
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

5:
28

:3
3 

PM
. 

 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
Selection and ap
aDepartment of Biochemistry and Molecular

Navy Medical University, Shanghai 200433,

cn; lhwang@smmu.edu.cn
bDepartment of Marine Biomedicine and

Center, Shanghai 200433, P. R. China
cSpine Center, Department of Orthopedics, C

Military Medical University, 415th Feng Yan
dCollege of Medicine, Shaoxing Universit

Zhejiang Province, 312000, P. R. China

† Electronic supplementary informa
10.1039/c9ra10600f

‡ These authors contributed equally to th

Cite this: RSC Adv., 2020, 10, 8181

Received 16th December 2019
Accepted 11th February 2020

DOI: 10.1039/c9ra10600f

rsc.li/rsc-advances

This journal is © The Royal Society o
plication of aptamers with high-
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Mingjuan Sun,a Binghua Jiao*ab and Lianghua Wang*a

Diarrhetic shellfish toxins (DSTs) are marine toxins distributed widely in the world, which pose a major threat

to the health of mankind. Dinophysistoxin-1 (DTX-1) has the most potent toxicity in DSTs. However, the

current detection methods have ethical problems and technical defects. Further research is needed, to

develop a more suitable alternative to the supervision system. In this work, we successfully obtained an

aptamer with high affinity and specificity bound to DTX-1 for the first time. After optimization, a core

sequence of the aptamer with a higher KD of 64 nM was obtained, while the binding mode of the core

sequence and DTX-1 was explored. Based on this aptamer, we developed a biolayer interferometry (BLI)

biosensor platform for DTX-1 detection. The aptasensor exhibited a broad detection range from 40 to

600 nM DTX-1 (linear range from 80 to 200 nM), and the low detection limit was 614 pM. Morever, the

aptasensor showed good reproducibility and stability, which indicated that this novel aptasensor had

broad development prospects for the sensitive and rapid detection of DTX-1.
Introduction

With the rst recognition of diarrhetic shellsh poisoning (DSP)
in Japan, DSP has been considered a global public health
problem. It is a gastrointestinal illness caused by the
consumption of shellsh contaminated with diarrhetic shell-
sh toxins (DSTs).1 Traditionally, DSP has mainly occurred only
in several coastal areas, such as Western Europe, Eastern Japan
and Latin America.2,3 However, recent studies indicate that DSP
is emerging in more regions in the world.4–6 The emergence of
DSP also leads to the downturn of the shellsh industry, and the
length of time is unexpected.7 Not only does it have a serious
economic impact, but it also poses a great threat to human
health. The major toxins causing severe diarrhea are okadaic
acid (OA) and its analogues, dinophysistoxin-1 (DTX-1) and
dinophysistoxin-2 (DTX-2), which are produced by marine
dinoagellates. These toxins have been testied to be potent
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inhibitors of several phosphatases, especially inhibitors of PP1
and PP2A.8,9 They are possibly carcinogenic,10 with symptoms
such as diarrhea, nausea, and vomiting.11 They can also act on
other protein phosphatases, including protein phosphatase 4
(PP4), protein phosphatase 5 (PP5) and protein phosphatase 2B
(PP2B).12,13 In the early stage, OA has been thoroughly studied.
In recent years, DTX-1 was found to be more toxic,14 especially
with respect to oral toxicity.15 DTX-1 can destroy the integrity of
epithelial cells, and play an important role in apoptosis,16 which
induces the same cytotoxic effects with 1/5 concentrations of
OA.17 While the effect of DTX-1 on pro-inammatory and car-
cinogenicity of macrophages is ten times more than that of
OA.16 Studies have shown that the deposition rate of DTX-1 in
the shellsh digestive gland is higher than that of OA.18

However, DTX-1 cannot be detected effectively. Although
DSP was detected by the mouse bioassay (MBA) in early 1980s, it
required 24–48 hours of observation on experimental animals.19

This method also lacks of specicity and sensitivity. Since 1997,
LC-MS has already replaced MBA.20 However, this method
requires the Temperature Equivalent Factor (TEF) of each
compound to estimate the sample's total toxicity, in order to
determine whether the regulatory limit has been exceeded,19,21

which is time-consuming and expensive. Another method is to
use, enzyme linked immunosorbent assay (ELISA). But it has
severe cross-reactivity, because the antibodies are mainly
directed against inhibitors of PP.22

In summary, there is still a lack of a sensitive, reliable, real-
time and inexpensive monitoring system for detecting DTX-1.
The biosensors are ideal detection alternatives, which can
RSC Adv., 2020, 10, 8181–8189 | 8181

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra10600f&domain=pdf&date_stamp=2020-02-24
http://orcid.org/0000-0002-5401-1835
http://orcid.org/0000-0002-7740-5378
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10600f
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010014


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

5:
28

:3
3 

PM
. 

 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
avoid most of the shortcomings the other methods have. The
development of a stable, high-sensitivity, inexpensive probe is
an important basis for the preparation of biosensors.

Aptamers are functional single-stranded DNA (ssDNA) or
RNA sequence that fold into complex tertiary structures and
bind to specic molecular targets in a manner similar to that of
antibodies.23,24 Thus, aptamers are called “chemical anti-
bodies”.25 The vast majority of aptamers are obtained from the
Systematic Evolution of Ligands by Exponential Enrichment
(SELEX) method in vitro.26 Aptamers have a wide range of
targets, including metal ions, compounds, proteins, cells, and
even whole microorganisms, and can be easily modied by
various functional tags to induce immobilization onto many
surfaces.27 As a potential existence that can replace antibodies,
aptamers have the advantages of high affinity, no batch to batch
variations, chemical stability, low immunogenicity, and
permissible modication.28,29 These have led to signicant
development in the eld of environmental screening,30 thera-
peutics,31 drug delivery.32 However, one great potential of
aptamers is that these nucleic acid sequences can be at the
heart of some emerging devices, such as sensors and actua-
tors.27 In recent years, a number of studies have shown that
aptamers can be used as probes in combination with other
techniques (e.g. surface enhanced Raman spectroscopy, quartz
crystal microbalance, electrochemical methods, colorimetry,
uorescent modication and biolayer interferometry, etc.) to
produce highly efficient aptamer-based sensors.23,33–38 Among
them, biolayer interferometry (BLI) technology has a unique
advantage as a new type of optical sensor, which is of label-free,
highly specicity, real-time and inexpensive.38,39 These makes
the method a suitable choice for on-site rapid detection and
analysis of the marine biotoxin DTX-1.

Experimental
Materials and reagents

All nucleic acid sequences (Table S1†) were bespoke-synthesized
by Sangon Biotech Co. Ltd (Shanghai, China). Dinophysistoxin-
1 (DTX-1), okadaic acid (OA), nodularin-R (NOD-R), palytoxin
(PTX), gonyautoxin (GTX), and saxitoxin (STX) were obtained
from Taiwan Algal Science, Inc. (Taiwan, China). Dynabeads®
M-270 Amine and the Qubit® ssDNA Assay Kit were purchased
from Thermo Fisher Scientic (Massachusetts, USA).
GoTaqHot® Start Colorless Master Mix was procured from the
Promega Corporation (Wisconsin, USA). The QIAEX® IIGel
Extraction Kit was purchased from Qiagen (Frankfurt, Ger-
many). The Okadaic Acid Plate Kit purchased from Beacon
Analytical Systems, Inc. (Maine, USA). 2-(N-Morpholino)-
ethanesulfonic acid (MES), 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC), N-hydroxysuccinimide
(NHS), and the other chemical agents were purchased from
Sigma-Aldrich Co. LLC (Shanghai, China). Oxalic acid (ultra-
pure grade) was procured from BBI Life Sciences Corporation
(Shanghai, China). Urea (ultra-pure grade) was procured from
Amresco, Inc. (Ohio, USA). The 20 bp DNA Ladder (Dye Plus)
was purchased from TaKaRa Bio, Inc. (Dalian, China). Bio Gel P-
2 was procured from Bio-Rad (Hercules, USA). The BLI sensor
8182 | RSC Adv., 2020, 10, 8181–8189
chips were obtained from Forte Bio (Shanghai, China). DNA
Urea-PAGE buffer, DNA PAGE buffer and binding buffer (pH 7.5,
50 mM Tris–HCl, 150 mM NaCl, 2 mM MgCl2) were procured
from Tiandz (Beijing, China). All solutions were prepared using
Milli-Q ultrapure water.

Preparation of GTX1/4 magnetic beads

(1) Pre-treatment of magnetic beads: the magnetic beads were
placed in an end-over-end rotation and mixed for 30 minutes.
600 mL of magnetic beads were taken therefrom and washed 4
times with 25 mMMES buffer (pH 5.0). Freshly prepared 500 mL
EDC solution (50 mg mL�1) and 500 mL NHS solution (50 mg
mL�1) were added to the magnetic beads and incubated for
30 min with rotation. (2) Incubation of magnetic beads with
DTX-1: 150 mL DTX-1 solution (100 mg mL�1) was added to the
above treated magnetic beads, and incubated at room temper-
ature for 2 h. Aer the incubation, the beads were washed twice
with 25 mM MES buffer and then washed 3 times with DTX-1
binding buffer (pH 7.5, 50 mM Tris–HCl, 150 mM NaCl,
2 mM MgCl2). (3) Preparation negative magnetic beads: 200 mL
of magnetic beads were taken for pre-treatment in (1). They
were then washed twice with 25 mM MES buffer and then
washed 3 times with DTX-1 screening buffer (pH 7.5, 50 mM
Tris–HCl, 150 mM NaCl, 2 mM MgCl2). (4) Magnetic beads
blocking: the newly prepared EDC solution, NHS solution and
0.5 M oxalic acid solution were mixed at a ratio of 1 : 1 : 1. Two
thousand and ve hundred mL of a mixture of EDC, NHS, and
oxalic acid was added to 600 mL of the positive selection
magnetic beads; 750 mL of EDC, NHS, and oxalic acid mixed
solution was added to 200 mL of the counter selection magnetic
beads. The two magnetic beads were incubated for 30 min at
room temperature, then washed 3 times with DTX-1 binding
buffer, respectively. Six hundred mL and 200 mL of DTX-1
binding buffer were added and placed at 4 �C until use.

In vitro selection of the DTX-1 aptamer

This selection uses Magnetic Bead SELEX, the specic selec-
tion strategy is shown in the Fig. 1. Appropriate amount of
ssDNA (as shown in the selection scheme) was subjected to
denaturation and renaturation treatment in a microcentrifuge
tube (95 �C water bath for 10 min, ice bath for 5 min, room
temperature for 5 min). The prepared magnetic beads were
mixed with ssDNA, and the system was supplemented with
a binding buffer to 600 mL and incubated at room temperature.
Aer the incubation, rinse with binding buffer several times
until the concentration of ssDNA in the supernatant could not
be detected. 80 mL of ddH2O was added to the magnetic beads
bound to the specic ssDNA, and the mixture was centrifuged
at 95 �C for 20 min. The magnetic frame was magnetically
adsorbed for 4 min to recover the ssDNA in supernatant, which
was repeated 3 times. The recovered ssDNA was assayed by
using Qubit® 2.0, and the recovery efficiency was calculated.
The recovery library was amplied by PCR, and the ampli-
cation system was 50 mL, 40 tubes each time. The specic
parameters were set as follows: 95 �C for 5 min, followed by 20
cycles of 95 �C for 30 s, 54 �C for 45 s, 72 �C for 30 s, and a nal
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (A) Aptamer selection process: MB-positive SELEX (left) and MB-counter SELEX (right). (B) Summary of selection protocol for MB-SELEX.
(C) Recovery ratio of ssDNA during MB-SELEX. The recovery efficiency is the ratio of the recovered amount of ssDNA to the added amount of
ssDNA per round.
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elongation step of 5 min at 72 �C. The dsDNA obtained by PCR
was prepared by urea-denaturing polyacrylamide gel electro-
phoresis, and the length of the two strand primers was
different, so that it could be easily separated during electro-
phoresis. Recover ssDNA from the gel excising from poly-
acrylamide (PAGE) gel electrophoresis selective.

The preparation of ssDNA

The ssDNA obtained from gel was puried and recovered. All
procedures were strictly in accordance with the protocol of a gel
recovery kit. (1) Added the same volume of diffusion buffer to
the gel. Then incubated at 50 �C for 30 min. Centrifuged the
sample for 1 min. (2) Pipetted the supernatant to a clean EP
tube and added 6 volumes of Buffer QX1 to 1 volume of sample,
then added 10 mL of QIAEX II andmix. (3) Incubated themixture
at room temperature for 10 min (kept QIAEX II in suspension).
(4) Centrifuged and removed supernatant and washed the pellet
twice with Buffer PE. (5) Air-dried the pellet until the pellet
became white. (6) Added 20 mL of H2O and incubated for 5 min
at room temperature. (7) Centrifuged and transfered the
supernatant into a clean tube. (8) Repeated steps (6) and (7) and
This journal is © The Royal Society of Chemistry 2020
combined the eluates. Then the ssDNA was quantied and used
in the next round of selection.
Cloning and sequencing of selected DNA

When the recovery rate no longer rises, it is considered that the
selection platform is reached and then the selection is stopped.
The last round of ssDNA was taken for PCR amplication using
normal primers. The amplied product was puried using a gel
recovery kit and the dsDNA was sent to Sangon Biotech Co. Ltd
(Shanghai, China) for cloning and sequencing.
Determination of affinity and specicity of aptamer by BLI

The affinity and specicity of aptamer N59a were identied by
BLI using an OctetRED 96 system (ForteBio, Shanghai). The
operating principle and analysis procedure of the specic BLI has
been claried.40 The assay procedure covered ve steps: baseline
(2 min), loading (2 min), washing (3 min), association (5 min),
and dissociation (5 min). The baseline solution (200 mL, pH 7.5,
50 mM Tris–HCl, 150 mM NaCl, 2 mM MgCl2), loading solution
(i.e. baseline solution), washing solution (i.e. baseline solution),
RSC Adv., 2020, 10, 8181–8189 | 8183
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association solution (i.e. baseline solution) and dissociation
solution (i.e. baseline solution) were added, respectively, into the
corresponding wells of a 96-well microtiter plate. Considering the
impact of non-specic binding and buffer-induced interferom-
etry spectrum shis, the response data obtained from the reac-
tion surface were normalized by subtracting the signal
simultaneously acquired from the control surface by the Octet
Data Analysis Soware CFR Part 11 Version 6.x. The affinity
parameter KD was obtained in this way, a 1 : 1 bindingmode with
mass transfer tting was used to obtain the kinetic data.
Results and discussion
In vitro selection of DTX-1 aptamer

The process of MB-SELEX includes forward selection and
reverse selection (Fig. 1A). The detailed process strictly follows
Fig. 1B (Table S2†). In order to improve the efficiency of SELEX,
we adjusted to the incubation time and the number of elution
times during the process, gradually increasing the selection
pressure.41 From the sixth round, we introduced the negative
magnetic beads to eliminate non-specic adsorption of ssDNA
by magnetic beads. Aer 12 rounds of selection, the recovery
rate of ssDNA reached a stable level, and this indicated that the
selection terminal point was reached.24,26 The selection cycles
were stopped (Fig. 1C).

The sequences of nal round were sent to sequence, 80
clones were opted randomly, and 80 sequences were obtained.
We classied these sequences into 10 families (A–J) based on
multiple sequence alignments (Fig. S3A†). Then, we choose the
sequences with the highest homology or the minimum free
energy by the mfold Web Server (http://unafold.rna.albany.edu/
?q¼mfold/DNA-Folding-Form) and the Guide trees (Fig. S3B†)
for further binding affinity studies with DTX-1, as shown in
Table 1. From the ten selected sequences, we found that seven
of the sequences showed binding affinity for DTX-1 ranging
from 0.17–1890 mM,42 while the three sequences showed no
binding.
Optimization of aptamer N59

Empirically speaking, the sequence with the highest affinity was
chosen for further research.23 The results indicated N59
Table 1 Affinity constant (KD) between DTX-1 and selected aptamers

Clone no. Family Aptamer sequence

N11 A GAGGCAGCACTTCACACGATCGGACCCAAAC
N26 B GAGGCAGCACTTCACACGATGCCTCCTACCC
N16 C GAGGCAGCACTTCACACGATATTTGGGGATC
N50 D GAGGCAGCACTTCACACGATCGTCCCTGCC
N29 E GAGGCAGCACTTCACACGATCGCTGAAGTCA
N59 F GAGGCAGCACTTCACACGATCCACCAGGCC
N63 G GAGGCAGCACTTCACACGATTCCCTCCTCCT
N72 H GAGGCAGCACTTCACACGATCCCCGTTCCTT
N41 I GAGGCAGCACTTCACACGATCCCCCCCACAC
N8 J GAGGCAGCACTTCACACGATCACGGCAGGA

a NB: no binding.

8184 | RSC Adv., 2020, 10, 8181–8189
exhibited the highest affinity to DTX-1 of 0.17 mM, so N59 was
chosen. First of all, we truncated the immobilized primer region
of N59, and reserved the random sequence (N59a) to verify the
inuence of the primer region of the aptamer. Considering that
the primer sequences were also likely to participate in the
binding of the aptamer to the target, we predicted the secondary
structures of N59 using the mfoldWeb Server, which was shown
in Fig. S4a.† At the present stage, the special secondary struc-
ture such like stem-loop, bulge, pseudoknot and three-way helix
structure, might mainly lead to the binding affinity.43 Based on
this, we further cut off the stem loop A or B of N59 based on the
secondary structure to obtain variants N59b, N59c.

Upon examination, we found that when the immobilized
primer region was truncated, the affinity of aptamer N59a had
been signicantly improved.44 This situation did not appear on
the N59b or N59c, whose affinity had no signicant difference
with N59 (Table S3†). This result indicated that the primer
region did not take part in the binding of the aptamer to the
target, nor hindered the combination. However, the stem-loop A
and B did not seem to have a crucial inuence on the
combination.39

The secondary structure analysis was also performed on
N59a by the mfold Web Server, and the result was shown in
Fig. S4b.† Based on this result, we truncated the stem loop C
and got aptamer N59a1, which lost its binding ability to DTX-1.
We believe that the structure of the stem-loop C in N59a might
form a unique spatial structure, which was the key part of the
aptamer that binds to DTX-1, while the remaining basic group
improved the affinity of DTX-1 and aptamer.45
Identication of affinity and specicity of aptamer N59a

We used GTX, STX, NOD-R, PTX, OA (1 mM) as non-specic
targets to analyse the association and dissociation process of
DTX-1 (1 mM) (Fig. 2). GTX and STX are alkaloids.46,47 NOD-R is
a peptide toxoid.48 PTX and DTX-1 are polyethers.49 OA is the
homologue of DTX-1, which belongs to DSTs.50 In addition,
random sequences acted as aptamer controls, blank samples
containing running buffer were used as a reference.

The results revealed that DTX-1 interacted with N59a with
a KON (1/Ms) value of 5.39 � 107, a KDIS (1/s) value of 3.45 � 100,
and a KD (M) value of 6.40 � 10�8. Furthermore, the random
KD
a (mM)

TTTACCTTACCCCCATCTGCGTAATGACTGTAGTGATG 0.498
TGCTGCCTTAGCCGGTCTGCGTAATGACTGTAGTGATG NB
AGCCAGGTCAGTGCCACTGCGTAATGACTGTAGTGATG 0.729
CCTGCCTCCTTTCTATGCTGCGTAATGACTGTAGTGATG 2.57
ACCTCCCCTACCTGTGCTGCGTAATGACTGTAGTGATG 2.2

AAACACGACCCCAAACACTGCGTAATGACTGTAGTGATG 0.17
TTATATCCGGTCCGATCTGCGTAATGACTGTAGTGATG 0.9
GTCCCCTTCTCTATATCTGCGTAATGACTGTAGTGATG NB
TCTTCCAACCCCCTCTCTGCGTAATGACTGTAGTGATG 1890

GACCATCACCATTATCGCTGCGTAATGACTGTAGTGATG NB

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Characterization of affinity and specificity of aptamer N59a for DTX-1. The red line represents the interaction curve of aptamer N59a with
DTX-1. The purple line represents the interaction curve of a random sequencewith DTX-1. The yellow, green, blue, pink, and black lines represent
the interaction curves of aptamer N59a with NOD-R, GTX, STX, OA and PTX, respectively.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

5:
28

:3
3 

PM
. 

 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
sequence showed no binding to DTX-1, might due to the fact
that DTX-1 specically bound only to N59a. At the same time,
GTX, STX, NOD-R and PTX did not cause any reaction. However,
OA interacted with N59a with a KD (M) value of 3.05 � 10�5,
which has binding efficiency wasmuch lower than that of DTX-1
and N59a. That is because the structures of OA and DTX-1 are
same expect for one methyl.50 On the other hand, we did not
introduce OA as counter-target during the selection. Therefore,
there must be some cross-reaction between DTX-1 and OA, but
such a huge difference in affinity can also indicate that the
association of N59a aptamer to DTX-1 is specic.
Research on the core structure of aptamer N59a

Observing these above-described aptamers from selection, we
noticed that all of them contained four pairs of cytosine bases.
That indicated that N59a could form a unique spatial structure
based on this unusual arrangement mode.51 G-quadruplexes
scoring of the N59af (the reverse complement of N59) revealed
Fig. 3 (A) The CD spectra of the DTX-1 and aptamer binding in binding b
line represents the CD spectra of the N59a. The blue line represents the C
is binding buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 2 mM MgCl2). (B) A
between N59a and DTX-1.

This journal is © The Royal Society of Chemistry 2020
that N59af had the potential to form several kinds of G-
quadruplexes structures, and N59a itself had the potential to
form an i-motif fold structure by itself theoretically.52,53 To verify
these, we disrupted the arrangement mode of the bases.
Therefore, N59a was truncated to obtain N59a2, N59a3, N59a4,
N59a5, N59a6, N59a7 (Table S4†). Among them N59a5, N59a6
and N59a7 had already completely lost the potential to form
into i-motif fold structure.

It turned out that among these six aptamers, only N59a5,
N59a6 and N59a7 did not have the ability to binding to DTX-1,
which was in line with our inference. Therefore, we believe that
the four pairs of cytosine bases in the sequence may be the basic
skeleton for the formation of i-motif fold, which is also a key
part of the binding of aptamers to DTX-1. At the same time, the
affinity of N59a was much higher than that of N59c, indicating
that the bases on both sides was able to accelerate the induction
of binding of aptamers to DTX-1.
uffer. The green line represents the CD spectra of the DTX-1. The red
D spectra of the DTX-1 and aptamer. The background of these samples
preliminary estimate of the three-dimensional view of the interaction
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Fig. 4 (A) Response plot for the aptamer-based BLI biosensor after addition of DTX-1 at different concentrations (40–600 nM). (B) The cali-
bration curve for DTX-1 from 40 to 600 nM, a plot of the response as a function of the DTX-1 concentration. The error bars represent standard
deviations. (C) The linear range of the calibration curve for DTX-1, a plot of the response as a function of the NOD-R concentration from 60 to
200 nM. (D) Specificity of the aptasensor with NOD-R, STX, GTX, PTX, and OA (each at 11 mM), and the mixture (including DTX-1, GTX, STX, NOD-
R, PTX and OA, all toxin concentrations was 1 mM), respectively.

Table 2 Recovery studies of tap water with different concentration of
DTX-1 (n ¼ 2)

Seawater DTX-1 (nM) Recovery (%) CV (%)

1 80 100.5 4.7
2 100 106.9 5.2
3 200 101.0 1.2

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

02
0.

 D
ow

nl
oa

de
d 

on
 4

/4
/2

02
6 

5:
28

:3
3 

PM
. 

 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
Analysis of the conformation of N59a

We investigated the conformational change of aptamer N59a in
selection buffer (pH 7.5) by circular dichroism (APL, Chiascan).
As shown in the Fig. 3A, the CD spectrum of N59a without DTX-
1 is similar to the characteristic CD spectrum of the i-motif
structure under neutral conditions,54 which might be due to
that N59a forms an i-motif structure in this buffer. Aer the
addition of DTX-1, the peak value of the CD spectrum was
changed signicantly from statistical point of view. The reason
for this change is that the existence of DTX-1 induces a struc-
tural change of N59a, which also demonstrates that N59a can
bind to DTX-1 specically. We speculated the model diagram of
N59a–DTX-1 complex according to the results of molecular
calculation and simulation (Fig. 3B).55
8186 | RSC Adv., 2020, 10, 8181–8189
BLI aptasensor for DTX-1 detection

In view of the current deciency of DTX-1 detection, we estab-
lished a an optical BLI sensor. Its key structure was based on
aptamer N59a. BLI is an emerging sensor platform with great
potential.56 It can monitor the surface property of the sensor,
when the immobilized ligand is combined with the target
molecule by biolayer interferometry technology in real time.57 At
this stage, there have been reports of the BLI sensors used on
small molecule detection.38,50

We performed a series of measurements on the newly
developed BLI sensor in the concentration range of 40–600 nM
to evaluate the feasibility and stability of the sensor (Fig. 4A). As
the concentration of DTX-1 increases, the optical thickness and
mass density of the biolm surface gradually increase. The
wavelength shis more obviously, eventually leading to an
increase in response (Fig. 4A and B). The experiment was
repeated several times for each sample. A calibration curve was
obtained with DTX-1 concentration of BLI response 300 s.
Fitting the curve to a sigmoidal logistic four-parameter equa-
tion: y ¼ (Rmax � Rmin)/[(1 + (x/EC50)

b)] + Rmin. Here, Rmax and
Rmin are the maximal and minimal response. EC50 is the DTX-1
concentration leading to 50% of the maximum response. b is
the correction factor. Aer repeated trials, we obtained the
equation: y¼ (0.3842 � 0.00728)/[1 + (x/89.66)(�1.564)] + 0.00728.
The correlation coefficient R2 was 0.9934 (Fig. 3B). In the
This journal is © The Royal Society of Chemistry 2020
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Table 3 Comparison of various biosensors for DSTs detection

Analytical techniques Linear range LOD Cross-reactivity of DTX-1a Reference

Electrochemical 100 pg mL�1 to 60 ng mL�1 70 pg mL�1 No 59
Fluorometric 0.5–250 ng mL�1 39 pg mL�1 70% 60
Immunoassay 0.025–10 ng mL�1 10 pg mL�1 No 61
Electrochemical 10–250 nM 8 pM NM 62
Electrophysiology — 7.16 ng mL�1 NM 63
Electrophysiology 10–100 mg L�1 10 mg L�1 NM 64
Immunoassay 11.2–38.8 ng mL�1 1 ng mL�1 73% 65
Immunoassay — 20 ng g�1 40% 66

a NM: not mention.
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concentration range of 60–200 nM (Fig. 3C), the biosensor dis-
played a good linear detection, which could be described by the
liner regression equation: y ¼ 0.0011x + 0.0928. The correlation
coefficient R2 of this liner equation was 0.9988. The calculation
of limit of detection (LOD, 614 pM) in accordance with the
International Union of Pure and Applied Chemistry (IUPAC). Its
noise level is the standard deviation of multiple measurements
on blank samples (n¼ 20). Reports on the OA aptasensor at this
stage indicated that it had high specicity for OA, while it is
unable to detect DTX-1.57

Repeatability and specicity are essential for the apta-
sensor. In order to test the repeatability of the aptasensor,
we executed repeated measurements on the 100 nM DTX-1
solution and collected the response. The coefficient of
variation (CV) was 2.59%, indicating that the sensor had
good repeatability. We designed cross-reactivity experi-
ments though 1 mM GTX, STX, NOD-R, PTX, OA. The results
were shown in Fig. 3D, DTX-1 caused a response of
0.411 nm, and OA caused a response of 0.16 nm. The other
toxin samples caused responses of less than 0.01 nm.
Because the aptamer has an affinity for OA, it will denitely
cause a response. Meanwhile, the response of toxin mixtures
(including DTX-1, GTX, STX, NOD-R, PTX and OA, all toxin
concentrations was 1 mM, respectively) was 0.413 nm, indi-
cating that the response was only caused by DTX-1. Even in
the presence of OA, DTX-1 competitively inhibits the asso-
ciation of aptamers to OA, so the sensor can be specically
detected DTX-1 even in an environment with different kinds
of toxins. The marine environment is complex and variable,
so it is crucial to accurately detect DTX in a variety of toxin
mixtures.38
Detection of DTX-1 in seawater

To assess the applied value of the newly developed BLI apta-
sensor in practical samples, we investigated the feasibility of
detecting different concentrations of DTX-1 in seawater
samples. Seawater samples (pH 7.8) including the different
concentration of DTX-1 (80 nM, 100 nM, 200 nM) were detected,
respectively. As shown in Table 2, a recovery percentage of 100.5
to 106.9% is obtained. In the meantime, the response value is
also in line with expectations, indicating that the seawater does
not signicantly interfere with the detection of the aptasensor.
This journal is © The Royal Society of Chemistry 2020
In summary, we can conclude that the aptasensor has the
potential for detection of DTX-1 in practical samples.

Comparison with existing biosensors of DSP detection

We compared the existing reported biosensors for DTXs detec-
tion (Table 3) and found that three of the biosensors for
detecting OA were cross-reactive with DTX-1. However, there
have no reports of biosensors with high specicity for DTX-1 at
this stage. Among the method capable of detecting DTX-1, this
aptasensor has a lower detection line and a wider detection
range, which can achieve the requirements of the national
standard of DTX-1. Compared with the conventional detection
method, the aptasensor has its unique merits. First of all, the
nucleic acid and the probe used in the method are very stable
and inexpensive, which can be conveniently used in large-scale
transportation and preservation.27 Secondly, the method is
efficient. The results can be obtained within half an hour. Next,
its xed-running program reduces labour costs, and aptasensor
can be reused aer regenerating with washing buffer for
approximately 180 s; last but not least, the sensor is of high
specicity and repeatability. However, none of the technologies
are perfect. For this BLI aptasensor, the disadvantage is that the
detection environment is slightly harsh. Therefore, some
complex seawater samples may require pre-treatment which
requires our further research and improvement. Therefore, we
have no reason to query that this aptasensor has great potential
in the detection of marine toxins.25,58

Conclusions

In summary, this work is the rst report of successful selection,
optimization and identication of DNA aptamers that bind with
high affinity and specicity to DTX-1. Meanwhile, we truncated
DTX-1 aptamer and obtained the aptamer core sequence with
a higher KD of 64 nM (R2 ¼ 0.9832, X2 ¼ 0.0082). We have
conducted a preliminary investigation into the complicated
structure formed by N59a and its binding mechanism of DTX-1.
However, more evidences need to be further studied.

We also constructed a BLI aptasensor for detection of DTX-1
with a detection limit as low as 614 pM, which demonstrated
good linear response between 60 and 200 nM DTX-1. The high
affinity and stability of the BLI aptasensor proves it may offer an
RSC Adv., 2020, 10, 8181–8189 | 8187
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alternative to traditional analytical methods for the rapid and
sensitive detection of DTX-1.
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