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Abstract

We describe a micromachined Coulter counter with multiple sensing

microchannels for quantitative measurement of polymethacrylate particles
and pollen. A unique design with sensing microelectrodes in the center of
the microchannels is demonstrated. This design creates isolation resistances
among channels, and thus circumvents the crosstalk caused by automatic
electrical connection among microchannels. When implemented using
microfluidic channels, this design is appropriate for the sensing of
microscale particles in deionized water or in dilute electrolyte solution. Our
design has multiple channels operating in parallel, but integrated with just
one sample reservoir and one power source. The results with a four-channel
device show that this device is capable of differentiating and counting micro
polymethacrylate particles and Juniper pollen rapidly. Moreover, the device
throughput is improved significantly in comparison to a single-channel
device. The concept can be extended to a large number of sensing channels
in a single chip for significant improvement in throughput.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Bioactive particles, such as bacteria and pollen, represent
an important class of environmental threat to public health.
For example, diseases from pathogenic bacteria account
for 20 million annual estimated deaths world-wide [1],
76 million illnesses [2] and $9—13 billion in medical costs in
the US each year [3]. Additionally, a number of bioparticles
such as Anthrax that can be formulated as bioweapons, are
potential threats to homeland security [4]. Rapid detection and
differentiation of bioparticles is of utmost importance. While
authentication services for bioactive particles are currently
provided by research laboratories equipped with expensive
and bulky set-ups, it is important to develop new analytical
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devices that are portable, smart, inexpensive and suitable for
mass production [1, 5]. These characteristics are necessary
for distributed sensor networks and to enable first-responders
to pinpoint the source of contamination. Typical requirements
for an effective analytical device include the ability to detect
single particles in a relatively large sample volume within
a short period of time (high throughput), and to distinguish
particular particle species in the presence of other particle
species (high selectivity).

Coulter counters (also known as resistive pulse sensors)
are well-developed devices used to measure the size and
concentration of biological cells and colloidal particles
suspended in an electrolyte. In Coulter devices, an electrolyte
solution containing particles is allowed to pass through a
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microchannel separating two compartments or chambers.
When a particle flows through the channel, it causes a change
in the electrical resistance of the channel. The change in
resistance can be measured as current or voltage pulses, which
can be correlated to size, shape, mobility, surface charge and
concentration of the particles. Because of their simplicity,
high sensitivity and reliability, Coulter-type devices have been
used for a large number of applications, from the analysis
of blood cells [6] to the detection and counting of colloidal
beads [7, 8], pollen [9], metal ions [10] and viruses [11].
More recently, a few groups have demonstrated the use of
Coulter counter devices with a single nano scale pore/channel
for detection of latex particles [8, 12], single molecules [13],
DNA [14] and antibody—antigen binding [15]. With standard
extraction techniques [16], pathogenic bioparticles including
the food poisoning bacteria in solid food can be collected in
an electrolyte solution. A Coulter counter can be adapted to
detect these bioparticles.

For traditional Coulter counters with a single channel,
throughput is proportional to the square of the diameter of
the channel. If such a device is adapted to count submicron
or nanometer size particles, the diameter of the detector
must be made proportionately small, so that the presence
of a particle affects the pore’s resistance in a significant
and measurable way; otherwise, sensitivity of the device
is compromised. The result is that single pore devices
for counting nanoscale particles can process only a very
small volume of sample at a time, and therefore have low
throughput. In addition, bioactive particles are generally
present at very dilute concentrations. For instance, pathogenic
bacteria typically have a concentration of less than 100 Colony-
forming units (CFU) per milliliter [17]; as a result, to detect
a large volume (>100 ml) of the bioparticle solution without
pre-enrichment with a single-channel device would take an
impractically long time. While a number of separate Coulter
cells can be grouped together to allow passage of a large
volume of particle solution [18, 19]. However, it is difficult
to integrate a large number of Coulter cells on one chip as
each Coulter cell typically has its own power supply, detection
electronics and fluidic system in order to avoid electronic
coupling (crosstalk) among the Coulter cells.

With the long-term goal to develop a portable high
throughput device suitable for micro- and nano-scale
bioparticles, we describe a micromachined Coulter counter
with multiple sensing microchannels. This device is an
improvement on the multichannel devices reported earlier
[20, 21] in that this is a micromachined device with
microchannels that operate in parallel, using a single
sample reservoir and with no need to physically isolate the
microchannels. Preliminary results with a four-channel device
show that this device is capable of detecting and differentiating
micro polymethacrylate particles and pollen rapidly. The
device features a unique placement of the sensing electrodes
in the middle of the microchannels; with this arrangement,
the crosstalk among channels is found to be negligible.
The concept can be extended to a large number of sensing
channels for significant improvement in throughput without
compromising sensitivity and reliability. To our knowledge,
such a device has not been reported elsewhere.
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Figure 1. Schematic of the multichannel Coulter counter. The
channel height is 50 «m (not shown in the figure).

2. Sensor design and fabrication

2.1. Design and description

The design concept of the device is illustrated in figure 1. The
multichannel sensor consists of an inlet reservoir and an outlet
reservoir, connected by four microchannels of dimensions
50 um (H) x100 pum (W) x400 pm (L). The convergent
entrance and divergent exit of the microchannel are designed
to reduce the energy loss and flow instability. The device
has a common electrode placed in the inlet reservoir at the
entrance of the microchannels and four central electrodes
fabricated at the center of each microchannel. Each central
electrode (electrode width W, = 100 um) is exposed to the
electrolyte only at the center of the channel for measurement
purposes. The central electrode divides each microchannel
into two equivalent half-microchannels of dimensions 50 um
(H) x100 um (W)x 150 pum (L;). The first half channel is
used as the sensing channel that counts the particles passing
through it, while the second half of the microchannel is used
as an isolation resistor to reduce the crosstalk among channels.
The measurement setup for one channel is illustrated in
figure 1, which consists of a constant dc supply (Vce)
connected to the common electrode at one end and to a
sampling resistor (R;) at the other end. The electrolyte
containing particles is forced to move from the inlet reservoir
to the outlet reservoir through the multiple sensing channels.
When a particle passes through a channel, it causes a change in
the resistance of the electrolyte-filled first-half microchannel,
thereby resulting in a voltage pulse across the sampling resistor
for that channel. The voltage pulses across each sampling
resistor can be recorded and analyzed separately. In contrast
to a single-channel Coulter counter, the sensor can detect
particles through its four sensing channels simultaneously;
thus, the design enables higher throughput.

2.2. Electrical equivalent of the sensor

Figure 2 shows a simplified electrical model of the
multichannel device. The electrical circuit model along
with the measurement setup is presented in figure 3. The
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Figure 2. Simplified electrical model of the four-channel device
based on the Coulter counting principle. Central electrodes (only
active areas are shown) divide each microchannel into two resistors
R, and R, (i = 1,2, 3, 4). The resistance Ry formed by the
electrolyte solution among two adjacent channels is considered
negligible.
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Figure 3. Electrical model of the multichannel Coulter counter.
R.i, R); and R represent the first half channel resistance, second
half channel resistance (isolation resistance) and the sampling
resistor, respectively. Ry is the resistance formed by the electrolyte
between two adjacent microchannels.

measurement electrode in the center of a sensing channel
divides that channel into two equivalent resistances R, and
R, (i =1, 2,3, 4). The first half of each microchannel
(R.;) serves as a sensing channel, while the second half of
each microchannel (R/;) serves as an isolation resistance.
When a particle passes through channel i, it affects the
equivalent resistance of the first half of the channel, R ;, and
then the equivalent resistance of the second half, Réi. The
change is dependent on both the particle size and amount
of surface charge [22]. Here R is the sampling resistor
of the microchannel, across which the recorded voltage V;
is measured. Ry is the resistance formed by the electrolyte
between two adjacent microchannels; this resistance is usually
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Figure 4. Typical crosstalk analysis between two adjacent
microchannels using PSpice®. We assume R.; = R/; and Ry = 0.

small compared to the microchannel resistance and is therefore
neglected.

One challenge for using multiple sensing channels is
the electronic coupling or crosstalk among channels because
the electrolyte electrically connects all channels. When
one particle passes through a microchannel, it generates a
resistance change in this channel. Because all channels are
electrically connected, a resistance change in one channel
can possibly cause a current change in other channels,
and in turn induce a voltage change across the sampling
resistors of other microchannels. This voltage change will be
translated into a resistance change signal for other channels
where there is no passage of particles, resulting in false
detections. The placement of measurement electrodes in
the center of microchannels creates an isolation resistor
R/, between each pair of microchannels (see figure 3) and
reduces the crosstalk. Figure 4 shows the result of a typical
crosstalk analysis of our device using PSpice® assuming
R. = R/,. When the isolation resistance R/, is 10 M2, the
relative crosstalk (AR:»/R:2)/(AR.1/R.1) in other channels
is approximately 2.5 x 1073 and is considered negligible.
As the isolation resistance increases, the crosstalk is further
reduced. For instance, when R;i = 100 MK, the crosstalk
(AR:/R:2)/(AR.1/R.) is 2.52 x 1074,

The resistance of the microchannel can be estimated by
R = pL/A, where p is the resistivity of the electrolyte, L
is the length of the microchannel, and A is the cross section
of the microchannel. In this work, we use deionized (DI)
water, with a resistivity of about 8.33 x 103 Q m, to carry the
microparticles. For the microchannel we used, the estimated
resistance of the DI water filled-microchannel (R/,) is in the
order of 100 M€2; thus, the crosstalk is negligible. Note here
that the resistance between microchannels (Ry) is small and
negligible compared to the resistances of the microchannels
(R;; and R/, in figure 3). The result is that crosstalk is
not particularly dependent on the physical location of the
microchannels; crosstalk exists from one channel to all other
channels. This means that the analysis is the same for every
channel; the crosstalk at the edge channels is no different than
those in the middle.
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When the channel size is scaled down to nanometer level,
according to the scaling law, R/, will be increased significantly,
and thus much less crosstalk should be expected. Therefore
while for our microscale device the elimination of crosstalk
relies on the use of a carrier fluid with a high resistivity, like
deionized water or a very dilute electrolyte, our design should
work with negligible crosstalk in nanoscale channels when
using a more concentrated electrolyte with its correspondingly
lower resistivity. For instance, if the microchannel is scaled
down 1000 times to nanometer level (L =400 nm, W = 100 nm
and H = 50 nm), and a more concentrated 0.1 M KClI solution
(resistivity p = 0.776 2 m) is used, the half channel resistance
is 23.3 MS; the relative crosstalk will be 1.1 x 1073, If an
external sampling resistor Ry = 1 kQ is selected, crosstalk
will be further reduced to 1.1 x 107>, Note that concentrated
electrolytes may be necessary for carrying certain bioactive
particles. As an example, 0.1 M NaCl is needed to create
proper survival conditions (isotonic) for certain cells so that
cells do not dehydrate or swell [23].

2.3. Device fabrication

The microchannel and reservoirs were fabricated on
polydimethylsiloxane (PDMS) using soft lithography
techniques [24], and were bonded to a glass substrate with
gold electrodes sputtered on it. Details of PDMS microchannel
fabrication techniques were presented elsewhere [25]. Briefly,
a positive master of the desired channel thickness (50 pm)
was formed using a photolithography technique. First, a
photoresist (SU-8 2025, MicroChem, Newton, MA) was spin
coated on a glass substrate at 1750 rpm for 35 s and both pre-
(at 65 °C for 150 s) and soft-(at 95 °C for 6 min) baked to
form a 50 um thick layer. After near ultraviolet (UV) light
(365 nm) exposure at 380 mJ cm~2 and post baking (at 95 °C
for 5 min), a patterned positive relief is prepared by dissolving
the exposed regions for 150 s with the corresponding developer
(SU-8 Developer, MicroChem, MA).

Next, the base and curing agent of PDMS (Sylgard 184,
Dow Corning, Midland, MI) were mixed at a ratio of 10:1.
The prepolymer mixture was degassed in a desiccator with a
vacuum pump for 1 h to remove any air bubbles in the mixture.
Then, the mixture was poured onto the master to form a
3-5 mm thick PDMS substrate. The PDMS was cured for
3 hat 80 °C on a hot plate. At the end of the curing process,
the PDMS layer is peeled off from the glass substrate, and
the sample is submerged in acetone for 2 h. Then the PDMS
layer is rinsed with DI water and IPA, and blow dried with the
compressed air. This PDMS layer was used as the top surface
of the sensor.

For fabricating electrodes or sensing elements, 5 nm of
titanium tungsten (TiW) was sputtered on a glass substrate
followed by 95 nm of gold (Au). Sputtering was carried
out in the dc mode for 23 min under a chamber pressure of
7.5 x 1073 Torr and argon was introduced at a flow rate of
8.16 ml min~!. In the sputtering process, the power levels
for TiW and Au were set at 100 W and 75 W, respectively.
Electrodes were then created by precise patterning of
photoresist (AZ P4620) using contact photolithography [26]
and selective etching of gold and TiW thin films from the
glass substrate. During the patterning process, a different

Figure 5. A microscopic picture of the microchannels and the
electrodes. The picture is taken from the backside (glass substrate).
The insulation layer is not visible.

transparent mask is used to form the particular array of
electrodes. Gold not coated by photoresist is etched with
trifluoric acetic acid (TFA), rinsed in DI water, and then
agitated in 30% hydrogen peroxide for 40 s to remove the
titanium tungsten layer. Cleaning with acetone and IPA
washes away photoresist, so an array of patterned Au-TiW
electrodes is formed on the glass (bottom) layer. The electrode
embedded glass slide is then rinsed with DI water, acetone
and IPA, and blow dried with compressed air. Next a thin
insulation layer (3 um) of photoresist (AZ P4620) was formed
at the selected region using the photolithography technique.
The photolithography technique used during the (insulation)
patterning process was identical to that described earlier [26],
but in this case the spin rate was 3000 rpm.

The PDMS layer with developed channels and electrode-
embedded glass slide was then treated with RF oxygen
plasma (Plasma Etcher PE 2000, South Bay Technology Inc.,
San Clemente, CA) for 25 s (50 W, 200 mTorr). This
temporarily activated the exposed part of the PDMS and
provided very good adhesion. The PDMS replica and glass
side were then immediately brought into contact, aligned and
bonded together. This hybrid microchip was then rinsed
with Nanopure water for several times. Finally, the water is
removed from the microchip using compressed nitrogen gas.
Figure 5 shows a microscopic picture of the microchannel and
the electrodes taken from the backside (glass substrate) of the
device. The insulation layer is not visible.

2.4. Particle size calculation

A single measurement channel consists of the half channel
resistance R,; in series with the sampling resistor R and the
supply voltage (see figure 1). When a particle passes through
the microchannel it causes a change in the resistance (R.;),
and a corresponding change in the voltage across the sampling

307



J Zhe et al

R
S

(b)

Figure 6. Optical microscope pictures of (¢) 40 um PMA particles
and (b) Juniper Scopulorum tree pollen.

resistor. The relative change in resistance of the microchannel
in terms of the measured voltage is given by
SR, (Vs — V) Ve 0
R. (Vec = W)V
where V{ is the measured voltage when a particle is present in
the microchannel and V is the measured voltage in the absence
of a particle in the microchannel.
For a micro-channel with length L and diameter D, the
change in resistance as a particle passes through it is given by

(7]

SR, d* | D? 1 d?

| | - F|— )
R. LD?|2L? 2 D3

1+(7)

where d is the diameter of the particle and F(d?/D?) is
a correction factor.  For the rectangular microchannel,
we used the characteristic diameter D = L/4A/m in
equation (2), where A is the cross-sectional area of the
microchannel. For the 50 um x 100 wm microchannel used in
the sensor, the characteristic diameter D is calculated as 80 um.
The correction factor F is 1 for (d/D)* < 0.1 [7]. For 40 um
polymethacrylate particle, (d/D)* = 0.125 and the correction
factor is taken as 1.174 [7]. Thus, the particle diameter can be
calculated from the relative change in resistance as

T, 1 | ©

3. Materials and experimental setup

3.1. Tested particle samples

Two different particle types were investigated as models:
polymethacrylate (PMA) particles with well-characterized
diameters of 40 um (40.15 um +£ 0.76 pm) (Sigma Aldrich
Inc.) and Rocky mountain Juniper (Juniper Scopulorum) tree
pollen (Sigma Aldrich Inc.). For PMA particles, the certificate
of analysis from Sigma Aldrich indicates that the calibrated
particle diameter is 40.15 pum and the standard deviation is
0.76 um. These particles were chosen because (a) they are
commercially available, and (b) PMA particles have well-
characterized properties. The diameters of pollen particles
were determined using high resolution optical microscopy.
The Juniper tree pollen is irregular in shape and the diameter
ranges from 17 pum to 23 um. Figures 6(a) and (b) show
microscope pictures of 40 um PMA particles and Juniper tree
pollen, respectively.
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3.2. Measurement procedure

The particle solution is forced to flow through the
microchannels by creating a pressure difference with a syringe.
An input voltage of Voc = 6 V was applied across the
microchannels. Due to the polarization effect of the gold
electrodes [22], such a high source voltage is necessary to
ensure that there is sufficient current/electric field within the
electrolyte to record a noticeable voltage change across the
sampling resistors. Voltage measurements were made across
a sampling resistor Ry = 100 k2. The voltage trace was
recorded for four channels using a National Instruments NI-
6220 data acquisition board, with a sampling frequency of
50 kHz.

It should be noted here that the application of a 6 V
dc voltage might cause electrolysis of water and generate
gas bubbles. The gas bubbles could result in false peaks
when they pass through the microchannel. During our
experiments, we did not observe obvious gas bubbles on
the surfaces of the electrodes and in the solution. This
is because of the low current and the gas solubility in the
water. Using Stoichiometric equations based on Faraday’s
law of electrolysis [27] we estimated that the volume rate for
oxygen gas and hydrogen gas generated at the electrodes due
to electrolysis is 63.8 x 10" mls~'and 127.59 x 10~ °mls~".
The volume flow rate of the electrolyte solution in our
experiment is approximately 5 x 107°1s~!, thus the volume
of the generated oxygen and hydrogen per liter of electrolyte
solution is 12.8 x 1073 mll~! and 25.52 x 1073 mill~',
respectively. They are much smaller than the gas solubility
in water (5.57 mll~" for oxygen [28] and 174 mll~! for
hydrogen [29]).

4. Results and discussions

4.1. Counting of 40 um PMA particles

The sample solution for the 40 um PMA particle was prepared
by taking 0.2 ml of the original solution (10% solid) and
diluting in 5 ml water. The estimated original particle
concentration was calculated as 9.96 x 10* ml~!. The particle
solution is loaded into the inlet reservoir of the device and is
forced to flow to the outlet using a syringe, which is controlled
manually. The voltage across the sampling resistor Ry is
continuously monitored across the four sampling resistors.
Figure 7 shows the relative resistance change of the four
channels as a function of time, converted from voltage traces
measured across the four sampling resistors using equation (1).
In figure 7, pulses appear in random sequence, with no
correlation among the pulses in different channels; this implies
that the four sensing channels were able to simultaneously
generate voltage pulses and count particles without crosstalk
among channels. An unbiased cross correlation analysis was
performed between the signals from two sensing channels at a
time. The typical result is plotted in figure 8. It is obvious that
the cross correlation coefficients Irl are less than 0.1, indicating
that there is negligible correlation among the pulses of different
channels.

Because each resistive pulse represents a particle passing
through one microchannel, the concentration of the particles
in the four channels was calculated from the number of
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Figure 7. Relative resistance change across four microchannels for
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Figure 8. Cross correlation results of two channel data for 40 um
PMA particles indicating Irl < 0.1.

pulses during a period of 1 s. As a result, the measured
concentrations are 9.58 x 10*ml~!, 8.34 x 10* ml~!, 7.06 x
10*mlI~"and 10.17 x 10*ml~' for channels 1 to 4, respectively.
A comparison of the measured concentration and sizes with
the expected original concentration and sizes are shown in
figure 9. Because of the manual flow rate control, there
exist uncertainties in the estimation of the flow rate and
thus the measured concentration. The error bars of the
concentration columns in figure 9 represent the uncertainties in
the measured concentrations. It can be seen from figure 9 that
the measured concentrations are comparable to the expected
original concentration. The difference between the measured
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Figure 9. Comparison of measured concentration and size for
40 pm PMA particles with the expected original concentration and
size.

concentrations and the expected concentration is due to the
particle deposition onto the substrate during the experiments,
dilution errors and non-uniform mixing of the solution. While
we sonicated the particle solutions in an ultrasonic bath before
the experiment to reduce the particle aggregation, it is still
possible that two particles might aggregate and cause a larger
pulse. This might account for the occasional large peaks in
figure 7 and the slightly lower particle concentration.

The relative change in resistance was used to calculate the
particle diameters using equation (3). The resulting measured
sizes of the PMA particles are 15.7 4+ 1.7 um for channel 1,
16.03 £ 2.1 pm for channel 2, 15.62 £ 1.8 pum for channel
3, and 16.04 £ 1.97 um for channel 4. The error bars shown
in the particle size columns in figure 9 represent the standard
deviation in particle size. The large difference between the
measured and the expected particle diameter (40.15 um +
0.76 pm) is mainly because of the polarization effect that
takes place on the gold electrodes. In the electrolyte solution
and DI water, electrode polarization causes the dc voltage
applied on electrodes to be dropped across the double layers
of the two electrodes. Thus, the voltage drop across the bulk
solution is less than the actual applied voltage [30], resulting in
underestimated particle dimensions when equation (3) is used.
The electrode polarization can be reduced by using Ag/AgCl
electrodes with large surface areas [30]. In our previous study
[9,20,21], Ag/AgClelectrodes (1 mm in diameter and 4 cm in
length) were used in a meso-size Coulter counter to analyze the
PMA particles. The measured size of the PMA particles was
close to the expected size. Because of the limited life time for
microscale Ag/AgCl electrodes [31], we used gold electrodes
in this study to demonstrate the concept of a multichannel
Coulter counter for rapid counting of microparticles.

4.2. Counting of Juniper pollen

The Juniper pollen particle solution was prepared by diluting
10 mg of Juniper tree pollen in 10 ml of water. Taking
an estimated density of 1.1 gm cm™> and an average
diameter of 20 pum for the Juniper pollen, the concentration
of the prepared pollen sample solution was estimated as
2.39 x 10° ml~'. The prepared particle solution is added
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Figure 11. Typical cross correlation results obtained from
measurement signals of adjacent channels for tree pollen data. The
cross correlation coefficient Irl < 0.1 indicates negligible crosstalk.

to the inlet reservoir using a syringe. Pressure-driven flow
created by the manually controlled syringe forces the particle
solution to move toward the outlet reservoirs through the
four sensing microchannels. The voltage across the sampling
resistor Ry is continuously monitored across the four sampling
resistors. Figure 10 shows the relative resistance change of the
four channels as a function of time, converted from voltage
traces measured across the four sampling resistors using
equation (1). Each resistive pulse represents one pollen
particle passing through a microchannel. The resistive traces

310

(x10%

25 ¢+

=

20+

Concentration (ml'1)
o
—
—
|

05}

LExpemed Concentration |—]

N — —

Channels

Figure 12. Measured concentration of Juniper Tree pollen
compared to the expected concentration.

0.01 F 40 um
Palymelhacryla?\
o 0.00
o
nd
< -0.01
Juniper Scopulorum pollen
_002 1L 1 L 1
2.00 2.02 2.04 2.06 2.08 2.10
Time (s)

Figure 13. Typical relative resistances for a mixture of Juniper tree
pollen and 40 um PMA particles in one channel of the device.

show pulses appearing in random sequence. A similar
cross correlation analysis as we conducted in PMA particle
counting (section 4.1) was performed between the signals from
two sensing channels at a time. The results are shown in
figure 11. We found that the cross correlation coefficients Ir1
are less than 0.1, indicating that there is negligible correlation
among the pulses of different channels. This implies that the
four sensing channels were able to simultaneously detect and
count particles with negligible crosstalk among channels.

Itis obvious from figure 10 that the resistive pulses caused
by Juniper pollen were all downward, that is, when a pollen
particle passes through the microchannel, the microchannel
resistance decreases. This phenomenon had been reported in
our prior study [9, 20, 21], which pointed out that a particle
affects the micro-channel resistance in two competing ways.
First, it displaces the electrolyte solution in the microchannel,
thereby reducing the number of free ions inside the micro-
channel, which leads to an increase in resistance; second, if it
has surface charge, it brings additional charges into the micro-
channel, which leads to a decrease in resistance. From the
experimental results, it appears that the pollen particles have
high surface charge, while the PMA particles are only slightly
charged or non-charged. For PMA particles, the first factor
is dominant. The resistive pulses generated by PMA particles
are directly related to their size (equation (3)). However,
for pollen particles, because the surface charge is high and
the concentration of ions in the DI water is low, the second
factor is dominant, and the overall effect of a pollen particle
passing through a micro-channel is a downward resistive
pulse. A similar phenomenon was reported by Chang et al
[22], where a negatively charged DNA molecule generated
an upward current pulse (a downward resistive pulse) when it
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Figure 14. Magnified relative resistive pulses generated by (a) Juniper Scopulorum tree pollen, (b) 40 um PMA particles.
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passed through a nanopore. This phenomenon can be used to
differentiate particles with different surface charges. In our
experiment, the pulses of the Juniper pollen vary in height; the
variation might be attributed to the surface charge variation
and the irregular shape of Juniper pollen.

The concentration of the Juniper pollen in the four
channels was calculated from counting the number of
downward peaks during the period of 1 s; the concentrations
were found to be 1.58 x 10° ml~!, 1.55 x 10° ml~},
1.63 x 10° ml~! and 2.06 x 10° ml~! for channels 1, 2, 3 and
4, respectively. These results are shown in figure 12. Similar
to the testing with PMA particles, the measured pollen particle
concentration is lower than the estimated pollen concentration.
This is because of particle deposition onto the substrate during
the experiments, dilution errors and non-uniform mixing of
the solution.

4.3. Counting of 40 um PMA particles and Juniper pollen
mixture

In this experiment, 0.1 ml of 40 xm PMA particles (40.15 +
0.76 pum diameter, 10% solid) and 10 mg Juniper pollen were
mixed in 10 ml DI water and were tested in the multichannel
device. The resulting concentration of 40 um PMA particles

and pollen particles is 2.49 x 10* ml~! and 2.39 x 10° ml~!
respectively, assuming the density of Juniper pollen is
1.1 g ml~!. The mixed particle solution is added to the
inlet reservoir using a syringe. Pressure difference created
by the syringe forces the particle solution to move toward the
outlet reservoir through the multiple sensing microchannels.
Voltage traces across the sampling resistors were recorded.
A typical resistive pulse trace in one channel (channel 3)
converted from the voltage trace signal is shown in figure 13.
It can be observed that PMA and pollen particles generated
the similar resistive pulses as those generated in sections 4.1
and 4.2 when the two particles were tested alone. Magnified
views of resistive pulses generated by Juniper pollen and
40 pum PMA particles are shown in figure 14. It is obvious
that pollen generated downward resistive pulses, while PMA
particles generated upward resistive pulses. Thus we are
able to differentiate and count the two particle species in the
mixture. The concentration of the 40 um PMA particles in
the four channels was calculated by counting the number of
upward peaks during the period of 1 s; the concentrations
were found to be 2.15 x 10* ml~!, 2.11 x 10* ml~!, 2.14 x
10* ml~!, and 2.01 x 10* ml~! for channels 1, 2, 3 and 4,
respectively. These results are shown in figure 15(a). The
measured particle concentration in each channel is slightly
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lower than the estimated particle concentration, which was
2.49 x 10*ml1~",

The particle diameters were calculated from resistive
pulse data shown in figure 13 using equations (2) and
(3). Using the nominal sensing microchannel (first-half of
microchannel) dimension of 50 um (H) x 100 um (W) x
150 pum (L), the analysis shows the estimated particle
diameter is 18.5 + 1.6 um, 17.2 + 2.3 um, 18.96 £+ 1.8 um,
and 18.66 + 1.9 um for channels 1, 2, 3 and 4, respectively (see
figure 15(a)). The error bars shown in figure 15(a) represent
the standard deviation in particle diameter. As discussed in
section 4.1, the large difference between the expected and
the measured particle diameter (40.15 um £+ 0.76 pum) is
mainly because of the polarization effect that takes place on the
gold electrodes. The polarization effect causes the dc voltage
applied on the electrodes be dropped across the double layers
of the two electrodes, resulting in underestimated particle
dimensions when equation (3) is used.

Similarly, the concentrations of the pollen particles in the
four channels were calculated from counting the number of
downward peaks during the period of 1 s; the concentrations
were found to be 1.93 x 10° ml~!, 1.73 x 10° ml~!, 1.86 x
10° ml~! and 2.14 x 105 ml~! for channels 1, 2, 3 and 4,
respectively. Because of the same reason as PMA particles,
the measured concentration is lower than the estimated
concentrations. The results are shown in figure 15(b).

5. Conclusions

A micromachined high throughput Coulter counter for
differentiation and counting of Juniper tree pollen and
polymethacrylate microparticles has been demonstrated.
A unique feature of the design is the placement of
microelectrodes in the center of the microchannel. With this
feature, isolation resistances between each pair of channels
are created, and thus crosstalk is reduced. We found this
design effective in removing crosstalk among channels, thus
enabling the use of multiple channels in a single device with
a single set of detection electronics. The design can be
implemented with microscale channels for the analysis of
micron scale particles present in electrolyte solution in very
low concentration, or with nano-scale channels for the assay of
nano-particles at higher concentrations. The microchip sensor
demonstrated here utilized four microchannels, all operating
simultaneously, to count microparticles such as Juniper tree
pollen and polymethacrylate particles. The counting efficiency
is improved approximately 300% over that of a single-channel
Coulter counter. This microfluidic-based sensor is also capable
of differentiating pollen and polymethacrylate particles. The
concept, demonstrated here on a four-microchannel sensor,
can be extended to a large number of sensing channels in a
single chip to further improve the counting efficiency.
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