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Foodborne pathogenic microorganisms have become major threats that

endanger human life and health. The current technology cannot perform

rapid screening of foodborne pathogenic bacteria, and fail to timely control

food safety risks. Here, we develop a novel microfluidic sensor for real-time

and label-free bacteria classification at the single-cell level. Concretely, a

low-aspect-ratio SiN micropore with PDMS coating was fabricated, which

could significantly reduce the noise of the sensing system, and makes the

microfluidic pore sensor sensitive to bacteria discrimination. The prepared SiN

micropore equipped with the high temporal-spatial resolution was applied to

observe bacterial translocation “events” and the current pulse signals could be

obtained, which depend on the size, charge, and morphology of the target

bacteria. According to the variation of the current pulse signals produced by

di�erent bacteria across the micropore, three common foodborne pathogens

such as Salmonella enteric, Listeria monocytogenes, and Escherichia coliwere

identified. Due to convenience, rapidity, and accuracy, the label-free method

we report here has great potential for the identification of diverse foodborne

microorganisms at single-cell sensitivity.

KEYWORDS

microfluidics, solid-state micropore, foodborne pathogen, bacterial identification,

label-free

Introduction

Foodborne diseases have long been a serious threat to public health all over the

world, and pathogenic bacteria are the main cause of these diseases (1). Foodborne

pathogens include Salmonella, Listeria monocytogenes, Staphylococcus aureus, Vibrio

parahaemolyticus, Escherichia coli, etc. These pathogenic bacteria can cause diarrhea,

vomiting, fever, septicemia, and even death. It is estimated that there are 37

million illnesses caused by the foodborne pathogenic microorganisms in the world

each year, with 230 thousand hospitalizations and 2.6 thousand deaths (CDC).
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Once the food is potentially contaminated, the bacteria may

proliferate in large numbers in a short period of time, which may

cause serious harm to human health. Therefore, it is important

to determine the bacterial species timely and accurately, which

helps to control risk and ensure food safety (2, 3).

Up to now, several available methods and techniques

for bacterial identification have been developed, namely,

API Bacteria Test System (4), DNA sequencing (5), 16S

ribosomal RNA-based sequencing (6), immunological methods

(7), and pulsed-field gel electrophoresis (8). These methods

are generally stable and accurate. However, they are time-

consuming, labor-intensive, and inherently rely on costly

instruments and time-consuming treatments. With more

researches focused on single cell analysis, how to realize

a label-free, non-invasive, and real-time method for single

foodborne bacterium identification has become a hot topic, but

remain challenging.

In recent years, microfluidic technology has developed

rapidly, and many microfluidic chips have been developed

and applied (9–12).Microfluidic-based nano/micropore analysis

technology is an emerging single-molecule analysis method that

has been widely used in DNA sequencing (13, 14), protein

sequencing (15), molecular recognition (16, 17), and virus

detection (18, 19). Their sensing principle is based on the

Coulter principle that detects of temporal changes in ion

transport across the pore. Unlike Coulter counters, the sensing

area of the chip is only nanometer-thick in thickness, which

significantly increases the importance of the ionic resistance

of the electrolyte solution outside the pore channel, thus

enabling fast kinetic processes with ultra-high temporal-spatial

resolution. Low-aspect-ratio nano/micropore analysis system

with nanoscale thickness can provide a fast 2D scan to

characterize the shape of analytical entities, which is not

available with counting-only Coulter counters. When a charged

target substance translocates through the nano/micropore under

a DC electric field, ions in the nano/micropore channels

are excluded, so a large current drop would be observed.

The current pulse intensity depends on the size, charge,

hydrophobicity, and morphology of target entity. Unlike

biologically engineered channel used for gene sequencing (20),

the significant advantages of the solid-state nano/micropores

reported in this study are stable under extreme experimental

conditions and can be integrated easily.

In this Brief Research Report, we prepared a microfluidic

chip with low-noise and low-aspect-ratio micropore for quick

identifications of Escherichia coli (E. coli), Salmonella enterica

(S. enterica), and Listeria monocytogenes (L. monocytogenes),

which are commonly found in diverse food matrices. Since

the bacterium is electrically charged, it can migrate through

the micropore under an electric field, causing large current

changes in a very short period of time. Each current pulse

represents a bacterial translocation “event” (Figure 1A). Because

of the differences in the physical parameters such as shape,

charge, and mass of bacteria, different ionic current pulses

are generated corresponding to the translocation of different

bacteria. The sensing signal can be optimized by adjusting

the pore size, voltage magnitude, sampling interval, etc.

E. coli, S. enterica, and L. monocytogenes were identified

according to the fine features of the resistive pulses. Due to

convenience, rapidity, and accuracy, the label-free method,

we report here has great potential for identification of the

diverse foodborne microorganisms with the help of artificial

intelligence sorting.

Methods

Chemicals and equipment

Electrochemical measurements were performed on a

CHI-660e electrochemical workstation (CHI Instrument,

Shanghai, China) with a microfluidic SiN pore in potassium

chloride (Sinopharm Group, Shanghai, China) and 1 × PBS

(Sangon, Shanghai, China). Luria–Bertani (LB) and Brain Heart

Infusion (BHI) medium were purchased from the Beijing Land

Bridge Technology Co. (Beijing, China). The bacteria used

in the experiment were from the National Culture Collection

Center (NCCC) (Beijing, China). Ultrapure water was used for

the experiments. All the reagents and other chemicals used in

this work were of analytical grade or better.

Preparation and quantification of bacteria

E. coli (CICC 25922), S. enterica (CICC 10871), and L.

monocytogenes (CICC 21635) were cultured in the shaking

incubator for ∼ 14 h at 37◦C until the stationary phase in

LB or BHI broth. After that, the obtained bacterial cells

were centrifuged at 6,500 g for 5min, washed twice, and

resuspended in 0.1 × PBS for further use. Then bacteria were

stained with 1 × SYBR Green and counted under an inverted

fluorescence microscope.

Fabrication of microfluidic chip

The microfluidic SiN chip was prepared according to a

previously reportedmethod (21). Briefly, a 500µm thick Si wafer

cut into 8mm square chips was used as the substrate. On both

the sides of the Si layer, there is 200 nm thick SiN formed by

low-pressure chemical vapor deposition. The bottom side of the

SiN was partially removed by reactive ion etching (RIE) through

a mask with a square window of size 0.25mm × 0.25mm.

Immerse the exposed Si in an aqueous KOH solution and heat

to 80◦C for wet etching, which resulted in the formation of a SiN

film on the other side of the chip. Amicropore with a diameter of
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FIGURE 1

Schematic diagram of SiN chip sensing system. (A) Schematic diagram of bacterial translocation through a single micropore. (B,C) The top-view

(B) and cross-sectional (C) structure diagram of the SiN chip.

2.56µm was prepared on the free-standing SiN film by electron

beam lithography (Figure 2). After fabrication, the chip was

baked at 100◦C for 12 h with a piece of polydimethylsiloxane

(PDMS) on the top. During heating, a thin PDMS layer

would be coated on the SiN chip surface to reduce the

capacitance of sensors (22), which will be discussed in detail in

the Result section.

Performance of micropore sensors for
foodborne bacteria identification

The chip was mounted in between two halves of a

conductivity cell. Both sides of the chip were filled with

0.1 × PBS. A pair of self-made Ag/AgCl electrodes were

inserted into the cell. A constant voltage of 0.02V was

applied across the chip and ionic current was measured

over time by CHI 660e. For bacteria identification, a

sample solution was added to one side of the cell. With

the applied voltage, bacteria were electrophoretically

driven through the pore and the temporal changes

in ionic current across the pore were recorded. Peaks

below the background baseline of the ionic current

were defined as resistive pulses, the width and height

of the pulse peaks were counted, frequency distribution

histograms were plotted, and the accuracy of the

current sensor for bacterial morphological classification

was assessed.
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FIGURE 2

Fabrication process of SiN chip.

Results and discussion

Structure of current sensing system

Figures 1B,C show the schematic illustration of the top-

view and cross-sectional structure of the microfluidic SiN chip,

respectively. The SiN chip consists of a 200 nm-thick SiN layer

supported by an 8mm × 8mm silicon wafer whose thickness is

500µm, in the center of which there is a window of 0.25mm ×

0.25mm. Scanning electron microscope (SEM) and I–V curves

were used to characterize SiN chips. A single micropore with

2.56µm in size can be seen in the SEM (Figure 3A) and optical

photo (Figure 3B). The image is uniform in color, indicating

that there are no voids and cracks on the free-standing SiN

film. Therefore, SiN pores are the only channel for electrolyte

transport across the membrane. Once the applied voltage and

the electrolyte concentration were determined, the magnitude

of the ionic current mainly depends on the resistance of

the SiN micropore. Therefore, the pore diameter can also be

characterized according to the magnitude of the ionic current.

Concretely, the pore diameter of the SiN chip can be calculated

by the following formula,

d =

√

√

√

√

4l
(

U
I − R

)

kπ
(1)

Where d is the diameter of the micropore, U is the

applied voltage, and I is the ionic current measured, l

is the SiN membrane thickness, R is the resistance of

the SiN window, k is the conductivity of the solution,

which is 0.1413 S/m for 10mM KCl at the experimental

temperature. According to the current I measured

in Figure 3C, we get d1 = 2.05µm. This is basically

consistent with the results measured in Figures 3A,B.

The two lines of the cyclic voltammetry curve of the SiN

chip basically coincide, and no peaks appear, indicating

that there is no redox reaction, which reflects the stability

of the SiN chip.

Figure 3D show the current of SiN pore measured in

the blank PBS solution. The electric noise is significantly

reduced after PDMS coating. To explain this phenomenon, we

introduced the RC circuit model, as reported before (23). The

whole-sensing system is a circuit composed of the resistance

of the solution and SiN micropore, and the capacitance of

the solid–liquid interface in parallel (Figures 3E,F). The total

capacitance of this sensor (Csensor) can be calculated from

Equation (2).

1

Csensor
=

1

CEOF
+

1

CSiN
+

1

CPDMS
(2)

Here, CEOF represents the electric double layer capacitance,

CSiN represents the capacitance of SiN, CPDMS represents

the capacitance of PDMS. When a thin PDMS is coated, the

total capacitance of this sensor (Csensor) will be decreased.

Therefore, the background noise in the I–t curve would be

reduced and signal pulses will be more pronounced. Besides, the

PDMS thermally deposited by high temperature is only a few

nanometers thick according to previous research work (22), with

no possibility to block our chip.
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FIGURE 3

Characterization of SiN chips. (A) SEM photo image of a single pore on the SiN chip. (B) Optical photo image of single pore on the SiN chip. (C)

Cyclic voltammograms of SiN chip recorded in the presence of 10mM KCl as the electrolyte by a pair of Ag/AgCl electrodes. (D) I–t curve

diagram of 2.56µm SiN single pore chip with 0.1 × PBS bu�er. (E,F) Equivalent circuits of the SiN-sensing system without PDMS (E) and with

PDMS (F).

Single bacteria sensing by microfluidic
SiN chip.

The ionic current signal of foodborne bacteria passing

through the SiN pore was recorded. The electrical pulses were

observed indicating that the bacteria were moving through the

SiN pore (Figure 4A). When bacteria entered the micropore,

the channel for electrolyte transport was blocked partially, thus

the current decreased instantaneously. Here, we denote the

pulse current exceeding the background current baseline as IP.

Since each bacterium has a certain length, it takes a certain

time for bacteria to pass through the pore. This length of

time can be observed from the pulse peak shape, which we

call td (Figure 4B). To better characterize the morphological

characteristics of the bacterial species, the frequency distribution

histogram of IP (Figure 4C) and td (Figure 4D) were plotted.

We count the pulse width and height in groups and fit the

data with a Gaussian curve to obtain the mean and variance of

bacterial resistance pulses. The smaller the variance, the smaller

the difference between individual bacteria.

The size of the SiN single pore, the voltage applied across

the chip, and the sampling interval of the ionic current and
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FIGURE 4

Sensing of single E. coli by microfluidic SiN chip. (A) Iion vs. time (t) trace recorded in 0.1 × PBS containing E. coli with a micropore of diameter

dpore = 2.56µm under U = 0.02V. (B) Magnified views of resistive pulses in (A). Ip and td denote the pulse height and width. (C) Frequency

distribution of E. coli resistance pulse height. (D) Frequency distribution of E. coli resistance pulse width.

electrolyte concentration, all have an impact on the sensor

performance. As shown in Figure 5A, resistive pulses were

observed only when U = 0.01V and U = 0.02V, with U =

0.02V being the most obvious. When U = 0.1V, the ionic

current curve was covered by the background noise, probably

because of the fast passing of bacteria through SiN pore. The

temporal resolution of our instrument was not able to capture

such transient “events”. When U = 0.005V and U = 0.001V, the

resistance pulse was not observed either. It may be because the

bacterial movement was too slow under the voltage. As shown in

Figure 5B, only when the sampling interval (hereinafter referred

to as SP) was 0.01 or 0.005, the pulse peak was obvious. When

SP was 0.1, the sampling interval was much longer than the

time for the bacteria to pass through the micropore, and the

transient “events” cannot be detected. When SP = 0.001, a

large noise fluctuation was observed, which may mask the

transient signal of bacterial translocate. The diameter of the

SiN pore also has a great influence on the pulse signal. As

shown in Figure 5C, the sensing signal of the 2.56µm pore

was significantly better than that of the 5.00µm pore. This is

because the 2.56µm pore matches the size of most bacteria,

and a large current change would be observed. As shown in

Figure 5D, when bacterial sensing was performed in 1×PBS

solution, no signal was observed. This may be attributed to the

ionic conductance is too high because of the high-electrolyte

concentration, so the voltage distributed across the solution is

too small to drive the directional migration of charged bacteria.

Therefore, we recorded the ionic current signal of different

bacteria using a 2.56µm SiN pore under the applied voltage of

0.02V at a sampling rate of 200Hz in a 0.1 × PBS buffer in the

following experiments.

Distinguishing di�erent bacteria by the
ionic current curve

The sensing signals for different bacteria were also measured

as shown in Figure 6. When S. enterica and L. monocytogenes

were present in the sample, pulse signals were also observed

as shown in Figures 6A,D. It is obvious that different bacteria

show different Ip and td, which indicates the possibility for
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FIGURE 5

Optimization of SiN chip sensing system. (A) The Iion traces of Salmonella passing through a 2.56µm pore at di�erent voltages with a sampling

interval of 0.005 s in 0.1 × PBS bu�er; (B) the Iion traces of Salmonella passing through a 2.56µm pore at a voltage of 0.01V with di�erent

sampling intervals in 0.1 × PBS bu�er; (C) the Iion traces of Salmonella passing through a 2.56µm and 5.00µm pore at a voltage of 0.02V with a

sampling interval of 0.005 s in 0.1 × PBS bu�er; (D) the Iion traces of Salmonella passing through a 2.56µm pore at a voltage of 0.02V with a

sampling interval of 0.005 s in 0.1 × PBS bu�er and 1 × PBS bu�er.

different bacteria sensing. In order to further distinguish the

differences between different bacteria, the frequency distribution

histogram of IP and td were plotted. The td distribution of

S. enterica (Figure 6C) was more concentrated than that of E.

coli (Figure 4D) and L. monocytogenes (Figure 6F), while the Ip

distribution of E. coli (Figure 4C) was more symmetrical than

that of S. enterica (Figure 6B) and L. monocytogenes (Figure 6E).

We found somewhat different Gaussian equations for different

bacteria, which may be because of the differences in the size,

charge, and physical morphology of bacteria. Figure 6G is a

scatter plot of IP vs. td for different bacteria. It is obvious that

different bacteria were located at different positions in the figure,

which indicates the possibility that we could use this method for

bacterial classification.

The size of three pathogenic bacteria is shown in Table 1.

The scatter plots of the signal height Ip as a function of

the square of bacterial diameter (D2) and the pulse width

td as a function of the aspect ratio of the bacteria (L/D)

were constructed. As shown in Figure 6H, rod-shaped bacteria

entering the micropore are not perpendicular to the pore, but

have a certain inclination angle (24). The three types of bacteria

have different shapes, so the angles of entering the pores are

different. The diameter of L. monocytogenes is smaller than

that of E. coli, so the volume of ions to be excluded from

the pores is smaller than that of the E. coli, and the current

drop is smaller than that of E. coli. The S. enterica enters

almost at a vertical angle, so the volume of ions excluded is

smaller than E. coli and L. monocytogenes, and a smaller current

drop is obtained. The linear relationship of different bacteria

with td-L/D was observed in Figure 6I. This means that the

more roundness of the bacteria, the less resistance it receives

when passing through a single pore, and a faster translocation

speed was found. In conclusion, the method reported in

this study can well–reflect the physical shape differences

of foodborne pathogens, which can be used for bacterial

classification.
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FIGURE 6

Statistical analysis of resistance pulses. Iion vs. time (t) trace recorded in 0.1 × PBS containing S. enterica (A) and L. monocytogenes (D) with a

single pore of diameter dpore = 2.56µm under U = 0.02V; Frequency distribution of S. enterica (B) and L. monocytogenes (E) resistance pulse

height; Frequency distribution of S. enterica (C) and L. monocytogenes (F) resistance pulse width; (G) The pulse height Ip vs. width td scatter

plots of three bacterial; (H) Scatter plot of expected pulse height Ip vs. square of bacterial diameter for three bacteria; (I) The pulse width

expected value td vs. bacterial aspect-ratio scatter plots of three bacteria.

TABLE 1 Shape of three pathogenic bacteria and expected value of current pulse length and width (24).

Foodborne bacteria Length (µm) Diameter (µm) Aspect-ratio (L/D) Ip (nA) td (s)

E.coli 1.84 0.65 2.83 0.219 0.045

S. enterica 2.13 0.68 3.13 0.147 0.054

L. monocytogenes 1.98 0.45 4.40 0.215 0.123

Conclusion

A simple microfluidic pore sensor was developed to classify

three kinds of foodborne pathogenic bacteria commonly found

in diverse food. Results demonstrated that the ion-blocking

currents have adequate sensitivity to sense single-bacterium

translocation, which allowed us to differentiate bacteria

by analyzing the current pulses for their morphological

characterization successfully. Factors such as bacterial size and

single pore diameter, electrolyte concentration, applied voltage,

and sampling interval that affect the signal were optimized in

detail. This simple bacterial classification strategy has further
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practical applications because of its convenience and speed.

But, the sensor still requires pre-processing of food samples to

filter out the influence of large particles in complex matrices

to prevent clogging of our microfluidic nano/micropores.

In future work, we will focus on developing sensor chips

that can be directly used for rapid detection of pathogenic

bacteria in complex food matrices, and further improve their

anti-interference and anti-fouling capabilities.
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