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Graphene oxide (GO) has the ability to separate free short

ssDNA in heterogeneous solution. This feature is applied as a

label free platform for screening of aptamers that bind to their

target with high affinity and specificity. Herein, we report an

aptamer selection strategy for Nampt protein based on GO.

It has been proven that ssDNA can strongly interact via p–p
stacking and get adsorbed on two dimensional graphene and

graphene oxide (GO) sheets.1 The phenomenon of GO

adsorbing DNA and its interaction with proteins and small

molecules has been explored as assays and a sensing platform.2

The dsDNA adsorption on GO is very weak due to the

shielding of nucleobases by the phosphate backbone, whereas

ssDNA binds much strongly on GO.3 This indifference of

ssDNA/dsDNA and graphene is exploited to assay nucleic

acid unwinding activity of helicases.2g The kinetics of adsorption

and desorption of ssDNA on GO is well discussed and

reported in detail.1 In brief, shorter ssDNA shows better

adsorption. The desorption of ssDNAs from GO is only

possible either by hybridization with a complementary sequence

or in very few cases (e.g., aptamers) conformational change

induced by target protein or small molecules.1,4

Aptamers are short ssDNA/RNA sequences which bind

with high specificity and affinity to the targets including

proteins and small molecules. Systematic evolution of ligands

by exponential enrichment (SELEX) is a process to isolate

these nucleic acid sequences, which functionally bind and

discriminate their target in a complex heterogeneous environ-

ment.5 A typical SELEX technique involves three steps:

binding, separation, and amplification, a number of variations

in the technique have been incorporated resulting in aptamer

generation with high affinity and specificity.5a,b,6 Techniques

have been designed to improve a previous methodology

and necessitated specialized steps or instruments for target

immobilization or specific experimental setup (e.g. Capillary

electrophoresis, Atomic force microscopy, Microfluidics, Sol–gel

array).6b–e,7 However, most SELEX protocols are still inherently

tedious and complex. This desire to succeed SELEX without

immobilization of unlimited targets still remains. This has led

to the development of immobilization free SELEX based on GO.

Herein, we report a simple, easy and very efficient technique

based on GO to derive aptamers without target immobilization.

The non-specific adsorption of ssDNA random library on GO

is the basis of separation of unbound DNA in the GO-SELEX

process.

In our study, we chose one of the adipokines ‘Nampt’ as a

model protein, since it’s blood plasma levels are attributed to

obesity and obese related metabolic diseases such as Type 2

diabetes, mellitus or cardiovascular diseases.8

As a proof of concept, we report herein a novel and

versatile GO-SELEX process for the identification of enriched

aptamers for Nampt based on the affinity of ssDNA to GO.

The GO-SELEX procedure reduces a number of steps involved

in the conventional SELEX process.

The preliminary experiments were performed to find the

adsorption ratio of ssDNA library on synthesized GO by

previously reported procedures.9 The adsorption ratio of 70 bp

ssDNA/GO was found to be 10 mg mg�1 of GO. In another

experiment, two thrombin binding aptamers with extensive

G-quadruplex structure (15 bp and 29 bp) show complete

adsorption at 50 pmoles mg�1 of GO (working conc. of

ssDNA library in SELEX).10

It should be noted that it is impossible to amplify the

ssDNA library at any stage when the target is not added in

the GO-SELEX. The maximum wt. ratio of ssDNA :GO at

any stage was kept at 1 : 1000. To the best of our knowledge,

we are not aware of any short ssDNA sequence which does not

get adsorbed on GO including the well known ssDNA that

possesses G-quadruplex structure.10 In brief, all short ssDNA

are adsorbed and get separated from the solution unless bound

to protein.

The individual steps involved in one GO-SELEX and

GO-counter SELEX round are illustrated in Scheme 1. In

the first step of affinity selection, the target protein (Nampt)

was mixed with the ssDNA random library. This step would

allow a certain population of DNA sequences from the

ssDNA pool to bind to the target protein freely in solution.

Subsequently, the mixture of potential aptamers bound to

target and unbound ssDNA was incubated with GO solution.

The free unbound ssDNAs in the solution get adsorbed on GO

a College of Life Sciences and Biotechnology, Korea University,
Anam-dong, Seongbuk-gu, Seoul 136-713, South Korea.
E-mail: mbgu@korea.ac.kr; Fax: +822-928-6050;
Tel: +822-3290-3417

bDepartment of Chemical and Biomolecular Engineering,
Korea Advanced Institute of Science & Technology, 291 Daehak-ro,
Yuseong-gu, Daejeon 305-701, South Korea. Fax: +82 42-350-8890;
Tel: +82 42-350-3931

w Electronic supplementary information (ESI) available. See DOI:
10.1039/c2cc16473f
z These authors contributed equally to this work.

ChemComm Dynamic Article Links

www.rsc.org/chemcomm COMMUNICATION

D
ow

nl
oa

de
d 

by
 K

or
ea

 A
dv

an
ce

d 
In

st
itu

te
 o

f 
Sc

ie
nc

e 
&

 T
ec

hn
ol

og
y 

/ K
A

IS
T

 o
n 

28
 M

ar
ch

 2
01

2
Pu

bl
is

he
d 

on
 2

4 
N

ov
em

be
r 

20
11

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2C
C

16
47

3F

View Online

http://dx.doi.org/10.1039/c2cc16473f
http://dx.doi.org/10.1039/c2cc16473f
http://dx.doi.org/10.1039/C2CC16473F


2072 Chem. Commun., 2012, 48, 2071–2073 This journal is c The Royal Society of Chemistry 2012

via p–p stacking, while ssDNAs bound to target remain in

solution. The pH of the Tris-HCl (7.4) is kept at neutral or

closer to the isoelectric point (PI) of the Nampt (PI = 7.0) to

minimize polar and charged interaction between protein and

GO which is negatively charged due to the presence of the

carboxylic acid and phenolic hydroxyl groups.11 In the separation

step, the ssDNA bound GO was removed by centrifugation

and the supernatant with ssDNAs bound to the target was

purified and recovered by ethanol precipitation. All the steps

in one round of GO-SELEX can be performed in 240 min,

whereas GO-counter SELEX requires 390 min. The recovered

ssDNA library was amplified by PCR and ssDNA from the

dsDNA PCR product were separated by PAGE. With the

purified library, subsequent rounds of GO-SELEX were

performed. To eliminate false positive binding of aptamers,

the counter-SELEX step is employed in which the focused

ssDNA library is screened against the closely related structures

and targets that are more likely to be present in a complex

heterogeneous environment. To incorporate this counter-SELEX

step with GO-SELEX, we relied on the affinity based desorption

of ssDNAs from the GO.

Once the saturation in recovery ratio of ssDNAs was

observed in SELEX rounds, the GO counter-SELEX procedure

was initiated. In the GO-counter SELEX, a mixture of

potential counter targets is mixed with a ssDNA pool from

the previous SELEX round. Any ssDNAs adsorbed on GO at

this stage are likely to be specific aptamers for the target used

in previous SELEX rounds. For the recovery of the adsorbed

ssDNA on GO, affinity based desorption was triggered by

incubating the GO with the target. During affinity based

desorption, when the target gets in contact with potential

aptamers immobilized on GO, the target interaction with its

cognate aptamer induces conformational change in the

ssDNA aptamer refolding itself in specific conformation for

binding to the target, that in turn weakens the p–p stacking

interactions with the GO surface, causing its release from GO.

The aptamers obtained via desorption are extracted, amplified

and progressed to the final SELEX round.

Initially, 200 pmoles of random library and Nampt were

incubated with 1 : 1 molar ratio. After separation of unbound

ssDNA with GO, the ssDNA bound to Nampt were amplified

and purified by PCR and PAGE separation and subjected to

successive rounds of affinity selection. At each round the

recovered ssDNA was quantified by UV visible spectroscopy.

As expected, we observed a linear increase in the recovery ratio

of ssDNA bound to Nampt from round 1 to round 3, after

which there was no increase in recovery ratios for two

consecutive (4th and 5th) GO-SELEX rounds, indicating that

the DNA sequence population in the random library was

enriched with sequences specific to Nampt (Fig. 1). When

the saturation in recovery of ssDNA was observed, the GO

counter-SELEX was performed in the following round. For

the GO counter-SELEX, Human serum albumin (HSA) and

four other adipokines: Retinol binding protein 4 (RBP4),

Adiponectin, Resistin, and Vaspin were chosen. Since in the

GO-SELEX procedure we used a 1 : 1 molar ratio of ssDNA

library to Nampt to ensure that each ssDNA molecule interacts

with a single molecule of target, similarly in the GO-counter

Scheme 1 Schematic illustration of the steps involved in the

GO-SELEX procedure of aptamer identification. In the first separation

step of the GO-SELEX process, a preincubated mixture of random

ssDNA library and target is added to GO; the unbound ssDNA gets

adsorbed on GO and is discarded. The target bound ssDNA are

recovered, amplified and purified for further GO-counter SELEX

process. In the GO-counter SELEX process, the recovered ssDNA

is incubated with counter targets and mixed with GO, the counter

target bound ssDNA is discarded and the ssDNA bound to GO that

are the potential aptamers are recovered by affinity based desorption

through addition of target to ssDNA bound GO, the recovered

ssDNA is thus purified, cloned and sequenced to obtain the final hit

aptamers.

Fig. 1 Recovery ratio of target bound ssDNA library pool after

ethanol precipitation. The graph shows that GO efficiently traps the

unbound ssDNA and the ratio of recovered target bound ssDNA after

amplification increases with each GO-SELEX round, with saturation

in recovery observed after the 4th round of GO-SELEX. The (*)

represents the GO-counter SELEX round performed after the 4th

round of GO-SELEX respectively.
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SELEX, the amount of each counter target protein was 50 pmoles

and all five counter targets were incubated with the ssDNA

library pool and then on GO. The aptamers bound to GO

were recovered by affinity based desorption by incubation with

200 pmoles of Nampt (ESIw). The recovered ssDNA was

subjected to the fifth round of SELEX. After GO-counter

SELEX and a subsequent round of SELEX, the recovery

ratio was found to be similar to the previous (4th) round of

GO-SELEX. The data demonstrate that the GO-SELEX

process could efficiently eliminate the unbound ssDNA sequences

and the affinity desorption based recovery of ssDNA from

GO-counter SELEX resulted in an enriched population of

ssDNA aptamer sequences specific for the chosen Nampt.

The enriched ssDNAs were cloned and sequenced. Finally,

48 sequences were derived and they were ranked by Gibb’s free

energy (Table S1 in ESIw). To further test the specificity of the

obtained hit aptamer sequences, we utilized surface plasmon

resonance (SPR) based assay for their affinities and specifi-

cities against four other adipokines and HSA. We identified

three aptamer sequences that showed very high specificity for

Nampt (Fig. 2, ESIw). To evaluate the binding affinity of the

identified aptamers a dose dependent assay was performed

for all three aptamers to obtain their dissociation constant,

Kd values (Fig. 3). The calculated Kd values for aptamers G35

and G40 were found to be 117.4 nM and 114.4 nM, respectively,

while aptamer G55 showed the lowest Kd value of 71.7 nM.

In conclusion, by exploiting the ability of GO to adsorb

ssDNAs a novel, simple to use, cost effective, immobilization-free

new SELEXmethod is demonstrated in vitro. The target induced

conformational change of aptamers initiates the affinity based

desorption of ssDNAs from the GO. The GO-SELEX required

less than five SELEX rounds to obtain aptamers with high

affinity and specificity. More importantly a major advantage

of the GO-SELEX methodology is that it requires reduced

amounts of targets. To the best of our knowledge, we have

implemented for the first time the most cost effective, simplified,

rapid and immobilization-free SELEX without the need for

specialized instruments to obtain aptamers.
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Fig. 2 The specificity of the selected aptamers G35, G40, G55 for

Nampt by surface plasmon resonance assay. The specificity of the

aptamer sequences was analyzed by immobilizing each of the individual

15 ssDNA sequences obtained after cloning on an SPR gold chip. The

SPR analysis shows that G35, G40, G55 showed specific binding only to

Nampt with extremely low or no binding to four adipokines (RBP4,

Adiponectin, Resistin, and Vaspin) and human serum albumin (HSA).

Fig. 3 The dose dependent saturation plots for Nampt binding to

aptamer sequences G35, G40 and G55 obtained by SPR assay.
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