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Yersinia enterocolitica remains a threat to public health, and a sensitive detection method is

a prerequisite due to its complicated diagnosis associated with slow growth. Recently, aptamer-

based detection systems have played a vital role in the development of simple, rapid, sensitive, and

specific detection methods. Herein, highly specific ssDNA aptamers were screened against Y.

enterocolitica at the different growth stages by whole cell-SELEX. Cells at different growth stages

were harvested and incubated with an ssDNA library to get an enriched pool of specific aptamer

candidates. After the 10th round of SELEX, the enriched pool was sequenced and grouped into seven

families based on homology and similarity of the secondary structure. Flow cytometry analysis

revealed that the aptamers M1, M5, and M7 with Kd values of 37.93 � 7.88 nM, 74.96 � 21.34 nM, and

73.02 � 18.76 nM had the highest affinity and specificity to the target, respectively. The selected

aptamers showed binding to the different growth stages of Y. enterocolitica with a significant

increase in the gated fluorescence. Our aptamer selection strategy is convenient, and the developed

aptamer can be useful for an accurate and reliable detection system.
1. Introduction

Y. enterocolitica is a Gram-negative, enteropathogen respon-
sible for gastrointestinal infections.1,2 Y. enterocolitica is
distributed in many food items like dairy products, raw meat
(beef, pork, and lamb), sausages,3 poultry, vegetables, bean
sprouts, tofu, seafood, stewed mushroom, chocolate milk,4

and ready-to-eat vegetable salad,5 and have been widely
considered as prime sources of the pathogen.6,7 Animals like
rodents, horses, rabbits, dogs, sheep, cattle, pork, and cats are
primary reservoirs,8,9 while other food products may obtain it
through contamination. Y. enterocolitica infection occurs more
frequently in winter because it can grow at refrigeration
temperature and can easily contaminate refrigerated food
products.10 In the past few decades, many outbreaks of
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Yersiniosis (characterized as ileitis, mesenteric lymphadenitis,
mimicking appendicitis, enterocolitis, pseudoappendicitis,
and septicemia) have been reported worldwide.11–14 The Center
for Diseases Control and Preventions (CDC) reported that
Yersinia enterocolitica infections depend on the immunity and
age of infected persons. The most common symptoms in
children are high fever, abdominal pain, bloody diarrhea, skin
rash, and joint pains, which start aer 4–7 days upon exposure
and lasts for 1–3 weeks. If the severity of these conditions
prevails for a longer period leads to high mortality.15 The most
affected regions are in Australia, Sweden, India, Hungary,
United States, Norway, and China.16–20 According to a report in
China, among �30% of the ready to eat food samples were
found positive.9,21,22

Various conventional approaches, such as polymerase chain
reaction (PCR),23 enzyme-linked immunochromatographic
assay (ELISA),24 and culture methods,7 have been commonly
employed to detect Y. enterocolitica. Although these methods
have been reported, most of them are complicated, time-
consuming, and unreliable due to their complexity, operating
conditions, and cost. Therefore, developing an aptamer-based
diagnostic could be critical for the rapid, sensitive, and
specic detection of Y. enterocolitica.

Aptamers are emerging nucleotides that promise a timely
detection of the pathogen.25–27 They can easily be selected using
SELEX (Systematic Evolution of Ligand by Exponential Enrich-
ment) against targets both their native conformation and mild
RSC Adv., 2020, 10, 24743–24752 | 24743
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physiological changes.28 Since Szostak's group and Gold's group
introduced the SELEX technique, many different forms of the
SELEX procedure had been developed.29–32 Aptamers are
selected from a random nucleic acid library using a specic
target by repeated rounds of binding, separation, and ampli-
cation. In the selection process, the crucial step is to separate
the target-bound ssDNA from the random nucleic acid
library.32,33 Currently, various SELEX approaches such as
immobilization-free are in use without relying on magnetic
beads,34,35 capillary electrophoresis,36,37 and surface plasmon
resonance (SPR),26,38–40 some new methods have also been
established such as and structure-switching SELEX. However, as
for bacteria, the whole-cell SELEX has emerged as a conven-
tional SELEX approach and has been applied for highly specic
aptamers selection.26,28,41 Bacteria growth is associated with the
expression of intra- and extra-cellular molecules, leading to
morphological and physiological bacterial cell changes. The
sequence of bacterial modications occurs due to controlled
host growth, defense mechanism, or environmental factors.42

Therefore, typical characteristics may hinder aptamer speci-
city due to the availability of different binding sites. The
selection of single aptamer for the small molecules (proteins or
toxins) can provide more accurate results as compared to large
molecules.43–45 In some cases, simultaneous targeting of several
sites of the whole bacterial cell may increase the sensitivity of
detection.46 At the same time, combiningmultiple aptamers will
not increase the probability of false-positive results by syner-
gistic addition of cross-reactivity of aptamers, when each
aptamer shows no cross-reactivity to specimens of closely
related species, thus maintaining the specicity of the
detection.

Herein, we selected for the rst time more specic and
versatile aptamers that can target three growth stages of the
bacterial cells using whole cell-SELEX process, characterized by
ten rounds of SELEX and three rounds of counter-selection (4th,
6th, and 8th). The selected aptamers minimize the possibility of
false results and could be applied for the detection of Y. enter-
ocolitica in food samples.

2. Materials and methods
2.1. Bacterial strains and cultures

Yersinia enterocolitica CICC 21669 target, 3 Gram-positive
bacteria (Staphylococcus aureus ATCC 29213, Bacillus cereus,
Listeria monocytogenes) and 3 Gram-negative bacteria (Salmo-
nella typhimurium ATCC 14028, Shigella dysenteriae, Escherichia
coli ATCC 25922) were purchased from China Center of Indus-
trial Culture Collection (CICC). The target was cultured on
media (5 g NaCl, 3 g beef extract and 5 g peptone and 15 g agar
per 1000 mL at pH 7.2–7.4) at 26 �C and harvested at different
OD600 readout values (0.3, 0.6, and 0.9). The strains used in
counter selections were cultured on Luria–Bertani (LB) culture
medium (10 g peptone, 5 g NaCl, and 5 g yeast extract per 1000
mL, pH 7.2–7.4) and harvested at when the OD value reached at
0.3. All the liquid cultures were shaken at 120 rpm, and the
24744 | RSC Adv., 2020, 10, 24743–24752
temperature was maintained at 26 �C and 37 �C for target and
counter bacteria respectively.

2.2. Reagent and apparatus

The initial ssDNA library and primers were obtained from
Integrated DNA Technologies (IDT) (Coralville, IA). All PCR
reagents were purchased from Sangon (Shanghai, China), and
tRNA was purchased from Sigma. All PCR amplications were
carried out using a Bio-Rad C-1000 Thermal Cycler (California
USA). An Eppendorf 5430R centrifuge (USA) was used for all
purication steps. Flow cytometric analyses were performed at
the facilities available at State Key Laboratory of Jiangnan
University, Wuxi, Jiangsu, China.

2.3. DNA library

An 80 bases oligonucleotide single-stranded DNA library was
consisting of 40 bases randomized region anked on both sides
by 20 bases primer regions was used. The primers used to
amplify the ssDNA library and subsequent aptamer pools have
the following sequences “AGCAGCACAGAGGTCAGATG-40
bases-TTCACGGTAGCACGCATAGG” DNA library or aptamer
pools were rendered into single strands via heat denaturation at
95 �C for 10 min in 1� binding buffer and then snapped cooled
on ice for 10 min.

2.4. Whole-cell SELEX

The SELEX procedure used in this work was based on a method
developed by Duan et al. with several modications (Fig. 1).47 Y.
enterocolitica was grown overnight in liquid culture and har-
vested upon reaching at different growth stages (OD600: 0.3, 0.6,
and 0.9). The cells were taken in equal ratio 1 : 1 : 1 with 108 cfu
mL�1 each, and centrifuged at 3500 rpm at 4 �C to remove the
media contents and subsequently washed three times in 1�
binding buffer (1� BB) (50 mM Tris–HCl (pH 7.4), 5 mM KCl,
100 mM NaCl, and 1 mM MgCl2) at room temperature. The
ssDNA library consisted of a central randomized sequence of 40
bases anked by two primer hybridization sites
(“AGCAGCACAGAGGTCAGATG-40 bases-TTCACGGTAGCACG-
CATAGG”). SELEX was started from ssDNA library (2 nmol),
which was denatured by heating at 95 �C for 10 min and
subsequently cooled on ice for 10 min. The denatured ssDNA
library was incubated with bacterial cells (108 cfu mL�1) in 1�
BB at a controlled condition (26 �C, 120 rpm, 90 min). The tRNA
and bovine serum albumin (BSA) were also added to the system
to avoid the unspecic binding. Aer incubation, the unbound
ssDNA was removed by washing the cells with 1 mL of 1� BB
containing 0.05% BSA and by centrifugation at 4 �C, 5000 rpm
for 5 min. The bound ssDNA aptamers were eluted by heating
the bacteria-bound aptamer complexes at 95 �C for 10 min and
cooling them for 10 min on ice. The mixture was centrifuged as
described above, and the supernatant containing aptamers that
had an affinity to Y. enterocolitica was isolated. The collected
fractions served as PCR amplication templates. A 50 mL PCR
mixture was consisted of 2 mL ssDNA template, 1 mL forward
This journal is © The Royal Society of Chemistry 2020
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primer (10 mM), 1 mL reverse primer (5 mM), 1 mL dNTP (5 mM),
0.5 mL Taq DNA polymerase (5 U mL�1), 1� PCR buffer and
added ultra-pure water up to the nal volume. The mixture was
incubated in the thermocycler at 95 �C for 5 min for denatur-
ation, followed by 16 cycles of denaturation at 95 �C for 30 s,
annealing at 60 �C for 30 s, extension at 72 �C for 30 s, and
a nal extension step at 72 �C for 5 min. The PCR products were
separated by 8% PAGE gel electrophoresis in 1� TAE (Triacetate
EDTA) buffer at 60–120 V. Aer Gel-red staining, the gel was
photographed under UV to conrm the 80 bp size of the PCR
product. All PCR products were puried using a Qiagen MinE-
lute PCR Purication Kit (Qiagen Inc., Valencia, CA). Aer
purication, the phosphorylated reverse strand was digested by
using l-exonuclease to provide ssDNA pool for the next round of
SELEX. The concentration of PCR products was measured by
nano-drop spectrophotometer in order to adjust the quantity l-
exonuclease and exonuclease buffers. The digestion was carried
out at 37 �C for 30 minutes, and the products were identied
using 8% denaturing PAGE, and the obtained product was
puried using the phenol/chloroform method. Negative
controls consisting of cells incubated with all medium
components, but without the oligonucleotide, libraries were
prepared for each round of selection. The counter-selection
Fig. 1 Illustration of an aptamer selection procedure based on whole-c

This journal is © The Royal Society of Chemistry 2020
against a mixture of related intact pathogenic bacteria,
including B. cereus, S. dysenteriae, L. monocytogenes, S. typhi-
murium, S. aureus, and E. coli, was introduced in the 4th, 6th, and
8th rounds, respectively, to ensure that the selected aptamers
maintain high species specicity for the target. Aer the 10th

round of selection, the enriched ssDNA aptamer pool was PCR
amplied, and the products were cloned and sequenced. The
obtained aptamer sequences were analyzed using the DNAMAN
soware package, and the secondary structure was predicted
using RNA Structure v4.60. At each round of selection, we
improve the affinity and specicity by reducing the amount of
input ssDNA (2 nmol to 100 pmol) and by progressively
increasing the amount of tRNA and BSA (from a 20-fold molar
excess of each in the initial round to a maximum of 80-fold
molar excess in round eight). Increased amounts of BSA/tRNA
increased the competition between the desired targets (cells)
and non-targets (BSA molecules) for the aptamer molecules,
tRNA competes with the aptamer sequences for target binding
sites, leading to higher specicity. Between each incubation,
wash, and elution step, the resuspended cell solution was
transferred to a fresh centrifuge tube to eliminate aptamers
bound to the tube wall.
ell SELEX.

RSC Adv., 2020, 10, 24743–24752 | 24745
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Fig. 2 Binding of the ssDNA to Y. enterocolitica during eleven
selection rounds, indicated by the concentration of the purified PCR
product in each round. Counter-selection was carried out in the
fourth, sixth, and eighth selection rounds.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 1
1:

26
:0

2 
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
2.5. Evaluation of affinity and specicity by ow cytometer

The affinity and specicity of the individual selected seven
aptamers against the Y. enterocolitica was measured using the
BD FACS caliber ow cytometer and CellQuest soware. The
individual aptamer was synthesized with a FAM uorescent
label attached to the 50 end (IDT). In the assays, the uo-
rescently labeled aptamer pool (0–300 nM) was heated at 95 �C
as in SELEX process and incubated with 108 cfu mL�1 of Y.
enterocolitica cells in 500 mL 1� BB buffer at 26 �C for 90 min,
same as in the SELEX process. The cells were then washed in 1�
Fig. 3 The secondary structure of the aptamers M1, M5 and M7 predict

24746 | RSC Adv., 2020, 10, 24743–24752
BB buffer, collected by centrifugation, and resuspended in 500
mL 1� BB buffer and immediately analyzed by the ow cytom-
etry. The side forward scatters, and gated uorescence intensity
was measured above background (cells with no aptamers). The
uorescently labeled ssDNA library was used as a control for
nonspecic binding in each experiment. Binding curves created
by varying the aptamer concentration (0–300 nM) with a xed
number of cells (108 cfu mL�1) were used to estimate the Kd

values. Graph Pad Prism 5.0 soware was used to t a non-
linear regression curve from which the Kd values were calcu-
lated. The specicity of the aptamer was measured by incu-
bating the 100 nM of each aptamer with 3 Gram-negative
bacteria (Bacillus cereus, Shigella dysenteriae, and Listeria mon-
ocytogenes) and 3 Gram-positive bacteria (Salmonella typhimu-
rium ATCC 14028, Staphylococcus aureus ATCC 29213,
Escherichia coli ATCC 25922) individually and analyzed by ow
cytometry.
2.6. Synergetic analysis of the selected aptamers

The structural differences of the aptamer candidates and the
presence of loops, hairpins suggest that the aptamers can bind
at different sites of the target bacterial cells with different
binding mechanisms. This phenomenon, either the selected
candidates have familiar or different binding sites on the target.
The combinations (M1 + M5, M1 + M7, M5 + M7, M1 +M2 +M7)
of the three-selected aptamer (150 nM) were analyzed by incu-
bating them with a xed number of bacterial cells (108 cfu
mL�1) same as performed in SELEX process, and the gated
uorescence intensity was measured by ow cytometer.
ed by RNA structure software v4.60.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The binding assessment of the selected aptamer candidates by
flow cytometry.
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2.7. Growth stages affinity analysis

To evaluate either the selected aptamer candidate can bind to
different growth stages of the target, the target cells were har-
vested at different growth stages (lag, log, and stationary phase)
with OD600 of 0.3, 0.6, and 0.9, as we harvested during the
SELEX process. Aer that, a xed number of bacterial cells (108

cfu mL�1) from each growth stage were incubated with 150 nM
of each selected aptamers candidate (M1, M5 and M7) and
analyzed by ow cytometry according to ref. 48.
2.8. Morphological based binding analysis

The morphological characteristic and pathogenicity of the Y.
enterocolitica highly depends on its growth temperature. It has
Fig. 5 Non-linear regression curves of aptamers (M1, M5 and M7) bind
Software 5.0.

Table 1 Tested aptamers sequences

Aptamers Sequences

M1 AGCAGCACAGAGGTCAGATGATATAACCTTA
M5 AGCAGCACAGAGGTCAGATGCTTGGTTCCA
M7 AGCAGCACAGAGGTCAGATGTAGTCGGTCT

This journal is © The Royal Society of Chemistry 2020
been documented, Y. enterocolitica have agellum and motile
when grown at lower temperature 26 �C, but non-motile when
grown at higher temperature 37 �C. Besides that, it is highly
responsive to the growth temperature, and the rise in growth
temperature induces more expression of the virulence factors
and induces multiple changes in the morphology of the bacte-
rial cells. Y. enterocolitica produces more invasion proteins,
which binds with b1-integrin49 and helps the bacterial cell to
attach with an epithelial layer of the host and possess patho-
genicity.9,50 The morphological characteristic of the cells can be
profoundly changed by changing the growth temperature.
Therefore, to evaluate the binding of aptamers at different
growth stages of bacterial cells, we analyzed the selected
aptamers binding to Y. enterocolitica cells at different temper-
atures (26 �C and 37 �C). The grown cells (108 cfu mL�1) at
different temperatures were harvested (OD600 0.3, 0.6, 0.9),
mixed with 150 nM of each selected aptamer, and incubated at
37 �C.

2.9. Statistical analysis

Unless otherwise stated, the analysis was performed using
Excel, and presented data are mean � SE of the triplicate
samples from three independent experiments. Student's T-test
was considered signicant at *p < 0.05.

3. Results and discussion
3.1. Aptamer selection

As shown in (Fig. 1), the whole-cell SELEX technique was
used for the screening of aptamers, and highly specic
aptamers against Y. enterocolitica was obtained aer ten
rounds of selection. In each selection round, the target was
ing to 108 cfu mL�1 of Y. enterocolitica analyzed by Graph Pad Prism

ATAAATAAAATATAAATTATTTAATCTTACCTATGCGTGCTACCGTGAA
CCGTACTGACTGTAGTAAAATCTGATCACTCCTATGCGTGCTACCGTGAA
TCTTGTTTGAAACTGCTAATTTTGAAAAAACCTATGCGTGCTACCGTGAA

RSC Adv., 2020, 10, 24743–24752 | 24747
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Fig. 6 The selectivity assay of the aptamers (150 nM) binding against
108 cfu mL�1 non-target bacteria (B. cereus, S. dysenteriae, L. mon-
ocytogenes, S. typhimurium, S. aureus, and E. coli).
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incubated with a pre-rendered single standard ssDNA
aptamer library. As in early researches, aptamers were
selected against the only one growth stage of the target
bacteria. But due to the antigenic expression of bacteria,
different growth stages, binding sites, and other factors may
lead to false results in the detection of bacteria.9,46,49,50 To
improve the applicability of the selected aptamer in real food
samples, we chosen three different growth stages of the
target bacteria at different OD600 readout values (0.3, 0.6,
0.9). Aer the incubation of target bacterial cells with the
aptamer pool, the unbound aptamers library was removed by
centrifugation and washing. In each round of selection, the
binding aptamer fractions were heat eluted, amplied. Gel
Fig. 7 The synergic binding assay of selected aptamers (aptamer total
concentration of 150 nM with equal ratio and bacteria concentration
of 108 cfu mL�1).

24748 | RSC Adv., 2020, 10, 24743–24752
electrophoresis showed an expected band of 80 bases, which
also conrmed specic amplication of the aptamer pool
that can bind with the target cell (Fig. 9 and 10).

As shown in Fig. 2, the corresponding concentrations of
puried PCR products at the same parameters of amplication.
To ensure the ssDNA library capacity, 2 nmol of DNA library was
added in the initial round, which resulted in a higher concen-
tration of the PCR products. While 100 pmol of the ssDNA
concentration was used in second round and which was
reduced to 10 pmol in the tenth round of selection. But the
puried PCR products were gradually increased up to 2 mg
mL�1 in the tenth round. Further, it starts decreasing in the 11th

round, which indicates that the ssDNA had been successfully
enriched (Fig. 11).

Next, the PCR products from the tenth were cloned and
sequenced. A total of 36 sequences were obtained, which
were divided among seven families according to DNA
sequence homology (Fig. 12) and similarity of secondary
structure. Analysis of all sequences, both with and without
primers, revealed minimal sequence repetition with many
sequences containing higher GC content, which is indicative
of secondary structure formation. Based on the analysis,
seven sequences were chosen for further screening by not
only their repetitiveness but also on their predicted
secondary structure. Consistent with previous reports,51,52

we observed loops and hairpins from M1, M5, M7 aptamers,
indicating that the selected aptamers possessed the ability
to bind to special sites of the target (Fig. 3).
3.2. Determination of aptamer binding affinity

Aer the sequencing and structural analysis, the seven
sequences were selected and analyzed for binding. All the
chosen aptamer candidates were uorescently labeled, incu-
bated with Y. enterocolitica cells and analyzed by ow cytom-
etry. Among the seven candidates, three candidates (M1, M5
and M7) showed maximum gated uorescence above the
Fig. 8 The assessment of selected aptamer's binding with different
growth stages OD600 (0.3, 0.6, 0.9) of Y. enterocolitica (aptamer
concentration 150 nM, bacteria concentration 108 cfu mL�1).

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Aptamer binding with Y. enterocolitica cells having different morphological features by flow cytometry (top: motile, bottom: non-
motile).
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background, which demonstrated a high binding ability of the
selected candidates to the Y. enterocolitica as compared to
control and other chosen candidates (Fig. 4). A similar binding
affinity curve was obtained by spectrophotometric analysis
(data not shown).

The binding affinity of each candidate was determined by
conducting the series of binding analysis using different
concentrations of aptamers (0–400 nM) and a constant
number of bacterial cells (108 cfu mL�1). The binding assay
results were utilized to draw the saturation curve and disso-
ciation constant (Kd) of each aptamer by non-linear regression
analysis by using Graph Pad Prism Soware 5.0 (Fig. 5).
Among the sequences, M1, M5 and M7 exhibited higher
uorescence intensities with 79, 70, and 77%, respectively,
which was above the background.

Fig. 5 shows a representative binding saturation curve
from the ow cytometric analysis of the different concen-
trations of uorescently labeled aptamer candidates (0–300
nM) binding to 108 cfu mL�1 of Y. enterocolitica. The non-
linear regression curve t revealed Kds of M1, M5 and M7
were 37.93 � 7.88, 74.96 � 21.34 and 73.02 � 18.76 nM,
respectively, which corresponded to the uorescence inten-
sity. However, M1 Kd value was low as compared to the M5
and M7 aptamer candidates. This activity was not observed in
the binding of a uorescently labeled randomized oligonu-
cleotide library to Y. enterocolitica cells, conrming the high
specicity of M1 aptamer. All the 3 tested aptamer sequences
(Table 1) exhibited saturation binding kinetics, which
This journal is © The Royal Society of Chemistry 2020
corroborated with the predicted secondary structures of the
aptamers against Y. enterocolitica.
3.3. Determination of aptamer specicity

For specicity assay, the selected candidates were then tested
against the three strains of Gram-negative (Salmonella typhi-
murium ATCC 14028, Shigella dysenteriae, Escherichia coli ATCC
25922) and positive pathogens including (Staphylococcus
aureus ATCC 29213, Bacillus cereus, and Listeria mono-
cytogenes). The analysis revealed that all the selected candi-
dates have the preferential binding to the target bacteria over
non-target. The candidate M5 showed low specicity, and
more binding to the non-target bacteria as compared to the
other candidates (Fig. 6). The candidate M1 and M7 also
showed more affinity and specicity to the target bacteria over
the non-target bacteria.
3.4. Cocktail analysis of selected aptamers

In the current investigation, we wondered if the selected
aptamers either binds at the same or different sites on the
target cell. As well-known, the binding ability of aptamers
depends on the free energy, GC contents, hairpin and loops
in the secondary structure of the aptamers.53 All these
characteristics are different for all the candidates; thus, they
may have various binding sites. The synergic analysis was
performed, and combinations of selected aptamers were
incubated against the target cells. The ow cytometric
RSC Adv., 2020, 10, 24743–24752 | 24749
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Fig. 10 Results of PCR products on gel electrophoresis for band
confirmation after each round of SELEX selection. M: 10 bpmarker, R1-
11: SELEX rounds after PCR amplification.

Fig. 11 Results of ssDNA obtained on gel electrophoresis for band
confirmation of the 10–11th round of SELEX. LC: library control, 1: 10th

round sample, 2: 11th round sample.
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analysis shows that the gated uorescence increased
signicantly if the cocktail of the aptamers is used as
compared to the single aptamer. As shown in Fig. 7, the
cocktail of aptamers enhanced the detection signals with
less false-positive results. This effect can be attributed to
that aptamer candidates can possess their own or common
binding sites.

3.5. Growth phase and aptamers binding

To identify the affinity of the aptamers, each bacteria growth
phase at different OD600 readout (0.3, 0.6, 0.9) was incubated
with a uorescently labeled aptamer pool. As shown in Fig. 8,
the result shows that all aptamers M1, M5, M7 has good affinity
to all different stages of bacteria (adjustment phase, log phase,
and pre-stationary phase).

3.6. Cell morphology and aptamer binding

Typically, it's considered that the aptamers can be selected
without any prior knowledge about the target. Still, accord-
ing to the current investigation, we tried to evaluate the
importance and how the above information can affect the
selection, binding, and development of detection system
respective targets. The growth stages and temperature of the
Y. enterocolitica mainly regulates virulence factors expres-
sion and morphological changes. One example of a temper-
ature-dependent trait is the expression of the
lipopolysaccharide (LPS) O-polysaccharide (OPS), which
could provide the new binding sites for binding for aptam-
ers. This will help us to understand the binding mechanism
and about the binding sites. The ow cytometric analysis
revealed that the growth temperature of the Y. enterocolitica
changed the morphological characteristics of the cell,
causing the aptamers to lose their affinity towards the target
(Fig. 9). The aptamers M1, M5 and M7 showed less binding
when they were incubated with the cells grown at a higher
temperature. The binding ability of the aptamers was
decreased signicantly due to a change in the morphology of
the target cell.

4. Conclusion

In conclusion, this study developed for the rst-time DNA
aptamers, which are specic for Y. enterocolitica using whole-
bacterium SELEX. The DNA aptamer M1, M5 and M7 can
capture Y. enterocolitica, allowing its detection with high affinity
of Kd value of 37.93 � 7.88 nM, 74.96 � 21.34 nM and 73.02 �
18.76 nM, respectively. This study provided also a proof-of-
concept that our aptamers can target Y. enterocolitica with
high specicity in presence of other non-target bacteria. Our
selected aptamer sequences can be labeled with different
reporting elements to capture and identify Y. enterocolitica in
real-time. The whole-bacterium SELEX process for these
24750 | RSC Adv., 2020, 10, 24743–24752
aptamers promised future applicability for complex sample
analysis and detection methods.
Appendixes
This journal is © The Royal Society of Chemistry 2020
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Fig. 12 Homology tree of the aptamer candidates.
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