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ABSTRACT:E ective capture and rapid detection of pathogenic bacteria
causing pandemic/epidemic diseases is an important task for gIB ¥
surveillance and prevention of human health threats. Here, we present ¢
advanced approach for the on-site capture and detection of pathogefg &BO?
bacteria through the combination of hierarchical nanostructures and a

nuclease-responsive DNA probe. The specially designed hierarchical ) ds DNA probe
nanocilia and network structures on the pillar arrays, termed 3D bacterial ~ Bacteria

capturing nanotopographical trap, exhibit excellent mechanical reliability _

and rapid (<30 s) and irreversible bacterial capturability. Moreover, the | s 8% Q,:LO
nuclease-responsive DNA probe enables the highly sensitive and; /mi ’ Olvo
extremely fast (<1 min) detection of bacteria. The bacterial capturin@ge® Z

nanotopographical trap (b-CNT) facilitates the on-site capture and Fluorescence signal
detection of notorious infectious pathogenSs¢herichia co®157:H7,
Salmonella enteritidiStaphylococcus aureaad Bacillus cereugrom
kitchen tools and food samples. Accordingly, the usefulness of the b-CNT isymxhas 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
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pandemic disease spread caused by pathogenic micfd).° ** More recently, various inorganic and/or polymel

organisms, especially infectious foodborne pathogemginotopographies, such as ridges, ripples, nanowire brt
have attracted great interest throughout human histrg. nanocilia, and nanopillars, have been developed by mimit
infection risk is mainly attributed to the direct transmission dhe extracellular surface, thus enhancing the interfacial adh
pathogenic bacteria from contaminated human hands to eitHé@tween the nanofeatures and cells, microorganism,
cookware and food ingredients during cooking or from theiruses’ ** These platforms, however, have been mai
mouth through eatirfgTherefore, it is primarily important and applied to the eld of antibacteria, bio formation, and
highly demanded to develop physicochemical bacterial on-gi@ntrol of cell functiofis” > and are rarely investigated for
capture platforms and sensitive analytical sensors for the on-8ff applied to, the direct capture and detection of infecti
diagnosis of pathogens and, thus, the prevention of potent‘P&Cte“a- The adsorption ofm@roorgamsms on nanostructu
poisoning.  In particular, the understanding of the trans-2 €cted by several topographicetts that are combined with
mission route provides a big opportunity for the development gpncovalent intermolecular interactions, such as ionic, ele
specially designed tools with manipulation of topographies;
functionality, and hybrid composite that enable the early captureceived: November 10, 2020
and detection of pathogews physical rubbing over the Accepted: January 12, 2021
potentially contaminated surfate. Published: January 27, 2021

The physicochemical pathogen capturing approaches have

attracted much attention in the past decade, with great advances
in nanocomposite materials and nanofabrication technologies

I he prevention and early detection of epidemic andiathe manipulation of nanostructures from 0 to 3 dimensi
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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. Scalerbafis) Photographs of bent and twisted b-CNTs

and SEM images of the same b-CNTs after bending and twisting tests. Scale barg, %) 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.

static, and hydrophobic interactions, as well as van der Waatwironment cause false-positive signals freqtRettyently,
forces” ?° Moreover, 3D hierarchical nanostructures cargreat advancements have been made indbtve capture,
provide a signtantly enhanced topographic interactionisolation, concentration, and sensitive analysis of foodborne
between the nanostructures and nanoscale extracellup@athogens by emerging methan nanotechnology and
organelles compared with the nanostructures other dimensiobatechnology”®
features, according to the previous literditit@herefore, it By taking advantage of these technologies for the realization of
could be critical in the control of the surface roughness of nana/ cient bacterial capture and on-site detection, here we report a
microscale substrates for maximizing thieecy of bacterial  design and fabrication method of a 3D bacterial capturing
capture. nanotopographical trap (b-CNT) and its application to on-site
To date, traditional culture-based biochemical assays abaicterial sensing using a nuclease-responsive DNA probe. The
polymerase chain reaction (PCR)-based methods have bde@NT was fabricatedia the construction of polyaniline
predominantly used for the analysis of pathogenic bacter{&ANI) nanocilia on the surface of submicrometer pillar arrays
however, the application of these approaches to on-siwéth arobust mechanical strength against physical touching. The
pathogen detection is limited because of the requirement sifructures of the b-CNT ensured its high reliability, even after
multiple-step, time-consuming, and high-cost analytical proggessing and rubbing on the pathogenic-bacteria-contaminated
dures?’ 3! Alternatively, adenosine triphosphate (ATP)-basedurfaces. The combination of the b-CNT and the spkyi
analysis of bacterial swabs has been widely adopted for the raj@signed DNA probe enabled the detection of representative
detection of pathogeffs®* Although this approach may Gram-positive and Gram-negative foodborne pathogens
somewhat meet the on- S|te monitoring of microbial pathogen&scherichia cOlL57:H7 Salmonella enteritiditaphylococcus
the indistinguishability of alive from dead bacteria limits thaureus and Bacillus cerg¢usvioreover, instant capture of
accurate detection of pathogénis. particular, nonbacterial pathogenic bacteria (<30 s) and on-site analysis were
and extracellular ATP caused by a person, foods, adémonstrated by applying the b-CNT-based capture and
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Figure 2. (a) FEA results for derent numbers of connected pillar cases. (b) Deformed goration from FEA results with nine pillar case and
experimental case. Color legend refers to external-force-directional displacement. (¢) SEM image ereddifdice per area. Scale barpi.

sensing method to kitchen items (knife and cutting board) andamage in the b-CNT was observed and further analyzed by
food ingredients (water, tomato, and cabbage). Moreover, t8&M Figure b d). Interestingly, the nanostructures of b-
results of our analysis demonstrated that the b-CNT-based dDNT retain their original state without any st cracks or

site bacterial capturing and sensing technique could be usefuldamage, even after bending and twiskingure b). More

the prevention of bacterial infection as a reliable, reproducibimportantly, even after 100 kPa of pressing and rubbing of the b-
and disposable point-of-care testing system for pathoge@tlT, which are equivalentto an excessive amount of force when

bacteria. operating a smartphone touchscreen, nocsighistructural
damages to the nanocilia and nanonetworks were observed
RESULTS AND DISCUSSION (Figure t,d). In contrast, the pristine NPA was severely

deformed after 100 kPa of presgtngufe S2a)bThese results
afonrm the excellent mechanical strength of b-CNT against
external forces. The water-evaporation-driven force is also an

500 nm were used as the master mold, and a mixture of NorlajfgPortant parameter that damages the structures of tools during
Optical Adhesive 63 (NOA 63) and polyurethane (PU) at Zbac;er'ial capture; therefore, the structural deformations of both
ratio of 7:3 wt % was used for pillar replication. The replicatedPristine NPA and the b-CNT were compared after exposure to,
NPA was further coated with thin layers of Ti (10 nm) and A@nd evaporation of, a single water droplgti(e S29,fAs
(100 nm) sequentially for the growth of PAbErs. Scanning expected, serious agglomgratlon and structural deformapon
electron microscopy (SEM) measurements were performed e observed in the pristine NPA after water evaporation
investigate the surface morphologies of the Si mold, pristiRgcause of the evaporation-induced _self-as%%”r%ly.
pillar, and b-CNT, respectiveljgure S1Bshows a typical contrast, no sigruant structurgl chan_ge_s in fthe b-C_NT were
morphology of the Si mold with a nanohole array for thé@bserved after water evaporation. This is mainly attributed to the
construction of NPA. For the construction of the NPA, spirfnhancement of pillar strength by the formation of PANI
coating of the NOA 63 and PU mixture onto an Si mold enable@nonetworks on the NPA. These results cleargdarat the
the formation of a highly ordered NPA on the AETwitha  P-CNT possesses stient mechanical stability for the direct
diameter of about 500 nm and an aspect ratio of Eigusg  capture of pathogenic bacteria in reavidgouching and
1a). Meanwhile, the SEM images shown in the middle and rigk{Pbing. . N
panels ofigure & are the NPA after Ti/Au coating and thal To understand the mechanical stability of the b-CNT, we
b-CNT structure, respectively. To construcexble and  e€mploy the COMSOL Multiphysics software for performing
touchable substrate for bacterial pathogen capturing, a 3Dite element analyses (FEA) to elucidate the mechanism
hierarchical nanonetwork between NPA and nanocilia w&e€hind the enhanced bendingretss of connected pillars.
formedviathe polymerization of aniline &tGfor 24 h. Youngs modulus and Poiss®ratio of the pillars are set to be
For the e cient capture of bactenia the touching and 24 MPa and 0.3, respectively. Ysumgdulus and Poiss®on
rubbing of b-CNT on surfaces in real life, it should have not onltio of the PANI are set to be 1.91 GPa and 0.38, respéttively.
excellent mechanical stability against external forces but al¥e perform multiple simulations of pillar bending subjected to
high adhesion to the bacteria. To achieve such goals, tegternal force by varying the number of the PANI connections
nanonetwork and nanocilia of the b-CNT were designed tper pillar. Applied force per pillar is kept constant in order to
absorb the external forces and to enhance the bacterislectively examine the structuratieon the bending stiess.
capturability. Before applying the developed b-CNT to bacteri@etailed information on the dimension and the geometry of the
capture and detection, the mechanical reliability under touchisgnnected pillars can be founBigure S3As shown iffigure
and rubbingi(e, normal and shear stress) and the resilience dfa, the bending stiess increases monotonically as more pillars
the b-CNT are investigated. To evaluate the structural stabiligge connectedrigure B shows the deformed cguarations
of the b-CNT under mechanical stress, it was bent, twistefiipm FEA for connected nine pillar cases; their original
vertically pressed, and horizontally rubbed. After exposuredon gurations are visualized by black contours, whereas the
these dierent categories of mechanical stress, the structudéformed corgurations are visualized by color coding

Fabrication of the b-CNT and Its Mechanical Proper-
ties. The overall processes of b-CNT fabrication are schem
cally shown iRigures & andS1A SiG holes with a diameter of
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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 surfac€EBop-viewed SEM images of the Gram-negative pathogeis (0)i0157:H7

and (¢)S. enteritiand of the Gram-positive (d}. aureuand (e)B. cereusn the b-CNT. (f) Cross-sectional SEM imagéotoli0157:H7 on

the b-CNT.

according to the displaceméidure 2 shows the SEM images and deformed near the nanospikes of the b-CNT. The nanocilia
under dierent force per area. The tilt angles under deformatiotend to bend toward the cell membrane as the membrane
measured from experiments and FEA show a good matchstietches out. Furthermore, some of the cell membranes were
depicted irFigure 2. Irreversible damage is observed the forceeformed in a manner similar to thateftlike structures (red
per area beyond 1307 kPa, and thus, the mismatch betwemrows irFigure 8 e). In particulaB. ceredmecame thin and
experiments and simulations increases because linear elgstitially transparent to an extent that allowed the observation of
response is assumed in FEA simulations. The displacement Hrel nanofeatures beneath the bacteria because of severe
failure in the large stress regime were not captured vedgformation Figure 8). To study the ects of nano-
accurately in simulations because we assumed linear elasiography on bacterial attachment more precisely, the cross-
constitutive relations in FEM analysis. Moreover, the b-CN$ection of the b-CNT was investigated using SEM after exposure
exhibited reliable mechanical stability even after exposure to tb&. colD157:H7 Figure §. The cross-sectional SEM images
strong external forces, while the pristine nanopillars wereveal that the bottom of the bacterial membrane was attached
severely aggregaté&tglre S2h to the nanospikes of several b-CNT units and that the
Topographical Interaction between the b-CNT and membrane was severely distorted around nanospinules. The
Bacteria. To understand the topographical and physicochenimages clearly camn that the nanocilia can act as a
ical interactivity between b-CNT structures and pathogentopographical adhesive and induce strong interactivity with
bacteria, four representative highly infectious foodborrtee bacterial cell membrane. The topographical adherence
pathogens among Gram-negative bacteriao(iO157:H7 reduces the cell mobility because of the strong cellnigr a
andsS. enteritidigsnd Gram-positive bacteri& GureusndB. between bacteria and nanostructure. Note that it vadtdo
ceregswere selected. The interaction between b-CNT andlistinguish the interfacial boundary between the cells and the b-
foodborne pathogens was investigated by focusingadlyeci CNT viaSEM, despite the aforementioned intensive morpho-
on wettability and nanotopographical and physicochemidalgical observations, which implies that the bottom interaction
interactivity Figure S2g between the cell membrane and the nanofeatures remain
Previous control of nanobiointerface studies has proven ttaimewhat mysterious and still need to be investigated for further
numerous nanoscale structures, especially those using @&xi cation. Nevertheleds, coliO157:H7,S. enteritidisS.
nanostructures, promote bacterial cell adhés@amnanotopo-  aureusandB. cereustally engulfed the nanospinules, while no
graphical interaction. Interestingly, the bacterial appendagsigini cant morphological changes of bacteria were observed on
such as pili, curli, andnbriae, govern and regulate bacterialthe bare Im in magnied SEM imagesF{gure S}
adhesion at the single-cell level when they approach tRerthermore, intact bacteria covered from 1% to 70% of the
heterogeneous nanostruct(ife®©n the basis of previous total areas which is equivalent of 1 to 135 cellsfalgf the b-
experience, we hypothesized that the nanocilia on the b-CNONT after exposure to concentrations of bacteria ranging from
would promote the adhesion of bacterial appendages, suchl@go 13 CFU, whereas the bacteria partially coveredithe
pili, curli, andmbriae, to nanostructures, as showigime 3. bare Im (Figures S5 and 56n addition, the bacteria fairly
As expected from this hypothesis, signi deformation of maintain their structures on the bara. These interfacial
bacteria was obviously observed after bacterial cells warractivity results are similar to the previously reported
exposed to the nanofeature of b-CNT, as showigime electron microscopy observations of the interactions between
3b f. Moreover, the mageid SEM images further clearly show mammalian cells and microorganisms with various nanostruc-
that the edges of the bacterial cell walls were severely stretcheds™>*
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Figure 4. Cross-sectional view of bacteria and the b-CNT interface. (a) Top-viewed SEM ainBge®liO157:H7 on the b-CNT. (b)
Schematic illustration of the FIB milling process for cross-sectional viewaafliO157:H7 and the b-CNT interface. (€) Serially obtained
cross-sectional SEM imagesofcoliO157:H7 on the b-CNT.

To investigate further the bacterial topographical capturingan be collected by simple touching and rubbing using the b-
mechanism, the cross-sectional SEM observation of the GNT.
CNT bacteria interface was accomplished using focus ionlrreversible Bacterial Capture Mechanism and Capa-
beam (FIB) milling. A top-view SEM image of bacteria on the Wility of the b-CNT. Regarding the processes of bacterial
CNT surface and a schematic illustration of the FIB-SEMdhesioriarubbing, the physicochemical interactions between
method are shown in parts a and b, respectivetyyiaf 4The the bacterial cell wall and the surfaces of the b-CNT facilitate the
top-view image reveals the partial damage of nanonetworks adfiesion of bacterigigure &). To evaluate the physicochem-
the appearance of small cracks on the b-CNT. This resuttal interaction betweds. coliO157:H7 and the b-CNT,
suggests that a sigrant pulling force was applied to the b- Fourier-transform infrared (FT-IR) spectral changes were
CNT after bacterial interaction, and thus, the pillars wermeasured after exposure of the b-CNT to the infectious
severely constricted. The FIB-SEM method allows us to addr@sghogenic bacteria. After the transfir 06l0157:H7 onto
the question of how the surface topographeesthe bacterial  the b-CNT, the major small appendages of pathogenic bacteria,
capturing performance because cross-sectional FIB-SHidluding pili, curli, andmbriae, provided strong adhesion to
imaging can directly show the drastic morphological changd® nanocilia of the b-CNT. For a better understanding of these
of bacterial membranes in response to the nanotopographycoimplex interaction processes, we traced the stretching
the substrate. Partsfof Figure 4epict four serial SEMimages variations of the PANI chemical bonds ®itleoliO157:H7
of anE. colD157:H7-attached b-CNT obtainéaicontinuous  bacteria over 24 h using FT-IR spectroscopy. As the interaction
FIB milling. The SEM images reveal the multiple connectivityme increased, the intensities and locations of the benzenoid
between the bacterial membrane and the b-CNT and that thed quinoid ring functional groups of PANI clearly changed.
membrane deformed readily and wrapped conformably aroufd/o-dimensional correlation spectroscopy (2D-COS) was
the protruding nanocilia on the b-CNT. The distinct applied to thén situFT-IR spectra d&. colD157:H7 captured
deformations of pillar posts and nanocilia were attributed ton the b-CNT to further understand the intermolecular
the preferential association between the bacterial membrane antdractions between the PANI-based b-CNT and bacterial
nanofeatures. The strong deformation of the pillars indicatearfaces and to identify the sequence of the spectral intensity
that the bacteria pulled the nanostructures and bent themhanges according to the interaction time. The 2D correlation
toward thenviaa strong adherence force. These morphologicalpectra dt. colD157:H7 captured on the b-CNT are displayed
changes strongly support the nanotopographical interactionFigure b. The top panel éfigure b shows the synchronous
between nanostructures and bacterial cellular structures. T2i2 correlation spectrum with the power spectrum extracted
hierarchical topographies and positively charged characteristicgg the diagonal line. The corresponding asynchronous 2D
of PANIrender b-CNT a nanoscale trap for bacteria. The strorgprrelation spectrum is shown in the bottom paRejuf b.
absorption and adhesion ability of b-CNT and its high surfacehe prominent autopeaks in the power spectrum indicate the
area provide several binding sites for capturing pathogemmensity changes of G (1571 cm)andC N (1244 cm?)
bacteria. Consequently, these surprising results support 8teetching of the quinoid ring and of C (1485 cm?), C N*
contention that pathogenic bacteria on contaminated surfagd®98 cm?), and NH* (1135 cm?) stretching of the

4781 https://dx.doi.org/10.1021/acsnano.0c09411
ACS Nan@021, 15, 47774788


https://pubs.acs.org/doi/10.1021/acsnano.0c09411?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c09411?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c09411?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c09411?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c09411?ref=pdf

Figure 5. Physicochemical interaction of the b-CNT with bacteria. (a) Schematic illustration of the bacterial capture/jaradasiag of the
b-CNT. (b) Synchronous (top) and asynchronous (bottom) 2D-COS IR spectaailiO157:H7 captured on the b-CNT. (c) Photographic
and SEM images of the b-CNT after rubbing and incubatingittoli0157:H7 for 30 s and 1 h (top). Scale bars, 500 nm. Photographs of LB
agar plates after bacterial recovery experiments (bottom).

benzenoid ring. Based on these results, we speculated thattHeNT swab were selected and directly applied . i
electrostatic interactions, hydrogen bonding, and van der Wa@ls57:H7 solution. The backbone of the b-CNT swab was
forces drove dominantly the strong interfacial adhesion betwedgsigned and laid out in 3D using a computer-aided design
the b-CNT and bacteria. The analysis of the cross peaks of 20AD) program for the preparation of geometric coordinates
correlation spectra provided the sequence of the intensityd was fabricated using a 3D pririteyufe 8). The detailed
changes that occurred during the bacteria adhesion processeBematic design and dimensions of this swab are illustrated in
After exposure to bacteria, the sequence of intensity changeigfire S7a,dnitially, 100 L of a 16 CFU/mL bacterial
the PANI functional groups was 1138243 1478 1565 solution was directly applied onto the surface of both the cotton
=1296 1497 1590 cm® Interestingly, this resultindicates swab and the b-CNT swab for 1 h followed by their restavery
that the electrostatic interaction occurred at the early stagdution for further incubation on Lurertani (LB) plates. In
whereas the van der Waals and hydrogen bonding interactidhe case of the cotton swab, numerous colonies appeared on the
occurred thereafter. In addition, the aromatic and amide groupB agar plate because of the weak adhesion and detachment of
of PANI played a critical role in the intermolecular interactionthe pathogenic bacteria (bottom parielnfre §). Noticeably,
with the proteins expressed on the bacterial cell wall. the bacteria from the cotton swab were physically adsorbed onto
Although the above results demonstrated the high bacterthe cotton matrix, and the relatively week adhesion could be a
adhesivity of the b-CNT, irreversible adhesion was not fulource of potential bacterial infections. In contrast, compared
con rmed. Moreover, the potential release of pathogens durimgth the cotton swab, no visible colonies were observed on the
the detection could cause potential bacterial infections. The3 plate in the case of the b-CNT, while several bacteria were
bacterial recovery and capturability tests provide valuable cloéserved on the surface of the b-CNT by SEM analysis, which
to understand the adhesivity of the b-CNT. To explore it€on rmed its strong adhesivifjigures &andS§. For the in-
adhesion performance, the commonly used cotton swab and thepth evaluation of the adhesivity of the b-CNT, it was exposed
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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 blue marks in the sequence indicate the target points of nucleases. (b) Schematic illustration of the b-CNT-based bacterial capture
and detection procedure. (c) Plots ofiorescence intensityersuthe number of foodborne bacteri&(coliO157:H7,S. enteritidisS. aureys

and B. cerejgsafter b-CNT-based capture and detection. (d) Selective detection of live and dead bacteria using the b-CNT and nuclease-
responsive DNA probe.

to the bacteria and incubated for various periods (from 30 s tomhismatched positiofigure SP Moreover, the GC content of
h), and the bacterial capturability wase@(Figure SB More the DNA probe was increased to improve the activity of
interestingly, even after instant contact (<30 s) with the bacteri@ahdonuclease.
mixture, no bacteriad, 0% of recovery) were released fromthe Figure 6 illustrates the capture and detection procedure of
b-CNT. These results strongly support the hypothesis that thelmodborne pathogen bacteria by the b-CNT and the nuclease-
CNT is a reliable tool for the irreversible collection of targetesponsive DNA probe. First, foodborne pathogenic bacteria
pathogens. were captured onto the b-CNT by nanotopographical and
Performance Evaluation of the b-CNT for the On-Site physicochemical interactions. After capture, the bacteria-bound
Pathogenic Bacterial Detection. E ective capturing and b-CNT was immersed in the optimized lysiefuwhich
guantitative sensing of live foodborne pathogens allow tlensisted of lysozyme, lysostaphin, ethylenediaminetetraacetic
examination of the infection risk index accurately. For thacid (EDTA), a protease inhibitor cocktail, THi€l, NaCl,
application of the b-CNT to the on-site capturing and sensing @iton X-100, and 3-((3-cholamidopropyl)dimethylammonio)-
foodborne pathogenic bacteria, we adopted a simple and rapigropanesulfonate. This eucan e ciently lyse both Gram-
method of detection of the response to live bacteria usingreegative and Gram-positive bacteria. After the lysis of
nuclease-responsive DNA préfmire @ shows the nuclease- pathogens, the nucleases released from the bacteria react with
responsive DNA probe, which reacted with bacterial nucleaske nuclease-responsive DNA probe, thus increasing the
specically. The prepared DNA probe haduarescent dye uorescence signal. Importantly, the whole procedures used
(FAM) and a quencher (BHQ-1) at the &d 3 termini, for bacterial capture and detection required only 5 min for
respectively, with the latter suppressinguitrescence signal reaction and uorescence detection. Therefore, on-site
of FAM. In the presence of bacterial nucleases, the DNA probealistection of foodborne pathogens can be realized by simply
cleaved by the nucleases, the FAM and quencher are separatezisuring theuorescence signals from the specially designed
and the uorescence signal of FAM is switched on. Thereforeuclease-responsive DNA probe.
we can detect bacteria by measuringukescence signal of  To verify the bacterial capture and detection performance of
the DNA probe after simple mixing with the lysed bacteria. Ake b-CNT and nuclease-responsive DNA probe, both Gram-
shown in the whole sequence of the nuclease-responsive Dhygativek. colD157:H7 and. enteritidiand Gram-positive
probe, we designed the probe to have a sticky end, a blunt e(8, aureuandB. cerel$oodborne pathogenic bacteria were
and a mismatched position because bacterial nucleasested. The bacterial solutions were prepared at a concentration
(including exonucleases, endonuclease, and DNase) aanging from 10 to I@FU/mL, and 10 L of each bacterial
recognize and cleave the sticky end, the blunt end, and thexture solution was dropped onto the b-CNT, respectively.
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Figure 7. b-CNT-based capture and detection of foodborne bacteria from real samples. (a) Photodtaphl©df57:H7-contaminated knife,
cutting board, salad, and drinking water samples. Pieces of the b- CNT are shown. (b) Rlot®stence intensitsersuthe bacterial capture
platforms. The blue bars were obtained frencoli0157:H7-contaminated samples and the magenta bars were from pure samples. The b-CNT
alone was able to deteEt coliO157:H7 in kitchen items and food samples.

After drying, the b-CNT was washed with phosphateelu =~ and dead bacteria were compared after capture, lysis, and
saline (PBS) to remove uncaptured bacteria. As depicted figaction procedure. LizecolD157:H7S. enteritidiS. aureyus
Figure ©, the bacteria captured on the b-CNT were lysed andndB. cerewslutions (each at AGCFU/rxn) were prepared,
the released nuclease reacted with the nuclease-responsive BiKie dead bacteria were heated at@@ér 1 h or treated with
probeFigure 6 depicts the plot ofiorescence intensitgrsus ~ 70% ethanol for 3 h, as a control group. After the exposure of the
the number of foodborne pathogens intlaésample solution b-CNT to the live and dead bacteria, only the live-bacteria-
(CFUI/rxn) after capture by the b-CNT. After the captuke of captured b-CNT showed strongprescence signals, while the
coli0O157:H7 ands. enteritidisy the b-CNT, theuorescence  b-CNT that captured dead bacteria exhibited almost no
intensities increased as the number of bacteria increased. As ti@rescence signatsgure @). These ndings clearly indicate
uorescence signals a @BU/rxn were distinguishable from that the b-CNT-based bacterial sensing tool can detect live
the signals at 0 CFU/rxn, we estimated that the limit of detectiopacteria spedally. Although the ATP-based bioluminescence
(LOD) of the b-CNT-based bacterial sensing method for Grammethods have been used most widely for the rapid monitoring of
negative bacteria wag CFU/rxn. Similarly, theuorescence  environmental bacterial contamination, those approades su
signals 08. aureusndB. cereuncreased with the increasing from the interference of the detection with food residuals and
number of pathogens on the b-CNT. The LOD of Gram-disinfectants other than bacteria on the target surfaces, even after
positive bacteria was alsd TGFU/rxn. The percentage sanitizatioi® As ATP is commonly present in a variety of
recovery of the developed method was calculated from 89 riicroorganisms, the ATP-based bacterial sensing techniques
116.6% Table S} Considering the minimal infective doses of often provide an overestimated degree of bacterial contami-
foodborne pathogens of 1910 CFU/mL, the b-CNT-based nation and have deulty in distinguishing live from dead
bacterial sensing method provides reliable serf$itvity.  bacteriaEigure S12
addition, the stability of the nuclease-responsive DNA probe wag o investigate the potential applicability of the as-prepared b-
examined. After storing the DNA probezft°C for 6 months,  CNT in dalily life, the realistic examples of kitchenware items
the bacteria could be detectablgre S10 (knife and cutting board) and food items (salad and drinking
To evaluate and compare the performance daittpeistine water) were carefully selected. Knives and cutting boards are
Im, the same condition was applied for the capture ancbommonly used in the kitchen, and fresh salads and drinking
detection of foodborne bacteria. Interestinglyutvescence  water are frequently ingested daily. To contaminate the food and
signal from the pristiném was negligible, even after capturingkitchenwarek:. coliO157:H7 solutions were evenly dropped
all foodborne pathogenic bacteria, because of its low bactedato the precleaned items and the bacteria were directly injected
capturing eciency Figure S1)1 Moreover, the morphologies into the distilled water. As showRigure a,E. colD157:H7-
of the Im surfaces were carefully investigated after exposing ttantaminated surfaces were thoroughly rubbed with b-CNT.
b-CNT and the pristindm toE. colD157:H7 and. aureuss The E. coliO157:H7-captured b-CNT was then lysed and
shown inFigure Sha relatively low number of bacteria werereacted with the nuclease-responsive DNA probe. The rapid
located over the barém, while the b-CNT showed a dense uorescence signal change was detected within 1 min after
number of bacteria. This observation indicates that there rieaction with the nuclease-responsive DNA préigd S).
almost no nanotopographical and physicochemical interactivithe same experimental procedures were carefully and
between the pristinédm and bacteria. Therefore, the consistentrepeatedly performed using bams and wet wipes, for
results of the morphological changes and ubeescence comparisoriigure B shows the plots ofiorescence intensity
signals clearly supported theotiveness and performance versushe bacteria capture platforms. The blue bars were
enhancement of the b-CNT. obtained from thg. colD157:H7-contaminated samples, and
Viability detection , live or dead) of foodborne pathogenic the magenta bars were from clean samples. These observations
bacteria is important to determine the infection risk indexlearly show that only tlte coliO157:H7-exposed b-CNT
because only live bacteria cause foodborne diseases. To exagxhibited strong and reliableorescence signals, whereas the
the specic detection of live bacteria by the b-CNT and bare Im and wet-wipes exhibited almost no signt
nuclease-responsive DNA probe,ibesscence signals of live uorescence signal changes. The comparison of the current
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method with the ATP technique further suggests the practic@FU/mL. Dead bacterial samples were prepared by heatinfGt 100
applicability of the methoBifure S13We anticipate thatthe  for 1 h or treatment with 70% ethanol for 3 h.
b-CNT and nuclease-responsive DNA probe method may be aoynthesis of the b-CNT and Fabrication of the b-CNT Swab.

. 7’ . .
powerful tool for on-site bacterial contamination testing. fusrn‘ggg'?F“usr'zafg’Erltggob%‘;‘s‘;rg;ﬁﬁhs'Gv‘é?ﬁgsn;’/‘)’igefg;ggé” a

Photoresist (0.7m) was coated onto the wafer, and 500 nm dots were
patterned consequently using a KrF scanner (828&on, Japan).

The b-CNT exhibited high resistivity to touching and watepPubsequently, the Siwafer was etched using inductively coupled plasma
drying, and strong nanotopographical interactions betweélﬁ:P,TCP%OOSE, Lam Research, USA) to produce Si hanoholes. The

. s S Itant Si wafer was used as a mold to fabricate NPA. Next, PU and
bacterial surfaces and nanocilia were observed, which indic 63 were blended and spin coated onto the Si mold. A monolithic

an eective and_ reliable baC.tenaI capturing performance. Theg, polyethylene (PET)im with a thickness of 5@n (Mitsubishi,
bacterial capturing and sensing performance of the b-CNT wWejig,an) was placed and rolled on the PU and NOA 63-coated Si mold,
also investigated through the employment of pathogenic Grafstiowed by exposure to UV light (EVG6200, EVG, Austria) for 60 s.
negative and Gram-positive model&.o€oliO157:H7,S. The PET Im with PU and NOA 63 was peeledfimm the master
enteritidjsS. aureusndB. cereuslotably, the nanocilia that mold. Ti/Au was deposited on the surface of the PU and NOA 63 pillar
formed on the pillar surface presented strong bindiity to using a metal evaporation method. Subsequently, the Ti/Au-coated
the extracellular structure of pathogens, and severe struct@ldr was placed in the mixture solution of 1 M HQIQ M aniline, 6

deformation could be observed in numerous electron micr§iM ammonium persulfate, and deionized (DI) water. Finally, it was

. o o _ cubated at 3C for 24 h to form nanonetworks and was gently rinsed
scopic images. Under similar conditions, the b-CNT StabWit DI water. The SEM images were obtained using a Nova230

captl_Jre_d both Gram_-posmve and Gram-negative bacteria, a roscope (FEI Company, USA). The backbone of the b-CNT swab
no signicant reversible attachment was detected, even afighs gesigned and laid out in 3D using a CAD program, for the
rapid exposure (<30 s) to the bacterial mixture. In addition, thgreparation of geometric coordinates, and was fabricated using a 3D
proposed approach exhibited high bacterial capturing apénter (KINGS 3035 Pro, China) with an ABS-like material (JS-UV-
sensing capability, with a LOD of @BU/rxn. Moreover, the  2016-B, Kings, China). Once the backbone was prepared, the b-CNT
method developed here could distinguish live from deadm was attached using the schematic design detilgatinS5
bacteria, which is important to determine the infection risk Mechanical Stability against External Force.To apply the
index. Furthermore, the b-CNT maintained its Structure@xternalforce on the surface of b-CNT, a PDMS block with dimension

T i ; ; . af Lecmx 1 cmx 1.5 cm was prepared. The PDMS block was placed on
exibility, and capturability even after rubbing with Varloh’_ﬁ:#e surface of b-CNT and slowly moved straight to the right while

materials, including metal, wood, and food components. T Jaintaining the derence pressure force from 160 to 1300 kPa. The

”?ethOd enabled_ the detection of foodborne path_ogenic baCteﬁl'@formed cross-sectional view of b-CNT surface was investigated with
directly from kitchenware that are used daily, food, anggy.

beverages in less than 1 moyie S). This nding conrmed Bacterial Capturability Test. The bacterial adhesive properties
that the b-CNT-based on-site bacterial capturing and sensingre investigateiha bacterial culture test. A 1Q0portion of a 19
technigue may be useful for the development of a highly reliab@dU/mL bacterial mixture was dropped onto the cotton swab (HUBY-
reproducible, and disposable on-site capturing and sens#f§. Sole Agent Clean Cross Co., Ltd.) and incubated for 1 h at room
platform for the point-of-care testing of pathogens. temperature. After incubation, the remaining bacteria were eluted and
spread on an LB agar plate for overnight incubatiottatiBThe case
of the 3D printed b-CNT swab, 100 of a 16 CFU/mL bacterial
mixture was dropped overatient times (from less than 1 minto 1 h)
Reagents.UV-polymerizable NOA63 (Norland Optical Adhesives,of incubation at room temperature. After incubation, the bacteria were
USA), PU (MINS-311RM, Minuta Tech., Korea), perchloric acidrecovered from the surface and spread onto the LB agar plates overnight
(HCIO,, 70%, OCI, Korea), aniline (99.5%, Sigma-Aldrich, USA)at 37°C. After the culture of bacteria, the number of colonies was
ammonium persulfate (98%, Sigma-Aldrich, USA), lysostaphin (Signeaunted on each plate.
Aldrich, USA), 5 M NaCl (Sigma-Aldrich, USA), 1 M ¢ggigma- Preparation of the Nuclease-Responsive DNA ProbeThe
Aldrich, USA), NEBer 2.1 (New England Biolabs, USA), and nuclease-responsive DNA probe was synthesized aed pyri
lysozyme (Bio Basic, Canada) were purchased and used without furtGenotech (Korea). The sequence of the nuclease-responsive DNA
puri cation. Triton X-100, 500 mM ethylenediaminetetraacetic acigrobe is listed below. The DNA probe was labeled wittrescent
(EDTA), and 1 M Tris-HCI (pH 8.0, pH 7.4) were purchased from dye (FAM) at the 5end and a quencher (BHQ-1) at theid. The
Biosesang (Korea). Protease inhibitor cocktail (Roche Diagnostiesyderlined nucleotides indicate the mismatched posH{GHANS)-
Switzerland), PBS (Thermo Fisher ScientUSA), and 3-((3- ATCACCCTC CCC GCACCT AAAGGG TGC GGG GAG GGT-
cholamidopropyl) dimethylammonio)-1-propanesulfonate (Therm@BHQ-1)-3 and 3-(BHQ-1)-GG GAG GGG CGT GGT TAT CCC
Fisher Scientt, USA) were used in this experiment. To fabricateACG CCC CTC CCA-(FAM)-5For the preparation of the nuclease-
PDMS block, Sylgard 184 silicone elastomer base (Sylgard 184A, Desponsive DNA probe, the single-stranded oligonucleotide was
Corning, USA) and Sylgard 184 silicone elastomer curing agedissolved in distilled water at a concentration of MIOMNext, the
(Sylgard 184B, Dow Corning, USA) were purchased and mixed witttamplementary oligonucleotide at the same molar concentration was
10:1 ratio of Sylgard 184A and Sylgard 184B. mixed in 50 L of NEBuer 2.1. The nal concentration of each
Bacterial Culture. E. coliO157:H7 (ATCC 43894)5. enteritidis  oligonucleotide was 1. After denaturation at 96 for 10 min, the
(ATCC 13076),S. aureuATCC 29213), andB. cereuATCC oligonucleotides were hybridized at°@5for 70 min. After the
21768) were obtained from the Korea Research Institute of Bioscierfoemation of the nuclease-responsive DNA probeidtaphore and
and Biotechnology. The bacteria were cultured in LB brottCafioa7 the quencher on the probe were in close proximity, thus minimizing the
12 24 hinashaking incubator. The respective bacterial densities wet@rescence intensity.
measured by optical density at 600 nm (Beckman Coulter DU-730,b-CNT-Based Bacterial Capture and Sensing by the
USA) to prepare $CFU/mL solutions. To prepare a bacterial sample Nuclease-Responsive DNA ProbeTo capture bacteria using the
solution, 1YCFU/mL of bacteria were centrifuged at 12000 rpm for 15b-CNT, 10 L of bacterial solution was dropped onto the b-CNB(5
min. After centrifuging, the LB supernatant was discarded, and ther?). Subsequently, the b-CNT was washed with PBS to remove the
remaining bacteria were resuspended in PBS. The bacterial solutionwasaptured bacteria. The bacteria-captured b-CNT was then immersed
serially diluted with PBS for solutions ranging fré@FL0OmL to 10 in 100 L of lysis buer at room temperature. The lysisdouvas
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cholamidopropyl)dimethylammonio)-1-propanesulfonate. The lysed Taejoon Kang Bionanotechnology Research Center, Korea
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A ) . aejeon 34141, Republic of Kereaid.org/0000-0002-
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