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A microfluidic resistive pulse sensing technique offers a simple method for detecting and analysing

microparticles in various fields, yet it has challenges such as the noise during detection and low throughput

as the signal obtained from a small single sensing aperture and particle position is nonuniform. This study

presents a microfluidic chip with multiple detection gates in the main channel to enhance the throughput

while maintaining a simple operational system. A hydrodynamic sheathless particle focusing on a detection

gate by modulation of the channel structure and measurement circuit with a reference gate to minimize

the noise during detection is used for detecting resistive pulses. The proposed microfluidic chip can

analyse the physical properties of 200 nm polystyrene particles and exosomes from MDA-MB-231 with

high sensitivity with an error of <10% and high-throughput screening of more than 200000 exosomes per

seconds. The proposed microfluidic chip can analyse the physical properties with high sensitivity, so that it

can be potentially used for exosome detection in biological and in vitro clinical applications.

Introduction

The occurrence of chronic diseases is increasing with the
aging global population. This has led to a shift in the medical
paradigm from treatment to prevention of diseases. To
effectively prevent diseases, biomarkers, which are indicators
of changes in the human body and are based on cells, blood
vessels, proteins, and DNA, must be analyzed. Recently,
extracellular vesicles (i.e., exosomes) have gained importance
as biomarkers. Exosomes are derived from the endoplasmic
reticulum and are widely distributed in body fluids such as
blood, urine, and saliva. They contain a variety of DNAs and
RNAs for intercellular communication, making them novel
biomarkers. Biomarkers are analyzed by evaluating their
physical properties such as size and concentration. The
analysis of the physical properties, such as the diameter and
concentration of biological samples for biomedical
applications1–4a,b (e.g., biomarker detection in human
serum), has evolved over decades. In the nascent stages,
optical microscopy5 was used to analyze cells; however, this
technique is time-consuming, and the results depend on the
skill of the operator. Several samples can be accurately
analyzed using commonly applied techniques such as flow
cytometry and nanoparticle tracking analysis.6,7 However,
these techniques require complex workflows and are not

suitable for large-scale applications, rendering them
unsuitable for realizing portable real-time in vitro diagnostics.
As a promising solution to these problems, microfluidic lab-
on-a-chip technologies have garnered considerable interest
owing to their low cost, compactness, and capability for rapid
response. In a lab-on-a-chip device, the entire process,
including sample preparation, synthesis, and analysis, occurs
over a single integrated chip.8–10 Numerous techniques have
been developed to analyze biomarkers using microfluidic
devices based on colorimetric, electrochemical, and
fluorescence methods. Although these methods can rapidly
detect samples, their detection limit is relatively lower than
that of conventional automated devices. Moreover, the
experimental setup of these methods is complex.

Microfluidic resistive pulse sensing techniques based on
the Coulter principle11 can overcome these challenges owing
to their simple operating principle; when a liquid containing
a particle with voltage flows into the sensing area, the
resistance of the particle changes the current, and the
strength of the pulse is proportional to the particle size.12–16

Owing to its simple operation, microfluidic resistive pulse
sensing is suitable for miniaturized, portable in vitro
diagnosis systems. However, despite the advantages of
conventional microfluidic resistive pulse sensing, the
throughput is low because of the small sensing area, and
spurious signals may be generated owing to the migration
profile of the particles as they move across the microchannel.
Hence, extensive research was conducted on Coulter
counters, in which a nanopore membrane was used as the
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detector. Nanopores can be synthesized from biological
materials17–21 and solid-state materials such as glass,22–24

poly(ethylene terephthalate),25,26 and silicon nitride
membranes.27,28 To minimize the noise during experiments,
nanopores can be fabricated so that their size is similar to
that of the target particles. In addition, we can fabricate
nanopores with a diameter of less than 100 nm, which is the
appropriate size for detecting and analyzing nanometer-scale
biomolecules, such as extracellular vesicles and DNA.
However, this size is not suitable for detecting target particles
of various sizes because the size of the nanopores depends
on the size of the target particles.

In this study, we developed a microfluidic resistive pulse
sensor chip consisting of multiple detection gates in the
main channel with a single inlet and outlet to maximize the
throughput while maintaining a simple workflow. Each
detection gate has a step channel structure to ensure that the
particles are in a single equilibrium position and isolation
between particles through hydrodynamic effects29 in the
proposed microchannel structure to enhance the signal
detection accuracy. Polystyrene particles with a diameter of
200 nm and exosomes from MDA-MB-231 were used for the
samples, and the proposed microfluidic chip can detect the
physical properties of the biological samples such as
exosomes with a high sensitivity to enable rapid and
straightforward in vitro diagnosis of diseases.

Materials and methods
Device fabrication

The microchannel was fabricated using a soft lithography
process. We used an SU-8 2005 photoresist to perform two-
step photolithography for building the microchannel mold.
The SU-8 photoresist was poured onto a silicon wafer. This
framework was spin-coated at 3000 rpm for 30 s, soft-baked
on a hot plate for 1 min at 95 °C, subjected to ultraviolet
(UV) exposure for 9.5 s using an MA-6 aligner, hard-baked on
a hot plate for 1 min at 95 °C, and allowed to develop in an
SU-8 developer for ∼1 min. To fabricate the microchannel,
polydimethylsiloxane (PDMS, Dow Corning) mixed with a
curing agent in a 10 : 1 ratio was poured onto the
microchannel mold and cured on a hot plate for 1 h at 50 °C;
subsequently, it was peeled off from the microchannel mold.

To fabricate a sensing electrode, we performed
photolithography for patterning the electrode on a glass
substrate using DNR-300 L-40. After photolithography, a Ti/
Au–metal source with a thickness of 100/1000 Å was
deposited using e-beam evaporation equipment. After
fabrication, the PDMS microchannel and electrode substrate
were pretreated using a UV ozone cleaner for 6 min and
bonded.

Sample preparation

Exosomes for biological application were obtained by
purification using differential centrifugation from MDA-MB-
231 cell cultures (American Type Culture Collection). The

supernatants collected from the cell cultures were centrifuged
at 300 × g for 3 min, 2500 × g for 25 min and 10 000 × g for
30 min, respectively, at a temperature of 4 °C. The
centrifugated culture was filtered by using 0.22 μm syringe
filters, and the filtered supernatants were centrifuged again
at 120 000 × g for 90 min at 4 °C. The exosome pellets were
resuspended with phosphate-buffered-saline 1X (PBS, Gibco)
and centrifuged at 120 000 × g for 90 min. After
centrifugation, the supernatants were homogenized in PBS
for additional analysis. The purity of exosomes from the cell
culture is analyzed using NTA (Nanosight).

Experimental setup

To verify the counting and sizing of the microparticles,
polystyrene beads were introduced into a diluted electrolyte
(potassium chloride, Sigma Aldrich) solution to which 0.01%
Tween 80 (Samchun) was added to prevent bead aggregation.
The diameter of the polystyrene beads was 200 nm, and the
exosomes from MDA-MB-231 were used as biological
samples. The target samples were uniformly vortexed for
dispersion with the electrolyte fluid. During the experiment,
a DC power supply (Odacore) was used to apply voltage, and
a syringe pump (Chemyx) was used to inject the solution
containing the target beads into the detection gate at a flow
rate of 1 μL min−1. The output signal was obtained using a
digital oscilloscope (keysight), and the signal data were
analyzed using a MATLAB code.

Device design

Fig. 1 shows the images of the proposed microfluidic resistive
pulse-sensing chip. The device has a main channel with a
single inlet and outlet for the sample and four narrow
detection gates (width and height: 10 μm) at the center of the
main channel.

Each detection gate has two parts: a particle-focusing part
for hydrodynamic focusing and a measurement part for
signal processing. Fig. 2 shows the structure of the particle-
focusing part and the procedure. The cross section of the
microchannel is designed as a series of step channels to
focus the particle into a single equilibrium position34 for
minimizing the differences in the output signals. The
particle-focusing part has repeated square and rectangular
regions with an aspect ratio of 0.5. In the square region, the
particle migrates to four equilibrium positions owing to the
interaction between the shear gradient lift force and the wall
lift force, 0.6R (R is the hydraulic diameter) from the
centerline on each side of the channel wall. When the
particles traverse a rectangular region, the number of
equilibrium positions changes from 4 to 2 at the long side of
the channel, owing to a decrease in the shear gradient lift
force induced by the blunted fluid velocity profile on the
lateral side of the wall.35,36 The repetition of the square and
rectangular shapes leads to the generation of a helical
secondary flow, which focuses the particles into a single
equilibrium position. The square and rectangular regions in
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the stepped channel have a height of 10 and 5 μm,
respectively, and the step design is repeated for 30 cycles to
maximize the helical secondary flow. The measurement part
has four pairs of Ti/Au electrodes in each detection channel
to apply voltage and measure the output signal. Each
electrode pair simultaneously measures multiple channels to
enhance the throughput. To minimize the measurement
noise, one of the detection gates is operated as a reference
gate; this part only measures the fluid signal without any
target particles and does not have any outlet to the main
channel. When an electrolyte without a target particle is
injected into the main channel before measurement, the
reference gate is only filled with the electrolyte. After the
measurement, backpressure is generated owing to the lack of
any outlet in the reference gate. Consequently, the electrolyte
with the target particle does not enter the reference gate, and
the signal for the electrolyte is processed in this gate. The
change in the output resistance owing to the resistivity of the
particle is measured using an electrode pair placed in each
channel. An insulating structure is installed between each
channel to avoid crosstalk with the neighboring electrodes
during measurement. The multiple detection gates in the

main single-channel structure have a single inlet and outlet,
and no additional injection equipment is required. The
output signal from each detection and reference gate is
amplified using a differential amplifier, and these data are
obtained using a data acquisition system; the size and
concentration of the target particle is calculated through a
custom-made MATLAB code, as shown in Fig. 3.

Results and discussion

The working principle of microfluidic resistive pulse sensing
based on Coulter's principle is shown in Fig. 4. Maxwell and

Fig. 1 (a) Schematic of the microfluidic resistive pulse sensor. (b) Top image of the microfluidic resistive pulse sensor. The detecting region
consists of three detection gates and one gate, and each gate consists of particle-focusing and measurement parts.

Fig. 2 (a) Schematic of the microchannel in the particle focusing part and (b) the particle focusing procedure. The channel consists of a series of
stepped channels to control the inertial focusing and secondary flow.

Fig. 3 Schematic image of the working principle of microfluidic
resistive pulse sensing.
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Lord Rayleigh proposed a method to calculate the change in
the resistance caused by the presence of particles in
electrolyte solutions.30–33 The effective resistivity, which is
the resistivity of the electrolyte solution containing particles,
is represented as follows:

ρeff ¼ ρ 1þ 3
2
f þ⋯

� �
; (1)

where ρ is the resistivity of the electrolyte solution without
particles, and f is the fractional volume of the solution
occupied by particles. The resistance of a cylindrical
detection region with diameter D and length L can be defined
as follows:

R ¼ 4ρL
πD2 : (2)

When the diameter of the target particle, d, is considerably
smaller than D, f can be defined as

f ¼ 2d3

3D2L
: (3)

The resistance R′ of the detection region with a particle of
diameter d can be determined by substituting eqn (1) and (3)
into (2).

R′ ¼ 4ρL
πD4 1þ d3

D2L
þ⋯

� �
: (4)

By modulating the resistance, the change in the resistance,
ΔR, can be expressed as follows:

ΔR ¼ R′ −R ¼ 4ρd3

4πD4 : (5)

Therefore, the relative resistance can be determined using
eqn (5) and (2) as

ΔR
R

¼ d3

LD2 : (6)

When constant current I is passed through the detection
region, the relative resistance induces a decrease in the
voltage applied across the detection region. This decrease
can be expressed as shown in eqn (8).

ΔRch

Rch
¼ Rch

Rs þ Rch
¼ ΔV s

V s þ ΔV s
: (7)

ΔV
V

¼ IΔR
IR

¼ d3

LD2 : (8)

For the verification of the nanoparticle measurement using
the proposed multi-gate microfluidic resistive pulse sensing,
a comparison of the output signal with the reference signal
was carried out. Fig. 5(a) shows the output signal of the
microfluidic resistive pulse sensing with a sample of bare
electrolyte. As shown in result, the range of output is from 0
to 4.23 × 10−7, which has a significantly lower range than that
with 200 nm polystyrene particles, as shown in Fig. 5(b). The
calculated size based on Fig. 5(a) is less than 40 nm, and it
shows that the proposed microfluidic chip is applicable to
biological nanoparticles larger than a diameter of 40 nm. For
enhancing the sensitivity, focusing the target particle by
helical secondary flow induced by step channels was
performed in this work. In the case of larger particles, the
helical secondary flow of the step channel cannot migrate the
large particle. The particle focusing efficiency of the step
channel in this work with dimensions of 10 μm × 10 μm
decreases for particles larger than 2 μm, and the decrease of
focusing efficiency induces diversity of particle positions in
the detection gate which causes the decrease of sensitivity.
Thus, it can be assumed that the proposed microfluidic
resistive pulse sensing is applicable for nanoparticles with
diameters from 40 nm to 2 μm.

Polystyrene bead measurement

The variation in the resistance change versus time graph of
each detection gate of the 200 nm polystyrene particle
measurement is shown in Fig. 6, which is obtained from
voltage traces on each sampling resistor. To calculate the
total concentration of the 200 nm polystyrene particles, each
measured resistive pulse signal is summated in every 0.5 s.
According to the polystyrene particle reference datasheet, the
size range of the 200 nm polystyrene particles is 200–300 nm,
and the median diameter is 220 nm. Based on the reference
datasheet, the range of the resistive peaks is calculated to be
0.0000157–0.000053, and the resistive peaks induced by the
median diameter particles are 0.000021. The ranges of the
measured peaks induced by the traversal of the 200 nm
polystyrene particles were 0.00002–0.000084, 0.00002–
0.000072, and 0.000018–0.000086 for detection channels 1–3,

Fig. 4 Schematic diagram for the microfluidic resistive pulse sensing
procedure.

Fig. 5 Output signal of multi-gate microfluidic resistive pulse sensing
(a) without the target particle and (b) with the 200 nm polystyrene
particle.
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respectively. Compared to the range of peaks calculated from
reference data, the measured range is slightly broader, but
the median peak is similar to the reference peaks. The
particle's position when traversing the detection gate might
contribute to the difference in the measured range since the
electric field in the detection gate applied from the electrode
pair is proportional to the distance from the electrode, so the
efficiency of the hydrodynamic focusing is crucial in this
section. For the analysis of the physical properties of the
target particle, size and concentration measurements are
necessary. Fig. 7 shows the size distribution and
concentration results of the 200 nm polystyrene particle
measurement calculated using eqn (8). In the size
distribution results, the median peak of measurement was
209 nm, which has a relative error of 5% with the reference
datasheet with a median size of 220 nm. The calculated
measurement concentration is 3.98 × 1010, which also has a
slight error with the concentration from the reference
datasheet. As noted in the introduction, this study's key
objective is to analyse the size and concentration of target
particles with high sensitivity. To analyse the efficiency of the
hydrodynamic structure, we measured the microfluidic chip's
total count. The main purpose of this structure is to isolate
the target particle in a specific position of the detection gate
for preventing the aggregation of the target particle. If the
hydrodynamic structure can isolate polystyrene particles with
high efficiency, the count number increases linearly since the
number of particles traversing the detection gate is uniform.
Fig. 8 shows the total count of the 200 nm polystyrene
particle measurement. The measured plot is linearly fitted,
the slope of the line was 628, and the measured total count
scale is linear like a linearly fitted line. Furthermore, we
compared the measurement result of a microfluidic chip with
a conventional straight channel. Fig. 9 shows the output
signal and the calculated size distribution results of 200 nm
polystyrene particles using a microfluidic chip comprising
the straight and the proposed channels. As shown in the
figure, the output signal of the conventional straight channel
was smaller than that of the proposed one. Since there is no
hydrodynamic effect in the straight channel, the particle
position when traversing the detection gate is varied, and the
output signal is smaller when the particle is far from the
electrode. The calculated median peak (126 nm) was smaller
than that of the proposed one, and the results for the

proposed channel were much closer to the reference
datasheet. From this result, it can be assumed that the
hydrodynamic structure of the detection gate can effectively

Fig. 6 (a) Output signal of 200 nm polystyrene particle measurement,
and (b) change of resistance in each detection gate using the
proposed microfluidic chip.

Fig. 7 The analyzed result of the 200 nm polystyrene particle
measurement. (a) The size distribution result, with the median peak of
the calculated result being 209 nm. (b) The concentration results, in
comparison with the reference datasheet.

Fig. 8 The total count of the proposed microfluidic chip in the 200
nm polystyrene particle measurement for analyzing efficiency of
particle focusing and isolation. The counted particle in each 0.5 s was
uniform, about 628.
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isolate polystyrene particles uniformly on each measurement
procedure. Moreover, the hydrodynamic structure of the
detection gate might contribute to particle isolation, thereby
measuring the size and concentration of the target particle
with high sensitivity.

Exosome measurement (MDA-MB-231)

To verify the practical application of the proposed diagnosis
for in vitro diagnosis, an experimental procedure of the
biological samples is necessary. In this study, we used
exosomes from MDA-MB-231, which is the breast cancer cell,
for size and concentration analyses. Nanoparticle Tracking
Analysis and Dynamic Light Scattering (DLS, Malvern)
measurement were also performed to compare the size and
concentration results and the concentration of the exosome
samples. To confirm the reliability of the results, we
compared the results obtained using the microfluidic chip
with the NTA measurement results. Fig. 10(a)–(c) show the
size distribution result of the EV measurement using the

Fig. 9 The output signal and size distribution result of the (a)
conventional straight channel and (b) proposed microchannel.

Fig. 10 The measurement result of exosome application and the size distribution of the (a) proposed microfluidic chip. (b) NTA measurement. (c)
DLS measurement. (d) The concentration result calculated using the proposed microfluidic chip compared with the NTA result. (e) The total count
of the measured exosomes during the experiment.
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proposed microfluidic chip, as well as the NTA and DLS
measurements. The peak sizes of the size distribution result
obtained using the microfluidic chip were 60, 120, and 160
nm, those obtained using the NTA were 125 and 180 nm, and
those using the DLS were 38 and 253.7 nm, respectively. In a
range smaller than 100 nm, there are major peaks in the
microfluidic chip results and DLS measurement, whereas
peaks do not appear in the NTA measurement. Since DLS is
suitable for small particles <20 nm such as proteins, the DLS
measurement has a lower limit of detection than the NTA
measurement. However, the overall size distribution results
from the DLS measurement can be different since DLS has
drawbacks due to the limitation of the working principle,
which is based on intensity-based detection.37 The intensity
of scattered light from the target particle is proportional to
the square of the particle volume, so that the measurement
of large particles can be different with the actual size. The
overlapping and covering of exosome also can lead to
different size distributions of the DLS result.38 The size
distribution results of the NTA with a size of 50 to 100 nm
can be attributed to two reasons: the limited resolution of
the NTA equipment and the efficiency of the hydrodynamic
effect. The detection limit of the NTA equipment depends on
the scattered intensity of the target particle, which is
proportional to the refractive indices of the target
particle.39,40 In the case of exosomes, the refractive indices
are estimated to be 1.34–1.37, which is relatively lower than
those of the polystyrene particles. Hence, the limit of
detection may be larger than 50 nm. Therefore, future work
needs to be performed for verifying the distribution of
exosomes with a diameter smaller than 100 nm. To examine
the particle-focusing efficiency, in the case of the polystyrene
particle measurement, the analysis of the count rate and
concentration is necessary. Fig. 10 shows the count rate and
concentration results of the exosome measurement. The
number of counted exosomes in each 0.5 s interval increased
linearly and had a slope of 124 651. This means that the
exosome is uniformly counted at ∼61 231 per 0.5 s; hence, we
can assume that the target exosomes are focused and isolated
uniformly because of the hydrodynamic effect of the channel.
The concentration of exosome was measured to be 7.66 ×
109, and the difference with the NTA measurement was less
than 5%. Thus, it is clear that the hydrodynamic effect of the
channel prevents particle aggregation, and the proposed
microfluidic chip detects the size and concentration of
exosomes with very high sensitivity.

Conclusions

This study established a high-throughput microfluidic
resistive pulse sensing with a multi-detection gate for
submicron and biological sample analysis. The proposed
microfluidic chip comprises three detection gates and one
reference gate in a single main channel for measuring target
particles through simultaneous detection in multiple gates
with a simple operational procedure. By introducing the

reference gate and modulating the structure of detection
gates for focusing and isolating target particles via
hydrodynamic effects, the measurement noise can be
effectively eliminated, thereby enhancing the signal-to-noise
ratio. Experiments were conducted using polystyrene particles
with diameters of 200 nm and exosomes from MDA-MB-231,
and the measured size distribution and concentration were
similar to the actual size distribution and concentration of
both types of target particles with an error smaller than 5%,
respectively. The proposed sensor can detect nanometre-sized
target particles without decreasing the size of the sensing
region and represents a rapid and straightforward platform
for analysing submicron biomarkers with different sizes and
concentrations. Thus, the proposed microfluidic chip can be
effectively employed for in vitro diagnosis platforms.
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