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a b s t r a c t
Prevention and early detection of bacterial infection caused by foodborne pathogens are the most important task to human society. Although currently available diagnostic technologies have been developed
and designed for detection of specific pathogens, suitable capturing tools for the pathogens are rarely
studied. In this paper, a new methodology is developed and proposed to realize effective capturing
through touchable flexible zinc oxide-based sub-micro pillar arrays through genetic analysis. Zinc oxide
coated pillar arrays have a high surface area, flexible, and adheres strongly to bacteria. Therefore, it contributes to enhance the bacterial capturability. An in-depth analysis on the sub-sequential capturing process at the bacterial cell-pillar interface is presented. By carefully observing the structural changes and
performing numerical analysis under different reaction times, the results are presented. The resulting
zinc oxide coated pillar arrays exhibited comprehensive capturability. These pillars were able to detect
pathogenic bacteria due to a combination of complex structures, depletion force, and high surface
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electrostatics. The developed sub-micro pillars successfully captured and detected infectious foodborne
bacteria of Escherichia coli in the range of 106–101 CFU/mL.
Ó 2019 Elsevier Inc. All rights reserved.

1. Introduction
Effective capture and detection of infectious pathogenic bacteria is great of importance in the field of diagnostics, therapeutics,
and healthcare [1–5]. In particular, the rapidly growing numbers
of foodborne illnesses around the world, such as food poisoning,
has lead researchers to focus on the prevention of pre-and postcontamination from potential foodborne bacteria [4,6–8]. Bacterial
foodborne pathogens commonly exist on the surface of kitchenware, silverware, as well as raw food materials. This is due to the
continuous exposure to inadequate hygienic facilities and inadequate sanitation practices. Even though progresses have been
made in the detection and analysis of pathogenic bacteria using
both immunoassays and molecular diagnostics, effective capturing
tools are rarely developed and the capturing mechanisms are not
understood. Therefore, to manage food safety, on-site, costeffective, sensitive, and reliable capturing tools via touching are
highly demanded.
Up-to-date, antibody-based immunoassay with zero- and onedimensional (0D and 1D) organic and/or inorganic nanomaterials
that includes carbon dots [9,10], silica [11,12], magnetic particles
[12,13], and nanowires [14] have been widely adopted to bind with
pathogenic bacteria. However, non-specific binding issues, low
adhesiveness, low stability of antibodies, and complex steps to fabricate nanomaterials with target specificity hinder application in
real life [15,16]. A promising approach is to utilize interaction
between topological structures of nanomaterials and the surface
of bacteria [5,17–20]. As an example, Linklater et al. enhanced
the interaction between vertically-aligned carbon nanotubes and
bacterial cells to realize bactericidal properties [19]. In addition,
Liu et al. proposed to upgrade the performance of the bacterial capturability in fluid bloodstreams by controlling mechanical properties and nano-topological interactivity of inorganic nanowires [17].
Liu et al. showed that polycrystalline nanowires with numerous
grain boundaries exhibit excellent mechanical bending properties
when compared to single crystals that resulted in higher bacterial
capturability. Likewise, various types of inorganic nanostructures
have been researched and among them, zinc oxide (ZnO)-based
nanomaterials have received a lot of attention due to its potential
of interactivity with various kinds of biomolecules, including protein, deoxyribonucleic acid (DNA), mammalian cells, and bacteria
[21–24]. Furthermore, ZnO-based nanomaterials have exhibited
good biocompatibility, non-toxicity, and significant antibacterial
activity [25–28]. Although the ZnO proves its capability, the low
stiffness, brittleness, and strong agglomeration of ZnO-based
nanoparticles and wires are still major hurdle to be used as bacterial capturing tool [29]. More importantly, the nanotopological
interactivity between the surface of ZnO-based materials and
pathogenic bacteria is rarely investigated which could be a key
to enhance its capturability.
To overcome the challenges mentioned in the paragraph above
and to adopt the mechanical and chemical characteristics of the
avorementioned inorganic materials, recent advances in nanotechnology and nanofabrication techniques with polymers have
allowed the fabrication of vertical nanopillar arrays [30–32]. These
approaches support mechanical stability and flexibility that can be
served as a unique platform for adherent mammalian cells,
microorganisms, and biomolecules through nano-topological
interactions [33,34]. Inspiring from previous findings, herein, we

report the novel method to capture and detect pathogenic bacteria
using ZnO with a wrinkled surface and introduce positive surface
charge and topological effects leading to interaction of negatively
charged bacteria. The sub-micro pillar arrays (PAs) are fabricated
by photo/soft-lithography process to have a 700 nm diameter
and it is gold sputtered by the sonochemical method to ensure
even growth. During this process the time-dependent interactivity
between pathogenic bacteria and ZnO-coated PAs (Z-PAs) are
investigated to determine the nano-topological interactions.
Finally, it is confirmed that Z-PAs has the capability to capture
and detect bacteria by genetic analysis with the assistance of polymerase chain reaction (PCR) amplification.

2. Experimental section
2.1. Materials.
2.1.1. Preparation of Z-PAs
Sub-micron PAs that included polyurethane acrylate (MINS311RM, Minuta Technology) and Norland Optical Adhesive 63
(NOA 63, Norland Products Inc.) were fabricated by a combined
photo/soft-lithography process used in [30]. The PAs were coated
with a thin layer of titanium/gold by a sputtering process within
a vacuum. Afterwards, the PAs were placed in the mixture of
0.01 M zinc acetate dihydrate (Zn(CH3COO)22H2O, 98%, SigmaAldrich) and 1.57 M ammonia water (NH32H2O, 28 wt%, SigmaAldrich) and sonicated for 30 min for the deposition of thin ZnO
layer. Z-PAs arrays were rinsed several times with ethanol (CH3OH,
99.8%, Sigma-Aldrich) and deionized water and dried under a vacuum after the sonication reaction has taken place.

2.1.2. Characterization
The sub-micron PAs and bacteria captured images were
observed using a field emission scanning electron microscope
(SEM) (S-4800, Hitachi) equipped with an X-ray spectrometer for
elemental mapping. The spectrum was analyzed with a Fourier
transform infrared spectroscopy (FT-IR) Bruker IFS 66v/S spectrometer coupled with a Hyperion 3000 infrared (IR) microscope.
X-ray diffraction patterns were measured on a Rigaku D/MAX2500 diffractometer with Cu-KR radiation (k = 1.5418 Å). X-ray
photoelectron spectroscopy (XPS) analysis was performed on a
Thermo VG Scientific Sigma Probe spectrometer. Focused ion beam
(FIB) (FB-2100, Hitachi) allows cross-sectional observations. The
roughness of the NP arrays, Z-PAs, and the bacteria were captured
and the Z-PAs were measured using an atomic force microscope
(AFM) (AFM XE100, Park Systems). The zeta potential of the ZnO
particles was calculated from the electrophoretic mobilities measured (ELS-Z2, Otsuka).

2.1.3. Cell preparation
E. coli O157:H7 was used as the foodborne pathogens and was
grown separately in a 15 mL tube that contained an LB medium
and was incubated with overnight shaking (250 rpm) at a temperature of 37 °C. The cell density was quantified by UV absorption at
600 nm and the initial optical density (OD) was 1.0, a value that is
equivalent to 109 cells/mL.
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2.1.4. Preparation of PCR reagents and amplification
As a realistic foodborne pathogen model, E. coli O157:H7 was
selected and incubated overnight in a 15 mL tube containing LB
medium, shaking vigorously (150 rpm) at 37 °C. The cell density
was further quantified by UV absorption at 600 nm and the initial
OD was 1.0 which is equivalent of 109 cells/ml. The genomic
sequence of E. coli O157:H7 was obtained from GenBank and the
eaeA gene of E. coli O157:H7was selected as the target gene. The
forward primer is 50 -GAC CCG GCA CAA GCA TAA GC-30 , and the
reverse primer is 50 -CCA CCT GCA GCA ACA AGA GG-30 . The amplicon size of this target gene was 384 bp.
The extracted genomic DNA (gDNA) from E. coli O157:H7 was
mixed in a PCR cocktail, including the dNTP, MgSO4, forward and
reverse primer, and Taq polymerase. The PCR was conducted under
the following incubations: 300 sec of pre-denaturation at 95 °C, 30
sec of denaturation of 95 °C, 30 sec of annealing at 60 °C, 30 sec of
extension of 72 °C. During the last cycle, the extension time was
extended to 300 sec with a C1000 Touch TM Thermal Cycler (Biorad). Real-time PCR (RT-PCR) was also carried out using 20X SFC
green I dye (BioFACT, Korea). Each reaction contained 25 mL of
the following ingredients:1.25 mL of 20X SFC green I dye, 2 mL each
of forward and reverse primer (10 mM),1 mL of template DNA, and
18.75 mL of the PCR reaction cocktail (Promega). RT-PCR was conducted using a Magnetic Induction Cycler (Biomolecular system).
The thermal cycling conditions were as follows: 95 °C for 5 min
(initial denaturation and thermal lysis of cell), 40 cycles of 95 °C
for 30 sec, 60 °C for 30 sec, 72 °C for 30 sec, and the final extension
was at 72 °C for 5 min.

3. Results and discussion
The schematic illustration for the design and preparation of PA,
gold-coated PAs (G-PAs), and ZnO-coated G-PAs (Z-PAs) and its
bacterial capturing processes is shown in Fig. 1a. The usage of polymeric PAs enables us to deposit ZnO on the surface and to offer
both high surface areas as well as effective capturing. The polymeric PAs were prepared by photo-and soft-lithography as previously reported [30].
The surface morphology of PAs, G-PAs, Z-PAs, and after exposing Z-PAs to bacteria were observed by SEM as shown in Fig. 1be. SEM images of each step revealed PAs with a diameter of
500 nm and height of 1.2 lm with a smooth surface (Fig. 1b).
The roughness of the PAs increased slightly after the gold was
deposited, but the most of the PAs were relatively equal when
compared to the pristine PAs (Fig. 1c). After formation, the thin
ZnO layer on the PAs exhibited almost no structural deformation,
even after being exposed to the ultrasonication processes. The
overall diameter and height of PAs (500 nm, 1.2 lm), G-PAs
(600 nm, 1.3 lm), and Z-PAs (700 nm, 1.4 lm) were gradually
increased after deposition of Ag and ZnO, respectively. Additionally, no visible cracks or damages were observed even after harsh
bending. This confirmed that Z-PAs exhibits excellent flexibility
and mechanical stability (Fig. S1). Furthermore, the SEM images
of the bent Z-PAs also supported the negligible structural variations from external stress.
To investigate the proper coating of PAs with ZnO, a crosssectional image of Z-PAs was prepared and further carried out for
element mapping (Fig. 2a). The different elements of Zn, O, and
Au were observed only along the surface of the PAs due to the uniform coating of both the Au and ZnO. Additionally, element mapping of Z-PAs also confirmed the sonochemical method enabled
formation of ZnO over the surface of G-PAs in a short reaction time
(<10 min).
Fig. 2b shows the chemical composition of the surface layers
of PAs, Z-PAs, and B@Z-PAs using FT-IR spectroscopy. The typical

band (at approximately 3000 cm1) derived from CAH stretching
vibrations is commonly observed from the polyurethane acrylate
backbone of PAs. The peaks of polyurethane acrylate at
1730 cm1, 1683 cm1, 1458 cm1, 1140 cm1, and 765 cm1
were attributed to the presence of C@O stretching, CH3 bending,
NAH bending, and CAN stretching, respectively. From the FT-IR
spectrum of Z-PAs, the peaks at 623 cm1 corresponds to ZnAO
stretching and deformation vibration. The peaks at 1440 cm1
and 1700 cm1 are mainly attributed to CAH and hydroxyl
groups, respectively [35]. Interestingly, the main peaks from
PAs disappeared because of the ZnO coating on the surface. From
the FT-IR spectrum of B@Z-PAs, four distinctive spectra regions
were observed and are defined as follows: (1) 900–700 cm1 is
the ‘‘fingerprint region” which indicates discrimination and/or
identification purposes of bacteria, (2) the region between 1200
and 900 cm1 is the absorption band of carbohydrates in microbial walls, also known as the polysaccharide region, (3) the 1700–
1500 cm1 region contains the amide I and II bands of proteins
and peptides, and (4) the region of 3000–2800 cm1 is the fatty
acid region [36]. These unique FT-IR peaks, especially in the
region of 900–700 cm1 is approximately comparable to previously reported E. coli O157:H7. Thereby, the FT-IR results strongly
supported the successful deposition of ZnO on the PAs and successful capture of target bacteria on the Z-PAs surface.
To further investigate the ZnO formation on the PAs, an XPS
analysis was carried out as shown in Fig. 2c. The XPS graph of pristine polyurethane-based PAs showed the presence of oxygen,
nitrogen, and carbon from the binding energy peaks at 534, 401,
and 286 eV. After the coating of ZnO on the PAs, the distinctive
binding energy peak at 1025 eV corresponded to the Zn2p3 [37].
Thereby, Subsequent analysis using XPS indicated the presence of
Zn atoms, further confirming the formation of the ZnO on the
PAs (Fig. 2c).
The bacterial interaction mechanism is important in order to
optimize structural design and it is essential to understand how
the topologies of regular PAs influence bacteria capture. Hence,
we hypothesized that the behavior of bacteria interaction with ZPAs would differ under varying reaction times. Based on this
hypothesis, Fig. 3a demonstrates the bacteria capturing processes
after dropping. As expected, the morphology of the bacteria continuously changed under varying reaction times, and SEM images of
the top views revealed these phenomena (Fig. 3b-e). To get a better
indication of bacteria capture, enlarged cross-sectional SEM images
are also presented in Fig. 3f-i. The pristine Z-PAs showed repeatable PAs with aspect ratio (1:2, 700 nm/1.4 lm). As soon as the
bacteria solution was dropped onto the Z-PAs surface, E. coli
O157:H7 cells immediately interacted with Z-PAs and some of
these cells were sitting slightly in-between the pillars (Fig. 3c).
However, there were minor structural changes of Z-PAs when compared to the pristine Z-PA at the early stage of contact. By increasing the reaction time, the bacterial cell slowly penetrated into the
pillars and the bacteria cell formed a cellular bridge in-between the
Z-PAs (Fig. 3c, d, g, and h). It followed that the cell was finally
touched the surface og Z-PA subastrate (Fig. 3e and i). These series
of bacterial interaction phenomena is occurred the combination of
cell interaction with PAs at early stage and slowly moved down to
the surface because of complex depletion force generation in
between cells and PAs. Moreover, the deformation of both the bacterial cell and the pillars were observed from the cross-sectional
SEM images as shown in Fig. 3f-i.
This attraction phenomena can be also defined from the wellknown binding and depletion force of either bacteria-to-bacteria
or bacteria-to-material surface. The positively-charged surface
(zeta potential, f approximately 20 mV) from ZG and nanotopology of PAs could contribute to strong adhesion of bacterial cells
on the surface, either by binding or by a depletion attraction (Fig. S2)
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Fig. 1. (a) Schematic illustration of the fabrication procedures of the Z-PAs for capturing bacteria. SEM images of (b) PAs, (c) G-PAs, (d) Z-PAs, (e) B@Z-PAs. Scale bars in (de)
are 1 lm.

[38]. Additionally, common secretion of extracellular polymeric
substances (EPSs), which are mostly composed of polysaccharides
and proteins, is another key parameter that leads to spontaneous
adhesion [39]. As a result of these complex depletion and binding
forces, the pillar tilts toward the contact direction with bacteria
and the tilt angles of the pillars can be clearly observed in the side
view presented in Fig. 3h. The bacterium was deeply embedded
beneath the pillar, disappeared, and trapped inside of the Z-PAs
due to the out-focusing of the SEM as shown in Fig. 3e and i.

To better understand this phenomenon, an in-depth analysis of
displacement distance and tilt angles of the individual pillars after
interaction with the bacterium is determined by measuring of the
pillar position along the x- and y-axis (Fig. S3). The detailed schematic illustration of side view and top view of both pristine Z-PAs
and B@Z-PAs are shown in Fig. 3j. In the side view, the height (h) of
the pillar is shown as approximately 1400 nm and the distance
between the center to the pillar before and after the bacteria is
captured are marked as d and d0 , respectively, where u is the tilting

58

K.S. Lee et al. / Journal of Colloid and Interface Science 563 (2020) 54–61

Fig. 2. (a) SEM images of Z-PAs and the corresponding elemental mapping images
of Zn, O, and Au, respectively. Scale bars in (a) is 1 lm. (b) FT-IR spectra of PAs, ZPAs and B@Z-PAs. (c) Survey scan of XPS spectra of PAs and Z-PAs.

angle. To simplify the analysis on deformation, orthogonal, and
diagonal displacements are chosen as the standard displacement
motion in the top view. The pristine orthogonal and diagonal distances (dO, dD) are approximately 500 nm and 700 nm, respectively. The tilting angle is obtained through numerical analysis
on the orthogonal and diagonal distances of the tilted pillar relative
to the original. The equation used to determine the tilt angle is
n 0o
given as: u ¼ tan1 dd
.
h
Due to the different bacterial positions from the top to the bottom, the displacement distance was varied from 28.1 nm to
123.2 nm for the orthogonal direction and from 25.1 nm to
103.3 nm for the diagonal direction. The results indicated that
the orthogonal displacement was higher than that of the diagonal
displacement due to the higher contact surface with the bacterium. Additionally, the tilting angle of the pillar was maximized
to average 5.0° and 4.2° toward the orthogonal and the diagonal
direction, respectively, when the bacterium is totally touched to
the bottom.

To investigate the capture capabilities and detection limits,
E. coli O157:H7 bacteria cells were 10-fold diluted from 106 to
101 CFU/mL and spread over the Z-PAs. The SEM images revealed
the small size of the black rods (the bacteria) located in-between
Z-PAs (Fig. 4a-f). The SEM images also revealed that the amount
of captured bacteria is dependent on the concentration of the cell.
It was also found that all the bacteria were closely surrounded and
also interacted with at least six pillars. Consequently, Z-PAs show
an excellent ability to immobilize pathogenic bacteria and the
gradual increasing the amount of black rods from the SEM images
also confirmed its performance. Through this work, this unique
bacterial capture ability of Z-PAs could therefore be attributed to
two aspects: (1) Z-PA carries more bacteria to the surface because
of a large surface area and a strong positively-charged surface, and
(2) the flexibility and optimized pocket size leads to an increase in
interactivity between Z-PA and bacteria.
To validate the capture and detection capabilities of Z-PA, specific genetic analysis was applied and the detailed processes of bacterial lysis, gene extraction, and amplification are demonstrated in
Figs. 4g and S4. To ensure that effective bacteria capturability of
the Z-PAs, RT-PCR was carried out with targeting the eaeA gene
of E. coli O157:H7. In this work, we compared the RT-PCR results
from a gDNA of the target bacteria that was extracted using the
conventional method and the RT-PCR results from a gDNA that
was extracted using Z-PAs captured bacteria cells. The resulting
cycle threshold (Ct) values is plotted in Fig. 4h. The Ct values from
the B@Z-PAs were slightly lower than the conventionally extracted
gDNA due to the loss of the target cells during the capturing. Even
through the additional bacteria capturing process, the Ct values
were relatively similar to the control samples, meaning our
method had an excellent bacteria capturability. As a result, the surface of the Z-PAs could effectively capture pathogenic E. coli O157:
H7 cells, the gDNAs were also recoverable from the bacteria after
being immobilized on the Z-PAs surface.
Finally, after important consideration for on-site capture and
detection of foodborne pathogens, we carefully selected representative food and silverware items of egg and spoon representing silverware in daily life. The egg and spoon were artificially infected
with E. coli O157:H7 and the surfaces of both items were rubbed
using the Z-PAs films (Fig. 4i). The gDNAs were carefully extracted
and amplified with PCR and Fig. 4j shows electrophoresis gel
images after these amplifications. We observed the resultant signals from both the egg and the spoon, which indicated the successful recovery of bacteria and the amplification of target genes from
E. coli O157:H7. From this experiment, we can confirm that the ZPAs can be used for on-site foodborne pathogens isolation and it is
applicable to identifying pathogens incorporated in PCR
amplification.

4. Conclusions
This work proposes advanced inorganic-organic hybrid
nanocomposite PAs through combination of photo- and softlithography, with the assistance of ultrasound irradiation. The
unique hybrid composite PAs showed a strong antibacterial property through complex topological interaction between the bacteria
and the ZnO surface of sub-micron PAs. In addition, ultrasound
irradiation allowed us to fabricate uniform ZnO-coated pillars in
short reaction time (<10 min) without showing significant structural damage or aggregation. The Z-PAs revealed a good
hydrophilicity and a positively-charged surface that enhance the
bacterial capturing capability. Compared to other inorganic-based
bacterial capturing, this work focuses on spontaneous immobilization and interaction processes of a single bacterium among PAs.
Moreover, the movement among the PAs under different interac-
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Fig. 3. (a) Schematic illustration of captured bacteria positioning on Z-PAs and the corresponding SEM images: (be) top view and (fi) side view, respectively. Scale bars in
(bi) are 1 lm. (j) Geometry parameters for a tilted Z-PA sand B@Z-PAs depicting a tilting angle (u), orthogonal displacement (do-do’) and diagonal displacement (dD-dD’)
when a bacterium is captured on a nanopillar array. (k) Relationship between the bacteria position on the nanopillar array and the lateral deflection (x-displacement and
tilting angle). The displacement (Dd; nm) and angle (degree) is calculated by n = 20 for each position.

tion time successfully demonstrated how the sub-micron structures, electrostatic attraction, and depletion forces spontaneously
interact at the bacterial cell-to-pillar interface. From the SEM
investigation, the structural deformation of PAs and formation of
bacterial bridges in-between PAs, both orthogonal and diagonal
displacement along with bending of PAs affected in all the x, y,
and z axis because of bacteria provided unique features and
enhancement of bacteria capturability. To the best of our knowledge, this is the first case where depletion and topology-induced
spontaneous aggregation of bacterial cells and pillars are performed. Consequently, as a result of excellent and robust capture
performance of Z-PAs, it allowed us to detect pathogenic bacteria
in the range of 106 to 10 CFU/mL by extraction of DNA and its
amplification. Moreover, the direct bacterial capturing and detection performance also confirmed that from daily used food items
(i.e. egg) and silverware (i.e. spoon). Additionally, the excellent
capturing performance enabled us to deploy this Z-PAs film to
recover pathogenic bacteria from real life usage items. Thereby,

our approach could eventually be extended to apply this to realize
on-site detection of pathogens.
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Fig. 4. SEM images of B@ZNP arrays at bacteria concentration of (a) 10, (b) 102, (c) 103, (d) 104, (e) 105, and (f) 106 CFU/ml. All the scale bars of are 5 lm. (g) Bacterial lysis and
PCR amplification processes of B@Z-PAs. (h) Ct values, the mean ± standard deviation (n = 3), from RT-PCR of E. coli O157:H7 comparing the B@Z-PAs and the conventional
method in a range of 106 to 101 CFU. (i) Photographic images of real sample test using artificially infected egg and a spoon with Z-PAs and (j) the corresponding agarose gel
electrophoresis results of PCR amplifications.
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