
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Fe

br
ua

ry
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

1/
9/

20
25

 4
:1

7:
25

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
In silico post-SEL
Department of Bioengineering, School of L

Science Avenue, Zhengzhou, 450001, P. R.

+86-371-67783235; Tel: +86-371-67781325

† Electronic supplementary information
and gures. See DOI: 10.1039/c8ra10163a

Cite this: RSC Adv., 2019, 9, 6328

Received 11th December 2018
Accepted 11th February 2019

DOI: 10.1039/c8ra10163a

rsc.li/rsc-advances

6328 | RSC Adv., 2019, 9, 6328–6334
EX screening and experimental
characterizations for acquisition of high affinity
DNA aptamers against carcinoembryonic antigen†

Qiong-Lin Wang, Hui-Fang Cui, * Jiang-Feng Du, Qi-Yan Lv and Xiaojie Song

DNA aptamers against carcinoembryonic antigen (CEA) have been identified through the systematic

evolution of ligands by exponential enrichment (SELEX) technique, but their affinity needs to be

improved. In this study, an in silico approach was firstly used to screen the mutation sequences of

a reported DNA aptamer (the parent aptamer, denoted as P) against CEA. The affinities of several high-

score DNA mutants were determined by the biolayer interferometry technique. Finally, the newly

obtained aptamers were verified in an aptasensor application. For the in silico approach, Mfold and RNA

Composer were combined to generate the 3D RNA structures of the DNA mutants. The RNA structures

were then modified to 3D DNA structures with the Write program. The docking model and binding

ability of the 3D DNA structures with CEA were simulated and predicted with the ZDOCK program. Two

mutation sequences (P-ATG and GAC-P) exhibited significantly higher ZDOCK scores than P. The

dissociation constant of P-ATG and GAC-P to CEA was determined to be 4.62 and 3.93 nM respectively,

obviously superior to that of P (6.95 nM). The detection limit of the P-ATG and GAC-P based

aptasensors was 1.5 and 1.2 ng mL�1, respectively, markedly better than that based on P (3.4 ng mL�1).

The consistency between the in silico and the experimental results indicates that the developed in silico

post-SELEX screening approach is feasible for improving DNA aptamers. The P-ATG and GAC-P

aptamers found in this study could be used for future CEA aptasensor design and fabrication, promisingly

applicable for highly sensitive CEA detection and early cancer diagnosis.
Introduction

Carcinoembryonic antigen (CEA) is a tumor marker over-
expressed on a wide range of tumors, such as pancreatic,
lung, colon, breast, ovarian, and cervical tumors.1–5 It is a highly
glycosylated glycoprotein of 180 kDa with 50–60% sugar
content.6 Sensitive and accurate detection of CEA in serum and
tissue is of great importance for early cancer diagnosis.
Immunoassays are well-developed CEA detection methods.7,8

With the specic and affinitive recognition between antigen and
antibody, immunoassays have the advantages of sensitivity and
specicity. However, the long-term stability and the synthesis
reproducibility of antibodies are not very satisfactory. Aptamers
are single-strand oligonucleotide ligands selected in vitro by the
systematic evolution of the ligand by the exponential enrich-
ment (SELEX) process from random-sequence nucleic acid
libraries.9,10 They can recognize various targets, ranging from
ions, small molecules, macromolecules to whole cells.11
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China. E-mail: hfcui@zzu.edu.cn; Fax:

(ESI) available: Additional information
Compared with antibodies, aptamers have many advantages,
such as low cost, repeatable synthesis, easy modication, and
long-term stability.12,13 They can possess similar or even
stronger affinity and specicity compared to antibodies.14,15

Since their discovery, aptamers have been increasingly used in
bioanalysis and biotechnology.16,17 However, although SELEX is
an efficient screening method, it sometimes fails to obtain
aptamers with high affinity.18,19 For the SELEX technique, rstly,
the diversity of oligonucleotide sequences in the initial library is
limited because of the difficulty of maintaining the diversity of
the sequence pool in laboratory manipulation during in vitro
selection.18 Secondly, the polymer chain reaction (PCR) process
in SELEX may amplify multiple oligonucleotides unequally,
causing bias in the sequence diversity of an oligonucleotide
population as the selection cycles continue.19

A CEA aptamer with the sequence of 50-ATACCAGCTTATT-
CAATT-30 has been selected and identied by Smith.20 CEA
aptasensors based on this aptamer with various designs have
been reported.21–23 We recently reported a label-free, antibody-
free, and lectin-based electrochemical sandwich CEA apta-
sensor.21 A single enzyme-based amplication strategy was used
in this aptasensor design and fabrication. The limit of detection
(LOD) value of this CEA aptasensor is 3.4 ng mL�1. Although the
LOD value could satisfy cancer diagnosis of malignant tumors,
This journal is © The Royal Society of Chemistry 2019
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Table 1 Nucleic acid sequences used in this studya

Name Sequence

Biotin-P 50-Biotin-TEG-ATA CCA GCT TAT TCA ATT-30

Biotin-P-ATG 50-Biotin-TEG-ATA CCA GCT TAT TCA ATT ATG -30

Biotin-GAC-P 50-Biotin-TEG-GAC ATA CCA GCT TAT TCA ATT-30

Biotin-P-GTG 50-Biotin-TEG-ATA CCA GCT TAT TCA ATT GTG -30

HS-P-ATG 50-HS-ðCH2Þ6-ATA CCA GCT TAT TCA ATT ATG -30

HS-GAC-P 50-HS-ðCH2Þ6-GAC ATA CCA GCT TAT TCA ATT-30

a Underlined part refers to mutations in the sequence.
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whose threshold level in human serum is 10 ng mL�1,24 early
cancer diagnosis needs higher CEA detection sensitivity. Using
high affinity CEA aptamers in aptasensor fabrication could be
a simple and effective strategy to enhance the CEA detection
sensitivity.

In silico post-SELEX screening has been used as a rational
approach to overcome or make up the shortcomings of SELEX
technique.25,26 A thrombin binding aptamer possessing higher
affinity than its parent aptamer has been identied and char-
acterized.26 For in silico screening, rstly, various mutation
strategies, such as genetic algorithm,27 truncation,28 maturation
and multimerization,19 have been applied on SELEX-selected
parent aptamers to produce DNA libraries with high sequence
diversities. Secondly, DNA structures and aptamer–target
interaction models were simulated.29 Several bioinformatic
tools have been invented and used to predict the secondary/3
dimensional (3D) structures, as well as the conserved motifs
of nucleic acid sequences.30,31 Compared to DNA, RNA molecule
can form diverse 3D structures owing to their non-Watson–
Crick base pairing and 2-OH groups.11 Therefore, most of these
tools, such as RNA Composer, are optimized and applied to
predict the structures of RNA aptamers.32 For simulating
aptamer–target interaction models, computational docking has
emerged as a common tool to predict and identify protein
bound small-molecule ligands, such as oligopeptides,33,34 small
organic compounds,35,36 and RNA aptamers.37 For the compu-
tational docking, the 3D structures of the target proteins also
need to be understood, which can be obtained from the Protein
Data Bank. Among various docking tools, ZDOCK program has
demonstrated its feasibility to dock DNA molecules to target
proteins.28,38,39 The ZDOCK program possesses a scoring func-
tion in evaluating the ligand–target interactions, by taking
shape complementary, electrostatics, and pairwise atomic
potential into consideration.40

In this study, a DNA library was rstly produced via base
substitution and base addition on the parent CEA aptamer (50-
ATACCAGCTTATTCAATT-30), denoted as P. Mfold web server
was then applied to predict the secondary structures of the DNA
mutants. Based on the predicted secondary structures, their
corresponding 3D RNA structures were predicted via RNA
Composer web server. The 3D RNA structures were then modi-
ed to 3D DNA structures in Write program, and optimized by
steepest descent energy minimization method. Aerwards, the
docking model and binding ability of the 3D DNA structures
with CEA were simulated and predicted by using ZDOCK
program. High ZDOCK score DNA mutants were then tested by
using biolayer interferometry (BLI) technique, to determine
their affinity to CEA. Finally, the obtained high affinity DNA
aptamers were characterized and veried in our electrochemical
aptasensor application.

Materials and methods
Reagents and apparatus

Gold electrodes and platinum electrodes are disk electrodes
with a diameter of 2 mm (CHI, Shanghai Chenhua Instrument,
China). Nucleic acid sequences (listed in Table 1) were
This journal is © The Royal Society of Chemistry 2019
synthesized and puried by Shanghai Sangon Biotechnology
Co. Ltd. (China). The DNA mutants generated by the base
addition strategy were named by putting the added nucleotide
bases at the le side or the right side of the letter P (denoted for
the parent aptamer), depending on the 50 end or the 30 end,
respectively, that was modied. Biotinylated (denoted as Biotin)
triethylene glycol (TEG, C6H12O4) moiety modied DNA
sequences at their one end were used in the BLI assay. Alkylthiol
moiety [HS-(CH2)6-] modied DNA sequences at their one end
were used in aptasensor application experiment. Horse radish
peroxidase (HRP, $300 U mg�1) and hydroquinone (H2Q,
purity: $99%) were purchased from Aladdin Industrial
(Shanghai, China). Concanavalin A (ConA, Type IV), human
serum albumin (HSA, purity: $96%) and g-globulin (purity:
$99%) were obtained from Sigma-Aldrich (USA). Carcinoem-
bryonic antigen (CEA, 150–210 kDa), human alpha fetoprotein
antigen (AFP, purity: 90%), and c-reactive protein antigen (CRP,
purity: $90%) were purchased from Shanghai Linc-Bio Science
Co. Ltd. (Shanghai, China). All other chemicals were of analyt-
ical grade and purchased from Sinopharm Chemical Reagent
(Shanghai, China). All nucleic acid sequences were received as
lyophilized form and then dissolved in TE buffer (10 mM Tris–
HCl containing 1 mM EDTA, pH ¼ 8.0) and stored at �20 �C.
Deionized water (Millipore, $18 MU cm) obtained from a Mil-
lipore water system was used throughout the experiment.

BLI assay was performed on Octet Red 96 system equipped
with data acquisition and analysis soware (FortéBio, USA).
Super streptavidin-coated (SSA) sensors and related consum-
ables were purchased from FortéBio (China). Both association
and dissociation buffers were 20 mM Tris–HCl (pH: 7.4) con-
taining 150 mM NaCl, 5 mM KCl and 0.05% Tween-20. Loading
buffer consists of 20 mM Tris–HCl (pH: 7.4), 150 mM NaCl, and
5mMKCl. The association buffer was also used for CEA dilution
in BLI assay.

In the aptasensor application experiment, differential pulse
voltammetry (DPV) was carried out on an electrochemical work
station (CHI-660E, Shanghai Chenhua Instrument, China)
consisting of a three-electrode system: a gold working electrode,
a platinum counter electrode, and a 3 M KCl–Ag/AgCl reference
electrode, at room temperature (�25 �C). All potentials were
quoted versus this reference electrode. Immobilization buffer
was 10 mM phosphate buffer solution (PBS, pH: 7.0) containing
1.0 mM ethylene diamine tetraacetic acid (EDTA) and 0.6 M
NaCl. Protein-dissolving buffer was 10 mM Tris–HCl buffer (pH:
7.4) containing 150 mM NaCl. Washing buffer was 10 mM Tris–
RSC Adv., 2019, 9, 6328–6334 | 6329
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HCl buffer (pH: 7.4) added with 150 mM NaCl and 0.05%
Tween-20. ConA activating buffer was 50 mM Tris–HCl buffer
(pH: 7.0) added with 10 mM CaCl2 and 10 mM MnCl2.
Establishment of DNA mutant library and prediction of DNA
structures

A DNA mutant library was established through nucleotide base
substitution or addition on the P sequence (50-ATACCAGCT-
TATTCAATT-30), which was selected and identied by Smith.20

For nucleotide base substitution, we wrote an in silico mutation
(denoted as ISM) program using C++ in Microso Visual Studio
(version 2010), through which random single base mutation
was executed. In the rst cycle of single base substitution, the
DNA mutant number was set as 30, and 26 DNA mutants were
generated aer repeated DNA mutant sequences were removed.
Aer their 3D DNA structures were docked with CEA through
the ZDOCK program, the second cycle of single base mutation
was executed on the top 5 docking score DNA mutants in the
ISM program. For the second cycle of single base substitution,
the DNA mutant number was set as 4 or 5 on each of the top
docking score DNA mutants, generating 24 new DNA mutants.
The steps of random single base mutation, 3D DNA structure
prediction, and DNA–CEA docking were repeated 5 cycles. The
method for single base mutation was kept the same from the
second cycle. Finally, through the nucleotide base substitution
strategy, totally 122 DNA mutants were generated.

For nucleotide base addition, all possible combinations of 3
nucleotide bases were added on the 50 or 30 terminal of P, gener-
ating 128 DNA mutants. The DNA mutant sequences with higher
CEA docking scores than P are listed in Table S1.† The DNA
mutants generated with the nucleotide base substitution strategy
were named by pointing out the position of each modied
nucleotide base with Arabic number, and putting the nucleotide
base that was substituted and the new nucleotide base at the le
side and the right side of the Arabic number, respectively.

Mfold web server (http://unafold.rna.albany.edu) was
utilized to predict the secondary structures of the DNA
sequences.41 The folding temperature and the ionic condition
were set at 30 �C and 150 mM NaCl, respectively. The secondary
structures with the minimum free energy (i.e. the lowest DG
value) were selected, and the Vienna output formats (i.e. dot-
bracket notation) (listed in Table S1†) were used for predic-
tion of 3D RNA structures through the RNA Composer server
(http://rnacomposer.ibch.poznan.pl/Home).42 The RNA
Composer server works according to the machine translation
principle, and operates on the RNA FRABASE database, a search
engine associated with the database of RNA 3D structures. The
outcome (downloaded as PDB les) is 3D structures of RNA
form in which an additional hydroxyl group is present in 20-
carbon atom of ribose and thymine is replaced by uracil. The
PDB les obtained from the RNA Composer server were opened
by Write program, and then modied to 3D structures of DNA
form by replacing all O2's (oxygen attached to the 20 carbon
atom of ribose) with hydrogen, and creating a methyl substi-
tution on 5-carbon atom of all uracil bases. Finally, the 3D DNA
structures were optimized by steepest descent energy
6330 | RSC Adv., 2019, 9, 6328–6334
minimization method using Molecular Operating Environment
(MOE, 2016) molecular modeling package.

Simulation of DNA–CEA interaction model and prediction of
binding ability

Firstly, CEA crystal structure (code: 2QSQ) with a resolution of
1.95 Å, which was produced by Korotkova et al.,43 was obtained
from the Protein Data Bank (https://www.rcsb.org) (Fig. S1,
ESI†). Then ZDOCK online server (version 3.0.2, http://
zdock.umassmed.edu)44 was used to simulate the docking
between CEA and DNA structures, which were set as receptor
and ligand respectively. As an automated tool, ZDOCK program
searches all possible binding modes in the translational and
rotational space between CEA and DNA, and evaluates each
pose using an energy-based shape complementary scoring
function. Each docking pose was ranked according to the
ZDOCK scores. The pose with the highest ZDOCK score suggests
that it is the best model for the aptamer and target interaction.
Higher ZDOCK score means higher binding ability. For
comparisons, the docking models and the binding abilities of
the selected DNA aptamers to some interference proteins were
also simulated and predicted.

Determination of the affinities of DNA aptamers to CEA

BLI is a label-free and real-time optical analysis technique that
utilizes ber-optic biosensors for measuring interactions
between biomolecules.45,46 The working principle of BLI assay is
described in ESI.† The assay procedure was based on that re-
ported by Lou et al.47 It includes ve steps: baseline 1; loading;
baseline 2; association; and dissociation. All steps were per-
formed at 30 �C under shaking at 1000 rpm in a 96-well plate
containing 200 mL sample or buffer in each well. A preliminary
experiment was rstly carried out to verify and decide the BLI
assay conditions (Fig. S2, ESI†). Based on the preliminary
experimental results, the conditions of the BLI affinity assay
were set as followed: SSA sensor tips were pre-wetted in 200 mL
loading buffer for 10 min followed by ‘baseline 1’ step with
loading buffer for 100 s; ‘loading’ with 200 nM Biotin-TEG
moiety modied DNA aptamer (shown in Table 1) in loading
buffer for 200 s; ‘baseline 2’ step for 100 s with association
buffer; ‘association’ of various concentrations (4.55–181.82 nM)
of CEA in association buffer for 400 s; ‘dissociation’ with
dissociation buffer for 1500 s. The designed plate map is
schematically shown in Fig. S3.† The detailed experimental
procedure is described in the ESI.† Except for the P sequence,
three DNAmutants were tested, including P-ATG, GAC-P, and P-
GTG, which have higher ZDOCK scores than P. A SSA sensor tip
with a blank loading and association with buffers was tested as
control. A 1 : 1 binding mode with mass transfer tting was
used to analyze the kinetic data.

Verication of the selected DNA aptamers in aptasensor
application

To further verify the DNA aptamers selected by the in silico
screening approach, the analytical performances of our
preciously developed electrochemical CEA aptasensors21
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Histograms of the top 5 ZDOCK binding scores of various DNA
sequences with CEA, obtained by using online ZDOCK automatic
docking server. ** and * represents that the p value is less than 0.01
and 0.05, respectively, in the t-test. n ¼ 5.

Fig. 2 Structural images of DNA–CEA docking models with the
highest ZDOCK docking score for each DNA mutant sequence. The
green tags indicate the binding interface on the receptor (i.e. CEA)
structure. (A) CEA/P-ATG, (B) CEA/GAC-P, (C) CEA/P-GTG, and (D)
CEA/P.
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fabricated from the selected aptamers were evaluated. The
detailed biosensor fabrication procedure is described in the ESI.†
Briey, the DNA aptamers with an alkylthiol moiety at their one
end (HS-P-ATG and HS-GAC-P, Table 1) were immobilized onto
the cleaned gold electrode surface through formation of Au–S
bond, by applying a steady potential of +0.4 V at the electrode for
500 s in the aptamer solution. Aer the electrode was cleaned
with the immobilization buffer, it was passivated with 6-
mercapto-1-hexanol (MCH). Then standard CEA samples in
protein-dissolving buffer were added onto the passivated elec-
trode surface, followed by keeping the electrode at 37 �C for 1 h
under gentle shaking. Aer being rinsed thoroughly with
a washing buffer, the electrode surface was covered and incu-
bated with 100 mL 0.5 mg mL�1 ConA solution in the ConA
activating buffer at 30 �C for 3 h. Finally, the electrode surface
was dropped and incubated with 100 mL 5 mg mL�1 HRP solution
at 30 �C for 2 h. The resulted sandwich aptasensors were washed
with the washing buffer and then immersed into a detection
buffer, in the presence of 2.0 mMH2Q and 2.5 mMH2O2 at room
temperature. Aer 4 min of catalytic reaction, DPVmeasurement
was performed. To investigate the detection specicity, 100 mL of
interfering proteins, including BSA, HSA, g-globulin, AFP, and
CRP were detected instead of CEA with the aptasensors.

Results and discussion
Simulation of DNA–CEA interaction model and binding ability

Through the nucleotide base substitution and addition strate-
gies, totally 250 DNA mutant sequences were generated from
the P sequence. Their secondary structures were obtained with
the Mfold web server, and then converted to 3D structures with
the RNA Composer and Write program. To simulate their
interaction model and binding ability with CEA, ZDOCK
program was applied. All possible poses of DNA–CEA structural
interactions were investigated. Each pose was evaluated using
an energy-based shape complementary scoring function
without changing the 3D structures of DNA and the crystal
structure of CEA. The top ve ZDOCK scores for each DNA
sequence were analyzed. Fourteen DNA mutants exhibited
higher mean ZDOCK scores than the P sequence (Fig. 1). Among
them, the DNA mutants P-ATG and GAC-P showed signicantly
higher ZDOCK scores than P. In contrast, a random sequence,
which was designed as a negative control, exhibited signi-
cantly lower ZDOCK score than P. Their sequences, dot-bracket
format of secondary structures, and mean value of top ve
ZDOCK scores are listed in Table S1 (ESI†). The DNA–CEA
interaction models (i.e. the pose with the highest ZDOCK score)
of the top 3 DNA mutants (i.e. P-ATG, GAC-P, and P-GTG) and P
are shown in Fig. 2. The interaction models of other 11 DNA
mutants are shown in Fig. S4.† The structural domains and the
amino acid residues of CEA in the binding interface were
analyzed (Table S2, ESI†). It is interesting that we found that
except for P-ATG, all the other DNA mutants as well as the P
sequence bind with some turns and their nearby b-sheets on
CEA. On the contrary, P-ATG binds with some a-helices and
their nearby b-sheets on CEA. The knowledge about the CEA
domains bound with these DNA aptamers could be used for
This journal is © The Royal Society of Chemistry 2019
rational design and fabrication of sandwich CEA aptasensors,
for which recognition elements that binds with different CEA
domains could be used.

The ZDOCK scores of the top 2 DNA mutants (i.e. P-ATG and
GAC-P) to the interference proteins (HSA, g-globulin, AFP, and
CRP) are signicantly smaller than those to the CEA target
(Fig. S5†), suggesting high binding specicity of the DNA
aptamers to CEA. The DNA–protein interaction models between
the top 2 DNA mutants and each of interference proteins are
shown in Fig. S6.†
RSC Adv., 2019, 9, 6328–6334 | 6331
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Affinity determination

To verify the DNA aptamers selected by the in silico approach,
the affinities of the 3 top ZDOCK score DNAmutants (i.e. P-ATG,
GAC-P, and P-GTG) and P sequence to CEA were determined by
using BLI technique. Fig. 3 shows the sensorgrams of the DNA
Fig. 3 Sensorgrams of biotinylated TEG moiety modified (A) P-ATG,
(B) GAC-P, (C) P-GTG and (D) P sequences binding to various
concentrations of CEA using SSA sensors on Octet Red 96. CEA
concentration was increased stepwisely from 4.55 nM, to 9.10 nM,
22.73 nM, 45.45 nM, 91.01 nM and finally 181.82 nM. Inset I: the plot of
Req versus CCEA. Inset II: the plot of 1/Req versus 1/CCEA.

6332 | RSC Adv., 2019, 9, 6328–6334
mutants (Fig. 3A–C, for PATG, GAC-P, and P-GTG respectively)
and P (Fig. 3D) in response to a series of different concentra-
tions of CEA. The steady-state data, i.e. the response signals at
equilibrium (denoted as Req) were analyzed. The plot of Req

versus CEA concentration (denoted as CCEA) is shown in inset I
in Fig. 3. The signal increased monotonically with the increase
of CEA concentration from 4.55 nM to 45.45 nM, and then
reached to a plateau, following the Michaelis–Menten kinetics.
A linear 1/Req (nm

�1) versus 1/CCEA (nM
�1) plot was obtained for

each DNA sequence (inset II in Fig. 3). The linear regression
equations for the DNA mutant P-ATG and GAC-P are 1/Req ¼
5.32 + 24.57� 1/CCEA (R¼ 0.9883), and 1/Req ¼ 5.74 + 22.56� 1/
CCEA (R ¼ 0.9857), respectively. Those for the DNA mutant P-
GTG, and the aptamer P are listed in the ESI.† By using the
Lineweaver–Burk equation (eqn (1)), the apparent Michaelis–
Menten constant (i.e. the dissociation constant, Kd) was
obtained.

1

Req

¼ Kd

Rmax

1

CCEA

þ 1

Rmax

(1)

The Kd value for P-ATG, GAC-P, P-GTG, and P was deter-
mined to be 4.62 nM, 3.93 nM, 7.33 nM, and 6.95 nM, respec-
tively. The DNA mutant sequences P-ATG and GAC-P exhibited
obviously higher affinity to CEA than P. The BLI experimental
results are in agreement with the bioinformatic simulation
results, suggesting the feasibility of the developed in silico
approach for post-SELEX screening, selection, andmodication
of DNA aptamers.
Verication of the selected DNA aptamers in aptasensor
application

The analytical performances of our electrochemical sandwich
aptasensors21 fabricated from the in silico selected DNA
aptamers (i.e. P-ATG and GAC-P) were investigated. Firstly, the
CEA detection sensitivity was evaluated. The DPV curves of the
P-ATG aptasensor and the GAC-P aptasensor in response to
various CEA concentrations are illustrated in Fig. 4A and B,
respectively. The DPV peak current (Ip) increment (DIp ¼ Ip �
Ip0

) in response to CEA compared with control (0 ng mL�1 CEA,
Ip0

) were taken as the CEA detection signal. For both the P-ATG
aptasensor and the GAC-P aptasensor, the DIp values increased
monotonically and linearly with the CEA concentration (CCEA)
ranging from 5 ng mL�1 to 50 ng mL�1 (inset in Fig. 4). The P-
ATG aptasensor followed a linear calibration equation of DIp
(mA) ¼ 0.74 + 0.46 � CCEA (ng mL�1) (R ¼ 0.9959), and
exhibited a limit of detection (LOD) of 1.5 ng mL�1 (calculated
based on 3s rule). In contrast, the linear calibration equation
for the GAC-P aptasensor was DIp (mA) ¼ 0.35 + 0.58 � CCEA (ng
mL�1) (R ¼ 0.9963), with a LOD value of 1.2 ng mL�1. The LOD
values of the two in silicon selected DNA mutants based
aptasensors are obviously superior than that based on P (3.4
ng mL�1), indicating that the two DNA mutant aptasensors
possess obviously higher CEA detection sensitivity. The apta-
sensor application results are consistent with the
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 DPV curves of the aptasensors fabricated from (A) P-ATG, and
(B) GAC-P, in response to (a) 0, (b) 5, (c) 10, (d) 20, (e) 30, (f) 40, (g) 50,
and (h) 55 ng mL�1 CEA. Inset: the plot of the corresponding DIp values
versus CCEA. n ¼ 3.

Fig. 5 The DPV DIp values of the aptasensors fabricated from (A) P-
ATG, and (B) GAC-P in response to CEA and interfering proteins
including HSA, BSA, g-globulin, AFP and CRP. n ¼ 3–6.
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bioinformatic simulation results and the BLI experimental
results.

The aptasensors fabricated from the in silico selected
aptamer P-ATG (Fig. 5A) and GAC-P (Fig. 5B) also exhibited
high CEA detection specicity, similar to that from the
aptamer P. The interference protein concentrations used in
the specicity experiment were referred to their physiological
levels.23 Compared with the strong responses towards CEA, no
obvious responses were observed towards all the interfering
proteins tested, including BSA, HSA, g-globulin, AFP, and CRP,
being consistent with the bioinformatic simulation results
(Fig. S5†).

It may be noted that the ranks of the BLI affinity and the
aptasensor sensitivity of the selected aptamer P-ATG and GAC-P
were reversed compared to that of the ZDOCK score. The BLI
affinity differences as well as the aptasensor sensitivity differ-
ences between the aptamer P-ATG and GAC-P were very slight,
in contrast to the obvious difference between their ZDOCK
scores. It has been reported that a number of factors, like
viscosity, pH, and ionic strength can inuence protein–protein
interaction kinetics.48 In this study, the ZDOCK scoring function
did not take the buffer conditions into calculation, which may
cause the slight variation from the real situation. However, this
slight variation did not affect the feasibility of the developed in
silico approach for post-SELEX screening, selection, and modi-
cation of DNA aptamers.
This journal is © The Royal Society of Chemistry 2019
Conclusions

An in silico post-SELEX screening approach has been developed
and used for selecting DNA mutants derived from the parent
aptamer P against CEA. Two DNA mutants (i.e. P-ATG and GAC-
P) exhibiting signicantly higher binding ability to CEA than the
parent DNA aptamer have been identied in the bioinformatic
simulation process. P-ATG and GAC-P binds with different CEA
structural domains. The in silico selected aptamer P-ATG and
GAC-P exhibited obviously higher CEA affinity than P in BLI
affinity determination experiment. The newly found aptamer P-
ATG and GAC-P performed much better in fabrication of apta-
sensors, showing obviously higher CEA detection sensitivity
than P, without compromising the CEA detection specicity.
The developed in silico post-SELEX screening approach should
be applicable for obtaining even higher affinity DNA aptamers
against CEA, and may be used as a general approach for
acquisition of high affinity DNA aptamers against other inter-
ested protein targets. The selected high affinity DNA aptamer
sequences, and the knowledge about the CEA domains bound
with these aptamers could be used for future CEA aptasensor
RSC Adv., 2019, 9, 6328–6334 | 6333

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra10163a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Fe

br
ua

ry
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

1/
9/

20
25

 4
:1

7:
25

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
design and fabrication, promisingly applicable for early cancer
diagnosis.
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