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Cell-SELEX Technology
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Abstract

Aptamers are molecules identified from large combinatorial nucleic acid libraries by their high affinity to target
molecules. Due to a variety of desired properties, aptamers are attractive alternatives to antibodies in molecular
biology and medical applications. Aptamers are identified through an iterative selection–amplification process
known as systematic evolution of ligands by exponential enrichment (SELEX). Although SELEX is typically car-
ried out using purified target molecules, whole live cells are also employable as selection targets. This technology,
Cell-SELEX, has several advantages. For example, generated aptamers are functional with a native conformation
of the target molecule on live cells, and thus, cell surface transmembrane proteins would be targets even when
their purifications in native conformations are difficult. In addition, cell-specific aptamers can be obtained without
any knowledge about cell surface molecules on the target cells. Here, I review the progress of Cell-SELEX tech-
nology and discuss advantages of the technology.
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Introduction

Aptamers are molecules identified from large combina-
torial nucleic acid libraries by their high affinity to target

molecules.1,2 Similar to antibodies, aptamers have high affin-
ity and specificity to target molecules. There are, however,
several unique qualities of aptamers that are of additional
benefit, including robustness against both reducing condi-
tions and heat denaturation. Typical aptamers are shorter
than 40 nucleotides (nts) and easy for the high-quality pro-
duction by chemical synthesis. In addition, they can be inac-
tivated under physiological conditions by hybridization with
antisense oligonucleotides, and thus, design of an antidote
molecule is quite straightforward. Therefore, the application
of aptamers in molecular biology and medical science has
been extensively explored.1,2

Aptamers are identified through an iterative selection–
amplification process known as systematic evolution of
ligands by exponential enrichment (SELEX).3,4 During the
process, a single-stranded nucleic acid (DNA, RNA, or mod-
ified nucleic acids) pool consisting of 1014–1015 variants of a
random 30–100-nt sequence is incubated with a target mole-
cule. Then, variants with the desired binding activity are
recovered, followed by amplification of the enriched library
by reverse transcription–polymerase chain reaction (PCR).
Employing this enriched PCR product, the single-stranded
pool is regenerated by template-strand removal or by
in vitro transcription (for DNA or RNA pools, respectively).

Typically, this process is repeated for several to more than
20 rounds for the identification of aptamers.

Since the establishment of the SELEX procedure in 1990,3,4

many aptamers have been generated against a variety of tar-
gets, including small chemical compounds to large multi-
domain proteins.1,2 Although SELEX is typically performed
using a highly purified target molecule, a theoretical study
has suggested that complex heterogeneous targets are also
employable for the generation of specific aptamers.5 This
idea has been experimentally confirmed by the identification
of aptamers against red blood cell ghosts,6 followed by the
identification against live African trypanosomes.7 Combining
with a negative selection step by which variants binding to
nontarget cells are eliminated, target cell-specific aptamers
can be generated (Fig. 1). Because of several attractive fea-
tures of SELEX using live cells, or Cell-SELEX, varieties of
live cells have been examined as targets for the procedure
(Table 1).7–23 In this article, I review the procedural progress
of Cell-SELEX technology.

SELEX Against Live Pathogenic Organisms

Because aptamers are useful for the development of diag-
nosis reagents and drugs, varieties of live pathogenic organ-
isms have been utilized as targets for Cell-SELEX.7–9,24–31

As described above, the first example of Cell-SELEX was per-
formed using a live pathogenic organism, African trypano-
somes Trypanosoma brucei.7
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T. brucei is a unicellular protozoan parasite and has two
hosts; its insect vector (like the tsetse fly) and the mammalian
host. This parasite causes African sleeping sickness, a chronic
disease in humans and Nagana in cattle. A unique, notable
feature of T. brucei is its cell surface shield, known as vari-
able surface glycoprotein (VSG). Because T. brucei constantly
varies expressing variant of VSG (its genome encodes *1000
variants of VSG with polymorphic N-termini), and other
invariant surface molecules are embedded in the polymorphic
VSG layer, the parasite can escape from the host immune
system.

Homann and Goringer carried out SELEX using live,
bloodstream stage trypanosomes of T. brucei as a target and
identified several RNA aptamers binding to the live parasite
with high affinity.7 UV cross linking and fluorescence micros-
copy analyses suggested that one aptamer (variant 2–16)
binds to expression site associated gene 7 (ESAG 7),7 a sub-
unit of a transferrin receptor localizing the flagellar pocket.
The flagellar pocket is a flask-shaped invagination of the
plasma membrane, and in contrast to antibodies, small size
(*25 kDa) of the aptamer enabled its access to the inside
area of the flagellar pocket.

The same group also reported the generation of aptamers
binding to broad varieties of VSG variants.8 Starting with a
serum-stable, 2¢-fluoropyrimidine-modified RNA (2¢-fPy-
RNA) pool, they initially performed SELEX against the puri-
fied protein of one VSG variant, VSG117, followed by SELEX
against the live trypanosomes of T. brucei strain stably
expressing the same VSG variant. Then, following rounds
of SELEX were performed against the purified protein of a
different variant, VSG221, followed by against the live para-
sites. As expected, the resulting aptamer showed affinities
to both variants, and importantly, also to live parasites
expressing VSG variants not used in the SELEX.

Ulrich et al. generated aptamers using another live para-
site, American trypanosomes, Trypanosoma cruzi, by a unique
SELEX strategy.9 T. cruzi causes Chagas disease, a potentially

fatal disease of humans. It is known that the parasite surface
interacts with the host cell–matrix molecules, and this interac-
tion plays an essential role for parasite invasion. The authors
aimed to generate aptamers that compete with the matrix
molecules for binding to the parasite to inhibit the host cell–
parasite interactions. To this end, a 2¢-fPy-RNA pool was in-
cubated with live T. cruzi trypanosomes, followed by the spe-
cific elution of desired aptamers by the addition of an excess
amount of the matrix molecule (i.e., fibronectin, laminin, hep-
aran sulfate, or thrombospondin). Furthermore, a negative se-
lection step using a noninfective stage (the epimastigote
stage) of the parasite was included to eliminate undesired
aptamers (Fig. 1). The procedure successfully generated
aptamers specific for the target parasite, and the intended in-
hibitory activity of several aptamers was confirmed by the
in vitro invasion assay using monkey kidney cells.

SELEX Against Cultured Mammalian Cells

To develop molecular probes in diagnosis and basic re-
search, aptamers recognizing a certain mammalian cell type
are promising tools. Cancer cell lines are one of the most ex-
tensively examined targets for Cell-SELEX, and until now,
many aptamers against varieties of cancer cell types have
been generated (reviewed in Refs.32,33). With a fluorescent la-
beling (like fluorescein and cyanines), these aptamers have
shown to be useful as cancer probes.32,33 For example, Shang-
guan et al. reported the generation of a series of DNA
aptamers as molecular probes for cancer study.11 They used
human precursor T-cell acute lymphoblastic leukemia cells
(CCRF-CEM) and the human B-cell line from Burkitt’s lym-
phoma (Ramos) for positive and negative selection steps, re-
spectively. The obtained aptamers showed high affinity to
target CCRF-CEM cells and not to Ramos cells. The detailed
binding analyses were performed using several cancer cells
and also CCRF-CEM cells with partial proteinase treatment,
and the results suggested that each aptamer recognized a

Unbound Variants

Random Pool

Bound 
Variants

Negative Selection

Unbound Variants

Bound Variant

Amplification

Non-Target Cell

Target Cell

Positive Selection

Recovery of Bound Variants

FIG. 1. Cell systematic
evolution of ligands by
exponential enrichment
(SELEX) with a negative
selection step. By a negative
selection step, unspecific and
nontarget cell-specific
variants (shown by blue and
green, respectively), are
eliminated from the pool.
Then, the intended aptamer
(red) that specifically binds to
the target cells is selected by a
positive selection step,
followed by pool
regeneration.
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cell surface molecule different from the targets of the other
aptamers. Cell-SELEX can be performed without any knowl-
edge about cell surface molecules displayed on the target
cells, and the technology enables de novo generation of cell-
specific molecular probes.

Cell-SELEX against somatic cells and embryonic stem cells
(ESCs) has been also reported.12 Recently, the author’s group
succeeded in the generation of 2¢-fPy-RNA aptamers against
mouse ESCs.34 The generated aptamers efficiently bound to
the ESCs and hardly to all the examined differentiated cell
lines. In addition, the differentiation process of mouse ESCs
could be monitored employing the fluorescently labeled
aptamers. Because stem cells are essential source for regener-
ative medicine and basic developmental biology, develop-
ment of novel molecular probes for stem cells would be
precious.

Another interesting example of Cell-SELEX is the genera-
tion of DNA aptamers specifically binding to virus-infected
cells.13 Through the virus infection, the host cell surface is
modified by the insertion of viral proteins, and these alter-
ations provide virus-specific targets for the design of specific
molecular probes that can recognize and provide molecular
signatures for virus-infected cells. Tang et al. performed
Cell-SELEX against vaccina virus-infected, adenocarcinomic
epithelial cells (A549).13 Combining with a negative selection
step employing uninfected A549 cells, they succeeded in
the generation of the infected cell-specific DNA aptamers.
The isolated aptamers bound to several cell lines infected
by the virus, suggesting that the aptamers recognized the
viral proteins displayed on the host cell surface. Similar effort
might reveal host cell proteins if their expression levels are
changed upon virus infection.

Biomarker Discovery Employing Cell-Binding Aptamers

Because target molecules of the aptamers generated by
Cell-SELEX may be previously unrecognized as cell-specific
surface molecules, they might be novel biomarkers. Thus,
Cell-SELEX can be applied for de novo identification of
novel biomarkers for a desired cell. For example, Blank
et al. reported Cell-SELEX employing rat endothelial cells
(YPEN-1) and mouse microglial cells (N9) for positive and
negative selection steps, respectively.14 Many of the gener-
ated aptamers bound to the pathological microvasculature
of glioblastoma, and one aptamer (variant III.1) displayed
the most intensive binding to the vasculature exclusively in
areas of solid tumor growth. The target protein of aptamer
III.1 was analyzed by mass fingerprinting and peptide se-
quencing, and identified as pigpen, a regulatory protein of
endothelial differentiation overexpressed in the tumor micro-
vessels. It should be noted that the target identification
is sometimes very difficult (or even impossible), because it
requires enough amount of the purified target molecules,
however.

Berezovski et al. have developed more systematic proce-
dure for the identification of novel biomarkers on desired
target cells.15 The procedure, termed aptamer-facilitated
biomarker discovery (AptaBiD), includes three steps: (1) Con-
struction of the enriched aptamer pools against target cells by
Cell-SELEX; (2) affinity isolation of biomarker candidates
based on the binding activities of the aptamer pools; (3) iden-
tification of the isolated candidate proteins by peptide mass

fingerprinting. In the procedure, the enriched pools, instead
of cloned aptamers, are utilized, and this would enhance
opportunities for the biomarker identification without in-
creasing the number of experimental times. The authors
constructed DNA aptamer pools against immature and ma-
ture dendritic cells (DCs) by Cell-SELEX, and biomarker can-
didates were isolated from the target cell lysates using the
biotinylated pool DNAs. By virtue of liquid chromatogra-
phy–mass spectrometry analysis of the trypsinized candidate
proteins, six and three biomarkers were identified for imma-
ture and mature DCs, respectively. Importantly, four and two
of them were previously unknown biomarkers, demonstrat-
ing the effectiveness of AptaBiD.

Modified Cell-SELEX Targeting a Defined
Transmembrane Protein

SELEX against cells ectopically displaying a target protein

Cell-SELEX can be applied for the generation of aptamers
against a defined target protein displayed on live cells.
Varieties of transmembrane proteins, including G protein-
coupled receptors, receptor kinases, ion channels, are im-
portant targets for the development of molecular target
drugs.35,36 Unfortunately, these proteins are usually difficult
for the purification in their native conformations, and thus,
Cell-SELEX is an attractive choice for the generation of
aptamers recognizing native conformation of a transmem-
brane protein. This can be achieved via Cell-SELEX against
cells ectopically expressing the target protein combining with
a negative selection step employing parental mock cells. This
strategy was examined by Cerchia et al.16,17 and by the author
and colleagues.18,19 In these reports, antagonistic 2¢-fPy-RNA
aptamers against receptor tyrosine kinase RET and transform-
ing growth factor-beta receptor type III (TbRIII) were success-
fully identified through the modified Cell-SELEX.16–19

Dead cell elimination in a positive selection step

Although above reports have demonstrated utility of the
modified Cell-SELEX,16–19 the author also found technical dif-
ficulties of the procedure. In our experience, only one case out
of ten independent examinations of the modified Cell-SELEX
targeting TbRIII could successfully identify the intended
aptamer (unpublished observations).

One problem is contamination of dead cells during the pos-
itive selection step. Because dead cells nonspecifically adsorb
single-stranded nucleic acids, their contamination severely re-
duces the enrichment factor of the positive selection step.37 To
overcome this problem, recovery of bound aptamers by che-
lating divalent cations would be useful.13,19 The formation of
typical high-order RNA structures often requires divalent cat-
ions, and thus, its elimination (by adding EDTA, etc.) is
expected to inactivate most of the bound aptamers. Because
the elimination of divalent cations rarely affects the nonspe-
cific adsorption of nucleic acids to dead cells, the chelation-
based recovery may be an effective process to distinguish
specific aptamers from nonspecific adsorbates (unpublished
observations).

Alternatively, careful elimination of dead cells may be also
purposeful.37 Raddatz et al. utilized fluorescence-activated
cell sorter (FACS) for the positive selection step to eliminate
dead cells and efficiently identified DNA aptamers against
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Burkitt lymphoma cells.20 The procedure, termed FACS-
SELEX, has an additional advantage, that is, reduction of ex-
perimental steps in Cell-SELEX, because simultaneous perfor-
mance of positive and negative selection steps can be
achieved by FACS-SELEX.

Further improvements for the modified Cell-SELEX

Another problem causing the difficulty of the modified
Cell-SELEX is imperfectness of a negative selection step. Sev-
eral molecules displayed both on mock and target cells are
expected to be highly abundant and would be fine (or easy)
targets for aptamers. Thus, complete elimination of variants
binding to them may be difficult even through repeated exe-
cution of a negative selection step (unpublished observa-
tions). As described above,9 addition of excess amount of
known molecules binding to the desired target (i.e., natural li-
gands for the target molecule) may competitively release the
target-specific aptamers, and can be utilized for the selective
recovery of the desired aptamers. However, it should be
noted that this procedure might not be effective for the recov-
ery of extremely high-affinity aptamers and may lose the
most valuable variants. In addition, noncompetitive aptamers
cannot be recovered by the procedure. Because aptamers with
intended binding and antagonistic property do not always
compete with natural ligands, the procedure would reduce
the variety of isolates.

Recent progress of high-throughput sequencing (HTSeq)
technology may provide an alternative strategy for the iden-
tification of target molecule-specific aptamers through the
modified Cell-SELEX. Because huge numbers of sequences
can be obtained by HTSeq, target-specific variants would be
identified by comparing the sequences of variants bound to
the target-displaying cells and that to the mock cells even if
the intended aptamers are not highly enriched in the pool.
Recently, the HTSeq-based strategy was successfully applied

for the identification of antibodies from phage-display librar-
ies panned to antigen-expressing bacterial cells,38 and
expected to be effective for the modified Cell-SELEX.

Cellular Uptake–Based SELEX

It has been reported that several aptamers identified
through Cell-SELEX not only bind to the target cells, but
also become intracellulary transported. For example, one of
the aptamers (variant 2–16) selected against live T. brucei
cells rapidly become internalized by endocytosis, and trans-
ported to lysosome by vesicular transport.7,10 Aptamers
with such internalization property can be employed for
intracellular drug delivery,39 and especially, utility of
aptamer-mediated delivery of short interfering RNAs
has been demonstrated.40,41

To generate aptamers that mediate target cell-specific, in-
tracellular delivery of drugs, Wu et al. developed a unique
SELEX strategy based on intracellular transport rather
than binding (Fig. 2).21 In the strategy, a random pool is in-
cubated with target cells, and not only unbound variants,
but also variants bound to the cell surface are removed by
extensive washing under harsh conditions (in their case, in-
cubation with 0.2 M glycine-HCl, pH 4.0, for 5 min). Then,
the incorporated variants are selectively recovered by cell
lysis with proteinase and detergent. Employing the strategy,
they identified DNA motifs that efficiently become trans-
ported into human chronic lymphocytic leukemia B
cells.21,22 Recently, similar strategy was applied for the gen-
eration of tRNA derivatives that can be incorporated into
isolated mitochondria.42 The resulting RNA motifs may be
utilized for the construction of a novel vector for mitochon-
drial disease therapies.

In the actual application of aptamers for the intracellular
drug delivery, not only cellular uptake efficiency, but also
pharmacokinetic parameters on absorption, distribution,

Unbound Variants

Random Pool

Bound Variants

Incubation with Target Cells

Bound Variants

Amplification

Harsh WashingIncorporated Variant

Target Cell
Cell Lysis

Incorporated Variant

FIG. 2. Cellular uptake-based
SELEX. Not only unbound variants
(gray), but also variants bound to
the cell surface (blue and green) are
removed by extensive washing
under harsh conditions. The variant
with the intended internalization
property (red) is, then, recovered by
cell lysis.
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metabolism, and excretion, restrict the intracellular availabil-
ity. Mi et al. extended the cellular uptake–based SELEX to the
selection under in vivo context (termed in vivo selection)
employing a live tumor model animal (Fig. 3).23 A random
2¢-fPy-RNA pool was intravenously injected into hepatic
tumor-implanted mice. After 20-min circulation, the liver tu-
mors were harvested, and the variants incorporated into the
tumors were extracted, amplified, and employed for the
next round of the injection. One of the isolates (variant 14–
16) showed enhanced affinity for crude extract of the tumor
cells and not for that of normal colon. When fluorescently la-
beled aptamer 14–16 was administered systematically via tail
vein injection, the aptamer localized exclusively to the intra-
hepatic tumors, demonstrating successful enrichment of a de-
sired variant by their procedure. Peptide mass fingerprinting
analysis revealed that aptamer 14–16 recognizes p68, an RNA
halicase that has been shown to be upregulated in colorectal
cancer.

Application of Cell-Binding Aptamers

Finally, I would like to discuss the future aspects of appli-
cation of cell-binding aptamers. As mentioned above, cell-
binding aptamers would be applied for the development of
target cell-specific molecular probes and drug delivery sys-
tems. Recently, Douglas et al. reported the unique delivery
system employing DNA aptamers and DNA origami to spe-
cifically target-desired cells.43 In the system, drug molecules
(antibodies against cell surface receptors) are encapsulated in-

side a three-dimensional DNA origami box, and the box is
locked by hybridization of the aptamers and DNA oligomers
with an antisense sequence of the aptamers. When target
molecules on the cells bind to the aptamers, the structural
change of the aptamers induces melting of the hybridization
and unlocking of the box, resulting in the drug exposure.
Thus, the drugs would be exposed only on the cells display-
ing the target molecules of the aptamers, and a highly specific
drug delivery is expected. Aptamers identified through Cell-
SELEX may be employed as the lock parts for this system.

Another application of cell-binding aptamers is the devel-
opment of cell manipulation systems. For example,
aptamer-immobilized resins can be utilized for the specific re-
covery of target cells.44–46 One advantage of the aptamer uti-
lization is that they can be reversibly inactivated under mild
conditions like antisense hybridization and divalent cation
chelation. Therefore, it is possible to isolate the bound cells
under the mild conditions and to use the resin repeatedly.47

Cell-specific aptamers can be employed for the specific ad-
hesion of target cells.48,49 Schroeder et al. have developed a
live-cell microarray employing peptide ligands and DNA
microarray.50 In the system, target cell-binding peptide li-
gands are coupled with DNA oligomers and aligned onto
DNA microarray through hybridization. When cells are ap-
plied onto this microarray, target cells are attached onto de-
sired positions due to the affinities of the aligned peptide
ligands. Gartner and Bertozzi have achieved a programmed
spatial arrangement of multiple types of cells through hybrid-
ization of DNAs immobilized onto the cell surfaces.51 These
cell manipulation systems are promising for the study and en-
gineering of cell–cell communications. Although the DNAs
are attached onto cells through affinities of peptide ligands
or chemical coupling reactions in these reports, cell-binding
aptamers may be utilized for such purposes.

While available biological affinity reagents are typically
based on antibodies now, aptamers have several unique qual-
ities that are of additional benefit as described in this review. I
believe that advances on Cell-SELEX strategy, as well as ap-
plication procedures of cell-binding aptamers, would open
a door for the development of novel medical and biological
technologies that cannot be achieved with antibodies.

Note added in proof

After the submission of this article, Thiel et al. reported the
cellular uptake–based SELEX employing mouse carcinoma
cells ectopically expressing HER2.52
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