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Neuron-specific enolase (NSE) is one of the most commonly used serum tumor biomarker in clinical
practice for small cell lung cancer screening, early diagnosis, evaluation of therapeutic efficacy and
prognosis. In this study, we obtained DNA aptamers with great affinity and selectivity to NSE via
subtractive SELEX approach. After 10 rounds, three candidate aptamers were successfully selected and
identified. Their affinities were measured by surface plasmon resonance. Apt-5 aptamer with high
binding affinity and good specificity were obtained, which had the dissociation constant (Kp) values of
12.26 nM. In addition, electrophoretic mobility shift assay (EMSA) experiment also further indicated that
the Apt-5 had a highly specific affinity to NSE without binding to HSA. The circular dichroism (CD)
analysis revealed that the three aptamers formed stable B-form, stem-loop conformations. The selected
aptamers were used to construct a chemiluminescence (CL) aptasensor biosensing platform to detect
NSE from actual serum samples. Experimental results confirmed that the CL immunosensing platform
had good sensitivity with detection limits of 1-100 ng mL™%. The results demonstrated that our obtained
the Apt-5 aptsensor was highly specific in the detection of NSE in serum samples. The detection limit
was 0.1 ng mL™%, which was lower than the 0.25 ng mL™! limit of the ELISA used at the hospital.
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Introduction

Recently, a number of based on aptamer for the early diagnosis
and rapid evaluation of therapeutic efficacy and prognosis of
cancer have been developed."” Neuron-specific enolase, an
intracellular metalloenzyme (phosphopyruvate dehydrogenase),
is a dimeric protein with tissue specificity of the expression of 3
different subunits (a, B and y).> NSE was widely used to screen
and diagnose small cell lung cancer in high-risk populations.*®
Usually, the concentration of NSE is relatively low in human
serum (<13 ng mL '),® and the sample amount is also very
limited.” In addition, the earlier the SCLC is diagnosed,
a significantly improved in the five-year survival rate of the
patients is observed.® Although the immunological method, like
enzyme-linked immunosorbent assay (ELISA), is a widely used

“The First Hospital of Qinhuangdao Affiliated to Hebei Medical University,
Qinhuangdao, 066000, China. E-mail: zhengyueqhd@sina.com;
zhaoyunwang1234@163.com; Tel: +86-0335-590-8121

College of Life Sciences, Lanzhou University, Lanzhou, 730000, China

‘Key Laboratory of Polymer Material of Gansu Province, Institute of Polymer,
Northwest Normal University, Lanzhou, 730070, China

“College of Environment & Chemical Engineering, Yanshan University, Qinhuangdao,
066004, China

T Electronic  supplementary
10.1039/c9ra00785g

information (ESI) available. See DOIL

This journal is © The Royal Society of Chemistry 2019

Moreover, the aptasensor can contribute to better detection of small cell lung cancer (SCLC).

method for NSE detection.” The ELISA method are popular at
present, but the procedure is relatively complex and time-
consuming sometimes.'” Therefore, to develop a fast and
effective method for NSE detection remedy the extant weak-
nesses is essential in tumor marker monitoring program as well
as clinical diagnosis.

Aptamers are short single-stranded DNA (ssDNA) or RNA
molecules that can bind to their target with high selectivity and
specificity by folding into three dimensional structures.'**
They can be generated by the systematic evolution of expo-
nential enrichment (SELEX) technique in vitro.** Compared with
antibodies, aptamers would be promising recognition elements
for bioanalysis because of their high affinity and specificity with
various kinds of targets,** low molecular weight, reproducible
synthesis," facile modification, and good stability."

Aptamers for various targets have been selected and used for
designing biosensors. Karpik et al. developed an aptamer-based
biosensor to detect Mucin 1 protein to monitor Prostatic cancer
(PCa)."” Fluorescent assay based on aptamer and amplification
were further applied to design biosensor to detect prostate
specific antigen (PSA).** However, there is still no aptamer for
NSE to be selected.

In this study, a subtractive SELEX process for the selection of
DNA aptamers with high affinity and strong specificity for NSE
was described. Enrichment of the ssDNA libraries was evaluated
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by qPCR. The Apt-5 had the highest binding affinity with the
lowest Ky, value (12.26 nM). EMSA experiment also indicated
that the Apt-5 had a highly specific affinity to NSE without
binding to HSA. Detection of NSE in serum samples is carried
out commonly using an immunoassay that depends on two-site
antibody-antigen interactions, such as an enzyme-linked
immunosorbent assay (ELISA). However, despite antibodies
still being frequently used as receptors in immuno-based
bioassays, aptamers constitute promising alternatives. Herein,
we describe the first in vitro selection of DNA aptamers by
subtractive SELEX and the development of a novel CL apta-
sensor for the highly sensitive and specific detection of NSE in
serum samples.

Materials and methods
Chemicals

The NSE (1 mg mL ') and carcino-embryonic antigen (CEA)
(1 mg mL ") were provided by Shanghai Sangon Biotechnology
Co., Ltd., China.

The DNA library (5'-CTATAGCAATGGTACGGTACTTCC-N -
CAAAAGTGCACGCTACTTTGCTAA-3') contained a central
randomized sequence of 40 nucleotides (N40) flanked by 24
nucleotide constant regions and primers (forward primer 5'-
CTATAGCAATGGTACGGTACTTCC-3/, reverse primer 5'-biotin-
5'-TTAGCAAAGTAGCGTGCACTTTTG-3') were supplied by San-
gon Biotechnology (Shanghai, China). Carboxylated magnetic
beads (MBs, 30 mg mL ™', 2 x 10° beads mL ") were supplied by
Invitrogen (Carlsbad, CA, USA).

The binding buffer solution was a mixture of phosphate-
buffered saline (1 x PBS = 137 mM NaCl, 2.7 mM KCl,
10 mM Na,HPO, and 2 mM KH,PO,, pH 7.4) (Invitrogen Co.,
USA). 1 x PBST (1 x PBS + 1% (v/v) Tween-20) were stored at
4 °C. All related PCR reagents were gained from Sangon Biotech
(Shanghai, China). All reagents used in this work were of
analytical grade.

The small cell lung cancer serum, non-small cell lung cancer
serum and normal serum were supplied by the first hospital of
Qinhuangdao, Hebei Province in China.

Aptamer selection

A schematic diagram of the SELEX process is shown in Scheme
1. The subtractive SELEX strategy as described previously was
performed with a few modifications.'® Briefly, NSE (10 pg mL "
in PBS, pH 7.4, 500 pL) was immobilized onto the MBs (200 pL,
about 4 x 10® beads) through amidation between amino and
carboxylic group coated on the MBs surface at 37 °C for 2 h.
After the incubation step, the MBs-NSE complex were resus-
pended in blocking buffer (0.1 ug uL~" Salmon sperm DNA, 0.1
ug uL~' tRNA, 1% BSA in PBS buffer, 1 mL) at 37 °C for 30 min
to eliminate the risk of unspecific binding. The initial ssSDNA
library (OD: 1.0) dissolved in 3 mL of PBS solution was dena-
tured at 95 °C for 10 min and then snap cooled at 4 °C. The
MBs-NSE complex in a 5 mL EP tube were incubated with the
prepared initial library for 1 h at 37 °C for positive selection.
After magnetic separation, the unbound ssDNA supernatant
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Scheme 1 Schematic diagram of the SELEX process.

were discarded. The MBs-NSE-ssDNA complexes were washed
three times with 3 mL of binding buffer to remove unbound
sequences. The NSE-bound ssDNAs were eluted by heating at
95 °C for 10 min. After magnetic separation, the supernatant
was collected and amplified by qPCR using forward primer and
biotin-labeled reverse primer under the following conditions:
pre-denaturing at 95 °C for 7 min, followed by 20 or 25 cycles of
denaturing at 95 °C for 30 s, annealing at 60 °C for 34 s and
extension at 72 °C for 1 min. The obtained double-stranded
DNA (dsDNA) product in the PCR solution was separated by
streptavidin-coated MBs, TPBS solution (1 wt%, 1 mL) was
added, and the mixture was incubated for 10 min at 40 °C. The
ssDNA library was collected and used later for next round
selection.

The levels of carcinoembryonic antigen (CEA) can be related
to lung adenocarcinoma and SCLC.*® For the SELEX strategy,
CEA-MBs were introduced for negative selection. The CEA-MBs
complex were incubated with the selected ssDNA library at 37 °C
for 1 h. The unbound ssDNAs were removed and then incubated
with the MBs-NSE complex for further positive selection.

In order to acquire aptamers with high affinity and speci-
ficity. Incubation time with NSE-MBs complex were decreased
from 60 min to 30 min as the number of selection rounds
increased as well as the washing strength was enhanced by
gradually increasing washing time (from 1 min to 3 min),
washing volume (from 3 mL to 6 mL) and washing times (from 3
to 5 times).

After 10 selection cycles, g-PCR was used to monitor the
enrichment of the DNA libraries according to the ACy value. The
progression of the selection was represented by the Cr value
(ACt = Cr (CEA) — Cr (NSE)). The NSE-binding ssDNA and CEA-
binding ssDNA were eluted by heating at 95 °C for 10 min in
each round of selection progress. After magnetic separation, the
supernatant was collected separately. Finally, 6 pL of the
supernatant containing the ssDNA was used for quantification
through qPCR. Aptamer was amplified with Tag DNA poly-
merase using a SYBR® Green master mix. Samples were heated
at 95 °C for 7 min followed by 40 cycles of denaturation at 95 °C
for 30 s, annealing at 60 °C for 34 s, extension at 72 °C for 1 min

This journal is © The Royal Society of Chemistry 2019
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and hold on 4 °C. The data were analyzed with the Rotor-Gene
6000 Series Software (Corbett Life Science, USA). The SELEX
cycle was terminated until the ACy value remains unchanged.

Cloning and sequencing

After 10 rounds of SELEX, the winning pool was harvested. The
ssDNA library from the 10th selection round was PCR amplified
using unmodified primers, the PCR products were sent for cloning
and sequencing by Sangon Biotechnology (Shanghai, China).

As we known, aptamers can fold into complex and stable
three-dimensional shapes that allows them to specifically bind
to target molecules. The secondary structure of each candidate
aptamer sequence was predicted using NUPACK software.*"*

Determination of Ky, values of individual aptamers

The dissociation constant (Kp) of the candidate aptamers to
NSE were measured by surface plasmon resonance (SPR) via
a BIAcore T200 instrument (GE Healthcare Life Sciences, USA).
HEPES buffer was used as the running buffer and NSE (50 pg
mL ™%, 500 pL) were immobilized onto CM5 chip according to
the standard protocol of the amine-coupling method (BIAap-
plication Handbook). The candidate aptamer were diluted to
a series of concentration and following procedures were
implemented automatically for repetitive cycles of sample
injection and regeneration (2 M MgCl,). The association and
disassociation of the aptamer-NSE conjugates were monitored
for 300 s.**** The statistical analysis of the K values was
measured by the kinetic Evaluation Software.

CD analysis

To determine possible secondary structure characteristics.
Three candidate aptamers (5 pM) were dissolved in 20 mM
NazPO, (pH 7.4) that contained 100 mM KCl or NaCl. Aptamers
were denatured under 90 °C for 5 min and followed by gradually
cooling to room temperature. CD spectra were collected by
a JASCO J-810 spectropolarimeter from 320-220 nm, with a 1 cm
path length cuvette.

Identification of the highest binding affinity aptamer by EMSA
assay

A series of progressively diluted NSE (0.5 pg, 1 pg, 2 pg) were
respectively incubated with in PBS solution (20 pL) of contain-
ing labeled Apt-5 (100 fmol). The labeled Apt-5 were heated to
95 °C for 10 min and cooled at 4 °C for 10 min before incuba-
tion. Human serum albumin (HSA, 2 pg) was incubated with in
PBS solution (20 pL) of containing labeled Apt-5 (100 fmol) as
a negative control. The complexes were then evaluated by elec-
trophoresis on an 8% native polyacrylamide gel.

Construction of a CL aptasensor

The advantages of CL method are high sensitivity, wide linear
dynamic range, relatively simple operation requirements,* and
low equipment cost.”® Construction of a CL aptasensor based on
magnetic beads separation and aptamer is shown in Scheme 2.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

Primary mouse
anti-NSE
antibody

NSE
Beads-aptamer

*®

! _  amppp * _%\/\O
_ -

ALP labled with
- / N secondary

Chemiluminescene detection goat anti-mouse antibody

Scheme 2 Construction of a CL aptasensor based on magnetic
separation and aptamer.

Amino-modified Apt-5 was synthesized by Shanghai
Biotechnology (Shanghai, China). First, the carboxylated MBs
was mixed with amino-modified Apt-5 and incubated for 1 h at
37 °C with gentle shaking. After magnetic separation, the
MBs-Apt-5 complex were collected and the supernatants were
discarded. Then blocking buffer added as a blocking agent for
1 h at 37 °C. The blocking buffer can effectively prevent
nonspecific binding with any possible interfering proteins.
Second, the composites were incubated with NSE solution (100
ng mL™"). Then, standard solution containing a range of
concentrations of the primary mouse NSE antibody and
secondary goat antimouse antibody labeled with alkaline
phosphatase (ALP) were added to the incubating solution.
Finally, after magnetic separation, CL of AMPPD was catalyzed
by the complexes. The CL detection of different concentrations
of NSE for standards or serum samples were performed using
an Enspire 2300 multilabel reader.

Test of selectivity and sensitivity

Different interfering serum samples including normal serum,
NSCLC serum and SCLC serum were used to examine the
selectivity of Apt-5. These interfering serum samples were used
as negative controls and SCLC serum as a positive control. NSE
in positive SCLC serum was diluted to a series of concentrations
(100, 50, 10, 1, and 0.1 ng mL ). A 50 pL aliquot of each of the
serum samples was used in each test. Each experiment was
repeated 3 times for averaging.

Results and discussions
Selection of DNA aptamers against NSE

To select high affinity aptamers for NSE, we performed an in
vitro MB-SELEX by using NSE as target protein. In order to
ensure proper folding of the oligonucleotide structure, the
ssDNA library was first heated at 95 °C for 10 min and cooled at
4 °C for 10 min. Ten SELEX rounds were performed in total in
the process of selecting an aptamer against NSE. The progress
of the SELEX procedure was monitored using qPCR for the
sSDNA libraries from round 1 to 10 with the described method
in Section 2.2. The change in ACy value directly represents the
convergence of aptamer species in the SELEX process. The
binding affinity of specific aptamer library from the selected

RSC Adv., 2019, 9, 15513-15520 | 15515
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rounds increased. Therefore, in our study, by the end of the 10th
round of selection, the AC; value showed was not increased,
which indicated that the enriched aptamer library was specific
to NSE and had reached saturation. Therefore, the selection was
stopped. The secondary ssDNA library from the 10th round with
the highest binding affinity was cloned and thirty clones were
sequenced. These sequences were clustered with DNAMAN
version 6.0 software. These sequence of NSE aptamers were
divided into five major families based on homology (Table S1,
ESIT). As shown in Fig. 1. Considering that the most frequently
repeated sequence has been found to have the highest binding
affinity. We chose the three that were most highly amplified in
the selection process, Apt-5, Apt-26 and Apt-28, which were
enriched five, four and four times, respectively. These three
aptamers were required further identification, and their
sequences were listed in Table 1.

Apt-1 [
Apt-2
Apt-5 pE
Apt-15 f
Apt-16 [
Apt-22
Apt-6 [
Apt-9
Apt-11 F35
Apt-10
Apt-30
Apt-14
Apt-18 [
Apt-25 [
Apt-26
Apt-12
Apt-21
Apt-24
Apt-19

Apt-28
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Table 1 A list of the three sequences identified from the 40 nt
randomized region of the library after 10 rounds of subtractive SELEX
against NSE

Aptamer Sequence (5'-3')

Apt-5 TCACACACGGACCTCTCCTACATTAATTGCGCATTTCGTT
Apt-26 GGGTTTAATTGCTCTCAGGTTATTCGTCTGAGGTAATGCG
Apt-28 ATCACGAATGTCGAGGCTCCTTTCCGCCCTGTCTGCTCGT

Characterization of aptamers

The secondary structures of three aptamers were predicted using
an NUPACK software, which is based on a free energy minimiza-
tion algorithm. These three sequences contained a relatively high
guanine content. The three aptamers were of identical length with
diverse base sequences, folded into distinct secondary structures

100% 80% 60% 40% 20%
L 1 [ 1 ]

Apt-1

Number of enrichment
a

b

Fig. 1 Generation of aptamers against NSE. (a) The number of enrichment is shown in the left column chart. (b) DNAMAN analysis of 30

oligonucleotide sequences after 10 rounds of SELEX.
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Fig.2 Characterization of aptamers. (a) Structural analysis of the aptamers was performed using NUPACK to predict the secondary structures. (b)
Binding affinity determination for (A) Apt-5 (B) Apt-26 (C) Apt-28 (c) CD spectra of three aptamers. CD data is obtained with a 5 uM concentration
in the presence of in 20 mM NazPO,, pH 7.4, containing 100 mM KCL.
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(Fig. 2a). A stem-loop structure appeared as common among the
candidate aptamers. In addition, the primer regions of these
sequences were also involved in the stem-loop structure.

CD spectra provide reliable information for identifying DNA
structures. The CD spectra were measured in the presence of
either NaCl or KCl because earlier literature reported that the
presence of potassium or sodium ion and appropriate heat-and-
cooling procedure would facilitate the correct formation of
a stem loop type B-DNA structure.”” As shown in Fig. 2¢, the CD
spectrum of three aptamers displayed a negative peak at 246 nm
and two positive peaks at 220 nm and 265 nm, signifying a stem
loop type B-DNA structure.?®

Dissociation constant (Kp) of candidate aptamers

The SPR analysis was performed to determine the affinity of
candidate aptamers (Apt-5, Apt-26 and Apt-28) to NSE. The
interaction of various concentrations of aptamers with immo-
bilized NSE (50 pg mL™') is demonstrated in Fig. 2b. The
dissociation constants (Kp) of all aptamers were in the low
nanomolar range (Table 2), suggesting strong binding to the
NSE with Apt-5 showing the lowest Kp, of 12.26 nM. Moreover,
Apt-26 gave the closest Kp, value to Apt-28, despite having very
few bases in common.

Identification of the highest binding affinity aptamer by EMSA
assay

To further identify specificity of Apt-5 by using electrophoretic
mobility shift assay (EMSA) method. EMSA analyses were used
to evaluate the binding affinity of the Apt-5 with NSE. The color
density of the electrophoretic bands corresponding to the Apt-5
bound NSE increases with increasing concentration of NSE. As

Table 2 Affinity constants of aptamer candidates

Apt-5 Apt-26 Apt-28
Kon (M min)™* 16.8 x 10* 5.6 x 10" 8.0 x 10"
Korr (min™) 2.1 x 103 1.4 x10° 1.7 x 107°?
Kp (M) 12.26 x 107° 24.85 x 10~° 21.18 x 10~°
(o
oW Ve
Lane: 1 2 3 4 5
protein: 0 0.5 1.0 2.0 0 pg
control protein: 0 0 0 0 20 pg

labeled probe: 100 100 100 100 100 fmol

Fig. 3 Identification of binding affinity Apt-5 aptamer by EMSA assay.
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shown in Fig. 3 indicated that the Apt-5 had a highly specific
affinity to NSE without binding to HSA.

Optimization of the assay conditions

We optimized the following parameters in experiments: (a)
concentration of aptamer; (b) the amount of beads; (c)
concentration of primary mouse anti-NSE antibody; (d)
concentration of secondary goat antimouse antibody labeled
with ALP.

The concentration of Apt-5 is a vital parameter for NSE
detection. The concentration of Apt-5 was in the range of 25-100
pmol, the CL intensity gradually increased as the amount of
aptamer increased. The CL intensity initially increased to reach
a maximum at 100 pmol, and then slightly decreased (Fig. 4a).
Hence, subsequent work employed 100 pmol of Apt-5.

A series of experiments with increasing amounts of MBs were
conducted. The CL intensity was maintained at an approxi-
mately steady level between 300 and 500 pg of MBs (Fig. 4b). As
the amount of MBs was increased, the CL intensity decreased
gradually, too much beads could result in a poor output signal.
Thus subsequent work employed 400 ug MBs.

The dilution of primary mouse anti-NSE antibody and the
effect of concentration on the CL intensity was also investi-
gated (Fig. 4c). As the amount of primary mouse anti-NSE
antibody increased the CL intensity increased in the range of
0.2-1.0 ug mL ™" and then slightly decreased. Consequently,
1.0 pg mL ™" of primary mouse anti-NSE antibody was selected
for subsequent work. In a similar fashion, as the amount of
secondary goat antimouse antibody labeled with ALP
increased the CL intensity increased in the range of 0.2-1.0 pg
mL ™" and then gradually decreased (Fig. 4d). 1.0 pg mL ™" of
secondary goat antimouse antibody labeled with ALP was
selected for subsequent work.

Detection of pure NSE

As shown in Fig. 5, the NSE was diluted to prepare for different
concentrations, and then the CL intensity was detected using
our novelly designed CL aptasensor. When the NSE concentra-
tion was in the range of 1-100 ng mL ™', the CL intensity was
linear with the concentration (y = 26.343x + 837.14, R> = 0.993,
where y represented the CL intensity, x represented the NSE
concentration).

Selectivity of aptamer to serum samples

As shown in Fig. 6, five clinical samples of NSE-positive serum
were diluted to different concentrations (100, 50, 10, 1 and 0.1
ng mL ') in order to further confirm the selectivity of Apt-5
aptasensor. The results showed that the detection limit of
NSE is 0.1 ng mL". All these test results supported the high
selectivity of Apt5 sensor.

Identification of the selectivity of Apt-5 to NSE

We performed cross-reaction studies in order to verify the
specific affinity of Apt-5 sensor for NSE in serum samples. We
used equal volumes of SCLC serum and NSCLC serum as

This journal is © The Royal Society of Chemistry 2019
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controls experiments, respectively. Normal serum as negative
control. And ddH,O was used instead of serum as a blank
control experiment. The NSE concentration of SCLC serum
was 112 ng mL ™" from the ELISA used at the hospital. The
results of the cross-reaction study are presented in Fig. 7. It is
observed that the normal serum, NSCLC serum chem-
iluminescence intensity were close to the blank. The Apt-5 was

8000
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CL Intensity

y=26.343x+837.14

R?=0.993

Fig. 5 The linear relationship between the concentration of NSE and
the CL intensity in the range of 1-100 ng mL™™%.
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25
Concentration of NSE (ng'mL'l)

50

bound to NSE-positive serum, however, a significant increase
in CL intensity was observed, indicating that the Apt-5 had
high selectivity toward NSE. The aptasensor would work well
in complex serum environments. In sum, this aptasensor
demonstrated sufficient selectivity for the detection of NSE in
serum samples.
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Fig. 6 NSE concentrations of serum samples 1 to 5 were 0.1, 1, 10, 50,
and 100 ng mL™?, respectively.
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Conclusions

In this work, for the first time, we have isolated a 88-nucleotide
DNA aptamer that had the ability to specifically recognize NSE
by subtractive SELEX. Enrichment of the ssDNA libraries was
assessed by qPCR. SPR test results show that the Apt-5 had the
highest binding affinity with the lowest Ky, value (12.26 nM).
Besides, EMSA experiment also indicated that the Apt-5 had
a highly specific affinity to NSE without binding to HSA. In
addition, based on the secondary structure predictions, these
aptamers secondary structures is able to fold into distinct
secondary structures. A stem-loop structure appeared as
common among the candidate aptamers. In addition, the
primer regions of these sequences were also involved in the
stem-loop structure. The binding mechanism between the
target molecule and aptamer will be further explored in the
follow-up work.

A CL aptasensor based on magnetic separation and aptamer
was constructed to detect NSE from serum samples. The new
Apt-5 sensor had a linear relationship between CL intensity and
concentration when the NSE concentration was in the range of
1-100 ng mL". The detection limit for NSE was 0.1 ng mL ",
2.5 times lower than the 0.25 ng mL ™' limit of an ELISA in use at
the hospital. However, ELISA is complex to perform and time-
consuming. The novel CL aptasensor based on magnetic sepa-
ration and immunoassay allows rapid separation and sensitive
detection of NSE in serum. This aptasensor has the potential for
wide clinical application in the diagnosis of SCLC. Further
research should be focused on improving detection limits and
combined it with this Apt-AuNPs probe, which would then be
expected to be a potential and powerful tool in biomonitoring
NSE in clinical diagnostics.
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