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Abstract: Rapid and accurate analysis of micro/nano bio-objects (e.g., cells, biomolecules) is crucial in
clinical diagnostics and drug discovery. While a traditional resistive pulse sensor can provide multiple
kinds of information (size, count, surface charge, etc.) about analytes, it has low throughput. We
present a unique bipolar pulse-width, multiplexing-based resistive pulse sensor for high-throughput
analysis of microparticles. Signal multiplexing is enabled by exposing the central electrode at different
locations inside the parallel sensing channels. Together with two common electrodes, the central
electrode encodes the electrical signal from each sensing channel, generating specific bipolar template
waveforms with different pulse widths. Only one DC source is needed as input, and only one
combined electrical output is collected. The combined signal can be demodulated using correlation
analysis and a unique iterative cancellation scheme. The accuracy of particle counting and sizing was
validated using mixtures of various sized microparticles. Results showed errors of 2.6% and 6.1%
in sizing and counting, respectively. We further demonstrated its accuracy for cell analysis using
HelLa cells.

Keywords: resistive pulse sensor; signal multiplexing; bipolar pulse; high throughput; particle
counting; microfluidics; iterative cancellation

1. Introduction

Bioanalysis can benefit significantly from the utilization of various types of micro/nano
particles, which possess unique properties such as a large surface-to-volume ratio and
excellent biocompatibility [1,2]. Detection of these particles in a solution can provide
valuable information that reflects the biotarget situations across a broad spectrum of
applications, including biomedical research, public health, and food safety [3-5]. Therefore,
development of portable, cost-effective, and efficient devices for particle detection is crucial
for bioanalysis.

Resistive pulse sensing (RPS) is an established technology used to rapidly detect
nano/micro-scaled particles [6-8]. A typical RPS system comprises two electrodes placed
on each side of a sensing channel, filled with a conducting electrolyte solution. The passage
of a single particle causes a temporary change in the electrical resistance of the sensing chan-
nel, which generates a current/voltage pulse picked up by the pair of electrodes [9]. The
magnitude and duration of the pulse are dependent on the particle size and shape, allowing
for the determination of both sizes and concentrations of particles [10,11]. This technique is
commonly used in biomedical and nanotechnology research for applications including cell
counting [12,13], nanoparticle characterization [14,15], and biomolecular detection [16,17].
It is a versatile and non-destructive method that enables real-time monitoring of individual
particles as they traverse the sensing channel, making it a valuable tool for particle analysis
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with a single-particle resolution. To increase the throughput of detection, RPS devices with
multiple channels using space division multiplexing [18], CODES multiplexing [19,20],
geometry multiplexing [21], and frequency division multiplexing [22] have been developed.
The space multiplexing method [18] has demonstrated high-throughput parallel analysis
with eight sensing channels, each equipped with individual measurement electronics. How-
ever, as the number of channels increases, it becomes impractical to implement individual
detection electronics for each channel. CODES division [20] and geometry multiplexing [21]
method have been proposed, but they require complex, unique patterns of microelectrodes
or microchannel geometry for each sensing channel to generate specific waveform pat-
terns; both methods are difficult to apply in nanoscale particle detection. Additionally,
the frequency-division multiplexing method [22] requires the device be operated in the
resistance-dominant frequency region; only a limited number of sensing channels can be
used, resulting in limited scalability.

Here, we introduce a bipolar pulse-width multiplexing microfluidic sensor that pro-
vides a simple and scalable solution for high-throughput micro/nano particle counting. The
sensor does not need complex electrodes or geometry; specific waveforms can be generated
by three electrodes operated in tandem using only one DC power source. Microparti-
cle presence and sizes can be determined through correlation analysis and an iterative
cancellation scheme, even when multiple particles are present in the sensing channels.

2. Materials and Methods
2.1. Materials

Polystyrene microparticles (15 pm, product #74964 and 20 um, product #74491, Sigma-
Aldrich, St. Louis, MO, USA) were used for demonstrating the multiplexed sensor, while
3-aminopropyl)triethoxysilane (APTES, 99%, product #440140, from Sigma-Aldrich) was
used to enhance the bonding between photoresist (SU-8 6002) and polydimethylsiloxane
(PDMS). Dulbecco’s phosphate-buffered saline (DPBS, 1x, product# MT21031CV, Thermo
Fisher Scientific) was used to prepare the particle solution. Silver foil (0.5 mm thick, 99.9%
metals basis, 25 x 25 mm, Catalog #AA39181FF) was purchased from Fisher Scientific,
serving as the central electrode.

Human negroid cervix epithelioid carcinoma cells (HeLa, product# 93021013), mini-
mum essential medium eagle, with ear (EMEM, product# M2279), L-glutamine solution
Bioxtra (product# G7513), MEM non-essential amino acid (NEAA, product# M7145), fetal
bovine serum (FBS, product# F0926), and 0.25% trypsin-EDTA solution (product# T4049)
were purchased from Sigma-Aldrich. Dulbecco’s phosphate-buffered salt solution 1x
(DPBS, Cat. No: MT21031CV), penicillin-streptomycin (Cat. No: 15-140-122), trypan blue
solution 0.4% (Cat. No: BW17-942E), and saline solution (Cat. No. L97815) were obtained
from Fisher Scientific. Briefly, HeLa cells were cultured in complete EMEM medium con-
taining 2 mM L-glutamine solution, 1% NEAA, 10% FBS, and 1% penicillin. The cells were
seeded at a density of 3500 cells/cm? in a T75 flask and incubated at 37 °C. The following
day, the media was changed and then changed every other day until the flask reached
about 90% confluency. To harvest the cells, they were washed once with 1x DPBS, and
then 4 mL of 0.25% trypsin—-EDTA solution was added and incubated at 37 °C for 5 min.
Additional 8 mL of media was added, and the cells were pelleted in a 4 °C centrifuge at
220 g for 5 min. The cells were counted after staining with 0.4% trypan blue solution and
then resuspended in 1x DPBS to a final working concentration of 10° cells/mL followed
by high-throughput counting.

2.2. Sensing Principle

A multichannel RPS device with four parallel sensing channels was designed to
demonstrate the bipolar pulse-width multiplexing method for high-throughput microparti-
cle counting, as shown in Figure 1. The microfluidic device comprised (1) four microfluidic
channels made of PDMS; (2) one Ag/AgCl central electrode embedded on the bottom of
each microchannel separating each sensing channel to two sections at different locations;



Biosensors 2023, 13, 721

30f12

(3) two Ag/AgCl common electrodes positioned on each side of the sensing channels;
and (4) a pair of inlet and outlet reservoirs. The central electrode was formed through
the following steps: (a) bonding a 0.5 mm silver layer to the glass substrate; (b) coating
an insulating SU-8 layer on top of the Ag layer; (c) patterning four openings at different
positions on the bottom of the four sensing channels, to expose the Ag electrode to the
electrolyte; (d) treating the Ag layer with an electrochemical reaction to convert the exposed
Ag to an Ag/AgCl electrode (see details in Section 2.3).

Glass substrate

Figure 1. Left: illustration of the bipolar pulse-width multiplexing RPS device with four parallel
sensing channels. Right: an enlarged image of the four parallel sensing channels.

A bridge circuit is used to monitor the resistance changes of sensing channels, as
shown in Figure 2a,b. Req left and Req right Tepresent the total resistance of the left sensing
section and the right sensing section separated by the central electrode. R; and R; are
the external adjustable resistors that form a Wheatstone bridge with Req jeft and Req_right-
A 1V DC input voltage (Vi) is applied to the circuit. When a particle passes through
the sensing channels (left section and right section), it induces a resistance change in
Req_left O Req right, causing a differential voltage between A and B. The voltage change is
detected as the electrical output signal (Vout). When the particle passes through the left
sensing section, Req jeft increases while Req right remains the same, causing a drop in voltage
output. Similarly, when the particle passes the right sensing section, Req right increases,
causing a rise in voltage output. Hence, when a particle passes through each sensing
channel consisting of two consecutive sensing sections, it generates a bipolar voltage pulse.
Because the central electrode separates each sensing channel at different positions, the
resistance/voltage drop and rise in each sensing channel occur differently when a particle
passes through each sensing channel. Hence, the bipolar output from each sensing channel
has a unique waveform (with different pulse widths tj, ty), as illustrated in Figure 2c. If
multiple particles are present in different sensing channels, the overall voltage output
measured across the common electrodes would be a combination of individual signals
from each sensing channel. From the correlation analysis with the standard waveforms
of each channel (generated by a fixed-size particle) and iterative cancellation scheme, we
can identify in which channels the particles are transiting, as well as the count and size of
particles passing each sensing channel. The magnitudes of the standard waveforms can be
used to determine the sizes of the particles.

2.3. Device Fabrication

To fabricate the microfluidic device, the standard soft lithography method was utilized.
First, the SU-8 2025 (MicroChem, Newton, MA, USA) mold was created, which included
the four parallel sensing channels, two detecting reservoirs for the common electrodes, and
one inlet/outlet reservoir. A PDMS (polydimethylsiloxane, Sylgard 184, Dow Corning) slab
was then made by pouring the PDMS onto the top of the SU-8 mold, followed by degassing
and curing the PDMS at 70 °C for 2 h. To fabricate the substrate with embedded Ag/AgCl,
the 0.5 mm silver foil was bonded to a glass slide and was subsequently coated with SU-8
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(a)

6002 (MicroChem, Newton, MA, USA). The insulating SU-8 layer was then subjected to
a soft bake at 95 °C for 3 min and exposed to UV-light to pattern four openings for the
Ag layer. After a post-bake (95 °C for 2 min) and development by SU-8 developer, four
openings were created on the insulation layer. The insulated silver foil with four openings
was immersed in AgCl solution, and DC power (5 V) was applied between the silver foil
(positive electrode) and the silver rod (negative electrode) to facilitate the conversion of
Ag to AgCl at the four openings. Next, the PDMS slab was punched to create inlet/outlet
reservoirs and electrode holes for common electrodes. The PDMS slab was treated with air
plasma (200 mTorr, 50 W, 50 s). The treated PDMS slab and SU-8 coated silver layer were
immersed in 5% v/v aqueous APTES solution for 20 min, washed with DI water, and dried.
Under a microscope, the two parts (PDMS slab and the substrate with four openings) were
aligned and placed on a hotplate at 90 °C for over 30 min to form an irreversible bond.
The nominal dimensions of the sensing channels were 120 um (length), 40 pm (width),
and 35 pm (height). The dimensions of the sensing channels were measured by a surface
profilometer (Dektak 150, Veeco Instrument, Plainview, NY, USA): 122.4 £ 0.5 um (length),
40.8 & 0.3 um (width), and 35.7 £ 0.2 um (height).
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Figure 2. Schematic of the bipolar pulse-width multiplexing RPS device. (a) Illustration of the
measurement set-up. (b) Diagram of a circuit that measures the resistive pulses generated by particles
transiting through the sensing channels. (c) Illustration of bipolar voltage pulses/waveforms when
one particle transits through different sensing channels (Blue: channel 1, Green: channel 2, Pink:
channel 3, Yellow: channel 4). The bipolar pulses generated in different channels have different pulse
widths t; and t,.

3. Results

15 pm polystyrene particles suspended in DI water were used to generate the specific
voltage template waveforms from each sensing channel. Typical waveforms generated in
all sensing channels were recorded separately, as shown in Figure 3a. These waveforms
were used as template waveforms to correlate with the combined output signal of the
device. When a particle passes one specific sensing channel (e.g., channel 1), the combined
signal must contain a component that is highly similar to the waveform of this channel
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(e.g., Channel 1). Hence a large correlation coefficient (maximum value > 0.4) would be
generated. In other words, a high correlation coefficient indicates a high similarity between
the combined signal and the template waveform due to the passage of a particle through
this sensing channel. Visa versa, a lower correlation coefficient (maximum value < 0.4)
indicates low similarity between the two signals, or no particle passage through this specific
sensing channel. Thus, by correlating the combined output signal with the four standard
template waveforms, the presence of particles in each channel can be determined based
on the maximum correlation coefficient (Figure 3b). The template waveform shows a
higher correlation coefficient with itself than other template waveforms. Also, the starting
and ending time of each pulse (representing the entry and exit of each particle) can be
determined using the time lag [23]. Prior studies indicated that the correlation coefficient
of less than 0.4 suggests a weak similarity between two signals [24,25]. Thus, here we set
correlation coefficient of 0.4 as a threshold to judge whether the detected signal contains a
specific waveform. In addition, a smaller particle passing through a sensing channel would
generate a highly similar waveform but with a reduced magnitude.
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Figure 3. Illustration of correlation analysis (a) Voltage template waveforms generated by a 15 um
particle transiting through each sensing channel. (b) Correlation analysis between the combined
voltage output and the four different template waveforms. The maximum correlation coefficient can
be used to identify the presence of a particle in a specific sensing channel. The starting time of the
signal can be determined based on the time lag it exhibits.

, where x;,

The correlation coefficient can be calculated by ry, = \/Z<(xi 7x";z'§y ify’”))z

Xi=Xm) \Yi—Ym
yi represents each set of data (i.e., the combined output signal and a specific template
waveform), and x,;, i, is the average of respective data value [25,26]. A maximum corre-
lation coefficient > 0.4 between two sets of data indicates the combined signal contains a
specific waveform (or the presence of a particle in a specific channel where the waveform
is generated). To extract the desired waveform from the combined signal, an iterative
cancellation scheme is employed, as illustrated in Figure 4. The sequence is as follows:
After the correlation analysis, if the maximum correlation coefficient is positive and larger
than 0.4 (indicating the combined signal contains the corresponding waveform), a fraction
(represented by ‘A’ e.g., 0.8 %) of the template waveform is subtracted. The remaining
signal is then correlated with all template waveforms in the next round. During the
correlation-cancellation procedure, if the maximum correlation coefficient is larger than
0.4 but negative, it indicates the template signal was over-subtracted. Hence a smaller
fraction of subtraction (e.g., subtraction of %A x waveform) should be used. The procedure
is repeated until all correlation coefficients with all template waveforms are less than 0.4.
The total magnitude of all subtractions can be used to calculate the size of particles, as the
particle volume is proportional to the magnitude of the detected signal [9,27].
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Figure 4. Flowchart of the iterative cancellation procedure to demodulate the detected signal (com-
bined signal from all sensing channels).

3.1. Validation of Bipolar Pulse-Width Multiplexing Method

To demonstrate the principle of the bipolar pulse-width multiplexing method, we
analyzed a case where multiple particles were present in different sensing channels, as
shown in Figure 5. The particle solution consisted of two different sized polystyrene
microparticles (15 = 0.2 um and 20 & 0.3 um). For validation purpose, a high-speed camera
(MUO043M-FL, United Scope LLC, Irvine, CA, USA) was employed to record the particle
transits through the sensing channel. Template waveforms were generated by a 15 um
microparticle passing through each individual sensing channel, as depicted in Figure 3a.
Correlation analysis was first performed between the combined signal and the template
waveforms to identify the sensing channel through which the particle had passed.

Figure 5 illustrates the demodulation procedures when multiple particles were present
in different sensing channels (Figure 5(al)). The recorded electrical signal is shown in
Figure 5(b1). First, the recorded signal was correlated with all template waveforms. The
maximum correlation coefficient (max(ry,) > 0.4) occurred in channel 3 (Figure 5(a2)), in-
dicating the presence of one particle in this channel. Subsequently, a 0.8 x waveform of
channel 3 was subtracted from the combined signal, as depicted in Figure 5(b2). The correla-
tion analysis was then repeated with all template waveforms, and the maximum correlation
coefficient (max(ryy) > 0.4) was found in channel 4 (Figure 5(a3)). Consequently, a 0.8 x wave-
form of channel 4 was subtracted from the remaining signal (Figure 5(b3)). This interactive
cancellation procedure was continued. An 0.8 x subtraction of waveform 3 (Figure 5(b4)),
an 0.8x subtraction of waveform 4 (Figure 5(b5)), an 0.8x subtraction of waveform 2
(Figure 5(b6)), an 0.8 x subtraction of waveform 3 (Figure 5(b7)), and an 0.8 x subtraction
of waveform 4 (Figure 5(b8)) were performed one by one based on the occurrence and mag-
nitude, respectively, of the maximum correlation coefficients (Figure 5(a4-a8)). After this
step, the maximum correlation coefficient occurred in channel 3 once again (Figure 5(a9)).
Hence, 0.8 x and 0.4 x subtractions of waveform 3 were tried (Figure 5(b9,b10)); however,
both generated a large negative correlation coefficient between the remaining signal and
the template waveforms, indicating an over-subtraction had occurred (Figure 5(a10,a11)).
As a result, a 0.2x waveform 3 was subtracted (Figure 5(b11)). The remaining signal
was then correlated with all template waveforms, and the maximum correlation coeffi-
cient (max(ry,) > 0.4) was observed in channel 2 (Figure 5(al2)). Similar to before, 0.8 x
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and 0.4x subtractions were tried (Figure 5(b12,b13)); highly negative maximum corre-
lation coefficients were observed (Figure 5(al3,a14)). Hence, an 0.2 x waveform 2 was
subtracted (Figure 5(b14)). After this, the maximum correlation coefficient became positive
and still occurred in channel 2 (Figure 5(a15)). Therefore, a 0.1 x waveform 2 was subtracted
(Figure 5(b15)). After the subtraction, the maximum correlation coefficient (>0.4) still oc-
curred in channel 2 (Figure 5(al6)). An 0.05x waveform 2 was subtracted (Figure 5(b16)).
Afterwards, the maximum correlation coefficient was positive but below 0.4 (Figure 5(al7));
the interactive cancellation was completed. From the overall subtracted magnitudes of
channel 2 (1.15x), channel 3 (2.6x), and channel 4 (2.4x), the particles’ sizes were esti-
mated to be 15.7 um, 20.6 um, and 20.1 pum, respectively. The entire interactive cancellation
procedure was automatic with a MatLab code and took about 1 ms. It is important to note
that although an initial 0.8 x subtraction was employed for the magnitude of the iterative
cancellation process, aiming to minimize the interaction steps and attain a decent resolution
for particle sizing, we also conducted the interactive cancellations with both 0.5x and 0.3 x
initial subtractions. The obtained particle counts and sizes were nearly identical to those
obtained with the 0.8 x subtraction.
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Figure 5. Cont.
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Figure 5. Iterative cancellation procedures for demodulation of the combined electrical signal. The
combined signal was generated by three differently sized microparticles. The desired waveform
was determined based on the correlation coefficient and then extracted from the remaining signal
with a specific amplitude (0.8, 0.4x, 0.2, 0.1x, etc.). Initially, subtraction of a waveform with
an amplitude of 0.8 x was performed. If the correlation coefficient reached a highly negative value
(indicating an over-subtraction occurred), subsequent subtractions of smaller amplitudes (e.g., 0.4 %,
0.2x, 0.1x, 0.05x) were used to replace the 0.8 x subtraction. Subtractions marked in red were
trial subtractions that resulted in over-subtraction (highly negative correlation coefficient) and were
not executed. The actual subtractions, marked in black, were performed on the combined signal
((a1l)-(al7): correlation analysis between the combined signal or remaining signal and the four
template waveforms. (b1): combined signal. (b2)—(b16): remaining signals after each subtraction).

3.2. Demonstration of Sizing and Counting Accuracy

To evaluate the sizing and counting accuracy of the microfluidic sensor, mixtures of
particles with different sizes were used. Specifically, solutions containing two differently
sized polystyrene microparticles (15 pm and 20 pm) at varying concentrations were pre-
pared by dilution and loaded to the device. While the particle solution flowed through the
device, the output signals were recorded across the pair of common electrodes. The output
signal was demodulated using the interactive cancellation procedure shown in Figure 4.

The resulting particle concentrations and sizes of measurement are depicted in Figure 6 (in-
dicated by vertical lines). For sample 1, the measured concentrations were 27.5/mL + 1.5/mL
(for 20 pm) and 50.5/mL =+ 3.1/mL (for 15 pm particles); for sample 2, the measured
concentrations were 92.4/mL =+ 5.3/mL (for 20 pm particles) and 149.6/mL =+ 8.5/mL (for
15 pm particles); for sample 3, the measured concentrations were 163.7/mL + 9.6/mL (for
20 pm particles) and 284.6/mL + 13.2/mL (for 15 um particles). For comparison, actual
concentrations of the three samples were measured using an AccuSizer™ 780 (optical parti-
cle sizer) and are shown in Figure 6a. Encouragingly, the measured concentrations aligned
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well with the actual concentrations. Figure 6b shows a quantitative comparison between
the measurement results and the estimated concentrations. The maximum difference is
5.9% (for 20 um particles) from sample 3 and 6.1% (for 15 um particles) from sample 1. The
two sets of concentrations matched reasonably well with each other. The small errors in
counting may have been caused by the settlement of a small number of cells, considering
the polystyrene particles have a slightly higher density than the medium solution.
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Figure 6. (a) Comparison of measured and actual concentrations and diameters of microparticles
in the mixed solutions. (b) Comparison of measured particle concentrations vs. actual particle
concentrations. RPS measurements are represented by small solid circles with error bars. Actual
particle concentrations and sizes were measured by an AccuSizer™ 780 (optical particle sizer).

The sizes of particles were also obtained from the interactive cancellation. In sam-
ple 1, the measured particle sizes were 20.5 ym =+ 0.4 pm (for 20 pum particles) and
14.8 um £ 0.5 um (for 15 um polystyrene particles); in sample 2, the measured particle sizes
were 19.7 pm £ 0.6 pm and 15.1 pm =+ 0.4 pm, respectively; in sample 3, the measured sizes
were 20.1 pm =+ 0.7 pm and 14.7 um =+ 0.5 pm, respectively. The average of the three sizes
of measurements was 20.1£ 0.6 pum. We also measured the particle sizes using a particle an-
alyzer (AccuSizer™ 780). The particle sizes were measured to be 14.95 um + 0.57 pm and
19.6 um £ 0.74 pm. The RPS measurement and the AccuSizer measurement were in good
agreement. The difference was 2.6%. Electrical noise originating from flow fluctuations
may have caused errors in the size measurements, as the particle sizes were correlated to
the magnitude of the output signal.

The above results demonstrated the capability of bipolar pulse-width multiplexed RPS
to accurately measure the sizes and counts of microparticles in a mixed solution. The sizing
of particles was accomplished through the interactive cancellation process, which relied on
correlation analysis (maximum correlation coefficient). The correlation analysis indicated
the time the maximum correlation coefficient occurred. This information makes it possible
to determine the start and ending points of each pulse [28], even if several particles are
present in different sensing channels at the same time.

Finally, we used the sensor to count HeLa cells. HeLa cells are human negroid cervix
epithelioid carcinoma cells. These cells play a crucial role in studying the propagation
status of cells and advancing our understanding of cancer and viral infections [29,30]. HeLa
cells were cultured in DPBS solution (see details in Section 2.1). One HeLa cell sample
was loaded to the RPS sensor. The concentration and the size of the HeLa cells were
measured to be 0.98 x 10° mL~! and 15.9 + 3.9 pum (sizes ranging from 8.5 pm to 25.4 pm)
using an AccuSizer™ 780. Output signals were collected, which were subsequently de-
multiplexed by interactive cancellation. Figure 7b shows the cell analysis results in the
four sensing channels. The measured concentration of the HeLa cells was approximately
(0.93 £ 0.12) x 10° mL~! (obtained from three measurements), which matched with the
actual concentration reasonably well. The difference is likely because a small portion of
cells settled on the substrate of the channels or attached to the channel walls. This method
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achieved an accuracy of 94.9% for HeLa cell counting. Compared to the counting accuracies
of other electrical multiplexing methods, including the frequency division multiplexing
method (i.e., 88%) [22] and CODES method (i.e., 96.15%) [20], this method exhibited a
higher or comparable counting accuracy. In terms of particle sizing, this method had a
97.4% accuracy, which is higher than that of the frequency division multiplexing method
(i.e., 94.8%). The sizes of the HeLa cells were measured to be 16.6 & 4.6 pm (ranging from
8.9 um to 24.5 um), which were in good agreement with the measured values from the
AccuSizer™ 780.
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Figure 7. (a) HeLa cell image under a microscope. (b) Histograms of cell diameter distribution
measured across channel 1, channel 2, channel 3, and channel 4.

The bipolar pulse-width multiplexing method enables high-throughput microparticle
counting and sizing without the need for complex electrode designs or intricate geometry
configurations of sensing channels. Only one DC power source, one pair of common
electrodes, and one central electrode are required to encode the detected signal. This not
only reduces the complexity of the detection electronics but also decreases the data size.
While a four-channel device is presented for demonstration of high-throughput particle
analysis, the throughput can be further improved by incorporation of additional sensing
channels. This method can be extended to nanoscale particle counting, including proteins,
nucleic acids, and viruses, by fabricating openings at different positions to expose the
central electrode inside the sensing channels. Compared to other multiplexing methods,
this fabrication process is simple. It can be extended to measure nanoscale particles by
fabricating smaller sensing channels with openings at different locations. Note that the
silver coil in the multiplexed RPS can be replaced by sputtering a thin silver film. In
addition, this multiplexed RPS can be combined with many well-established antibody- or
aptamer-based bio-recognition methods to detect various of micro and nano bio-objects
including cells [31,32] and biomolecules [33-35] with high throughput and high specificity.

4. Conclusions

We developed a bipolar pulse-width multiplexing-based resistive pulse sensor capable
of high-throughput counting and sizing of microparticles through the utilization of multiple
parallel sensing channels. The unique bipolar pulse-width multiplexing facilitated the en-
coding of electrical signals generated by the passage of microparticles, while only requiring
one DC source. The combined signal can be demodulated using correlation analysis and
an iterative cancellation scheme. This multiplexed RPS was demonstrated using mixtures
of differently sized microparticles with varying concentrations. The RPS sensor can predict
the sizes and concentrations of standard polystyrene particles accurately with errors of 2.6%
and 6.1% in sizing and counting, respectively. The sensor was demonstrated to accurately
count HeLa cells, with an error of 5.6% in concentration. Due to the simple fabrication
process, smaller sensing channels can be fabricated for detection and analysis of nanoscale
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analytes. With its high throughput and accuracy, this RPS sensor holds promise for the
rapid analysis of micro and nano objects including biomolecules, viruses, and bacteria,
especially in resource-limited environments.
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