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ABSTRACT: Effective capture and rapid detection of pathogenic bacteria
causing pandemic/epidemic diseases is an important task for global
surveillance and prevention of human health threats. Here, we present an
advanced approach for the on-site capture and detection of pathogenic
bacteria through the combination of hierarchical nanostructures and a
nuclease-responsive DNA probe. The specially designed hierarchical
nanocilia and network structures on the pillar arrays, termed 3D bacterial
capturing nanotopographical trap, exhibit excellent mechanical reliability
and rapid (<30 s) and irreversible bacterial capturability. Moreover, the
nuclease-responsive DNA probe enables the highly sensitive and
extremely fast (<1 min) detection of bacteria. The bacterial capturing
nanotopographical trap (b-CNT) facilitates the on-site capture and
detection of notorious infectious pathogens (Escherichia coli O157:H7,
Salmonella enteritidis, Staphylococcus aureus, and Bacillus cereus) from
kitchen tools and food samples. Accordingly, the usefulness of the b-CNT is confirmed as a simple, fast, sensitive, portable,
and robust on-site capture and detection tool for point-of-care testing.
KEYWORDS: nanotophography, polyaniline, nanopillar, pathogen, on-site

The prevention and early detection of epidemic and
pandemic disease spread caused by pathogenic micro-
organisms, especially infectious foodborne pathogens,

have attracted great interest throughout human history.1,2 The
infection risk is mainly attributed to the direct transmission of
pathogenic bacteria from contaminated human hands to either
cookware and food ingredients during cooking or from the
mouth through eating.3 Therefore, it is primarily important and
highly demanded to develop physicochemical bacterial on-site
capture platforms and sensitive analytical sensors for the on-site
diagnosis of pathogens and, thus, the prevention of potential
poisoning.4−6 In particular, the understanding of the trans-
mission route provides a big opportunity for the development of
specially designed tools with manipulation of topographies,
functionality, and hybrid composite that enable the early capture
and detection of pathogens via physical rubbing over the
potentially contaminated surface.7,8

The physicochemical pathogen capturing approaches have
attracted much attention in the past decade, with great advances
in nanocomposite materials and nanofabrication technologies

via the manipulation of nanostructures from 0 to 3 dimensions
(D).9−12 More recently, various inorganic and/or polymeric
nanotopographies, such as ridges, ripples, nanowire brushes,
nanocilia, and nanopillars, have been developed by mimicking
the extracellular surface, thus enhancing the interfacial adhesion
between the nanofeatures and cells, microorganism, and
viruses.13−17 These platforms, however, have been mainly
applied to the field of antibacteria, biofilm formation, and
control of cell functions8,18−22 and are rarely investigated for,
and applied to, the direct capture and detection of infectious
bacteria. The adsorption of microorganisms on nanostructures is
affected by several topographical effects that are combined with
noncovalent intermolecular interactions, such as ionic, electro-
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static, and hydrophobic interactions, as well as van der Waals
forces.23−26 Moreover, 3D hierarchical nanostructures can
provide a significantly enhanced topographic interaction
between the nanostructures and nanoscale extracellular
organelles compared with the nanostructures other dimensional
features, according to the previous literature.27,28 Therefore, it
could be critical in the control of the surface roughness of nano-/
microscale substrates for maximizing the efficiency of bacterial
capture.
To date, traditional culture-based biochemical assays and

polymerase chain reaction (PCR)-based methods have been
predominantly used for the analysis of pathogenic bacteria;
however, the application of these approaches to on-site
pathogen detection is limited because of the requirement of
multiple-step, time-consuming, and high-cost analytical proce-
dures.29−31 Alternatively, adenosine triphosphate (ATP)-based
analysis of bacterial swabs has been widely adopted for the rapid
detection of pathogens.32−34 Although this approach may
somewhat meet the on-site monitoring of microbial pathogens,
the indistinguishability of alive from dead bacteria limits the
accurate detection of pathogens.35 In particular, nonbacterial
and extracellular ATP caused by a person, foods, and

environment cause false-positive signals frequently.36 Recently,
great advancements have been made in the effective capture,
isolation, concentration, and sensitive analysis of foodborne
pathogens by emerging methods in nanotechnology and
biotechnology.37,38

By taking advantage of these technologies for the realization of
efficient bacterial capture and on-site detection, here we report a
design and fabrication method of a 3D bacterial capturing
nanotopographical trap (b-CNT) and its application to on-site
bacterial sensing using a nuclease-responsive DNA probe. The
b-CNT was fabricated via the construction of polyaniline
(PANI) nanocilia on the surface of submicrometer pillar arrays
with a robust mechanical strength against physical touching. The
structures of the b-CNT ensured its high reliability, even after
pressing and rubbing on the pathogenic-bacteria-contaminated
surfaces. The combination of the b-CNT and the specifically
designed DNA probe enabled the detection of representative
Gram-positive and Gram-negative foodborne pathogens
(Escherichia coli O157:H7, Salmonella enteritidis, Staphylococcus
aureus, and Bacillus cereus). Moreover, instant capture of
pathogenic bacteria (<30 s) and on-site analysis were
demonstrated by applying the b-CNT-based capture and

Figure 1. Synthesis of the b-CNT and assessment of its mechanical properties. (a) Schematic illustration of the b-CNT fabrication process and
corresponding SEM images of NPA, gold-coated NPA, and b-CNT, respectively. Scale bars, 1 μm. (b) Photographs of bent and twisted b-CNTs
and SEM images of the same b-CNTs after bending and twisting tests. Scale bars, 5 μm. (c, d) SEM images of the b-CNT (c) before and after
pressing at 100 kPa and (d) before and after rubbing its surface at 100 kPa. Scale bars, 500 nm.
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sensing method to kitchen items (knife and cutting board) and
food ingredients (water, tomato, and cabbage). Moreover, the
results of our analysis demonstrated that the b-CNT-based on-
site bacterial capturing and sensing technique could be useful for
the prevention of bacterial infection as a reliable, reproducible,
and disposable point-of-care testing system for pathogenic
bacteria.

RESULTS AND DISCUSSION

Fabrication of the b-CNT and Its Mechanical Proper-
ties. The overall processes of b-CNT fabrication are schemati-
cally shown in Figures 1a and S1A. SiO2 holes with a diameter of
500 nm were used as the master mold, and a mixture of Norland
Optical Adhesive 63 (NOA 63) and polyurethane (PU) at a
ratio of 7:3 wt % was used for pillar replication. The replicated
NPA was further coated with thin layers of Ti (10 nm) and Au
(100 nm) sequentially for the growth of PANI fibers. Scanning
electron microscopy (SEM) measurements were performed to
investigate the surface morphologies of the Si mold, pristine
pillar, and b-CNT, respectively. Figure S1B shows a typical
morphology of the Si mold with a nanohole array for the
construction of NPA. For the construction of the NPA, spin
coating of the NOA 63 and PUmixture onto an Si mold enabled
the formation of a highly ordered NPA on the PET film, with a
diameter of about 500 nm and an aspect ratio of 1:2.5 (Figure
1a). Meanwhile, the SEM images shown in the middle and right
panels of Figure 1a are the NPA after Ti/Au coating and the final
b-CNT structure, respectively. To construct a flexible and
touchable substrate for bacterial pathogen capturing, a 3D
hierarchical nanonetwork between NPA and nanocilia was
formed via the polymerization of aniline at 3 °C for 24 h.
For the efficient capture of bacteria via the touching and

rubbing of b-CNT on surfaces in real life, it should have not only
excellent mechanical stability against external forces but also
high adhesion to the bacteria. To achieve such goals, the
nanonetwork and nanocilia of the b-CNT were designed to
absorb the external forces and to enhance the bacterial
capturability. Before applying the developed b-CNT to bacterial
capture and detection, the mechanical reliability under touching
and rubbing (i.e., normal and shear stress) and the resilience of
the b-CNT are investigated. To evaluate the structural stability
of the b-CNT under mechanical stress, it was bent, twisted,
vertically pressed, and horizontally rubbed. After exposure to
these different categories of mechanical stress, the structural

damage in the b-CNT was observed and further analyzed by
SEM (Figure 1b−d). Interestingly, the nanostructures of b-
CNT retain their original state without any significant cracks or
damage, even after bending and twisting (Figure 1b). More
importantly, even after 100 kPa of pressing and rubbing of the b-
CNT, which are equivalent to an excessive amount of force when
operating a smartphone touchscreen, no significant structural
damages to the nanocilia and nanonetworks were observed
(Figure 1c,d). In contrast, the pristine NPA was severely
deformed after 100 kPa of pressing (Figure S2a,b). These results
confirm the excellent mechanical strength of b-CNT against
external forces. The water-evaporation-driven force is also an
important parameter that damages the structures of tools during
bacterial capture; therefore, the structural deformations of both
a pristine NPA and the b-CNTwere compared after exposure to,
and evaporation of, a single water droplet (Figure S2d,f). As
expected, serious agglomeration and structural deformation
were observed in the pristine NPA after water evaporation
because of the evaporation-induced self-assembly.39,40 In
contrast, no significant structural changes in the b-CNT were
observed after water evaporation. This is mainly attributed to the
enhancement of pillar strength by the formation of PANI
nanonetworks on the NPA. These results clearly verified that the
b-CNT possesses sufficient mechanical stability for the direct
capture of pathogenic bacteria in real life via touching and
rubbing.
To understand the mechanical stability of the b-CNT, we

employ the COMSOL Multiphysics software for performing
finite element analyses (FEA) to elucidate the mechanism
behind the enhanced bending stiffness of connected pillars.
Young’s modulus and Poission’s ratio of the pillars are set to be
24 MPa and 0.3, respectively. Young’s modulus and Poisson’s
ratio of the PANI are set to be 1.91 GPa and 0.38, respectively.41

We perform multiple simulations of pillar bending subjected to
external force by varying the number of the PANI connections
per pillar. Applied force per pillar is kept constant in order to
selectively examine the structural effect on the bending stiffness.
Detailed information on the dimension and the geometry of the
connected pillars can be found in Figure S3. As shown in Figure
2a, the bending stiffness increases monotonically as more pillars
are connected. Figure 2b shows the deformed configurations
from FEA for connected nine pillar cases; their original
configurations are visualized by black contours, whereas the
deformed configurations are visualized by color coding

Figure 2. (a) FEA results for different numbers of connected pillar cases. (b) Deformed configuration from FEA results with nine pillar case and
experimental case. Color legend refers to external-force-directional displacement. (c) SEM image under different force per area. Scale bar, 1 μm.
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according to the displacement. Figure 2c shows the SEM images
under different force per area. The tilt angles under deformation
measured from experiments and FEA show a good match as
depicted in Figure 2c. Irreversible damage is observed the force
per area beyond 1307 kPa, and thus, the mismatch between
experiments and simulations increases because linear elastic
response is assumed in FEA simulations. The displacement and
failure in the large stress regime were not captured very
accurately in simulations because we assumed linear elastic
constitutive relations in FEM analysis. Moreover, the b-CNT
exhibited reliable mechanical stability even after exposure to the
strong external forces, while the pristine nanopillars were
severely aggregated (Figure S2b).
Topographical Interaction between the b-CNT and

Bacteria. To understand the topographical and physicochem-
ical interactivity between b-CNT structures and pathogenic
bacteria, four representative highly infectious foodborne
pathogens among Gram-negative bacteria (E. coli O157:H7
and S. enteritidis) and Gram-positive bacteria (S. aureus and B.
cereus) were selected. The interaction between b-CNT and
foodborne pathogens was investigated by focusing specifically
on wettability and nanotopographical and physicochemical
interactivity (Figure S2g).
Previous control of nanobiointerface studies has proven that

numerous nanoscale structures, especially those using 3D
nanostructures, promote bacterial cell adhesion via a nanotopo-
graphical interaction. Interestingly, the bacterial appendages,
such as pili, curli, and fimbriae, govern and regulate bacterial
adhesion at the single-cell level when they approach the
heterogeneous nanostructures.42 On the basis of previous
experience, we hypothesized that the nanocilia on the b-CNT
would promote the adhesion of bacterial appendages, such as
pili, curli, and fimbriae, to nanostructures, as shown in Figure 3a.
As expected from this hypothesis, significant deformation of
bacteria was obviously observed after bacterial cells were
exposed to the nanofeature of b-CNT, as shown in Figure
3b−f. Moreover, the magnified SEM images further clearly show
that the edges of the bacterial cell walls were severely stretched

and deformed near the nanospikes of the b-CNT. The nanocilia
tend to bend toward the cell membrane as the membrane
stretches out. Furthermore, some of the cell membranes were
deformed in a manner similar to that of “tentlike” structures (red
arrows in Figure 3c−e). In particular, B. cereus became thin and
partially transparent to an extent that allowed the observation of
the nanofeatures beneath the bacteria because of severe
deformation (Figure 3e). To study the effects of nano-
topography on bacterial attachment more precisely, the cross-
section of the b-CNTwas investigated using SEM after exposure
to E. coliO157:H7 (Figure 3f). The cross-sectional SEM images
reveal that the bottom of the bacterial membrane was attached
to the nanospikes of several b-CNT units and that the
membrane was severely distorted around nanospinules. The
images clearly confirm that the nanocilia can act as a
topographical adhesive and induce strong interactivity with
the bacterial cell membrane. The topographical adherence
reduces the cell mobility because of the strong cellular affinity
between bacteria and nanostructure. Note that it was difficult to
distinguish the interfacial boundary between the cells and the b-
CNT via SEM, despite the aforementioned intensive morpho-
logical observations, which implies that the bottom interaction
between the cell membrane and the nanofeatures remain
somewhat mysterious and still need to be investigated for further
clarification. Nevertheless, E. coli O157:H7, S. enteritidis, S.
aureus, and B. cereus totally engulfed the nanospinules, while no
significant morphological changes of bacteria were observed on
the bare film in magnified SEM images (Figure S4).
Furthermore, intact bacteria covered from 1% to 70% of the
total areas which is equivalent of 1 to 135 cells/500 μm2 of the b-
CNT after exposure to concentrations of bacteria ranging from
10 to 107 CFU, whereas the bacteria partially covered the flat
bare film (Figures S5 and S6). In addition, the bacteria fairly
maintain their structures on the bare film. These interfacial
interactivity results are similar to the previously reported
electron microscopy observations of the interactions between
mammalian cells and microorganisms with various nanostruc-
tures.23,43

Figure 3. Nanotopological interaction between the b-CNT and bacteria. (a) Schematic illustration of the nanotopographical interaction
mechanism between the b-CNT and the bacterial surface. (B−E) Top-viewed SEM images of the Gram-negative pathogens (b) E. coliO157:H7
and (c) S. enteritis and of the Gram-positive (d) S. aureus and (e) B. cereus on the b-CNT. (f) Cross-sectional SEM image of E. coliO157:H7 on
the b-CNT.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c09411
ACS Nano 2021, 15, 4777−4788

4780

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c09411/suppl_file/nn0c09411_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c09411/suppl_file/nn0c09411_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c09411/suppl_file/nn0c09411_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c09411/suppl_file/nn0c09411_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c09411?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c09411?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c09411?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c09411?fig=fig3&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c09411?ref=pdf


To investigate further the bacterial topographical capturing
mechanism, the cross-sectional SEM observation of the b-
CNT−bacteria interface was accomplished using focus ion
beam (FIB) milling. A top-view SEM image of bacteria on the b-
CNT surface and a schematic illustration of the FIB-SEM
method are shown in parts a and b, respectively, of Figure 4. The
top-view image reveals the partial damage of nanonetworks and
the appearance of small cracks on the b-CNT. This result
suggests that a significant pulling force was applied to the b-
CNT after bacterial interaction, and thus, the pillars were
severely constricted. The FIB-SEMmethod allows us to address
the question of how the surface topographies affect the bacterial
capturing performance because cross-sectional FIB-SEM
imaging can directly show the drastic morphological changes
of bacterial membranes in response to the nanotopography of
the substrate. Parts c−f of Figure 4 depict four serial SEM images
of an E. coliO157:H7-attached b-CNT obtained via continuous
FIB milling. The SEM images reveal the multiple connectivity
between the bacterial membrane and the b-CNT and that the
membrane deformed readily and wrapped conformably around
the protruding nanocilia on the b-CNT. The distinct
deformations of pillar posts and nanocilia were attributed to
the preferential association between the bacterial membrane and
nanofeatures. The strong deformation of the pillars indicates
that the bacteria pulled the nanostructures and bent them
toward them via a strong adherence force. These morphological
changes strongly support the nanotopographical interaction
between nanostructures and bacterial cellular structures. The
hierarchical topographies and positively charged characteristics
of PANI render b-CNT a nanoscale trap for bacteria. The strong
absorption and adhesion ability of b-CNT and its high surface
area provide several binding sites for capturing pathogenic
bacteria. Consequently, these surprising results support the
contention that pathogenic bacteria on contaminated surfaces

can be collected by simple touching and rubbing using the b-
CNT.

Irreversible Bacterial Capture Mechanism and Capa-
bility of the b-CNT. Regarding the processes of bacterial
adhesion via rubbing, the physicochemical interactions between
the bacterial cell wall and the surfaces of the b-CNT facilitate the
adhesion of bacteria (Figure 5a). To evaluate the physicochem-
ical interaction between E. coli O157:H7 and the b-CNT,
Fourier-transform infrared (FT-IR) spectral changes were
measured after exposure of the b-CNT to the infectious
pathogenic bacteria. After the transfer of E. coli O157:H7 onto
the b-CNT, the major small appendages of pathogenic bacteria,
including pili, curli, and fimbriae, provided strong adhesion to
the nanocilia of the b-CNT. For a better understanding of these
complex interaction processes, we traced the stretching
variations of the PANI chemical bonds with E. coli O157:H7
bacteria over 24 h using FT-IR spectroscopy. As the interaction
time increased, the intensities and locations of the benzenoid
and quinoid ring functional groups of PANI clearly changed.
Two-dimensional correlation spectroscopy (2D-COS) was
applied to the in situ FT-IR spectra of E. coli O157:H7 captured
on the b-CNT to further understand the intermolecular
interactions between the PANI-based b-CNT and bacterial
surfaces and to identify the sequence of the spectral intensity
changes according to the interaction time. The 2D correlation
spectra of E. coliO157:H7 captured on the b-CNT are displayed
in Figure 5b. The top panel of Figure 5b shows the synchronous
2D correlation spectrum with the power spectrum extracted
along the diagonal line. The corresponding asynchronous 2D
correlation spectrum is shown in the bottom panel of Figure 5b.
The prominent autopeaks in the power spectrum indicate the
intensity changes of CC (1571 cm−1) andCN (1244 cm−1)
stretching of the quinoid ring and of CC (1485 cm−1), C−N+

(1298 cm−1), and −NH+ (1135 cm−1) stretching of the

Figure 4. Cross-sectional view of bacteria and the b-CNT interface. (a) Top-viewed SEM images of E. coli O157:H7 on the b-CNT. (b)
Schematic illustration of the FIB milling process for cross-sectional view of E. coli O157:H7 and the b-CNT interface. (c−f) Serially obtained
cross-sectional SEM images of E. coli O157:H7 on the b-CNT.
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benzenoid ring. Based on these results, we speculated that the
electrostatic interactions, hydrogen bonding, and van der Waals
forces drove dominantly the strong interfacial adhesion between
the b-CNT and bacteria. The analysis of the cross peaks of 2D
correlation spectra provided the sequence of the intensity
changes that occurred during the bacteria adhesion processes.
After exposure to bacteria, the sequence of intensity changes of
the PANI functional groups was 1133→ 1243→ 1478→ 1565
= 1296→ 1497→ 1590 cm−1. Interestingly, this result indicates
that the electrostatic interaction occurred at the early stage,
whereas the van der Waals and hydrogen bonding interactions
occurred thereafter. In addition, the aromatic and amide groups
of PANI played a critical role in the intermolecular interactions
with the proteins expressed on the bacterial cell wall.
Although the above results demonstrated the high bacterial

adhesivity of the b-CNT, irreversible adhesion was not fully
confirmed. Moreover, the potential release of pathogens during
the detection could cause potential bacterial infections. The
bacterial recovery and capturability tests provide valuable clues
to understand the adhesivity of the b-CNT. To explore its
adhesion performance, the commonly used cotton swab and the

b-CNT swab were selected and directly applied to the E. coli
O157:H7 solution. The backbone of the b-CNT swab was
designed and laid out in 3D using a computer-aided design
(CAD) program for the preparation of geometric coordinates
and was fabricated using a 3D printer (Figure 5c). The detailed
schematic design and dimensions of this swab are illustrated in
Figure S7a,b. Initially, 100 μL of a 106 CFU/mL bacterial
solution was directly applied onto the surface of both the cotton
swab and the b-CNT swab for 1 h followed by their recovery via
elution for further incubation on Luria−Bertani (LB) plates. In
the case of the cotton swab, numerous colonies appeared on the
LB agar plate because of the weak adhesion and detachment of
the pathogenic bacteria (bottom panel of Figure 5c). Noticeably,
the bacteria from the cotton swab were physically adsorbed onto
the cotton matrix, and the relatively week adhesion could be a
source of potential bacterial infections. In contrast, compared
with the cotton swab, no visible colonies were observed on the
LB plate in the case of the b-CNT, while several bacteria were
observed on the surface of the b-CNT by SEM analysis, which
confirmed its strong adhesivity (Figures 5c and S8). For the in-
depth evaluation of the adhesivity of the b-CNT, it was exposed

Figure 5. Physicochemical interaction of the b-CNT with bacteria. (a) Schematic illustration of the bacterial capture process via rubbing of the
b-CNT. (b) Synchronous (top) and asynchronous (bottom) 2D-COS IR spectra of E. coliO157:H7 captured on the b-CNT. (c) Photographic
and SEM images of the b-CNT after rubbing and incubating with E. coliO157:H7 for 30 s and 1 h (top). Scale bars, 500 nm. Photographs of LB
agar plates after bacterial recovery experiments (bottom).
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to the bacteria and incubated for various periods (from 30 s to 1
h), and the bacterial capturability was verified (Figure S8). More
interestingly, even after instant contact (<30 s) with the bacterial
mixture, no bacteria (i.e., 0% of recovery) were released from the
b-CNT. These results strongly support the hypothesis that the b-
CNT is a reliable tool for the irreversible collection of target
pathogens.
Performance Evaluation of the b-CNT for the On-Site

Pathogenic Bacterial Detection. Effective capturing and
quantitative sensing of live foodborne pathogens allow the
examination of the infection risk index accurately. For the
application of the b-CNT to the on-site capturing and sensing of
foodborne pathogenic bacteria, we adopted a simple and rapid
method of detection of the response to live bacteria using a
nuclease-responsive DNA probe. Figure 6a shows the nuclease-
responsive DNA probe, which reacted with bacterial nucleases
specifically. The prepared DNA probe had a fluorescent dye
(FAM) and a quencher (BHQ-1) at the 5′ and 3′ termini,
respectively, with the latter suppressing the fluorescence signal
of FAM. In the presence of bacterial nucleases, the DNA probe is
cleaved by the nucleases, the FAM and quencher are separated,
and the fluorescence signal of FAM is switched on. Therefore,
we can detect bacteria by measuring the fluorescence signal of
the DNA probe after simple mixing with the lysed bacteria. As
shown in the whole sequence of the nuclease-responsive DNA
probe, we designed the probe to have a sticky end, a blunt end,
and a mismatched position because bacterial nucleases
(including exonucleases, endonuclease, and DNase) can
recognize and cleave the sticky end, the blunt end, and the

mismatched position (Figure S9). Moreover, the GC content of
the DNA probe was increased to improve the activity of
endonuclease.
Figure 6b illustrates the capture and detection procedure of

foodborne pathogen bacteria by the b-CNT and the nuclease-
responsive DNA probe. First, foodborne pathogenic bacteria
were captured onto the b-CNT by nanotopographical and
physicochemical interactions. After capture, the bacteria-bound
b-CNT was immersed in the optimized lysis buffer, which
consisted of lysozyme, lysostaphin, ethylenediaminetetraacetic
acid (EDTA), a protease inhibitor cocktail, Tris−HCl, NaCl,
Triton X-100, and 3-((3-cholamidopropyl)dimethylammonio)-
1-propanesulfonate. This buffer can efficiently lyse both Gram-
negative and Gram-positive bacteria. After the lysis of
pathogens, the nucleases released from the bacteria react with
the nuclease-responsive DNA probe, thus increasing the
fluorescence signal. Importantly, the whole procedures used
for bacterial capture and detection required only 5 min for
reaction and fluorescence detection. Therefore, on-site
detection of foodborne pathogens can be realized by simply
measuring the fluorescence signals from the specially designed
nuclease-responsive DNA probe.
To verify the bacterial capture and detection performance of

the b-CNT and nuclease-responsive DNA probe, both Gram-
negative (E. coli O157:H7 and S. enteritidis) and Gram-positive
(S. aureus and B. cereus) foodborne pathogenic bacteria were
tested. The bacterial solutions were prepared at a concentration
ranging from 10 to 107 CFU/mL, and 10 μL of each bacterial
mixture solution was dropped onto the b-CNT, respectively.

Figure 6. b-CNT-based capture and detection of foodborne bacteria using a nuclease-responsive DNA probe. (a) Schematic illustration of the
nuclease-responsive DNA probe designed to be cleaved by bacterial nucleases. The whole sequence of the DNA probe is indicated below the
scheme. The bluemarks in the sequence indicate the target points of nucleases. (b) Schematic illustration of the b-CNT-based bacterial capture
and detection procedure. (c) Plots of fluorescence intensity versus the number of foodborne bacteria (E. coli O157:H7, S. enteritidis, S. aureus,
and B. cereus) after b-CNT-based capture and detection. (d) Selective detection of live and dead bacteria using the b-CNT and nuclease-
responsive DNA probe.
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After drying, the b-CNT was washed with phosphate-buffered
saline (PBS) to remove uncaptured bacteria. As depicted in
Figure 6b, the bacteria captured on the b-CNT were lysed and
the released nuclease reacted with the nuclease-responsive DNA
probe. Figure 6c depicts the plot of fluorescence intensity versus
the number of foodborne pathogens in the final sample solution
(CFU/rxn) after capture by the b-CNT. After the capture of E.
coli O157:H7 and S. enteritidis by the b-CNT, the fluorescence
intensities increased as the number of bacteria increased. As the
fluorescence signals at 102 CFU/rxn were distinguishable from
the signals at 0 CFU/rxn, we estimated that the limit of detection
(LOD) of the b-CNT-based bacterial sensing method for Gram-
negative bacteria was 102 CFU/rxn. Similarly, the fluorescence
signals of S. aureus and B. cereus increased with the increasing
number of pathogens on the b-CNT. The LOD of Gram-
positive bacteria was also 102 CFU/rxn. The percentage
recovery of the developed method was calculated from 89 to
116.6% (Table S1) Considering the minimal infective doses of
foodborne pathogens of 102 to 104 CFU/mL, the b-CNT-based
bacterial sensing method provides reliable sensitivity.44,45 In
addition, the stability of the nuclease-responsiveDNA probe was
examined. After storing the DNA probe at−20 °C for 6 months,
the bacteria could be detectable (Figure S10).
To evaluate and compare the performance of the flat pristine

film, the same condition was applied for the capture and
detection of foodborne bacteria. Interestingly, the fluorescence
signal from the pristine film was negligible, even after capturing
all foodborne pathogenic bacteria, because of its low bacterial
capturing efficiency (Figure S11). Moreover, the morphologies
of the film surfaces were carefully investigated after exposing the
b-CNT and the pristine film to E. coliO157:H7 and S. aureus. As
shown in Figure S5, a relatively low number of bacteria were
located over the bare film, while the b-CNT showed a dense
number of bacteria. This observation indicates that there is
almost no nanotopographical and physicochemical interactivity
between the pristine film and bacteria. Therefore, the consistent
results of the morphological changes and the fluorescence
signals clearly supported the effectiveness and performance
enhancement of the b-CNT.
Viability detection (i.e., live or dead) of foodborne pathogenic

bacteria is important to determine the infection risk index
because only live bacteria cause foodborne diseases. To examine
the specific detection of live bacteria by the b-CNT and
nuclease-responsive DNA probe, the fluorescence signals of live

and dead bacteria were compared after capture, lysis, and
reaction procedure. Live E. coliO157:H7, S. enteritidis, S. aureus,
and B. cereus solutions (each at 104 CFU/rxn) were prepared,
while dead bacteria were heated at 100 °C for 1 h or treated with
70% ethanol for 3 h, as a control group. After the exposure of the
b-CNT to the live and dead bacteria, only the live-bacteria-
captured b-CNT showed strong fluorescence signals, while the
b-CNT that captured dead bacteria exhibited almost no
fluorescence signals (Figure 6d). These findings clearly indicate
that the b-CNT-based bacterial sensing tool can detect live
bacteria specifically. Although the ATP-based bioluminescence
methods have been usedmost widely for the rapid monitoring of
environmental bacterial contamination, those approaches suffer
from the interference of the detection with food residuals and
disinfectants other than bacteria on the target surfaces, even after
sanitization.46 As ATP is commonly present in a variety of
microorganisms, the ATP-based bacterial sensing techniques
often provide an overestimated degree of bacterial contami-
nation and have difficulty in distinguishing live from dead
bacteria (Figure S12).
To investigate the potential applicability of the as-prepared b-

CNT in daily life, the realistic examples of kitchenware items
(knife and cutting board) and food items (salad and drinking
water) were carefully selected. Knives and cutting boards are
commonly used in the kitchen, and fresh salads and drinking
water are frequently ingested daily. To contaminate the food and
kitchenware, E. coli O157:H7 solutions were evenly dropped
onto the precleaned items and the bacteria were directly injected
into the distilled water. As shown in Figure 7a, E. coliO157:H7-
contaminated surfaces were thoroughly rubbed with b-CNT.
The E. coli O157:H7-captured b-CNT was then lysed and
reacted with the nuclease-responsive DNA probe. The rapid
fluorescence signal change was detected within 1 min after
reaction with the nuclease-responsive DNA probe (Movie S1).
The same experimental procedures were carefully and
repeatedly performed using bare films and wet wipes, for
comparison. Figure 7b shows the plots of fluorescence intensity
versus the bacteria capture platforms. The blue bars were
obtained from the E. coli O157:H7-contaminated samples, and
the magenta bars were from clean samples. These observations
clearly show that only the E. coli O157:H7-exposed b-CNT
exhibited strong and reliable fluorescence signals, whereas the
bare film and wet-wipes exhibited almost no significant
fluorescence signal changes. The comparison of the current

Figure 7. b-CNT-based capture and detection of foodborne bacteria from real samples. (a) Photographs of E. coliO157:H7-contaminated knife,
cutting board, salad, and drinking water samples. Pieces of the b- CNT are shown. (b) Plots of fluorescence intensity versus the bacterial capture
platforms. The blue bars were obtained from E. coliO157:H7-contaminated samples and themagenta bars were from pure samples. The b-CNT
alone was able to detect E. coli O157:H7 in kitchen items and food samples.
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method with the ATP technique further suggests the practical
applicability of the method (Figure S13). We anticipate that the
b-CNT and nuclease-responsive DNA probe method may be a
powerful tool for on-site bacterial contamination testing.

CONCLUSION

The b-CNT exhibited high resistivity to touching and water
drying, and strong nanotopographical interactions between
bacterial surfaces and nanocilia were observed, which indicated
an effective and reliable bacterial capturing performance. The
bacterial capturing and sensing performance of the b-CNT were
also investigated through the employment of pathogenic Gram-
negative and Gram-positive models of E. coli O157:H7, S.
enteritidis, S. aureus, and B. cereus. Notably, the nanocilia that
formed on the pillar surface presented strong binding affinity to
the extracellular structure of pathogens, and severe structural
deformation could be observed in numerous electron micro-
scopic images. Under similar conditions, the b-CNT stably
captured both Gram-positive and Gram-negative bacteria, and
no significant reversible attachment was detected, even after
rapid exposure (<30 s) to the bacterial mixture. In addition, the
proposed approach exhibited high bacterial capturing and
sensing capability, with a LOD of 102 CFU/rxn. Moreover, the
method developed here could distinguish live from dead
bacteria, which is important to determine the infection risk
index. Furthermore, the b-CNT maintained its structure,
flexibility, and capturability even after rubbing with various
materials, including metal, wood, and food components. This
method enabled the detection of foodborne pathogenic bacteria
directly from kitchenware that are used daily, food, and
beverages in less than 1 min (Movie S1). This finding confirmed
that the b-CNT-based on-site bacterial capturing and sensing
technique may be useful for the development of a highly reliable,
reproducible, and disposable on-site capturing and sensing
platform for the point-of-care testing of pathogens.

MATERIALS AND METHODS
Reagents.UV-polymerizable NOA63 (Norland Optical Adhesives,

USA), PU (MINS-311RM, Minuta Tech., Korea), perchloric acid
(HClO4, 70%, OCI, Korea), aniline (99.5%, Sigma-Aldrich, USA),
ammonium persulfate (98%, Sigma-Aldrich, USA), lysostaphin (Sigma-
Aldrich, USA), 5 M NaCl (Sigma-Aldrich, USA), 1 M CaCl2 (Sigma-
Aldrich, USA), NEBuffer 2.1 (New England Biolabs, USA), and
lysozyme (Bio Basic, Canada) were purchased and used without further
purification. Triton X-100, 500 mM ethylenediaminetetraacetic acid
(EDTA), and 1 M Tris-HCl (pH 8.0, pH 7.4) were purchased from
Biosesang (Korea). Protease inhibitor cocktail (Roche Diagnostics,
Switzerland), PBS (Thermo Fisher Scientific, USA), and 3-((3-
cholamidopropyl) dimethylammonio)-1-propanesulfonate (Thermo
Fisher Scientific, USA) were used in this experiment. To fabricate
PDMS block, Sylgard 184 silicone elastomer base (Sylgard 184A, Dow
Corning, USA) and Sylgard 184 silicone elastomer curing agent
(Sylgard 184B, Dow Corning, USA) were purchased and mixed with a
10:1 ratio of Sylgard 184A and Sylgard 184B.
Bacterial Culture. E. coli O157:H7 (ATCC 43894), S. enteritidis

(ATCC 13076), S. aureus (ATCC 29213), and B. cereus (ATCC
21768) were obtained from the Korea Research Institute of Bioscience
and Biotechnology. The bacteria were cultured in LB broth at 37 °C for
12−24 h in a shaking incubator. The respective bacterial densities were
measured by optical density at 600 nm (Beckman Coulter DU-730,
USA) to prepare 108 CFU/mL solutions. To prepare a bacterial sample
solution, 108 CFU/mL of bacteria were centrifuged at 12000 rpm for 15
min. After centrifuging, the LB supernatant was discarded, and the
remaining bacteria were resuspended in PBS. The bacterial solution was
serially diluted with PBS for solutions ranging from 103 CFU/mL to 107

CFU/mL. Dead bacterial samples were prepared by heating at 100 °C
for 1 h or treatment with 70% ethanol for 3 h.

Synthesis of the b-CNT and Fabrication of the b-CNT Swab.
As previously reported by our group,47,48 Si wafers were placed in a
furnace (Furnace E1200, Centrotherm, Germany) to form SiO2 layers.
Photoresist (0.7 μm) was coated onto the wafer, and 500 nm dots were
patterned consequently using a KrF scanner (S203−B, Nikon, Japan).
Subsequently, the Si wafer was etched using inductively coupled plasma
(ICP, TCP9400SE, Lam Research, USA) to produce Si nanoholes. The
resultant Si wafer was used as a mold to fabricate NPA. Next, PU and
NOA 63 were blended and spin coated onto the Si mold. A monolithic
thin polyethylene (PET) film with a thickness of 50 μm (Mitsubishi,
Japan) was placed and rolled on the PU and NOA 63-coated Si mold,
followed by exposure to UV light (EVG6200, EVG, Austria) for 60 s.
The PET film with PU and NOA 63 was peeled off from the master
mold. Ti/Au was deposited on the surface of the PU and NOA 63 pillar
using a metal evaporation method. Subsequently, the Ti/Au-coated
pillar was placed in the mixture solution of 1 MHClO4, 0.1 M aniline, 6
mM ammonium persulfate, and deionized (DI) water. Finally, it was
incubated at 3 °C for 24 h to form nanonetworks and was gently rinsed
with DI water. The SEM images were obtained using a Nova230
microscope (FEI Company, USA). The backbone of the b-CNT swab
was designed and laid out in 3D using a CAD program, for the
preparation of geometric coordinates, and was fabricated using a 3D
printer (KINGS 3035 Pro, China) with an ABS-like material (JS-UV-
2016-B, Kings, China). Once the backbone was prepared, the b-CNT
film was attached using the schematic design detailed in Figure S5.

Mechanical Stability against External Force. To apply the
external force on the surface of b-CNT, a PDMS block with dimension
of 1 cm× 1 cm× 1.5 cm was prepared. The PDMS block was placed on
the surface of b-CNT and slowly moved straight to the right while
maintaining the difference pressure force from 160 to 1300 kPa. The
deformed cross-sectional view of b-CNT surface was investigated with
SEM.

Bacterial Capturability Test. The bacterial adhesive properties
were investigated via a bacterial culture test. A 100 μL portion of a 106

CFU/mL bacterial mixture was dropped onto the cotton swab (HUBY-
340, Sole Agent Clean Cross Co., Ltd.) and incubated for 1 h at room
temperature. After incubation, the remaining bacteria were eluted and
spread on an LB agar plate for overnight incubation at 37 °C. In the case
of the 3D printed b-CNT swab, 100 μL of a 106 CFU/mL bacterial
mixture was dropped over different times (from less than 1 min to 1 h)
of incubation at room temperature. After incubation, the bacteria were
recovered from the surface and spread onto the LB agar plates overnight
at 37 °C. After the culture of bacteria, the number of colonies was
counted on each plate.

Preparation of the Nuclease-Responsive DNA Probe. The
nuclease-responsive DNA probe was synthesized and purified by
Genotech (Korea). The sequence of the nuclease-responsive DNA
probe is listed below. The DNA probe was labeled with a fluorescent
dye (FAM) at the 5′ end and a quencher (BHQ-1) at the 3′ end. The
underlined nucleotides indicate the mismatched position: 5′-(FAM)-
ATC ACC CTC CCC GCA CCT AAA GGG TGC GGG GAG GGT-
(BHQ-1)-3′ and 3′-(BHQ-1)-GG GAG GGG CGT GGT TAT CCC
ACG CCC CTC CCA-(FAM)-5′. For the preparation of the nuclease-
responsive DNA probe, the single-stranded oligonucleotide was
dissolved in distilled water at a concentration of 100 μM. Next, the
complementary oligonucleotide at the same molar concentration was
mixed in 50 μL of NEBuffer 2.1. The final concentration of each
oligonucleotide was 2 μM. After denaturation at 95 °C for 10 min, the
oligonucleotides were hybridized at 45 °C for 70 min. After the
formation of the nuclease-responsive DNA probe, the fluorophore and
the quencher on the probe were in close proximity, thus minimizing the
fluorescence intensity.

b-CNT-Based Bacterial Capture and Sensing by the
Nuclease-Responsive DNA Probe. To capture bacteria using the
b-CNT, 10 μL of bacterial solution was dropped onto the b-CNT (5× 5
mm2). Subsequently, the b-CNT was washed with PBS to remove the
uncaptured bacteria. The bacteria-captured b-CNT was then immersed
in 100 μL of lysis buffer at room temperature. The lysis buffer was
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prepared with lysozyme, lysostaphin, EDTA, protease inhibitor
cocktail, Tris−HCl (pH 7.4), NaCl, Triton X-100, and 3-((3-
cholamidopropyl)dimethylammonio)-1-propanesulfonate. The lysed
bacterial solution was diluted with reaction buffer (50 mM Tris−HCl
pH 8.0, 5 mM CaCl2) 10 times to protect the DNA probe and to
enhance nuclease activity. Finally, 10 μL of nuclease-responsive DNA
probe (2 μM) was mixed with 100 μL of the sample solution. The final
mixture sample was loaded in triplicate into a 96-well black microwell
plate (Greiner Bio-One, Germany). The fluorescence signal of the
sample was measured using a fluorescence spectrophotometer (Infinite
M200 PRO, Tecan Trading AG, Switzerland) with excitation at 470 nm
and emission at 520 nm. The same experimental procedures were
repeated using a bare film (5 × 5 mm2) instead of the b-CNT, for
comparison.
Capture and Detection of Pathogenic Bacteria from Real

Kitchenware and Food Samples. Wet wipes, a knife, a cutting
board, salad, and water were purchased from a local market in the
Republic of Korea. Before the experiments, the food, knife, and cutting
board were carefully washed with ultrapure water. Subsequently, 1 mL
of E. coli O157:H7 solution (108 CFU/mL) was evenly dropped onto
the sample and left undisturbed, for evaporation. Thereafter, a piece of
b-CNT (5 × 5 mm2) was directly wrapped onto the surface of a sample
and immersed in 100 μL of lysis buffer. The lysed bacterial solution was
diluted with reaction buffer 10 times, and 100 μL of the diluted sample
solution was mixed with 10 μL of the nuclease-responsive DNA probe.
Finally, the fluorescence signal of the mixture sample was obtained. The
same experimental procedures were repeated using similar-sized bare
film and wet wipes, for comparison. To prepare the drinking water
sample, we intentionally mixed E. coli O157:H7 in 10 μL of drinking
water. The prepared sample solutions were dropped onto the b-CNT,
bare film, and wet wipes, respectively. After drying and washing, each
sample was incubated in 100 μL of lysis buffer. The lysed bacterial
solution was diluted with reaction buffer 10 times. Last, 100 μL of the
diluted sample solution was mixed with 10 μL of the nuclease-
responsive DNA probe, and the fluorescence signals were observed.
2D-COS. E. coli O157:H7 resuspended in deionized water was

dropped onto the b-CNT surface, and FT-IR band shift calibration was
performed with the b-CNT. The in situ FT-IR spectra were serially
collected at 1, 2, 3, 5, 7, 10, 15, 20, 30, 40, 50, 60, 90, 120, 180, 300, 600,
and 1440 min. Before 2D-COS analysis, all in situ FT-IR spectra were
baseline-corrected using the Origin 8.0 software. 2D-COS analysis was
performed using the algorithm developed by Noda.49 Synchronous and
asynchronous 2D correlation in situ FT-IR spectra were obtained using
MATLAB R2017b (The Mathworks Inc., Natick, MA), with the red
and blue lines representing positive and negative cross peaks,
respectively.
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