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ABSTRACT: Ionic current sensing methods are useful tools for
detecting sub- to several-micron scale particles such as bacteria. However,
conventional commercially available ionic current sensing devices are not
suitable for on-site measurement use because of inherent limitations on
their robustness. Here, we proposed a portable robust ionic current
sensor (Robust-ICS) using a bridge circuit that offers a high signal-to-
noise (S/N) ratio by suppressing background current. Because the
Robust-ICS can tolerate increased noise in current sensing, a simple,
lightweight electromagnetic shield can be used and measurements under
large electromagnetic noise conditions can be made. The weight of the
device was lowered below 4 kg and outdoor particle detection
measurements were completed successfully. Accuracy of size detection
of Staphylococcus aureus (S. aureus) was equivalent to that obtained by SEM imaging.
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Bacteria are known to cause food poisoning1−4 and
infectious diseases.5,6 The incubation period of food

poisoning by Staphylococcus aureus (S. aureus) has been
reported to be 2−6 h.7 Being able to identify causative bacteria
using on-site rapid detection methods would help to prevent
the spread of food poisoning and infectious diseases by such
quickly incubating bacteria. Ionic current sensing methods have
attracted attention as detection methods for various sub- to
several-micron-sized harmful particles, including bacteria.8 In
ionic current sensing, a voltage is applied to a micropore filled
with conductive solution and the current flow change by
passing of a sample particle is monitored.9 This current change
is defined as a signal. Bacteria species having various indigenous
sizes can be discriminated based on the amplitude of the signals
corresponding to cell volume; e.g., S. aureus has a volume of
about 0.4 fL and Bacillus subtilis (B. subtilis) has a volume of 1.5
to 4.2 fL.10,11

However, the conventional ionic current sensing methods
have only been reported for detections in a controlled
environment such as a laboratory,12−15 and particle detections
in an uncontrolled environment such as outdoors have not
been demonstrated. The reason is that it is necessary to lower
the electromagnetic noise to detect a small-sized sample particle
because of the inherently poor signal-to-noise (S/N) ratio of
the conventional methods. Consequently, in many commer-

cially available devices,14,16 a thick electromagnetic shield is
used to lower noise from outside the device, and portability is
impaired. To the best of our knowledge, qNano,17 which is the
particle detector presently offering the highest portability, has
only been used in a controlled laboratory environment.
Therefore, for conventional methods, it is necessary to
transport samples to a laboratory, and it remains difficult to
detect the bacteria on-site.
In order to enable rapid bacteria detection anywhere, we

developed a robust ionic current sensor (Robust-ICS) with a
bridge circuit. Although the bridge circuit is a classical electric
circuit, the combination of the bridge circuit and ionic current
sensing enhanced the S/N ratio by suppressing the background
current, and small particle detection in a large electromagnetic
noise environment became possible.18 We fabricated the
Robust-ICS by superimposing a detection unit, using a
microfluidic chip, and an electric circuit unit, covered with an
aluminum plate shield to lower the device weight (Figure 1a).
In this paper, we show that ionic current sensing using our
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Robust-ICS is possible in various environments and the analysis
of detected bacteria is achieved with high accuracy.

■ EXPERIMENTAL SECTION
Fabrication of Bridge Circuit. The bridge circuit consisted of a

micropore chip having a cross-channel structure and a micropore filled
with a conductive solution, and two electric circuits, one for
electrophoresis (red circuit in Figure 1 b) and one for ionic current
sensing (blue circuit in Figure 1 b). In the electrophoresis circuit, the
sample particle was electrophoresed by a voltage applied using a
battery (6LR 61 YXJ/1 S, Panasonic) via an Ag wire (FTVS-408,
Oyaide) and introduced into the micropore. In the ionic current
sensing circuit, the potential difference at both ends of the 1 kΩ
resistive element (E-Globaledge Corp.) could be adjusted by operating
the variable resistor (7270, BI Technologies). The current flowing
through the amplifier (low noise current amplifier DLPCA-200,
FEMTO) was output to a recorder composed of a signal converter
(NI USB-6259, National Instruments) and a PC equipped with
LabVIEW software (National Instruments). In ionic current sensing,
the potential difference at both ends of the micropore and that of the 1
kΩ resistive element were used for the output signal. When there was
no particle in the micropore, the circuit was adjusted to get a balanced
state where no current flowed to the amplifier, resulting in the
background current baseline becoming about 0 A (middle left image in
Figure 1b). As the sample particle passed through the micropore, the
potential difference at both ends of the micropore increased and the
balance was lost; as a result, current flowed to the amplifier and was
detected as a signal (middle center image and lower graph in Figure
1b). A high applied voltage gave a large current signal. In conventional
methods, the applied voltage is generally several hundred millivolts to
several volts because the background current baseline exceeds the
detection upper limit when a high voltage is applied.8 In our past
research, we created a balanced state to suppress the background

current and that allowed us to apply a high voltage to the circuit.18 The
application of a high voltage enhanced the signal amplitude and
compensated for the noise increase due to the simple electromagnetic
shielding.

Fabrication of a Robust Ionic Current Sensor (Robust-ICS).
We fabricated a robust ionic current sensor (Robust-ICS) by
incorporating the bridge circuit into two boxes made of 1-mm-thick
aluminum plates (Figure 2a). A microchip and Ag wires were installed

in the upper box, and the two electric circuits for electrophoresis and
ionic current sensing were placed in the lower box which was
connected to a recorder (Figure 2b and c). By using a simple
electromagnetic shield made of aluminum plates we lowered the
weight of the two boxes to under 4 kg, and it became easier to carry
the sensor device about and make detection measurements anywhere
(Figure 2d).

Fabrication of the Micropore Chip. We made the micropore
chip by pouring PDMS (SILPOT184, Dow Corning Toray Co., Ltd.)
into a mold of SU-8 (SU-8 3005, Kayaku Co., Ltd.) formed by
photolithography. In order to avoid contact between the sample
solution and the wires when performing experiments using various
samples consecutively, an Au electrode plate having a thickness of 40
nm was formed on a slide glass using a sputtering machine (MSP-mini,
Vacuum Device), and a voltage was applied through the Au electrode
plate (Figures 1c and S1). The micropore with a height of 3.7 μm, a
width of 2.0 μm, and a length of 2.2 μm was fabricated at the center of
the micropore chip. The micropore chip was filled with 5 × TBE
buffer (0.45 M Tris, 0.45 M boric acid, 0.01 M EDTA).

Scheme of Ionic Current Sensing for Particle Detection. A
voltage of 50 V was applied to the micropore chip, and the variable
resistor in the ionic current sensing circuit was operated to suppress
the background current, which is the current value flowing to the
ammeter, from 2 μA to under 10 pA. The solution containing the
sample particles, such as polystyrene particles and bacteria, were
dropped into the sample inlet. Since the particles were charged, they

Figure 1. Schematic illustration of the robust ionic current sensor and
photo images of the micropore chip. (a) Conceptual illustration of the
robust ionic current sensor (Robust-ICS). Upper and lower boxes are
detection and electric circuit units, respectively. (b) Detection
mechanism of current signals. The upper image shows a circuit
diagram of the bridge circuit. Middle images show translocation of a
sample particle through the micropore. The lower graph shows the
current signal due to translocation of a sample particle. (c) Photos of
the micropore chip. The right image shows a micropore (red arrow) at
the center of the micropore chip. Scale bars of left and right images are
1 cm and 25 μm, respectively.

Figure 2. (a) Schematic illustration of Robust-ICS and photos of the
two box interiors; scale bar, 15 cm. (b) Experimental setup of Robust-
ICS; scale bar, 15 cm. (c) Photo of the micropore chip in Robust-ICS;
scale bar, 2 cm. Ag wires were connected to reservoirs of the
micropore chip. (d) Photo of Robust-ICS demonstrating its
lightweight and compact size; scale bar, 15 cm.
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could be introduced into the micropore by electrophoresis. The
current signals obtained by passage of the sample particles through the
micropore were measured.
We carried out an experiment to confirm the relationship between

particle volume and signal amplitude using a commercially available
shield box (Shield Room Corporation). The micropore chip and the
two electric circuits were fixed in the commercial box, and the output
current was measured outside the box. We carried out experiments for
bacteria detection and noise measurement under various conditions
using the robust-ICS with the aluminum plate boxes.
Sample Preparation. We evaluated performance of the bridge

circuit using 0.50-, 0.75-, and 1.00-μm-diameter polystyrene particles
(Fluoresbrite Calibration grade Microspheres) purchased from
Polysciences, Inc. Volumes of 0.50-, 0.75-, and 1.00-μm-diameter
polystyrene particles were 0.07, 0.22, and 0.52 fL, respectively.
Polystyrene particles of each size were dispersed in 5 × TBE buffer
solution, and diluted to a concentration of 2 × 106 particles/mL for
experiments. According to the product data sheet, 1.00 μm diameter
particles have a standard deviation of 20 nm.
Staphylococcus aureus (ATCC 25923) and Bacillus subtilis (ATCC

6633) were cultured at 37 °C for 48 h using 2.5% LB medium (LB
Broth miller, Sigma-Aldrich, Co.), washed with phosphate buffer (5
mM Na2HPO4·12H2O, 5 mM NaH2PO4·2H2O), and diluted to 106

cells/mL with 5 × TBE buffer solution. For scanning electron
microscope (Supra 40 VP, Carl Zeiss AG) observation, S. aureus cells
were coated with a 10 nm thin layer of gold using the sputtering
machine, and individual cell diameters were calculated using ImageJ
software.
Ionic Current Sensing under Various Conditions. We

confirmed the effects on ionic current sensing when using different
electromagnetic shields, and when changing the temperature,
humidity, and measurement place. The effect of different electro-
magnetic shields was confirmed by comparing the commercially
available shield box which was made of 1 mm Galbarium steel and 26
mm aluminum plates and our box made of 1 mm aluminum plates for
the Robust-ICS, in an experimental environment at a temperature of
25 °C and humidity of 20%. The effects of temperature and humidity
changes were confirmed by placing the Robust-ICS, humidifier (Dew
054, Denkosha Co., Ltd.), and hot air blower (SU13-A, Tescom Co.,
Ltd.) in a plastic case (3-4055-21, AS ONE Corporation), and
changing each condition (Figure S2). We calibrated the temperature
and humidity in the plastic case by using a thermohygrometer (PC-
7700SK, skSATO). The effect when changing the measurement place
was examined by carrying out the ionic current sensing in four
laboratories and outdoors. Laboratory 1 (Lab 1) had a size of 49 m2,
and a motorized microscope was an electromagnetic noise source.
Laboratory 2 (Lab 2) had a size of 77 m2, and two fume hoods, two
refrigerators, a freezer, a deep freezer, and an ultrapure water
preparation system were noise sources. Laboratory 3 (Lab 3) had a
size of 24.5 m2, and two fume hoods were noise sources. Laboratory 4
(Lab 4) had a size of 35 m2, and two motorized microscopes were
noise sources. Outdoor measurements were done on a grass area
surrounded by buildings. A subway station was located within 30 m of
the outdoor measurement place and the outdoor motor of an air
conditioner unit was located within 10 m from the place.

■ RESULTS AND DISCUSSION

Relationship between Sample Particle Volume and
Signal Amplitude. In this paper, we defined the difference
between the background current baseline and the lowest
current value in a passing sample particle as the signal
amplitude (Figure 3). Comparison of the signal amplitudes of
0.50-, 0.75-, and 1.00-μm-diameter polystyrene particles
indicated the volume of the sample and the signal amplitude
had a proportional relationship. The signal amplitudes of 0.50-,
0.75-, and 1.00-μm-diameter polystyrene particles were 1.16
nA, 4.96 nA, and 10.2 nA, respectively. This result is consistent
with the detection principle that particles with larger volume

decrease the current value by eliminating more conductive
solution in the micropore. Therefore, the sample diameter can
be calculated from the signal amplitude. Particle size detection
based on the signal amplitude shows high repeatability (Figure
S3).

Application to Bacteria Detection. As an application for
bacterial detection, S. aureus was detected with our Robust-ICS
and the calculated cell diameter was compared with the result
obtained by SEM observation (Figure 4). S. aureus is one of the
bacteria harmful to the human body and has a diameter size of
1 μm or less19 (Figure 4a). Using Robust-ICS, we detected 200
cells in 115 s, and the cell diameter was calculated from the
signal amplitude (Figure 4b). The histogram of cell diameters

Figure 3. Signal amplitude of 0.50-, 0.75-, and 1.00-μm-diameter
polystyrene particles. Each point shows the average signal amplitude of
0.50-, 0.75-, and 1.00-μm-diameter polystyrene particles. The gray
dotted line is an approximation curve of the relationship between
particle volume and signal amplitude. Blue, green, and red lines are
current signals of 0.50-, 0.75-, and 1.00-μm-diameter polystyrene
particles. Error bars show the standard deviation for a series of
measurements (N = 200).

Figure 4. Detection of bacteria by using Robust-ICS. (a) SEM image
of S. aureus; scale bar, 1 μm. (b) Current signal of an individual S.
aureus cell. (c) Comparison histogram of the detected diameter of S.
aureus cells obtained using SEM and Robust-ICS. The number of
measured cells in both experiments was 200. Detection time for 200
cells using Robust-ICS was 115 s.
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measured using SEM corresponded to that of cell diameters
detected using the Robust-ICS (Figure 4c). The average value
of the cell diameter in both observations was 0.72 μm. There
was no significant difference in the average value (p-value =
0.92 > 0.05). Detected volumes of S. aureus and B. subtilis were
clearly different (Figure S4). Therefore, Robust-ICS can
accurately detect the particle size of biological samples, and
size-based bacteria discrimination is realized.
Effect of the Measurement Environment. Using the

amplitudes of current noise in ionic current sensing as an
indicator, we confirmed the effect of the experimental
environment on ionic current sensing (Figure 5a). The

amplitude of current noise in ionic current sensing with
Robust-ICS was ten times larger than that in ionic current
sensing with the commercially available shield box (Figure 5b).
Due to the difference in the shielding performance of the box
materials and the box air tightness, Robust-ICS, which has the
simple electromagnetic shield, showed larger amplitudes of
current noise. Because the commercially available shield box
weighed over 50 kg, it had low portability; hence shielding
performance and portability were in a trade-off relationship.
The amplitude of current noise of Robust-ICS was 0.54 nA,
which is enough to detect submicron size particles such as 0.5
μm particles by using the bridge circuit.
Comparing the current noise in current sensing at room

temperature and high temperature while changing humidity in
the plastic case, we found the amplitude of the current noise
was constant in all situations (Figure 6). Since average
amplitudes of current noise were 0.43 nA at 25 to 27 °C and
0.43 nA at 37 to 40 °C, thermal noise from the temperature was
not the main factor determining the amplitudes of current noise
in Robust-ICS. Similarly, there was no difference in amplitudes

of current noise between humidities of 20% and 99%. Based on
these results, Robust-ICS can measure samples with the same
detection limit under any temperature and humidity conditions
except when a short circuit is caused by water condensation.
When measurements were performed in the four laboratories

of different sizes and having different electromagnetic noise
sources, a difference in the amplitude of the current noise of
200 pA in current sensing was observed (Figure 7a). No

correlation was found between the difference in types and
numbers of noise source devices in the laboratories and the
amplitudes of current noise. Even in Lab 1 which had the
largest amplitudes of current noise among the four laboratories,
detection of submicron particles such as 0.5 μm particles was
possible. In the outdoor measurements, the amplitude of
current noise was much larger. We considered that the
electromagnetic noise from the surroundings (the subway
station and the air conditioner motor) and the vibration derived
from the wind influenced the amplitudes of current noise in
ionic current sensing. Without using a vibration removal board,
Robust-ICS kept a constant amplitude of current noise which
was enough to detect submicron particles larger than 0.5 μm. A
polystyrene particle of 1 μm in diameter was successfully
detected by Robust-ICS outdoors (Figure 7b). The obtained
signal amplitude was 10.72 nA and the calculated particle
diameter was 1.01 μm; therefore, the signal amplitude
corresponded to the reference value in the product data sheet.
Although Robust-ICS has low shielding performance and it is

affected by surrounding electromagnetic noise sources, particles
over 0.5 μm in diameter can be detected because the amplitude
of the current noise is always lower than 1 nA. A lower
detection limit can be obtained by decreasing the amplitude of
the current noise and enhancing the current signals. The
amplitude of current noise can be decreased by increasing air
tightness of the shielding aluminum box. Signals can be
enhanced by increasing the applied voltage and the
concentration of conductive solution in the micropore chip.
Compared with conventional ionic current sensing methods,
our Robust-ICS using the bridge circuit can tolerate a large
current flow because the background current is suppressed.

Figure 5. Comparison of the amplitude of current noise in ionic
current sensing in two shield boxes with different shielding
performances. (a) Definition of current noise in this paper. Amplitude
of current noise was the average value of 10 s measurement. (b)
Difference in amplitude of current noise by changing the electro-
magnetic shield.

Figure 6. Comparison of the amplitude of current noise in ionic
current sensing at various temperature and humidity conditions. At 25
to 27 °C, measurements were done at humidities of 20%, 70%, 87%,
91%, and 95%. At 37 to 40 °C, measurements were done at humidities
of 41%, 48%, 53%, 63%, 73%, 77%, 88%, and 99%.

Figure 7. Comparison of amplitude of current noise at various places
and detection of 1 μm particles outdoors. (a) Comparison of noise at
various places. (b) Detection of 1 μm polystyrene particles done
outdoors. Left image shows the experimental setup outdoors. Right
graph shows the current signal of an individual 1-μm-diameter
polystyrene particle obtained outdoors.
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Even at the present performance levels of Robust-ICS, S. aureus
with a diameter of about 1 μm, can be detected anywhere.

■ CONCLUSIONS
We succeeded in obtaining a high S/N ratio by fabricating a
robust ionic current sensor (Robust-ICS) using a bridge circuit,
and as a result, we successfully detected bacteria even in a large
noise condition using just a simple, lightweight electromagnetic
shield made of aluminum plates. The weight of our Robust-ICS
was under 4 kg. The calculated diameter of bacterial cells
detected by Robust-ICS was consistent with the result by SEM
imaging. When temperature, humidity, and measurement places
were changed, the amplitude of current noise in ionic current
sensing was smaller than 1.0 nA and it did not affect detection
of particles over 0.5 μm in diameter. Even large size bacteria
and clusters of small bacteria can be detected with the same
micropore if its cross-sectional area is not larger than that of the
micropore. The diameter of 1 μm particles was accurately
detected in outdoor measurements. Although same-sized
bacteria species cannot be discriminated by ionic current
sensing, integration of a microscope,20 which can observe a cell
surface, into Robust-ICS should enable discrimination based on
the size and cell surface property of the bacteria. In addition,
discrimination of bacteria based on cell shapes can be done by
using a low-aspect-ratio micropore.21 On-site inspection using
Robust-ICS will make it easier to determine bacteria on the
surface of equipment or in such samples as foods and body
fluids of patients.
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