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Abstract

cycling.

A bacteria-capturing platform is a critical function of accurate, quantitative, and sensitive identification of bacterial
pathogens for potential usage in the detection of foodborne diseases. Despite the development of various nano-
structures and their surface chemical modification strategies, relative to the principal physical contact propagation of
bacterial infections, mechanically robust and nanostructured platforms that are available to capture bacteria remain

a significant problem. Here, a three-dimensional (3D) hierarchically structured polyaniline nanoweb film is devel-
oped for the efficient capture of bacterial pathogens by hand-touching. This unique nanostructure ensures sufficient
mechanical resistance when exposed to compression and shear forces and facilitates the 3D interfacial interactions
between bacterial extracellular organelles and polyaniline surfaces. The bacterial pathogens (Escherichia coli O157:H7,
Salmonella enteritidis, and Staphylococcus aureus) are efficiently captured through finger-touching, as verified by the
polymerase chain reaction (PCR) analysis. Moreover, the real-time PCR results of finger-touched cells on a 3D nanoweb
film show a highly sensitive detection of bacteria, which is similar to those of the real-time PCR using cultured cells
without the capturing step without any interfering of fluorescence signal and structural deformation during thermal
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1 Introduction

Early-stage detection of pathogenic bacteria, especially
foodborne pathogens, becomes a most important task
because they cause severe hospitalization and even mor-
tality from foodborne illnesses [1-4]. These diseases
are typically spread by everyday used items or food
and human-to-human skin contacts (Fig. 1a) [5, 6]. In
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particular, the most common and critical transmission
route of infection propagation becomes by hands [7]. On
average, human hands can carry 3200 bacteria from 150
different species, and the World Health Organization
(WHO) suggests several guidelines about hygiene to pre-
vent healthcare-associated infections [8—10]. However,
most of the diseases have been continuing to occur even
though various preventions are applied. Therefore, early
diagnostic systems to identify the source of the infection
and prevent the local outbreaks for bacterial infectious
diseases are required [11].

Up-to-date, great efforts have been made to develop
diverse kinds of molecular diagnostics technologies
based on the colorimetric [12], light-scattering [13],
fluorescence [14], electrochemical [15], and surface-
enhanced Raman scattering methods [16]. In these
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Fig. 1 Schematics of a a widespread of bacteria pathogens by human hand contacts; b a desired attachment of bacteria to a solid surface of
capture platform by a pathogen to 3D nanostructural attachments; ¢ PUN and f 3D HPN films. SEM images of d, e PUN and g, h 3D HPN films.
Raman spectra and maps of i PUN and j 3D HPN films. Polyurethane and polyaniline were denoted as PU and PANI, respectively. k Photographs of a
large-area 3D HPN film and its practical applications as attachments to a smartphone, ceramic cup, and pen. Scale bar: 1 um
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techniques, the accuracy and the sensitivity of the bacte-
rial pathogen identification abilities considerably depend
on the effective recovery of pathogenic bacteria from the
contaminated inanimate surfaces. However, these efforts
are highly motivated to realize the early-stage of diag-
nosis but it has been rarely investigated to enhance the
pathogenic bacterial capturing performance.

More recently, to upgrade the pathogenic bacterial
recovery, intensive researches have been carried out
to understand the influence of topography on the bac-
teria and their physicochemical interaction with the

structures [17, 18]. In the means of bacterial structure,
for instance, when bacteria attach to a solid surface, a
complicated attachment process occurs mainly depend-
ing on the chemicals that exist around bacteria (e.g.,
proteins and lipopolysaccharides) [19-21] and the physi-
cal structure present on the extracellular organelles (i.e.,
curli, pili, and flagella fibers) [22-24]. The development
of an effective pathogen detection system can, there-
fore, be achieved when the underlying physicochemical
interactions, various nanostructures, and their surface
chemical modification strategies are well explored [25].
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In particular, one-dimensional nano-array substrates,
including silicon nanowires, exhibit an enhanced cap-
ture performance by effective topographical interactions
with extracellular matrix of bacteria [25-28]. For the
hand-caused transmission of bacterial infections, brittle
inorganic nanostructured substrates are not suitable for
practical bacteria capture by physical contact. Although
1D polymer nanostructure arrays could serve as a soft
capture platform [29], the original 1D array structure
cannot be maintained when the materials rub the sur-
face of the platform (Additional file 1: Figure S1). The
bacteria-capturing platforms with controllable nano-
structures, efficient surface modification, and mechanical
strength enhancement should, therefore, be continuously
developed. More recently, polyainline and zinc oxide
have been continuously applied to utilize enhancement
of isolation and detection of target biomaterials such as
bacteria, nucleic acid, and cells because of their excel-
lent biocompatibility, high aspect ratio, mechanical and
chemical stability [30-32]. Furthermore, an in-depth
understanding of the attachment of bacteria to the inter-
face of biomolecules and nano-surfaces is required to
develop high-performance capture materials [33, 34].
Herein, we report an advanced method to fabricate
3D hierarchically structured polyaniline nanoweb (3D
HPN) as an available and efficient pathogenic bacteria-
capturing tool with robust mechanical resistance to
hand-touching. The critical material design is based on
a polyurethane-based nanopillar (PUN) array and sec-
ondary growth of polyaniline nanofibers on nanopillars,
resulting in a 3D interconnected nanofiber structure. This
unique structure ensures a high mechanical resistance
when exposed to compression and shear forces, thus ena-
bling bacteria capture through human hand-touching.
The complex nanotopographical and physicochemical
interaction processes between bacteria and three-dimen-
sional (3D) nanostructures (Fig. 1b) were also inten-
sively investigated. The interfacial interactions between
the nano-surface of 3D HPN and bacterial extracellular
organelles were intensively investigated by a scanning
electron microscope (SEM), a Fourier-transform infra-
red (FTIR) spectrophotometer, and two-dimensional
correlation spectroscopy (2D-COS) analysis. Three dif-
ferent bacteria pathogens of Escherichia coli O157:H7
(E. coli O157:H7), Salmonella enteritidis (S. enteritidis),
and Staphylococcus aureus (S. aureus) were effectively
captured by the finger-touching method. Moreover, to
demonstrate the capturing capability and highly sensitive
response to the pathogenic bacteria, we were selected
everyday used items such as a cup, pen as the realistic
infection model and the real-time PCR-based molecular
analysis. The molecular analysis results successfully con-
firmed that the 3D HPN exhibited a remarkable single
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bacterial cell-capturing capability and highly sensitive
infectious bacterial detection through finger-toughing
without any significant structural deformation and fluo-
rescence signal interfering during thermal cycling.

2 Materials and methods

2.1 Fabrication of 3D HPN

The 3D HPN films were prepared by synthesis, where
polyaniline was grown on the nanopillar arrays of PUN
films. The PUN films were immersed in 1 M HCIO, solu-
tion (70%, OCI), 0.1 M aniline (99.5%, Sigma-Aldrich),
6 mM ammonium persulfate (98%, Sigma-Aldrich), and
deionized (DI) water. It was then stored at 3 °C for 24 h.
The 3D HPN films were gently washed with DI water and
ethanol several times. The specific fabrication method of
PUN films was described in Additional file 1.

2.2 Characterization

The morphology and chemical state of the 3D HPN films
were characterized by SEM (Hitachi, S4800) and Raman
(NT-MDT). To investigate interfacial interactions of 3D
HPN and E. coli O157:H7, the cells were dropped onto
the surface of 3D HPN, and then time-course FTIR spec-
tra were collected using the JASCO FTIR 4600 in the
range of 650-4000 cm™ with the attenuated total reflec-
tance (ATR) technique. Then, 2D correlation spectra were
calculated using the algorithm based on the numerical
method developed by Noda and carried out in MATLAB
R2019b [35]. PCA was performed using PLS Toolbox Ver.
8.71 (Eigenvector Research, Inc.) for MATLAB.

2.3 Evaluation of mechanical resistance of 3D HPN
and PUN

3D HPN and PUN were placed on a microbalance, then
pressed with PDMS block (Dow Corning Corporation)
for 5 s to measure the weight applied to the surfaces of
3D HPN and PUN. A compressive force was calculated
from the weights and surface area of 1 x 1 cm?® A shear
force was measured by moving the PDMS block horizon-
tally, keeping 3D HPN and PUN being compressed by
consistent pressure.

2.4 Bacterial pathogen capture

Mimicking touching and rubbing was performed. Briefly,
100 pL of highly concentrated bacterial solution (10®
cells/mL) was doped on the surface of a human hand
wearing nitrile lab gloves, and then the 3D HPN surface
was touched and rubbed one-directionally with 9.3 kPa
by bacteria-doped nitrile glove-wearing finger. Three
different areas for each substrate were analyzed with
the PCR. To evaluate the capturing capability of the 3D
HPN, a known number of E. coli O157:H7 (tenfold seri-
ally diluted cell numbers from 107 to 10%) was dropped
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on the 3D HPN surface, and incubated in the Petri dishes
maintaining humidity to prevent the drying. After 1 h of
incubation, the surface of the 3D HPN was gently rinsed
with PBS solution and DI water to remove unbounded
and loosely bounded bacteria.

2.5 PCR analysis of captured bacterial pathogens

Three different foodborne pathogens, E. coli O157:H7
(ATCC 43894), S. aureus (ATCC 29213), and S. ente-
ritidis (ATCC 13076), were selected to investigate the
bacteria-capturing capability of the 3D HPN. Before the
capture of bacteria by the 3D HPN, these three patho-
gens were cultured in LB for 18 h at 37 °C in a shaking
incubator, and two different capturing methods were
applied: (1) dropping cells onto the 3D HPN and (2)
touching the surface with existing cells using the 3D
HPN. To identify the cell capturing capability of the 3D
HPN, we serially diluted the dropping number of E. coli
0157:H7 (from 107 to 10%) to the 3D HPN. Once the bac-
teria were trapped onto the 3D HPN, the genomic DNA
was extracted using a G-spin " total DNA extraction kit
(iNtRON Biotechnology). About the quantitative DNA
analysis of E. coli O157:H7, we employed a real-time
PCR by targeting the Shiga toxin 2 (stx2) gene with spe-
cific primers and probes (Additional file 1: Table S3). To
verify the pathogen-capturing performance by touching
or rubbing the pathogen-covered surface using the 3D
HPN, PCR was performed with DNA extracted from the
recovered pathogens. The PCR was performed using a
GoTaq® DNA polymerase aimed at the nucA gene of S.
aureus and sefA gene of S. enteritidis with their specific
primers (Additional file 1: Table S3). The PCR amplicons
were electrophoretically separated to identify their sizes
on a 2% agarose gel with RedSafe” (iNtRON Biotechnol-
ogy Inc.) in a 1x TAE buffer at 120 V for 15 min. After
the PCR amplicon separation, the product bands were
observed using a UV transilluminator. The detailed PCR
procedure was described in Additional file 1.

3 Results and discussion

3.1 Synthesis and bacterial capturability of 3D HPN

The 3D HPN films are fabricated through the controlled
growth of polyaniline nanofibers onto nanopillar arrays.
A highly ordered nanopillar array film based on the pol-
ymeric blend of polyurethane acrylate and NOA®63 is
prepared using a single-step soft lithography-based rep-
lication process (Additional file 1: Figure S2), which is
an effective manufacturing method for large-area films.
The nanopillar array used in this study has a diameter,
height, and center-to-center distance of 500 nm, 1.25 pm,
and 1 pm, respectively (Fig. 1c—e). The use of the dilute
polymerization method allows us to control the growth
of polyaniline nanofibers onto nanopillars, fully covering
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the entire PUN arrays (8-in diameter). The nano-scaled
and soft-structured polyaniline nanofibers are grown
on the top and sidewalls of nanopillars, resulting in the
highly ordered 3D hierarchical structure and nanoweb
morphology of the 3D HPN film (Fig. 1f-h). Along with
the SEM images, the Raman spectra presented in Fig. 1i
and j indicate that spike-shaped polyaniline nanofib-
ers are closely linked with nanopillars to construct a 3D
polyaniline nanoweb structure. For the convenient and
universal capture and detection of bacterial pathogens,
pathogenic adhesive materials should be available to daily
used substrates, such as textiles, metals, and polymers.
The feasibility of using 3D HPN films with a ceramic cup,
a smartphone, and a pen is presented in Fig. 1k.

3.2 Mechanical characterization 3D HPN

The mechanical resistance of the 3D HPN films to physi-
cal contact through finger-touching was investigated by
observing the morphological changes of 3D HPN when
exposed to compressive and shear forces using a poly-
dimethylsiloxane (PDMS) block (Fig. 2a). By consider-
ing that the action of human touching involves pressing
and rubbing forces, a typical test of mechanical strength
for the touch screen and pressure sensor of nanoscale to
microscale substrates is performed in a pressure range of
1-100 kPa [36-38]. Therefore, the changes in the surface
morphology of 3D HPN films are recorded when com-
pressing forces between 0 and 588 kPa (Fig. 2b). It should
be noted that the original 3D hierarchical structure
remains practically the same, even at a high compressive
pressure of 98 kPa. When the pressure further increases
to 588 kPa, the nanofibers of polyaniline attached to
nanopillars are partially destroyed, but the nanopillar
backbone structure of the 3D HPN remains the same
(insets in Fig. 2b). The complete collapse of the 3D HPN
nanopillar structure is observed at a high compressive
pressure of 1961 kPa (Additional file 1: Figure S3a). In
contrast, the PUN films with a 1D nanostructure exhibit
a severe deformation of nanopillars, which fall off from
the film at 98 kPa (Additional file 1: Figure S4).

A shear force is further applied in a direction parallel to
the 3D HPN film surface. The structural deformation of
3D HPN when shear forces are applied is observed by the
cross-sectional SEM images (Fig. 2c). Besides, the tilted
angle of an individual nanopillar from its original position
is measured and plotted (Fig. 2d). The 3D HPN nanopillars
slightly decline, and the 3D hierarchical structure remains
the same when a high shear force of 163 kPa, which fully
covers the finger-touching pressure on a screen of a smart-
phone [29], is applied. As the shear force increases to
653 kPa, the degree of tilted angle also increases (Fig. 2d).
The structural deformation of 3D HPN is observed at a sig-
nificantly high shear stress of 1307 kPa (Additional file 1:
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Fig. 2 Investigation of the mechanical resistance of the 3D HPN against compressive and shear forces. a Schematic of the mechanical test of 3D
HPN using the PDMS block. b Surface SEM images of the 3D HPN after a 0-588 kPa compression pressure was applied. Insets are 3D transformed
images of corresponding samples, particularly for a single nanopillar. ¢ Cross-sectional SEM images of the 3D HPN after a 0-653 kPa shear pressure
was applied. d Declined angles of the 3D HPN according to shear pressure. Scale bar is 1 um

Figure S3b). Conversely, at a considerably lower shear
stress of 100 kPa, the nanopillars on the PUN film severely
deform and agglomerate (Additional file 1: Figure S1).
Based on these results, the 3D HPN film is found to have a
robust mechanical strength with respect to touching resist-
ance. The enhanced mechanical strength of the 3D HPN
compared to that of the 1D nanopillar arrays of the PUN
film is attributed to the 3D interconnected polyaniline
nanofiber networks.

3.3 Physicochemical interfacial interaction of bacteria

and 3D HPN
Understanding the interfacial interaction between the
bacteria and 3D HPN film is also highly essential to

improve the bacteria-capturing capability of 3D HPN
films (Fig. 3a). Since E. coli O157:H7 is a well-known
infective bacterial pathogen to cause foodborne infec-
tions, it was selected in this study [36—38]. The samples
of E. coli O157:H7 are dropped onto the 3D HPN films
and then washed several times with phosphate-buffered
saline solution (PBS) and deionized water. The SEM
images clearly show that large amounts of bacteria cells
are attached to the 3D HPN films (Fig. 3b). The nano-
structured extracellular organelles of E. coli O157:H7
physically attached to polyaniline nanofibers, resulting
in the formation of a bacterial film with a 3D interfacial
adhesion. During the bacterial capture process, both
pressing and rubbing (i.e., compression and shear forces)
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are applied to the surface of the 3D HPN. Once the tar-
get bacteria were close to the 3D polyaniline nanofibers,
the physicochemical forces involved in the adhesion of
bacteria to the positively charged 3D polyaniline nano-
structure are higher than that of bacteria to the hand
or substrates. During this process, the 3D spike-shaped

PANI nanofibers enhanced their capturability. In con-
trast, 1D PUN films show a poor capture platform as
bacteria cells are partially attached; the nanopillars are
aggregated (Additional file 1: Figure S5).

Apart from physical interactions, microbial adhesion
could be simultaneously influenced by the chemically
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mutual interactions among the surface functional groups
of the capture platform and bacteria. Therefore, the
chemical interaction at the interface of E. coli O157:H7
and 3D HPN was further investigated by observing the
chemical changes as a function of adhesion time using
an ATR spectroscopy. Then, the spectra were analyzed
using the 2D-COS to identify the changes in various
functional groups that were not readily provided in the
conventional 1D FTIR spectra [42, 43]. The representa-
tive functional groups for the polyaniline of 3D HPN and
E. coli O157:H7 obtained by the ATR measurements are
summarized in Additional file 1: Table S1.

Figure 3c shows the synchronous and asynchronous
2D correlation spectra of E. coli O157:H7-adsorbed 3D
HPN film observed for 24 h. The auto-peaks observed
in a diagonal line of the synchronous 2D correlation
spectrum indicate the overall intensity changes during
E. coli O157:H7 adsorption, particularly for the bands
at 1502 cm™! (C=C), and significant intensity changes
are observed at 1304 and 1138-1064 cm™! (C-H and —
NH*=). In addition, the cross-peak signs are all positive,
indicating that the intensity changes of all bands simul-
taneously increase during E. coli O157:H7 binding. The
asynchronous 2D correlation spectrum provides the
sequential order of intensity changes of bands during E.
coli O157:H7 adsorption (Fig. 3c, right column). In the
asynchronous 2D correlation spectrum, the bands at
1502 and 1304 cm ™! are divided into two bands of 1538
and 1502 cm™!, and 1304 and 1281 cm™?, respectively.
1502, 1281, and 1189 cm™ ! are the PANI backbone, and
1538, 1437, 1058, and 1105 cm™ ! are bacterial cells. For
clarity, all the bands detected in the 2D-COS spectra
are listed in Additional file 1: Table S2. The sequence
of intensity changes of E. coli O157:H7-adsorbed on
the 3D HPN is 1437 — 1281 — 1234 — 1538 — 1502
— 1304 — 1058 — 1334 — 1105 — 1133 — 1189 —
981 cm™'. Based on the 2D-COS results, functional
moieties of E. coli O157:H7 (i.e., C—O—C, C—OH) and
PANI (—N=) dominantly contribute to the adsorption of
E. coli O157:H7 on the surface of 3D HPN. Once again,
this indicates that the hydrophobic van der Waals, elec-
trostatic interactions, and hydrogen bonding involve in
intermolecular interactions of E. coli O157:H7 and the
3D HPN.

3.4 Performance evaluation of 3D HPN for irreversible
bacterial capture

To investigate the capture performance of 3D HPN, three
most commonly notoriously known Gram-positive and
Gram-negative pathogenic bacteria of E. coli O157:H7,
S. aureus, and S. enteritidis were carefully selected and
tested using 3D HPN. The Gram-positive and Gram-neg-
ative bacteria were prepared at different concentrations
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from 10® to 10’ CFU/mL, and 100 uL of each bacteria
solution was dropped on the surface of 3D HPN, respec-
tively. The bacteria exposed to 3D HPN was rinsed with
DI water to remove uncaptured bacteria. The SEM
images of captured bacteria on 3D HPN were shown
in Fig. 4a and Additional file 1: Figure S6. Even after
instantly touching the bacterial solution using 3D HPN,
several bacteria were easily recovered and incorporated
on the surface of 3D HPN. As decreasing the amount of
the concentration of bacteria, the captured bacteria also
proportionally reduced but effectively recover bacteria.
In addition, the bacteria fairly maintain their structures
and are placed in between the nanopillars. Furthermore,
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the intact bacteria partially cover the 3D HPN and it is
equivalent to the cell numbers of 1 to 2500 per 100 pm?
of the 3D HPN after exposure to concentrations of three
different bacteria of E. coli O157:H7, S. aureus, and S.
enteritidis ranging from 10% to 10’ CFU/mL (Fig. 4b).

Irreversible capture of pathogenic bacteria is signifi-
cantly important to avoid potential secondary infection
caused by detachment, transfer, and growing of infec-
tious microbial cells from the surface [44]. To confirm the
irreversible capture performance of 3D HPN, the bacte-
ria-captured 3D HPN was rubbed onto the solid Luria
broth (LB) agar plates and observed the bacterial colony
formation (Fig. 4c). The bacteria-captured 3D HPN were
prepared by exposing the E.coli O157:H7 solutions at a
different concentration from 10° to 10’ CFU/mL in the
same manner as the bacteria capture test. Then, the bac-
teria-captured 3D HPN was rubbed to the LB agar plates
and cultured overnight. Interestingly, almost no colony
(<2 CFU) was formed from the spots even after expo-
sure to the E. coli O157:H7 (10° to 10° CFU/mL)-cap-
tured 3D HPNs while uncaptured E. coli O157:H7 growth
on LB agar plates (Additional file 1: Figure S7). Even at a
relatively high concentration (10’ CFU/mL) that is cor-
responding to 2,500 CFU/(100 pum)? of bacteria-captured
3D HPN, only 40 CFU were found. In addition, we com-
pared the proposed 3D HPN and cotton swab after expo-
sure to the pathogens and rubbed them to investigate the
potential risk through bacterial culture on the LB agar
plates. The results showed that after the bacteria-cap-
tured cotton swab (exposed 30 s) and 3D HPNs (under
different exposure time from 30 s to 60 min) were rubbed
to the LB agar plates and cultured overnight. Almost no
colony was formed from the spots even after exposure
to E. coli O157:H7 while the cotton swab shows about
683 colonies (Additional file 1: Figure S8). Based on the
result, 3D HPNs exhibited excellent capturability and
could avoid potential secondary infection. These results
clearly indicate that the 3D HPN can strongly and irre-
versibly hold the bacteria and prevent potential release to
cause secondary infection.

3.5 Potential practical applicability of 3D HPN
for pathogenic bacterial capture and detection

To demonstrate the capability of the 3D HPN films that
capture bacteria through finger-touching, the bacte-
rial pathogens captured by the finger-touched films
are utilized for further PCR analysis. Here, the conven-
tional capture method where bacterial cells are dropped
onto the 3D HPN films without any physical contact is
also tested as a control. E. coli O157:H7 is cultured in
LB medium until the cell population reached 10° cells/
mL, and the purified cells are carefully diluted ten times.
To evaluate the capacity of bacteria-capturing through
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touch, a finger, wearing protective latex gloves, dipped
into a concentrated bacterial solution (10® cells/mL) and
then the surface of 3D HPN (Fig. 5a) is touched with that
bacterial-coated finger. After thorough washing, bac-
teria cells are transferred directly from the glove to the
3D HPN surface, as observed in the SEM image (Fig. 5a).
The stx2 gene of the adsorbed E.coli O157:H7 is ampli-
fied using the PCR and further investigated by 2.0% aga-
rose gel electrophoresis [45]. As the PCR primers for the
stx2 gene are engineered to synthesize the 121-bp PCR
amplicon, the expected bands in three repetitive touch-
ing experiments without any non-specific amplification
signal are observed. No band is found in the results of the
negative controls. The results are consistent with that of
the control experiments, where the bacteria are directly
dropped onto the 3D HPN at the same concentration of
the touching-capture method (Fig. 5b).

In this study, two more pathogens, S. aureus, and S.
enteritidis were further tested for the versatile capture
ability of the 3D HPN. They are selected for further
analyses as representatives of Gram-negative and Gram-
positive bacteria, respectively [46, 47]. These pathogens
are also successfully captured on the 3D HPN surface
using the finger-touching-capture method. As shown in
Fig. 5c—e, these pathogens are strongly attached to the
interface of polyaniline nanofibers with a 3D film for-
mation, which is similar to that during E. coli O157:H7
adsorption. The PCR analysis and agarose gel electropho-
resis exhibit clear product bands of 400 and 498 bp for
S. aureus and S. enteritidis, respectively, and no band sig-
nals are observed in the negative controls (Fig. 5f).

To further investigate the bacteria capturing per-
formance of the 3D HPN, real-time PCR analysis was
accomplished, since this analytical method provides a
rapid, accurate, and quantitative detection of target
pathogens by simultaneously measuring the fluores-
cent signal with amplification. The cell capture is per-
formed by the finger-touching action again within 1 s
using the 3D HPN in the E. coli O157:H7 concentration
range (10°-107 cells/mL). Prior to the real-time PCR
analysis, the genomic DNA of the captured pathogen
is extracted. As the cell number decreases, the thresh-
old cycle (Ct) values approximately increase linearly
from 22.7 to 37.4 (Fig. 5g). It should be noted that these
resultant Ct values are similar to those of the obtained
real-time PCR results of cultured cells, in which the
DNA molecules are directly extracted from cultured
cells without the capturing process. Our findings indi-
cate that the excellent bacteria-capturing performance
of the 3D HPN is apparent even by using the physical
finger-touching process. The thermal stability of the
3D HPN based on the high melting temperature of
polyurethane acrylate (PUA, > 170 °C) ensures the PCR
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cycle in an operating temperature range of 25-95 °C,
no changes in the 3D HPN morphology are observed
before and after the PCR analysis (Additional file 1: Fig-
ure S9). Additionally, the potential fluorescence inter-
ference effects from the 3D HPN during the real-time
PCR are verified. The real-time PCR was carried out
with/without the 3D HPN and the amplification curves
were analyzed using the automated Ct value calculation
in the CFX Manager Dx software (Bio-Rad, Berkeley).
The Ct values of real-time PCR from the control tube
were 24.9110.045, while the Ct values from 3D HPN
including tube were 24.87 £1.075 (Additional file 1:
Figure S10). These almost no significant Ct changes
from both pristine PCR tube and the 3D HPN included
tube confirmed the 3D HPN was almost no fluorescent
affected to the RT-PCR result.

4 Conclusions

In summary, we fabricated 3D hierarchical structured
polyaniline nanofiber films available for the touchable-
capturing platform of infectious bacterial pathogens.
The 3D HPN films exhibited high mechanical resist-
ance to severe external compression and shear forces,
resulted from the nanopillar arrays and 3D intercon-
nected polyaniline nanofiber network. Examination of
SEM and FTIR spectroscopy measurements revealed
that bacterial pathogens were captured onto the surface
of 3D HPN by the interfacial interactions. The unique
chemical and structural properties of 3D HPN ena-
bled to capture of the bacteria pathogens (i.e., E. coli
0157:H7, S. enteritidis, and S. aureus) by the finger-
touching method. Based on the real-time PCR results,
the 3D HPN by finger-touching exhibited compara-
ble capture performance to the cell culturing method
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without the capturing step. We believe that the out-
standing bacteria-capturing performance of the 3D
HPN can be further extended to various bacteria path-
ogens, thus opening up great opportunities for develop-
ing a rapid on-site detecting system of various bacterial
pathogens.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/540580-021-00280-9.

Supplementary Material

Additional file 1. Touchable 3D hierarchically structured polyaniline
nanoweb for capture and detection of pathogenic bacteria.

Acknowledgements
We thank Sun Young Lim for her help during the experiment.

Authors’ contributions

KHK, MY, YTK are fabricated 3D HPN and analyzed all the SEM images. KHK,
YTK, YS, CHK, and SJL designed nuclease-responsive DNA probe and all the
bicanalytical experiments. NB and KHK investigated mechanical stability
against the external force. YMJ and SC performed all the spectroscopy analy-
ses. KHK, BGC, and KGL developed the overall experimental strategy and all
authors analyzed the data and discussed the implications of the results. All the
authors wrote the manuscript. BGC and KGL supervised the project. KHK and
MY have contributed equally to this work. All authors read and approved the
final manuscript.

Funding

This research was supported by Basic Science Research Program through

the National Research Foundation of Korea (NRF) funded by the Ministry of
Science, ICT & Future Planning (No. 2018R1C1B3001553). This research was
also supported by BioNano Health-Guard Research Center funded by the
Ministry of Science and ICT (MSIT) of Korea as Global Frontier Project (Grant
Number H-GUARD_2014M3A6B2060302) and Nano Material Technology
Development program (No. 2017M3A7B4041761). This work was supported
by the Establishment of Technology Commercialization Collaboration Platform
through Korea Innovation Foundation funded by the Ministry of Science and
ICT (2021DDRD0012). This work is also funded by Nanomedical Devices Devel-
opment Project of NNFC 2021 (CSM2105M101 and CSM2102M101).

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding authors on reasonable request.

Declarations

Competing interests

The authors declare that they have no known competing financial interests
or personal relationships that could have appeared to influence the work
reported in this paper.

Author details

'Department of Bioengineering, University of Washington, Seattle, WA
98195-5061, USA. >Department of Energy Engineering, Dankook University,
Cheonan 31116, Republic of Korea. 3Center for Nano Bio Development,
National Nanofab Center (NNFC), Daejeon 34141, Republic of Korea. “Depart-
ment of Chemical and Biomolecular Engineering, Korea Advanced Institute
of Science and Technology, Daejeon 34141, Republic of Korea. *Department
of Chemistry, Institute for Molecular Science and Fusion Technology, Kangwon
National University, Chuncheon 24341, Republic of Korea. ®Center for Analysis
and Evaluation, National Nanofab Center (NNFC), Daejeon 34141, Republic

of Korea. ' Department of Chemical Engineering & Biotechnology, Korea

Page 10 of 11

Polytechnic University, Siheung-si 15073, Republic of Korea. ®Department
of Chemical Engineering, Kangwon National University, Samcheok 25913,
Republic of Korea.

Received: 13 August 2021 Accepted: 16 September 2021
Published online: 11 October 2021

References

1. S.Akira, S. Uematsu, O. Takeuchi, Cell 124, 783 (2006)

2. PS.Mead, L. Slutsker, V. Dietz, L.F. McCaig, J.S. Bresee, C. Shapiro, PM. Grif-
fin, RV. Tauxe, Emerg. Infect. Dis. 5, 607 (1999)

3. JG. Morris, Emerg. Infect. Dis. 17, 2099 (2011)

4. A Mutreja, DW. Kim, N.R. Thomson, T.R. Connor, J.H. Lee, S. Kariuki,

N.J. Croucher, S.Y. Choi, S.R. Harris, M. Lebens, SK. Niyogi, E.J. Kim, T.
Ramamurthy, J. Chun, J.LLN. Wood, J.D. Clemens, C. Czerkinsky, G.B. Nair, J.
Holmgren, J. Parkhill, G. Dougan, Nature 477, 462 (2011)

5. World Health Organization, World Heal. Organ. Press 30, 270 (2009)

6. EE. Sickbert-Bennett, D.J. Weber, M.F. Gergen-Teague, M.D. Sobsey, G.P.
Samsa, W.A. Rutala, Am. J. Infect. Control 33, 67 (2005)

7. Y.Longtin, H. Sax, B. Allegranzi, F. Schneider, D. Pittet, N. Engl. J. Med.
364(1),24 (2011)

8. B.Allegranzi, D. Pittet, J. Hosp. Infect. 73, 305 (2009)

9. M.Burton, E. Cobb, P. Donachie, G. Judah, V. Curtis, W.-P. Schmidt, Int. J.
Environ. Res. Public Health 8,97 (2011)

10. N.Fierer, M. Hamady, C.L. Lauber, R. Knight, Proc. Natl. Acad. Sci. U. S. A.
105, 17994 (2008)

11. R.Singh, M. Das Mukherjee, G. Sumana, RK. Gupta, S. Sood, B.D. Malhotra,
Sens. Actuators, B Chem. 197, 385 (2014)

12. J.A Adkins, K. Boehle, C. Friend, B. Chamberlain, B. Bisha, C.S. Henry, Anal.
Chem. 89,3613 (2017)

13. M.U. Abdelhaseib, AK. Singh, AK. Bhunia, J. Appl. Microbiol. 126, 1496
(2019)

14. X.Xue, J. Pan, H. Xie, J. Wang, S. Zhang, Talanta 77, 1808 (2009)

15. MH.Yang, SW. Jeong, S.J. Chang, K.H. Kim, M. Jang, C.H. Kim, N.H. Bae,
G.S. Sim, T.Kang, S.J. Lee, B.G. Choi, KG. Lee, ACS Appl. Mater. Interfaces 8,
34978 (2016)

16. T.Kang, S.M. Yoo, |. Yoon, S.Y. Lee, B. Kim, Nano Lett. 10, 1189 (2010)

17. S.Wu, B. Zhang, Y. Liu, X. Suo, H. Li, Biointerphases 13, 060801 (2018)

18. D. Perera-Costa, J.M. Bruque, M.L. Gonzalez-Martin, A.C. Gomez-Garcia,
and V. Vadillo-Rodriguez, Langmuir 30, 4633 (2014)

19. P Ertl, S.R. Mikkelsen, Anal. Chem. 73, 4241 (2001)

20. M.P.Ryder, X. Wu, G.R. McKelvey, J. McGuire, K.F. Schilke, Colloids Surfaces
B Biointerfaces 120, 81 (2014)

21. Y.Choi, Y.T.Kim, J.B.You, SH. Jo, SJ. Lee, S.G.Im, KG. Lee, Food Chem. 270,
445 (2019)

22. C.Berne, CK. Ellison, A. Ducret, Y.V. Brun, Nat. Rev. Microbiol. 16,616
(2018)

23. Y.Yuan, M.P.Hays, PR. Hardwidge, J. Kim, (2017)

24. H.H.Tuson, D.B. Weibel, Soft Matter 9, 4368 (2013)

25. Y.Cheng, G. Feng, C.l. Moraru, Front. Microbiol. 10, 191 (2019)

26. Al.Hochbaum, J. Aizenberg, Nano Lett. 10,3717 (2010)

27. Y-Q.Li, B. Zhu, Y. Li, WR. Leow, R. Goh, B. Ma, E. Fong, M. Tang, X. Chen,
Angew. Chemie Int. Ed. 53, 5837 (2014)

28. S.Pogodin, J. Hasan, V.A. Baulin, HK. Webb, V.K. Truong, TH. Phong
Nguyen, V. Boshkovikj, C.J. Fluke, G.S. Watson, J.A. Watson, R.J. Crawford,
E.P. Ivanova, Biophys. J. 104, 835 (2013)

29. KG. Lee, BG. Choi, B. Il Kim, T. Shyu, M.S. Oh, S.G. Im, S--J. Chang, T.J. Lee,
N.A. Kotov, S.J. Lee, Adv. Mater. 26,6119 (2014)

30. KH.Kim, A. Hwang, Y. Song, WS. Lee, J. Moon, J. Jeong, N.H. Bae, Y.M.
Jung, J. Jung, S. Ryu, S.J. Lee, B.G. Choi, T. Kang, K.G. Lee, ACS Nano 15,
4777 (2021)

31. T.Yasui, T.Yanagida, S. Ito, Y. Konakade, D. Takeshita, T. Naganawa, K.
Nagashima, T. Shimada, N. Kaji, T. Nakamura, I.A. Thiodorus, Y. He, S.
Rahong, M. Kanai, H. Yukawa, T. Ohiya, T. Kawai, T. Baba, Sci. Adv. 3,
e1701133 (2017)

32. H.Beitollahi, S. Tajik, F.G. Jejad, M. Safaei, J. Mater. Chem. B 8, 5826 (2020)

33. F.De Cesare, E. Di Mattia, E. Zussman, A. Macagnano, Environ. Sci. Nano 6,
778 (2019)


https://doi.org/10.1186/s40580-021-00280-9
https://doi.org/10.1186/s40580-021-00280-9

Kim et al. Nano Convergence

34.

35.
36.
37.

38.
39.
40.

41.
42.

(2021) 8:30

L. Rizzello, B. Sorce, S. Sabella, G. Vecchio, A. Galeone, V. Brunetti, R. Cingo-
lani, PP.Pompa, ACS Nano 5, 1865 (2011)

I. Noda, Appl. Spectrosc. 47, 1329 (1993)

B.M. Dzidek, M.J. Adams, JW. Andrews, Z. Zhang, S.A. Johnson, (2017)

M. Ayyildiz, M. Scaraggi, O. Sirin, C. Basdogan, B.N.J. Persson, Proc. Natl.
Acad. Sci. U. S. A. 115, 12668 (2018)

Y. Zang, F. Zhang, C.A. Di, D. Zhu, Mater. Horizons 2, 140 (2015)

G.L. Armstrong, J. Hollingsworth, J.G. Morris, Epidemiol. Rev. 18, 29 (1996)
Y.M. Park, S.Y. Lim, S.W. Jeong, Y. Song, N.H. Bae, S.B. Hong, B.G. Choi, S.J.
Lee, K.G. Lee, Nano Converg. 5,22 (2018)

S.C. Donhauser, R. Niessner, M. Seidel, Anal. Chem. 83, 3153 (2011)

M.P. Schmidt, C.E. Martinez, Langmuir 32,7719 (2016)

43.
44.
45.
46.

47.

Page 11 of 11

Y. Park, I. Noda, Y.M. Jung, Front. Chem. 3, 1 (2015)

M. Otto, Annu. Rev. Med. 64, 175 (2013)

G. Plunkett, DJ. Rose, TJ. Durfee, FR. Blattner, J. Bacteriol. 181, 1767 (1999)
Q.VYu, L. Zhai, X. Bie, Z. Lu, C. Zhang, T.Tao, J. Li, F. Lv, H. Zhao, Food Control
59,862 (2016)

P Elizaquivel, R. Aznar, Food Microbiol. 25, 705 (2008)

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Touchable 3D hierarchically structured polyaniline nanoweb for capture and detection of pathogenic bacteria
	Abstract 
	1 Introduction
	2 Materials and methods
	2.1 Fabrication of 3D HPN
	2.2 Characterization
	2.3 Evaluation of mechanical resistance of 3D HPN and PUN
	2.4 Bacterial pathogen capture
	2.5 PCR analysis of captured bacterial pathogens

	3 Results and discussion
	3.1 Synthesis and bacterial capturability of 3D HPN
	3.2 Mechanical characterization 3D HPN
	3.3 Physicochemical interfacial interaction of bacteria and 3D HPN
	3.4 Performance evaluation of 3D HPN for irreversible bacterial capture
	3.5 Potential practical applicability of 3D HPN for pathogenic bacterial capture and detection

	4 Conclusions
	Acknowledgements
	References




