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ABSTRACT

Due to its simplicity and robustness, pore-based resistive pulse sensors have been widely used
to detect, measure, and analyze particles at length scales ranging from nanometers to micrometers.
While multiple pore-based resistive pulse sensors are preferred to increase the analysis throughput
and to overcome the clogging issues, the scalability is often limited. In response, by combining the
time-division multiple access technique in the telecommunication field with the microfluidics, we
reported a microfluidic time-division multiplexing accessing (TDMA) single-end resistive pulse
sensor, in which particles can be analyzed through a scalable number of microfluidic channels.
With an eight-channel microfluidic device and polystyrene particles as proof-of-principle, we
successfully demonstrated this multiplexed technology is effective in measuring the particle size
and concentration, in analyzing the particle arriving dynamics, and in discriminating mixed
populations. Importantly, the availability of multiple sensing pores provides a robust mechanism
to overcome the clogging issue, allowing the analysis to continue even when some of the pores are
clogged. We anticipate this TDMA approach could find wide applications and facilitate future

development of multiplexed resistive pulse sensing from microscale to nanoscale.
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Coulter counters, also known as the resistive pulse sensors, are well-developed devices to
measure the size and concentration of biological cells and colloidal particles suspended in a buffer
solution!. In Coulter devices, including its microfluidic versions, two electrolyte-filled
compartments or chambers are separated by a microscopic conduction path. When a particle flows
through this orifice, the devices’ electrical resistance is temporarily changed. This resistance
change is often measured as a current dip, the magnitude and the duration of which is correlated
to size, shape, mobility, surface charge, and concentration of the particles*®. Due to its simplicity
and robustness, the resistive pulse sensor has been used for a variety of applications’!®, ranging
from the analysis of blood cells!® 141920 bacteria*!-* and viruses'® > to the detection and counting
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of colloidal particles and pollen’. Besides, nanoscale Coulter counter devices such as

nanopores*®3* were also developed to detect biomolecules such as proteins?®2’ and DNAs?®.
Whether working in the microscale or the nanoscale, most resistive pulse sensor experiments
would require measuring sufficient numbers of single particle translocations to generate
meaningful statistics for analysis. In this regard, multichannel systems have a clear advantage in
terms of faster data collection and analysis throughput. Integration of multiple channels into the
same device also enables the analysis of the same sample with different experimental parameters
such as applied voltage and pore size. Besides, multiple pores also help to keep the analysis running
even one or few of the pores are clogged, a grand challenge in resistive pulse sensors®!=2. In
recognition of these benefits, efforts to simultaneously record multiple channels were pursued in

micropores® and nanopores>*3

, often with multi-channel patch clamp amplifier. However, the
scalability of the channel numbers is limited by the cost because each fluidic channel would require

an independent measuring unit. An ideal multiplexed resistive pulse sensor should have a single

output to easily interface with the single-input instrument. To this end, one method employs the



frequency division multiplexing for multichannel, single-output resistive pulse sensing. Signals
from multiple channels are modulated by an AC signal with a single frequency and then recovered
by digital bandpass filtering®’. Another method emulates the radio communication technique of
code-division multiple access (CDMA) to achieve an all-electronic, single-output interface®®. As
particles traverse encoding electrodes, orthogonal digital codes are generated. Software algorithms
were used to decode the output signal to correlate each resistive pulse with its channel of origin.
Herein, we reported a microfluidic time-division multiplexing accessing (TDMA) single-end
resistive pulse sensor for particle analysis. In the cellular communication field, TDMA allows
multiple users to communicate with a base station over a common channel through time-sharing*°.
The microfluidic TDMA resistive pulse sensor adopts a similar principle to multiplex the signal
from many different fluidic channels. With a single-ended data acquisition, signals from each
channel can be reconstructed for particle analysis in the corresponding channels. We successfully
demonstrated a low-cost eight-channel microfluidic resistive pulse sensor for analyzing the size
and concentration of polystyrene particles. Further scaling up the multiplexity is straightforward
and within reach. We also found that the multiplexed TDMA device is able to continue the analysis
even when a few channels are clogged, solving one of the most significant challenges in resistive
pulse sensors. We anticipate this single-ended time-shared approach is widely applicable and
would facilitate the development of multiplexed resistive pulse sensing from microscale to

nanoscale.

EXPERIMENTAL SECTION

Materials and chemicals



10- and 15-um diameter polystyrene particles (coefficient variance <10%) were purchased
from Polyscience. Prior to the experiment, the sample concentrations were diluted using phosphate
buffered saline (PBS) (1X, pH 7.4) with 0.05% Tween 20 (TEKnova) to avoid particle
aggregation. Ag/AgCl electrodes were manufactured by chloriding silver wires (¢ = 0.375 mm,
Warner Instruments) in 1M KCI solution (Sigma-Aldrich). A small hole was punched from the
outside wall of the tygon tubing and Ag/AgCl electrodes were threaded through this hole into the
inside of the tube, followed by epoxy sealing. This customized tubing provides both electrical and

fluidic access to the microfluidic device.

Microfluidic device fabrication

An eight-channel microfluidic device was designed using CAD software (Supplementary
Figure S1). The photomask was printed on transparent film (CAD/Art Services, Inc.). The casting
mold was fabricated on a 4-inch silicon wafer using SU-8 2025 (MicroChem) through a standard
lithography process. The mold height of ~35 pm was confirmed with a profilometer. The width
and length of the micropore were optimized to ~18 pm and ~20 pm respectively. The microfluidic
device was fabricated using the polydimethylsiloxane (PDMS) (Dow Corning). A 10:1 w/w
mixture of base and curing agent was cast onto the SU-8 wafer mold, degassed, and cured at 80°C
for an hour. After demolding the patterned PDMS, inlet and outlets were punched using a stainless
needle (¢ = 0.75 mm). The resulting PDMS stamps and glass slides (100 um thickness, ted-Pella)
were treated with oxygen plasma and in contact to form irreversibly covalent bonding between

two materials.

TDMA hardware instrumentation

The TDMA hardware circuit was implemented on a custom printed circuit board (PCB) (OSH



Park), which includes trans-impedance amplifiers (TL072, Texas Instruments), analog multiplexer
(ADG406, Analog Devices), and counter (dual negative-edge-triggered JK flip-flop: 74LS73,
Texas Instruments; 2-input AND gate: DM7408, Fairchild Semiconductor™) (Supplementary
Figure S2). Eight sensing units from the microfluidic device were connected to trans-impedance
amplifiers. A feedback resistor (R= 1 MQ with 5% tolerance) was used to set the gain. The
amplifier outputs were connected as inputs to the multiplexer. The multiplexer channels were
periodically selected by a log2(N) bit synchronous counter. The sampling frequency for each
TDMA frame was synchronized to the multiplexer switching frequency. The analog voltage output
from multiplexer was sampled at 200 kHz with 16-bit DAQ card (NI PCle-6351, National
Instruments) and stored through a data acquisition software (LabVIEW, National Instruments).

The recorded data were demultiplexed using MATLAB (MathWorks) program.

Electrical measurement

The microfluidic channels were prefilled with electrolyte (1x PBS with 0.05% Tween-20) for
electrical measurement. The customized tygon tubes with Ag/AgCl electrodes embedded were
inserted into the punched holes on the microfluidic devices. The outlets were grounded while the
inlet was biased at a constant voltage (400 mV). The ionic currents from each sensing unit were
monitored by custom-built eight channel TDMA hardware, which performed current-to-voltage
conversion and analog signal multiplexing. The ionic current level decreased during the particle
translocation due to the increase of resistance at the micropore area. The electrical measurement
was performed inside a customized Faraday cage to shield the environment noise. The sample was

introduced at a constant flow rate using a syringe pump (Harvard Apparatus PHD 2000).

Particle size and concentration calculation



Resistive pulse sensing has been extensively studied for the nano- and micron-ranged particle
size analysis 334045 The relative resistance changes (4R/R) caused by particle translocation at a

sensing pore is described by the following particle sizing equation*,

AR D|arcsin(d/D) d
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where d is particle diameter, D and L are cylindrical orifice diameter and length, respectively. For

the rectangular micropore, we substitute D = (4xWxH/m)"?

, Where W and H are a sensing pore
width and a height, respectively. 4R/R was extracted from the data using MATLAB (MathWorks),
and particle diameters were obtained by Eq. 1. Note this particle sizing model does not take into
consideration the correction factor*® and thus can lead to uncertainty in size determination.

To calculate the particle concentration, total particle counts from the eight sensing units were
divided by the total introduced sample volume. The total particle counts were extracted by
counting the resistive pulses using the peak-detection algorithm in MATLAB (Supplementary

Figure S3). The total introduced sample volume was obtained from multiplying volume flow rate

by the elapsed time.

RESULTS AND DISCUSSION

Working principles

Figure 1a shows the block diagram of the microfluidic TDMA system designed to interface
the N-channel microfluidic resistive pulse sensor. The integrated TDMA system consists of the
transimpedance amplifiers, an analog multiplexer, analog-to-digital converter (A/D), and

demultiplexer. The multiplexer sequentially reads the amplified analog signals from each sensing



channel with a switching frequency of f; , in other words, each channel is sampled every N/fs second
(i.e., the period of a single TDMA frame, the top panel in Figure 1b) and digitalized by an A/D
for data acquisition. A demultiplexing algorithm reconstructs the signal for each channel using the
scheme shown in Figure 1b. It is noteworthy that there is a tradeoff between the channel
multiplexity N and the effective channel sampling frequency using a fixed switching frequency.
In our proof-of-principle study, we implemented an eight-channel microfluidic device with a
circular layout (Supplementary Figure S1). All eight channels have separated outlets, yet share
a common inlet (Figure 1c¢). A micro-filter structure is designed near the common inlet to remove
the potential debris. In a typical experiment, the polystyrene particle translocation time was in the
range of 8+2.7 ms (Supplementary Figure S4). To resolve the single particle translocation event,
each channel should have a minimum sampling frequency higher than the Nyquist frequency (250
Hz). We used a switching frequency fs of 200 kHz for the eight-channel implementation. The
equivalent single-channel sampling frequency is 25 kHz, sufficient for resolving the single particle
translocation. In fact, the channel multiplexity can be scaled up to 800 if we work at the minimal
Nyquist frequency. Note that this TDMA principle could also be extended to nanopore sensors>*
36

, in which single-molecule translocation is usually much faster. For a typical dwell time as short

as 100 us*’, the same 200 kHz switching frequency is sufficient to resolve ten channels.

Validation of the TDMA principle

To validate the 8-channel microfluidic resistive pulse sensor and the TDMA scheme, we tested
polystyrene particles of 10 um diameter at a concentration of ~2.4x10° particles/ml. Before sample
loading, all microfluidic channels were filled with 1x PBS buffer with 0.05% Tween-20 to remove
potential air bubbles. The prepared sample was introduced into the inlet of the microfluidic device

with a flow rate of 200 pl/hr. The signal from each of the eight channels was sequentially switched



at 200 kHz into one single output by the TDMA hardware. The digitalized combined signal was
then demultiplexed to reconstruct the time trace signal for each channel. Figure 2a shows the
demultiplexed current time traces for all eight channels. Apparent ionic current dips,
corresponding to individual particle translocation events, could be easily observed from all
channels. These current dips were uniform in magnitude due to the introduced monodisperse
particles.

One of the concerns in TDMA resistive pulse sensing is the interference due to the signal
leakage in analog switching networks. The current dips in Figure 2a appear in random sequence,
implying that each channel can independently analyze the particles without crosstalk among
channels. To quantify the channel-to-channel crosstalk, we performed the cross-correlation
analysis of ionic current profiles among eight sensing channels and extracted the Pearson
correlation coefficient. Figure 2b shows the heatmap of the correlation between channels. The
inter-channel correlation is quite small (with coefficient ranging from -0.25 to 0.32), confirming
the signal integrity in each channel. Interestingly, the correlation seems alternating between the
positive and negative value for channels separated by odd and even numbers, which is likely due

to the characteristics of the switching networks.

Probing the particle arriving dynamics

A quick eyeball on the current time traces in Figure 2a reveals that the particle translocation
frequency varies among different channels. To probe the particle arriving dynamics, we examined
the event inter-arrival time distribution for each channel. As shown in Figure 3a, the inter-arrival
time distribution shows a remarkable exponential distribution for each channel, indicating a
Poisson process*®. Each channel was fitted with an exponential distribution, P(t) = 1e~*¢, where

A is the expected particle translocation rate. As shown in Figure 3a, the particle arriving rates
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among different channels ranges from 0.79 s! to 3.12 s™!, implying the introduced particles prefer
certain channels. This is likely because the effective dimension for each sensing pore is not
perfectly identical due to variations in the fabrication and the potential adsorption during the
experiment. This creates asymmetric streamlines that lead the particles into preferred channels.
To further examine whether the observed Poisson process is homogenous or nonhomogeneous,
we plotted the accumulative particle number versus the elapsed time. As shown in Figure 3b, the
slope of the curve (i.e., the translocation rate) is different among channels, consistent with what
we observed from Figure 3a. However, the slope of the curve for each channel shows a clear time-
dependence. This indicates the translocation rate for sub-processes indeed varies. Therefore, the

particle translocation process of our experiment is a nonhomogeneous Poisson process.

Analyzing particle size and concentration

To test the multiplexed TDMA resistive pulse sensor for particle sizing, we extracted the
relative resistance changes (4R/R) from the detected resistive peaks in Figure 2a. To determine
the particle size, we applied the particle sizing model using Eq. 1. Figure 4a shows the particle
diameter distribution in each channel, together with a combined distribution from all channels. The
combined distribution follows a Gaussian distribution with a mean value of ~9.5+0.54 um. The
calculated particle diameter is comparable, yet smaller than the actual particle size (10 um). The
under-estimation of the particle diameter may come from the fact that the particle sizing model
assumes particles pass through the centerline of the pore**. Motion displacement from the center
axis could cause the underestimation. It was also observed that the mean particle diameter varies
among eight individual channels (Figure 4a). This is likely due to the channel-to-channel size
variation during the device fabrication and during the experiments (e.g., adsorption of small debris

near the pore region). Strategies to improve each of these issues could help to narrow the size
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distribution.

Since each current dip event represents a single particle and the particle arriving events follow
the Poisson process (Figure 3), the particle concentration at 95% confidence interval was
calculated as (n + 1.96(n) ”)/(vT), where n is the total number of particles counted from all 8
channels, 7 is the total elapsed time, and v is the volume flow rate. The relative uncertainty of
inferring the concentration is proportional to #n”"2. Figure 4b shows the calculated concentration
as a function of total counted particles. After counting about 1000 particles, the calculated

concentration converges to that of the input sample (2.4x10° particles/ml) with little uncertainty.

Analyzing a mixed population

To test the microfluidic multiplexed TDMA resistive pulse sensor for analyzing a mixed
population, we prepared a mixed sample containing 10 um and 15 pm polystyrene particles with
concentrations of ~2.4x10° ml! and ~0.8x10° ml™!, respectively. Figure 5a shows the
demultiplexed current time traces for all eight channels, and Figure 5b shows an enlarged section
from channel 4 (red boxed area). As expected, we observed two distinct levels of current dips,
corresponding to the two size populations. Other channels also show similar two population
characteristics. Using the particle sizing model (Eq. 1) and combing events from all channels, the
particle sizes were calculated, and their distribution is shown in Figure Se. The particle size
distribution shows evident two populations with a mean value of 9.31 £+ 0.40 pm (10 um particle
population) and 12.46 + 0.48 um (15 um particle population), respectively. The underestimation
for each population is likely due to the same reason as we saw in Figure 4a. The particle numbers
counted for each population is 1233 and 355, the ratio of which (~3.47) is close to that of the input

concentration value (~3), confirming the discriminative ability between these two populations.
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Robustness against pore clogging

While we did not see any clogging issue when testing the 10 um sized particles (Figure 2a), a
clear feature observed in Figure 5a when testing the 15 um sized particles is that two out of eight
channels (channel 6 and 7) show no particle translocation events. We examined the sensing pores
using a microscope after the experiment. It was found that channel 6 and 7 were indeed clogged
by particle jamming at the pore (Figure 5d). This is not surprising since the pore cross-section is
of dimension 18 pmx20 umx>35 pm (WxLxH). When 15 um sized particles were introduced, the
chance for clogging becomes much higher. Such irreversible clogging is a well-known issue for
single-channel resistive pulse sensors that limits its flexibility in real-world applications®'=32. In
contrast, the TDMA multichannel resistive pulse sensor allows the analysis to continue even when

some of the pores are clogged (Figure Sc¢). We anticipate that future works could introduce an

array of different pore sizes for analyzing polydisperse samples.

CONCLUSION

By introducing the time-division multiple access technique in the telecommunication field into
the microfluidic field, we developed and demonstrated the multiplexed microfluidic resistive pulse
sensor, in which particles can be analyzed simultaneously by a scalable number of microfluidic
channels. The microfluidic TDMA resistive pulse sensing technology allows each channel to
transmit its temporal signal in rapid succession to a single electrical outlet, using a defined time
slot with a defined order, which can then be used to recover the signal from each channel by a
simple demultiplexing algorithm. With the prototyped TDMA instrumentation and the eight-
channel microfluidic device, we demonstrated this multiplexed microfluidic TDMA technology is

readily useful in measuring the particle size and concentration, in analyzing the particle arriving
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dynamics, and in discriminating mixed populations. In particular, the availability of multiple
sensing pores provides a robust mechanism to fight against the clogging issue, allowing the
analysis to continue, which is otherwise not possible in single channel devices. While the TDMA
resistive pulse sensing technology is validated in microfluidic devices in this study, we expect this

proof-of-concept could be well extended to nanoscale resistive pulse sensors such as nanopores *°.
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Figure 1. TDMA resistive pulse sensor working principles. (a) Time-division multiple access
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output was reconstructed for each channel. (¢) Microscope images of the 8-plexed device. The
enlarged image illustrates the particle translocation through the sensing pore. A micro-filter is
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Figure 2. Validation of TDMA resistive pulse sensor. (a) Reconstructed current time trace for each
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