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ABSTRACT: Exposure to pathogens in recreational or
drinking water is a serious public health concern. It is
important to rapidly determine and identify trace levels of
pathogens in real environmental samples. We report here on a
label-free potentiometric aptasensor for rapid, sensitive, and
selective detection of Listeria monocytogenes (LM), a pathogen
widely distributed in the environment. An aptamer binds
specifically to internalin A, a surface protein present in LM
cells. The target-binding event prevents the aptamer from
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electrostatically interacting with protamine, which can be sensitively detected using a polycation-sensitive membrane electrode.
Using this method, LM can be detected down to 10 CFU mL™". Coupled to an online filtration system, the bioassay has been
evaluated with spiked coastal seawater samples and shows good recovery and high accuracy. This work demonstrates the
possibility of developing potentiometric aptasensors for determination and identification of various bacteria in environmental

samples.

Listeria monocytogenes (LM), a Gram-positive bacterium
responsible for listeriosis, is one of the most virulent foodborne
pathogens with 20—30% of clinical infections resulting in
death."~* Because of the widespread nature of the organism, it
is widely distributed in the environmental mediums such as
waters, sediments, and seafoods. Additionally, LM can tolerate
high concentrations of salt, temperatures between 3 and 45 °C,
and pHs between 5.4 and 9.6.*° The presence of LM in an
aquatic environment polluted with urban runofts and effluents
from publicly owned treatment works poses a threat to human
health.®” Therefore, there is a broad consensus on the need of
sensitive monitoring LM in the aquatic environment in order to
protect human health.

Conventional methods as well as recently developed
techniques such as cell culture, microscopy, biochemical tests,
luminescence, ELISA (enzyme-linked immunosorbent assays),
and PCR (polymerase chain reactions)® "' could provide
accurate validation but have the drawbacks of intensive labor,
time-consuming procedures, and/or poor sensitivity. Recently,
the development and applications of biosensors for rapid and
sensitive detection of bacterial cells have attracted considerable
attention. Immunosensors with different readout mechanisms
are among the most promising. Those immunosensors typically
have detection limits of 10°~10° CFU mL™" and analysis times
of 0.2—2 h,*® which may limit their wide applications. As an
alternative to traditional antibody-based immunoassays, anti-
microbial peptides (AMPs) have been used as molecular
recognition elements in the electronic biosensing platform for

-4 ACS Publications  © 2014 American Chemical Society

9412

pathogenic bacteria.'"> However, the selectivity of this method
needs to be improved because of the semiselective binding of
AMPs to target cells. Thus, new receptors are still highly
desired to meet the demands for sensitive and selective
detection of bacteria.

Aptamers are single-stranded DNA or RNA oligonucleotides
selected in vitro to bind a variety of analytes ranging from small
ions to whole cells with high specificities and affinities."> The
simplicity and robustness of aptamers make them an ideal
biorecognition element for sensing targets in environmental
samples.'*'> To this end, a number of aptasensors based on
optical, electrochemical, and mass-sensitive transduction have
been reported for pathogenic microorganism typing and
detection.'®™"® Among these methods, electrochemical apta-
sensors are widely used for identification and quantification of
foodborne pathogens.'”™>' However, these methods always
require probe labeling and aptamer immobilization, which may
affect the binding affinities between bacteria and their aptamers.
Moreover, some immobilized aptamers cannot efficiently
capture the bacterial cells, which limits their applications via
the heterogeneous biosensing mode. Thus, it is of great
importance to realize label-free electrochemical aptasensing of
pathogen bacteria in a homogeneous solution.

Received: June 26, 2014
Accepted: September 14, 2014
Published: September 14, 2014

dx.doi.org/10.1021/ac502335g | Anal. Chem. 2014, 86, 9412—9416


pubs.acs.org/ac

Analytical Chemistry

Technical Note

Recently, we developed a label-free potentiometric aptasens-
ing concept to monitor small analytes (e.g., adenosine
triphosphate) in a homogeneous solution where target
binding-induced conformational changes are involved.”> Here-
in, the aptasensing of whole cells is described and a label-free
potentiometric aptasensor for detection of LM is presented. An
aptamer specific for internalin A (InlA), which is a surface
protein existing in all LM strains and serves as a molecular
marker for pathogenesis, has been selected as a recognition
element for the detection of LM.*> Protamine, a group of
arginine-rich polycationic proteins extracted from the Salmo-
nidae fish family, is used as an indicator for the transduction of
potential signal.** It will be shown that LM can be sensitively
and selectively detected via homogeneous analysis. An online
filtration system coupled to the potentiometric aptasensing
effectively eliminates the sample matrixes and thus allows for
the determination of LM in coastal seawater.

B EXPERIMENTAL SECTION

Materials and Methods. 2-Nitrophenyl octyl ether (o-
NPOE), tetradodecylammonium tetrakis(4-chlorophenyl)-
borate (ETH 500), high molecular weight poly(vinyl chloride)
(PVC), dinonylnaphthalene sulfonic acid (DNNS, S0 wt %
solution in heptane), protamine sulfate salt from herring, and
tris(hydroxymethyl)-aminomethane (Tris) were purchased
from Sigma. Bacterial strains for Escherichia coli O157:H7,
Salmonella typhimurium, Listeria iuanuii, and Listeria mono-
cytogenes (LM) were kindly provided by Yantai Import and
Export Inspection and Quarantine Bureau. The number of
colony-forming units per mL (CFU mL™") for each culture was
determined by the surface plate counting method. The aptamer
for LM was synthesized by Shanghai Sangon Biotechnology Co.
Ltd. (Shanghai, China), and the sequence was 5’-ATC CAT
GGG GCG GAGATG AGG GGG AGG AGG GCG GGT
ACC CGG TTGAT-3'. For control experiments, the DNA
with a sequence of 5-TAG GTA CCC CGC CTC TAC TCC
CCC TCC TCC CGC CCA TGG GCC AAC TA-3’ was used.

The morphologies of LM were characterized by scanning
electron microscopy (SEM, JSMS600 LV, operating at 5.0 kV).
Usually, LM does not retain its shape when it is dry. The LM
cells were fixed on a template with 2.5% glutaraldehyde in
phosphate buffer (0.1 M) and dehydrated in graded alcohols.
The zeta potentials of the pathogenic bacteria were measured
on a Malvern Zeta sizer Nano-ZS90 (ZEN3590, Malvern, UK).
The bacterial solutions were prepared with 3.0 mL of Tris-
buffered saline (TBS buffer, Tris base 10 mM, NaCl 0.85%, pH
8.0).

Electrode Preparation. The polymeric polycation-sensitive
membranes contained 1.0 wt % DNNS, 1.0 wt % ETH 500,
49.0 wt % o-NPOE, and 49.0 wt % PVC. The membrane
electrodes were prepared as described before.”> The rotating
electrode configuration was used for both titration and direct
potential measurements (see the Supporting Information).>%*’
The rotation speed was 3000 rpm.

Determination of LM via Direct Potential Measure-
ment. All the measurements were carried out at 25 + 2 °C
using a Model PXSJ-216 digital ion analyzer (Shanghai Leici
Instruments Factory, China). Measurements of electromotive
force (EMF) were performed in the galvanic cell: Ag/AgCl/3
M KCl//sample solution/polymeric membrane/inner filling
solution/AgCl/Ag. 50 mM, pH 7.4 Tris—HCI buffer solution
containing 0.12 M NaCl was used as the inner filling solution.
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The LM aptamer (0.33 #M) was mixed with the bacterium at
various concentrations in 3.0 mL of TBS buffer. After
incubation at room temperature for 30 min, 10 ug mL™'
protamine was added. The potential responses were recorded
with the polycation sensitive membrane rotating electrode. The
potential difference measured at 10 min between the baseline
and the potential response in the presence of LM was used for
quantification.

Seawater Analysis. The Yantai coastal seawater samples
(Yellow Sea, China) were collected. A poly(ether sulfone)
membrane (diameter: 25 mm; pore size: 0.2 um; Pall
Corporation, Ann Arbor, MI, USA) was used for sample
filtration. Consecutive filtering of 20 mL of seawater and
washing with TBS (5.0 mL) were done with an online filtration
system to enrich the bacterium and also eliminate the charged
species that are usually fresent in real samples (Figure SI,
Supporting Information).”® Each analyzed sample was simulta-
neously evaluated following the standard plate count method in
triplicate using the Listera chromogenic medium to validate the
proposed method.

B RESULTS AND DISCUSSION

The LM cells have a negative charge according to the zeta
potential measurement (—14.2 mV), which is attributed to the
cell wall constituents such as phosphate and carboxylate
groups.”® Therefore, protamine with a positive surface charge
can bind to the anionic bacteria through electrostatic
interactions. Bacteria might be sensed by a protamine-sensitive
membrane electrode. However, the poor selectivity and the low
sensitivity of this method could restrict its applications.
Alternatively, the present potentiometric sensor design features
two main components: (1) an aptamer, a 47mer single-
stranded DNA, to provide target recognition with the binding
affinity and selectivity comparable with those of antibodies; (2)
protamine, a group of arginine-rich polycationic proteins, to
provide a potential readout with high sensitivity and
reproducibility.

The whole sensing procedure is illustrated in Figure 1A. In
the absence of the target bacterial cells (a), the aptamer with
negatively charged phosphate groups interacts electrostatically
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Figure 1. (A) Schematic illustration of potentiometric aptasensing of
bacterial cells using a polycation-sensitive membrane electrode. (B)
SEM image of Listeria monocytogenes cells. (C) Listeria monocytogenes
in chromogenic medium. The medium can differentiate the colonies of
Listeria monocytogenes from other organisms and the rest of Listeria spp.
The Listeria monocytogenes areas are blue in color with opaque white
haloes surrounding them.
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with the positively charged guanidinium groups of protamine to
form a biocomplex, thus inhibiting the potential response of
protamine. In the presence of the target bacterium, the aptamer
binds specifically to the bacteria via reaction incubation (b).
Such target binding effectively prevents the aptamer from
electrostatically interacting with protamine, which allows
protamine to be detected by the polycation-sensitive membrane
electrode. Herein, Listeria monocytogenes, a pathogen widely
distributed in the environment was selected as a model. It was
characterized by scanning electron microscopy (Figure 1B) and
identified by the Listeria chromogenic medium (Figure 1C).
Potentiometric titrations were performed to prove the
sensing principle. Protamine was chosen as a signal reporter
because of its stability to a wide range of temperature, pH, and
ionic strength conditions. Moreover, the concentration of
protamine can be monitored using the polymeric membrane
doped with DNNS that yield large and reproducible
potentiometric responses toward protamine.29 As shown in
Figure 2A, the aptamer electrostatically binds to protamine and
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Figure 2. Potentiometric titrations of (A) 0.0 (a), 0.1 (b), 0.2 (c), and
0.4 M LM aptamer (d) and of (B) TBS buffer alone (a) and 0.33 uM
aptamer incubated at room temperature for 30 min with 300 (b), 100
(c), 60 (d), 30 (e), and 10 CFU mL™" Listeria monocytogenes (f) and
0.33 uM aptamer alone (g) with 1.0 mg mL™' protamine.
Potentiometric titrations were carried out in 3.0 mL of TBS buffer
by successive addition of 2.0 uL of 1.0 mg mL™" protamine aqueous
solution at a 1 min interval with a syringe pump. Error bars represent
one standard deviation for three measurements. Titration curves were
obtained by plotting the change in the EMF response vs the
concentration of protamine infused. The end point of the titration was
determined as the protamine concentration to achieve half of the
maximum EMF response (EMF,,,

,max) .

neutralizes the charge of protamine. Therefore, the potentio-
metric response curve is shifted to a higher mass concentration
in the presence of aptamer compared to that of the blank
titration. The mass shift can be attributed to electrostatical
interaction between the positively charged guanidinium groups
of protamine and the negatively charged phosphate groups of
the aptamer.®® A linear relationship between the mass shift and
the aptamer concentration can be obtained (ACPmtmme =0.77
+ 1547C ptamen T = 0.995). This indicates that protamine is
suitable as a probe for potentiometric bacterial detection. The
titration curves were utilized to determine quantitatively the
stoichiometry for the interaction between the LM aptamer and
protamine. The neutralization stoichiometry was determined to
be 1.32 pug + 0.19 of protamine per pg of the LM aptamer.
Due to the relatively small size of aptamer, it has great
accessibility to bacterial cells. The LM apatmer binds
specifically to InlA, leading to the formation of the LM-—
aptamer complex. This dramatically inhibits the electrostatic
interactions between protamine and the aptamer probably due
to less flexibility of the bound aptamer and the steric hindrance.
Therefore, significant mass shifts toward lower concentrations
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of protamine can be observed with increasing cell concen-
trations (Figure 2B). Such shifts in titration curves provide a
solid basis for direct potentiometric detection of LM in aqueous
media. Our previous report has shown that the DNA length
affects the electrostatic interactions between DNA and
protamine.”® For bacterium detection, the optimal aptamer
length depends on the discrepancy in potential changes before
and after bacterium binding. In recent years, a number of
aptamers against either the protein targets or the whole cells of
LM is available.>>*"3* All these aptamers can also be used for
potentiometric aptasensing of LM based on the proposed
method.

It should be noted that the interference from LM itself could
be observed at concentrations higher than 2000 CFU mL™"
(Figure S2, Supporting Information). Indeed, the zeta
potentials for Listeria monocytogenes and other bacteria
including Escherichia coli O157:H7, Salmonella typhimurium,
and Listeria iuanuii were measured as —14.2, —14.3, —6.8, and
—6.7 mV, respectively. Therefore, cationic protamine can
interact with the negatively charged cell membranes of these
bacteria. However, due to the weak bindings between
protamine and bacteria, these bacteria may interfere with the
potentiometric detection at rather high concentrations.

In this work, zero-current potentiometric measurements
were carried out for rapid and sensitive detection of bacterial
cells with protamine as an indicator. The amount of protamine
infused to the solution was first investigated. As shown in
Figure 3A, with extraction of protamine into the organic
membrane phase of the electrode via formation of cooperative
ion pairs with DNNS, the potentiometric response of
protamine reaches a nonequilibrium steady state.”” The present
polycation-selective electrode shows the sigmoidal relationship
between the potential measured and the protamine concen-
tration. When the concentration of protamine added in the
solution is more than 10 yg mL™, an equilibrium response can
be obtained. Thus, 10 ug mL™" protamine was used for further
study.

Since the aptamer/protamine mass ratio plays an important
role in the potentiometric detection of LM, the concentration
of the aptamer added in the solution was then optimized. The
measured potential decreases with an increase of the aptamer
concentration due to the electrostatic interactions between
protamine and the aptamer. No significant potential response
could be observed when 0.33 yM aptamer was used (Figure
3B). Therefore, a mass ratio of 1:2.05 (aptamer/protamine)
was obtained and employed for measurement of LM (see the
Supporting Information).

As shown in Figure 3C, the potential change of the electrode
increases as the amount of LM is increased. The potentiometric
aptasensing assay is able to detect the target bacterium at
concentrations down to 10 CFU mL™!, which is at least 1 order
of ma§nitude lower than those obtained by the immunosen-
sors.>>® The linear dynamic range is between 10 and 500 CFU
mL™" with a linear correlation r = 0.990 (Figure 3D). A
comparison of the present label-free and immobilization-free
potentiometric aptasensor and other detection methods is listed
in Table 1. Recently, researchers have developed a detection
strategy for living bacteria at ultralow concentrations using a
carbon nanotube-based potentiometric aptasensor.'”*® That
method is simple, sensitive, and rapid but may suffer from
problems of relatively small potential responses.

To validate the mechanism of the potentiometric assay, we
performed control experiments by incubating the LM cells with
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Figure 3. Potentiometric responses of the polycation-sensitive
membrane electrode in 3.0 mL of TBS buffer with (A) protamine of
13.3 (a), 10 (b), 6.7 (c), 3.3 (d), and 0 pug mL™" (e), (B) 10 ug mL™"
protamine in the presence of 0 (a), 0.16 (b), 0.33 (c), 0.66 (d), and 1
uM aptamer (e), and (C) 10 ug mL™" protamine in the presence of 0
(a), 10 (b), 60 (c), 80 (d), 100 (e), 300 (f), 600 (g), and 1000 CFU
mL™" Listeria monocytogenes (h) incubated with 0.33 uM aptamer and
of the TBS buffer alone (i). (D) Plot showing the potential changes
over the concentration range of 10—500 CFU mL™' LM. (E) The
potential changes in the presence of 200 CFU mL™' LM incubated
with the control DNA and the LM aptamer. (F) Potential responses to
Listeria monocytogenes, Escherichia coli O157:H7, Salmonella typhimu-
rium, and Listeria iuanuii. The concentration of Listeria monocytogenes
and that of other bacteria were 100 and 1000 CFU mL™", respectively.
Error bars represent one standard deviation for three measurements.

Table 1. Comparison of the Analysis Times and Detection
Limits for Measuring Listeria monocytogenes Using Different
Methods

analysis time detection limit

method (h) (CFU mL™) reference

dot blot analysis >12 2.2 X 10° 8

impedemetric 1 10* 8
immunosensor

chemiluminescent >1 10* 9
immunoassay

immunosensor based on >2 2 X 10° 33
SPR

fluorescent PCR 570 34

paper-based microspot 12 10¢ 35
assay

potentiometric aptasensor 0.67 10 this

work

“The concentration unit is CPU/cm?.

a scramble DNA sequence. As illustrated in Figure 3E, there is
no significant potential change for the control DNA, which
confirms that the measured potential changes are caused
exclusively by the specific interaction between the LM cells and
the aptamer. Such interaction is dependent on the unique
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secondary structure of the aptamer, which benefits the target
recognition.*® To demonstrate the specificity, the proposed
aptasensor was challenged with nontarget foodborne pathogens
such as Escherichia coli 0157:H7, Salmonella typhimurium, and
Listeria iuanuii. As shown in Figure 3F, the responses to other
bacteria using the LM aptamer as the sensing element are
rather negligible as compared to that to the specific target LM
cells even at lower concentrations, thus demonstrating a high
degree of specificity. The excellent selectivity may be attributed
to the aptamers’ ability to bind only to the specific singular
protein on the surface of the bacterial cells (i.e., InlA). Taken
together, these results clearly demonstrate the essential role of
the aptamer in developing the highly sensitive and selective
potentiometric sensing strategy.

Some negatively charged species in real samples may
electrostatically interact with protamine. These anionic
interfering agents may include humic acids, anionic surfactants,
and negatively charged bimolecules or organisms. The presence
of these interfering agents affects the performance or restricts
the applications of the proposed potentiometric aptasensing. In
this work, an online filtration system that facilitates separation
and preconcentration of the target organism for subsequent
detection was developed. Since the LM cells are large biological
species, with typical dimensions of 0.4—4 um, they can be
excluded from the pores (0.2 ym). The online filtration was
performed via several consecutive steps as shown in Figure S1,
Supporting Information, which include filtration of the matrix
and washing and elution of the retained cells with the TBS
buffer. The outcoming solution of eluted bacteria in TBS was
used for potentiometric detection. The system can effectively
eliminate the interferences presented in complex samople
matrices such as numerous organic or inorganic s.pecies.2 A
spike recovery test based on the standard plate count method
indicates that an average recovery of ca. 85(+5)% was achieved
using 3.0 mL of TBS as elution buffer. It should be noted that
other organisms with negative charges could not be eliminated
by the filtration process. However, these bacteria may interfere
with the potentiometric detection at rather high concentrations
as discussed above.

The water samples collected from coastal areas were analyzed
using the present method. However, the LM levels were found
to be below the detection limit of the electrode, which is not
unexpected because the sample sites are not near the major
sources of LM pollutants (Table 2). To evaluate the feasibility
of the proposed method, seawater samples were analyzed with
the direct potentiometric method by spiking the real samples
with the LM suspensions. The values of LM in spiked coastal
seawaters obtained by the present electrode were in good
agreement with those found by the standard plate count
method (Table 2). These results indicate that the proposed

Table 2. Results of the Determination of Listeria
monocytogenes in Spiked Coastal Seawater Samples (n = 3)

added found recovery results by
sample (CFUmL™)  (CFU mL™)? (%) spce?
seawater 1 0 0 0
seawater 2 50 44 + 3 88 43+ 3
seawater 3 100 89 + 4 89 90 + 3
seawater 4 200 190 + 6 95 179 £ §

“Average value of three determinations + standard deviation. bspC
stands for the standard plate count method using the Listera

chromogenic medium.
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method could effectively identify LM in coastal seawater with a
simple sample pretreatment.

B CONCLUSIONS

In conclusion, the potentiometric aptasensor based on the
polycation-sensitive electrode outperforms the present immu-
noassay methods and is highly suitable for sensitive and
selective detection of LM in an aquatic environment. The
effective potentiometric transduction with the polycation-
sensitive membrane electrode suggests that this technique
could be operated in turbid media. Owing to the generic and
modular nature of the aptamer, we envision that this
methodology will be widely applicable to the development of
label-free aptasensors for rapid determination of a wide range of
other bacteria species where specific binding aptamers can be
selected.
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