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Abstract: B. carboniphilus is a naphtha-degradative strain (NDS) that uses hydrocarbons for its
growth and causes microbiologically influenced corrosion (MIC) in naphtha pipelines. To date,
there have been no studies on receptors or sensors for the detection of B. carboniphilus. We isolate
B. carboniphilus-specific aptamers with a non-SELEX-based method, which employs repetitive cycles
of centrifugation-based partitioning. The binding affinities of three aptamers are evaluated by
obtaining their dissociation constants (Kd), which range from 13.2 to 26.3 nM. The BCA-05 aptamer
with the lowest Kd value is employed for a two-stage label-free aptasensing platform to verify the
aptamer selectivity using colorimetric detection of B. carboniphilus. This platform starts with the
aptamer-bacteria binding step, and the concentration of residual aptamer after binding depends on
the amount of the target bacteria. Then, the amount of separated residual aptamer determines the
degree of salt-induced aggregation of gold nanoparticles (AuNPs), which results in a color change
from red to blue. The AuNP color change is expressed as the ratio of absorbances at 630 and 520 nm
(A630/A520). Under optimized conditions, this aptasensor shows reliable performance with a linear
correlation in the range 104–107 CFU mL−1 and a limit of detection of 5 × 103 CFU mL−1.

Keywords: Bacillus carboniphilus; gold nanoparticle; colorimetric aptasensor; bacteria-specific ap-
tamer; non-SELEX-based method

1. Introduction

Bacillus carboniphilus is a bacterial strain that requires carbon materials such as graphite or
activated charcoal for its growth. It was first isolated from the air [1], but can also be found
in desert soil [2]. There have been no reports that B. carboniphilus is harmful to humans, but
it has been isolated from flacherie-infected silkworms. The pathogenicity of B. carboniphilus
in silkworms was established via an infectivity test using Koch’s postulates [3]. Interestingly,
along with Serratia marcescens, Bacillus pumilus, and Bacillus megaterium, B. carboniphilus is a
naphtha-degradative strain (NDS), which can cause microbiologically influenced corrosion
(MIC) [4]. NDSs utilize hydrocarbon compounds such as cyclopentane, nonyl alcohol,
and ethyl benzene as nutrients for their growth in naphtha pipelines. Oxygen from
the degraded hydrocarbon compounds combines with ferric or manganese ions to form
ferric/manganese oxides on the surface of the pipes. The growth of bacteria enhances and
accelerates the corrosive process in the petroleum product pipelines [5]. It is estimated
that MIC contributes to 40% of internal corrosion in the naphtha pipes, and 70–95% of
internal leaks are due to localized corrosion caused by MIC [6]. Continuous corrosion can
lead to oil spillage from pipelines, which causes environmental pollution and economic
damage, and therefore, the proper monitoring of NDSs is required for the detection of
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the microorganisms involved in MIC of naphtha pipelines. Although there is a report
about B. carboniphilus [4], this bacterium did not receive much attention. In the case of this
bacterium, its genetic information or receptors for diagnostic analysis are rarely known.
However, sometimes the diagnosis of microorganisms that are less of a concern is suddenly
necessary. If we can prepare reliable target-specific receptors for them rapidly, it is possible
to set up diagnostic systems in an emergency situation. From this point of view, we chose
B. carboniphilus for which not many studies have been reported.

There are various types of bioreceptors and sensing platforms for whole-cell
bacterial detection [7,8]. For example, Altintas et al. immobilized a polyclonal rabbit
anti-Escherichia coli antibody on a gold sensor chip surface as part of a fully automated
microfluidic-based electrochemical sensor [9]. Antimicrobial peptides (AMPs) of the im-
mune system are short peptides with polycationic or amphiphilic characteristics that
recognize and interact with bacteria via physicochemical interactions [10]. They have
mainly been studied for therapeutic uses or antibacterial applications, such as antifoul-
ing [11–13]. Recently, AMPs have been used as ligands in biosensors to detect whole-cell
bacteria because of their broad-spectrum specificity [14,15]. A microarray chip coupled
with multiple AMPs was designed for surface plasmon resonance imaging (SPRI) by
Pardoux et al., in which pathogens can be detected using this multiplexing AMP array
within 20 h [16]. Kim et al. reported a two-stage label-free aptasensing platform for the
detection of Cronobacter sakazakii in powdered infant formula [17]. Aptamers are synthetic
oligonucleotides that have affinity and specificity to target molecules such as chemicals,
proteins, or cells [18]. This aptasensing platform utilizes gold nanoparticles (AuNPs),
salts, and residues from label-free aptamers bound with C. sakazakii. The color change of
AuNPs indicates the concentration of target bacteria because salt induces the aggregation
of AuNPs via salting-out mechanism, while aptamers interfere with salt-induced AuNP
aggregation [19]. However, there are still no reports on probes (aptamers or antibodies) or
sensors for the detection of B. carboniphilus.

As one of the sensor probes, aptamers have advantages over antibodies. It takes
about 2–8 weeks to select the target-specific aptamer, while the discovery of an antibody
usually takes time more than 6 months [20]. In addition, aptamers are generally stable
for changes in temperature and pH, and can be stored in any buffer at room temperature,
while protein probes such as antibodies and AMPs are sensitive to temperature and pH [21].
Aptamers are usually selected from a random DNA library (RDL) using the systematic
evolution of ligands by exponential enrichment (SELEX) [22]. Oligonucleotides, which bind
to the target, undergo repetitive exponential enrichment processes, consisting of binding,
partitioning, and amplification. In the case of bacteria-specific aptamers, Cell-SELEX is
commonly used for the selection of aptamers that bind specifically surface molecules on the
surface of the target bacteria [23,24]. Cell-SELEX has the advantage that it can be performed
without prior knowledge of target cell surface proteins or purified target molecules [25].
However, the process still includes repetitive enrichment steps of over 10–30 cycles, making
this method time-intensive, and it requires a large amount of the target cells for every
cycle [24,26]. We recently proposed a rapid method for the isolation of bacterial cell-specific
aptamers [27], where unbound single-stranded DNA can be eliminated from the pool
via a repetitive centrifugation-based partitioning method. The aptamers, isolated via
this centrifugation-based partitioning method, showed comparable performance to those
isolated by SELEX.

In this study, we quickly screened the aptamer receptors for B. carboniphilus, which has
not received much attention, and showed that it can be selectively detected by applying
aptamers to sensor platforms. B. carboniphilus-specific aptamers were isolated using a
centrifugation-based partitioning method. One of the isolated aptamers with the highest
binding affinity was then employed for a two-stage label-free aptasensing platform by
using AuNPs [17] for the rapid detection of B. carboniphilus. We investigated optimizing
conditions for the concentration of NaCl and aptamers that induce colorimetric signals.
The limit of detection (LOD) of colorimetric aptasensor was examined. The enrichment
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process was also devised for the detection of target bacteria at lower concentrations than the
detection limit. The specificity of the colorimetric aptasensor was verified with non-target
bacteria and various types of microbeads. Through this study, we believe that it is possible
to screen receptors rapidly for various microorganisms that have not yet been noticed and
to develop diagnostic sensors rapidly.

2. Materials and Methods
2.1. Bacterial Strains and Culture

Bacillus carboniphilus (KCTC 3837), Bacillus cereus (KCTC 3711), Bacillus pumilus (KCTC
3714), Bacillus megaterium (KCTC 3712), Bacillus subtilis (KCTC 1022), Escherichia coli (KCTC
2571), Escherichia hermannii (KCTC 22526), Shigella sonnei (KCTC 2518), Shigella flexneri
(KCTC 2993), Staphylococcus aureus (KCTC 1621), Staphylococcus haemolyticus (KCTC 3341),
Staphylococcus xylosus (KCTC 3342), Staphylococcus auricularis (KCTC 3584), Listeria grayi
(KCTC 3443), Klebsiella aerogenes (KCTC 2190), Klebsiella pneumonia (KCTC 2208)
Enterobacter cloacae (KCTC 1685), Citrobacter braakii (KCTC 2006), and Micrococcus luteus
(KCTC 9857) were purchased from the Korean Collection for Type Culture (Daejeon, Korea).
Nutrient broth and nutrient agar were purchased from Becton Dickinson and Company
(Franklin Lakes, NJ, USA). B. subtilis, B. cereus, E. coli, E. hermannii, S. sonnei, S. aureus,
L. grayi, S. flexneri, K. aerogenes, E. cloacae, and C. braakii were cultivated at 37 ◦C in nutrient
broth. S. haemolyticus and S. xylosus were cultivated at 37 ◦C in nutrient broth containing
0.5% NaCl. S. auricularis was cultivated at 37 ◦C in Corynebacterium broth. M. luteus,
B. pumilus, and B. megaterium were cultivated at 30 ◦C in nutrient broth. B. carboniphilus was
cultivated at 30 ◦C in nutrient broth containing 0.5% NaCl. S. xylosus and B. carboniphilus
were cultivated without NaCl when used in the colorimetric aptasensor test.

2.2. Isolation of Bacillus carboniphilus-Specific Aptamers Using a Centrifugation-Based
Partitioning Method

Both target and negative cell species were cultured to 107 CFU mL−1, respectively.
From each cell solution, an aliquot of 5 mL was collected and centrifuged at 13,000 rpm for
5 min. The culture medium was decanted, and the cell pellets were washed three times with
washing buffer (1× Phosphate-buffered saline, PBS containing 137 mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4, and 1.8 mM KH2PO4). Positive cell pellets were suspended in 400 µL
binding buffer (1× PBS, 0.45% glucose, 50 mM MgCl2, 0.1% bovine serum albumin, 0.01%
tRNA). All negative cell pellets were suspended and combined with 400 µL of binding
buffer. A random ssDNA library (400 µL 500 nM 88 mer, 5′-GCA ATG GTA CGG TAC
TTC C–N45-CAA AAG TGC ACG CTA CTT TGC TAA-3′; Genotech, Daejeon, Korea) was
added to the negative cell solution after denaturation at 95 ◦C for 5 min, followed by fast
cooling on ice. The mixture was incubated at 25 ◦C for 1 h in a rotator (Multi Bio RS-24,
Biosan, Riga, Latvia) at 100 rpm. Unbound ssDNA was separated using an Ultrafree®-MC
PVDF 0.1 µm centrifugal filter (Merck Millipore, Darmstadt, Germany) at 13,000 rpm for
3 min. The flow-through solution was added to the target cell solution and mixed at
25 ◦C for 1 h in a rotator at 100 rpm. The mixture in the filter device was centrifuged at
13,000 rpm for 3 min. The washing step was performed by gently pipetting the cell pellet
in a filter membrane with 500 µL washing buffer with centrifugation at 13,000 rpm for
3 min and repeated 10 times. In the last washing step, cell pellets with bound ssDNA were
suspended in 500 µL elution buffer (1× PBS, 0.45% glucose, 50 mM MgCl2, 0.1% bovine
serum albumin) and transferred into 1.5 mL microtubes. The cell mixture was heated at
95 ◦C for 5 min, followed by centrifugation using a filter device at 13,000 rpm for 3 min. The
flow-through solution was moved to a 1.5 mL microtube. Target-bound ssDNA solution
was added to the negative cell solution, mixed thoroughly, and incubated at 25 ◦C for 1 h
in a shaking incubator at 100 rpm. The mixture was centrifuged using a filter device at
13,000 rpm for 3 min. The flow-through solution containing target-bound ssDNA was
transferred into a 1.5 mL microtube.
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PCR was performed to amplify the target-bound ssDNA with primers (Genotech,
forward primer: 5′-GCA ATG GTA CGG TAC TTC C-3′, reverse primer: 5′-TTA GCA AAG
TAG CGT GCA CTT TTG-3′). Conditions of the PCR reaction started from the hot start step
at 95 ◦C for 150 s. The template was incubated at 95 ◦C for 30 s during the denaturation
step. Annealing was performed at 56.3 ◦C for 30 s, followed by extension at 72 ◦C for
30 s. The steps from denaturation to extension were repeated for 10 cycles, and the final
extension was performed at 72 ◦C for 3 min. In the second PCR conditions, the steps from
denaturation to extension were repeated for 8 cycles, and the other conditions were the
same as the first PCR. The PCR products were identified by agarose gel electrophoresis on
a 3% agarose gel at 100 V for 60 min.

The pCR™ 2.1-TOPO® TA vector (Invitrogen, Carlsbad, CA, USA) was used for
cloning. Vector with dsDNA was transformed into E. coli DH5α competent cells (Takara
Bio, Shiga, Japan). After the blue-white screening, white colonies were cultured in Luria-
Bertani broth containing 50 µg mL−1 ampicillin. Plasmid preparation was performed using
the PureLink® Quick Plasmid Miniprep Kit (Invitrogen, Carlsbad, CA, USA). The DNA
sequences were determined by sequence analysis (Macrogen Inc., Seoul, Korea). Three
ssDNA aptamer sequences were selected after predicting the 3-dimensional structure of
ssDNA with Mfold [28].

2.3. Affinity Test and Specificity Test

B. carboniphilus was cultured at 107 CFU mL−1 (1 OD600 mL−1 = 7.6 × 107 CFU mL−1).
One milliliter of cell solution was centrifuged at 13,000 rpm for 3 min, and the cell pellet was
washed three times with 1× PBS. The cells were diluted to a concentration of 106 CFU mL−1

with 1 mL 1× PBS. A 100-µL aliquot of diluted target cell solution was mixed with 100 µL
each FAM-modified aptamer at concentrations of 10, 25, 50, 100, 250, and 500 nM. The
mixed solutions were incubated in a shaking incubator at 250 rpm for 1 h. The mixtures
were moved to a centrifugal filter device and centrifuged at 13,000 rpm for 3 min. One
hundred microliters of 1× PBS buffer were added to the filter unit and suspended in
a thermomixer (Eppendorf, Hamburg, Germany) at 1200 rpm for 10 min. The relative
fluorescence unit value was measured three times at 521 nm using a NanoDrop 3300
(Thermo Fisher Scientific, Wilmington, DE, USA).

B. carboniphilus, E. coli, S. xylosus, B. cereus, B. subtilis, and M. luteus were cultured to
107 CFU mL−1. Each cell solution (1 mL) was centrifuged at 13,000 rpm for 3 min, and the
cell pellet was washed three times in 1× PBS. Each cell was suspended in 1 mL 1× PBS.
The FAM-aptamer (500 µL 500 nM BCA-05) was mixed with 500 µL of the target cell or
negative cell solutions. The mixed solutions were incubated in a shaking incubator at
250 rpm for 30 min. The mixtures were then moved to a centrifugal filter device and
centrifuged at 13,000 rpm for 3 min. One hundred microliters 1× PBS buffer was added
to the filter unit and suspended in a thermomixer at 1200 rpm for 10 min. The relative
fluorescence unit value was measured at 521 nm three times using a NanoDrop 3300.

2.4. Colorimetric Aptasensor Detection of B. carboniphilus

AuNPs were synthesized by simple reduction of HAuCl4 with trisodium citrate (Sigma
Aldrich) [28]. 40 mg HAuCl4 was dissolved in water (100 mL). The solution was heated
at 95 ◦C with continuous stirring in a reflux condenser, and 10 mM trisodium citrate was
injected into the solution upon boiling, after which the solution was heated under reflux for
30 min. The solution was cooled to room temperature and stored in a refrigerator at 4 ◦C.

B. carboniphilus was cultured at 107 CFU mL−1. The cell solution (2 mL) was cen-
trifuged at 13,000 rpm for 5 min, and the cell pellet was washed three times in 2 mL 10 mM
phosphate buffer (PB, pH 7). Then, 107 CFU mL−1 B. carboniphilus solution was serially
diluted 10-fold down to 101 CFU mL−1. One milliliter of each cell solution with various
concentrations was centrifuged at 13,000 rpm for 10 min, and 910 µL of the supernatant
was removed by gentle pipetting. Then, 10 µL 2.5 µM BCA-05 aptamer was added to 90 µL
target cell solution at varying concentrations, followed by mixing with a thermomixer at
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1200 rpm for 30 min. The mixture was moved to a centrifugal filter device and centrifuged
at 13,000 rpm for 2 min. One hundred microliters flow-through solution was added to 20 µL
20 nm gold nanoparticles (AuNPs) and mixed by pipetting several times. Then, 10 µL 0.6 M
NaCl was added to the AuNP/aptamer mixture. The absorbance value was measured three
times at 520 and 630 nm using an ultraviolet-visible absorption spectrometer (Nanodrop
One C, Thermo Scientific, Wilmington, DE, USA).

For the enrichment process, each cell solution (10 mL) of 102 and 103 CFU mL−1

B. carboniphilus in 50 mL conical tube was centrifuged at 4000 rpm for 30 min. Each 9 mL
of the supernatants was removed, and residual cell solution (1 mL) was transferred into a
1.5 mL microtube. The concentrated cell solutions were used for the colorimetric aptasensor
for detecting B. carboniphilus.

2.5. Detection of the Target in Bacterial Mixture and Biofilm

For the detection of B. carboniphilus in bacterial mixture, B. carboniphilus, B. subtilis,
E. coli, E. hermannii, and S. xylosus were cultured to 107 CFU mL−1. Then, B. carboniphilus
cells were spiked into the non-target bacterial mixture (B. subtilis, E. coli, E. hermannii, and
S. xylosus) so that the samples contained non-target bacteria at the same concentration of
105 CFU mL−1 for each strain (B. subtilis, E. coli, E. hermannii, and S. xylosus) and the target
cells with various concentrations from 103 to 107 CFU mL−1. For the preparation of biofilm
samples, we prepared three different types of them (non-target bacterial mixture, target,
and target in bacterial mixture). Each 1 mL of the non-target bacterial mixture (mixture of
each 105 CFU mL−1 B. subtilis, E. coli, E. hermannii, and S. xylosus), target (107 CFU mL−1),
or target in bacterial mixture (107 CFU mL−1 of B. carboniphilus, and mixture of each
105 CFU mL−1 B. subtilis, E. coli, E. hermannii, and S. xylosus) was spread on a nutrient agar
plate and incubated at 30 ◦C for two days [29,30]. After forming biofilms, we sampled
biofilms by scrapping three different positions (1 cm by 1 cm) on one plate using sterilized
micropipette tips. The scrapped biofilms were washed three times, suspended, and then
diluted 10 times using PB. The prepared mixture or biofilm samples were used for the
colorimetric aptasensor test, as mentioned previously.

3. Results and Discussion
3.1. Selection and Characterization of Bacillus carboniphilus-Specific Aptamer

B. carboniphilus-specific aptamers were isolated from a random ssDNA library using
the centrifugation-based partitioning method (CBPM) (Figure 1). The negative selection
was performed twice by eliminating the ssDNA bound with non-target bacteria. The
positive selection was also performed between the negative selection steps to ensure
the specificity of aptamers for the target bacteria. Unlike the conventional SELEX-based
method, this CBPM method does not require exponential enrichment steps such as binding,
elution, amplification, and separation. Instead, unbound or weakly bound oligonucleotides
can be eliminated from the pool by repetitive centrifugation-partitioning during the wash-
ing step. We reported this simplified method in isolating E. coli-specific aptamers [27]. The
aptamers isolated via the CBPM had comparable dissociation constant (Kd) values with
those of the aptamers isolated by SELEX, and showed high specificity. We demonstrated
that aptamers with good performance could be obtained via this CBPM method in less time
than SELEX. Therefore, based on our previous study, the CBPM method can be replaced
with conventional SELEX for the isolation of B. carboniphilus-target aptamers.

A total of 10 cycles of CBPM partitioning were performed in order to obtain oligonu-
cleotides, which could be amplified by PCR. PCR was performed twice, followed by gel
electrophoresis for identifying the size of amplified DNA in the product. A clear 88 bp PCR
product (the size of the random single-stranded DNA) was observed clearly in agarose gel
electrophoresis analysis (Figure S1). Total 25 different sequences were obtained (Table S1),
and all sequences were predicted by Mfold to have stem-loop structures, which are crucial
in checking the binding affinities of aptamers [31,32]. Three candidates (BCA-05, BCA-14,
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and BCA-23) were chosen depending on the number of stem-loop structures (Table 1,
Figure S2) and evaluated for their binding affinities to target bacteria.
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Table 1. Sequences of B. carboniphilus-specific aptamers, isolated using a centrifugation-based partitioning method.

Aptamer Sequences of Random Region

BCA-05 CGG ACG GCT CTC GGG TTC TGC GGG TGT AAC CGA GAA ATA TCT ACG
BCA-14 TGA TTT GGT TCC ACT GTT GCG GAG GGG TCT TAC TGC TAG TGG TTT
BCA-23 TTG TCG CAT CAA TTT TTT TTT CAT CTG GTA GGC TCG CGA TTT C

The 3′-FAM dye-labeled sequences were incubated with B. carboniphilus and washed
to produce binding saturation curves by fluorescence analysis (Figure 2a–c). The disso-
ciation constants (Kd) of BCA-05, BCA-14, and BCA-23 were estimated to be 13.2, 26.3,
and 18.2 nM, respectively. BCA-05 with the lowest dissociation constant was used for the
follow-up selectivity test by using non-target bacteria (E. coli, S. xylosus, B. cereus, B. subtilis,
and M. luteus) as well as B. carboniphilus. The fluorescence intensity of 3′-FAM-labeled
BCA-05 for non-target bacteria was much lower than that for target bacteria, which was
less than 20% of the maximum intensity of the target bacteria. This result suggests that
the BCA-05 sequence had good affinity and selectivity for the target; therefore, we em-
ployed this sequence for the two-stage label-free aptasensing platform for the detection
of B. carboniphilus.

3.2. Optimization of a Colorimetric Aptasensor for Detecting B. carboniphilus

The schematic illustration in Figure 3 describes the system of the two-stage label-free
colorimetric aptasensor [17]. In the presence of target bacteria, the concentration of residual
aptamers is lower than that in the absence of target bacteria. When the fewer population
of free aptamers in the presence of higher target cell concentration would be adsorbed
on gold nanoparticles, more gold nanoparticles aggregate and shift the indicator color
from red to blue in a more rigorous way (Figure 3a). On the other hand, more aptamers
with lower target cells would make the gold nanoparticles more electrically stable from
salt-induced aggregation so that they maintain their red color (Figure 3b). This color change
can be reflected by calculating the ratio of absorbances at 630 nm and 520 nm (A630/A520).
We separated the unbound aptamers from the target bacteria/aptamer complexes simply
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using a centrifugal filter, not direct centrifugation (Figure 3c). In direct centrifugation,
not only unbound aptamers but also bacterial cells can be transferred to AuNPs solution.
Citrate-capped AuNPs are likely to adhere to the surfaces of bacterial cells [33], which can
inhibit the interaction between AuNPs and aptamers. On the other hand, the centrifugal
filter can efficiently remove invisible cells from the solution at low concentrations of target
bacteria preventing AuNPs from adhesion to the bacterial cell surface. Then, the unbound
aptamers in the flow-through solution can be adsorbed onto gold nanoparticles by simple
mixing to address sensing results.
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Figure 2. Saturation binding assay curves of the (a) BCA-05, (b) BCA-14, and (c) BCA-23 aptamers to target bacteria
(B. carboniphilus). (d) the specificity of BCA-05 to non-target bacteria (E. coli, S. xylosus, B. cereus, B. subtilis, and M. luteus)
at the concentration of 107 CFU mL−1. Dots and bars represent means, and error bars denote standard deviations of
three measurements.

Sodium chloride is a strong electrolyte that can neutralize the repulsive force between
citrate-capped gold nanoparticles [34,35]. The concentration of NaCl is one of the key
parameters that determine the sensitivity of the colorimetric aptasensor. We tested a
range of NaCl concentrations (0–1.0 M) that were added to 20 µL AuNP and 100 µL PB
in the absence of protection by the aptamers. Figure 4a shows that the A630/A520 values
increased as the NaCl concentration was increased, with a value of more than 1.0 after
0.6 M NaCl was added to the solution. The color of AuNPs changed to clear blue when the
NaCl concentrations equal to or above 0.6 M NaCl were added, while the AuNPs were still



Chemosensors 2021, 9, 121 8 of 14

red or slightly purple at concentrations equal to or below 0.4 M NaCl. Thus, 0.6 M NaCl
was used for the follow-up experiments.
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with the unbound aptamers was transferred to the AuNPs solution and mixed by pipetting simply.
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To optimize the aptamer concentration, 10 µL BCA-05 aptamer at various concen-
trations (0, 0.25, 1.25, 2.5, 3.75, and 5 µM) was mixed with 90 µL PB and 20 µL AuNPs.
Then, 10 µL 0.6 M NaCl was added, and the absorbance of the AuNPs was measured at
520 and 630 nm. The AuNPs were more stable from salt-induced aggregation as more
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aptamers were added to the solution (Figure 4b). The AuNPs maintained their color above
1.25 µM aptamer and showed low A630/A520 values at 3.75, 5 µM of aptamer (0.241 and
0.248, respectively). The A630/A520 value of 1.25 µM was close to 0.4 (0.384), while that
of 2.5 µM was 0.342. A higher aptamer concentration provided more stability to AuNPs
from salt. However, this would increase the residual aptamer concentration, which can
eventually reduce the detection sensitivity and cause the detection failures in the two-stage
label-free aptasensing platform. Therefore, we selected 2.5 µM BCA-05 aptamer as an
optimal concentration for the aptasensor system.

As shown in Figure S3, the absorption spectrum of AuNPs with aptamer BCA-05 and
NaCl (curve c, solid red line) was similar to that of bare AuNPs (curve a, solid black line).
This indicates that oligonucleotides could protect the AuNPs from salt-induced aggregation.
When NaCl was added to the bare AuNPs, there was no significant absorption peak at
520 nm in the spectrum (curve b) when compared to that of bare AuNPs (curve a). The
same spectrum was obtained when AuNPs were mixed with the flow-through solution
separated by the centrifugal filter after BCA-05 binding with target B. carboniphilus (curve
d) because the residual aptamers were insufficient to protect the AuNPs from salt-induced
aggregation. Based on these spectral results, it can be concluded that the amount of
residual aptamers affects the color changes and the A630/A520 values of the AuNPs. In
addition, the presence of target cells in the sample solution could be detected by using this
colorimetric aptasensor.

3.3. The Performance of a Two-Stage Label-Free Aptasensor for Detecting B. carbonihpilus

The performance of a colorimetric aptasensor for detecting B. carboniphilus was evalu-
ated with different concentrations of the target bacteria (Figure 5a). The A630/A520 values
were higher than those of the blank sample (0.311) and above 1 × 102 CFU mL−1 of the
target (0.327). The linear equation was y = 0.298x − 0.777 with correlation (R2 = 0.988)
ranging from 104–107 CFU mL−1. The detection limit was 5 × 103 CFU mL−1, calculated
as three standard deviations above the blank. The color of AuNPs gradually turned red to
purple as the concentration of the target increased. The sample of 104 CFU mL−1 showed
a slightly purple compared to the color of the blank sample, which demonstrated the
concentration of the naked-eye detection limit. The aptasensor for C. sakazakii, which was
first proposed for this platform, could detect as low as 7.1 × 103 CFU mL−1 [17]. The LODs
of aptasensor for Campylobacter jejuni and Campylobacter coli were 7.2 × 105 CFU mL−1 and
5.6 × 105 CFU mL−1, respectively [36]. These results show that the performance of the
aptasensor in this study is comparable to or slightly better than those of aptasensors on the
same platform.

We also devised an enrichment process to detect the target at a concentration lower
than the LOD. The enrichment process was to increase the final concentration of the
sample by centrifugation and removal of the supernatant after obtaining ten times of
volume with the same concentration as the original sample. Each 10 mL of the target
cell solution with 102 and 103 CFU mL−1 was concentrated to 103 and 104 CFU mL−1,
respectively, by centrifugation for use in the colorimetric aptasensor process. As shown
in Figure 5b, the A630/A520 values of the concentrated samples were compared to those
of the original samples. The absorbance ratio values of the samples increased from 0.322
(original, 102 CFU mL−1) to 0.352 (concentrated, 103 CFU mL−1), and from 0.367 (original,
103 CFU mL−1) to 0.385 (concentrated, 104 CFU mL−1). The increases in the A630/A520
values of the concentrated samples suggest that the enrichment process provides the
possibility of detecting the target bacteria at a lower concentration than the LOD.

The specificity of the aptasensor was evaluated using 107 CFU mL−1 non-target
bacteria. We also used various polystyrene microbeads with surface modifications (non-
modification, amine, carboxyl group, and bovine serum albumin) and magnetic microbeads
with streptavidin to evaluate the target specificity at a concentration of 107 beads mL−1. The
A630/A520 ratio associated with non-target bacteria and microbeads was lower than that
of the target bacteria B. carboniphilus (Figure 5c). The color changes of non-target bacterial
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solutions were not significant, while that of target bacteria was deep blue, which indicated
an acceptable performance of the colorimetric aptasensor. In addition, it was confirmed
that the BCA-05 aptamer has low binding affinities to various types of microbeads, which
affects the specificity of the aptasensor in this study.
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Figure 5. The performance of the colorimetric aptasensor for detecting Bacillus carboniphilus (KCTC
3837). (a) the linearity of the colorimetric aptasensor in detecting B. carboniphilus. The photograph
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3.4. Specific Detection of B. carboniphilus in Bacterial Mixture and Biofilm

Specific qualification of NDSs is important for diagnosing MIC because all microorgan-
isms on the corrosion site are not directly related to the corrosive process. The selectivity
test of the colorimetric aptasensor was performed by detecting the target, B. carboniphilus,
in bacterial mixture. As shown in Figure 6a, the A630/A520 values of spiked samples
increased as the concentration of the target cells increased linearly (R2 = 0.971). The color
of AuNPs of the spiked sample (104 CFU mL−1) showed a red-violet distinct from that of
the blank. These results demonstrate that the colorimetric aptasensor can detect targets
with well-selected aptamers in bacterial mixture.
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Figure 6. Specific detection of B. carboniphilus in bacterial mixture and biofilm. (a) the detection of the target, B. carboniphilus
in bacterial mixture. B. carboniphilus was spiked in the non-target bacterial solution containing B. subtilis, E. coli, E. hermannii,
and S. xylosus with each concentration of 5 log CFU mL−1. The final concentration of B. carboniphilus in spiked samples
was ranging from 3 to 7 log CFU mL−1. The photograph below shows the color changes of colorimetric aptasensor in
different concentrations of the target; (b) the comparison of the A630/A520 values for detecting B. carboniphilus in biofilms
by using the colorimetric aptasensor. Three different areas in one biofilm were taken by scrapping in size 1 cm by 1 cm.
The numbers on X-axis mean the number of each sample for identification. The photograph below shows the color of
the colorimetric aptasensor of each sample. Dots and bars represent means, and error bars denote standard deviations of
three measurements.

Further, we tested the reliability of the colorimetric aptasensor by detecting the target
in biofilm forms because the samples for diagnosing MIC are usually taken as biofilms.
We tested three different types of biofilms; non-target bacterial mixture, target, and target
in bacterial mixture (Figure S4). In Figure 6b, all biofilm samples from non-target bacte-
rial mixture showed lower A630/A520 values (0.238, 0.215, and 0.169) than blank. The
A630/A520 values of the target bacterial biofilms ranged from 0.476 to 1.009, and those of
the target in bacterial mixture biofilms ranged from 0.649 to 1.199. We suspect that these
wide ranges of A630/A520 values in samples containing targets resulted from the irregular
distribution of bacterial cells in different positions of biofilms. The absorbance ratios of the
biofilm samples containing the target bacteria were higher than blank, showing the AuNPs
color changes from red to purple or blue, which is the distinguished results from those
of the biofilms without the target, B. carboniphilus. The specific detection of the target in
bacterial mixture or biofilm suggests that the colorimetric aptasensor would be applicable
in real-samples.

There are various methods for testing the presence of microorganisms in samples
suspected of MIC. The microscopy method is generally used for determining the overall
numbers of microorganisms using a small amount of sample [37]. qPCR method is a
molecular microbiological method (MMM) to enumerate microorganisms by amplifying
the genetic sequences [38]. However, these methods require expensive instruments and
professional knowledge, which are not suitable for field tests. Commercial adenosine
triphosphate (ATP) determination kits are also helpful to provide information about the
cause of corrosion in the field suspected MIC because ATP presents in all living organ-
isms [39]. However, ATP measurement should be backed up for more specific quantification
of the microorganism as all organisms in the pipelines do not associate with MIC. The col-
orimetric aptasensor, proposed in this study, can effectively complement ATP measurement
in the field test for MIC because this aptasensor is available for specific quantification.
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4. Conclusions

To date, no conventional or biosensor detection methods are known for B. carboniphilus.
This is the first report on the isolation of B. carboniphilus-specific aptamers via centrifugation-
based partitioning method and their uses for the colorimetric sensor to detect B. car-
boniphilus by employing aptamers mediation on AuNP aggregation leading to blue shifting.
The aptamer isolation was based on repetitive centrifugation of unbound oligonucleotides
to obtain aptamers with high affinity and specificity. This method does not require repeti-
tive enrichment steps and a large number of target cells to collect aptamers, making it more
time- and cost-efficient than SELEX-based methods. One of the isolated B. carboniphilus-
specific aptamers (BCA-05) had a dissociation constant of 13.16 nM and high specificity
to the target bacteria. We chose this aptamer as a receptor on the two-stage label-free
aptasensing platform for detecting B. carboniphilus-based on its ability to protect AuNPs
from salt-induced aggregation. The color change of AuNPs that indicated the concentration
of the target was expressed in absorbance ratios at 520 and 630 nm (A630/A520) upon mea-
surement using a UV-VIS spectrometer. In addition, the detection was completed within
40 min and could be observed with the naked eye. This colorimetric aptasensor showed
high specificity with the target and had a linear range from 104 to 107 CFU mL−1 with a
limit of detection of 5 × 103 CFU mL−1. Therefore, we intend to demonstrate the relatively
quick development of a microbial diagnostic platform for rapidly screening the receptors
that respond to the target B. carboniphilus, which have not been reported previously.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/chemosensors9060121/s1, Table S1: Sequences of the B. carboniphilus-specific aptamers isolated
using the centrifugation-based partitioning method. Figure S1: Agarose gel electrophoresis of the
final PCR product. Figure S2: Secondary structures of isolated aptamers predicted by the Mfold
algorithm. Figure S3: Ultraviolet-visible absorption spectra of AuNPs at each experimental condition:
(a) AuNPs only (solid black line); (b) AuNPs without aptamer (black dot line); (c) AuNPs with the
BCA-05 aptamer (solid red line); (d) AuNPs with the flow-through solution after BCA-05 binding
to B. carboniphilus (red dot line). Additionally, 0.6 M NaCl was added to b, c, and d. Figure S4: The
formation of artificial biofilms on nutrient agar medium. (a) non-target bacterial mixture biofilm, (b)
target bacterial biofilm, and (c) the target in bacterial mixture.
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