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Abstract: A whole-bacterium-based SELEX (Systematic Evolution of Ligands by Exponential
Enrichment) procedure was adopted in this study for the selection of an ssDNA aptamer that binds
to Bifidobacterium bifidum. After 12 rounds of selection targeted against B. bifidum, 30 sequences were
obtained and divided into seven families according to primary sequence homology and similarity
of secondary structure. Four FAM (fluorescein amidite) labeled aptamer sequences from different
families were selected for further characterization by flow cytometric analysis. The results reveal that
the aptamer sequence CCFM641-5 demonstrated high-affinity and specificity for B. bifidum compared
with the other sequences tested, and the estimated Ky value was 10.69 + 0.89 nM. Additionally,
sequence truncation experiments of the aptamer CCFM641-5 led to the conclusion that the 5'-primer
and 3/-primer binding sites were essential for aptamer-target binding. In addition, the possible
component of the target B. bifidum, bound by the aptamer CCFM641-5, was identified as a membrane
protein by treatment with proteinase. Furthermore, to prove the potential application of the aptamer
CCEM641-5, a colorimetric bioassay of the sandwich-type structure was used to detect B. bifidum.
The assay had a linear range of 10* to 107 cfu/mL (R? = 0.9834). Therefore, the colorimetric bioassay
appears to be a promising method for the detection of B. bifidum based on the aptamer CCFM641-5.

Keywords: Bifidobacterium bifidum; aptamer; SELEX; sequence truncation; colorimetric bioassay

1. Introduction

Aptamers are highly structured single-stranded oligonucleotides obtained from an in vitro
evolution process called Systematic Evolution of Ligands by Exponential Enrichment (SELEX)
according to their binding abilities to target molecules [1,2]. Compared with traditional antibodies,
aptamers have many advantages such as low molecular weight, ease of synthesis and modifications,
and comparable stability during long-term storage [3-5]. Whole-bacterium SELEX was specifically
developed to separate aptamers against live bacteria, and it is a particularly promising selection strategy
for the identification of bacteria. Bacterium-based aptamer selection methods have been implemented
to select ssDNA aptamers against many bacteria, including Campylobacter jejuni, Escherichia coli,
Lactobacillus acidophilus, Mycobacterium tuberculosis, Vibrio parahemolyticus, Streptococcus pyogenes, and
Staphylococcus aureus without previous knowledge of a specific target molecule [6-12].
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Many studies have found that Bifidobacterium bifidum has the potential to prevent inflammatory
bowel disease and necrotizing enterocolitis, reduce cholesterol activity, treat infantile eczema, modulate
the host innate immune response, show preventive potential for diarrheal disease in infants, and exert
a key role in the evolution and maturation of the immune system of the host [13-19]. B. bifidum has also
been granted QPS (quality and presumption of safety) status by the European Food Safety Authority.
Thus, B. bifidum is often used in probiotic products along with other lactic acid bacteria [20-22],
and identification of B. bifidum is vital for its industrial use. The conventional approaches for the
identification of B. bifidum are laborious and time-consuming. There is thus a need of developing
alternative methods for the identification of B. bifidum. Many molecular methods have been developed
for the identification of B. bifidum [23-26], but they increase the analysis cost in that they require
specialized instruments and highly trained personnel [24,27,28]. Therefore, aptamers may be an
alternative method for the detection of B. bifidum.

Enzyme linked aptamer assay (ELAA), a variant of the classical ELISA (enzyme linked
immunosorbent assay) uses aptamers instead of antibodies [29,30], and uses an enzyme as the signal
readout element and an aptamer as the recognition element. ELAA can realize high-throughput with
a 96-well microplate and is convenient because the signal readout requires only simple instruments
(or even no instruments, when read with the naked eye). Therefore, ELAA has been used in many
bioanalytical applications for target-specific detection of some substances such as M. tuberculosis,
ochratoxin A, cocaine and thrombin [31-34]. However, ELAA has not been reported in the detection of
B. bifidum.

In this study, we used an improved whole-bacterium SELEX strategy to select an ssDNA aptamer
specific for B. bifidum. In addition, truncation experiments were carried out to narrow down the
sequence region of the potential aptamers essentially for their binding abilities to the target B. bifidum.
In addition, B. bifidum was treated with proteinases to determine whether the targets of the aptamer
were the membrane proteins on the cell surface of B. bifidum. Furthermore, to confirm the potential
application of the candidate aptamer, we developed a colorimetric assay that was a high-throughput,
sensitive and specific method for the detection of B. bifidum.

2. Results and Discussion

2.1. SELEX Optimization

To separate aptamers that specifically recognize B. bifidum, we gradually increased the selective
pressure by increasing bovine serum albumin (BSA) and tRNA from a 10-fold molar excess of each
in the starting round of selection to a maximum 120-fold molar excess in the 12th round, and by
increasing the number of washes (from twice for the first six cycles to three times for the last six cycles).
In addition, the suspended cell solutions were transferred to fresh microcentrifuge tubes to remove
sequences that bound to the tube walls between each incubation and elution step. Counter-selection
against a mixture of unrelated Bifidobacterium species, including B. longum, B. animalis, B. breve, and
B. adolescentis, was employed in the 9th and 11th rounds. In addition, 2.5 pL. DMSO (dimethyl sulfoxide)
was chosen for the total volume of 50 uL during the PCR amplification of SELEX.

2.2. Determination of Affinity and Specificity

Fluorescently labeled aptamer sequences were incubated with B. bifidum and tested via flow
cytometric analysis. After the 12th round of selection, 30 sequences were obtained after the aptamer
pools were cloned and sequenced. These sequences were then grouped into seven families according
to the homology of the DNA sequences and the similarity of the secondary structure (data shown in
Table S1 and Figure S1 in the Supplemental Materials). Four sequences were selected for further
screening on the basis of their repetitiveness, predicted secondary structure and free energy of
formation (Table 1).
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Table 1. Tested aptamer sequences °.

Name Sequence (5" — 3/)

CCFM641-2 GCCTGGCCAGGTGCCCCGATATAGCGACGCCTTGCCCGGC
CCFM641-4  GCCCCGGACGGCGGGAAGCCTCGTACCCCCCGTGAGCGGC
CCFM641-5 TGCGTGAGCGGTAGCCCCGTACGACCCACTGTGGTTGGGC
CCEM641-12 GTCACACCGGCCGTCTCCGGTGTGGGACGCCCGCTGTGGC

2 The primer sequences are AGCAGCACAGAGGTCAGATG at the 5" end and CCTATGCGTGCTACCGTGAA at
the 3’ end.

The results displayed in Figure 1 demonstrated that CCFM641-5 showed a stronger binding
affinity for B. bifidum than the other three aptamers. To further evaluate the binding ability of
the aptamer CCFM641-5 to the target B. bifidum, we performed binding assays by varying the
concentrations of the aptamer (from 0 to 100 nM) and using a constant number of cells (10 cells) for
each assay. Saturation curves were fit from these data and the dissociation constant K4 values were
determined via nonlinear regression analysis. The dissociation constant Ky between CCFM641-5 and
B. bifidum was calculated to be 10.69 £ 0.89 nM. Therefore, aptamer CCFM641-5 was chosen for the
specificity detection. The predicted secondary structure and binding saturation curve of aptamer
CCFM641-5 for B. bifidum are shown in Figure 2.
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Figure 1. Binding affinity of aptamers for B. bifidum. The 5'-FAM-labeled individual aptamers were
incubated with B. bifidum at 37 °C for 45 min (as described in the text). The values of aptamer binding
represent the mean =+ SD of three independent experiments. Bars with different letters are significantly
different (p < 0.05).

A

=~

®

\-6

<o

\o G

e
X _v
PN

/ o6

2 70+

/ 60
w o

\ I
c-c5, '\r 4
PN

\
6 A
GC .

=
2 40

E 104 Kd=10.69  0.89 nM

o
i
Average percent gated fluorescence

0 20 40 60 80 100 120
Concentration of CCFM641-5 (nM)

Figure 2. The secondary structure and binding ability of aptamer CCFM641-5 against B. bifidum.

(A) The secondary structure of aptamer CCFM641-5. The secondary structure was predicted using

RNAstructure 3.0. (B) The binding saturation curve of aptamer CCFM641-5 with B. bifidum. A nonlinear

regression curve was fit according to the data from flow cytometric analysis using GraphPad Prism 5.0.

The values of aptamer binding and K4 represent the mean £ SD of three independent experiments.
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To determine the specificity of the candidate aptamer CCFM641-5 for the target B. bifidum, the
FAM (fluorescein amidite) labeled aptamer CCFM641-5 was also tested against a variety of other
bacterial species, including B. longum, B. animalis, B. breve, B. adolescentis and L. plantarum. As shown in
Figure 3, the aptamer CCFM641-5 displayed preferential binding ability to B. bifidum over the other
bacteria tested. In addition, the results from qPCR shown in Figure S2 demonstrated that CCFM641-5
displayed a stronger binding ability to B. bifidum than the other bacterial species. Taken together, this
preferential binding demonstrated the excellent specificity of the aptamer CCFM641-5 for B. bifidum.
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Figure 3. Characterization of the specificity of aptamer CCFM641-5 for B. bifidum. Selected aptamer
sequence CCFM641-5 preferentially bound to B. bifidum over other species of bacteria. (A) Flow
cytometric analysis of aptamer CCFM641-5 binding for different species of bacteria which are shown
with differently colored curves; (B) Histogram of the percent gated fluorescence intensity above
background for aptamer CCFM641-5. The values of aptamer binding represent the mean =+ SD of three
independent experiments. Bars with different letters are significantly different (p < 0.05).

2.3. Aptamer Truncations and Their Effects on the Binding Ability to B. bifidum

In general, not all nucleic acids of the aptamers are necessary for binding affinity between the
aptamers and the targets [35]. To determine the minimal sequence necessary for binding affinity
between B. bifidum and the aptamer CCFM641-5, the aptamer was truncated to narrow down the
sequence region responsible for target binding affinity. Either specific primer binding site at the ends
of aptamer CCFM641-5 (CCEM641-5F and CCEM641-5R) or both sites (CCFM641-5FR) were removed
(Table 2). As displayed in Figure 4, all the aptamer variants bound to B. bifidum with a lower binding
affinity compared to the full-length aptamer CCFM641-5. Taken together, the results indicate that the
3'-primer and 5'-primer binding sites of aptamer CCFM641-5 are important for its binding affinity for
B. bifidum, even if the aptamer affinity is still largely preserved for the 5’ truncation.

Table 2. Full-length aptamer CCFM641-5 and truncated aptamer variants .

Name Sequence (5’ — 3’)

AGCAGCACAGAGGTCAGATGTGCGTGAGCGGTAGCCCCGTACGACCCACTGTGGTTGG
GCCCTATGCGTGCTACCGTGAA

CCEM641-5F TGCGTGAGCGGTAGCCCCGTACGACCCACTGTGGTTGGGC CCTATGCGTGCTACCGTGAA
CCFM641-5R  AGCAGCACAGAGGTCAGATGTGCGTGAGCGGTAGCCCCGTACGACCCACTGTGGTTGGGC
CCFM641-5FR TGCGTGAGCGGTAGCCCCGTACGACCCACTGTGGTTGGGC

2 The underlined sequences AGCAGCACAGAGGTCAGATG and CCTATGCGTGCTACCGTGAA are the primer
binding sites.

CCFM641-5
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Figure 4. Binding abilities of the truncated aptamer variants to B. bifidum compared to the full-length
aptamer CCFEM641-5. The values of aptamer binding represent the mean =+ SD of three independent
experiments. Bars with different letters are significantly different (p < 0.05).

2.4. Proteinase Treatment for Bacteria

To evaluate that the targets of the aptamer are membrane proteins on the B. bifidum cell surface,
we treated B. bifidum with proteinases including trypsin and proteinase K for a short time before
adding the aptamer CCFM641-5 to these treated bacteria. As revealed in Figure 5, after the bacteria
were treated with trypsin or proteinase K for 2 and 10 min, respectively, in phosphate-buffere saline
(PBS, pH 7.2) at 37 °C, aptamer CCFM641-5 lowered its binding ability to B. bifidum. It can be deduced
that the binding entities of aptamer CCFM641-5 had been broken by the proteinases, suggesting that
the target molecules are in fact membrane proteins.
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Figure 5. Binding assays of aptamer CCFM641-5 to trypsin-treated or proteinase K-treated B. bifidum.
(A) Flow cytometric analysis of aptamer CCFM641-5 binding affinity for trypsin-treated B. bifidum;
(B) Flow cytometric analysis of aptamer CCFM641-5 binding ability to proteinase K-treated B. bifidum.

2.5. Colorimetric Detection of B. bifidum

In this study, the candidate aptamer CCFM641-5 was used not only to capture but also to detect
B. bifidum in the configuration of the colorimetric assay. In the assay, a sandwich-type structure of
aptamer/target/aptamer was established. To evaluate the specificity of this method, one blank sample
and five samples including B. bifidum, B. longum, B. animalis, B. breve and B. adolescentis were measured.
The assays of all samples were carried out under the same conditions, and the concentrations of all
bacteria were between 103 and 108 cfu/mL. As shown in Figure 6, the optical density (OD) values
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at 450 nm of the blank sample and the four bacteria other than B. bifidum did not change when the
concentrations of bacteria were increased, whereas the OD values at 450 nm of B. bifidum increased as
concentrations of the bacteria increased. Particularly, the results shown in Figure 7 displayed a good
linear relationship between the amounts of B. bifidum ranging from 10* to 10” cfu/mL and the OD
values at 450 nm, with a regression coefficient of 0.9834. The limit of detection of the proposed method
was estimated to be 10* cfu/mL at a signal to noise ratio of 3.
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Figure 6. The absorbance at 450 nm measured for different species of bifidobacteria at concentrations
ranging from 103 to 108 cfu/mL. The absorbance at 450 nm represents the mean + SD of three
independent experiments.
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Figure 7. The calibration curve between the concentrations of B. bifidum and the intensity of the signals.
The OD values were determined by the microplate reader at 450 nm wavelength. The absorbance at
450 nm represents the mean & SD of three independent experiments.

3. Materials and Methods

3.1. Reagents and Apparatus

B. bifidum ATCC 29521 was adopted as the target for whole-bacterium SELEX. Other Bifidobacterium
species used in the study included: B. longum ATCC 15697, B. breve ATCC 15700, B. animalis JCM 11658,
and B. adolescentis ATCC 15705, which were supplied by the American Type Culture Collection (ATCC)
or the Japan Collection of Microorganisms (JCM). All of the Bifidobacterium species were grown in
de Man—-Rogosa—Sharpe (MRS) broth with 0.05% of L-cysteine hydrochloride monohydrate at 37 °C.
L. plantarum ST-III (CGMCC No. 0847) used in this study was cultured in MRS broth at 37 °C (Merck
KGaA, Darmstadt, Germany). All bacterial strains were cultured to the logarithmic phase under
anaerobic conditions.



Int. J. Mol. Sci. 2017, 18, 883 7 of 11

The starting ssDNA library and the PCR primers used for PCR amplifications were supplied
by Integrated DNA Technologies (IDT, Coralville, IA, USA); tRNA, DMSO and streptavidin-HRP
(horseradish peroxidase) were purchased from Sigma (St. Louis, MO, USA); BSA and all PCR chemicals
were ordered from Invitrogen China (Shanghai, China); trypsin and proteinase K were purchased
from TaKaRa (TaKaRa, Dalian, China); and DNA-BIND 96-well plates were obtained from Corning
(Corning, New York, NY, USA). Water was filtered with a Milli-Q water purification system (Millipore,
Bedford, MA, USA). All reagents were of analytical grade. Purification treatments were carried out
with an Eppendorf 5424R centrifuge. PCR amplification was carried out in a Bio-Rad T 100 Thermal
Cycler (Bio-Rad Laboratories, Hercules, CA, USA).

3.2. DNA Library and PCR Amplification

The 80-nt ssDNA library consisted of a central random region of 40 nucleotides, where
equimolar amounts of A, G, C and T are available at each position, flanked by two constant
primer binding sequences, and the ssDNA library was synthesized with the following sequence:
5'-AGCAGCACAGAGGTCAGATG-N40-CCTATGCGTGCTACCGTGAA-3'. The ssDNA library and
following aptamer pools were amplified with sense (5'-AGCAGCACAGAGGTCAGATG-3') and
antisense primer (5-TTCACGGTAGCACGCATAGG-3).

The PCR amplification mixture was as follows: 1x PCR amplification buffer, 10 uM forward and
reverse primer, 25 mM dNTPs, 5 U/uL of Tag DNA polymerase, 2 uL of the template and 2.5 pL of
DMSO in a total volume of 50 pL. PCR amplification was initiated with pre-denaturation at 95 °C for
6 min, followed by 25 cycles with 30 s denaturation at 95 °C, 30 s hybridization at 69 °C, 20 s extension
at 72 °C, and finally elongation for 5 min at 72 °C.

PCR amplification products were detected by 8% nondenaturing polyacrylamide gel
electrophoresis (PAGE) in 1x TBE buffer (90 mM Tris/89 mM boric acid/2.0 mM EDTA, pH 8.0)
(Bio-Rad Protean III, Hercules, CA, USA) at 200 V for 25 min. The polyacrylamide gels were then
stained with ethidium bromide, destained with gel running buffer solution, and photographed under
UV light. A Qiagen MinElute PCR Purification Kit was used to purify all PCR amplification products
(Qiagen Inc., Valencia, CA, USA).

3.3. Aptamer Selection

The SELEX procedure for aptamer selection was implemented using the method described
previously with some modifications [8,36]. B. bifidum was grown in liquid culture media and collected
when it reached the logarithmic phase. The cell mixtures were centrifuged at 5000x ¢ and 4 °C for
5 min and washed twice with 500 uL PBS at room temperature. The original ssDNA library/pool was
heat denatured at 95 °C for 10 min and rapidly chilled for 10 min in an ice bath before incubation.
B. bifidum cells totaling 108 cfu/mL were incubated with 2 nmol of the ssDNA library for the initial
round or 100 pmol of the aptamer pool for subsequent rounds (600 pL for the initial round, 350 uL for
subsequent rounds). An excess of tRNA and BSA were put into the incubation buffer. All incubations
were implemented in PBS at 37 °C for 45 min with slight agitation. The cells were centrifuged as
described above before washing three times in PBS with 0.05% BSA. The cells were then resuspended
with 100 puL of 1x PCR reaction buffer, heat denatured at 95 °C for 10 min, snap cooled for 10 min in
an ice bath, and extracted by centrifugation as described above, and the supernatant was used as the
template for PCR amplification to acquire the ssDNA pool for the following round of selection.

The ssDNA pool from the 12th round of selection was amplified and then cloned using the TOPO
TA Cloning Kit (Invitrogen, Shanghai, China). Individual colonies were picked randomly and their
inserts were sequenced. DNAMAN software was adopted to analyze the aptamer sequences and
RNAstructure 3.0 was used for predicting a secondary structure for each sequence [10,12,37].
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3.4. Flow-Cytometric Analysis

A FACSCalibur flow cytometer with a PowerMacG4 workstation and CellQuest Pro software (BD
Biosciences, San Jose, CA, USA) was employed to assess the binding ability of the individual aptamer
sequences to different species of bacteria (B. bifidum, B. breve , B. longum, B. animalis, B. adolescentis,
and L. plantarum) in separate experiments. The aptamers were labeled with FAM fluorophore at the
5" end. In the binding assays, 10® cells were incubated with the fluorescently labeled aptamer pool
(100 nM) at 37 °C for 45 min with slight agitation. The cells were then washed in PBS, collected by
centrifugation, and resuspended in PBS for prompt flow cytometric assays. Forward scatter, side
scatter, and fluorescence intensity were measured, and the gated fluorescence intensity above the
background (cells with no aptamers) was quantified. BD CellQuest Pro software was adopted to
analyze data from the FACSCalibur and to create histogram overlays. Binding dissociation constant K
values were obtained from the binding curves created with GraphPad Prism 5.0 software by varying
the aptamer concentration (0 to 100 nM) with a fixed number of cells (10 cells).

3.5. Aptamer CCEM641-5 Binding Assays by Quantitative PCR (qPCR)

To further determine binding affinities of aptamer CCFM641-5 for different bacterial species,
qPCR was performed as previously described with some modifications [7]. In the binding assays,
107 bacterial cells were incubated with the aptamer (50 nM) at 37 °C for 45 min with slight agitation.
The cells were then washed in PBS, collected by centrifugation, and resuspended with 50 uL of 1x PCR
reaction buffer. The ssDNA aptamers recovered in the supernatant were used as the template for
quantification by SYBR Green-based qPCR using a CFX96 real-time PCR detection system (Bio-Rad
Laboratories, Hercules, CA, USA). All gPCR amplifications were carried out in 20 pL volume using
96-well plates in triplicate.

3.6. Aptamer Truncation

Truncation experiments were performed to determine whether all nucleotides of the aptamer
sequence CCFM641-5 are necessary [38,39]. The specific primer binding sites of the aptamers were
first removed. If DNA aptamer variants possessed high binding affinity for B. bifidum, the aptamer
variants were then truncated from the 5’ end or 3’ end. In the experiment, the truncated aptamer
variants were FAM-labeled at the 5’ end and tested for their binding abilities to B. bifidum with flow
cytometric assays as described above.

3.7. Proteinase Treatment for Bacteria

The procedure used in this study was based on a previously published method [9,40] with some
modifications, listed as follows. B. bifidum (10® cells) was collected by centrifugation, washed twice
with PBS and incubated with 1 mL of 0.25% trypsin or 0.1 mg/mL proteinase K in PBS at 37 °C for 2 and
10 min. After incubation, the mixture was washed with PBS, and the treated bacteria were incubated
with FAM-labeled aptamer for further binding assays as described above in flow-cytometric analysis.

3.8. Colorimetric Bioassay on the Basis of the Selected Aptamer

A colorimetric sandwich-type assay for the detection of B. bifidum was developed by ELAA. First,
the amino-modified candidate aptamer was dissolved in binding buffer (0.01 mol/L PBS) and 100 pnL
of diluted aptamer (40 pmol/well) was added into each well of the DNA-BIND 96-well plate for
incubation at 37 °C for 1 h. The wells were washed three times with washing buffer (0.01 mol/L
PBS with 0.05% Tween-20) to remove unbound aptamer. The microplate wells were then blocked
with blocking buffer (0.01 mol/L PBS with 3% BSA) for 1 h at 37 °C to prevent the appearance of
nonspecific adsorption.

Then, a series of different concentrations of B. bifidum cells were added into each well for
incubation at 37 °C for 45 min and the biotinylated aptamer and streptavidin-HRP were mixed
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at 37 °C for 30 min at the same time. After the microtiter plates were washed three times with
the washing buffer, and 100 uL samples of the above biotinylated aptamer and streptavidin-HRP
complexes were added to each well for reaction for 45 min at 37 °C. After washing, 200 uL. TMB-H,0O,
(tetramethyl benzidine-hydrogen peroxide) working solutions were added into each well for reaction
without direct light exposure. After incubating for 15 min, the reaction was terminated with 50 uL 2 M
H,S0Oy, and the OD at 450 nm was measured with the microplate reader.

4. Conclusions

This study is the first report of the use of whole-bacterium SELEX to identify ssDNA aptamers
that are specific for B. bifidum. The results show that the aptamer CCFM641-5 bound tightly to
B. bifidum with a K4 value in the nanomolar range, and could bind B. bifidum specifically over other
bacterial species. According to the results of the present study, we demonstrate that the DNA aptamer
CCFM641-5 can be used to capture and detect B. bifidum. Thus, the work described in this study
testified the ability of this method to screen a good aptamer probe for the detection of B. bifidum and
has the potential to contribute greatly to the development of the detection of B. bifidum.

In addition, the results from the experiments with aptamer truncations indicated that the 3’-primer
and 5'-primer binding sites were important for an optimal binding affinity of the aptamer CCFM641-5
for B. bifidum. The experiments with proteinase treatment suggest that the component bound by the
aptamer CCFM641-5 is likely protein on the B. bifidum cell surface.

Furthermore, we developed a colorimetric assay to detect B. bifidum which did not rely on
expensive instrumentation, but on the basis of the aptamer CCFM641-5. The method is sensitive
and specific and could be adopted to detect B. bifidum cells at concentrations as low as 10* cfu/mL.
Therefore, the colorimetric bioassay based on the aptamer CCFM641-5 is a promising method for the
detection of B. bifidum.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/5/883/s1.

Acknowledgments: This work was supported by the Program of National Natural Science Foundation for the
Youth of China (No. 31501454).

Author Contributions: Lujun Hu and Wei Chen conceived and designed the experiments; Lujun Hu and
Linlin Wang performed the experiments; Lujun Hu and Wei Chen analyzed the data; Wenwei Lu, Jianxin Zhao
and Hao Zhang contributed reagents/materials/analysis tools; and Lujun Hu and Wei Chen wrote the paper.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Tuerk, C.; Gold, L. Systematic evolution of ligands by exponential enrichment: RNA ligands to bacteriophage
T4 DNA polymerase. Science 1990, 249, 505-510. [CrossRef] [PubMed]

2. Ellington, A.D.; Szostak, ].W. In vitro selection of RNA molecules that bind specific ligands. Nature 1990,
346, 818-822. [CrossRef] [PubMed]

3. Chen,M;; Yu, Y;; Jiang, E; Zhou, J.; Li, Y,; Liang, C.; Dang, L.; Lu, A.; Zhang, G. Development of Cell-SELEX
technology and its application in cancer diagnosis and therapy. Int. J. Mol. Sci. 2016, 17, 2079. [CrossRef]
[PubMed]

4. Famulok, M.; Hartig, ].S.; Mayer, G. Functional aptamers and aptazymes in biotechnology, diagnostics, and
therapy. Chem. Rev. 2007, 107, 3715-3743. [CrossRef] [PubMed]

5. Navani, N.K;; Li, Y. Nucleic acid aptamers and enzymes as sensors. Curr. Opin. Chem. Biol. 2006, 10, 272-281.
[CrossRef] [PubMed]

6. Dwivedi, H.P; Smiley, R.D.; Jaykus, L.A. Selection and characterization of DNA aptamers with binding
selectivity to Campylobacter jejuni using whole-cell SELEX. Appl. Microbiol. Biotechnol. 2010, 87, 2323-2334.
[CrossRef] [PubMed]

7. Marton, S.; Cleto, F,; Krieger, M.A.; Cardoso, J. Isolation of an aptamer that binds specifically to E. coli.
PLoS ONE 2016, 11, e0153637. [CrossRef] [PubMed]


www.mdpi.com/1422-0067/18/5/883/s1
http://dx.doi.org/10.1126/science.2200121
http://www.ncbi.nlm.nih.gov/pubmed/2200121
http://dx.doi.org/10.1038/346818a0
http://www.ncbi.nlm.nih.gov/pubmed/1697402
http://dx.doi.org/10.3390/ijms17122079
http://www.ncbi.nlm.nih.gov/pubmed/27973403
http://dx.doi.org/10.1021/cr0306743
http://www.ncbi.nlm.nih.gov/pubmed/17715981
http://dx.doi.org/10.1016/j.cbpa.2006.04.003
http://www.ncbi.nlm.nih.gov/pubmed/16678470
http://dx.doi.org/10.1007/s00253-010-2728-7
http://www.ncbi.nlm.nih.gov/pubmed/20582587
http://dx.doi.org/10.1371/journal.pone.0153637
http://www.ncbi.nlm.nih.gov/pubmed/27104834

Int. ]. Mol. Sci. 2017, 18, 883 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Hamula, C.L.A.; Zhang, H.; Guan, L.L.; Li, X.F,; Le, X.C. Selection of aptamers against live bacterial cells.
Anal. Chem. 2008, 80, 7812-7819. [CrossRef] [PubMed]

Chen, E; Zhou, J.; Luo, EL.; Mohammed, A.B.; Zhang, X.L. Aptamer from whole-bacterium SELEX as new
therapeutic reagent against virulent Mycobacterium tuberculosis. Biochem. Biophys. Res. Commun. 2007, 357,
743-748. [CrossRef] [PubMed]

Duan, N.; Wu, S.; Chen, X.; Huang, Y.; Wang, Z. Selection and identification of a DNA aptamer targeted to
Vibrio parahemolyticus. ]. Agric. Food Chem. 2012, 60, 4034-4038. [CrossRef] [PubMed]

Hamula, C.L.A,; Le, X.C,; Li, X.F. DNA aptamers binding to multiple prevalent M-types of Streptococcus
pyogenes. Anal. Chem. 2011, 83, 3640-3647. [CrossRef] [PubMed]

Cao, X,; Li, S.; Chen, L.; Ding, H.; Xu, H.; Huang, Y.; Li, J.; Liu, N.; Cao, W.; Zhu, Y.; Shen, B.; Shao, N.
Combining use of a panel of ssDNA aptamers in the detection of Staphylococcus aureus. Nucleic Acids Res.
2009, 37, 4621-4628. [CrossRef] [PubMed]

Kim, N.; Kunisawa, J.; Kweon, M.N.; Ji, G.E.; Kiyono, H. Oral feeding of Bifidobacterium bifidum (BGN4)
prevents CD4* CD45RBh8h T cell-mediated inflammatory bowel disease by inhibition of disordered T cell
activation. Clin. Immunol. 2007, 123, 30-39. [CrossRef] [PubMed]

Repa, A.; Thanhaeuser, M.; Endress, D.; Weber, M.; Kreissl, A.; Binder, C.; Berger, A.; Haiden, N. Probiotics
(Lactobacillus acidophilus and Bifidobacterium bifidum) prevent NEC in VLBW infants fed breast milk but not
formula. Pediatr. Res. 2015, 77, 381-388. [CrossRef] [PubMed]

Zanotti, I.; Turroni, F.; Piemontese, A.; Mancabelli, L.; Milani, C.; Viappiani, A.; Prevedini, G.; Sanchez, B.;
Margolles, A.; Elviri, L.; et al. Evidence for cholesterol-lowering activity by Bifidobacterium bifidum PRL2010
through gut microbiota modulation. Appl. Microbiol. Biotechnol. 2015, 99, 6813-6829. [CrossRef] [PubMed]
Lin, RJ.; Qiu, LH.; Guan, R.Z.; Hu, S.J.; Liu, Y.Y.; Wang, G.J. Protective effect of probiotics in the treatment of
infantile eczema. Exp. Ther. Med. 2015, 9, 1593-1596. [CrossRef] [PubMed]

Turroni, F; Taverniti, V.; Ruas-Madiedo, P.; Duranti, S.; Guglielmetti, S.; Lugli, G.A.; Gioiosa, L.; Palanza, P;
Margolles, A.; van Sinderen, D.; et al. Bifidobacterium bifidum PRL2010 modulates the host innate immune
response. Appl. Environ. Microbiol. 2014, 80, 730-740. [CrossRef] [PubMed]

Saavedra, ].M.; Bauman, N.A.; Oung, I.; Perman, J.A.; Yolken, R.H. Feeding of Bifidobacterium bifidum and
Streptococcus thermophilus to infants in hospital for prevention of diarrhoea and shedding of rotavirus. Lancet
1994, 344, 1046-1049. [CrossRef]

Lopez, P; Gonzalez-Rodriguez, I.; Gueimonde, M.; Margolles, A.; Suarez, A. Immune response to
Bifidobacterium bifidum strains support Treg/Th17 plasticity. PLoS ONE 2011, 6, €24776. [CrossRef] [PubMed]
Theunissen, J.; Britz, T.J.; Torriani, S.; Witthuhn, R.C. Identification of probiotic microorganisms in
South African products using PCR-based DGGE analysis. Int. ]. Food Microbiol. 2005, 98, 11-21. [CrossRef]
[PubMed]

Mazzola, G.; Aloisio, I.; Biavati, B.; Di Gioia, D. Development of a synbiotic product for newborns and
infants. LWT-Food Sci. Technol. 2015, 64, 727-734. [CrossRef]

Stanton, C.; Gardiner, G.; Meehan, H.; Collins, K ; Fitzgerald, G.; Lynch, P.B.; Ross, R.P. Market potential for
probiotics. Am. J. Clin. Nutr. 2001, 73, 476-483.

Dinoto, A.; Marques, T.M.; Sakamoto, K.; Fukiya, S.; Watanabe, J.; Ito, S.; Yokota, A. Population dynamics of
Bifidobacterium species in human feces during raffinose administration monitored by fluorescence in situ
hybridization-flow cytometry. Appl. Environ. Microbiol. 2006, 72, 7739-7747. [CrossRef] [PubMed]
Matsuki, T.; Watanabe, K.; Fujimoto, J.; Kado, Y.; Takada, T.; Matsumoto, K.; Tanaka, R. Quantitative
PCR with 165 rRNA-gene-targeted species-specific primers for analysis of human intestinal bifidobacteria.
Appl. Environ. Microbiol. 2004, 70, 167-173. [CrossRef] [PubMed]

Mullié, C.; Odou, M.E; Singer, E.; Romond, M.B.; Izard, D. Multiplex PCR using 16S rRNA gene-targeted
primers for the identifcation of bifidobacteria from human origin. FEMS Microbiol. Lett. 2003, 222, 129-136.
[CrossRef]

Vincent, D.; Roy, D.; Mondou, F.; Déry, C. Characterization of bifidobacteria by random DNA amplification.
Int. ]. Food Microbiol. 1998, 43, 185-193. [CrossRef]

Torres-Chavolla, E.; Alocilja, E.C. Aptasensors for detection of microbial and viral pathogens.
Biosens. Bioelectron. 2009, 24, 3175-3182. [CrossRef] [PubMed]


http://dx.doi.org/10.1021/ac801272s
http://www.ncbi.nlm.nih.gov/pubmed/18803393
http://dx.doi.org/10.1016/j.bbrc.2007.04.007
http://www.ncbi.nlm.nih.gov/pubmed/17442275
http://dx.doi.org/10.1021/jf300395z
http://www.ncbi.nlm.nih.gov/pubmed/22480209
http://dx.doi.org/10.1021/ac200575e
http://www.ncbi.nlm.nih.gov/pubmed/21504182
http://dx.doi.org/10.1093/nar/gkp489
http://www.ncbi.nlm.nih.gov/pubmed/19498077
http://dx.doi.org/10.1016/j.clim.2006.11.005
http://www.ncbi.nlm.nih.gov/pubmed/17218154
http://dx.doi.org/10.1038/pr.2014.192
http://www.ncbi.nlm.nih.gov/pubmed/25423074
http://dx.doi.org/10.1007/s00253-015-6564-7
http://www.ncbi.nlm.nih.gov/pubmed/25863679
http://dx.doi.org/10.3892/etm.2015.2299
http://www.ncbi.nlm.nih.gov/pubmed/26136864
http://dx.doi.org/10.1128/AEM.03313-13
http://www.ncbi.nlm.nih.gov/pubmed/24242237
http://dx.doi.org/10.1016/S0140-6736(94)91708-6
http://dx.doi.org/10.1371/journal.pone.0024776
http://www.ncbi.nlm.nih.gov/pubmed/21966367
http://dx.doi.org/10.1016/j.ijfoodmicro.2004.05.004
http://www.ncbi.nlm.nih.gov/pubmed/15617797
http://dx.doi.org/10.1016/j.lwt.2015.06.033
http://dx.doi.org/10.1128/AEM.01777-06
http://www.ncbi.nlm.nih.gov/pubmed/17056700
http://dx.doi.org/10.1128/AEM.70.1.167-173.2004
http://www.ncbi.nlm.nih.gov/pubmed/14711639
http://dx.doi.org/10.1016/S0378-1097(03)00245-3
http://dx.doi.org/10.1016/S0168-1605(98)00109-3
http://dx.doi.org/10.1016/j.bios.2008.11.010
http://www.ncbi.nlm.nih.gov/pubmed/19117748

Int. ]. Mol. Sci. 2017, 18, 883 11 0f 11

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Langendijk, P.S.; Schut, E; Jansen, G.J.; Raangs, G.C.; Kamphuis, G.R.; Wilkinson, M.H.; Welling, G.W.
Quantitative fluorescence in situ hybridization of Bifidobacterium spp. with genus-specific 16S rRNA-targeted
probes and its application in fecal samples. Appl. Environ. Microbiol. 1995, 61, 3069-3075. [PubMed]
Ikebukuro, K.; Kiyohara, C.; Sode, K. Novel electrochemical sensor system for protein using the aptamers in
sandwich manner. Biosens. Bioelectron. 2005, 20, 2168-2172. [CrossRef] [PubMed]

Zhao, J.; Zhang, Y.; Li, H.; Wen, Y; Fan, X,; Lin, E; Tan, L.; Yao, S. Ultrasensitive electrochemical aptasensor
for thrombin based on the amplification of aptamer-AuNPs-HRP conjugates. Biosens. Bioelectron. 2011, 26,
2297-2303. [CrossRef] [PubMed]

Aimaiti, R,; Qin, L.; Cao, T.; Yang, H.; Wang, J.; Lu, J.; Huang, X.; Hu, Z. Identification and application of
ssDNA aptamers against H3yRv in the detection of Mycobacterium tuberculosis. Appl. Microbiol. Biotechnol.
2015, 99, 9073-9083. [CrossRef] [PubMed]

Barthelmebs, L.; Jonca, J.; Hayat, A.; Prieto-Simon, B.; Marty, ].L. Enzyme-Linked Aptamer Assays (ELAAs),
based on a competition format for a rapid and sensitive detection of Ochratoxin A in wine. Food Control 2011,
22,737-743. [CrossRef]

Nie, J.; Deng, Y.; Deng, Q.P; Zhang, D.W.; Zhou, Y.L.; Zhang, X.X. A self-assemble aptamer fragment/target
complex based high-throughput colorimetric aptasensor using enzyme linked aptamer assay. Talanta 2013,
106, 309-314. [CrossRef] [PubMed]

Park, ].H.; Cho, Y.S.; Kang, S.; Lee, E.J.; Lee, G.H.; Hah, S.S. A colorimetric sandwich-type assay for sensitive
thrombin detection based on enzyme-linked aptamer assay. Anal. Biochem. 2014, 462, 10-12. [CrossRef]
[PubMed]

Jayasena, S.D. Aptamers: An emerging class of molecules that rival antibodies in diagnostics. Clin. Chem.
1999, 45, 1628-1650. [PubMed]

Liu, G; Yu, X;; Xue, F; Chen, W,; Ye, Y,; Yang, X.; Lian, Y.; Yan, Y.; Zong, K. Screening and preliminary
application of a DNA aptamer for rapid detection of Salmonella O8. Microchim. Acta 2012, 178, 237-244.
[CrossRef]

Reuter, ].S.; Mathews, D.H. RN Astructure: Software for RNA secondary structure prediction and analysis.
BMC Bioinform. 2010, 11, 129. [CrossRef] [PubMed]

Shangguan, D.; Tang, Z.; Mallikaratchy, P.; Xiao, Z.; Tan, W. Optimization and modifications of aptamers
selected from live cancer cell lines. ChemBioChem 2007, 8, 603—-606. [CrossRef] [PubMed]

Stoltenburg, R.; Schubert, T.; Strehlitz, B. In vitro selection and interaction studies of a DNA aptamer
targeting protein A. PLoS ONE 2015, 10, e0134403. [CrossRef] [PubMed]

Shangguan, D.; Li, Y.; Tang, Z.; Cao, Z.C.; Chen, HW.; Mallikaratchy, P.; Sefah, K.; Yang, C.J.; Tan, W.
Aptamers evolved from live cells as effective molecular probes for cancer study. Proc. Natl. Acad. Sci. USA
2006, 103, 11838-11843. [CrossRef] [PubMed]

@ © 2017 by the authors. Licensee MDP], Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://www.ncbi.nlm.nih.gov/pubmed/7487040
http://dx.doi.org/10.1016/j.bios.2004.09.002
http://www.ncbi.nlm.nih.gov/pubmed/15741093
http://dx.doi.org/10.1016/j.bios.2010.09.056
http://www.ncbi.nlm.nih.gov/pubmed/21030239
http://dx.doi.org/10.1007/s00253-015-6815-7
http://www.ncbi.nlm.nih.gov/pubmed/26194558
http://dx.doi.org/10.1016/j.foodcont.2010.11.005
http://dx.doi.org/10.1016/j.talanta.2012.11.018
http://www.ncbi.nlm.nih.gov/pubmed/23598133
http://dx.doi.org/10.1016/j.ab.2014.05.015
http://www.ncbi.nlm.nih.gov/pubmed/24937288
http://www.ncbi.nlm.nih.gov/pubmed/10471678
http://dx.doi.org/10.1007/s00604-012-0825-2
http://dx.doi.org/10.1186/1471-2105-11-129
http://www.ncbi.nlm.nih.gov/pubmed/20230624
http://dx.doi.org/10.1002/cbic.200600532
http://www.ncbi.nlm.nih.gov/pubmed/17373017
http://dx.doi.org/10.1371/journal.pone.0134403
http://www.ncbi.nlm.nih.gov/pubmed/26221730
http://dx.doi.org/10.1073/pnas.0602615103
http://www.ncbi.nlm.nih.gov/pubmed/16873550
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	SELEX Optimization 
	Determination of Affinity and Specificity 
	Aptamer Truncations and Their Effects on the Binding Ability to B. bifidum 
	Proteinase Treatment for Bacteria 
	Colorimetric Detection of B. bifidum 

	Materials and Methods 
	Reagents and Apparatus 
	DNA Library and PCR Amplification 
	Aptamer Selection 
	Flow-Cytometric Analysis 
	Aptamer CCFM641-5 Binding Assays by Quantitative PCR (qPCR) 
	Aptamer Truncation 
	Proteinase Treatment for Bacteria 
	Colorimetric Bioassay on the Basis of the Selected Aptamer 

	Conclusions 

