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l n recent years new nucleic acid and protein-based combinatorial
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From the Contents

molecules have attracted the attention of researchers working in

various areas of science, ranging from medicine to analytical
chemistry. These molecules, called aptamers, have been proposed as

alternatives to antibodies in many different applications. The aim of

this Review is to illustrate the peculiarities of these combinatorial

molecules which have initially been explored for their importance in

molecular medicine, but have enormous potential in other biotech-

nological fields historically dominated by antibodies, such as bio-

assays. A description of these molecules is given, and the methods for
their selection and production are also summarized. Moreover, critical

aspects related to these molecules are discussed.

1. Introduction

Nowadays, the scientific application of antibodies ranges
from basic studies to applied medicine. Antibody-based
products have been approved as biopharmaceuticals for the
treatment of cancer, chronic inflammatory diseases, trans-
plantation, infectious diseases, and cardiovascular medicine.l!
A few hundred antibodies at least are drug candidates under
clinical development.!"! Moreover, antibody-based bioassays
are routinely used in clinical, environmental, and food
analysis. Most of these bioassays are based on the immuno-
globulin G (IgG) molecule. IgG is a 150 kDa molecular mass
protein composed of four polypeptide chains with disulfide
bonds that are essential for its stability. In addition, these
proteins possess a complex glycosylation pattern. These
characteristics lead to a comparatively difficult and expensive
production process, exacerbated by the use of animals.
Significant progress has been made in developing stable
recombinant antibody fragment libraries; however, valuable
alternatives are still required.”

Recently, attention has turned toward affinity molecules
produced by evolutionary molecular biology approaches?*!
(Figure 1). This means that a combinatorial library is con-
structed, and improved variants are identified through a
selection process. The selection process is performed in vitro,
thereby allowing selection itself to be most conveniently
controlled, thus retaining control of the characteristics of the
identified affinity molecule.

The aim of this Review is to illustrate the peculiarities and
the applications in bioassays of the two major classes of
affinity molecules produced by evolutionary approaches,
namely nucleic acid aptamers and combinatorial non-immu-
noglobulin proteins (termed here, for convenience, simply
peptide aptamers).

To better clarify the terminology, the name “aptamer”,
derived from the Latin expression “aptus” (to fit) and the
Greek word “meros” (part), was first used in 1990 by
Ellington and Szostak to describe RNA molecules that bind
to a small organic dye."”! Since then, short strands of DNA or
RNA that adopt specific three-dimensional conformations
and that are selected for targeting distinct molecules have
been termed nucleic acid aptamers. The development of
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Figure 1. Scheme of the evolutionary approach. The nucleic acid
aptamers (left box) are produced by incubation of the nucleic acid
library (DNA library) with a target molecule of choice, separation of
bound from free nucleic acid species, elution of bound nucleic acid
species, and amplification of eluted nucleic acid species. In the case of
the combinatorial proteins (right box), a combinatorial library of
mutated genes is synthesized. Improved variants are identified
through a selection process. Further improvements may be gained
from iterative cycles of mutation and selection. Finally, clones are
characterized by DNA sequencing to identify beneficial mutations. The
general approach is described in the center.

artificial combinatorial proteins as alternatives to antibodies
(consisting of a variable peptide sequence inserted within a
constant scaffold protein) was reported some years later.
Among others, in 1995 the research group of Nygren!®
reported the construction of a combinatorial library of a a-
helical bacterial receptor. A year later, Colas et al.”’l reported
the development of a thioredoxin A (TrxA) based affinity
protein. These authors defined this TrxA-based molecule a
“peptide aptamer” by analogy to nucleic acid aptamers.
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Different combinatorial non-immunoglobulin proteins have
been reported in the literature and all of these molecules are
identified by different names. To have a rational approach, we
decided to review the vast number of publications in this field
under a generic term. We have chosen, for convenience, the
term peptide aptamers. In our opinion, the use of the term
“aptamer” will help the reader to focus on the final goal of the
Review: a discussion on affinity molecules (nucleic acids as
well as proteins) obtained from an evolutionary approach,
and which represent interesting alternatives to antibodies.

2. Nucleic Acid Aptamers
2.1. Definition and Description

Nucleic acid aptamers are short, single-stranded DNA or
RNA oligonucleotides which adopt stable three-dimensional
sequence-dependent structures. This intrinsic property makes
them efficient binding molecules, capable of binding to
molecular targets, ranging from small ions (e.g. Zn*" [
56 Da) and small organic compounds (e.g. organic dyes,"!

neutral disaccharides,'? and amino-

M. Mascini et al.

changes and their three-dimensional folding creates a specific
binding site for the target. The intermolecular interactions
between the aptamer and the target are characterized by a
combination of complementarity in shape, stacking interac-
tions between aromatic compounds and the nucleobases of
the aptamers, electrostatic interactions between charged
groups, and hydrogen bonds.*"!

Nucleic acid aptamers bind to their targets with high
specificity, so that differentiation on the basis of minor
structural differences between targets and their related
molecules can be obtained. For example, theophylline and
its analogues caffeine and theobromine have similar chemical
structures. Caffeine differs from theophylline by a single
methyl group, while theobromine is actually an isomer of
theophylline with the methyl group in a different position.
The anti-theophylline RNA aptamers displayed high levels of
molecular discrimination against both analogues, and it has
been proven that the binding affinity of one RNA aptamer to
theophylline is 10000-fold higher than to caffeine.””! Sim-
ilarly, RNA aptamers selected for L-arginine can enantiose-
lectively bind to this target with 12000-fold higher affinity
than to p-arginine.”®
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. G1 Ca4
ecules such as glycoproteins (such as s . 41 w@aalatals
S~ clUu c
CD4!") or even a complex target (e.g. oe oot Y%\ ans® & oo
P . . A Y] ‘A 60 wA BU
living cells!™). The functionality of e, Y vee Aﬁﬁ:’fﬁffi %guta
. . . GA 40 35
nucleic acid aptamers is based on &t 4 CCaLUBRCUCEGAUAGE )
. . . ?2_ o~ €CGa |, GGCASCGA—_ G s
their stable three-dimensional struc- ST oy 41 YCCTE c UAC
ture, which is dependent on the pri- G”“Acf / | PR
17 G U1
mary sequence, the length of the 8 Ayt GOt
nucleic acid molecule, and the envi- uet CA1
ronmental conditions. Aptamers can € d)
vary in size from 25 to 90 bases,>® and
their typical structural motifs are
stems,'® internal loops, purine-rich 2 !
- uul c—
bulges, hairpin structures, tetra- s . .. 2;:(?;'\ lelG/";s s 3 s 3
loops,'”!  pseudoknots, 19 kissing ucy --- cucé,’la? su L, A—U AU
40 H ¢ > A A—
complexes®?  or  G-quadruplex CTCCCATA CATGT. Ay A—U
~ . s 11 L1111 AU
structures®?! (namely tertiary struc- \ __AT-GTACG...5 AU
.. . 30 25 U G U G
tures similar to those observed with TAR 1v-04 uc ®c

RNA and DNAP!). Some examples
are shown in Figure 2. In the presence
of the target, most of the aptamers
undergo adaptive conformational
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Figure 2. Examples of structural motifs of nucleic acid aptamers: a) a thrombin-binding aptamer
folded as a G-quadruplex structure;*! b) a sequence of the major biotin aptamer clone folded as a
pseudoknot;"¥ c) the 1V-04 aptamer against transactivation-responsive (TAR) RNA-forming RNA-
DNA kissing complex;?” d) sequences of aptamers folded as a stem loop.
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There is a large variation in the affinity both among
aptamers for small molecules and aptamers for proteins. The
properties of small molecules which promote the best
recognition, and lead to affinities in the micromolar
range,? ) are planarity or the presence of positively charged
groups and hydrogen-bond donors or acceptors,!! even if
aptamers for molecules with a hydrophobic character have
been selected.>>!

Aptamers for proteins generally exhibit higher affinities,
because of the presence of larger complex areas with
structures rich in hydrogen-bond donors and acceptors.
Affinities in the nanomolar and subnanomolar range have
been measured for aptamers against different proteins, such
as thrombin (25 nm),?? nucleocapsid protein (2 nm),* and
platelet-derived growth factor (PDGF; 0.1 nm).”

2.2. The Selection Process and its Evolution

The aptamer isolation process, called SELEX (systematic
evolution of ligands by exponential enrichment), was first
reported in 1990 almost simultaneously by the research
groups of Ellington and Tuerk.”® This technique essentially
consists of the repeated binding, selection, and amplification
of aptamers from the initial library until one (or more)
aptamers displaying the desired characteristics have been
isolated."* The SELEX process has been extensively
reviewed®*! and several modifications of the process have
been introduced. A brief description of the method and its
latest variants will be described below.

The initial and very important step of the SELEX process
is the choice and synthesis of the library. Part of the enormous
potential of aptamers lies in the fact that libraries with vast
numbers of potential ligands can be created and enriched
within a few days. Typically, aptamer libraries consist of 10"~
10" random oligonucleotide sequences**! and this is even
more impressive when compared to conventional libraries of
potential drugs which consist generally of no more than 10°
different molecules and may take months to screen.

When creating a library, however, several factors need to
be taken into account, such as the complexity of the library
and the chemistry of the nucleotides. In particular, the
chemistry of the nucleotides plays a central role in regard to
the stability of the aptamer towards degradation. It can also
influence the affinity and the specificity of the selected
aptamers towards their targets since many of the nucleotides
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at the heart of aptamers determine the overall structure of the
binding site.** In fact, modification of nucleotide bases has
been the most commonly used method to avoid the suscept-
ibility of single-stranded oligonucleotides to enzymatic or
chemical cleavage. Modification of pyrimidines at the 5'-
position with I, Br, Cl, NH;, and N; and at the 2'-position with
NH,, F, and OCH, for example, has been described.’”) The
modification of the phosphodiester backbone, for example,
through the use of a-thio-substituted deoxynucleotide tri-
phosphates, was shown to be a useful method, more successful
with DNA aptamers than RNA aptamers.””! An alternative is
represented by the generation of enantiomeric aptamers,
known as “spiegelmers” (from the German word for
“mirror”). This technique consists of creating a mirror
image of the target and selecting an aptamer for this mirror
image. A stereoisomer of the selected aptamer is then created
(for example, the spiegelmer), which will be specific for the
target but will not be susceptible to normal enzymatic
degradation because of the substitution of the natural p-
ribose with L-ribose.[**!

The other factor influencing the design of the library is the
choice of the constant region. The random aptamer sequence
has to be flanked by constant sequences at 5" and 3'. These
sequences are usually 20-25 base pairs in length and provide
hybridization sites during a number of steps of the SELEX
process. The 3'-flanking sequence generally acts as an attach-
ment site for the reverse transcriptase primer, while the 5'-
flanking sequence acts as the attachment site for the PCR
primers during the amplification step of the SELEX protocol.
The design of the constant region for the SELEX procedure is
even more important than for normal PCR, given that a
complete SELEX process may include up to 50 cycles of
PCR. Any artifacts would thus be drastically amplified in the
enriched library. After a suitable aptamer library has been
prepared, it can undergo the SELEX protocol, which starts
from the designed double-stranded DNA library, which either
needs to be transcribed (for RNA selection) or strand-
separated (for single-stranded DNA selection) to be in a
suitable form for selection. In the following step, the target
and the library are brought together under favorable binding
conditions, where the sequences with the highest affinity will
bind to the target. These sequences are then partitioned from
those with lower affinity. This step can be performed by
attaching the aptamers to a solid-phase support, such as
sepharose, and specifically eluting the desired aptamers after
binding has taken place.”*" Alternatively, the aptamer and
target could be allowed to interact freely in solution, after
which the target-aptamer complex could be recovered by
filtration through nitrocellulose.”* This method is com-
monly used, although it is important to note that it is only
applicable when the target molecule is a protein. A negative
selection step is also frequently used at this stage, in which the
aptamers are passed over a cellulose filter in the absence of
the target or over the matrix on which the target is
immobilized (negative SELEX). This is to eliminate aptamers
that bind to the filter or to the matrix in a target-independent
manner.” Counterselection is also sometimes used, where
aptamers that bind structures similar to that of the target are
removed. The high affinity sequences are then amplified by
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reverse-transcription PCR (RT-PCR; for RNA aptamers) or
by PCR (for DNA aptamers) to create a new aptamer library
enriched with the aptamers of high affinity. The entire process
is then repeated, thereby resulting in fewer and fewer unique
sequences with higher and higher affinity to the target being
retained. The binding conditions for the aptamer and the
target are generally made more stringent during each round
of selection to increase the selective pressure on the remain-
ing aptamers. A complete SELEX process (between 8 and
15 cycles) will yield several individual sequences which are
analyzed and combined in several classes according to their
homology to each other. Further investigation comprises
analysis of conserved motifs of the aptamer sequence and
elucidation of the minimal aptamer dimensions sufficient for
interaction with the target."*!]

Several modifications of the SELEX proceduret
(Table 1)P>*! have been introduced to improve the aptamer
selectivity (blended, counter, negative, and subtractive
SELEX), to reduce the time for selection (automated
SELEX), or to improve the efficiency of the partitioning
step (CE SELEX and non-SELEX). Moreover, particular
SELEX protocols have been created to select aptamers
towards particular targets, such as complex target SELEX or
cell SELEX, or for proteomics studies and biomarker
discovery.®™ All these different SELEX procedures, which
aim to direct the selection to aptamers with desired features,
have been cited in this Review to illustrate an important
difference between aptamers and antibodies. In contrast to
the plethora of possible modifications of the SELEX con-
ditions, the classical production of antibodies with animal
immunization is difficult to influence, and the use of
physiological conditions are the decisive factor.

Particular and innovative SELEX procedures have been
recently reported, such as AFM-SELEX.®! Atomic force
microscopy (AFM) was used to obtain aptamers with strong
affinity for the target: selection was completed after only
three rounds, and many of the obtained aptamers had a higher
affinity to the target, thrombin, than those selected by
conventional SELEX. A recent study presents an automatic,
magnetic bead based microfluidic system which integrates a
random ssDNA extraction device and an on-chip nucleic acid
amplification device (micro-PCR) for the fast screening of
aptamers.[® The entire process was performed automatically
on a single chip within a shorter period of time than other
SELEX protocols and with lower amounts of samples and
reagents.

Moreover, an alternative microfluidic SELEX based on
micromagnetic separation was also published recently.*” The
micromagnetic separation chip incorporates microfabricated
ferromagnetic structures to trap aptamers bound to magnetic
beads, and demonstrated a high efficiency in the partitioning
step. As a proof of principle, an aptamer selection for
streptavidin was performed, and after only three rounds
highly affinity aptamers were generated with dissociation
constants ranging from 25 to 65 nwm.

www.angewandte.org
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3. “Peptide Aptamers”
3.1. Definition and Description

Strictly following the definition coined by Colas et al. in
1996, peptide aptamers are combinatorial protein molecules
in which a variable peptide sequence with affinity for a given
target protein is displayed on an inert, constant scaffold
protein.”*! They are extremely simple molecules, selected
from combinatorial libraries on the basis of their affinity to
the target protein or small molecule, and expressed in
bacterial cells, such as E. coli. Both termini of the variable
sequence are fused to the inert scaffold, thus peptide
aptamers are doubly constrained. This double constraint
distinguishes peptide aptamers from other artificial combina-
torial protein molecules, which often consist of random
peptidic sequences fused terminally to a carrier protein or
another macromolecule. Actually, the term does not comprise
other types of double-constrained combinatorial proteins that
are more complex than peptide aptamers because target-
binding surfaces consist of noncontiguous peptidic sequences
disseminated over several secondary structural elements or
across several variable loops,”>*! as depicted in Figure 3.

However, these double-constrained combinatorial pro-
teins have similar characteristics and applications as peptide
aptamers. In particular, all of them show molecular recog-
nition properties, in a manner similar to antibodies, but with
improved characteristics, such as small size, high stability, high
solubility, high yield bacterial expression, possibility of
chemical synthesis, rapid folding properties, and in some
cases, such as in the affibody molecules (affinity molecules
based on the protein A scaffold, see Table 2), absence of
disulfide bonds and of free cysteine residues. As reported in
Ref. [96], which highlighted the characteristics of the affibody
molecules, the high stability in the absence of disulfide bonds
is an important advantage, which facilitates high yields in
bacterial expression and enables intracellular applications.
Moreover, the absence of intramolecular cysteine residues
gives the possibility of introducing a unique C-terminal
cysteine residue for labeling or other chemical modifications.

The final shape of these artificial constrained combinato-
rial proteins will be determined both by the amino acid
composition and sequence of the peptide as well as by the
primary sequence and tertiary structure of the scaffold
protein.’

Importantly, the binding affinity of these artificial proteins
is greatly increased by the constraint applied by the scaffold,
and this is the main advantage associated with the use of
conformationally constrained peptides versus unstructured
linear peptides.”’-*"!

3.2. Selection

Clearly, the selection of peptide aptamers is, from a
technical point of view, completely different from that used
for nucleic acid aptamers. However, the basic principles are
similar: the use of combinatorial strategies to generate
diversity and create a pool of different candidates (the

Angew. Chem. Int. Ed. 2012, 51, 1316 —1332
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Table 1: Different modifications of the SELEX process.
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Name SELEX modification Aim Ref.
automated SELEX use of automated systems for the selection procedure reduction of time needed for the selection [55,56]
blended SELEX use of small ligands which can direct the sequencetoa selection of aptamers towards a specific epitope [57,58]
specific region of the target
capillary electrophoresis use of capillary electrophoresis (CE) for sequence improvement of the separation process between [59-
SELEX partitioning sequences bound to the target and the other 61]
sequences
cell SELEX use of whole living cells as target selection of aptamers towards whole living cells [62,63]
chimeric SELEX use of combined populations (e.g. fusion of already  selection of dual-function aptamers [64]
selected sequences)
complex target SELEX use of membrane preparations or cells as targets in  selection of aptamers against cell-surface proteins [65]
the selection process
conditional SELEX use of a regulator molecule during selection selection of aptamers whose binding to the target [66]
molecule can be regulated
counter SELEX use of molecules similar to the target in the selection, selection of highly specific aptamers [27,55]
to exclude those sequences binding to them
covalent SELEX use of nucleotides modified with groups that can be  selection of aptamers which can form covalent links to [67, 68]
activated the target protein (photoaptamers)
deconvolution SELEX development of a secondary selection partitioning of aptamer pools evolved against multiple [69, 70]
targets
facs SELEX use of a fluorescence-activated cell-sorting device to  decrease in the number of false positives in cell- 71
simultaneously differentiate and separate binding selection approaches
from nonbinding subpopulations of cells
FluMag SELEX use of fluorescent labels for DNA quantification and  use of very small amounts of target for the aptamer ~ [72]
use of magnetic beads for target immobilization selection, rapid and efficient separation of bound and
free molecules
genomic SELEX library composed of fragmented genomic DNA selection of natural sequences binding bioactive [73]
proteins
mirror-image SELEX use of mirror analogues of natural nucleotides selection of nuclease-resistant aptamers [56]
(L-ribose or L-deoxyribose)
mod-SELEX SELEX on a library of oligonucleotides with chemical production of stable (nuclease-resistant) aptamers [74]
substitutions and generation of aptamers with conformations and
target-binding surfaces not accessible using DNA or
RNA
multistage SELEX use of fused members of already screened pools elucidating mechanisms of allosteric interactions in ~ [75]
aptamers
negative SELEX use of a “negative” cycle of selection, by performing  selection of highly specific aptamers [76]
incubation only with the matrix used for the target
immobilization
non-SELEX elimination of the PCR step improvement of the separation step [77]
primer-free SELEX (in primer-annealing sequences are removed from the prevention of artifacts arising from the presence of ~ [78]
genomic SELEX) genomic library before selection structures created from the base-pair formation
between the fixed flanking sequences of the library and
the central genomic-derived fragments.
SELEX-SAGE (serial analy-  part of the SAGE protocol is used to link together sequencing up to several thousand binding sequences [79]
sis of gene expression) or  oligomers extracted from SELEX with longer DNA
high-throughput SELEX molecules, which can be efficiently sequenced
SOMAmer (slow off-rate selection of aptamers with rationally designed enlarging the range of targets for which aptamers can [80]
modified aptamers) modified nucleotides be selected and selection of high-quality binding
aptamers to be used in highly multiplexed proteomics
arrays
subtractive SELEX use in the complex target SELEX of molecules similar improvement of aptamer selectivity [87]
to the target (i.e. cells) to exclude those sequences
binding to them
tailored SELEX library with reduced or no fixed regions minimization of the aptamer size [82,83]
TECS-SELEX (target instead of the purified protein, recombinant proteins selection of aptamers with high specificity and affinity [84]
expressed on cell surface  displayed on the cell surface are directly used as the to any cell-surface protein, also when the purified
SELEX) selection target protein target cannot be easily obtained
toggle SELEX use of different targets in the selection selection of aptamers which can bind to several related [85]

proteins
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Figure 3. Representation of different protein scaffold principles for the
engineering of artificial binding proteins. The scaffolds are diversified
by a random peptide sequence inserted into the scaffold, usually at a
loop, such as thioredoxin (a) or by engineering of noncontiguous
specified positions disseminated over several secondary structural
elements or across several variable loops (e.g., in loops such as
fibronectin 111 (b), flat surfaces such as protein A (c), combinations of
loops, and helices such as ankyrin repeat protein (d), or cavities such
as lipocalin (e)). Target-binding variants of the resulting libraries are
subsequently isolated by using selection or screening techniques.
Reproduced from Ref. [3].

library), the selection (to find candidates with the best
properties), and amplification.

Excellent reviews as well as book chapters dealing with
the detailed technical aspects of combinatorial artificial
protein selection technology are available™ '™ and, there-
fore, the methodology will be described here only briefly and

M. Mascini et al.

only in a general form. In the next sections some aspects of
the protein scaffold, of the library, and of selection technol-
ogies will be discussed.

3.2.1. Scaffold Selection and Library Design and Construction

The first step in a combinatorial protein screen is to
choose a peptide library. These libraries vary with respect to
the choice of scaffold, peptide length, selection stringency,
and the number of selectable markers. The scaffold is a
protein framework that can carry altered amino acids or
insertions, thereby giving protein variants with entirely novel
functions and often new binding specificity. The choice of
scaffold protein is mostly dependent on the intended use of
the generated affinity ligands. However, the scaffold should
preferably be relatively small, that is, composed of a single
polypeptide chain, and with a highly stable architecture.'"
There are many protein scaffolds reported in the literature
and they have been intensely reviewed in the past.**10:-104
Only a selection of such scaffolds is presented here (see
Table 2; the name coined for the resulting artificial proteins is
also given), as exhaustive descriptions of them are reported
elsewhere. 3410171041

The E.coli protein TrxA scaffold has been largely
employed®V for the development of peptide aptamers. TrxA
is a robust enzyme with a short active site loop,1* relatively
small in size (approx. 12 kDa), with good stability and
solubility, and with a well-known three-dimensional structure.
Since the scaffold should be biologically inert, for the TrxA
scaffold, the peptides are introduced into the loop within the
biologically active center of the molecule, thereby destroying
its catalytic activity. Recently, a protein scaffold, known as
STM (stefin A triple mutant) and derived from the intra-
cellular protease inhibitor stefin A, has been developed.'*!
STM possesses three sites, distant from each other in the
primary sequence of the protein, but adjacent in the folded

Table 2: Examples of scaffolds used for the generation of affinity ligands, method of selection, and commercial exploitation.

Name Scaffold Structural elements Selection method Reference  Commercial exploitation
varied

peptide aptamer thioredoxin A (TrxA) 1 loop yeast two hybrid, phage display, [9,105] -

mammalian cell system (up to 2007 by Aptanomics)
peptide aptamer staphycoccus nuclease 1 loop functional screening [112] -
peptide aptamer human stefin A 3 sites yeast two hybrid [106] -
peptide aptamer green fluorescent protein  loop randomisation visual screening [117] -
ligand-regulated ~ FKBP-peptide-FRB-GST trimeric complex [108] -
peptide aptam-
ers
microbodies cysteine-knot micropro- 1 loop in two 3 strands ~ mRNA display [119] -

teins (up to 2007 by Nascacell)
(knottins)
affibody protein A 2 a helices phage display [96] www.affibody.com
www.abcam.com
anticalin lipocalin 4 loops phage display [109] www.pieris-ag.com
Pieris libraries

Adnectin fibronectin 111 2-3 loops phage display, mRNA display, [110] www.adnexustx.com

yeast two hybrid PROfusion libraries
DARPin ankirin B turn and a helix ribosome display [113] www.molecularpartners.com
Kunitz domain ~ APPI single loop phage display [121 www.dyax.com
www.angewandte.org © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 1316 —1332
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-Sequences encoding residues 1-8 of the Z domain: ZLIB-1, ZLIB-2
-Sequences containing the recognition sequences for endonuclease
Esp3land Nhe |, respectively: ZLIB-3, ZLIB-5

-Sequence encoding the second loop and the first six residues of
the unaltered third helix of the Z domain: ZLIB-4

-Sequences encoding invariant residues: ZLIB-6, ZLIB-7
-Sequences encoding helices of the Z domain: DEGEN-1, DEGEN-2
Bridging oligonucleotide: BRIDGE

+The scaffold (Z domain) consists of 58 residues. In this library
different codons located in two different a helices of the Z domain
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Other examples of scaffolds
include anticalins modeled on
lipocalin structures,'”! trinec-
tins derived from a fibronec-
tin IIT domain,!"” green fluo-
rescent protein (GFP),MY a
catalytically inactive deriva-
tive of the staphylococcal
nuclease  (SNase),'™?  the
ankyrin repeat protein,!
and “affibody molecules”,
which are engineered from
the B domain of Staphylococ-
cus aureus protein A" This
B domain is a relatively short
cysteine-free peptide of 58
amino acids that is folded
into a three-helical bundle
structure and which has been
engineered into a variant denoted the Z domain.” The
Z domain retained its affinity for the Fc part of the antibody,
while the weaker affinity for the Fab region was almost
completely lost.'"> 171 Cysteine-knot microproteins (also
referred as knottins) are other interesting molecular scaffolds
for the incorporation of foreign peptide sequences, s>
while the Kunitz domain is an example of a natural serine
protease inhibitor that has been successfully utilized as a
scaffold."!]

Once the scaffold has been chosen, the combinatorial
libraries of the scaffolds are produced. This is done at the
DNA level by randomizing the codons at appropriate amino
acid positions. In other words, the method used to construct
the library of proteins consists of constructing a library of
nucleic acid molecules (library of genes) from which the
protein library can be translated. A wide range of techniques
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Figure 4. A schematic representation of library construction, adapted from Ref. [8]: a) Sequences of
oligonucleotides used; b) the library was constructed using streptavidin-coated paramagnetic beads as a
solid-phase anchor during assembly. Solid-phase-assisted assembly was initiated by binding of the 5'-
biotinylated oligonucleotide pair ZLIB-I/ZLIB-2 to the beads. After washing the beads, the preformed
construct DEGEN-I/BRIDGE/DEGEN-2 was added and ligated. Assembly was completed by the addition
and ligation of the prehybridized oligonucleotides ZLIB-4/ZLIB-5. Prior to amplification by PCR,
oligonucleotides ZLIB-2, BRIDGE, and ZLIB-5 were eluted with alkali. Oligonucleotides ZLIB-3 and ZLIB-5
were used as primers for PCR amplification. To obtain double-stranded DNA for cloning, the assembled
and bead-immobilized single-stranded gene library encoding the two variegated helices of the Z domain
was used as a template in PCR amplification. c) The library PCR product encoding the variegated helices 1
and 2 was subcloned into the phagemid vector pKN1, which contains the gene for residues 44-58 of the
wild-type Z domain (essentially helix 3), followed by the gene for a 46 residue serum albumin binding
region (ABP) derived from streptococcal protein G linked in-frame with a truncated version of the M13
phage coat protein Il gene. The vector PKN1 was constructed in several steps as follows. A double-strand
linker encoding the invariant residues 44-58 of the Z domain was formed from oligonucleotides ZLIB6 and
ZLIB7. It was cloned as a Mlul-Xhol fragment into phagemid pKP986, thereby resulting in pKN. Phagemid
PK986 encodes the E. coli OmpA (S) leader peptide followed by residues 249-406 of M13 filamentous
phage coat protein I1l under the control of the E. coli lac promoter.

are now available for generating gene libraries,'?! but their
description is beyond the scope of this Review. In Figure 4 an
example of the construction of a combinatorial library of the
a-helical Z-domain of protein A is reported (adapted from
Ref. [8]).

Clearly, the combinatorial libraries of the scaffolds must
be adapted for the particular selection system that will be
employed (see Figure 4). This means that combinatorial
libraries take the form of yeast two-hybrid libraries, as well
as phage-display libraries, etc. Nowadays, libraries can be
purchased from different companies, for example, from
Clontech (for yeast two-hybrid selection, www.clontech.com),
from Invitrogen (“FLITRX peptide library”), and others (see
Table 2).
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3.2.2. Selection Technologies

Different selection methods are reported in the literature,
and their use is strictly dependent on the intended use of the
combinatorial proteins. Briefly, these methods can be classi-
fied as nondisplay systems, cell-dependent display systems,
and cell-free display systems.””! In the nondisplay systems, the
target protein is coexpressed with the individual library
members in vivo, and the selection is thus not dependent on
an available target protein, but instead the target protein can
be expressed in a correctly folded form by the host organism.
Thus, in vivo techniques usually rely on the reconstitution of a
protein activity when the binder interacts with the target (e.g.,
enzyme activity, fluorescence, or transcriptional activity). The
yeast two-hybrid (Y2H) system is an example of in vivo
technology.['?!

In this screening method a target protein is linked to a
heterologous DNA binding domain (BD) and expressed as
“bait” in a yeast test strain. Concomitantly, a library of
different peptides, which are linked to a heterologous tran-
scriptional activation domain (TAD), is expressed as “prey”
(Figure 5a).

If a peptide binds to the target protein, a transcription
factor is formed, in which the BD and activation domain
(AD) are bridged by the interacting proteins. This tran-
scription factor is then able to activate the promoter of a
marker gene, which can be monitored by colorimetric
enzymatic assays or by growth selection. This screening
procedure results in the immediate availability of the binding
molecule in virtually unlimited amounts. The vector, which
encodes the binding molecule, can be isolated from the yeast
test strain and the DNA sequence of its insert can be easily
determined. This insert can then be introduced into suitable
expression vectors for the synthesis of the binding molecules
in bacteria or eukaryotic expression systems.

The protein-fragment complementation assay (PCA) or
the mammalian cell screen are other examples of in vivo
nondisplay techniques. PCA relies on the principle that the
survival of cells simultaneously expressing complementary
fragments of the enzyme murine dihydrofolate reductase
(mDHFR) is dependent on the correct folding and interaction
of these fragments.!**!

Phage display is an in vitro cell-dependent display tech-
nique invented by G. Smith in 1985.1®! In phage display,
peptide or protein libraries are fused to the coat proteins of
phages (mostly genelll protein), which are displayed on the
surface of the phage particle (Figure 5b). The phage is then
incubated with the target molecule. After the selection, any
unbound phage is washed away and the phage specifically
binding to the target molecule is eluted. Then, the eluted
phage is used to infect new E. coli cells to amplify selected
clones. This new phage library can be used in a new round of
selection. Variants of this classical phage display are the so-
called phagemid display!'* or bacterial surface display.'2*12*l
Examples of invitro cell-free display techniques are the
ribosome display*'?*! and mRNA display."*”!

Which selection technology is best suited for a given
binding protein library depends on different parameters: the
library diversity, the properties of the scaffold, and the
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Figure 5. Selection systems: a) In the yeast two-hybrid system, the
Gal4 transcription factor of Saccharomices cerevisiae is separated into a
DNA binding domain (BD) and transcription activating domain (TAD).
The target protein is fused to the DNA BD, the peptide inserted into a
scaffold and fused to the TDA. Following interaction with the target
peptide, the transcription factor will bind to GAL4 RE and activate the
transcription of different reporter genes. A second variation based on
bacterial LexA protein can also be used (not shown). b) The phage
display biopanning method is an in vitro system, in which the
recombinantly expressed target protein is coated on a solid support
and incubated with phages displaying randomized peptides on surface
proteins. Target-binding phages are amplified and screened in succes-
sive rounds of positive selections.
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intended applications.'™™! Once selected, the combinatorial
proteins are purified by a variety of methods.['*"

4. Application of Nucleic Acid Aptamers

The enormous potential of aptamers as therapeutics has
been extensively explored, and culminated in 2004 with the
approval by the Food and Drug Administration of Eyetech/
Pfizer’s aptamer, Macugen, for the treatment of exudative
age-related macular degeneration and diabetic macular

edema.[m'”“]
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Without doubt, the potential use of aptamers as thera-
peutics, for drug delivery, and for in vivo diagnostics were the
driving force for research on these molecules.*>">? However,
another important field of application of the aptamers is as
bioreceptors in bioassays, as demonstrated by the high and
increasing number of publications on this subject.’>316!
Aptamer-based bioassays can be set up in a wide variety of
formats (direct, sandwich, or competitive). The main differ-
ences between the different formats are the immobilized
species (aptamer, antibody, or target analyte), the number of
experimental steps involved, and in which order the different
reagents are exposed to the solid support, when present. The
choice of the format depends on the molecular size of the
analyte, the availability of reagents, and the cost. When it is
possible to perform different assay formats for the detection
of the same target analyte, it is useful to compare the
analytical performances of each, to choose the approach that
is the best compromise in terms of sensitivity, specificity,
analysis time, and cost.[1°>16%)

Despite the large number of selected aptamers for many
different molecules, published studies on aptamer-based
assays show, however, that only a few specific aptamers
have been used, therefore limiting the application of the
assays and demonstrating that the proposed approaches often
can not be generalized to all the available aptamers but are
strictly related to the aptamer sequence and structure.
Actually among the hundreds (>900) of publications on
aptamer-based assays, sensors, or biosensors in the last ten
years, almost 60 % are dominated by only eight aptamers (see
Figure 6). The thrombin aptamer represents the majority of
this number: this point has been well considered by Baird,!*¥
who has defined it as “the thrombin problem”. In the same
publication Baird says that “aptamers have become, in some
sense, the victims of their own success”. Actually, the fact that
only a few of the selected aptamers are currently used in the
development of bioassays, demonstrates that the manipula-
tion of well-known aptamers is much easier and more fruitful
than bringing other aptamers that target more clinically
relevant proteins to a full validation for analytical application.
The impression is that researchers have carried out great work
in selecting a plethora of aptamers and making the selection
process faster, easier, and more widely applicable: it now
seems that it is up to researchers focused on assay develop-
ment to demonstrate that aptamers can replace, or at least
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Figure 6. The most frequently used aptamers for biosensing.
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join, antibodies in clinical applications. Our feeling is that one
of the problems is the lack of easy and universal rules for the
application of aptamers in bioassays, rules that have nowa-
days been well established when working with antibodies. The
major difficulty when developing aptamer-based assays is, in
this sense, the need for a systematic study on aptamer binding
conditions, structure, and behavior. Moreover, the transfer of
optimized parameters from one aptamer to another is some-
times impossible.

Several examples of aptamer-based assays are highlighted
in the following sections: the aim is to give an overview of the
assays developed by using aptamers, concentrating mainly on
studies based on aptamers other than the thrombin aptamer.
The publications are reviewed by considering the assay
format (direct, sandwich, and competitive assays), exploita-
tion of the different approaches, in some cases with a critical
and systematic study on the aptamer, and on the working
conditions.

4.2.1. Aptamers in Single-Site (Direct) Assays

The high sensitivities required by the aptamer-based
assays for the detection of some of the target analytes (e.g.
pM level), often cannot be reached by a direct or single-site
format, since the affinities of aptamers for their targets is not
high enough (ranging from the micro- to the nanomolar
level). For this reason, several strategies have been used as
signal amplification tools, such as metallic and magnetic
nanoparticles, enzymatic labels, and quantum dots.!%*16]

Aptamer-functionalized metallic and magnetic nanopar-
ticles have been widely used for the direct detection of
proteins and other molecules.'" Various strategies have
been developed for colorimetric assays based on aptamers
and gold nanoparticles for direct format type assays. The
major advantage of colorimetric assays based on aptamer—
gold nanoparticles (AuNPs) is that molecular recognition
events can be transformed into color changes, which could be
monitored by absorption spectroscopy or visual observation;
thus no sophisticated instruments are required. Based on this
strategy, a method for target detection via an aptamer
hybridized with a short complementary oligonucleotide
attached to AuNPs at a specific salt concentration was
presented.!'”! The surface charge density of AuNPs could
also be controlled through changes in the aptamer conforma-
tion by folding and unfolding on the AuNP surfaces. It was
found that folded aptamer-modified AuNPs were more stable
toward salt-induced aggregation than those tethered to
unfolded aptamers. Based on this fact and on the predictable
structure switching of aptamers, the analysis of adenosine was
successfully realized.!'’”

In a similar way to gold and magnetic nanoparticles,
quantum dots (QDs) have been coupled to aptamers for the
recognition of proteins.[18%173174]

Other types of nanomaterials, such as carbon nanotubes
(CNTs), used for signal generation and amplification have
been used in combination with aptamers.'*>1¢l The photo-
physical properties of single-walled NTs (SWNTs), which act
collectively as quenchers for dyes, have been used in the
development of a sensing platform with the thrombin
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aptamer.['”” The same principle has recently been used for the
development of an assay for the detection of ATP by the
noncovalent assembly of dye-labeled ATP aptamers and
SWNTs.['¥

Moreover, it has been reported that aptamers work much
more efficiently than antibodies in CNT field effect transistor
(FET) sensors.'” More recently, the same research group
used carbon nanotube field-effect transistors (CNTFETs) in a
label-free sensor for the detection of immunoglobulin E (IgE)
in the range 250 pm—160 nm.['"*! The authors concluded that
the proposed method possesses a better detection limit than
other methods based on aptamer-IgE interactions.

The fact that some aptamers fold or make a conforma-
tional change upon associating with their molecular targets is
an interesting mechanism that can be exploited in the design
of new aptamer-based direct assays.

Various assays, especially electrochemical sensors, based
on this approach have been used for the detection of different
targets such as theophylline,"*"1*J lysozyme,"*3! botulinum
neurotoxin,'® adenosine, % cocaine,'* or throm-
bin."¥1%1 Tn the electrochemical approach, the interaction
of a labeled aptamer with its target can modulate the distance
of the electroactive labels from the sensor electrode, thereby
altering the redox current.

Despite the high number of published assays based on this
approach, most of the selected aptamers are highly folded and
fail to undergo any significant conformational change upon
target binding, as recently discussed by Plaxco and co-
workers.""12l Generally, when the conformational change
is absent or partial and it does not generate any signaling
event, a change in the aptamer geometry is necessary through
the introduction of an antisense oligonucleotide which
hybridizes with the aptamer, thereby keeping it in the
unfolded form in the absence of the target'™ or by
destabilization of the native aptamer fold by truncation or
the introduction of point mutations."™ These aptamer
engineering approaches have been explored systematically
and compared by using two representative aptamers (ATP
and IgE aptamer). It was observed that the relative change in
the signal upon target binding varies by more than two orders
of magnitude across the various investigated constructs and
that the optimal geometry is specific to the aptamer sequence
upon which the sensor is built.""? An alternative possible
alteration of the aptamer geometry has recently been
proposed, which exploits the splitting of the aptamers into
two suitable segments."”!

The same principle—defined as the formation of supra-
molecular aptamer complexes (Figure 7)—has recently been
used for the detection of cocaine by different research groups,
who used electrochemical (voltammetry, impedance, and ion-
sensitive field-effect transistor (ISFET)), photoelectrochem-
ical, and SPR techniques."”*'*! The detection limits of the
different configurations are in the range 1x107°-1x
107 MM or lower (0.1 pm).[*

4.2.2. Aptamers in Double-Site (Sandwich) Assays

The use of a sandwich format allows the target analyte to
be detected with very high sensitivity and selectivity. Two
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Figure 7. Electrochemical (A), photoelectrochemical (B), and SPR (C)
detection of cocaine through the self-assembly of cocaine aptamer
subunits functionalized with supramolecular complexes of platinum
nanoparticles, CdS nanoparticles, or gold nanoparticles and gold
surfaces functionalized with the second cocaine aptamer subunit in
the presence of cocaine. Reproduced from Ref. [196].

conditions are required: 1) the analyte possesses two epitopes
which are so different that both receptors can bind to the
analyte without the binding of one affecting the binding of the
other; 2) two aptamers are selected against such an analyte.
The main disadvantage related to this format is that very few
molecules (thrombin and PDGF) possess two aptamers that
bind to two different sites and not all of the molecules have
two binding sites. To overcome this fact, many authors have
developed aptamer-based assays by using either the same
aptamer as the primary and secondary ligands,”™*! or an
aptamer and an antibody as ligands for the sandwich.?%2%!
The sandwich approach based on the use of two different
aptamers has been reported mainly only for thrombin through
the use of electrochemiluminescence,?”! magnetic beads and
quantum dots,™ or magnetic beads in an electrochemical
assay.”™™ The sandwich assay has also been performed on
disposable microfluidic devices, fabricated on double-sided
adhesive tapes and polymeric materials by using a laser
cutting approach.”™ In this study a detection limit of
10 ngmL~' was determined, with a linear range of 100-
1000 ngmL " and an average standard deviation of 8 %.

4.2.3. Aptamers in Competitive Assays

The advantages of a competitive format are mainly
related to the fact that only one aptamer is required (since
two or more aptamers are not selected for many target
analytes) and the time necessary for the assay is less. As an
example, a disposable electrochemical competitive assay for
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the detection of IgE has been reported.”™! In this study, the
IgE antigen was immobilized on the surface of screen-printed
electrodes, and then a competition step between IgE bound to
the electrode surface and IgE in solution for the biotinylated
aptamer was conducted. The detection limit was found to be
(23+4)ngmL! and the RSD 5.7+0.8. In further studies,
impedance spectroscopy (faradic impedance spectroscopy,
FIS), was used as a transduction technique for a competitive
aptamer-based assay for the detection of neomycin B.*'" The
interesting feature of this study is the possibility of easily
detecting a small molecule such as neomycin B with an
electrochemical aptamer-based assay as an alternative to
time-consuming label-based immunoassays or HPLC meth-
ods. A similar approach was followed for the development of
an optical sensor for the same molecule, neomycin B, by using
surface plasmon resonance (SPR).[*!!]

5. Application of Peptide Aptamers

Medical therapy and in vivo diagnostics are important
fields of application for peptide aptamers.™*9%10%21221 Several
artificial combinatorial proteins are in preclinical studies and
a few of them are in clinical trials.! Theoretically, all the
different artificial combinatorial proteins, provided that are
able to bind a particular target molecule with sufficient
affinity and selectivity, are applicable as bioreceptors in
bioassays. To date, only a few studies have focused on the
actual use in this regard.['®! In comparison to what happens in
the nucleic acid aptamer field, the publications that deal with
analytical applications are in the minority, with a prevalence
for targeting medical diagnostic applications. To our knowl-
edge, environmental applications of these affinity combina-
torial proteins have been proposed as proof of concept, but
not yet really tested, such as the possibility of using anticalins
for the direct detection of low-molecular-weight compounds
such as nonsymmetrically substituted phthalate esters.'*!]

Different studies are reported in the literature in regard to
diagnostic applications. These are reviewed on the basis of the
scaffold used. Davis et al. used peptide aptamers based on the
STM scaffold®” to establish an SPR assay that offered a
detection limit of 1 nm (150 ngmL ') and determined the
affinity constant of interaction of STM for a cognate antibody
to be Kp=(1.47+0.23) nM. The authors demonstrated that
the STM scaffold mutated to introduce a single cysteine
residue (STM®*"; Figure 8a) enables direct immobilization on
gold surfaces through formation of an S—Au bond (Fig-
ure 8b).

The same authors”?'! presented an extension of this study,
in which they used peptide aptamers to detect cyclin-
dependent protein kinases (CDKs) and to optimize an
immobilization procedure by using a homo-bifunctional
maleimide cross-linker for conjugation between the cysteine
residue and the sulfhydryl groups exposed on a thiol-
functionalized surface.

Recently, the same research group® described another
immobilization procedure for obtaining an oriented peptide
aptamer surface and its utilization in establishing a highly
specific, low-nanomolar-sensitive, SPR-based detection pro-
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Figure 8. Examples of immobilization procedures using cysteine-modi-
fied STM-based aptamers (STM,,0”*"): a) schematic diagram of Hise-
Cys-STM fusion protein illustrating the location of the introduced
cysteine residue at the amino terminus of STM (reproduced from

Ref. [221]); b) schematic diagram of the oriented STM,,,**-CDK2
complex? immobilized on the surface through an S—Au bond;

c) surface activation by the PDEA protocol.”? In this case, the gold
surface was preactivated with a mixed self-assembled monolayer of (1-
mercapto-11-undecyl)tri(ethylene glycol) and HS(CH,),o(OCH,CH,)s-
OCH,COOH (100:1).

tocol for the active form of CDK2. In particular, they
optimized a procedure based on a gold surface activated
with [2-(2-pyridinyldithio)ethaneamine] (PDEA ; Figure 8c).
Significantly, the selected aptamers were able to detect subtle
changes in the conformation of CDK2 associated with the
activation of its catalytic activity. A typical response toward
the inactive form of CDK2 was in the range of 0.5-2 % of the
binding of the active form of CDK2 in the concentration
range from 2 to 20 nM, thus demonstrating that a non-
antibody protein probe was able to detect an isoform of the
active protein. This result raises the possibility that peptide
aptamers will be able to extend the repertoire of probes that
recognize protein conformations, post-translational modifi-
cations (PTMs), or conformations stabilized by PTMs.

The potential use of these scaffold proteins as capture
probes in array formats has also been reported. The approach
proposed by Walti and co-workers??! is particularly interest-
ing since they reported label-free detection techniques. The
authors presented a procedure based on peptide aptamers, as
artificial protein detectors arrayed on gold electrodes, and
electrochemical impedance spectroscopy (EIS). They de-
scribed a method to immobilize specific peptide aptamers on
individual electrodes by using a masking/unmasking proce-
dure based on methyl-terminated poly(ethylene glycol)-thiol
and STM®*") on a gold electrode. EIS was used as a label-
free, electrochemical method that monitors local variations in
the impedance of the electrochemical layer above the surface
of the gold electrode. The capture of protein molecules by an
aptamer-functionalized electrode perturbs the electrical prop-
erties of the layer and thus its impedance. The authors
demonstrated the specific recognition of CDKs in whole-cell
lysates by using arrays of ten electrodes functionalized with
individual peptide aptamers, with no measurable cross-talk
between the electrodes. The sensitivity reported was within
the clinically relevant range and can detect proteins against
the high, whole-cell lysate background. Estrela et al.”?!
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reported another label-free detection scheme for STM-based
aptamer—protein interactions. By using accurate differential
voltage instrumentation, they demonstrated a direct mea-
surement of variations in the open-circuit potential (OCP).

Affibody molecules have also been investigated as affinity
probes in protein microarray formats. For example, affibody
molecules with affinity for IgA, IgE, IgG, TNFa, insulin, and
Taq polymerase, were immobilized on thiol dextran micro-
array slides and then incubated with fluorescently labeled
analyte. This revealed specific binding of the respective target
protein with no observable cross-reactivity and a detection
limit as low as 70 fm for the best affibody molecule.
Affibody molecules were also evaluated as capture agents in
a sandwich array with unlabeled target protein and mono-
clonal antibodies used for detection, thus demonstrating
specificity in a complex serum sample.”

Friedman et al. demonstrated the development of an
affibody molecule that is able to simultaneously bind two
different target analytes, namely HER2 (human epidermal-
growth-factor receptor-2) and EGFR (epidermal-growth-
factor receptor).”™! The simultaneous binding to two cell
lines expressing the receptors was shown both in a microarray
format and in real-time analysis of cell—cell interactions.

Affibody molecules have also been coupled to fluores-
cence resonance energy transfer (FRET) for the detection of
analytes in solution. In Ref. [226], two different affibody
molecules with affinity for either human IgA or IgG were
produced by solid-phase peptide synthesis, thereby enabling
site-specific conjugation of different fluorochromes at oppo-
site ends of the affibody molecules. Adding target protein to
the doubly labeled affibody molecules resulted in a concen-
tration-dependent shift in the fluorescence ratio, induced by
the binding of target protein and reduction in FRET between
the acceptor and donor fluorophores. In a similar study by the
same research group,”” two different anti-idiotypic affibody
pairs—consisting of an idiotypic antitarget affibody molecule
and an anti-idiotypic affibody molecule competing for the
same binding site as the target protein—were used for the
detection of unlabeled target protein in solution.

Xu et al."% described the detection of TNF-a and leptin
by using fibronectin III. Scaffold proteins were immobilized
to predefined positions on a glass slide through specific base
pairing between surface-attached oligodeoxynucleotides
complementary to the DNA linker in the mRNA—protein
fusions that were directly obtained from the selection
approach. By using a sandwich-based detection format
(using a Cy3-labeled antibiotin monoclonal antibody), the
two investigated fibronectin variants were demonstrated to
find their respective positions and selectively bind their
targets.

In general terms, “peptide aptamers” could offer
increased selectivity in detection applications for several
reasons, as described before, but in principle for their specific
binding.""” Moreover, a small surface area of the scaffold
reagent, in comparison with antibodies, should result in lower
background signals arising from unspecific interaction with
regions that are not directly involved in analyte recogni-
tion.""" In assay formats involving the immobilization of a
first affinity reagent for analyte capture, the use of such small
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reagents can in principle result in higher molar coating
densities (i.e. binding sites per surface area) compared with
large antibodies. Nevertheless, only a few studies, to our
knowledge, discuss the behavior of these molecules in
complex matrices such as biological fluids, and a detailed
evaluation of the behavior of the main part of these molecules
in real samples is still necessary.

6. Current Challenges and Trends

As discussed in the previous sections, aptamers (both
nucleic acid as well as peptide) are gradually entering the
arenas of classical antibody applications. This is also under-
lined by the commercial exploitation of some of these
molecules for different applications. Medical therapeutic
and diagnostic are still the major areas of interest and use.
However, these new classes of reagents are also of interest to
other biotechnological fields.

The possibility of using nucleic acid and peptide aptamers
as bioreceptors in bioassays is demonstrated by the vast
number of publications; however, a great number of these
studies report analysis only under standard conditions;
further information regarding their behavior in real matrices
are still needed. Nevertheless, some recent studies have
tackled this issue and show that aptamers can be successfully
used in clinical specimens. From these we will cite the papers
of Gold et al.® and Ostroff et al.,”*®! where SOMAmers were
used in multiplexed proteomic technology for biomarker
discovery. In particular in Ref. [228], the authors described
the identification of 44 biomarkers by comparing the sera of
heavy smokers not known to have non-small-cell lung cancer
(NSCLC) or known to have benign nodules with the sera of
heavy smokers known to have either early stage or late stage
NSCLC. The data for the entire experiment were collected
from serum samples of 1326 patients (with 870 protein
measurements per sample) from four independent biorepo-
sitories. More recently, in 2011, Muller et al.?®! reported an
interesting assay for the detection of thrombin in plasma
samples obtained from 20 healthy blood donors and control-
ling carefully the preanalytical conditions. Again, Tan and co-
workers!®?% have shown the applicability of aptamers as
bioreceptors for both the extraction and the enrichment of
tumor cells (TC) from body fluids, such as blood or sputum, as
well as their detection.

Another crucial aspect that should be overcome for a full
exploitation in bioassays is the application to environmental
as well as food samples. In this respect, some examples have
been reported for nucleic acid aptamers but only a few for
“peptide aptamers”. In regard to peptides, the use of scaffolds
based on GFP or (-lactamase, which naturally exert a defined
spectroscopic or biochemical activity, could be particularly
interesting in bioassays since they are characterized by an
integrated binding and reporting function, thus allowing
direct quantification of the target by measurement of the
fluorescence or enzyme activity. However, this possibility has
not yet been fully exploited. A discussion of the challenges of
aptamer evolution technology is beyond the scope of this
Review; however, the development of LNA (locked nucleic
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acid) aptamers™"*?l and PNA (peptide nucleic acid) apta-
mers® can benefit the field of biosensing of molecules
through their maximum chemical diversity, minimum size,
and high biostability. Similar considerations can also be
envisaged for peptide aptamers by the inclusion of non-
natural amino acids that will increase biostability and
introduce new functionality and properties.**

7. Summary and Outlook

Nucleic acid aptamers and “peptide aptamers” have the
common feature of a combinatorial nature. This fact greatly
increases the possibility of finding new binding molecules.
Their stability, their high yield of production and their
synthetic nature that allows the use of animals to be circum-
vented for their production, are all very interesting properties
that should help to increase their use in different fields of
science.

Although the advantages of aptamers versus antibodies
are evident, it is hard to compare nucleic acids and proteins.
Proteins possess a variety of functional groups not present in
nucleic acids which can enhance interactions and thus the
affinity with the target (i.e. through the formation of hydro-
gen bonds or electrostatic bonds). Proteins have a different
acid-base behavior than nucleic acids. The more rigid back-
bone of proteins compared to nucleic acids may also be an
important advantage. As stated by Wilson and Szostak
regarding a comparison between enzymes and ribozymes,*’!
“a protein active site may have around 8 amino-acid positions
that directly contribute to substrate binding, and thus the
number of possible combinations of side chains that evolution
could sample would therefore approach 10°; a ribozyme active
site would be much more restricted in the number of different
combinations of side chains and functional groups that it could
utilize”. Clearly, this consideration can be translated to all
classes of nucleic acid aptamers and proteins, including
peptide aptamers. Nevertheless, a comparison of these two
classes of affinity molecules is not a trivial matter. Different
considerations have to be kept in mind to make this
comparison, such as selection or production procedures,
which can lead to different evaluations.

Moreover, from an analytical point of view and consid-
ering their application as reagents in bioassays, the nature of
the sample (i.e. clinical specimen versus environmental
matrices) must not be forgotten, as it can greatly influence
the performance of a molecule with respect to another. Thus,
it is impossible to predict which affinity molecule is the best
for a particular application.

However, it is our opinion that the availability of a
plethora of binding molecules, such as nucleic and peptide
aptamers, which are different in chemical composition and
produced by different ways, provides huge advantages in
bioanalysis.

Received: October 22, 2010
Published online: December 30, 2011

Angew. Chem. Int. Ed. 2012, 51, 13161332

Angewandte
itermationalediion. CHEIMIIE

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[1] C. Chan, P.J. Carter, Nat. Rev. Immunology 2010, 10, 301.
[2] A. Skerra, Curr. Opin. Chem. Biol. 2003, 7, 683.
[3] H. K. Binz, P. Amstutz, A. Pliickthun, Nat. Biotechnol. 2005, 23,
1257.
[4] A. Skerra, Curr. Opin. Biotechnol. 2007, 18, 295.
[5] W.James in Encyclopedia of Analytical Chemistry (Ed.: R. A.
Meyers), Wiley, Chichester, 2000, p. 4848.
[6] G. Mayer, Angew. Chem. 2009, 121, 2710; Angew. Chem. Int.
Ed. 2009, 48, 2672.
[7] A.D. Ellington, J. W. Szostak, Nature 1990, 346, 818.
[8] K. Nord, J. Nilsson, B. Nilsson, M. Uhlen, P. Nygren, Protein
Eng. 1995, 8, 601.
[9] P. Colas, B. Cohen, T. Jessen, 1. Grishina, J. McCoy, R. Brent,
Nature 1996, 380, 548.
[10] J. Ciesiolka, J. Gorski, M. Yarus, RNA 1995, 1, 538.
[11] C. Wilson, J. W. Szostak, Chem. Biol. 1998, 5, 609.
[12] Q. Yang, L. J. Goldstein, H. Y. Mei, D. R. Engelke, Proc. Natl.
Acad. Sci. USA 1998, 95, 5462.
[13] M. Famulok, A. Huttenhofer, Biochemistry 1996, 35, 4265.
[14] E. Kraus, W. James, A. N. Barclay, J. Immunol. 1998, 160, 5209.
[15] J. A. Phillips, D. Lopez-Colon, Z. Zhu, Y. Xu, W. Tan, Anal.
Chim. Acta 2008, 621, 101.
[16] J. B.-H. Tok, J. Cho, R. R. Rando, Nucleic Acids Res. 2000, 28,
2902.
[17] G. R.Zimmermann, C. L. Wick, T. P. Shields, R. D. Jenison, A.
Pardi, RNA 2000, 6, 659.
[18] C. Tuerk, S. MacDougal, L. Gold, Proc. Natl. Acad. Sci. USA
1992, 89, 6988.
[19] C. Wilson, J. Nix, J. Szostak, Biochemistry 1998, 37, 14410.
[20] C. Boiziau, E. Dausse, L. Yurchenko, J.J. Toulme, J. Biol.
Chem. 1999, 274, 12730.
[21] D. Scarabino, A. Crisari, S. Lorenzini, K. Williams, G.P.
Tocchini-Valentini, EMBO J. 1999, 18, 4571.
[22] L. C. Bock, L. C. Griffin, J. A. Latham, E. H. Vermaas, J. J.
Toole, Nature 1992, 355, 564.
[23] R. F. Macaya, P. Schultz, F. W. Smith, J. A. Roe, J. Feigon, Proc.
Natl. Acad. Sci. USA 1993, 90, 3745.
[24] D. M. Tasset, M. F. Kubik, W. Steiner, J. Mol. Biol. 1997, 272,
688.
[25] A.R. Ferre-D'Amare, J. A. Doudna, Annu. Rev. Biophys.
Biomol. Struct. 1999, 28, 57.
[26] T. Hermann, D. J. Patel, Science 2000, 287, 820.
[27] R. D. Jenison, S. C. Gill, A. Pardi, B. Polinsky, Science 1994,
263, 1425.
[28] A. Geiger, P. Burgstaller, H. von der Eltz, A. Roeder, M.
Famulok, Nucleic Acids Res. 1996, 24, 1029.
[29] C. Mannironi, A. DiNardo, P. Fruscoloni, G.P. Tocchini-
Valentini, Biochemistry 1997, 36, 9726.
[30] D. E. Huizenga, J. W. Szostak, Biochemistry 1995, 34, 656.
[31] M. G. Wallis, U. von Ahsen, R. Schroeder, M. Famulok, Chem.
Biol. 1995, 2, 543.
[32] 1. Majerfeld, M. Yarus, Nat. Struct. Biol. 1994, 1, 287.
[33] M. Famulok, J. W. Szostak, J. Am. Chem. Soc. 1992, 114, 3, 990.
[34] P. Allen, B. Collins, D. Brown, Z. Hostomsky, L. Gold, Virology
1996, 225, 306.
[35] L. S. Green, D. Jellinek, R. Jenison, A. Ostman, C. H. Heldin,
N. Janjic, Biochemistry 1996, 35, 14413.
[36] C. Tuerk, L. Gold, Science 1990, 249, 505.
[37] C. Romero-Lopez, R. Diaz-Gonzalez, A. Berzal-Herranz,
Biotechnol. Biotechnol Equip. 2007, 21, 272.
[38] R. Stoltenburg, C. Reinemann, B. Strehlitz, Biomol. Eng. 2007,
24, 381.
[39] A.M. Kopylov, V. A. Spiridonova, Mol. Biol. 2000, 34, 940.
[40] Y. Yang, D. Yang, H. J. Schluesener, Z. Zhang, Biomol. Eng.
2007, 24, 583.
[41] A.V. Kulbachinskiy, Biochemistry 2007, 72, 1505.

www.angewandte.org

1329


http://dx.doi.org/10.1038/nri2761
http://dx.doi.org/10.1016/j.cbpa.2003.10.012
http://dx.doi.org/10.1038/nbt1127
http://dx.doi.org/10.1038/nbt1127
http://dx.doi.org/10.1016/j.copbio.2007.04.010
http://dx.doi.org/10.1002/ange.200804643
http://dx.doi.org/10.1002/anie.200804643
http://dx.doi.org/10.1002/anie.200804643
http://dx.doi.org/10.1038/346818a0
http://dx.doi.org/10.1093/protein/8.6.601
http://dx.doi.org/10.1093/protein/8.6.601
http://dx.doi.org/10.1038/380548a0
http://dx.doi.org/10.1016/S1074-5521(98)90289-7
http://dx.doi.org/10.1073/pnas.95.10.5462
http://dx.doi.org/10.1073/pnas.95.10.5462
http://dx.doi.org/10.1021/bi952479r
http://dx.doi.org/10.1016/j.aca.2008.05.031
http://dx.doi.org/10.1016/j.aca.2008.05.031
http://dx.doi.org/10.1093/nar/28.15.2902
http://dx.doi.org/10.1093/nar/28.15.2902
http://dx.doi.org/10.1017/S1355838200000169
http://dx.doi.org/10.1073/pnas.89.15.6988
http://dx.doi.org/10.1073/pnas.89.15.6988
http://dx.doi.org/10.1021/bi981371j
http://dx.doi.org/10.1074/jbc.274.18.12730
http://dx.doi.org/10.1074/jbc.274.18.12730
http://dx.doi.org/10.1093/emboj/18.16.4571
http://dx.doi.org/10.1038/355564a0
http://dx.doi.org/10.1073/pnas.90.8.3745
http://dx.doi.org/10.1073/pnas.90.8.3745
http://dx.doi.org/10.1006/jmbi.1997.1275
http://dx.doi.org/10.1006/jmbi.1997.1275
http://dx.doi.org/10.1126/science.287.5454.820
http://dx.doi.org/10.1126/science.7510417
http://dx.doi.org/10.1126/science.7510417
http://dx.doi.org/10.1093/nar/24.6.1029
http://dx.doi.org/10.1021/bi9700633
http://dx.doi.org/10.1021/bi00002a033
http://dx.doi.org/10.1016/1074-5521(95)90188-4
http://dx.doi.org/10.1016/1074-5521(95)90188-4
http://dx.doi.org/10.1038/nsb0594-287
http://dx.doi.org/10.1006/viro.1996.0605
http://dx.doi.org/10.1006/viro.1996.0605
http://dx.doi.org/10.1021/bi961544+
http://dx.doi.org/10.1126/science.2200121
http://dx.doi.org/10.1016/j.bioeng.2007.06.001
http://dx.doi.org/10.1016/j.bioeng.2007.06.001
http://dx.doi.org/10.1023/A:1026696330245
http://dx.doi.org/10.1016/j.bioeng.2007.06.003
http://dx.doi.org/10.1016/j.bioeng.2007.06.003
http://www.angewandte.org

Angewandte

Reviews

[42] W. Wang, L.-Y. Jia, Chin. J. Anal. Chem. 2009, 37, 454.

[43] M. T. Bowser, Analyst 2005, 130, 128.

[44] Y. Nonaka, K. Sode, K. Ikebukuro, Molecules 2010, 15, 215.

[45] S. H.Jeon, B. Kayhan, T. Ben-Yedidia, R. Arnon, J. Biol. Chem.
2004, 279, 48410.

[46] D.S. Wilson, J. W. Szostak, Annu. Rev. Biochem. 1999, 68, 611.

[47] D.J. King, D. A. Ventura, A.R. Brasier, D. G. Gorestein,
Biochemistry 1998, 37, 16489.

[48] F.Jarosch, K. Buchner, S. Klussmann, Nucleic Acids Res. 2006,
34 ,e86.

[49] D. Eulberg, S. Klussmann, ChemBioChem 2003, 4, 979.

[50] S. Klussman, A. Noite, R. Bald, V. A. Erdmann, J. P. Furste,
Nat. Biotechnol. 1996, 14, 1112.

[51] J.J. Liu, G. D. Stormo, Nucleic Acids Res. 2005, 33, e141.

[52] M. Bianchini, M. Radrizzani, M. G. Brocardo, G. B. Reyes, S. C.
Gonzalez, T. A. Santa-Coloma, J. Immunol. Methods 2001, 252,
191.

[53] S.Jeong, S. R. Han, Y.J. Lee, S.-W. Lee, Biotechnol. Lett. 2010,
32, 379.

[54] M. Djordjevic, Biomol. Eng. 2007, 24, 179.

[55] J. C. Cox, A. D. Ellington, Bioorg. Med. Chem. 2001, 9, 2525.

[56] D. Eulberg, K. Buchner, C. Maasch, S. Klussmann, Nucleic
Acids Res. 2005, 33, e45.

[57] J. Charlton, G. P. Kirschenheuter, D. Smith, Biochemistry 1997,
36, 3018.

[58] D. Smith, G. P. Kirschenheuter, J. Charlton, D. M. Guidot, J. E.
Repine, Chem. Biol. 1995, 2, 741.

[59] R.K. Mosing, M. T. Bowser in Nucleic Acid and Peptide
Aptamers: Methods and Protocols, Vol. 535 (Ed.: G. Mayer),
Humana Press, New York, 2009, p. 1.

[60] R. K. Mosing, M. T. Bowser, J. Sep. Sci. 2007, 30, 1420.

[61] S. D. Mendonsa, M. T. Bowser, J. Am. Chem. Soc. 2004, 126, 20.

[62] K.-T. Guo, A. Paul, C. Schichor, G. Ziemer, H. P. Wendel, Int. J.
Mol. Sci. 2008, 9, 668.

[63] X. Fang, W. Tan, Acc. Chem. Res. 2010, 43, 48.

[64] D. H. Burke, J. H. Willis, RNA 1998, 4, 1165.

[65] S. M. Shamah, J. M. Healy, S. T. Cload, Acc. Chem. Res. 2008,
41, 130.

[66] J. D. Smith, L. Gold, 2004, US Patent 6,706,432.

[67] K. B.Jensen, B. L. Atkinson, M. C. Willis, T. H. Koch, L. Gold,
Proc. Natl. Acad. Sci. USA 1995, 92, 12220.

[68] M. C. Golden, B. D. Collins, M. C. Willis, T. Koch, J. Biotechnol.
2000, 81, 167.

[69] M. Blank, T. Weinschenk, M. Priemer, H. J. Schlusener, J. Biol.
Chem. 2001, 276, 16464.

[70] K. N. Morris, K. B. Jensen, C. M. Julin, M. Weil, L. Gold, Prod.
Natl. Acad. Sci. USA 1998, 95, 2902.

[71] G. Mayer, M.-S. L. Ahmed, A. Dolf, E. Endl, P. A. Knolle, M.
Famulok, Nat. Protoc. 2010, 5, 1993.

[72] R. Stoltenburg, C. Reinemann, B. Strehlitz, Anal. Bioanal.
Chem. 2005, 383, 83.

[73] C.Lorenz, F. von Pelchrzim, R. Schroeder, Nat. Protoc. 2006, 1,
2204.

[74] A.D. Keefe, S. T. Cload, Curr. Opin. Chem. Biol. 2008, 12, 448.

[75] L. Wu, J. F. Curran, Nucleic Acids Res. 1999, 27, 1512.

[76] A.D. Ellington, J. W. Szostak, Nature 1992, 355, 850.

[77] M. Berezovski, M. Musheev, A. Drabovich, S. N. Krylov, J. Am.
Chem. Soc. 2006, 128, 1410.

[78] J. D. Wen, D. M. Gray, Nucleic Acids Res. 2004, 32, e182.

[79] E.Roulet, S. Busso, A. A. Camargo, A. J. Simpson, N. Mermod,
P. Bucher, Nat. Biotechnol. 2002, 20, 831.

[80] L. Gold, D. Ayers, J. Bertino et al., PLoS One 2010, 5, e15004.

[81] C. Wang, M. Zhang, G. Yang, D. Zhang, H. Ding, H. Wang, M.
Fan, B. Shen, N. Shao, J. Biotechnol. 2003, 102, 15.

[82] A. Vater, F. Jarosch, K . Buchner, S. Klussmann, Nucleic Acids
Res. 2003, 31, €130.

[83] W. H. Pan, P. Xin, G. A. Clawson, BioTechniques 2008, 44, 351.

—_—

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

M. Mascini et al.

[84] S.P. Ohuchi, T. Ohtsu, Y. Nakamura, Biochimie 2006, 88, 897.

[85] R. White, C. Rusconi, E. Scardino, A. Wolberg, J. Lawson, M.
Hoffman, B. Sullenger, Mol. Ther. 2001, 4, 567.

[86] T.R. Keeney, C. Bock, L. Gold, S. Kraemer, B. Lollo, M.
Nikrad, M. Stanton, A. Stewart, J. D. Vaught, J.J. Walker,
JALA 2009, 14, 360.

[87] Y. Miyachi, N. Shimizu, C. Ogino, A. Kondo, Nucleic Acids Res.
2010, 38, e21.

[88] C.J. Huang, H. 1. Lin, S. C. Shiesh, G.B. Lee, Proc. Micro-
TAS'09, 2009, 150.

[89] J. Qian, X. Lou, Y. Zhang, Y. Xiao, H. T. Soh, Anal. Chem.
2009, 81, 5490.

[90] 1. C. Baines, P. Colas, Drug Discovery Today 2006, 11, 334.

[91] F. Hoppe-Seyler, K. Butz, J. Mol. Med. 2000, 78, 426.

[92] P. Colas, J. Biol. 2008, 7, 2.

[93] F. Hoppe-Seyler, I. Crnkovic-Mertens, C. Denk, B. A. Fitscher,
B. Klevenz, E. Tomai, K. Butz, J. Steroid Biochem. Mol. Biol.
2001, 78, 105.

[94] M. Crawford, R. Woodman, P. K. Ferrigno, Briefings Funct.
Genomics Proteomics 2003, 2, 72.

[95] F. Hoppe-Seyler, I. Crnkovic-Mertens, E. Tomai, K. Butz, Curr.
Mol. Med. 2004, 4, 529.

[96] J. Lofbom, J. Feldwisch, V. Tolmachev, J. Carlsson, S. Stahl, F. Y.
Frejd, FEBS Lett. 2010, 584, 2670.

[97] C. Gronwall, S. Stahl, J. Biotechnol. 2009, 140, 254.

[98] R. C. Ladner, Trends Biotechnol. 1995, 13, 426.

[99] C.R. Geyer, R. Brent, Methods Enzymol. 2000, 328, 171.

[100] P. Colas, Curr. Opin. Chem. Biol. 2000, 4, 54.

[101] P. A. Nygren, A. Skerra, J. Immunol. Methods 2004, 90, 3.

[102] P. A. Nygren, M. Uhlén, Curr. Opin. Struct. Biol. 1997, 7, 463.

[103] T. Hey, E. Fiedler, R. Rudolph, M. Fiedler, Trends Biotechnol.
2005, 23, 514.

[104] R.J. Hosse, A. Rothe, B. E. Power, Protein Sci. 2006, 15, 14.

[105] C. Bourghouts, C. Kunz, B. Groner, Expert Opin. Biol. Ther.
2005, 5, 783.

[106] R. Woodman, J. T. H. Yeh, S. Laurenson, P. J. Ko Ferrigno, Mol.
Biol. 2005, 352, 1118.

[107] T. Hoffmann, L. K. J. Stadler, M. Busby, Q. Song, A. T. Buxton,
S. D. Wagner, J. J. Davis, P. Ko Ferrigno, Prot. Eng. Des. Sel.
2010, 23, 403.

[108] R. A. Miller, B. F. Binkowski, P. J. Belshaw, J. Mol. Biol. 2007,
365, 945.

[109] A. Skerra, FEBS J. 2008, 275, 2677.

[110] L. Xu, P. Aha, K. Gu, R. G. Kuimelis, M. Kurz, T. Lam, A. C.
Lim, H. Liu, P. A. Lohse, L. Sun, S. Weng, R. W. Wagner, D.
Lipovsek, Chem. Biol. 2002, 9, 933.

[111] M. R. Abedi, G. Caponigro, A. Kamb, Nucleic Acids Res. 1998,
26, 623.

[112] T. C. Norman, D. L. Smith, P. K. Sorger, B. L. Drees, S. M.
O’Rourke, T. R. Hughes, C. J. Roberts, S. H. Friend, S. Fields,
A. W. Murray, Science 1999, 285, 591.

[113] H. K. Binz, P. Amstutz, A. Kohl, M. T. Stumpp, C. Briand, P.
Forrer, M. G. Grutter, A. Pliickthun, Nat. Biotechnol. 2004, 22,
575.

[114] K.Nord, E. Gunneriusson, J. Ringdahl, S. Stahl, M. Uhlen, P. A.
Nygren, Nat. Biotechnol. 1997, 15, 772.

[115] M. Andersson, J. Ronnmark, I. Arestrom, P. A. Nygren, N.
Ahlborg, J. Immunol. Methods 2003, 283.

[116] P. A. Nygren, FEBS J. 2008, 275, 2668.

[117] F. Nilsson, V. Tolmachev, Curr. Opin. Drug. Discovery Dev.
2007, 10, 167.

[118] S. Krause, H. U. Schmoldt, A. Wentzel, M. Ballmaier, K.
Friedrich, H. Kolmar, FEBS J. 2007, 274, 86.

[119] A. Christmann, K. Walter, A. Wentzel, R. Kritzner, H. Kolmar,
Protein Eng. 1999, 12, 797.

[120] A. Wentzel, A. Christmann, T. Adams, H. Kolmar, J. Bacteriol.
2001, 783, 7273.

Angew. Chem. Int. Ed. 2012, 51, 1316 —1332


http://dx.doi.org/10.1016/S1872-2040(08)60092-4
http://dx.doi.org/10.1039/b412492h
http://dx.doi.org/10.3390/molecules15010215
http://dx.doi.org/10.1074/jbc.M409059200
http://dx.doi.org/10.1074/jbc.M409059200
http://dx.doi.org/10.1021/bi981780f
http://dx.doi.org/10.1002/cbic.200300663
http://dx.doi.org/10.1093/nar/gni139
http://dx.doi.org/10.1016/S0022-1759(01)00350-7
http://dx.doi.org/10.1016/S0022-1759(01)00350-7
http://dx.doi.org/10.1007/s10529-009-0168-1
http://dx.doi.org/10.1007/s10529-009-0168-1
http://dx.doi.org/10.1016/j.bioeng.2007.03.001
http://dx.doi.org/10.1016/S0968-0896(01)00028-1
http://dx.doi.org/10.1093/nar/gni044
http://dx.doi.org/10.1093/nar/gni044
http://dx.doi.org/10.1021/bi962669h
http://dx.doi.org/10.1021/bi962669h
http://dx.doi.org/10.1016/1074-5521(95)90102-7
http://dx.doi.org/10.1002/jssc.200600483
http://dx.doi.org/10.1021/ja037832s
http://dx.doi.org/10.3390/ijms9040668
http://dx.doi.org/10.3390/ijms9040668
http://dx.doi.org/10.1021/ar900101s
http://dx.doi.org/10.1017/S1355838298980542
http://dx.doi.org/10.1021/ar700142z
http://dx.doi.org/10.1021/ar700142z
http://dx.doi.org/10.1073/pnas.92.26.12220
http://dx.doi.org/10.1016/S0168-1656(00)00290-X
http://dx.doi.org/10.1016/S0168-1656(00)00290-X
http://dx.doi.org/10.1074/jbc.M100347200
http://dx.doi.org/10.1074/jbc.M100347200
http://dx.doi.org/10.1073/pnas.95.6.2902
http://dx.doi.org/10.1073/pnas.95.6.2902
http://dx.doi.org/10.1038/nprot.2010.163
http://dx.doi.org/10.1007/s00216-005-3388-9
http://dx.doi.org/10.1007/s00216-005-3388-9
http://dx.doi.org/10.1038/nprot.2006.372
http://dx.doi.org/10.1038/nprot.2006.372
http://dx.doi.org/10.1016/j.cbpa.2008.06.028
http://dx.doi.org/10.1093/nar/27.6.1512
http://dx.doi.org/10.1038/355850a0
http://dx.doi.org/10.1021/ja056943j
http://dx.doi.org/10.1021/ja056943j
http://dx.doi.org/10.1093/nar/gnh179
http://dx.doi.org/10.1371/journal.pone.0015004
http://dx.doi.org/10.1016/S0168-1656(02)00360-7
http://dx.doi.org/10.2144/000112689
http://dx.doi.org/10.1016/j.biochi.2006.02.004
http://dx.doi.org/10.1006/mthe.2001.0495
http://dx.doi.org/10.1093/nar/gkp1101
http://dx.doi.org/10.1093/nar/gkp1101
http://dx.doi.org/10.1021/ac900759k
http://dx.doi.org/10.1021/ac900759k
http://dx.doi.org/10.1016/j.drudis.2006.02.007
http://dx.doi.org/10.1007/s001090000140
http://dx.doi.org/10.1186/jbiol64
http://dx.doi.org/10.1016/S0960-0760(01)00085-1
http://dx.doi.org/10.1016/S0960-0760(01)00085-1
http://dx.doi.org/10.1093/bfgp/2.1.72
http://dx.doi.org/10.1093/bfgp/2.1.72
http://dx.doi.org/10.1016/S0167-7799(00)88997-0
http://dx.doi.org/10.1016/S1367-5931(99)00051-4
http://dx.doi.org/10.1016/S0959-440X(97)80108-X
http://dx.doi.org/10.1016/j.tibtech.2005.07.007
http://dx.doi.org/10.1016/j.tibtech.2005.07.007
http://dx.doi.org/10.1110/ps.051817606
http://dx.doi.org/10.1093/protein/gzq012
http://dx.doi.org/10.1093/protein/gzq012
http://dx.doi.org/10.1016/j.jmb.2006.07.035
http://dx.doi.org/10.1016/j.jmb.2006.07.035
http://dx.doi.org/10.1111/j.1742-4658.2008.06439.x
http://dx.doi.org/10.1016/S1074-5521(02)00187-4
http://dx.doi.org/10.1093/nar/26.2.623
http://dx.doi.org/10.1093/nar/26.2.623
http://dx.doi.org/10.1126/science.285.5427.591
http://dx.doi.org/10.1038/nbt962
http://dx.doi.org/10.1038/nbt962
http://dx.doi.org/10.1111/j.1742-4658.2008.06438.x
http://dx.doi.org/10.1111/j.1742-4658.2006.05567.x
http://dx.doi.org/10.1093/protein/12.9.797
http://dx.doi.org/10.1128/JB.183.24.7273-7284.2001
http://dx.doi.org/10.1128/JB.183.24.7273-7284.2001
http://www.angewandte.org

Aptamer Development

[121] A. Williams, L. G. Baird, Transfus. Apher. Sci. 2003, 29, 255.

[122] C. Neylon, Nucleic Acid Res. 2004, 32, 1448.

[123] S. Fields, O. Song, Nature 1989, 340, 245.

[124] A. Gaida, U.B. Hagemann, D. Mattay, C. Rauber, K. M.
Muller, K. M. Arndt in Nucleic Acid and Peptide Aptamers:
Methods and Protocols, Vol. 535 (Ed.: G. Mayer), Humana
Press, New York, 2009, p. 263.

[125] G. P. Smith, Science 1985, 228, 1315.

[126] G. Georgiou, D. L. Stephens, C. Stathopoulos, H. L. Poetschke,
J. Mendenhall, C. F. Earhart, Protein Eng. 1996, 9, 239.

[127] P. Samuelson, E. Gunneriusson, P. A. Nygren, S. Stahl, J.
Biotechnol. 2002, 96, 129.

[128] P. H. Bessette, J. J. Rice, P. S. Daugherty, Protein Eng. Des. Sel.
2004, 17, 731.

[129] D. Lipovsek, A. Plukthun, J. Immunol. Methods 2004, 290, 51.

[130] E. W.Ng, D. T. Shima, P. Calias, E. T. Cunningham, D. R. Gyer,
A. P. Adamis, Nat. Rev. Drug Discovery 2006, 5, 123.

[131] T. A. Ciulla, P.J. Rosenfeld, Curr. Opin. Ophtalmol. 2009, 20,
158.

[132] D. Jellinek, L. S. Green, C. Bell, N. Janijic, Biochemistry 1994,
33, 10450.

[133] L. S. Green, D. Jellinek, C. Bell, L. A. Beebe, B. D. Feistner,
S. C. Gill, E. M. Jucker, N. Janjic, Chem. Biol. 1995, 2, 683.

[134] C. A.Tryjillo, A. A. Nery, J. M. Alves, A. H. Martins, H. Ulrich,
Clin. Ophthalmol. 2007, 1, 393.

[135] S. E. Osborne, I. Matsumura, A.D. Ellington, Curr. Opin.
Chem. Biol. 1997, 1, 5.

[136] J. F. Lee, G. M. Stovall, A. D. Ellington, Curr. Opin. Chem.
Biol. 2006, 10, 282.

[137] J. Zhou, J. J. Rossi, Curr. Top. Med. Chem. 2009, 9, 1144.

[138] P. R. Bouchard, R. M. Hutabarat, K. M. Thompson, Annu. Rev.
Pharmacol. Toxicol. 2010, 50, 237.

[139] J. O. McNamara II, E. R. Andrechek, Y. Wang, K. D. Viles,
R. E. Rempel, E. Gilbo, B. A. Sullenger, P. H. Giangrande, Nat.
Biotechnol. 2006, 24, 1005.

[140] D. Shangguan, Y. Li, Z. Tang, Z. Cao, Z. Xiao, H. Chen, P.
Mallikaratchy, K. Sefah, C.J. Yang, W. Tan, Proc. Natl. Acad.
Sci. USA 2006, 103, 11838.

[141] S. E. Lupold, B. J. Hicke, Y. Lin, D. S. Coffey, Cancer Res. 2002,
62, 4029.

[142] K. A. Davis, B. Abrams, Y. Lin, S. D. Jayasena, Nucleic Acids
Res. 1996, 24, 702.

[143] H. Ulrich, C. Wrenger, Cytometry Part A 2009, 75 A, 727.

[144] K. Sefah, Z. W. Tang, D. H. Shangguan, H. Chen, D. Lopez-
Colon, Y. Li, P. Parekh, J. Martin, L. Meng, J. A. Phillips, Y. M.
Kim, W. H. Tan, Leukemia 2009, 23, 235.

[145] N. Li, J. N. Ebright, G. M. Stovall, X. Chen, H. Hanh Nguyen,
A. Singh, A. Syrett, A. D. Ellington, J. Proteome Res. 2009, 8,
2438.

[146] Z. Li, P. Huang, R. He, J. Lin, S. Yang, X. Zhang, Q. Ren, D.
Cui, Mater. Lett. 2010, 64, 375.

[147] J. A. Phillips, Y. Xu, Z. Xia, Z. H. Fan, W. Tan, Anal. Chem.
2009, 81, 1033.

[148] W.J. Kang, J. R. Chae, Y. L. Cho, J. D. Lee, S. Kim, Small 2009,
5, 2519.

[149] G. Liu, X. Mao, J. A. Phillips, H. Xu, W. Tan, L. Zeng, J. Anal.
Chem. 2009, 81, 10013.

[150] G.J. Tong, S. C. Hsiao, Z. M. Carrico, M. B. Francis, J. Am.
Chem. Soc. 2009, 131, 11174.

[151] Y.-F. Huang, Y.-W. Lin, Z.-H. Lin, H.-T. Chang, J. Nanopart.
Res. 2009, 11, 775.

[152] Y. Wu, K. Sefah, H. Liu, R. Wang, W. Tan, Proc. Natl. Acad. Sci.
USA 2010, 107, 5.

[153] G. Wang, Y. Wang, L. Chen, J. Choo, Biosens. Bioelectron. 2010,
25, 1859.

[154] A. Sassolas, L.J. Blum, B.D. Leca-Bouvier, Electroanalysis
2009, 217, 1237.

Angew. Chem. Int. Ed. 2012, 51, 13161332

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte
itermationalediion. CHEIMIIE

[155] T. Hianik, J. Wang, Electroanalysis 2009, 21, 1223.

[156] S. Song, L. Wang, J. Li, J. Zhao, C. Fan, Trends Anal. Chem.
2008, 27, 108.

[157] T. H. Nguyen, J. P. Hilton, Q. Lin, Microfluid. Nanofluid. 2009,
6, 347.

[158] 1. Willner, M. Zayats, Angew. Chem. 2007, 119, 6528; Angew.
Chem. Int. Ed. 2007, 46, 6408; Angew. Chem. Int. Ed. 2007, 46,
6408.

[159] K. Sefah, J. A. Phillips, X. Xiong, L. Meng, D. Van Simaeys, H.
Chen, W. Tan, Analyst 2009, 134, 1765.

[160] A.K.H. Cheng, D. Sen, H. Z. Yu, Bioelectrochemistry 2009, 77,
1.

[161] S. Tombelli, M. Mascini, Curr. Opin. Mol. Ther. 2009, 11, 179.

[162] E. Baldrich, A. Restrepo, C. K. O’Sullivan, J. Anal. Chem.
2004, 76, 7053.

[163] S. Centi, G. Messina, S. Tombelli, I. Palchetti, M. Mascini,
Biosens. Bioelectron. 2008, 23, 1602.

[164] G.S. Baird, Am. J. Clin. Pathol. 2010, 134, 529.

[165] S. Tombelli, M. Minunni, M. Mascini in Aptamers in Bioanalysis
(Ed.: M. Mascini), Wiley, Hoboken, 2009, p. 159.

[166] J. Wang, H. S. Zhou, Anal. Chem. 2008, 80, 7174.

[167] Z. Zhang, C. Chen, X. S. Zhao, Electroanalysis 2009, 21, 1316.

[168] J. L. Chévez, W. Lyon, N. Kelley-Loughnane, M. O. Stone,
Biosens. Bioelectron. 2010, 26, 23.

[169] J. H. Lee, M. V. Yigit, D. Mazumdarc, Y. Lu, Adv. Drug
Delivery Rev. 2010, 62, 592.

[170] C.Deng,J. Chen, L. Nie, Z. Nie, S. Yao, J. Anal. Chem. 2009, 81,
9972.

[171] W. A. Zhao, W. Chiuman, M. A. Brook, Y. F. Li, ChemBio-
Chem 2007, 8, 727.

[172] W. A. Zhao, W. Chiuman, J. C.F. Lam, S. A. McManus, W.
Chen, Y. G. Cui, R. Pelton, M. A. Brook, Y. F. Li, J. Am. Chem.
Soc. 2008, 130, 3610.

[173] H. Huang, G. Jie, R. Cui, J.-J. Zhu, Electrochem. Commun.
2009, /1, 816.

[174] A.K.H. Cheng, H. Su, Y. A. Wang, H. Z. Yu, J. Anal. Chem.
2009, 81, 6130.

[175] L.N. Cella, P. Sanchez, W. Zhong, N. V. Myung, W. Chen, A.
Mulchandani, J. Anal. Chem. 2010, 82, 2042.

[176] H.-M. So, K. Won, Y. H. Kim, B.-K. Kim, B. H. Ryu, P. S. Na, H.
Kim, J.-O. Lee, J. Am. Chem. Soc. 2005, 127, 11906.

[177] R. Yang, Z. Tang, J. Yan, H. Kang, Y. Kim, Z. Zhu, W. Tan, J.
Anal. Chem. 2008, 80, 7408.

[178] L. Zhang, H. Wei, J. Li, T. Li, D. Li, Y. Li, E. Wang, Biosens.
Bioelectron. 2010, 25, 1897.

[179] K. Maehashi, T. Katsura, K. Kerman, Y. Takamura, K.
Matsumoto, E. Tamiya, J. Anal. Chem. 2007, 79, 782.

[180] K. Maehashi, K. Matsumoto, Y. Takamura, E. Tamiya, Electro-
analysis 2009, 21, 1285.

[181] E. E. Ferapontova, K. V. Gothelf, Electroanalysis 2009, 21,
1261.

[182] E. E. Ferapontova, K. V. Gothelf, Langmuir 2009, 25, 4279.

[183] A.K. Cheng, B. Ge, H. Z. Yu, J. Anal. Chem. 2007, 79, 5158.

[184] F. Wei, C. M. Ho, Anal. Bioanal. Chem. 2009, 393, 1943.

[185] J. Wang, F. Wang, S. Dong, J. Electroanal. Chem. 2009, 626, 1.

[186] Z.S. Wu, M. M. Guo, S. B. Zhang, C. R. Chen, J. H. Jiang, G. L.
Shen, R. Q. Yu, J. Anal. Chem. 2007, 79, 2933.

[187] J. S. Swensen, Y. Xiao, B. S. Ferguson, A. A. Lubin, R. Y. Lai,
A.J. Heeger, K. W. Plaxco, J. Am. Chem. Soc. 2009, 131, 4262.

[188] H. Ceretti, B. Ponce, S. A. Ramirez, J. M. Montserrat, Electro-
analysis 2010, 22, 147.

[189] E.S. Q. Tan, R. Wivanius, C. S. Toh, Electroanalysis 2009, 21,
749.

[190] Y. Xiao, D. Piorek, K. W. Plaxco, A.J. Heeger, J. Am. Chem.
Soc. 2005, 127, 17990.

[191] Y. Xiao, T. Uzawa, R.J. White, D. DeMartini, K. W. Plaxco,
Electroanalysis 2009, 21, 1267.

www.angewandte.org

1331


http://dx.doi.org/10.1016/S1473-0502(03)00170-8
http://dx.doi.org/10.1093/nar/gkh315
http://dx.doi.org/10.1038/340245a0
http://dx.doi.org/10.1126/science.4001944
http://dx.doi.org/10.1093/protein/9.2.239
http://dx.doi.org/10.1016/S0168-1656(02)00043-3
http://dx.doi.org/10.1016/S0168-1656(02)00043-3
http://dx.doi.org/10.1093/protein/gzh084
http://dx.doi.org/10.1093/protein/gzh084
http://dx.doi.org/10.1016/j.jim.2004.04.008
http://dx.doi.org/10.1097/ICU.0b013e32832d25b3
http://dx.doi.org/10.1097/ICU.0b013e32832d25b3
http://dx.doi.org/10.1021/bi00200a028
http://dx.doi.org/10.1021/bi00200a028
http://dx.doi.org/10.1016/1074-5521(95)90032-2
http://dx.doi.org/10.1016/S1367-5931(97)80102-0
http://dx.doi.org/10.1016/S1367-5931(97)80102-0
http://dx.doi.org/10.1016/j.cbpa.2006.03.015
http://dx.doi.org/10.1016/j.cbpa.2006.03.015
http://dx.doi.org/10.1146/annurev.pharmtox.010909.105547
http://dx.doi.org/10.1146/annurev.pharmtox.010909.105547
http://dx.doi.org/10.1038/nbt1223
http://dx.doi.org/10.1038/nbt1223
http://dx.doi.org/10.1073/pnas.0602615103
http://dx.doi.org/10.1073/pnas.0602615103
http://dx.doi.org/10.1093/nar/24.4.702
http://dx.doi.org/10.1093/nar/24.4.702
http://dx.doi.org/10.1002/cyto.a.20766
http://dx.doi.org/10.1002/cyto.a.20766
http://dx.doi.org/10.1038/leu.2008.335
http://dx.doi.org/10.1021/pr801048z
http://dx.doi.org/10.1021/pr801048z
http://dx.doi.org/10.1016/j.matlet.2009.11.022
http://dx.doi.org/10.1021/ac802092j
http://dx.doi.org/10.1021/ac802092j
http://dx.doi.org/10.1002/smll.200900848
http://dx.doi.org/10.1002/smll.200900848
http://dx.doi.org/10.1021/ja903857f
http://dx.doi.org/10.1021/ja903857f
http://dx.doi.org/10.1007/s11051-008-9424-x
http://dx.doi.org/10.1007/s11051-008-9424-x
http://dx.doi.org/10.1073/pnas.0909611107
http://dx.doi.org/10.1073/pnas.0909611107
http://dx.doi.org/10.1016/j.bios.2009.11.012
http://dx.doi.org/10.1016/j.bios.2009.11.012
http://dx.doi.org/10.1002/elan.200804554
http://dx.doi.org/10.1002/elan.200804554
http://dx.doi.org/10.1002/elan.200904566
http://dx.doi.org/10.1016/j.trac.2007.12.004
http://dx.doi.org/10.1016/j.trac.2007.12.004
http://dx.doi.org/10.1007/s10404-008-0400-7
http://dx.doi.org/10.1007/s10404-008-0400-7
http://dx.doi.org/10.1002/anie.200604524
http://dx.doi.org/10.1002/anie.200604524
http://dx.doi.org/10.1039/b905609m
http://dx.doi.org/10.1016/j.bioelechem.2009.04.007
http://dx.doi.org/10.1016/j.bioelechem.2009.04.007
http://dx.doi.org/10.1016/j.bios.2008.01.020
http://dx.doi.org/10.1309/AJCPFU4CG2WGJJKS
http://dx.doi.org/10.1021/ac801281c
http://dx.doi.org/10.1002/elan.200804562
http://dx.doi.org/10.1016/j.addr.2010.03.003
http://dx.doi.org/10.1016/j.addr.2010.03.003
http://dx.doi.org/10.1002/cbic.200700014
http://dx.doi.org/10.1002/cbic.200700014
http://dx.doi.org/10.1021/ja710241b
http://dx.doi.org/10.1021/ja710241b
http://dx.doi.org/10.1016/j.elecom.2009.01.009
http://dx.doi.org/10.1016/j.elecom.2009.01.009
http://dx.doi.org/10.1021/ja053094r
http://dx.doi.org/10.1016/j.bios.2010.01.002
http://dx.doi.org/10.1016/j.bios.2010.01.002
http://dx.doi.org/10.1002/elan.200804552
http://dx.doi.org/10.1002/elan.200804552
http://dx.doi.org/10.1002/elan.200804558
http://dx.doi.org/10.1002/elan.200804558
http://dx.doi.org/10.1021/la804309j
http://dx.doi.org/10.1007/s00216-009-2687-y
http://dx.doi.org/10.1021/ja806531z
http://dx.doi.org/10.1002/elan.200900279
http://dx.doi.org/10.1002/elan.200900279
http://dx.doi.org/10.1002/elan.200804473
http://dx.doi.org/10.1002/elan.200804473
http://dx.doi.org/10.1021/ja056555h
http://dx.doi.org/10.1021/ja056555h
http://dx.doi.org/10.1002/elan.200804564
http://www.angewandte.org

Angewandte

1332

Reviews

[192] R.J. White, A. A. Rowe, K. W. Plaxco, Analyst 2010, 135, 589.

[193] X. Zuo, S. Song, J. Zhang, D. Pan, L. Wang, C. Fan, J. Am.
Chem. Soc. 2007, 129, 1042.

[194] R. Y. Lai, K. W. Plaxco, A.J. Heeger, Anal. Chem. 2006, 79,
229.

[195] J. Chen, J. Zhang, J. Li, H.-H. Yang, F. Fu, G. Chen, Biosens.
Bioelectron. 2010, 25, 996.

[196] E. Golub, G. Pelossof, R. Freeman, H. Zhang, 1. Willner, J.
Anal. Chem. 2009, 81, 9291.

[197] E. Sharon, R. Freeman, R. Tel-Vered, 1. Willner, Electro-
analysis 2009, 21, 1291.

[198] X. Zuo, Y. Xiao, K. W. Plaxco, J. Am. Chem. Soc. 2009, 131,
6944,

[199] Y. Du, C. Chen, J. Yin, B. Li, M. Zhou, S. Dong, E. Wang, J.
Anal. Chem. 2010, 82, 1556.

[200] H. Wang, Y. Liu, C. Liu, J. Huang, P. Yang, B. Liu, Electrochem.
Commun. 2010, 12, 258.

[201] C. Ding, Y. Ge, J.-M. Lin, Biosens. Bioelectron. 2010, 25, 1290.

[202] Y. Wang, K. Lee, J. Irudayaraj, Chem. Commun. 2010, 46, 613.

[203] A. Csordas, A. E. Gerdon, J. D. Adams, J. Qian, S. Soo Oh, Y.
Xiao, H. T. Soh, Angew. Chem. 2010, 122, 365; Angew. Chem.
Int. Ed. 2010, 49, 355.

[204] J. Wang, A. Munir, Z. Li, H. S. Zhou, Biosens. Bioelectron.
2009, 25, 124.

[205] J. Pultar, U. Sauer, P. Domnanich, C. Preininger, Biosens.
Bioelectron. 2009, 24, 1456.

[206] L. Fang, Z. Lii, H. Wei, E. Wang, Anal. Chim. Acta 2008, 628,
80.

[207] Y. H. Tennico, D. Hutanu, M. T. Koesdjojo, C. M. Bartel, V. T.
Remcho, Anal. Chem. 2010, 82, 5591.

[208] S. Centi, S. Tombelli, M. Minunni, M. Mascini, Anal. Chem.
2007, 79, 1466.

[209] K.1I. Papamichael, M.P. Kreuzer, G.G. Guilbault, Sens.
Actuators B 2007, 121, 178.

[210] N. de-los-Santos-Alvarez, M. J. Lobo-Castafién, A. J. Miranda-
Ordieres, P. Tuiién-Blanco, J. Am. Chem. Soc. 2007, 129, 3808.

[211] N. de-los-Santos-Alvarez, M. J. Lobo-Castafién, A. J. Miranda-
Ordieres, P. Tuiidon-Blanco, Biosens. Bioelectron. 2009, 24,2547.

[212] C. Bardou, C. Borie, M. Bickle, B. B. Rudkin, P. Colas in
Nucleic Acid and Peptide Aptamers: Methods and Protocols,
Vol. 535 (Ed.: G. Mayer), Humana Press, New York, 2009,
p- 373.

[213] V. Tolmachev, A. Orlova, R. Pehrson, J. Galli, B. Baastrup, K.
Andersson, M. Sandstrom, D. Rosik, J. Carlsson, H. Lundqvist,
A. Wennborg, F. Y. Nilsson, Cancer Res. 2007, 67, 2773.

M. Mascini et al.

[214] F. Alexis, P. Basto, E. Levy-Nissenbaum, A.F. Radovic-
Moreno, L. Zhang, E. Pridgen, A. Z. Wang, S. L. Marein, K.
Westerhof, L. K. Molnar, O. C. Farokhzad, ChemMedChem
2008, 3, 1839.

[215] A. Puri, G. Kramer-Marek, R. Campbell-Massa, A. Yavlovich,
S. C. Tele, S. B. Lee, J. D. Clogston, A. K. Patri, R. Blumenthal,
J. Capala, J. Liposome Res. 2008, 18, 293.

[216] S. Myhre, P. Henning, M. Friedman, S. Stahl, L. Lindholm,
M. K. Magnusson, Gene Ther. 2009, 16, 252.

[217] V. Tolmachev, A. Orlova, F. Y. Nilsson, J. Feldwisch, A.
Wennborg, L. Abrahmsén, Expert Opin. Biol. Ther. 2007, 7,
555.

[218] V. Tolmachev, Curr. Pharm. Des. 2008, 14, 2999.

[219] C. Zahnd, M. Kawe, M.T. Stumpp, C. de Pasquale, R.
Tamaskovic, G. Nagy-Davidescu, B. Dreier, R. Schibli, H. K.
Binz, R. Waibel, A. Pliickthun, Cancer Res. 2010, 70, 1595.

[220] J.J. Davis, J. Tkac, S. Laurenson, P. Ko Ferrigno, Anal. Chem.
2007, 79, 1089.

[221] S. Johnson, D. Evans, S. Laurenson, D. Paul, A. G. Davies, P.
Ko Ferrigno, C. Walti, Anal. Chem. 2008, 80, 978.

[222] J.J. Davis, J. Tkac, R. Humphreys, A.T. Buxton, T. Lee, P.
Ko Ferrigno, Anal. Chem. 2009, 81, 3314.

[223] D. Evans, S. Johnson, S. Laurenson, A. G. Davies, P. Ko Fer-
rigno, C. Wilti, J. Biol. 2008, 7, 3.

[224] P. Estrela, D. Paul, P. Li, S.D. Keighley, P. Migliorato, S.
Laurenson, P. Ko Ferrigno, Electrochim. Acta 2008, 53, 6489.

[225] M. Friedman, S. Lindstrom, L. Ekerljung, H. Andersson Svahn,
J. Carlsson, H. Brismar, L. Gedda, F. Y. Frejd, S. Stahl,
Biotechnol. Appl. Biochem. 2009, 54, 121.

[226] T. Engfeldt, B. Renberg, H. Brumer, P. A. Nygren, A.E.
Karlstrom, ChemBioChem 2005, 6, 1043.

[227] B. Renberg, P. A. Nygren, M. Eklund, A. E. Karlstrom, Anal.
Biochem. 2004, 334, 72.

[228] R. Ostroff, W. Bigbee, W. Franklin et al., PloS One 2010, 5,
€15003.

[229] J. Muller, T. Becher, J. Braunstein, P. Berdel, S. Gravius, F.
Rohrbach, J. Oldenburg, G. Mayer, B. Potzsch, Angew. Chem.
2011, 123, 6199; Angew. Chem. Int. Ed. 2011, 50, 6075.

[230] Y. Zhang, Y. Chen, D. Han, I. Ocsoy, W. Tan, Bioanalysis. 2010,
2,907.

[231] R.N. Veedu, J. Wengel, Chem. Biodiversity 2010, 7, 536.

[232] 1. Lebars, T. Richard, C. Di Primo, J.-J. Tolumé, Blood Cells
Mol. Dis. 2007, 38, 204.

[233] P. E. Nielsen, Chem. Biol. 2009, 16, 689.

[234] T. L. Hendrickson, V. de Crécy-Lagard, P. Schimmel, Annu.
Rev. Biochem. 2004, 73, 147.

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2012, 51, 1316 —1332


http://dx.doi.org/10.1039/b921253a
http://dx.doi.org/10.1021/ja067024b
http://dx.doi.org/10.1021/ja067024b
http://dx.doi.org/10.1016/j.bios.2009.09.015
http://dx.doi.org/10.1016/j.bios.2009.09.015
http://dx.doi.org/10.1002/elan.200804565
http://dx.doi.org/10.1002/elan.200804565
http://dx.doi.org/10.1021/ja901315w
http://dx.doi.org/10.1021/ja901315w
http://dx.doi.org/10.1016/j.elecom.2009.12.008
http://dx.doi.org/10.1016/j.elecom.2009.12.008
http://dx.doi.org/10.1016/j.bios.2009.10.017
http://dx.doi.org/10.1039/b919607b
http://dx.doi.org/10.1016/j.bios.2009.06.016
http://dx.doi.org/10.1016/j.bios.2009.06.016
http://dx.doi.org/10.1016/j.bios.2008.08.052
http://dx.doi.org/10.1016/j.bios.2008.08.052
http://dx.doi.org/10.1016/j.aca.2008.08.041
http://dx.doi.org/10.1016/j.aca.2008.08.041
http://dx.doi.org/10.1021/ac101269u
http://dx.doi.org/10.1021/ac061879p
http://dx.doi.org/10.1021/ac061879p
http://dx.doi.org/10.1016/j.snb.2006.09.024
http://dx.doi.org/10.1016/j.snb.2006.09.024
http://dx.doi.org/10.1158/0008-5472.CAN-06-1630
http://dx.doi.org/10.1002/cmdc.200800122
http://dx.doi.org/10.1002/cmdc.200800122
http://dx.doi.org/10.1080/08982100802457377
http://dx.doi.org/10.1038/gt.2008.160
http://dx.doi.org/10.1517/14712598.7.4.555
http://dx.doi.org/10.1517/14712598.7.4.555
http://dx.doi.org/10.1158/0008-5472.CAN-09-2724
http://dx.doi.org/10.1021/ac061863z
http://dx.doi.org/10.1021/ac061863z
http://dx.doi.org/10.1021/ac701688q
http://dx.doi.org/10.1021/ac802513n
http://dx.doi.org/10.1186/jbiol62
http://dx.doi.org/10.1016/j.electacta.2008.04.036
http://dx.doi.org/10.1042/BA20090096
http://dx.doi.org/10.1002/cbic.200400388
http://dx.doi.org/10.1016/j.ab.2004.07.003
http://dx.doi.org/10.1016/j.ab.2004.07.003
http://dx.doi.org/10.1371/journal.pone.0015003
http://dx.doi.org/10.1371/journal.pone.0015003
http://dx.doi.org/10.4155/bio.10.46
http://dx.doi.org/10.4155/bio.10.46
http://dx.doi.org/10.1002/cbdv.200900343
http://dx.doi.org/10.1016/j.bcmd.2006.11.008
http://dx.doi.org/10.1016/j.bcmd.2006.11.008
http://dx.doi.org/10.1016/j.chembiol.2009.07.001
http://dx.doi.org/10.1146/annurev.biochem.73.012803.092429
http://dx.doi.org/10.1146/annurev.biochem.73.012803.092429
http://www.angewandte.org

