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The generation of single-stranded DNA (ssDNA) from double-stranded PCR products is an 

essential step in selection of aptamers by systematic evolution of ligands by exponential 

enrichment (SELEX). Magnetic separation with streptavidin-coated beads is always the most 

commonly used method. Recently, two size separation methods derived from unequal 

primers with chemical or structural modification are raised in SELEX. In this report, we 

made a comparison between the magnetic separation and the two size separation methods in 

generation of ssDNA from double-stranded PCR products. Our results showed that all the 

methods produced good purity of ssDNA. Compared to the magnetic separation, size 

separation derived from unequal primers with chemical modification achieved an almost 

equivalent recovery rate of ssDNA, whereas size separation derived from unequal primers 

with structural modification showed a lower recovery rate of ssDNA. Considering the low 

cost, size separation derived from unequal primers with chemical modification could be a 

satisfactory alternative to the classic magnetic separation for generation of ssDNA in 

SELEX. 

 

Introduction 

Aptamers are ssDNA or RNA oligonucleotides, generally < 100-

mer1. They can bind with high affinity and specificity to a wide 

range of targets, including peptides, proteins, drugs and even whole 

living cells2-5. Different with the conventional view on nucleic acids 

as carriers of genetic information, aptamers always function based 

on the specific three-dimensional structures and bind to targets with 

dissociation constants in the nanomolar to picomolar range, which is 

comparable and sometimes even superior to those of monoclonal 

antibodies6. Due to the nature of nucleic acids, aptamers also show 

low toxicity, increased stability, ease of regeneration and simple 

modification, making them as potential tools in disease diagnosis, 

drug development, targeted therapy and biosensing7. 

  Aptamers are usually generated by an in vitro iterative selection and 

amplification technology called systematic evolution of ligands by 

exponential enrichment (SELEX)8, 9. From an ssDNA or RNA 

library composing a large sequence diversity and structural 

complexity, only those of oligonucleotides are selected and enriched, 

which can bind very tightly to the specific targets during multiple 

SELEX rounds10-12. Basic steps include the binding reaction between 

oligonucleotides and targets, washing steps to remove unbound 

oligonucleotides, enzymatic amplification of target-bound 

oligonucleotides and purification of the enriched oligonucleotide 

pools for the next round of selection10. Though RNA and ssDNA 

aptamers have similar binding affinity towards the targets, ssDNA is 

more stable than RNA owing to the absence of 2’-OH group, and 

requires only a single enzymatic step in comparison to the three-

enzymatic steps of RNA (transcription, reverse transcription, and 

PCR amplification)13. Thus, ssDNA oligonucleotides are more 

suitable for aptamer selection and show greater potential in the 

subsequent clinical trial and other in vivo application14. 

  During the SELEX process, an important and critical step is the 

generation of ssDNA from double-stranded PCR products. To date, 

several methods have been described, including asymmetric PCR15, 

lambda exonuclease digestion16, magnetic separation with 

streptavidin-coated beads17 and two newly raised size separation 

derived from unequal primers with chemical or structural 

modification by denaturing urea-polyacrylamide gel18, 19. For 

asymmetric PCR, unequal molar ratio of forward and reverse 

primers is used in PCR reaction. The lower concentration primer is 

incorporated into dsDNA and the higher concentration primer is used 

to synthesize an excess of ssDNA in each cycle. However, 

asymmetric PCR products comprise not only single but also double 

stranded DNA (dsDNA), which may reduce the diversity of ssDNA 

in the enriched oligonucleotide pools20. For lambda exonuclease 

digestion, a 5 -́phosphate group is introduced into one strand of 

dsDNA by performing PCR and the phosphorylated strand is then 

removed by digestion with lambda exonuclease. Nevertheless, 

incomplete digestion of the phosphorylated PCR products may also 

leads to the contamination of the dsDNA in reaction mixture13. 

Currently, the most commonly used method for isolation of ssDNA 

from dsDNA is magnetic separation with streptavidin-coated beads. 

Biotinylated PCR products are immobilized onto streptavidin-coated 

beads and the desired ssDNA is rapidly separated from biotinylated 

strand by alkaline denaturation21. Besides the methods described 
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above, another two promising methods based on size separation 

derived from unequal primers with chemical or structural 

modification have been raised in SELEX and attracts more and more 

attentions. With the introduction of a chemical terminator18 or a GC-

rich stem-loop structure19 at the 5’-end of the reverse primer, 

unequal strands of DNA could be created and subsequently separated 

on denaturing urea-polyacrylamide gel.  

  In this study, we determined the recovery rates and purity of ssDNA 

generated by magnetic separation with streptavidin-coated beads and 

two size separation methods derived from unequal primer with 

chemical or structural modification. The results demonstrated that 

size separation derived from unequal primer with chemical 

modification could be an alternative method to the classic magnetic 

separation for generation of ssDNA in SELEX. 

Experimental 

Chemical reagents 

All chemical reagents were purchased from Sigma (The Woodland, 

TX) unless otherwise stated. Taq polymerase (5 U/μl) and dNTPs 

(2.5 mM) were obtained from Takara (Dalian, China). Streptavidin 

MagneSphere® Paramagnetic Particles, Agarose MS-6 and 50 bp 

DNA ladder were from Promega (Madison, WI). The SYBR® 

Safe dye was from Life Technologies. 

ssDNA library and primers 

An ssDNA library comprising a randomized region of 40 nucleotides 

(N) in the center flanked by fixed primer hybridization regions, 

forward primers and reverse primers22 were synthesized in Sangon 

Biotech (Shanghai, China) and shown as follows. ssDNA Library: 

5’-GCAATGGTACGGTACTTCC-40(N)-

CAAAAGTGCACGCTACTTTGCTAA-3’. Forward primer: 5’ -

GCAATGGTACGGTACTTCC-3’. Reverse biotin-labeled primer: 

5’-biotin-TTAGCAAAGTAGCGTGCACTTTTG-3’. Reverse primer 

comprised of an 18-carbon ethylene glycol spacer and an extension 

of PolyA (20): 5’-AAAAAAAAAAAAAAAAAAAA-C18-

TTAGCAAAGTAGCGTGCACTTTTG-3’. Reverse primer 

containing a GC-rich stem-loop structure at its 5’-end: 5’-

GCTAAGCGGGTGGGACTTCCTAGTCCCACCCGCTTAGCAA

AGTAGCGTGCACTTTTG-3’. 

PCR reaction  

100 ng of random ssDNA libraries were used as starting templates. 

250 pM forward and reverse primers, 0.2 mM deoxynucleotide 

triphosphate (dNTPs) and 5 units of MyTaq HS DNA polymerase 

were added in per reaction. The volume of the PCR reaction was 100 

μl. The thermocycling program comprised following basic steps, 

including the initial DNA denaturation step at 95 °C for 150 s, 20 

cycles of DNA denaturation at 95 °C for 30 s, primer annealing and 

DNA polymerization at the appropriate temperature for 30 s. Final 

amplification at 72 °C for 180 s was performed in order to complete 

the polymerization process. For magnetic separation with 

streptavidin-coated beads or size separation derived from the 

unequal primers comprised of an 18-carbon ethylene glycol spacer 

and an extension of PolyA (20), gradient PCR was run at a series of 

annealing temperatures (52, 54, 56, 58, 60 and 62 °C) and 

polymerization temperature at 72 °C. For size separation derived 

from the unequal primers containing a GC-rich stem-loop structure, 

gradient PCR was run at annealing temperatures at 40 °C and a 

series of polymerization temperatures (45, 50, 55, 60, 65 and 70 °C).  

Agarose gel electrophoresis  

The double stranded PCR products or ssDNA were examined by 2% 

agarose gel electrophoresis for comparison. For each method, 10 μl 

of the samples were added to the gel and the electrophoresis was 

carried out at 140 V for 30 min.  

Magnetic separation with streptavidin-coated beads  

After the PCR reaction, biotin-labeled dsDNA products were 

concentrated and ultra-filtered by an Amicon Ultra-15 centrifugal 

filter device with a membrane NMWL of 10 kDa (UFC901096, 

Merck KGaA, Darmstadt, Germany). The strand separation was 

performed with Streptavidin MagneSphere® Paramagnetic Particles. 

Before the incubation, the beads were pre-conditioned with 200 mM 

NaOH for 5 min and washed three times with PBS to remove the 

dissociated streptavidin. The purified PCR products were then 

incubated with the appropriate amounts of the pre-conditioned beads 

on a rotator for 2 h at room temperature. After the incubation, the 

beads with the immobilized biotin-labeled dsDNA were separated by 

a magnet stand and washed three times with PBS. An alkaline 

denaturation was performed with 100 μl freshly prepared 200 mM 

NaOH for 5 min. Elutes was neutralized by titration with 200 mM 

HCl and centrifuged to remove the beads that remain in the elute 

since the last magnetization step is not strong enough, the ssDNA 

was concentrated by ethanol precipitation.  

Separation of ssDNA by size separation derived from unequal 

primers 

For size separation derived from unequal primers (a reverse primer 

comprised of an 18-carbon ethylene glycol spacer as an terminator 

and an extension of PolyA (20) or a reverse primer with a GC-rich 

stem-loop structure in conjunction with unmodified forward primer), 

10 μl PCR products with unequal strands were analyzed by 

electrophoresis in a 15 % polyacrylamide-8 M urea gel and stained 

with SYBR® Safe dye in 1 x TBE buffer for 20 min. The band of 

interest was purified and extracted from the gel for the next round of 

selection. Following the addition of elution buffer [0.5 M 

ammonium acetate, 0.2% sodium dodecyl sulfate (SDS), 1 M EDTA 

(pH 8.0)], ssDNA was recovered from the solution by ethanol 

precipitation (3 M sodium acetate, 1 M MgCl2 in 100% ethanol) and 

allowed to settle for 24 h at -20 °C. The resulting sample was 

centrifuged, and the pellet was rinsed twice with 70% ethanol and 

allowed to dry.  

Statistical Analysis 

All the variables were expressed as mean ± standard deviation. 

Student's t-test was conducted to analyze the recovery rate of ssDNA, 

which was calculated by the amounts of separated ssDNA divided by 

the half amounts of dsDNA products. A statistical software SPSS 

(version 22.0) was used and P<0.05 was considered to be 

statistically significant. 

Results and Discussion 

Technological process for generation of ssDNA  

For magnetic separation with streptavidin-coated beads, a biotin-

labeled reverse primer is used in conjunction with unmodified 

forward primer in PCR amplification and the biotinylated dsDNA 

products are concentrated and ultra-filtered to remove the excessive 

primers and salt ions. Tetrameric streptavidin is covalently attached 

to the bead’s surface, whereas monomeric streptavidin is non- 

covalently attached to the bead’s surface. It has been reported that 

the non-covalent-bonded streptavidin could be dissociated from the 
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bead’s surface by alkaline treatment and then cause the re-annealing 

between the biotinylated strand and the desired ssDNA strand23. 

According to previously reported solution21, we pre-conditioned the 

beads with alkaline and then incubated them with the concentrated 

PCR products. Following the attachment of the biotinylated PCR 

products onto the pre-conditioned streptavidin-coated beads, 

separation of desired ssDNA is conducted by the second alkaline 

denaturation (Fig. 1a). For size separation derived from unequal 

primers with chemical modification, an 18-carbon ethylene glycol 

spacer is inserted at the 5’-end of the reverse primer as a terminator 

to impede the elongation of sense strand and an extension of 20-

nucleotides length of a string of adenosine (PolyA (20) is designed to 

create a size difference of the amplicon strands (Fig. 1b). For size 

separation derived from unequal primers with structural modification, 

a GC-rich stem-loop region is constructed at the 5’-end of the 

reverse primer, which is supposed to keep the advanced structure 

during the PCR reaction owning to its high melting temperature and 

thus create a size difference between the two strands of dsDNA 

products (Fig. 1c). After the PCR reaction, the resulting strands of 

different sizes are separated on denaturing urea-polyacrylamide gel 

electrophoresis and the desired ssDNA is purified from the gel (Fig. 

1b and 1c).  

Optimization of PCR condition 

For magnetic separation with streptavidin-coated beads or size 

separation derived from the unequal primers comprised of an 18-

carbon ethylene glycol spacer and an extension of PolyA (20), 

optimization of annealing temperature was conducted for the 

generation of optimum yield of dsDNA products. With 100 ng of 

ssDNA library containing 83 oligonucleotides as template, gradient 

PCR was run at annealing temperature ranging from 52 °C to 62 °C 

and polymerization temperature at 72 °C in 100 °C reaction systems. 

After 20 cycles, agarose gel electrophoresis showed that annealing 

temperature at 60 °C (Lane 11) produced the maximum double-

stranded products at the correct size (less than 100 bp) when using 

the biotin-labeled primer as the reverse primer (Fig. 2a). With the 

primer comprised of an 18-carbon ethylene glycol spacer and an 

extension of PolyA (20) as the reverse primer, the best amplification 

was also obtained at the annealing temperature of 60 °C (Lane 11) 

(Fig. 2b). For size separation derived from unequal primers 

containing a GC-rich stem-loop structure, optimization of 

polymerization temperature was conducted for the generation of 

optimum yield of dsDNA products. With 100 ng of ssDNA library 

containing 83 oligonucleotides as template, gradient PCR was run at 

annealing temperature of 40 °C and polymerization temperature 

ranging from 45 °C to 70 °C. Surprisingly, our results showed that 

two dsDNA bands were detected at each temperature after 20 cycles 

of amplification. The lower band showed the correct molecular 

weight of less than 100 bp and the strongest intensity at 45°C (Lane 

3). The higher band showed an unexpected molecular weight of 

around 120 bp and the strongest intensity at 70 °C (Lane 13). 

Furthermore, with the increase of polymerization temperature from 

45 °C to 70 °C, the intensity of the lower band gradually decreased, 

whereas the intensity of the higher band gradually increased (Fig. 

2c). These results implied that the advanced structure of GC-rich 

stem-loop region might be partly disrupted and the sense strand 

continued to be elongated to generate a portion of equal strands of 

DNA (the higher band) by Taq DNA polymerase, as the increased 

polymerization temperature approached the melting temperature of 

GC-rich stem-loop region. 

Purity of ssDNA after the separation  

After generation of ssDNA by magnetic separation with streptavidin-

coated beads in combination with alkaline pre-condition, agarose gel 

electrophoresis showed a unique ssDNA band at the correct 

molecular weight (Lane 5). However, without the alkaline pre-

condition, there were two bands appeared on agarase gel, including a 

lower band at the correct molecular weight of ssDNA (less than 50 

bp) and a higher band at a molecular weight of dsDNA (less than 

100 bp) (Lane 4) (Fig. 3a). These results demonstrated that the 

introduction of pre-condition might remove the unstable interaction 

between the streptavidin and the beads and eliminated the re-

annealing between the biotinylated strand and the desired ssDNA 

strand. After generation of ssDNA by size separation derived from 

unequal primers, including a reverse primer comprised of an 18-

carbon ethylene glycol spacer and an extension of PolyA (20) and a 

reverse primer containing a GC-rich stem-loop structure, results 

from denaturing urea-polyacrylamide gel showed that the desired 

ssDNA bands at the correct molecular weight (less than 100 nt) and 

the complementary ssDNA with a larger molecular weight (greater 

than 100 nt) were clearly distinguishable (Lane 3 and 4), which 

enabled selective excision of the lower desired strand with the aid of 

UV shadowing (Fig. 3b).  

Recovery rate of ssDNA 

After generation of ssDNA from dsDNA products by magnetic 

separation with streptavidin-coated beads and size separation derived 

from unequal primers, respectively, we compared the recovery rate 

of ssDNA. PCR reaction was conducted with the same amount of 

ssDNA template (100 ng), primers (250 pM) and other components 

(DNase-free water, dNTP and Taq DNA polymerase). Quantitative 

data from spectrophotometer analysis showed that size separation 

derived from unequal primers comprised of an 18-carbon ethylene 

glycol spacer and an extension of PolyA (20) produced an almost 

equivalent recovery rate of ssDNA when compared to magnetic 

separation with streptavidin-coated beads (Fig. 4). However, size 

separation derived from unequal primers containing a GC-rich stem-

loop structure generated a significantly lower recovery rate of 

ssDNA (P < 0.05) (Fig. 4). This could be explained by the 

occurrence that PCR reaction with structural modified unequal 

primer generated not only desired unequal strands of the products 

but also undesired equal strands of the products with a larger 

molecular weight, as the stem-loop structure might be partly 

disrupted at high polymerization temperatures, thus leading to the 

waste of PCR components, inefficient PCR amplification and low 

recovery rate for ssDNA. In summary, considering the low cost for 

large scale application, size separation derived from unequal primers 

comprised of an 18-carbon ethylene glycol spacer and an extension 

of PolyA (20) could be a satisfactory alternative to magnetic 

separation with streptavidin-coated beads for generation of ssDNA 

from dsDNA products.  

Conclusions 

In Summary, size separation derived from unequal primers with 

chemical modification achieved an almost equivalent recovery 

rate and purity of ssDNA when compared to the magnetic 

separation. Considering the low cost for large scale application, it 

could be a satisfactory alternative to magnetic separation with 

streptavidin-coated beads for generation of ssDNA from dsDNA 

products. 
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Figure Legends 

Fig. 1 Schematic illustration of ssDNA seperation. (a) Following 

the attachment of the biotinylated PCR product onto streptavidin, 

treatment with NaOH breaks the hydrogen bonds between the 

strands, releasing the unmodified ssDNA strand. (b, c) The inclusion 

of an 18-carbon ethylene glycol spacer and an extension of PolyA 

(20) (b) or GC-rich stem-loop structure (c) in the primers creates a 

size difference of the two strands of the PCR products, which 

migrate at different rates upon resolving on the denaturing urea-

polyacrylamide gel. 

Fig. 2 Agarose gel electrophoresis of dsDNA products after PCR 

reaction. (a) PCR products generated by an unmodified forward 

primer and an biotin-labeled reverse primer at a series of annealing 

temperatures (52, 54, 56, 58, 60 and 62 °C). Lane 1: 50 bp DNA 

ladder; Lane 2, 4, 6, 8, 10 and 12: Negative control with no template 

DNA in PCR reaction systems at the above annealing temperatures; 

Lane 3, 5, 7, 9, 11 and 13: dsDNA products generated by PCR 

reaction at the above annealing temperatures. (b) PCR products 

generated by an unmodified forward primer and a reverse primer 

comprised of an 18-carbon ethylene glycol spacer and an extension 

of PolyA (20) at a series of annealing temperatures (52, 54, 56, 58, 

60 and 62 °C). Lane 1: 50 bp DNA ladder; Lane 2, 4, 6, 8, 10 and 12: 

Negative control with no template DNA in PCR reaction systems at 

the above annealing temperatures; Lane 3, 5, 7, 9, 11 and 13: dsDNA 

products generated by PCR reaction at the above annealing 

temperatures. (c) PCR products generated by an unmodified forward 

primer and a reverse primer containing a GC-rich stem-loop 

structure at a series of polymerization temperatures (45, 50, 55, 60, 

65 and 70 °C). Lane 1: 50 bp DNA ladder; Lane 2, 4, 6, 8, 10 and 12: 

Negative control with no template DNA in PCR reaction systems at 

the above polymerization temperature; Lane 3, 5, 7, 9, 11 and 13: 

dsDNA products generated by PCR reaction at the above 

polymerization temperatures. The arrow indicated the DNA marker 

with a molecular weight of 100 bp. 

Fig. 3 Purity of ssDNA after the separation. (a) Agarose 

electrophoresis showed the ssDNA generated by magnetic separation 

with streptavidin-coated beads. Lane 1: 50 bp DNA ladder; Lane 2: 

ssDNA library; Lane 3: dsDNA PCR products; Lane 4: ssDNA 

generated by magnetic separation without the alkaline pre-condition; 

Lane 5: ssDNA generated by magnetic separation with the 

introduction of alkaline pre-condition. The black arrow indicated the 

DNA marker with a molecular weight of 50 bp. (b) Urea denaturing-

PAGE showed the generation of ssDNA by size separation derived 

from unequal primers. Lane 1: DNA ladder; Lane 2: ssDNA library; 

Lane 3: separation of the unequal DNA strands generated by unequal 

primers comprised of an 18-carbon ethylene glycol spacer and an 

extension of PolyA (20); Lane 4: Separation of the unequal DNA 

strands generated by unequal primers containing a GC-rich stem-

loop structure; Lane 5: DNA ladder. The black arrow indicated the 

DNA marker with a molecular weight of 100 nt. 

Fig. 4 Recovery rate of ssDNA.  The recovery rate of ssDNA was 

expressed by the amounts of separated ssDNA divided by the half 

amounts of dsDNA products. Magnetic: magnetic separation with 

streptavidin-coated beads; Chemical: size separation derived from 

unequal primers comprised of an 18-carbon ethylene glycol spacer 

and an extension of PolyA (20); Structural: size separation derived 

from unequal primers containing a GC-rich stem-loop structure. The 

experiments were repeated three time (n = 3). Student's t-test was 

conducted to analyze the recovery rate of ssDNA. The data were 

presented as the means ± standard deviation. * P < 0.05. 
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Fig. 1 

a. b. c. 
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Fig. 3 

a. b. 
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Size separation derived from unequal primers with chemical modification (right) achieved an almost equivalent recovery rate as 

magnetic separation (left). 
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