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IntroDuctIon
Aptamers are single-stranded oligonucleotide (DNA or RNA) 
molecules, typically  < 100-mer, which have the ability to bind to 
other molecules with high affinity and specificity. They are evolved 
from random oligonucleotide pools by a process called system-
atic evolution of ligands by exponential enrichment (SELEX)1,2. 
Conceptually, the SELEX process is controlled by the ability of these 
small oligonucleotides to fold into unique 3D structures that can 
interact with a specific target with high specificity and affinity. 
Aptamers have been generated against a wide variety of targets, 
including small molecules such as metal ions3–5, organic dyes and 
amino acids6–9, and antibiotics10,11 and peptides12,13, as well as pro-
teins of various sizes and functions2,14–24, whole cells25–34, viruses and 
virus-infected cells35–39, and bacteria40,41. The selective interactions 
between aptamers and these diverse targets have been exploited for 
different applications, including biotechnology, medicine, phar-
macology, cell biology, microbiology and chemistry. For example, 
aptamers have been effectively used for therapeutic applications 
such as targeted therapy42–44, detection and diagnostics21,26,45,46. In 
fact, the first aptamer-based drug, called mucagen, is now available, 
and others, such as aptamer AS1411, which is specific for nucleolin, 
are in clinical trials47. This shows that aptamers can also be used 
directly as drugs.

On the basis of their target-recognition capability, selective 
binding and affinity, aptamers have been likened to antibodies. 
However, aptamers, by their unique features, have more flexibility 
in their development and range of applications. Specifically, the 
time needed for the generation of aptamers by the SELEX process 
is comparatively short. In addition, aptamers are chemically syn-
thesized, which permits the biochemical manipulation required to 
incorporate various functional groups and specific moieties such as 
biotin, carboxyl, amino and thiol48–51, most of which do not affect 
the recognition of the aptamer to the target. This has allowed 
aptamer conjugation with drug molecules and nanomaterials50–52 
and modification of nuclease-resistant bases, such as locked nucleic 

acids and 2′-O-methyl nucleotide analogs, to further enhance affin-
ity and nuclease resistance53 so that they can be adopted for in vivo 
study49, 54. Further, initial SELEX library containing 2′-fluoro- 
modified nucleotides has been used to generate high-affinity 
aptamers55. Modified bases such as 2′-fluoro-, 2′-O-methyl and 
locked nucleic acids can improve nuclease resistance of nucleic 
acids. Even with improved nuclease, aptamers have low blood  
residence time compared with antibodies, as well as low toxicity or 
immunogenicity, and these are important features when used for 
in vivo applications such as imaging. Other qualities, such as long 
shelf life and controllable or cyclical denaturation and renaturation, 
have expanded the flexibility of aptamers in various experimental 
designs such as biosensors.

Aptamers are identified through an in vitro process. Briefly, 
this involves the incubation of the DNA library pool with the 
target of interest. After incubation, the binding complex (target 
and oligonucleotide sequences) is partitioned from the unbound 
sequences. Subsequently, the sequences binding to the target are 
eluted and then incubated with the control, and the remaining 
sequences are amplified by PCR. The process is repeated until the 
pool is enriched for sequences that specifically recognize the tar-
get. The enriched pool is cloned into bacteria, and positive clones 
are sequenced to obtain individual sequences. Representatives of 
these sequences, usually grouped into families (common in an 
enriched pool), are chemically synthesized, labeled with fluores-
cence dye and tested against the target to determine potential 
aptamer candidates. The mode of selection and the methodology 
used to generate these aptamers, as well as all the assays used in 
the identification of the potential aptamer candidates, depend to a 
large extent on the target of interest. In view of this, various selec-
tion modes have emerged, and each of these is rationally designed 
to suit the requirements of some specific purpose56–62. One such 
modality is the adoption of cell-based aptamer selection, termed 
cell-SELEX25–34 (Fig. 1).
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In the past two decades, high-affinity nucleic acid aptamers have been developed for a wide variety of pure molecules and complex 
systems such as live cells. conceptually, aptamers are developed by an evolutionary process, whereby, as selection progresses, 
sequences with a certain conformation capable of binding to the target of interest emerge and dominate the pool. this protocol, 
cell-seleX (systematic evolution of ligands by exponential enrichment), is a method that can generate Dna aptamers that can bind 
specifically to a cell type of interest. commonly, a cancer cell line is used as the target to generate aptamers that can differentiate 
that cell type from other cancers or normal cells. a single-stranded Dna (ssDna) library pool is incubated with the target cells.  
nonbinding sequences are washed off and bound sequences are recovered from the cells by heating cell-Dna complexes at 95 °c,  
followed by centrifugation. the recovered pool is incubated with the control cell line to filter out the sequences that bind to 
common molecules on both the target and the control, leading to the enrichment of specific binders to the target. Binding 
sequences are amplified by pcr using fluorescein isothiocyanate–labeled sense and biotin-labeled antisense primers. this is 
followed by removal of antisense strands to generate an ssDna pool for subsequent rounds of selection. the enrichment of the 
selected pools is monitored by flow cytometry binding assays, with selected pools having increased fluorescence compared with  
the unselected Dna library. the procedure, from design of oligonucleotides to enrichment of the selected pools, takes ~3 months.
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Cell-SELEX is a term that describes the process whereby live 
cells are used to select aptamers for target recognition. Thus, 
cell-SELEX is a particularly promising selection strategy for  
various applications, including cancer research and therapy. Speci-
fically, by adopting cell-SELEX, useful probes can be developed to 
potentially differentiate tumor cells from normal cells, as well as 
to differentiate between two different types of cancers. Thus far, 
live cells of different cancers have been used in this process, and 
as a result, a significant number of aptamers have been generated 
for most cancers studied26–34. Briefly, in the cell-SELEX method, 
oligonucleotides bind to molecules on the extracellular surface, 
a phenomenon that is important for the following reasons:

1. Prior knowledge of the target is unnecessary. The need to 
know the molecular composition of the cell surface is not 
important in cell-SELEX. Instead, the different types of 
cells used in the selection process are a critical parameter, 
as the selected aptamers will be useful for the specific rec-
ognition of these cells.

2. Aptamers can be generated for many targets. The cell 
membrane surface is a complex system that has a count-
less number of molecules, especially proteins. In cell- 
SELEX, each of these molecules is a potential target. At the 
end of a successful selection, aptamers are generated for 
many different targets. This feature is very important, as 
any one of these molecules may have one or more roles in 
the development of the cell or the disease they cause.

3. Aptamers can be generated for biomarker discovery. On 
the basis of the fact that cell-SELEX has the potential to 
develop aptamers for unknown molecules, as noted in (ii) 
above, these probes can be used through affinity precipita-
tion to purify the target for aptamer recognition and then 
for disease biomarker discovery26,63,64.

4. Aptamers bind to the native state of target molecules. 
Aptamers are developed for molecules on the cell surface 
that are in their native state and would therefore represent 
their natural folding structures as well as their distribu-
tion; therefore, all post-translational modifications are left 
intact for proteins, and the aptamer will bind to the real 
folded conformation. It is known that the cell surface car-
ries a net negative charge and thus one should expect re-
pulsion to occur between the DNA polyanion and the cell; 
therefore, generating nucleic acid aptamers for cells will 
be difficult. However, we believe that the structure-related 
binding between the aptamer and the target will be strong 
enough to overcome the repulsion force. In addition, 
the presence of divalent cations could help to shield and  
reduce the effect of DNA-negative chargers.

The phosphodiester backbone of DNA can nonspecifically interact 
with mostly arginine or lysine and other side chain molecules that 
can potentially reduce the selectivity of the generated aptamers. 
However, as SELEX is an evolutionary process, the specific binding 
of the 3D structure of the DNA sequences dominates the random 
nonspecific binding. In addition, as selection progresses and the 
stringency of the procedure increases, the contribution of non-
specifically binding sequences, if any, is minimized to the barest 
minimum.

In this protocol, we present a detailed and proven work-
ing procedure for the development of DNA aptamers using 
the cell-SELEX model30–34 for different types of biological cells  

(Fig. 1). Although this protocol has been successfully implemented 
in many aptamer-development schemes using different cancer cell 
lines, it must be noted that the success of any particular selec-
tion will in part also depend on the experimenter’s basic skills 
and efficiency in regular procedures such as PCR and cell culture 
techniques.

Experimental design
Primers and library. PCR is a major part of aptamer selec-
tion and therefore it is important to use primers and a library 
set that have high PCR amplification efficiency. The procedure 
to design primers and the library has been outlined below. The 
sense strand of the primer is labeled at the 5′ end with fluores-
cein isothiocyanate (FITC). The importance of FITC is to moni-
tor the progress of selection by flow cytometry. The antisense 
strand is labeled at the 5′ end with biotin. The presence of biotin  
helps to separate the sense and antisense strands after PCR by 
streptavidin-biotin interaction, followed by alkaline denatura-
tion. The initial library design is outlined under REAGENT SETUP.  
The length of the randomized region determines the diversity of the 
library. It is not necessary to label the initial library with FITC. All 
oligonucleotide sequences must be purified by high-performance 
liquid chromatography (HPLC). Two examples of good primer and 
library sets are shown below:
Set 1 (ref. 30)
5-FITC-ATACCAGCTTATTCAATT-3
5-biotin-AGATTGCACTTACTATCT-3
5-ATACCAGCTTATTCAATT-52N-AGATAGTAAGTGCAATCT-3
Set 2 (ref. 33)
5-FITC-ATCCAGAGTGACGCAGCA-3
5-biotin-ACTAAGCCACCGTGTCCA-3
5-ATCCAGAGTGACGCAGCA-45N-TGGACACGGTGGCTTAGT-3 

Cell lines (positive and negative).The choice of cell lines 
depends on the purpose of the selection and what one seeks 
to achieve. Cell-SELEX has commonly been performed using 
cultured cancer cell lines, and aptamers have been generated 
that can differentiate between two different cancers or between 
cancer and normal cells. Table 1 shows examples of positive and 
negative cell lines that have been previously used to generate 
specific aptamers.

Control cell

Wash to remove
unbound sequences

Target cell

Positive
selection

Retain unbound
sequences

PCR amplification
Cloning evolved
DNA pool

Sequencing and
screening
potential DNA
aptamer

ssDNA library

Cell-SELEX

Extracted
bound
sequences

Negative
selection

Remove bound
sequences

Figure 1 | Schematic representation of DNA aptamer selection using the cell-
SELEX strategy. DNA sequences that have specific recognition to target cells 
are evolved to enrich the selection pools. The enriched pools are cloned, and 
the positive clones are sequenced to identify individual aptamers.
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Maintenance of cell culture. Cell-SELEX uses live cells as target 
and therefore good cell culture maintenance is very important. 
Overgrown cell culture causes more cell death, and can probably 
cause an alteration in cell morphology and protein expression. 
Dead cells are detrimental to the success of selection, especially 
when using suspension-cultured cells. The reduction or elimi-
nation of dead cells can significantly enhance the enrichment of 
selected pools65. The viability of adherent monolayer cells is not a 
significant problem in selection because most dead cells normally 
float in the medium, and once the medium is removed, relatively 
healthy cells are obtained. That notwithstanding, cells must not 
be allowed to overgrow. There are two ways by which adherent 
monolayer cells can be used for selection: either directly in cul-
tured dish or as cell-dissociated cells. The direct option may offer a  
better representation of the cells’ natural environment. Dissociated 
cells either by short-term trypsin treatment or nonenzymatic dis-
sociation buffer may be harsh on cells or may change the surface 
expression.

Elution of binding sequences. The recovery of the sequences 
binding to target cells is achieved by heating the cell-DNA complex 
at 95 °C. A twofold rationale underlies the necessity for heating 
the cell suspension at 95 °C to elute bound sequences: (i) Elevated 
temperature will cause denaturing of the cell surface proteins, and 
this will lead to the disruption of the interaction between DNA and 
protein. (ii) The folded structure of the DNA is disrupted, causing 
the release of DNA from the target protein. At 95 °C, any DNase 
that is released after cell disruption at the elevated temperature is 
inactivated and therefore cannot cause DNA digestion.

PCR procedures. PCR is a major part of this protocol and its 
success can enhance the success of the selection process. Before 
beginning the selection process, optimize the annealing tem-
perature and the concentration of all PCR reagents including 
primers. After the first round of selection, three different PCR 
amplifications are performed: (i) amplification of the entire pool, 
(ii) determination of the optimum cycle for preparative PCR and 
(iii) preparation of PCR for the next round of selection. In the 
subsequent rounds of selection, however, only (ii) and (iii) are 
performed.

Preparation of single-stranded DNA. Symmetrical PCR for the 
preparative PCR generates double-stranded DNA that needs to 
be separated, and the FITC-labeled sequence needs to be recov-
ered to continue the selection process. In this protocol, we have 

 consistently and successfully separated sense single-stranded DNA 
(ssDNA) from biotinylated antisense ssDNA by alkaline denatura-
tion and affinity purification with streptavidin-coated Sepharose 
beads. Recently, concerns have been raised about the problems 
associated with ssDNA preparation using streptavidin-coated 
magnetic beads66. The authors reported that ssDNA preparation 
using streptavidin-coated magnetic beads and subsequent alka-
line separation is often contaminated by both streptavidin- and 
biotin-labeled sequences, which cause cell aggregation. They 
therefore could not enrich selected pools with the streptavidin-
coated magnetic beads separation method. In our system, how-
ever, we have consistently used streptavidin-coated Sepharose 
beads without any difficulty. However, although we have not 
performed gel staining to assess the presence of streptavidin and 
biotin, we have never observed any cell aggregation as a result of 
this supposed contamination. We therefore believe that our sys-
tem for ssDNA preparation is efficient for successful SELEX.

Negative selection. After the second round of selection, the 
selected DNA pool can be used to carry out negative selection to 
filter out sequences that may bind to the molecules existing on the 
surface of both the target and control cell lines. It is nearly impos-
sible to remove all these sequences from the pool with negative 
selection, and the remaining sequences can increase in number 
after performing PCR. However, if negative selection is regularly 
carried out, most of these sequences can be eliminated, and they 
will be unable to populate the selection pool. All the selected DNA 
pools generated at the end of each round of selection are used for 
negative selection.

Monitor progress of selection. The enrichment of the selection 
pools, resulting in the evolution of potential aptamer candidates 
in the course of selection, is monitored by flow cytometry (sus-
pension and adherent cells) or microscopy (adherent cells). To 
ensure consistency, it is desirable to perform binding assays to 
monitor the progress of selection after two or three continuous 
selections rather than after every round. Performing binding 
assays at the same time and under the same conditions makes 
it easier to compare results; therefore, any signal difference 
between two successive pools can be assessed well. In addition, 
this monitoring strategy enables one to evaluate the selection 
process in general.

End of selection. Selection is completed (i) when we observe a 
significant difference between the fluorescence signal intensity of 

taBle 1 | Examples of positive and negative cell lines that have been successfully paired to generate high-affinity and specific aptamers.

positive Description negative Description

CCRF-CEM T-cell line, human ALL Ramos B-cell line, human Burkitt’s lymphoma30

NCI-H69 Carcinoma; small-cell lung cancer NCI-H661 Carcinoma; large-cell lung cancer32

BNL 1ME A.7R.1 (MEAR) Mouse liver hepatoma cell line BNL CL.2 Normal mouse liver cell line34

HL60 Acute myeloid leukemia NB4 Acute promyelocytic leukemia33

A549 Human lung carcinoma cells infected  
with vaccinia virus

A549 Human lung carcinoma cells without infection39

Abbreviation: ALL, acute lymphoblastic leukemia.
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the control background and the selected DNA pools and (ii) at a 
point at which no significant signal difference can be discerned 
between two or three successive selected pools. Once the selected 

pools are enriched with potential DNA aptamer sequences, they 
are cloned into bacteria, and the positive clones are sequenced to 
identify individual aptamer candidates.

MaterIals
REAGENTS

Target (positive) cell line (Table 1, CCRF-CEM)
Control (negative) cell line (Table 1, Ramos)
Appropriate cell culture media
Heat-inactivated fetal bovine serum (FBS; Invitrogen, cat. no. 10082-147)
Penicillin and streptomycin (Invitrogen, cat. no. 15140-122)
Trypsin-EDTA (Mediatech, cat. no. 25-052-CI)
Nonenzymatic cell dissociation solution (MP Biomedicals, cat. no. 1676949)
Trypan blue (Gibco, cat. no. 15250-061)
Hemocytometer (Hausser Scientific Partnership, cat. no. 3200)
Absolute ethanol (Decon Laboratories, cat. no. 2701)
Ethanol (70% (vol/vol); see REAGENT SETUP)
Culture dish (100 mm × 20 mm; Corning, cat. no. 430293)
Culture dish (60 mm × 15 mm; BD, cat. no. 430293)
5′ FITC-labeled sense primer (see REAGENT SETUP)
5′ Biotin-labeled antisense primer (see REAGENT SETUP)
5′ FITC-labeled random ssDNA library (see REAGENT SETUP)
d( + )-Glucose (Sigma, cat. no. G-8270)
Dulbecco’s phosphate-buffered saline (DPBS; Sigma, cat. no. D8662 or  
MP Biomedicals, cat. no. 1960454)
Baker’s yeast tRNA (Fluka Analytical, cat. no. 83853)
Magnesium chloride (Acros Organics, cat. no. 413415000)
Washing buffer (see REAGENT SETUP)
Binding buffer (see REAGENT SETUP)
Centrifuge tubes (15 ml; Corning, cat. no. 430052)
EZ-flip centrifuge tubes (15 ml; Nunc, cat. no. 362694)
Hot Start DNA Taq polymerase kit (HS Taq polymerase, TaKaRa,  
cat. no. TAKR007A)
dNTP mixture (2.5 mM each, TaKaRa, cat. no. 4030)
PCR buffer (10×; Sigma, cat. no. P2192-1VL)
Sterile water for RNA work (Fisher Scientific, cat. no. BP561-1)
PCR tubes (0.2 ml; Molecular BioProducts, cat. no. 3412A)
PCR tubes (0.5 ml; Molecular BioProducts, cat. no. 3430A)
Microfuge tubes (1.5 ml; Fisher Scientific, cat. no 05-408-129)
Microfuge tubes (2.0 ml; Fisher Scientific, cat. no 05-408-138)
Agarose (Fisher Scientific, cat. no. BP1356-500)
DNA step ladder molecular weight markers, including 6× blue/orange  
loading dye (25 bp; Promega, cat. no. PR-G4521)
Ethidium bromide (1% solution, Biotech grade, Fisher BioReagents,  
cat. no. BP-1302-10) ! cautIon Ethidium bromide is a suspected mutagen 
and a possible carcinogen. Nitrile gloves and lab coats should be worn  
when handling this reagent and any gels or solutions carrying it. Ethidium 
bromide–containing material should be disposed in accordance with local 
institutional safety procedures.
Streptavidin Sepharose (GE, cat. no. 10024153)
Empty DNA synthesis column with filters (Glen Research, cat. no.  
20-0021-01)
Syringe (10 ml; Becton Dickinson, cat. no. 309642)
Sodium hydroxide (200 mM; Fisher, cat. no. 5318-500)
Illustra NAP-5 Columns Sephadex G-25 DNA Grade (GE, cat. no.  
17-0853-01)
Shealth fluid (BD, cat. no. 342003)
Flow cytometer tubes (Becton Dickinson, cat. no. 352008)
Bleach (Clorox Commercial Solutions, cat. no. 60234)
TOPO TA Cloning Kit for sequencing (Invitrogen, cat. no. K4500-01)
Agar granulated (Fisher, cat. no. BP1423-500)
X-gal (5-bromo-4-chloro-3-indolyl-β-d-galactoside, 40 mg ml − 1;  
Invitrogen, cat. no. 15520-018)
N,N-Dimethylformamide (Sigma-Aldrich, cat. no. 40255)
Luria-Bertani medium (LB medium; AccuGENE, cat. no. 51217)
Ampicillin (Fisher Scientific, cat. no. BP-1760-25)
Thermometer (Fisher Scientific, cat. no. 14983 10C)
Cell spreader (Fisher Scientific, cat. no. 08-100-13)

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

•
•
•
•
•
•
•

•
•
•
•
•
•
•
•
•

•

•
•

•
•
•

•
•
•
•
•
•

•
•
•
•
•

EQUIPMENT
Microscope (Olympus, cat. no. IX70)
Centrifuge (Eppendorf, cat. no. 5810R)
Microcentrifuge (Eppendorf, Minispin plus)
Heat block (Thermolyne, cat. no. DB17615)
Microwave (Kenmore)
Weight scale (Denver Instrument, cat. no. SI-602)
Analytical balance (Denver Instrument, cat. no. SI-64)
Flow cytometer (Becton Dickinson, FACScan)
Series II water-jacketed CO

2
 incubator (Thermo)

Class II biological safety cabinet, SterilGARD III advance (The Baker  
Company, Model SG603A)
Orbital shaker (Thermo, Model 420)
MyCycler thermal cycler from Bio-RAD
Purifier filtered PCR enclosure (Labconco)
Electrophoresis power supply (Bio-Rad, Power PAC 200)
UV transilluminator (Bio-Rad)
Spectrophotometer (Bio-Rad, SmartSpec plus)
Speedvac concentrator (Thermo, DNA120OP-115)
Water bath (Fisher Scientific, Isotemp 105)
Autoclave (Tuttnauer, model no. cat2007)
Isotemp incubator (Fisher Scientific)

REAGENT SETUP
Buffers and solutions (i) Washing buffer: To 1 liter of DPBS, add 4.5 g of 
glucose and 5 ml of 1 M MgCl

2
. Store at 4 °C for up to 3 months. (ii) Binding 

buffer: To 1 liter of DPBS, and 4.5 g of glucose, 100 mg tRNA, 1 g BSA and  
5 ml of 1 M MgCl

2
. Store at 4 °C for up to 1 month. (iii) 70% ethanol: To pre-

pare 1 liter of 70% ethanol, add 700 ml of water to 300 ml of absolute ethanol.
Primers Primers should be designed using appropriate software such as 
Integrated DNA Technologies (http://www.idtdna.com/analyzer/Applica 
tions/OligoAnalyzer/Default.aspx), according to standard primer design 
considerations. These include reasonable annealing temperature, >50% G-C 
content, avoidance of primer heterodimers and primer self-dimers; for exam-
ple, 5′-FITC- ATCCAGAGTGACGCAGCA-3′ and 5′-biotin-ACTAAGCCAC-
CGTGTCCA-3′.
Random library Use the FITC-labeled primer at the 5′ end and the com-
plementary strand of the biotin-labeled primer at the 3′ end flanking the 
random region between 25 and 60 nucleotides. Avoid a library with strong 
interaction between the constant regions. An example of a good library is 
shown at 5′-ATCCAGAGTGACGCAGCA-N40-TGGACACGGTGGCTTAGT-
3′. The design of primers and library is very significant, as the efficiency of 
PCR amplification is the key to a successful selection. The value of ‘N’ signi-
fies the potential number of sequences, as defined by the formula 4N, where 4 
represents the four deoxyribonucleotides. Higher ‘N’ provides a more diverse 
library pool, generally ranging from 25 to 60.
Oligonucleotide synthesis and purification The designed DNA library 
and primers can be synthesized and purified in the laboratory (if a facility 
is available) or purchased from commercial sources such as Integrated DNA 
Technologies. All synthesized oligonucleotides are purified by HPLC. For 
instance, in our laboratory we use reverse-phase HPLC with a C

18
 column 

(250 mm × 4.6 mm, 5-µm particle size) and a gradient mobile-phase mixture 
of acetonitrile and aqueous 0.1 M triethyl ammonium amine. Typically,  
a 1-µmol synthesis scale produces ~50 nmol (DNA library) and  
100–150 nmol of DNA primers each. Store the stock of pure oligonucleotides 
in higher concentrations (0.5–1.0 mM) in Tris-EDTA buffer.
EQUIPMENT SETUP
Software Use the following software or their equivalents: (i) Integrated DNA 
Technologies, mfold (primers, library design and aptamer structure predic-
tion), (ii) Winmdi, Cell Quest or FCS Express (analysis of flow cytometry data), 
(iii) ClustalX 1.83 (sequence alignment) and (iv) Systat Software, SigmaPlot  
for apparent dissociation constant determination.

•
•
•
•
•
•
•
•
•
•

•
•
•
•
•
•
•
•
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proceDure
1| Prepare cells for the experiment. This procedure will present the detailed cell-SELEX protocol for both suspension and 
adherent cultured cell lines. For adherent cells, there are two options: the experiment can be performed either directly in a 
culture dish or using dissociated cells. If using dissociated cells, prepare them by following the steps given in Box 1 before 
following the procedure given below. If performing the experiment in a culture dish, refer to Box 2 and continue with the 
procedure from Step 61.

Initial Dna library pool preparation ● tIMInG 20 min
2| Add 20 µl of 0.5 mM (10 nmol) DNA library to 350 µl of binding buffer, mix and heat the mixture at 95 °C for 5 min. 
Snap-cool on ice and keep on ice until ready to use (same day).
 pause poInt If selection is not accomplished on the same day, store the DNA library pool at  − 20 °C. Thaw library on ice 
whenever ready to use. The denaturation step is not necessary once DNA has been thawed on ice.
 crItIcal step Heating the DNA at 95 °C and subsequent fast cooling on ice are important to create folded ssDNA.

preparation of target cells: cell viability ● tIMInG 30 min
3| Determine cell viability using Trypan blue exclusion assay.
 crItIcal step Cell viability assessment is very important, especially for suspension cells. Too many dead cells will seri-
ously affect the efficiency of selection. DNA can nonspecifically adhere to and enter dead cells. This will cause the loss of 
important sequences, delay of enrichment or even the failure of selection. As the highest cell viability is ideal, it is preferable 
to use more than 95% viable cells.

preparation of target cells: cell number ● tIMInG 20 min
4| Determine the concentration of cells using a hemocytometer. On the basis of cell count, determine what volume will 
correspond to the number of cells needed for a specific round of selection.
 crItIcal step For the first round of selection, use the highest number of cells possible for collecting specific sequences, 
preferably between 5 and 10 million cells.

preparation of target cells: washing by centrifugation ● tIMInG 30 min
5| Take the cell volume that yields the desired number of cells into a 15-ml centrifuge tube and centrifuge cells at 150g  
for 3 min at 4 °C. Remove the supernatant and add 3 ml of washing buffer. Resuspend cells by pipetting up and down,  
tapping the bottom of the centrifuge tube or mild vortexing. Pellet the cells at the same speed and duration. Repeat  
washing once more.
 crItIcal step Avoid strong vortexing as it can cause cell breakage and may eventually affect selection.

Incubation of cells with Dna library pool ● tIMInG 1 h
6| Resuspend cells in 330 µl of binding buffer. Add all of the 370 µl snap-cooled DNA library (Step 2) to the 330 µl cell 
suspension, mix thoroughly and incubate the mixture on ice for 1 h on a rotary shaker. Incubation temperature depends on 

 BoX 1 | DISSoCIATE ADHERENT CELLS ● tIMInG 4 H 15 mIN 
1. Split cells 24 h before dissociation treatment.
2. Dissociate cells from culture flask or dish with nonenzymatic dissociation solution or by short-term (30 s–1 min) trypsin treatment. 
After incubation, remove trypsin or dissociation buffer and immediately add cold culture medium containing FBS. Cells are split 24 h 
before dissociation; hence, they can be removed by short-term treatment. If cells are left for 2–3 d, this will not be possible.
3. Transfer cells from flask or dish to centrifuge tube for subsequent use. FBS will halt further action of residual trypsin.
4. For cells dissociated with nonenzymatic dissociation buffer, count cells and use required amount for aptamer selection by following 
the same procedure as described for suspension cells (Steps 2–60).
5. For cells dissociated by short-term trypsin treatment, use cells immediately, as described (Steps 2–60), or incubate cells under cell 
culture conditions, but with rocking for at least 2 h.
 crItIcal step Continuous rocking will prevent the cells from sticking to the bottom of the flask or dish. It is important to culture 
cells for at least 2 h to recover some of the proteins that might have been affected by the short-term trypsin treatment.
6. After incubation, count the number of cells and use them for selection, following the same procedure as described for suspension 
cells (Steps 2–60).
 crItIcal step Trypsin treatment must be performed with extreme caution because substantial damage to surface proteins can occur 
if the treatment is prolonged. Moreover, do not treat cells with prolonged exposure to the harsh nonenzymatic dissociation buffer. At 
the most, 5 min is sufficient. Both higher concentration and long-term exposure are detrimental to cell integrity and surface markers.
?  trouBlesHootInG
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the purpose of selection. In general, any temperature between 4 and 37 °C is applicable for this protocol; however,  
higher temperatures such as 37 °C can cause internalization. Once aptamer is selected at 4 °C, it is important to test  
the binding at 37 °C. This does not mean that all aptamers selected at 4 °C will not bind at 37 °C. From observation, most 
of the aptamers will bind very well at 37 °C, especially those with very high affinity. Some of the aptamers generated at  
4 °C have been used in various applications at 37 °C (refs. 30,33). The most important point here is to generate aptamers 
with high affinity by gradually increasing the stringency of selection to generate aptamers that can bind at diverse binding 
conditions. For instance, aptamers that have been developed using DPBS as the binding buffer can still recognize the target 
in culture medium.
 crItIcal step Because of the large number of cells relative to the small volume of incubation medium, it is sometimes 
common to see cells settling at the bottom of the tube, even while shaking, so occasionally check and resuspend the cells.

Washing step ● tIMInG 40 min
7| After incubation, centrifuge cells at 150g for 3 min at 4 °C. Remove supernatant containing unbound sequences and  
resuspend cell pellets in 3 ml of washing buffer. Shake for about 30 s and centrifuge again using the same condition. Remove 

 BoX 2 | PERFoRm SELECTIoN DIRECTLY IN CULTURE DISH ● tIMInG 1 H 40 mIN 
1. Culture cells into monolayers with at least 90% confluence.
 crItIcal step Performing selection directly in the culture dish maintains cells in their natural environment and proteins in their 
native conformation. There is less concern of cell surface variability.
2. For the first round of selection, use a 100-mm × 20-mm culture dish (cell number over 5 million). Wash cells with washing  
buffer twice.
 crItIcal step Do not use a culture flask when performing selection directly with adherent monolayer because it is easier to wash 
and remove the cells from an uncovered dish than from a flask.
3. Prepare DNA library in 500 µl of binding buffer.
4. Incubate cells with DNA library. Use a total volume of 1,000 µl for the 100-mm × 20-mm culture dish and shake continuously  
(50 r.p.m.) or on slow rocker for 1 h.
 crItIcal step Because the DNA library volume is expected to cover the entire culture dish, adjust the total volume of the DNA 
library to 1,000 µl while maintaining the final concentration.
5. After incubation, wash cells three times with washing buffer.
 crItIcal step Ensure that the cells are not detached during washing, as this will cause loss of binding sequences.
6. Add 500 µl of DNAse-free water to the washed cells. Detach cells using cell scraper and transfer them into a 1.5-ml tube.
7. Heat suspension at 95 °C for 10 min and recover the suspended DNA by centrifugation at 13,100g for 5 min. Ensure that the  
recovery efficiency is as high as possible.
8. Follow Steps 10–34 to obtain the first selected DNA pool.
 pause poInt One may store the DNA pool at  − 20 °C.
second round of selection
9. Use the generated first-round selected pool, resuspended in binding buffer.
10. Follow Box 2, steps 1–5.
11. Elute the cell-DNA complex in 600 µl of binding buffer. Detach cells using cell scraper and transfer them into a 1.5-ml tube.  
Heat and recover the eluted DNA suspension by centrifugation.
negative selection
12. Use a 100-mm × 20-mm culture dish with cells in confluence.
 crItIcal step Avoid nonconfluent cell culture as DNA can stick to the bare culture dish.
13. Wash the cells.
14. Incubate cells with the eluted pool.
15. After incubation, recover the buffer containing the remaining sequences that do not bind to the control cells. Label this as the 
second selected DNA pool.
 pause poInt One may store the selected DNA pool at  − 20 °C.
pcr procedures—ssDna
16. Follow Steps 15–34 to obtain ssDNA
subsequent rounds of selection
17. Use a 60-mm × 15-mm culture dish to carry out the incubation step using 250 µl of the ssDNA pool with 250 µl of binding buffer 
and maintaining a 1,000 nM final concentration of the selected DNA library. Follow with the washing and elution steps.
 pause poInt One may store the selected DNA pool at  − 20 °C.
Monitor progress of selection
18. One may dissociate cells and use similar binding assays as described for suspension cells (Steps 52–59) or use confocal microscopy 
when adherent.
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supernatant carefully with transfer pipette, avoiding cell loss. Quickly spin down (30 s) the residual buffer on the wall of the 
tube. To avoid cell loss, remove a small amount of residual buffer with folded kimwipe. Repeat the washing procedure two 
more times for a total of three washings.
? trouBlesHootInG

elution of bound sequences ● tIMInG 15 min
8| For the first round of selection, elute the bound sequences in water. Add 500 µl of DNase-free water to the cell pellet. 
Resuspend cells and transfer cell suspension into a 1.5-ml microfuge tube.
 crItIcal step Only in the first round is DNA eluted in water. In subsequent rounds, DNA is eluted in binding buffer. As the 
entire eluted pool is amplified by PCR, use only DNase-free water for the elution of the bound DNA sequences during the first 
round of selection. Otherwise, if the DNA is eluted in DPBS, the salts with high concentration will affect the efficiency of PCR.

9| Heat the cell mixture at 95 °C for 10 min, centrifuge at 13,100g for 5 min and collect supernatant containing eluted DNA.
 crItIcal step Do not perform negative selection at this point. Minimize the loss of eluted sequences during the first 
selection round, as each sequence is theoretically represented only once, and when any sequence is lost, it can never be 
recovered.
 pause poInt Store eluted DNA at  − 20 °C.

pcr procedures: pcr amplification of the entire first selected pool ● tIMInG 1 h
10| This step is performed for pools generated from only the first selection. Set up a 1,000-µl PCR amplification reaction  
volume as shown below: adjust the volume of water to compensate for the total volume if the DNA selected pool  
volume differs.

reagents reaction mixture (µl)

10× PCR buffer 100.0

dNTP mixture (2.5 mM each) 80.0

FITC- and biotin-primer mixture 50.0 (0.5 µM final)

DNA selected pool (template) 500.0

DNase-free water 270.0

HS Taq polymerase 3.0
Abbreviation: FITC, fluorescein isothiocyanate.

11| Mix thoroughly and pipet 100 µl into 10 individual tubes (using 96-well thermal cycler) for 100 µl per reaction, or pipet 
200 µl into five individual tubes (60-well thermal cycler) for 200 µl per reaction.
 crItIcal step Note that this step is only performed to step up the copies of individual sequences and is not necessar-
ily preparative. Too many cycles may produce nonspecific amplicons, and this will affect the purity of the DNA library pool. 
Choose 8–10 cycles.

12| Perform PCR amplification. For example, in primer set 2 given above, use the following amplification conditions: denaturation 
at 95 °C for 30 s, annealing at 56.3 °C for 30 s and elongation at 72 °C for 30 s, followed by final extension for 3 min at 72 °C.
 crItIcal step Always keep Taq polymerase at  − 20 °C until ready to use. Thaw and keep all other PCR reagents on ice. 
 

step temperature (°c) time (s)

Hot start 95 150

Amplification (10 cycles)

 Denaturation 95 30

 Annealing 56.3 30

 Extension 72 30

Final extension 72 180

Hold  4
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13| After PCR amplification, pool all reaction mixtures together (total 1,000 µl). There is no need to perform agarose gel 
electrophoresis to assess template amplification. In most cases, the first-round PCR amplification product is insufficient for 
detection by ethidium bromide.
 crItIcal step Note that the PCR-amplified pool can potentially contaminate PCR reagents and primers; therefore, keep 
them separated.

14| Label the PCR product as the first selected pool.
 pause poInt Store the DNA pool at  − 20 °C.

pcr procedures: determine the optimum number of cycles for preparative pcr ● tIMInG 1 h 30 min
15| The total PCR reaction mixture volume for each tube is 50 µl, with the amplified first selected pool at 10% serving as 
the template. Choose PCR samples at the following cycles: 4, 6, 8, 10 and 12, and one negative control at the twelfth cycle.  
Add the following reagents to PCR tubes as shown below:

reagents positive reaction mixture (µl) control (µl)

10× PCR buffer 25.0 5.0

dNTP mixture (2.5 mM each) 20.0 4.0

FITC- and biotin-primer mixture 12.5 (0.5 µM final) 2.5

Amplified DNA selected pool (template) 25.0 (10% of reaction mixture) —

Supernatant of pure cell lysate — 5.0

DNase-free water 166.75 33.35

HS Taq polymerase 0.75 0.15
Abbreviation: FITC, fluorescein isothiocyanate.

16| Mix thoroughly and pipet 50 µl of the positive reaction mixture into five individual tubes.

17| Perform PCR amplification using the PCR program described in Step 12 with the maximum number of cycles as 12.

18| Open the thermal cycler and take samples at the specified cycles as shown in Step 15.

pcr procedures: agarose gel electrophoresis ● tIMInG 1 h 40 min
19| Prepare 3% agarose gel.

20| Prepare agarose gel samples as shown below:

positive (µl) control (µl) ladder (µl)

Blue/green loading 
dye (6×)

2 2 2

PCR product 10 — —

PCR negative control — 10 —

Ladder (25 bp) — — 1

H2O — — 9

21| Load samples in lanes and perform electrophoresis at 100 V for 40 min.

22| Remove the gel, stain with ethidium bromide, and observe the bands under UV light and take image of the gel (Fig. 2).
? trouBlesHootInG

23| Select a cycle number that yields a bright band without nonspecific amplicons. On the basis of Figure 2, a good example 
is the tenth cycle (lane 5). In preparative PCR, use this cycle of amplification to produce more PCR products for the prepara-
tion of ssDNA required for the second round of selection.
 pause poInt One may store the library pool at  − 20 °C.
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pcr procedures: preparative pcr ● tIMInG 2 h
24| Use the same reagent concentrations as listed in  
Step 15, but in larger volumes. For the second round of 
selection, 1,000 µl of total PCR reaction mixture is enough 
to generate the required amount of ssDNA. Moreover, the 
entire ssDNA pool that is generated here is used for selec-
tion, whereas in the higher rounds, some are used for monitoring the selection progress. Prepare PCR reaction mixture as 
shown below:

reagents positive reaction mixture (µl)

10× PCR buffer 100.0

dNTP mixture (2.5 mM each) 80.0

FITC- and biotin-primer mixture 50.0 (0.5 µM final)

Amplified DNA selected pool (template) 100.0 (10% of reaction mixture)

DNase-free water 670.0

HS Taq polymerase 3.0
Abbreviation: FITC, fluorescein isothiocyanate.

 crItIcal step It is not necessary to perform control PCR for the preparative process once the cycle optimization control 
data are clean.

25| Mix thoroughly and pipet 100 µl or 200 µl of the mixture into ten PCR tubes (96-well thermal cycler) or five PCR tubes 
(60-well thermal cycler). Close the cap securely and perform PCR using the program described in Step 12, but with the  
chosen number of cycles.

26| After PCR, pool all PCR products together and perform gel electrophoresis (Step 20) to confirm the PCR product (Fig. 3).
 pause poInt One may store the library pool at  − 20 °C.

preparation of ssDna from pcr product ● tIMInG 40 min
27| Insert a filter and secure it firmly at one end of an empty DNA synthesis column. Remove the plunger from a 10-ml 
syringe without a needle and insert the empty syringe at the other end of the DNA synthesis column.

28| Mount the setup on a clamp. Add 200 µl of streptavidin Sepharose beads suspension. Insert the plunger and allow the 
storage buffer to drain.

29| Wash the beads with 2.5 ml of 1× DPBS.

30| Pass the PCR product three times through the  
column. Wash the beads again with 2.5 ml of DPBS.

31| Add 500 µl of 200 mM NaOH, insert the plunger  
and collect the eluate containing the FITC-labeled  
ssDNA.
 crItIcal step Allow the PCR product and the NaOH 
solution to pass through the column gradually. Pushing the 
plunger hard will reduce the efficiency of the ssDNA yield. 
Furthermore, do not remove the plunger from the syringe 

1 2 3 4 5 6 7Figure 2 | Agarose gel electrophoresis image showing the products of the 
various cycles of selected DNA library amplification. Lane 1  =  25-bp ladder; 
lane 2  =  4 cycles; lane 3  =  6 cycles; lane 4  =  8 cycles; lane 5  =  10 cycles; 
lane 6  =  12 cycles; and lane 7  =  negative control.

21

Figure 3 | Agarose electrophoresis gel image of preparative selected DNA 
library pool, confirming the efficiency of amplification. Lane 1  =  25-bp 
ladder and lane 2  =  PCR product of 10 cycles.
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while the syringe is connected to the column containing the beads. Always disconnect the syringe from the column before 
removing the plunger.
? trouBlesHootInG

Desalting ssDna ● tIMInG 30 min
32| Wash the NAP5 column with at least 15 ml of deionized water. Add 500 µl of eluted ssDNA. Allow the entire sample 
volume to drain and then elute the ssDNA with 1,000 µl of DNase-free water.
 crItIcal step Always keep the surface of the desalting column moist.
? trouBlesHootInG

Quantifying eluted ssDna ● tIMInG 5 min
33| Determine the concentration of ssDNA by UV absorbance at 260 nm.

Drying ssDna ● tIMInG 3 h
34| Concentrate the ssDNA using a DNA Speedvac dryer. Technically, this step is the end of one round of DNA aptamer selection.
 pause poInt One may store the dried ssDNA at  − 20 °C and resuspend it in binding buffer when needed for the next round 
of selection.
? trouBlesHootInG

second round of selection ● tIMInG 2 h 30 min
35| Resuspend ssDNA in binding buffer to obtain a concentration of 1,000 nM.

36| Denature and renature the ssDNA pool as described in Step 2.

preparation of cells for second round of selection
37| Follow the same procedure used in Steps 3 and 4 but with less than 5 million cells.

Washing
38| Repeat Step 5.

Dna incubation
39| Add 200 µl of ssDNA (Step 36) to 200 µl of cell suspension. Repeat Steps 7, 8 (use 600 µl binding buffer) and 9.
 pause poInt One may store the selected DNA pool at  − 20 °C.

negative selection procedure
cell viability and number of suspension cells ● tIMInG 2 h 30 min
40| Check cell viability and count cells as described in Steps 3 and 4. Use at least 10 million control cells.
 crItIcal step The viability of control cells is important in negative selection because sequences that nonspecifically adhere 
to and enter dead cells will cause the loss of specific sequences. To the extent possible, use more than 95% viable cells.

41| Wash cells as described in Step 5.

42| Incubate cell pellet with the entire eluted DNA pool from positive selection on ice with continuous shaking for 1 h.

43| After incubation, spin down the cells containing the binding sequences at 3,059g for 5 min.

44| Recover the supernatant containing sequences that do not bind to control cells and label this pool as the second  
selected DNA pool.
 pause poInt One may store the selected DNA pool at  − 20 °C.

pcr amplifications
Determination of the optimum number of cycles for preparative pcr of the second selected Dna pool ● tIMInG 3 h 10 min
45| Estimate the minimum and maximum number of cycles to be assessed on the basis of the previous PCR cycle  
optimization procedures (Steps 15–23), but use the second selected DNA pool as the template. Reduce the number of cycles 
to be assessed to about four and maintain cycle intervals of two.
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preparative pcr ● tIMInG 2 h
46| Follow the same procedure as described for Steps 24–26 
(Fig. 4, panel b).
 pause poInt One may dry the selected DNA pool and store 
it at  − 20 °C.

ssDna preparation ● tIMInG 40 min
47| Follow Steps 27–31.

Desalting, quantifying and drying ● tIMInG 3 h 35 min
48| Follows Steps 32–34.

subsequent rounds of Dna aptamer selection ● tIMInG 2 h–2 h 30 min per round
49| For subsequent rounds of selection (typically, between 12 and 16 rounds), follow the same steps as outlined for the  
second round of selection (Steps 35–48), but with the following modifications as selection progresses.
(1)  Gradually reduce the cell number. For suspension cells, use from 10 million (first round) to 1 million (fifth round  

and beyond), and for adherent cells, use a 100-mm × 20-mm culture dish from the first to the fourth rounds and a  
60-mm × 15-mm culture dish for the fifth round and beyond.

(2) Gradually reduce the incubation time from 1 h to 30 min.
(3) Increase the washing time and washing buffer volume.
(4) Add 10% of FBS from the fourth round of selection and gradually increase it to about 20%.

Monitor the progress of selection
50| Add 50 pmol of ssDNA pool in 100 µl binding buffer.

51| Increase the volume of the preparative PCR from the fourth round so that there will be enough ssDNA for both selection 
and monitoring.

Flow cytometry binding assays ● tIMInG 2 h 30 min
52| Count the number of cells and check viability of both target and control cells (Steps 2 and 3). Use about 5 × 105 cells per sample.

53| Centrifuge target and control cells and wash each of them two times. Resuspend each cell line in binding buffer (1 × 106 
cells per 100 µl).

54| Pipet 50 µl of either cell line into different flow cytometry tubes. The number of tubes depends on the number of DNA 
pools to be tested plus one control pool.

55| Add 50 µl of the ssDNA selected pool to each tube containing cells. Use unselected DNA library as a negative control 
pool. Add 10% of FBS.

56| Incubate the mixture on ice for 30 min.

57| Wash two times and then resuspend cells in 200 µl of binding buffer.

58| Determine the fluorescence signal intensity of FITC (FL-1) of each tube for target and control cells. Use unselected FITC 
library signal as the control DNA pool to set the fluorescence background.
? trouBlesHootInG

59| Analyze flow cytometry data using Winmdi, Cellquest or 
FCS Express software (Fig. 5a and b).

2 3 4 51a 21b

Figure 4 | Agarose gel electrophoresis image showing products of cycle 
optimization of the second selected DNA library pool amplification. (a) Lane  
1  =  25-bp ladder; lane 2  =  8 cycles; lane 3  =  10 cycles; lane 4  =  12 cycles; and 
lane 5  =  negative control. (b) Lane 1  =  10 cycles and lane 2  =  25-bp DNA ladder.
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Figure 5 | Flow cytometry binding assay to assess the binding of initially 
selected DNA pools. (a,b) Target and (a) control (b) cell lines. Red  =  unselected 
DNA library; green  =  round 4; blue  =  round 5; purple  =  round 6; and light 
blue  =  round 7. There is a clear fluorescence signal shift in the seventh round 
with positive cells, but not with negative cells. The transition of signal strength 
from round 6 to round 7 shows a detectable onset of enrichment.
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end of selection
60| Selection is completed (i) when we observe a significant 
difference between the fluorescence signal intensity of the control background and the selected DNA pools and (ii) at a point 
at which no significant signal difference can be discerned between two or three successive selected pools (Fig. 6a and b).

cloning and sequencing of enriched pools ● tIMInG 2 h
61| Select enriched pools on the basis of flow cytometry results.

62| Synthesize both primers without any label (FITC or biotin) and purify by HPLC.

63| Use these primers to optimize PCR amplification conditions for the pools to be cloned using the same amplification 
program, but extend the final extension time to 15 min to allow for complete adenylation.

64| Perform gel electrophoresis to assess the PCR amplification efficiency (Fig. 7), and select the PCR products with the 
cleanest band for cloning.
 crItIcal step Avoid nonspecific amplified sequences in PCR product for cloning and sequencing.

cloning using the topo ta cloning kit ● tIMInG 1 h 30 min
65| Prepare agar plates (Box 3).

66| Perform the TOPO TA cloning procedure as described by the manufacturer.

67| After 18 h, observe plates and choose the positive clones (white clones); perform any high-throughput sequencing.
? trouBlesHootInG

analyze sequencing data ● tIMInG 5 h
68| Sequencing of the DNA pool produces both sense and antisense strands. To analyze the data, separate sense strands from 
antisense strands. To accomplish this, follow Steps 69–76, as detailed below.

69| Save the data using two file names, such as ‘sense’ and ‘antisense’.

70| Using the sense file, search all sequences containing the forward primer and color code them.

71| Delete any sequences without the forward primer code.

72| Remove both the forward primer from the 5′ end of the sequences and the reverse primer at the 3′ end, leaving only the 
initial randomized region.

73| Repeat Steps 70–72 for the antisense.

74| Change all antisense sequences (Step 73) to the com-
plementary strand using the Integrated DNA Technologies 
website.

75| Combine all these sequences together and determine 
the sequence alignment using sequence alignment programs 
such as ClustalX1.83.

76| Group sequences into families (Fig. 8).

1 2 3 4

Figure 7 | Agarose gel electrophoresis image to assess the PCR-amplified 
selected DNA pool for cloning. Lane 1  =  selected pool; lane 2  =  control; 
lane 3  =  selected pool; and lane 4  =  25-bp DNA ladder.
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Red  =  unselected DNA library; yellow  =  round 8; brown  =  round 9;  
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synthesis and purification of potential aptamer candidates ● tIMInG ~24 h
77| Select representative sequences from the different families (Step 76).

78| Add the truncated primer regions to obtain the full length and predict structures.
 crItIcal step Do not truncate sequences at this stage. Test full sequences to identify aptamers before truncation to 
obtain the minimal sequence length.

79| Chemically synthesize selected sequences and label them directly with (i) a fluorophore, such as FITC or cy5 or (ii) 
biotin. Detect biotin-labeled aptamers with streptavidin-conjugated fluorophore, such as AlexaFluor 488, phycoerythrin or 
phycoerythrin-cy5.5.

80| Purify sequences by HPLC and quantify.
 pause poInt One may store DNA at  − 20 °C.

screening of potential aptamer candidates ● tIMInG 2 h
81| Prepare working dilutions of potential aptamer candidates at 500 nM using binding buffer.

82| Prepare target cells for flow cytometry as described in Steps 52–53 (suspension cells) and dissociated adherent  
monolayer cells (Box 1).

83| Add 100 µl of cell suspension to 100 µl of potential aptamer candidate (~250 nM final concentration of aptamer) and 
10% FBS.

84| For control, use unselected library.

85| Incubate the cells and DNA mixture for 30 min at 4 °C.

86| Wash the cells and determine fluorescence signal. If 
DNA is labeled with biotin, after washing, incubate the 
cell–aptamer complex with streptavidin-conjugated dye for 
10 min at 4 °C. Wash and determine the fluorescence signal.

87| Analyze the flow cytometry data using Winmdi,  
Cellquest or FCS Express software (Fig. 9).

specificity of aptamer candidates ● tIMInG 3 h
88| Follow Steps 82–87 to test the selectivity of aptamers  
using the control cell line and other related cell lines available.
 crItIcal step Some of the selected aptamers can also 
bind to the controls and other related cancer cells.

 BoX 3 | PREPARATIoN oF AGAR PLATES ● tIMInG 3 H 
1. Weigh out 7.5 g of agar.
2. Add agar to 500 ml of LB medium (final concentration 15 g l − 1).
3. Autoclave the mixture for 20 min at 15 p.s.i.
4. Cool the molten agar to 55 °C.
5. Add antibiotic (ampicillin or kanamycin) at a final concentration of 50 µg ml − 1.
6. Mix thoroughly.
7. With a pipette, transfer 20 ml of the molten gel into a 100 mm × 20 mm culture dish.
8. Allow the gel to set.
9. Store the gel at 4 °C.
 crItIcal step Pour gel while in the molten state and do not create bubbles.

Figure 8 | Sample data of sequence alignment using ClustalX1.83 showing, 
in two parts, large homologous families and nonhomologous sequences of 
potential aptamer sequences.
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Determination of the apparent dissociation constant of 
aptamers ● tIMInG 4 h
89| Prepare cells for flow cytometry (Steps 52 and 53).
 crItIcal step A larger number of cells is needed for this 
procedure.

90| Prepare at least six different dilutions of the aptamer 
and control library in triplicate.

91| Incubate cells with DNA solution.

92| Use any flow cytometry analysis software to determine 
the mean fluorescence intensity of each concentration for 
both the aptamer and the control unselected library.

93| Subtract the mean fluorescence background of controls from the corresponding mean fluorescence intensity of the 
aptamer.

94| Using SigmaPlot, the apparent dissociation constants (Kd) of the aptamer-cell interaction are obtained by fitting the 
dependence of fluorescence intensity of specific binding on the concentration of aptamers to the one-site saturation  
equation Y = Bmax X/(Kd + X). Figure 10 shows the Kd determination curve using SigmaPlot.
 crItIcal step Higher fluorescence signal intensity is not an indication of the aptamer’s dissociation constant. It only 
shows the relative abundance of the target molecule.

● tIMInG
Steps 1 and 2, Initial DNA library pool preparation: 20 min
Step 3, Preparation of target cells: cell viability: 30 min
Step 4, Preparation of target cells: cell number: 20 min
Step 5, Preparation of target cells: washing by centrifugation: 30 min
Step 6, Incubation of cells with DNA library pool: 1 h
Step 7, Washing step: 40 min
Steps 8 and 9, Elution of bound sequences: 15 min
Steps 10–14, PCR procedures: PCR amplification of the entire first selected pool: 1 h
Steps 15–18, PCR procedures: determine the optimum number of cycles for preparative PCR: 1 h 30 min
Steps 19–23, PCR procedures: agarose gel electrophoresis: 1 h 40 min
Steps 24–26, PCR procedures: preparative PCR: 2 h
Steps 27–31, Preparation of ssDNA from PCR product: 40 min
Step 32, Desalting ssDNA: 30 min
Step 33, Quantifying eluted ssDNA: 5 min
Step 34, Drying ssDNA: 3 h
Steps 35–39, Second round of selection: 2 h 30 min
Steps 40–44, Cell viability and number of suspension cells: 2 h 30 min
Step 45, Determination of the optimum number of cycles for preparative PCR of the second selected DNA pool: 3 h 10 min

Step 46, Preparative PCR: 2 h
Step 47, ssDNA preparation: 40 min
Step 48, Desalting, quantifying and drying: 3 h 35 min
Steps 49–51, Subsequent rounds of DNA aptamer selection:  
2 h–2 h 30 min per round
Steps 52–60, Flow cytometry binding assays and end of 
selection: 2 h 30 min
Steps 61–64, Cloning and sequencing of enriched pools: 2 h
Steps 65–67, Cloning using the TOPO TA cloning kit: 1 h  
30 min
Steps 68–76, Analyze sequencing data: 5 h
Steps 77–80, Synthesis and purification of potential aptamer 
candidates: ~24 h
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Figure 10 | Typical apparent dissociation curve of aptamer-cell interaction 
as analyzed by Sigma Plot. In this graph, Kd  =  15.1 ± 1.3 nM and  
R  =  0.9934.
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Figure 9 | Binding assay of FITC-labeled potential aptamer candidates  
using flow cytometry. Aptamers were incubated with target cells at  
250 nM final concentration. Four sequences (sequences 1, 3, 5 and 7) 
showed significantly higher fluorescence intensity than the control (black).
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Steps 81–87, Screening of potential aptamer candidates: 2 h
Step 88, Specificity of aptamer candidates: 3 h
Steps 89–94, Determination of the apparent dissociation constant of aptamers: 4 h

? trouBlesHootInG
Troubleshooting advice can be found in table 2.

antIcIpateD results
All potential aptamer candidates that recognize any target on the cell surface will show a fluorescence signal intensity sig-
nificantly higher than that of the unselected control library (Fig. 9). Repeat screening to confirm the results. For sequences 
that do not show any significant binding to target cells, repeat the screening process with higher concentrations (500 nM or 
1 µM final concentration). The importance of this step is underscored by the wide range of binding affinities of selected aptamers.  
Drop any candidate that will not bind at these concentrations. Characterize the generated aptamers by determining their  
specificity and affinity, as described in the general procedure. In general, the affinities of selected aptamers are in the lower 
to mid-nanomolar range. It can also be expected that some selected aptamers will recognize both target and control cells29,32. 

taBle 2 | Troubleshooting table.

step problem explanation and solution

7 Decreased cell number Cell loss during washing. This can be attributed to low centrifuge speed or buffer 
aspiration. Prevent this by slightly increasing the centrifugation speed and/or remove 
residual buffer on pelleted cells with folded kimwipe

22 No bands observed Small amount of selected pool. Increase the number of cycles and/or the amount of 
selected pool template

Abundance of nonspecific amplicons Reduce the number of cycles and increase the annealing temperature or reduce the 
concentration of primers

27–31 Low recovery of ssDNA This can result from insufficient PCR volume or loss during the ssDNA preparation  
process. To address this during PCR preparation, increase the total volume of preparative 
PCR reaction mixture. In ssDNA preparation, pass PCR product slowly through the  
column containing the streptavidin Sepharose beads. Pass the PCR product several 
times and pass NaOH slowly

32 Low yield Check the flow of column and do not exceed the sample volume of 0.5 ml. Collect all 
1,000 µl of the eluate

34 Loss of ssDNA This might be the result of excessive drying. Dry and powdery pellets can be easily 
lost. To avoid this, do not dry ssDNA completely, as you may concentrate to a very 
small volume. Avoid any sources of contamination when drying multiple samples

58 Control cells show fluorescence 
signal

Inefficient negative selection. To address this, increase the number of the control cells  
and/or increase the incubation time. Perform two successive controls if applicable

Box 1 
(Step 6)

Difficult to dissociate adherent  
monolayer cells

Cell cultured for long time. Split cells 24 h before use

Low cell recovery after dissociation 
solution treatment

Use a culture dish rather than culture flask, as it is easier to remove cells from dishes 
by aspiration than to do so from a flask

Cell damage Avoid dissociation solution treatment over a prolonged period

67 Few white clones Inefficient transformation. Check the heat shock step

Less growth Increase incubation time and increase the volume of the reaction mixture spread on 
the agar plate

Excessive growth Reduce the incubation time and the amount of reaction mixture spread on the agar plate
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In general, however, the procedure is effective in generating many aptamers, some of which are very specific to the target 
and possibly to closely related cell lines.
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