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Abstract: Separation and concentration of target bacteria has become essential to sensitive and
accurate detection of foodborne bacteria to ensure food safety. In this study, we developed a bacterial
separation system for continuous-flow separation and efficient concentration of foodborne bacteria
from large volume using a nickel nanowire (NiNW) bridge in the microfluidic chip. The synthesized
NiNWs were first modified with the antibodies against the target bacteria and injected into the
microfluidic channel to form the NiNW bridge in the presence of the external arc magnetic field. Then,
the large volume of bacterial sample was continuous-flow injected to the channel, resulting in specific
capture of the target bacteria by the antibodies on the NiNW bridge to form the NiNW–bacteria
complexes. Finally, these complexes were flushed out of the channel and concentrated in a lower
volume of buffer solution, after the magnetic field was removed. This bacterial separation system was
able to separate up to 74% of target bacteria from 10 mL of bacterial sample at low concentrations of
≤102 CFU/mL in 3 h, and has the potential to separate other pathogenic bacteria from large volumes
of food samples by changing the antibodies.

Keywords: immunomagnetic separation; nickel nanowires bridge; large-volume sample; microfluidic
chip; foodborne bacteria

1. Introduction

Foodborne diseases pose a great threat to human health [1–3]. According to the report of the
World Health Organization (WHO) in 2015, food contamination was responsible for illnesses caused
by foodborne pathogens [4]. Unsafe foods might cause the deaths of an estimated 2 million people
annually [5]. To date, currently available methods to detect foodborne bacteria mainly include culture
plating (culture) [6], polymerase chain reaction (PCR) [7,8], and enzyme-linked immune-sorbent assay
(ELISA) [9,10], etc. Due to the complex background of food matrix and very low concentration of
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pathogenic bacteria in foods for routine screening, separation and concentration of target bacteria
has often been used prior to detection of bacteria and become essential to ensure the sensitivity and
accuracy of bacterial detection. However, the existing bacterial separation methods, such as filtration
and centrifugation, lack specificity. More importantly, they cannot be used for in-field applications.
Therefore, it is of great importance to develop new, rapid, and efficient methods to separate and
concentrate target bacteria from complex food matrix.

In the past two decades, immune magnetic separation has been widely used for specific separation
of target bacteria with good separation efficiency [11]. It often first uses magnetic materials modified
with biological recognition elements (such as antibodies) to capture the targets, then applies a magnetic
field to capture the magnetized targets while removing the sample background, and finally re-suspends
the targets in a smaller volume of buffer solution to obtain the purified and concentrated targets [12].
With fast development of nanomaterial technology in recent years, magnetic nanoparticles (MNPs)
have been frequently reported for immunomagnetic separation with higher separation efficiency
of foodborne bacteria due to their larger specific surface, better water solubility and less steric
hindrance [13]. Many studies combining immunomagnetic separation with biosensors have been
reported to detect foodborne bacteria as low as 102 CFU/mL [14,15]. Since very low concentration of
pathogenic bacteria, at the level of 100 CFU/mL, are present in real foods for routine screening and
not detectable using the existing bacterial detection methods, an effective way to further improve the
sensitivity of these detection methods is to separate and concentrate the target bacteria from a larger
volume of food sample to obtain more bacterial cells. However, the magnetic field attenuates very
quickly, resulting in narrow range for capturing the magnetic nanoparticles, thus the conventional
magnetic separation method can only handle a small volume (≤1 mL) of samples. In the past decade,
many efforts on new immunomagnetic separation methods were made by researchers to specifically
separate target bacteria from large volume. One typical example is high gradient magnetic separation
(HGMS) [16], which used an external magnetic field to magnetize soft magnetic materials (such as
small iron balls, iron rods, etc.) in a separation channel, producing local high gradient magnetic fields
around the magnetic materials, which could capture the immune magnetic materials for specifically
reacting with the targets when they flowed through the channel. However, this HGMS method was
easily subject to blocking of the channel by the large-sized particles in food matrix, greatly limiting
its practical applications. Another typical example is magnetophoretic separation [17], which first
employed magnetic nanoparticles to capture the target bacteria in large volume, then continuous-flow
separated the magnetic bacteria from the non-magnetic sample background in the presence of a gradient
magnetic field. Although magnetophoretic separation was able to handle large volume of sample,
it needed a large amount of MNPs to ensure sufficient reaction between the MNPs and the target
bacteria, resulting in high cost. Recently, some new immunomagnetic flow separation methods were
reported to continuous-flow separate target bacteria from large volume of samples by immobilizing
magnetic nanoparticles at fixed places to capture the flowing target bacteria. An interesting study
was reported by Lee, et al. [18], which developed a 3D-printed spiral channel to capture the MNPs
for continuous-flow separation of pathogenic bacteria from large volume (10 mL) of food samples.
Combined with adenosine triphosphate (ATP) detection, this separation method could detect the
target Salmonella cells as low as 10 CFU/mL in 3 min. Moreover, the forming of magnetic particle
chains in separation channel was demonstrated to enhance separation efficiency of target bacteria [19].
In addition, magnetic nickel nanowires (NiNWs) with high aspect ratio and shape anisotropic properties,
which could be synthesized using chemical vapor deposition [20,21], electrochemical deposition [22,23],
electrospinning [24,25], microwave-assisted process [26,27] and solvothermal methods [28,29], were
reported for manipulation and separation of magnetic cells without the use of strong magnetic field.
Therefore, the combination of magnetic flow separation and the magnetic NiNWs might be promising
to develop efficient methods for continuous-flow separation of target bacteria from large volume
of sample.
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In this study, we developed a bacterial separation system for continuous-flow separation and
efficient concentration of target bacteria from large volume of sample using immune nickel nanowires
as capture bridge in microfluidic chip. As shown in Figure 1, the NiNWs were first synthesized using
the one-step synthesis method and immobilized with the antibodies against target bacteria through
ethylcarbodiimide hydrochloride (EDC)/ N-hydroxy-succinimide (NHS) method. Then, the immune
NiNWs were injected into the microfluidic channel in the presence of the external arc magnetic field to
form the NiNW bridge. Finally, large volume of bacterial sample was continuous-flow injected to the
channel, resulting in the specific capture of the target bacteria by the antibodies on the NiNW bridge
through the antigen-antibody binding. After the magnetic field was removed, the target bacteria were
flushed out of the channel with a smaller volume of phosphate-buffered saline (PBS) solution to obtain
the purified and concentrated bacterial sample.

Figure 1. (a) Schematic of the synthesis of immune nickel nanowires (NiNWs); (b) Schematic of
continuous-flow separation of the target bacteria using the NiNW bridge in the microfluidic chip.
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2. Materials and Methods

2.1. Materials

Nickel (II) chloride hexahydrate (NiCl2·6H2O, 99.9%), ethylene glycol (EG, 99.8%), hydrazine
monohydrate (N2H4·H2O, 98%), and poly (vinylpyrrolidone) (PVP, MW 40,000) were obtained
from Sigma Aldrich (St. Louis, MO, USA) to synthesize the nickel nanowires. Amino Propyl
Triethoxy Silane (APTES), hydrogen peroxide (H2O2), and ammonium hydroxide (NH4OH) were
purchased from Sinopharm Chemical (Shanghai, China) to functionalize the NiNWs with amino
groups. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC·HCl) and N-hydroxy-
succinimide sodium salt (sulfo-NHS) from Sigma Aldrich and streptavidin from Hualan Chemical
(Shanghai, China) were used to modify the NiNWs with streptavidin. Biotin-fluorescein isothiocyanate
from Sigma Aldrich was used to observe the modification of streptavidin on the NiNWs. Bovine serum
albumin (BSA) from Sigma Aldrich was used to block the non-specific binding sites. Deionized water
(18.2 MΩ·cm) was produced by Advantage A10 (Millipore, Billerica, MA, USA). The concentrated
phosphate-buffered saline (PBS, P5493) from Sigma Aldrich was 10 times diluted with deionized water
to prepare the PBS solution (pH 7.4, 0.01 M). The silicone elastomer kit (Sylgard 184, Dow Corning,
Auburn, MI, USA) was used to fabricate the poly (dimethoxy) silane (PDMS) channel. The 3D printer
(Objet24, Stratasys, Eden Prairie, MN, USA) was used to fabricate the mold of the channel.

2.2. Fabrication of the Microfluidic Chip

The microfluidic chip is a key component of this proposed bacterial separation system. The chip
mainly included a straight separation channel with the length of 55 mm, the width of 700 µm, and
the height of 200 µm and was used with an arc magnetic field to capture the immune NiNWs in the
microfluidic channel to form the NiNW bridge for continuous-flow separation of the target bacteria
while they flowed through the channel.

The microfluidic chip was fabricated based on 3D printing and surface plasma bonding. First, the
mold of the microfluidic channel was designed by SolidWorks and fabricated using the 3D printer,
followed by immersing in 5% NaOH for 30 min to thoroughly remove the surplus supporting material.
Then, the PDMS prepolymer and the curing agent were mixed at a ratio of 10:1 and cast into the
mold after degassing in vacuum for 20 min, followed by curing at 65 ◦C overnight. Finally, the PDMS
channel was peeled from the mold and bonded with a clean glass pretreated using oxygen plasma
(Harrick Plasma, Ithaca, NY, USA) to fabricate the microfluidic chip. The whole microfluidic chip was
65 mm long, 6 mm wide, and 40 mm thick.

2.3. Synthesis of the Nickel Nanowires

The nickel nanowires are the key material for the bacterial separation system to specifically
separate the target bacteria, which were synthesized according to our previous studies [30,31] with
slight modifications. First, 75 µL of 1 M aqueous NiCl2·6H2O (99.9%) and 15 mL of EG (99.8%) were
mixed and heated to 100 ◦C, followed by adding 0.5 mL of N2H4·H2O drop by drop. The temperature
was remained at 100 ◦C for ~30 min until the dark gray product was formed and floated on the
solution’s surface. The product was then washed with deionized water and anhydrous ethanol three
times through magnetic decantation, and finally dispersed in ethanol. PVP (0.03%, w/v) in EG solution
was used as the solvent in this study instead of pure EG due to its strong control on the size and the
stability of the NiNWs.

2.4. Functionalization of the Nickel Nanowires

The separation of the target bacteria is based on the immune reaction between the target bacteria
in the sample and the antibodies on the nickel nanowires. First, 500 µL of the NiNWs (1 mg/mL) were
immersed in 700 µL of the mixture of H2O2/NH4OH/H2O (1:1:5, v/v) for 30 min at 80 ◦C, followed by
rinsing with deionized water and drying at 65 ◦C for 15 min to functionalize the NiNWs with the -OH
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groups on their surface. Then, the NiNWs were silanized by incubating with 1 mL of 1% APTES in
ethanol overnight to functionalize the NiNWs with the -NH2 groups. After 189 µL of 0.04 M EDC and
750 µL of 0.01 M sulfo-NHS were added with 50 µg of streptavidin and incubated for 3 h with gentle
stirring, the streptavidin-coated NiNWs were washed with PBS twice, blocked by 1% BSA for 1 h, and
finally dispersed in 500 µL of PBS.

For the modification of the streptavidin-coated NiNWs with the antibodies, 100 µL of the prepared
NiNWs were first washed with PBS twice and re-suspended in 500 µL of 10 mM sterile PBS. Then,
4 µg of the biotinylated antibodies against the target bacteria were added and incubated at 15 rpm for
30 min, resulting in the modification of the antibodies onto the NiNWs through streptavidin-biotin
binding. After magnetic separation to remove the excessive antibodies, the immune NiNWs were
finally re-suspended in 500 µL of sterile PBS, and stored at 4 ◦C for further use.

2.5. Culture and Enumeration of the Target Bacteria

E. coli O157:H7 (ATCC 43888) and Salmonella Typhimurium (ATCC 14028) were used as research
models to evaluate the proposed bacterial separation system. They were first incubated in the
Luria-Bertani (LB) medium (Aoboxing Biotech, Beijing, China) for 13–16 h at 37 ◦C with shaking at
180 rpm. Then, the bacterial cultures were serially diluted with PBS to obtain the bacterial samples at
the concentrations from 100 to 104 CFU/mL, respectively.

For enumeration of the bacterial samples, 100 µL of each dilution of the samples was surface
plated onto one LB agar plate, and then incubated at 37 ◦C for 16 h before the colonies were counted.
The concentration of the bacteria was determined by counting the viable colonies on the plate.

2.6. Separation and Concentration of the Target Bacteria

The separation and concentration of the target bacteria is based on specific binding between the
antibodies on the NiNW bridge and the bacteria flowing through the microfluidic chip. To verify
the superiority of this proposed bacterial separation system, the conventional magnetic separation
in centrifuge tube using the same amount of the NiNWs and the MNPs was conducted in parallel,
respectively. For the conventional bacterial separation, 900 µL of the bacterial sample at each
concentration of 101–104 CFU/mL was first mixed with 100 µL of the immune NiNWs (1 mg/mL) or
the immune MNPs (1 mg/mL) for 45 min at 15 rpm in the sterile centrifuge tube, which was blocked
with 1% BSA for 30 min and washed with PBS prior to use for minimizing the non-specific adsorption,
resulting in the formation of the NiNW–bacteria or MNP–bacteria complexes. These complexes
were then magnetically separated to remove the sample background, and finally culture plated to
determine separation efficiency of the target bacteria, which was defined as the ratio of the number of
the separated bacteria to that of the original bacteria.

For continuous-flow separation of the target bacteria from large volume of sample, 10 mL of the
bacterial samples with different concentrations of 100–104 CFU/mL were prepared and the microfluidic
chip was blocked by 1% BSA for 30 min and washed with PBS prior to test. First, 500 µL of the
immune NiNWs were continuous-flow injected into the microfluidic chip to form the NiNW bridge in
the presence of the arc magnetic field at the flow rate of 200 µL/min using the syringe pump (Pump
11 Elite, Harvard Apparatus, Holliston, MA, USA). Then, 10 mL of the bacterial sample with each
concentration of 100–104 CFU/mL was continuous-flow injected into the channel at the flow rate of
60 µL/min (see Figure S1), allowing the antibodies on the NiNW bridge to capture the target bacteria
and thus form the NiNW–bacteria complexes. After washing with PBS, the magnetic field was removed
and the NiNW–bacteria complexes were flushed out of the channel with 1 mL of PBS at the flow rate
of 400 µL/min, followed by culture plating to determine the number of the target bacteria.



Micromachines 2019, 10, 644 6 of 13

3. Results

3.1. Simulation of the Magnetic Field

The magnetic field plays an important role in the distribution of the magnetic NiNWs in the
microfluidic channel, and thus is a key to improve separation efficiency of the target bacteria. In the
reported studies [32] on continuous-flow immunomagnetic separation of target bacteria, the immune
MNPs were often captured by the external magnetic field and aggregated against one side of the
microfluidic channel to separate the target bacteria in the flowing sample. However, the flowing sample
was generally in laminar regime, resulting in the possible capture of only a small part of the targets that
flowed closely to the fixed MNPs. Due to the fact that the height (~100 µm or more) of the microfluidic
channel was often much larger than that (10 µm or less) of the MNPs, the separation efficiency of the
target bacteria was always very low (~10% or less). Thus, the key to improve the separation efficiency
was to increase the capture range of the MNPs. One effective way was to use much more MNPs;
however, this would significantly increase the cost and result in impractical applications. Thus, an
alternative way was proposed in this study by developing an appropriate magnetic field to make the
limited amount of magnetic materials distribute more uniformly in the cross section of the channel to
increase the opportunity for the antibodies on the NiNWs to react with the flowing target bacteria.

To develop a suitable magnetic field for controlling the formation of the NiNW bridge to occupy
more space in the microfluidic channel, the Finite Element Method Magnetics (FEMM) software was
used for simulation of the magnetic field. Since the NiNWs have the tendency to distribute along the
magnetic field lines, an easy and effective way is to set up an arc magnetic field using two attractive
magnets to form the NiNW bridge in the microfluidic channel. Figure 2 showed three setups of the
magnetic field with different angles between one magnet and the other: 90◦ (Figure 2a), 135◦ (Figure 2b),
and 180◦ (Figure 2c). It is obviously seen that the magnetic fields in the channel are arc-shaped with
different radians. When the angle between the two magnets changes from 90◦ to 180◦, the curvature
of the arc magnetic field lines in the channel increases from 0.19 to 2.63, and the curvature radium
decreases from 5.37 mm to 0.38 mm. To further compare these three setups, the height (h) of the
magnetic field line passing through the left and right bottoms of the channel at the center of the channel
(see Figure 1) was used to evaluate the space occupation of the NiNWs in the channel, and could be
expressed as

h = r−

√
r2 −

w
4

2
(1)

where w is the width of the channel, r is the curvature radium of the magnetic field line. The heights
for the angles at 90◦, 135◦ and 180◦ were calculated to be ~12, ~50 and ~235 µm respectively, indicating
that the angle of 180◦ had the maximum space occupation. Thus, the setup of the magnetic field with
the angle of 180◦ was used in this study. Moreover, the image of the NiNW bridge was taken to verify
its formation and shown in Figure S2.
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Figure 2. The simulation of the arc magnetic fields with different angles of (a) 90◦ (b) 135◦ and (c) 180◦.

3.2. Characterization of the Nickel Nanowires

The nickel nanowires are the most important material to the bacterial separation system. Both
transmission electron microscopy (TEM) and scanning electron microscopy (SEM) were used to
characterize the NiNWs. As shown in Figure 3a, the averaged length and diameter of the NiNWs
based on the calculation of 50 NiNWs are 14.80 ± 3.65 µm and 190 ± 28 nm, respectively. The aspect
ratio of the NiNWs is 78 ± 22. It is also seen that there are some small spiked structures on the surface
of the NiNWs (Figure 3b) and some nanoparticles at the end of the NiNWs (Figure 3c), indicating
that the NiNWs have a high heterogeneous surface and a large shape anisotropy, which can increase
specific surface and thus be modified with more antibodies.

The loading capacity of the antibodies onto the NiNWs is crucial to the separation of the target
bacteria. Thus, after the NiNWs were functionalized with streptavidin, they were first conjugated
with the biotinylated fluorescein and then observed using the Eclipse TE300 inverted epifluorescence
microscope (Nikon, Tokyo, Japan) to check the loading capacity of the NiNWs. The images of a
streptavidin-coated NiNW and a fluorescent NiNW are shown in Figure 3d–e. It is seen that the whole
NiNW is conjugated with the fluorescein, indicating full loading of streptavidin on the NiNW, i.e.,
the biotinylated antibodies against the target bacteria can be modified onto the whole surface of the
NiNWs through the streptavidin-biotin binding.
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Figure 3. (a) The scanning electron microscopy (SEM) image of the NiNWs; (b–c) The TEM images of
the NiNW; (d) The microscopic image of a fluorescent NiNW at fluorescent mode; (e) The microscopic
image of the streptavidin-coated NiNW at bright mode.

3.3. Comparison of the NiNWs and MNPs for Conventional Magnetic Separation of Bacteria

Magnetic nanoparticles are the most often used for immunomagnetic separation of bacteria. Thus,
the NiNWs were compared with the commonly used magnetic nanoparticles to separate the target
bacteria using E. coli O157:H7 as research model. The pure bacterial cultures with the concentrations
ranging from 1.2 × 101 CFU/mL to 1.2 × 104 CFU/mL were prepared and 1 mL of each culture for
immunomagnetic separation using both the immune NiNWs and the immune MNPs in centrifuge
tube. Both the original and separated number of the E. coli O157:H7 cells were determined using
gold standard culture plating. As shown in Figure 4a, the separation efficiency (~90.2%) of the target
bacteria for the NiNWs is comparable with that (~89.7%) of the MNPs at lower bacterial concentrations
(1.2 × 101 CFU/mL and 1.2 × 102 CFU/mL), and gradually less than that of the MNPs at higher
concentrations (1.2 × 103 CFU/mL and 1.2 × 104 CFU/mL). This indicated that the NiNWs did not have
any superiority to the MNPs in the conventional magnetic separation strategy in centrifuge tube. This
could be explained as follows. At the lower bacterial concentrations, both the NiNWs and the MNPs
were far excessive for the capture of most target bacteria. However, at the higher concentrations, the
larger NiNWs were subject to precipitate compared to the smaller MNPs, resulting in less opportunities
for the antibodies on the NiNWs to react with the target bacteria in the solution. Thus, the MNPs was
more suitable than the NiNWs for magnetic separation of target bacteria in centrifuge tube. However,
the larger NiNWs might be possibly easier to form the bridge in the presence of the arc magnetic field
according to the reported studies on the formation of the MNP chains [33], resulting in better capture
of the flowing target bacteria. Moreover, to ensure successful capture of the E. coli O157:H7 cells
using the immune NiNWs and MNPs, transmission electron microscope was performed. As shown
in Figure 4b–c, the immune NiNWs and MNPs are successfully conjugated with the E. coli O157:H7
cells, respectively.



Micromachines 2019, 10, 644 9 of 13

Figure 4. (a) The separation efficiency of E. coli O157:H7 at the concentrations of 1.2 × 101–1.2 × 104 CFU/mL
using both the NiNWs and the MNPs; (b) The TEM image of the NiNW–bacteria complex; (c) The TEM
image of the MNPs-bacteria complex.

3.4. Separation of the Pure Bacteria from Large Volume in Microfluidic Chip

To verify the superiority of the NiNWs in the formation of the bacterial capture bridge and the
versatility of the bacterial separation method, another common foodborne pathogenic bacterium,
Salmonella Typhimurium, was used as research model. Three parallel tests on a larger volume (10 mL)
of the pure Salmonella cells with different concentrations ranging from 1.4 × 100 to 1.4 × 104 CFU/mL
were conducted using this proposed bacterial separation system. As shown in Figure 5a, at low
concentrations (1.4 × 100 CFU/mL–1.4 × 101 CFU/mL), the separation efficiency of the target bacteria
using the NiNWs is ~74%, while the separation efficiency decreases obviously at high concentrations
(1.4× 102–1.4× 104 CFU/mL). This phenomenon could be explained as follows. When the concentration
of target bacteria was low, most of the target bacteria could be captured onto the immune NiNW
bridge because the binding sites were abundant, resulting in higher separation efficiency. When the
concentration of the target bacteria increased, the limited binding sites might be not enough to capture
all the flowing target bacteria, resulting in lower separation efficiency. Moreover, this trend was
consistent with the results of the conventional magnetic separation using the NiNWs in the centrifuge
tube in Figure 4a. Moreover, the non-specific binding to the NiNWs was also tested using the NiNWs
without antibody modification to capture the target S. Typhimurium cells (8.8 × 100–8.8 × 102 CFU/mL)
and the non-target E. coli O157:H7 cells (4.0 × 100–4.0 × 102 CFU/mL). The experimental results are
shown in Figure 5b that the separation efficiencies for the NiNWs without antibodies modification are
much lower than those of the immune NiNWs. According to China’s food safety national standards,
most pathogenic bacteria, such as Salmonella Typhimurium and E. coli O157:H7, are not allowed to be
detectable in many ready-to-eat foods, thus the bacterial concentration is generally very low in routine
screening of foodborne bacteria, i.e., at the level of 100 CFU/mL. Therefore, this proposed bacterial
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separation system was practical for specific separation of target bacteria. Moreover, to ensure successful
capture of the S. Typhimurium cells using the NiNW bridge, transmission electron microscope was
performed. As shown in Figure 5c, the immune NiNW is successfully conjugated with S. Typhimurium
through antigen-antibody reaction.

Figure 5. (a) The separation efficiency of S. Typhimurium at the concentrations of 1.4 × 100–1.4 ×
104 CFU/mL using this proposed separation system; (b) The results for non-specific binding of E. coli
O157:H7 and S. Typhimurium onto the NiNWs without antibody modification, Black: NiNWs with
antibody modification for Salmonella separation, Orange: NiNWs without antibody modification for
Salmonella separation, Red: NiNWs without antibody modification for E. coli separation; (c) The TEM
image of the NiNW-Salmonella complex.
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3.5. Separation of the Target Bacteria in the Spiked Chicken Samples

To further evaluate this bacterial separation system, three parallel tests on different concentrations
of Salmonella Typhimurium in the spiked chicken carcass were conducted using this proposed system
to separate the target bacteria from large volume of sample and the culture plating to determine the
amount of the separated bacteria. As shown in Figure 6, the separation efficiency of S. Typhimurium at
each concentration from 1.2 × 100 to 1.2 × 104 CFU/mL in the spiked chicken carcass is a little lower
than that of pure cultures at the same concentration. This might be due to the complex background
of the chicken carcass samples, such as proteins, lipids, and tissues, which might have impact on
specific reaction between the target bacteria and the antibodies on the NiNW bridge. The trend of
the separation efficiency of the target bacteria in the microfluidic channel was consistent with in the
centrifugal tube, indicating that this proposed bacterial separation system was suitable for separation
of target bacteria from large volume of sample.

Figure 6. The separation efficiency of S. Typhimurium at the concentrations of 1.2 × 100–1.2 × 104 CFU/mL
in the spiked chicken samples using this proposed separation system.

4. Conclusions

In this study, we developed a bacterial separation system for continuous-flow separation and
efficient concentration of foodborne bacteria from large volume using the nickel nanowires bridge in
the microfluidic chip. The NiNW bridge were successfully formed in the microfluidic chip using the
arc magnetic field and demonstrated to be able to continuous-flow separate ~74% of the target bacteria
from 10 mL of bacterial sample at low concentrations to obtain more target bacteria than conventional
magnetic separation. The separation efficiency of this proposed bacterial separation system could be
further improved using more NiNWs in a longer microfluidic channel. This separation system is a
promising alternative to use with the rapid detection technologies such as biosensors and PCR for
sensitive routine screening of foodborne pathogens to ensure food safety. It could also be applied to
separate a wide variety of biological targets by changing the biological recognition elements.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/10/10/644/s1,
Figure S1: The photographs of continuous-flow separation system (a) and the microfluidic chip (b); Figure S2: The
image of the NiNWs bridge.

Author Contributions: In this paper, X.H. and Q.C. contributed to the Methodology, Data Curation, Validation
and Writing-original draft. L.W. and G.C. contributed to the Formal analysis and Investigation. W.Q. contributed
to the Software. Z.X. and W.W. contributed to the Resources. J.L. contributed to the Conceptualization, Supervision
and Writing-review & editing.

Funding: This research was funded in part by National Natural Science Foundation of China (31802219) and
Walmart Foundation (SA17031161).

Acknowledgments: The authors would like to thank Walmart Food Safety Collaboration Center for its
great support.

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/2072-666X/10/10/644/s1


Micromachines 2019, 10, 644 12 of 13

References

1. Guo, M.; Yadav, M.P.; Jin, T.Z. Antimicrobial edible coatings and films from micro-emulsions and their food
applications. Int. J. Food Microbiol. 2017, 263, 9–16. [CrossRef] [PubMed]

2. Mishra, S.K.; Malik, R.K.; Panwar, H.; Barui, A.K. Microencapsulation of reuterin to enhance long-term
efficacy against food-borne pathogen Listeria monocytogenes. 3 Biotech 2018, 8, 23. [CrossRef] [PubMed]

3. Osei-Tutu, B.; Anto, F. Trends of reported foodborne diseases at the Ridge Hospital, Accra, Ghana: A
retrospective review of routine data from 2009–2013. BMC Infect. Dis. 2016, 16, 139. [CrossRef] [PubMed]

4. Opening Speech at WHO/FAO/AU International Food Safety Conference. Available online: https://www.
who.int/dg/speeches/detail/opening-speech-at-who-fao-au-international-food-safety-conference (accessed
on 12 February 2019).

5. World Health Day 2015: Food Safety. Available online: https://www.who.int/campaigns/world-health-day/

2015/event/en/ (accessed on 7 April 2015).
6. Singh, S.; Eldin, C.; Kowalczewska, M.; Raoult, D. Axenic culture of fastidious and intracellular bacteria.

Trends Microbiol. 2013, 21, 92–99. [CrossRef] [PubMed]
7. Luo, J.; Jiang, M.; Xiong, J.; Li, J.; Zhang, X.; Wei, H.; Yu, J. Exploring a phage-based real-time PCR assay for

diagnosing Acinetobacter baumannii bloodstream infections with high sensitivity. Anal. Chimica Acta 2018,
1044, 147–153. [CrossRef]

8. De la Torre, D.; Astolfi-Ferreira, C.S.; Chacon, R.D.; Piantino Ferreira, A.J. Sensitive SYBR green-real time
PCR for the detection and quantitation of Avian Rotavirus A. Vet. Sci. 2019, 6, 2. [CrossRef]

9. Wang, W.; Li, J.; Dong, C.; Li, Y.; Kou, Q.; Yan, J.; Zhang, L. Ultrasensitive ELISA for the detection of hCG
based on assembled gold nanoparticles induced by functional polyamidoamine dendrimers. Anal. Chimica
Acta 2018, 1042, 116–124. [CrossRef]

10. Zai, J.; Yi, K.; Xie, L.; Zhu, J.; Feng, X.; Li, Y. Dual monoclonal antibody-based sandwich ELISA for detection
of in vitro packaged Ebola virus. Diagn. Pathol. 2018, 13, 96. [CrossRef]

11. Chattopadhyay, S.; Kaur, A.; Jain, S.; Sabharwal, P.K.; Singh, H. Polymer functionalized magnetic
nanoconstructs for immunomagnetic separation of analytes. RSC Adv. 2016, 6, 66505–66515. [CrossRef]

12. Gourikutty, S.B.N.; Chang, C.P.; Puiu, P.D. Microfluidic immunomagnetic cell separation from whole blood.
Journal of chromatography. J.Chromatogr. B 2016, 1011, 77–88. [CrossRef]

13. Wang, T.; Zhou, Y.; Lei, C.; Luo, J.; Xie, S.; Pu, H. Magnetic impedance biosensor: A review. Biosens.
Bioelectron. 2017, 90, 418–435. [CrossRef] [PubMed]

14. Zhang, Y.; Tian, J.; Li, K.; Tian, H.; Xu, W. Label-free visual biosensor based on cascade amplification for the
detection of Salmonella. Anal. Chimica Acta 2019, 1075, 144–151. [CrossRef] [PubMed]

15. Zheng, L.; Qi, P.; Zhang, D. DNA-templated fluorescent silver nanoclusters for sensitive detection of
pathogenic bacteria based on MNP-DNAzyme-AChE complex. Sens. Actuators B Chem. 2018, 276, 42–47.
[CrossRef]

16. Lu, Z.; Zhang, K.; Shi, Y.; Huang, Y.; Wang, X. Efficient removal of Escherichia coli from ballast water using a
combined high-gradient magnetic separation-ultraviolet photocatalysis (HGMS-UV/TiO2) system. Water Air
Soil Pollut. 2018, 229, 243.

17. Jeong, A.; Lim, H.B. Magnetophoretic separation ICP-MS immunoassay using Cs-doped multicore magnetic
nanoparticles for the determination of salmonella typhimurium. Talanta 2018, 178, 916–921. [CrossRef] [PubMed]

18. Lee, W.; Kwon, D.; Chung, B.; Jung, G.Y.; Au, A.; Folch, A.; Jeon, S. Ultrarapid detection of pathogenic
bacteria using a 3D immunomagnetic flow assay. Anal. Chem. 2014, 86, 6683–6688. [CrossRef] [PubMed]

19. Blondeau, M.; Guyodo, Y.; Guyot, F.; Gatel, C.; Menguy, N.; Chebbi, I.; Haye, B.; Durand-Dubief, M.;
Alphandery, E.; Brayner, R.; et al. Magnetic-field induced rotation of magnetosome chains in silicified
magnetotactic bacteria. Sci. Rep. 2018, 8, 7699.

20. Li, K.; Feng, J.; Kwak, J.; Yang, J.; Gordon, R.G. Pure and conformal CVD nickel and nickel monosilicide in
high-aspect-ratio structures analyzed by atom probe tomography. J. Appl. Phys. 2017, 121, 175301. [CrossRef]

21. Wang, Z.; Yue, H.Y.; Yu, Z.M.; Huang, S.; Gao, X.; Wang, B.; Song, S.S.; Guan, E.H.; Wang, W.Q.; Zhang, H.J.
A novel 3D porous graphene foam prepared by chemical vapor deposition using nickel nanoparticles:
Electrochemical determination of levodopa in the presence of uric acid. Microchem. J. 2019, 147, 163–169.
[CrossRef]

http://dx.doi.org/10.1016/j.ijfoodmicro.2017.10.002
http://www.ncbi.nlm.nih.gov/pubmed/28992507
http://dx.doi.org/10.1007/s13205-017-1035-8
http://www.ncbi.nlm.nih.gov/pubmed/29276661
http://dx.doi.org/10.1186/s12879-016-1472-8
http://www.ncbi.nlm.nih.gov/pubmed/27013510
https://www.who.int/dg/speeches/detail/opening-speech-at-who-fao-au-international-food-safety-conference
https://www.who.int/dg/speeches/detail/opening-speech-at-who-fao-au-international-food-safety-conference
https://www.who.int/campaigns/world-health-day/2015/event/en/
https://www.who.int/campaigns/world-health-day/2015/event/en/
http://dx.doi.org/10.1016/j.tim.2012.10.007
http://www.ncbi.nlm.nih.gov/pubmed/23182864
http://dx.doi.org/10.1016/j.aca.2018.09.038
http://dx.doi.org/10.3390/vetsci6010002
http://dx.doi.org/10.1016/j.aca.2018.08.038
http://dx.doi.org/10.1186/s13000-018-0773-1
http://dx.doi.org/10.1039/C6RA14236B
http://dx.doi.org/10.1016/j.jchromb.2015.12.016
http://dx.doi.org/10.1016/j.bios.2016.10.031
http://www.ncbi.nlm.nih.gov/pubmed/27825890
http://dx.doi.org/10.1016/j.aca.2019.05.020
http://www.ncbi.nlm.nih.gov/pubmed/31196420
http://dx.doi.org/10.1016/j.snb.2018.08.078
http://dx.doi.org/10.1016/j.talanta.2017.10.009
http://www.ncbi.nlm.nih.gov/pubmed/29136916
http://dx.doi.org/10.1021/ac501436d
http://www.ncbi.nlm.nih.gov/pubmed/24856003
http://dx.doi.org/10.1063/1.4982670
http://dx.doi.org/10.1016/j.microc.2019.02.067


Micromachines 2019, 10, 644 13 of 13

22. Pourfarzad, H.; Shabani-Nooshabadi, M.; Ganjali, M.R.; Kashani, H. Synthesis of Ni–Co-Fe layered double
hydroxide and Fe2O3/Graphene nanocomposites as actively materials for high electrochemical performance
supercapacitors. Electrochimica Acta 2019, 317, 83–92. [CrossRef]

23. Li, M.; Liu, J.; Zhang, X.; Zhou, C.; Munagala, S.P.; Tian, Y.; Ren, J.; Jiang, K. Graphene platelet (GPL)/nickel
(ni) laminate coatings for improved surface properties. Adv. Eng. Mater. 2017, 19, 1600795. [CrossRef]

24. Huang, Y.; Li, C.; Bai, J.; Sun, W.; Wang, J. Fabrication of Ni nanoparticles loaded onβ-cyclodextrin/polymethyl
methacrylate composite nanofibers via electrospinning, immersion, and chemical reduction. J. Macromol. Sci.
Part B 2015, 54, 231–238. [CrossRef]

25. Shen, Y.; Wei, Y.; Ma, J.; Li, Q.; Li, J.; Shao, W.; Yan, P.; Huang, G.; Du, X. Tunable microwave absorption
properties of nickel-carbon nanofibers prepared by electrospinning. Ceram. Int. 2019, 45, 3313–3324. [CrossRef]

26. Peng, J.; Peng, Z.; Zhu, Z.; Augustine, R.; Mahmoud, M.M.; Tang, H.; Rao, M.; Zhang, Y.; Li, G.;
Jiang, T. Achieving ultra-high electromagnetic wave absorption by anchoring Co0.33Ni0.33Mn0.33Fe2O4
nanoparticles on graphene sheets using microwave-assisted polyol method. Ceram. Int. 2018, 44, 21015–21026.

27. Kashid, S.B.; Raut, R.W.; Malghe, Y.S. Microwave assisted synthesis of nickel nanostructures by hydrazine
reduction route: Effect of solvent and capping agent on morphology and magnetic properties. Mater. Chem.
Phys. 2016, 170, 24–31. [CrossRef]

28. Wei, P.; Li, X.; Li, J.; Bai, J.; Jiang, C.; Liu, L. A facile synthesis of ternary nickel iron sulfide nanospheres as
counter electrode in dye-sensitized solar cells. Chem. Eur. J. 2018, 24, 19032–19037. [CrossRef]

29. Huang, L.; Hou, H.; Liu, B.; Zeinu, K.; Yuan, X.; Zhu, X.; He, X.; Wu, L.; Hu, J.; Yang, J. Phase-controlled
solvothermal synthesis and morphology evolution of nickel sulfide and its pseudocapacitance performance.
Ceram. Int. 2017, 43, 3080–3088. [CrossRef]

30. Xia, Z.; Wen, W. Synthesis of nickel nanowires with tunable characteristics. Nanomaterials 2016, 6, 19. [CrossRef]
31. Xia, Z.; Wu, X.; Peng, G.; Wang, L.; Li, W.; Wen, W. A novel nickel nanowire based magnetorheological

material. Smart Mater. Struct. 2017, 26, 054006. [CrossRef]
32. Jung, S.H.; Hahn, Y.K.; Oh, S.; Kwon, S.; Um, E.; Choi, S.; Kang, J.H. Advection flows-enhanced magnetic

separation for high-throughput bacteria separation from undiluted whole blood. Small 2018, 14, 1801731.
[CrossRef]

33. Wang, J.; Liu, S.; Ban, C.; Jia, Z.; He, X.; Ma, J.; Pu, X.; Li, W.; Zhi, L. Halbach array assisted assembly of
orderly aligned nickel nanowire networks as transparent conductive films. Nanotechnology 2019, 30, 355301.
[CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.electacta.2019.05.122
http://dx.doi.org/10.1002/adem.201600795
http://dx.doi.org/10.1080/00222348.2014.1002356
http://dx.doi.org/10.1016/j.ceramint.2018.10.242
http://dx.doi.org/10.1016/j.matchemphys.2015.12.014
http://dx.doi.org/10.1002/chem.201804220
http://dx.doi.org/10.1016/j.ceramint.2016.11.118
http://dx.doi.org/10.3390/nano6010019
http://dx.doi.org/10.1088/1361-665X/aa5bd0
http://dx.doi.org/10.1002/smll.201801731
http://dx.doi.org/10.1088/1361-6528/ab240e
http://www.ncbi.nlm.nih.gov/pubmed/31121572
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Fabrication of the Microfluidic Chip 
	Synthesis of the Nickel Nanowires 
	Functionalization of the Nickel Nanowires 
	Culture and Enumeration of the Target Bacteria 
	Separation and Concentration of the Target Bacteria 

	Results 
	Simulation of the Magnetic Field 
	Characterization of the Nickel Nanowires 
	Comparison of the NiNWs and MNPs for Conventional Magnetic Separation of Bacteria 
	Separation of the Pure Bacteria from Large Volume in Microfluidic Chip 
	Separation of the Target Bacteria in the Spiked Chicken Samples 

	Conclusions 
	References

