamer was thus
used to detect enzymatic activity by differentially sensing the
product and the reactant. A similar approach was applied by
Srinivasan et al.[213] They used an aptamer that recognizes
ADP with a 330-fold greater affinity than adenosine triphos-
phate. This aptamer is a versatile reagent for detecting
adenosine diphosphate, which is formed from adenosine
triphosphate by kinase activity.

These examples illustrate that aptamers can be employed
for the identification of small organic molecules that have
protein-inhibiting properties. The most exciting approach is
represented by the direct conversion of the chemical infor-
mation stored in the structure of an aptamer into a small
molecule by direct competition assays and fluorescent
detection.[208, 214] Compounds identified by these approaches
displayed aptamer-similar activities, and represent a direct
link from macromolecular to small-molecule chemistry. An
overview of novel protein inhibitors identified by aptamer-
based approaches is given in Figure 7.

6. Aptamers as Drugs

Besides the application of aptamers for the discovery of
small-molecule drug candidates, they can also be applied as
drugs themselves.[215] Actually, this is one of the first areas that
is envisioned to be ideally suited for aptamer applications.
Since aptamers have restricted membrane-penetration capa-
bilities, the vast majority of aptamers for therapeutic purposes
were selected to target extracellular proteins. As described in
Section 2, aptamers with enhanced stability against nucleases
can be selected directly by using nucleotides with modifica-
tions that are compatible with the enzymatic steps of the
in vitro selection process. Alternatively, aptamers can be
modified after the selection. In this way they can be equipped
with distinct chemical moieties to enhance their stability and
improve their pharmacokinetics.[167, 168]

Healy et al. compared the pharmacokinetic and biodistri-
bution of an anti-TGFb-2 aptamer equipped with different
modifications, such as PEG20, PEG40, cholesterol, or cell-
permeating peptides (tat/antennapedia; Scheme 8).[168] The

aptamer itself was modified with 2’-fluoro and 2’-methoxy
groups, since in its unmodified version it was completely
eliminated from the blood stream 48 h following injection.
Consistent with previous studies, conjugation with PEG led to
an enhanced half-life. The cholesterol-modified aptamer was
cleared from plasma, while the addition of cell-permeating
peptides did not promote clearance. Conjugation with the
antennapedia peptide resulted in a pronounced accumulation
of the aptamer in the kidneys. All modifications led to a
significant enrichment of the aptamer in the kidney, liver,
spleen, heart, and mediastinal lymph nodes. This example
illustrates that aptamers can be rapidly modified with diverse
functional groups, thereby modulating their pharmacokinetic
properties. However, each aptamer–drug candidate has to be
individually investigated, since sequence-dependent varia-
tions of the biodistribution and pharmacokinetic are possible.

One aptamer (Macugen) has been approved to date by
the Food and Drug Administration (FDA) and it is important
for the field that others follow. Promisingly, a few aptamers
and spiegelmers (RNA aptamers consisting of l-enantiomer
building blocks)[216, 217] are currently in clinical trials for
different indications and disease patterns (Table 1). Besides
the treatment of cancer and cardiovascular diseases, the most
prominent application of aptamers is as anticoagulants.[209]

The first aptamer applied for this purpose is an anti-thrombin
G-quadruplex-forming 15 mer oligodeoxynucleotide.[218–220]

Clinical trials were initiated for the usage of the aptamer,
also termed as ARC183 or HD1, during coronary artery
bypass graft surgery (CABG). However, development was
stopped after completion of the phase I clinical trials because
of a low dosage profile.[221]

Scheme 8. The anti-TGFb-2 aptamer ARC83 consists of 2’-fluoropyrimi-
dine nucleotides and 2’-methoxy-substituted purines (unmodified
positions are highlighted gray). The 5’-position bears an amino group
that allows the introduction of further modifications; for example, the
commercially available N-succinimidyl 3-(2-pyridyldithio) proprionate
reagent (SPDP, Pierce) was used to couple peptides through the C-
terminal cysteine residues, while NHS was used to couple polyethylene
glycol moieties.
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Improved anti-thrombin aptamers have been introduced
recently by employing the concept of multivalency. In this
regard, exosite I and exosite II binding aptamers have been
interconnected by linker moieties, thus generating a bivalent
aptamer with superior activities (Scheme 9A).[222, 223] We
demonstrated that the bivalent anti-thrombin aptamer has
outstanding anticoagulant activities and, advantageously, its
activity can be inactivated efficiently by designed antisense
molecules.[224] The concept of using complementary oligonu-
cleotides as antidotes for aptamers was initially introduced by
Sullenger and co-workers in 2002.[225–227] They developed an
aptamer that targets the blood coagulation factor IXa. A 5’-
cholesterol and 3’-deoxythimidine CAP-modified variant of
the anti-FIXa aptamer was later shown in vivo to be effective
as an anticoagulant. Moreover, a 2’-methoxy-derivatized
antisense strand, complementary to 17 nucleotides of the
aptamer, was able to interfere with the aptamer activity, as
shown in a murine model as well as in humans.[228–230] Another
aptamer that has been developed and already in clinical trials
targets the von Willebrand factor (vWF). This aptamer
functions as an antithrombotic reagent and is being assessed
in the treatment of patients with acute coronary syndrome
(ACS). Preliminary trials in humans fulfilled the expectations
and showed inhibition of vWF-mediated platelet aggregation
in vivo.[231] Furthermore, Oney et al. showed that a designed
antisense molecule reverses the inhibitory activities of the

anti-vWF aptamer.[232] Thus, the safety profile of aptamer-
based drugs can be enhanced and adverse side-effects
minimized.

As stated above, macugen (or pegaptanib sodium injec-
tion) is the sole aptamer which is approved by the FDA for
the treatment of the wet-form of age-related macula degen-
eration (AMD).[233] Macugen targets the 165 amino acid splice
isoform of the vascular-endothelial growth factor (VEGF),
and its administration requires intravitreal injection of
6 nmoles once every 6 weeks. The efficacy of macugen and
its high specificity (also in the context of VEGF isoforms)
gives it a good safety profile. This is a factor of eminent
importance since VEGF plays major roles in a wide range of
physiological events. However, the treatment costs are very
high, at around 12 500 $.[234] Alternatively, antibody-derived
VEGF inhibitors, such as bevacizumab and ranibizumab, can
be used for AMD treatment.[235, 236] The treatment of AMD
patients with ranibizumab was approved by the FDA in 2006
and shown to result in the improvement of visual acuity—a
remarkable effect that distinguishes the antibody treatment
from other available therapies. An explanation for this effect
might be the unspecific binding of the antibody to all VEGF
isoforms.

Sullenger and co-workers introduced agonistic aptamers
that are able to stimulate T cells, thus resulting in an efficient
inhibition of tumor growth in mice. They identified an
aptamer that targets 4-1BB, a co-stimulatory receptor which
is up-regulated on activated T cells.[237] Agonistic antibodies
targeting 4-1BB have proven successful in enhancing tumor
immunity and tumor rejection in mice.[238] Similarly, a multi-
valent aptamer construct consisting of two identical aptamer
domains assembled through a central stem structure was also
shown to be effective in the stimulation of T cells and in
inducing tumor rejection in mice (Scheme 9B). Recently, the
same research group expanded the bivalent agonistic aptamer
approach to aptamers that target OX40, a member of the
tumor necrosis factor receptor family of proteins.[239]

These are interesting examples of how an aptamer that
binds to cell-surface receptors can be transformed into an
agonistic variant, based on a bivalent aptamer, and induce
clustering of the receptors—similar to antibodies. Similarly, a
study by Wang et al. describes the identification of an aptamer
targeting midkine, a heparin-binding growth factor. Applica-
tion of the aptamer resulted in an expansion of regulatory
T cells, thus inducing reduction of symptoms associated with
experimental autoimmune encephalomyelitis (EAE), a
model for the severe disease multiple sclerosis.[240]

These examples demonstrate that aptamers and engi-
neered variants thereof possess superior activities and might
give access to sophisticated therapeutics. The low immuno-
genicity and cellular-targeting properties of aptamers leads to
the hypothesis that they might represent suitable drugs with
low side effects. However, adverse effects of aptamers, such as
immunological responses on the B- and T-cell level, mainly
mediated by the toll-like receptor family, need to be inves-
tigated and long-term studies regarding their safety will not be
available until more aptamers have been approved and
applied in the clinic.

Table 1: Aptamers currently under investigation in clinical and preclinical
trials.

Aptamer Target Disease pattern

NOX-
B11

ghrelin adipositas

E-10030 platelet-derived growth
factor (PDGF)

age-related macular degenera-
tion (AMD)

NU172 thrombin coronary artery bypass graft
surgery (CABG)

ARC1779 von Willebrand factor acute coronary syndrome (ACS)
AS1411 nucleolin acute myelogenous leukemia

(AML)
REG1 factor IXa coronary artery bypass graft

surgery (CABG)

Scheme 9. Bivalent aptamers. A) Heterobivalent aptamers that target a
protein through two different domains can have improved inhibitory
properties. B) Homobivalent aptamers that target cell-surface recep-
tors can induce receptor dimerization and thus activate the cell-
signaling pathway.
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7. Summary and Outlook

Since the first description of aptamers in 1990, the field
has developed into a mature technology, providing sophisti-
cated tools for biological and medical sciences. The synthetic
and enzymatic access to aptamers enables their site-specific
and strategic modification, and thus their adaptation to
various applications such as target validation, as diagnostics,
and as drugs. Aptamers have the advantage that they do not
induce immunological responses, at least at the level of
antibody production. Moreover, aptamers can be used for the
identification of cell-surface molecules associated with a
pathogenic state of a cell; future studies will prove whether
the aptamer technology can make significant contributions in
this research field. Aptamer technology thus represents an
integrated technology platform. In contrast to other technol-
ogies based on nucleic acids, such as siRNA and antisense
technologies, the identification of an aptamer is a labor-
intensive procedure, consequently leading to the frequent use
of these other technologies for target validation. A major
challenge that needs to be overcome is the development of
easy-to-use SELEX procedures, for example, the provision of
ready-to-use “SELEX kits” that enable the application of
in vitro selection by any skilled researcher or technician. The
characterization of an identified target gene by siRNA
molecules needs to be verified by the application of inhibitors
acting at the protein level, otherwise the interpretation of
phenotypes might be suboptimal, because of off-target
effects.[241–243] In this regard aptamers and siRNA molecules
represent complementary approaches whose combination
might be a powerful tool. Aptamers are excellent tools for
chemical biology, and the precise application and control of
their activities will allow the accurate targeting of biomole-
cules and the high-resolution analysis of biomolecular func-
tion. Recent studies have used aptamer technology for the
discovery of small organic molecules that possess aptamer-
inherited properties. This might pave the way for the
development of novel inhibitors of protein functions. The
next few years will show whether aptamers will succeed as a
novel drug class and as a diagnostic tool for daily clinical
practice.
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