Accepted Manuscript

ANALYTICA
CHIMICA ACTA

A Novel Microfluidic Resistive Pulse Sensor with Multiple Voltage Input Channels and [
a Side Sensing Gate for Particle and Cell Detection

Tong Zhou, Yongxin Song, Yapeng Yuan, Dongqing Li

PII: S0003-2670(18)31407-7
DOI: https://doi.org/10.1016/j.aca.2018.11.049
Reference: ACA 236426

To appearin:  Analytica Chimica Acta

Received Date: 4 October 2018

Accepted Date: 26 November 2018

Please cite this article as: T. Zhou, Y. Song, Y. Yuan, D. Li, A Novel Microfluidic Resistive Pulse Sensor
with Multiple Voltage Input Channels and a Side Sensing Gate for Particle and Cell Detection, Analytica
Chimica Acta, https://doi.org/10.1016/j.aca.2018.11.049.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.

The final publication is available at Elsevier via https://doi.org/10.1016/j.aca.2018.11.049. © 2018. This
manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/


https://doi.org/10.1016/j.aca.2018.11.049
https://doi.org/10.1016/j.aca.2018.11.049
Jordan Hale
The final publication is available at Elsevier via https://doi.org/10.1016/j.aca.2018.11.049. © 2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0/�


==

|
e
et
!

:..LF:TF__TI:ﬁ?:::l!!?::_lf'ﬁ::!':f::lf::‘t:_f'f._TJ:'}: A . L Y =T

| Lymphocyte

Magnitude (V)
&
L

5 &
=W
1 1

Sensing gate

Detection channd

|
o
v}

e e e e e i e e e e e e 4 e 4 e 4 e 4 e e e b e e e s e s e 4 e i e e e b e b e b e s e s o e o e oD
T




A Novel Microfluidic Resistive Pulse Sensor with Mple Voltage Input

Channels and a Side Sensing Gate for Particle ald€tection

Tong Zhod™*, Yongxin Song*, Yapeng Yuahand Dongqing Lf

1 Department of Marine Engineering, Dalian Maritibheiversity, Dalian, 116026, China
2 Department of Mechanical and Mechatronics Enginge University of Waterloo, Waterloo,

ON, N2L 3G1, Canada

*Corresponding author: E-mail: dongging@uwaterlao.c

* Tong Zhou and Yongxin Song contributed equallihis work.



Abstract

Traditionally, a resistive pulse sensor (also kn@snCoulter counter) works by letting a particle
pass through a small orifice in an electrolyte 8otu The detection sensitivity mainly relies on
the volume ratio of the particle to the orifice.ig lpaper presents a novel resistive pulse sensor
which has a sensing orifice located on the sideé @fad microchannel. In this way, the sensor can
detect and count particles (or cells) without reggi particles (or cells) passing through the
sensing gate. An equation was derived to relatenthgnitudes of the detected signals and the
electrical resistances. Results show that the madgs of the detected signals can be increased by
applying voltages from more than one voltage inghannels simultaneously. Under the same
conditions, the magnitudes of the detected sighat®me larger when the diameters of particles
are larger. Higher detection sensitivity can beawt#d simply by increasing either the magnitudes
of the applied voltages or the number of the vatengput channels, or reducing the opening of the
side sensing gate to a size that is even smaber tthe diameter of the particle. Due to the high
detection sensitivity, detection ofpdn particles by a relatively large sensing gate>df®10um
(width x length x height) was successfully dematstt with a signal to noise ratio (S/N) of
approximately 3. This sensor was also applied tealeand count human red blood cells and
lymphocyte cells. Results show that this method daarly distinguish the cells with different
sizes based on the pre-determined-thresholds. Bedais sensor does not require cells to pass
through the sensing gate, the channel cloggingl@molzan be avoided. More importantly, the
detection sensitivity can be tuned by applying edé#ht voltages without fabricating a smaller

sensing gate.

Keywords: Resistive pulse sensing; Multiple voltage inpdrenels; Side sensing gate;

Cell detection



Introduction

Coulter counter, also known as the resistive psésesor, is one very popular method for particle
or cell detection, counting and sizing. InventedGwnulter [1],this method works by using a very
small insulating orifice filled with an electrolytsolution and by applying a DC electric field
across the orifice. When a particle passes thrabghorifice, a temporary change of electrical
resistance is caused due to the difference ing$istivity of the particle (or cell) and the resigy

of the electrolyte solution. With a proper measwainsystem, the resistance change can be
measured as either a current pulse or a voltageepililhe numbers and the magnitudes of the
pulses represent the numbers and the sizes ohttiel@s (or cells) passing through the orifice [2]
Due to its high accuracy and simplicity, the Coaulpginciple has been widely used in flow
cytometry [3] for cell analysis. While the flow oyheter is a powerful instrument, it is bulky and

expensive, and requires a relatively large samplieme.

Recently, microfluidic and nanofluidic resistive Ip®l sensors have attracted the interests of
researchers [4-19] due to their advantages sudingsle construction, low cost and portability
[20-27]. For a microfluidic or nanofluidic resiséivpulse sensor, several different designs and
detection approaches have been developed for inmgydlie sensitivity or the throughput. One
very popular approach is to place electrodes aditsssensing channel [15, 28-35]. In these
sensors, the size of the “orifice” used for paetisensing depends on both the size of the sensing
channel and the distance between the two electrddesxrder to fabricate a very small orifice,
advanced micro-fabrication facilities are neededrtiiermore, complicated operations and
expensive equipment are generally involved in tadimg the electrodes. To avoid fabricating the
micro-electrodes, Ag/AgCI electrodes were usedafiplying voltages to the fluidic circuit [36-38].
The Ag/AgCI electrodes are widely used in the fiefdelectrochemistry. A key benefit of using
Ag/AgCI electrodes is that it can reduce the etatdgrpolarization problem which is adverse to the

sensitivity of the resistive pulse sensor [31, 89-4

Since the resistance change produced by a papadeing through the “orifice” is very small,

some advanced signal processing instruments, ssidbck-in amplifier [28,41], or impedance
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analyzer [38,42] are generally needed with the minmcrease the detection sensitivity. Instead of
directly monitoring the ionic current change cauggda particle, Li et.al [43-45] employed a
commercial metal-oxide-semiconductor field-effecnsistor (MOSFET) to monitor the drain
current modulation corresponding to the changehef gate voltage due to a particle passing
through the “orifice”. Because the MOSFET has anhggnsitivity, a volume ratio (particle to the

orifice) of 0.006% was detected.

In order to increase the detection sensitivity mithusing sophisticated and expensive instruments,
a differential resistive pulse sensing method wagetbped [7,10,19,46-49]. The novelty of this
sensor is to reduce the noises by designing twotichd detection channels and inputting the
signals to a differential amplifier. In this way,0st of the noises can be cancelled and thus the
signal to noise ratio (S/N) was greatly improvede Experimental results showed that this method

is very effective in cancelling the noises and iayimg S/N [48,50].

There are also some other resistive pulse sen&i#S)(with novel designs that enables high
detection sensitivity. One of them is the so-calfemv-focusing type which uses focusing
solutions with a much bigger electric resistivity narrow the “orifice” [13,35-36,51-52]. The
novel idea of this method is to generate a virual using the higher-electric-resistance focusing
solution. Due to the high resistivity of the foaugisolution, most of the electric field lines wik
concentrated in the narrowed sample solution wihéckelectrically more conductive. This is
equivalent to having a narrower sensing orificeer€fore, the less conductive the focusing
solution is, the more sensitive the sensor is. &mmple, a clear difference in the signal
magnitudes of um and 2um polystyrene particles was detected due to thee@sed sensitivity
and discrimination by using an @urfactant mixture as the focusing solution [35jr the above
studies, it should be noted, the focusing solutiam decrease only the width of the sensing region.
For the length of the sensing region, it is stétermined by the distance between the electrodes
placed across the “orifice”, which relies on usmgrofabrication equipment. Recently, Liu et al.
[16] developed another new flow-focusing method ttzn be used to improve the sensitivity of a
differential RPS sensor. For this method develoged Liu, the focusing solution is

electrokinetically transported in the focusing ameln In this way, the electric field within the
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sensing gate is concentrated and thus the detesgmsitivity is significantly improved. As a result
detection of m polystyrene particles with a relatively large piogl sensing gate of 880x10

um (width x length x height) was successfully dentiated.

In summary, for the existing microfluidic or nanaflic RPS sensors, they all require the
to-be-detected-particles to pass through the sgmsifice. As a result, the orifice may be clogged
by the particles or the impurities in the liquichi¥ problem becomes serious when a small orifice
is used to detect nanoparticles or DNA moleculasrédver, for the performance of a microfluidic
RPS, most of the studies are focused on the eftd#ctbe size of the sensing orifice on the
detection sensitivity. Less attention is giventte influence of the channel size and configuration
on the sensitivity.

Generally, a traditional RPS has only one stradgfainnel with a small orifice. Theoretically, the
output signal (voltage) will be increased with therease in the applied voltage. The noise level,
however, will also be increased at the same tintds Will decrease the S/N (sensitivity).
Furthermore, for the traditional RPS, the electietd within the whole channel will be evenly
increased when increasing the applied voltage. Whisalso decrease the voltage output. The best
case is to focus most of the electric field withie small orifice, which can be achieved by
designing several parallel input channel and onlky small orifice (in this study). Currently, there
are no reports on the effects of channel resistaacel number of voltage input channels on
voltage output.

This paper presents a novel resistive pulse semsimh employs multiple voltage input channels
and a sensing gate located on one side of the oliarmel wall. This RPS sensor can detect and
count particles (or cells) without requiring pae (or cells) to pass through the sensing gate. An
equation was derived to correlate the detectedakignd the electrical resistances of different
channel branches. The influence of several parameie the performance of this sensor were
analyzed and experimentally verified. Detecting addtinguishing red blood cells and
lymphocyte cells was also performed to demonstiagesize discrimination ability of this novel

Sensor.



2. Working Principle and performance evaluation

2.1 Detection system and working principle

The novel microfluidic RPS sensor (Figure 1(a))nsists of a microfluidic chip, an electrical
resistor, a DC power supply, a differential amplifilAD620) and a LabVielw based data
acquisition device (NI USB6259, NI, USA). The miftuidic chip, shown in Figure 1(b), has
three voltage- input channels (named as channehdnnel 2 and channel 3, respectively), one
detecting channel and the corresponding wellshAtjoint of the detection channel and the three
voltage-input channels, there is a small sensirtg. ga addition, to conduct the applied electrical
voltage, channel 1 is also used for loading pasidr cells, and channel 2 is used for transporting

sheath flow to let the particles move as closééosensing gate as possible.

In each of the wells, there is a Pt electrode disedonnecting the DC power supply. Specifically,
the Pt electrode in the well of the detecting clehms linked to the negative end of the DC power
supply. The other three wells are linked to theitpes end of the DC power supply. The
electrodes of channel 1 and 3 are for applyingtamdil electric fields which are used to increase
the sensitivity of this sensor. That is why therolels 1, 2 and 3 are referred as the voltage-input
channels. Moreover, an electrical resistor is medriietween the positive end of the DC power
supply and the Pt electrodes of channels 1, 2 ait&voltage signal across the electrical resistor
(R) is outputted to the amplifier and the data adtjais module.

For the system shown in Figure 1, the wells ofdhannels 1, 2 and 3 should be filled with PBS
buffer firstly. After adding sample solution intbet well of channel 1 and applying a voltage
through the Pt electrode, the particles will ben¢@orted to pass by the sensing gate. During this
process, the electric resistance of the systembwilliramatically changed at the moment when the
particle is near the entrance of the sensing geteordingly, the voltage across the resistor is

changed and will be detected by the system. Invthig particle detection is achieved.

The resistance change caused by a particle neantrence of the sensing gate can be understood
by the corresponding electric circuit as is showhesnatically in Figure 2. Theoretically, the

electrical resistance of a channf)(full of an electrolyte solution is given by:
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7D2

R.=p (1)

Where p is the sample solution’s resistivity) and L are the diameter and length of the

channel respectively. When there are no partickessipg by the sensing gate, as is shown in

Figure 2 (a), the total electric resistance ofdxtem (R ) can be calculated as:
R =R, +R +R, (2-a)

1 1 1 1
—= + +
Ry Ru Rz Rugs

whereRs andRy are the resistances of the sensing gate and teetidet channelRy,;, Ry,2 and

(2-b)

Rm,3 are the resistances of the channel 1, channed 2tzannel 3, respectivelR, is the total
resistance of these three channels which are allplaconnection.
When a voltage differencé is applied across the channels, the voltage dcopsa the electric

resistor with a resistance Bf can be expressed as:

V = R Vv 3)
" R,*R+R+R

When an insulating particle passes by the entrahtiee sensing gate, it will have two positions

relative to the sensing gate. One extreme cageaisthe particle adheres to the entrance of the
sensing gate at one moment. If we consider sucérticle and the sensing gate as a whole, the
length and the diameter of the “new” sensing gate iacreased and decreased, respectively.
Normally this will increase the electric resistarofehe sensing gate due to the dominant role of
the diameter in determining the resistance. Anotlase is that the particle is near the sensing gate
(with a gap between the particle and the sensitg).geor this case, it can be considered as adding
another resistor in serial wifR;. In conclusion, the passing of a particle willnease the electric
resistance of the system, as is shown in Figul®.ZThis is similar to the classic Coulter counter,
where the increased resistance is due to the deplent of the same volume of the electrolyte

solution from the sensing gate by the passing-tjinqaarticle.

Assuming the increased resistance by the passiagpafticle i4\R, the new voltage drop across

the resistor\{;’) can be calculated as:



V.= R Y
R, +R+R, +R +4R

(4)

Based on Eq. (3) and Eg. (4), therefore, the veltalgange across the resistd\/[) after a

particle passes by the sensing gate is:
AV =- ARIR v 5)
(Ri+*R+R +R)(R,+*R +R; +R +AR)

For the measurement system shown in Figure 1h@)dltage drop over the resistor is inputted to

the differential amplifier with a gain of A. Thenfl output signal should be the sum of the voltage
change generated by a patrticle passing by thergemgite and the system noise, and can be
written theoretically as:

AV, =17+ A ARIR, v (6)
(R,+R+R,+R)(R,+R +R, +R +AR)

wherey is the system noise.

As can be seen from Eq. (6), each particle wilpatia voltage signal when passing by the sensing
gate. Such a change can be measured as a sigeal piih the measurement system shown in

Figure 1(a). In this way, particle detection andring can be achieved.
2.2 Performance Evaluation and Comparison

1) Performance evaluation

To evaluate the working performance of this nowser, the effects of several parameters, such
as the channel resistances, the applied voltapesresistance of the electric resistor, on the
magnitudes of the output signals are evaluatechim gection. To do such an evaluation, the
following simplifications for Eq.(6) are assumed) The system noiseis always the same under
different channel sizes and thigsignored in the following analysi€) The gain of the amplifier

Ais set as 1.

Let us define four new parametexd, c andd as the following:

Rn

Relative resistance of the voltage input channela =— (7-a)



Relative resistance of the detection channel b:% (7-b)
Relative resistance of the electric resistor c=% (7-c)
. . , .o AR
Relative resistance caused by the passing partldIsE (7-c)
Eq.(6) can be rewritten as:
AV, = de (8)

- \Y,
(a+b+c+l) (a+b+c+d+1])

Figure 3 displays the dependence of the magnitudethe output signals on the different
parameters of, b, candd. (Table 1 shows the parameter values used in thelaion). These
figures clearly demonstrate the different effeckereed by the different resistances on the
magnitudes of the signals. As can be seen fromr&i@ga), with the increase of the applied
voltage, the signal magnitude also increases uth@esame resistance radoThis is because the
voltage shared by the resistor is proportionahttotal applied voltage. A larger applied voltage
causes a larger voltage drop across the resistaveh as the voltage change when a particle goes
through the sensing gate. However, the noises fraapplied power supply, which is input into
the system and cannot be quantified and refleateBigure 3 (a), will also increase with the
increased voltage applied across the channels. Aessudt, the S/N will be determined by the
competition between the magnitude of the applidthge and the noises.

One much more important discovery shown in Figur¢aBis that the output of the signal
magnitude decreases with the increasing relatisssteance of the voltage input channalsnder

the same applied voltage. Sircean be decreased by decreasing the total resestdirtibe voltage
input channels Ky), it means that the signal magnitude (also the) &h be increased by
decreasing the total resistance of the voltagetiopannelsRy). According to the Eqg. (1) and Eq.
(2-b), the total resistance of the voltage inpuarotels is determined both by the sizes and the
numbers of the voltage input channels. When themtlasizes are kept the same, adding more
parallel voltage input channels will results inraadler R, and thus a larger magnitude of the

output signal. Such a result is due to the fadt tifwa resistance of the sensing g&g éhould be
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dominant among all of the channel resistances. r@tke, the resistance change generated by a
particle will not be large enough to generate aectable signal. Decreasing the electrical
resistances of the voltage input channels can bsidered as an alternative way of improving the

electrical resistance of the sensing gate.

As regards to the electrical resistance of theatiete channel, as is shown in Figure 3(b), it has
the same effect on the signal output as the resistaf the voltage input channels. Because the
resistances of the voltage input channels and étection channel are connected in series, they

should have the same effect on the voltage digtabwf the system.

It should be noted that there is a maximum forsiigaal magnitude when the relative resistance of
the resistorg, is about 80 (Figure 3 (c)). This is due to thepted effect between the resistance
change QAR) caused by the passing particle and the resist@inbe resistorR,): the change oR.

will change the value ofAR which will also change the voltage drop sharedRpylherefore, the
relationship betweeR and the signal output should be described by argtia equation. This
relationship is particularly helpful for selectiag appropriate resistor in order to obtain maximum
signal output. Figure 3 (d) shows the effect of tbsistance change produced by a particle on the
magnitude of the signal output. It's clear that thagnitude of the signal increases linearly with
the increase of the relative resistadceaused by a passing particle. The reason is hiealatger
theAR, the less the voltage drop across the resistorbgilWwhen a particle passes by the sensing
gate. Since the voltage drop shared by the resstihie same when there are no particles passing
by the sensing gate, as a result, the changedgeotteross the resistor is larger when a particle is

passing over the sensing gate.

2) Comparison with the traditional Coulter counter

For the traditional Coulter counter, it relies e electric resistance chand&R) which is closely
related with the volume ratio of the particle ahd orifice [2]. In general, a largeAR requires a
larger volume ratio of the particle to the orifickt any events, however, the diameter of the

particle should be smaller than that of the orifit®rder to let the particle pass through thelegif
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Different from the traditional Coulter counter, thevel RPS sensor developed in this paper works
by letting the moving particle cut the electricdgat the entrance of the sensing gate, and does no
require the particle to go through the sensing.g@tarently, there are no equations that can
calculate the resistance change produced by algantioving over the sensing gate. Theoretically,
such a resistance change should also be influemgélde size ratio of the particle to the sensing
gate, which reflects the interference of the pbrticith the electric field. However, the size rao

no longer limited by the size of the sensing gatealnise the particle does not need to be smaller
than the width of the sensing gate. For this sermsw extreme case is that the sensing gate is so
small that it is temporarily blocked by a largetpde at the entrance and the path (the detection
channel) to the negative electrode is cut off, tms the system becomes electrically open. As a

result, no electrical current goes through theewysand the voltage across the resistor is zero
(V,.'=0, in Eqg. (4)). A signal of maximal magnitude wibude detected in such a case. Therefore,

the magnitudes of the detected signals can bereily increased until the sensing gate is totally
blocked by the particle. That is to say, the S/NMhad sensor can be tuned by adjusting the volume

of the sensing gate without considering the dim@msi the particle.

3. Experiments

3.1 Chip Design and Fabrication

For the microfluidic chip shown in Figure 1 (b)ettvidth and length of its sensing orifice isu®
and 10um respectively. The detection channel is a@®wide and 2 mm long. For channel 1, the
width is 10pum and the length is 2 mm, respectively. The widtt Eength of the channel 2 are 200
um and 5 mm. For the channel 3, its width and legéh200um and 5 mm. For the height of the
chip, it is either 10m (for smaller particle detection) or 2t (for larger particle and blood cell
detection). Different sizes of sensing gates werlor detecting different particles and cells and

specified in the corresponding figure legends.

The configuration of the microfluidic chip was dgised and transformed to a chromium plate as a
mask firstly. Using the soft lithography method[58je masters with a height of juth and 2lum

for PDMS chip prototyping were fabricated on acsiii substrate (4” N/PHOS, Montco Silicon
Technology Inc., Spring City, PA) using the negatphoto-resist of SU-8 3010 (MicroChem Co.,

11



Newton, MA) and SU-8 3025 (MicroChem Co., NewtonAMrespectively. To fabricate the
PDMS chip, liquid PDMS (Sylgard 184, Dow CorningSA) and curing agent (a mass ratio of
10:1) were mixed together and then degassed incauna oven (Isotemp model 280A, Fisher
Scientific, Pittsburgh, PA, USA) for at least halfi hour. Afterwards, the PDMS mixture was
poured onto the master and heated 8€86 another oven (Isotemp model 280A, Fisher Sifien
Pittsburgh, PA, USA) for 2~3 hours. The firm PDM&édr was then peeled off from the master
and the wells were punched on the PDMS layer. Tited $tep is to make the PDMS layer and a
glass slide (25.6& 75.47 x 1.07 mm, CITOGLAS, China) bonded firmly by usingokasma
cleaner (HARRICK PLASMA, Ithaca, NY, USA).

3.2 Sample preparation

To test the detection sensitivity of this novel R&&dsor, polystyrene particles (Fluka, Shanghai,
China) of different sizes,utn, 2um, 3um, 4um, Sum and 7um in diameter, were used. For each of
the particle sample, it was prepared by addingu.pure sample solution (with a concentration

of 2%) into X PBS buffer (pH =7.5) to decrease the concentratidre about 0.033%..

To demonstrate the ability of this sensor on bimalgsample detection and size discrimination, a
diluted red blood cell sample and peripheral blbgdphocyte sample prepared from a venous
blood sample were measured. To obtain a pure reddbtell sample, nhL of venous blood
sample, obtained from an anonymous healthy humaordavas added into a 1.5mL centrifugal
tube and then was centrifuged under 3000rps (66#bgp minutes. Afterwards, 200pL RBCs
were collected from the bottom of the centrifugddeé and diluted 200 times with PBS buffer (pH
=7.5). The peripheral blood lymphocyte cells wezpasated from a venous blood samplen()

by using the Lymphocyte Separation Medium (SolarlBeijing, China) and diluted with 1mL
PBS buffer (pH =7.5). Base on the concentratioredfblood cell (7-11x1%mL) and lymphocyte
(1-3x10/mL) in an healthy adult person and the above idituprocedures, the concentrations of
red blood and lymphocyte samples are estimatedetonbthe range of 3.5-5.5x¥ML and
1-3x10/mL respectively.

3.3 Experimental procedure
12



To begin an experiment, the wells of the channethibnnel 2 and the detection channel were
added with 2QuL PBS buffer (pH =7.5). Then L0 PBS buffer (pH =7.5) solution was injected
into the well of channel 3. Afterwards, 2% of sample solution was loaded into the well of
channel 1.

The next step should be to add some additionakbsfflution to the well of channel 2. By doing
so, different liquid levels will be established ween the wells of channel 1, channel 2 and
detection channel and the well of channel 3. Tlauqressure-driven flow will be generated
towards the wells of the detection channel and b8 and the particles and cells will be
hydraulically focused against the side sensing.datéhis study, the best added volume of buffer
solution to the well of channel 2 was determinegellaon lots of experiments and were found to
be 7uL and 4.%uL for polystyrene particle sample and blood cethpe respectively. In this way,
the distance between the particles (cells) andithee sensing gate was controlled to be as close as
possible (See movie 1).

Finally, Pt electrodes were inserted into the wellel DC voltages were applied across the
channels. The gain of the amplifier (A) was adjdsie® 100. To make sure whether the signals
were generated by the particles or cells, all ef particles or cells passing by the sensing gate
were observed under an optical microscope (Nikofip&e Ti, Nikon, Japan) during the
experiments. All experiments were conducted at rotamperature (20+I" ). For each
measurement, at least five signals were measurédrem averaged to obtain the final signal
magnitude under each experimental condition. Sihee main purpose is to demonstrate the
performance of the new sensor, the experimentsmgnfor several minutes to get enough signals
to analyze their magnitudes. In practice, the domatf the detection depends on the volume of the

sample that needs to be analyzed.

4. Results and Discussions

4.1 Detecting particles of different sizes

To verify that particles can be detected withouingahrough the sensing gate, firstly theu
and 7um particles were measured by a sensing gatexdf0s10um (Width x Lengthx Height).
The sizes of the channels are specified in SedtibnFigure 4 shows the typical trajectories of 5

um around the sensing gate during the measuremedttha detected signals generated by the 5
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um and 7um polystyrene particles by applying an electriddfi®@f 20V/cm from the three
voltage-input channels using the measurement systenvn in Figure 1 (a). It's clear from Figure
4(a) that all of the 5um particles were focused to pass by the side sgngate by the
pressure-driven flow from Channel 2. As regardsh detected signals, shown in Figure 4 (b),
each downward signal with a magnitude larger tha5\0 was produced by theuB polystyrene
particle. The upward peaks were produced by thdomer-developed Labview smoothing
program which is used to avoid signal drifting. Tdevnward signals whose magnitudes are very

low are caused by the system noises.

From Figure 4 (b) we can find that the magnitudeth® detected signals, with a range of 0.25V to
0.36V, are not uniform. Such variations of signagmitude are not due to the size differences of
the particles, because the deviation from the @esparticle size is less than . It is due to

the different positions of the particles passinghy sensing gate. It is not difficult to understan
that a particle moving closer to the sensing gatedisturb more electric field lines (and hence
the electric current) passing from the sensing ¢athe detection channel, and thus generate a
larger signal than that of a particle passing metissely by the sensing gate. The distance of the
particles near the sensing gate is determined &\eldctroosmotic flows and the pressure-driven
sheath flow in the channels and the dielectropiofetce around the sensing gate. Due to the
slightly varying flow rates from channel 2 (duette change of the liquid level in channel 2),
there will be some differences for the focused tpmsiof the particles at the side sensing gate,
which causes the variations in signal magnitudegraéctice, syringe pumps can be applied which
can provide much stable focusing effect and thushmuniform signals. However, as demonstrated
in Figure 4 (b), the noise level is only about @W@0with the signal magnitudes ranging from
0.25V to 0.36V. Therefore, the/M$ is between 31 and 45. Such a higiN Satio clearly
demonstrates the powerfulness and effectivenessi®ihovel RPS sensor for particle detection

and counting.

Figure 4 (c) shows the signals generated by {lra particles. It's clear that theuih particles
generated downward signals with a magnitude latgger 0.58V (the noise level is about 0.009V).

Since the averaged signal magnitude (based oreffeated results) is 0.92V, therefore, the S/N
14



ratio is about 102. This higher S/N, compared it of the fm particles, is due to the much
larger electric resistance change caused by then 7particle than that of theub particle. It
should be noted that, for this chip, the sensinig géze is 5<10 x 10um (Width x Length x
Height). Therefore, the @m particles cannot pass through the sensing gdue.r@sults of this
study demonstrate the obvious advantage of thisoseaver the traditional Coulter counter:
particle detection is no longer limited by usingemsing gate whose width should be larger than

the diameter of the particle.

The signals shown in Figure 4 are generated bytivelg large particles. To evaluate the
sensitivity of this novel sensor, the same detacsgstem used forn and Tm particles
detection (the same microfluidic chip and the samglied electric field) was employed to detect
1lum particles. The measured signals are shown inr&igya). It’s interesting to find that there are
upward peaks which are generated by the parti€les.the downward peaks, their magnitudes
rang from 0.017V to 0.028V with an averaged S/Nabbut 2.88. For these signals, they are
generally characterized with a double-peak shapées gpically shown in Figure 5 (b)-(d). For the
double-peak signals, the downward and upward peapresent the resistance-increasing and
resistance-decreasing processes respectively. Sudbuble-peak signal represents a complex
interaction of the particle with the electric fiedshd was reported previously [54-57]. Generally,
this phenomenon was prominent in sub-micron andseale and can be attributed to the ionic
concentration polarization effect [54]. For thersitp shown in Figure 5, the most possible reason
might be the ‘end effects’ of the sensing gate $3h-Due to the unstable trajectory of the particle
under both the electroosmotic flow and the presduren sheath flow, the interaction is also

unstable which makes the orders of the upward padkdownward peak seem to be random.

4.2 Determining detection thresholds and discrimingng particles in a mixed sample solution

Reliably determining the threshold value, i.e., thagnitude range of the detected signals is
important for accurate particle detection and cigntFor this sensor, the electric field around the
sensing gate is non-uniform and the distance op#récles from the entrance of the sensing gate
is likely different for different particles. As &sult, the magnitudes of the measured signals for

particles of the same size may not be the samehitn paper, the thresholds of the signal
15



magnitudes are determined by measuring a relatlaedgr number of particles.

To obtain the thresholds, the signals generated pyre 3um polystyrene particle solution and a
pure um polystyrene particle solution were measured stplr Figure 6 shows the signal
frequencies under different magnitudes. It's clémat the 3um and fum particles will generate
signals with clearly different magnitudes. For exdan the signal magnitudes for the psn
particles are between 0.05V ~ 0.12V and 80% is éetwD.07 ~ 0.09V. For theidn particles, the
magnitude is larger than 0.2V and 80% is betweg@ 6.0.31V. Based on the above results, the
thresholds for the 8n particles and jan particles can be reasonably set as 0.05V ~ OdiVy/
0.2V ~ 0.4V, respectively. Figure 7 shows the tgpaetected signals for a mixed particle solution
which is composed of 8m and 5um polystyrene particles. The dashed lines are lresholds
determined in Figure 6. Based on the thresholdsefbore, the signals which fall into the two pairs
of dashed lines should be theu® particles and fim particles, respectively. Figure 8 presents the
signal distributions for the particles (show in tig 7) based on the pre-determined thresholds. It’s
clear that the two kinds of particles can be cledistinguished based on the thresholds obtained
by measuring the single sized particles. Therefthis, novel method can be used reliably to

discriminate particles of different diameters ie gample solution.

4.3 Dependence of the signal magnitudes on the nuarof the voltage input

channels

As is clearly demonstrated in Figure 3 (a), dedngathe resistances of the voltage input channels
can increase the magnitudes of the detected sig&atee the voltage-input channels are
connected in parallel, the total channel resistatare be changed by selectively applying DC
voltages across the three voltage-input channasré&9 shows the typical signals when thend
particles pass by a sensing gate »f@10 um (width % length x height) with a voltage of 25.5V
applied from different voltage input channels. ttlsar that there is no detected signal when only
channel 1 was applied a voltage (Figure 9 (a)). M4mplying the same voltage from both channel
1 and channel 2 simultaneously, as is shown inrEigu(b), there are downward signals with

magnitudes ranging from 0.09~0.13V. When all ofttivee channels are applied with a voltage of
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25.5V, the magnitudes of the detected signals wereased to about 0.33V, as is clearly shown in
Figure 9 (c). The above experimental results agvek with the theoretical results shown in

Figure 3 (a).

4.4 Dependence of the signal magnitudes on the atexcfields

As is predicted by Eqg. (6), the applied voltage®ss the channels (also the electric field intgnsit
for a given chip) can influence the magnitudeshefdetected signals. In this section, experimental
results will be demonstrated. To verify this poime measured the signals generated pm 5

particles moving over a sensing gate ofl® x 21 um (width x length x height).

Table 2 summarizes the experimental results andi¢pendence of the signal magnitudes on the
electric fields is plotted in Figure 10. It's ea®ysee that the averaged magnitudes of the signal
increase almost linearly with the applied elecfigtds. The correlation coefficienRf) is 0.822.

For example, the magnitude increases from 0.056¥.18V as the electric field is boosted from
6.7Vicm to 32.4V/cm. This agrees well with the thegizal prediction by the Eq. (6). It should be
noted that the error bar is relatively larger unideger applied electric field. This is due to the
larger dielectrophoretic (DEP) force exerted on pheticles under the larger electric field. Under
the DEP force, the particles will be pushed awaynfithe entrance of the sensing gate and thus
cause larger distance from the sensing gate uadgerlelectric field. This is also one reason that

the correlation coefficien®) is not large.

4.5 Dependence of the signal magnitudes on particteze

Generally, the size of the particle to be detettgthe resistive pulse sensor can greatly influence
the magnitude of the detected signal. For this hegasor, the dependence of the magnitudes of
signals on particle sizes cannot be theoreticaliyisted and should be experimentally measured.
Table 3 summarizes the experimental results andi¢pendence of the signal magnitudes on the
sizes of the particles is plotted in Figure 11.ekpected, the averaged magnitudes of the signals
increase with the increase in the diameters ofpiduicles. With this experimentally obtained

curve, we can evaluate the magnitudes of the sdoabarticles of different sizes.
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4.6 Detection and discrimination of red blood celland lymphocytes

Since Coulter counter has been widely used in btsdd detection and counting, the novel sensor
developed in this paper was also applied for bloels detection. Figure 12 shows the typical
signals generated by a pure red blood cell sanmpdeagpure lymphocyte sample. About 135 red
blood cells and 105 lymphocyte cells were deteagedhown in this figure. It should be noted that
the two much larger signals, indicated with redles in Figure 12 (a), are most likely generated

by impurities or more than one cells passing bystrgsing gate at the same time.

Figure 13 shows the signal magnitude distributiohthe detected signals (shown in Figure 12).
From Figure 13, it's clear that the signal magresidf the red blood cells are between -0.01V and
-0.063V. For the lymphocyte cells, the magnitudes larger, ranging from -0.1V to -0.51V.
Such a clear difference in magnitude is due todifierent volume of the two kinds of cells.
Therefore, we can set the thresholds for the reddicells and lymphocyte cells as [-0.01V,
-0.063V] and [-0.1V, -0.51V], respectively. Figutd shows the typical detected signals for the
mixed blood cell sample which is composed of reabicells and lymphocyte cells. The dashed
lines are the thresholds as determined in Figurédt&ordingly, the signals which fall into the two
pairs of dashed lines should be red blood cells lgngphocyte cells, respectively. Figure 15
presents the signal distributions for the mixedobdlosample based on the pre-determined
thresholds from Figure 13. It's clear that the twiods of blood cells can also be clearly

distinguished based on the thresholds obtaineddssaring the pure samples.

It should be noted that the word ‘size discrimioatiin this paper does not mean that it can give
the accurate sizes of the particles or the celle Word should be understood as that it can
distinguish particles or cells of different sizasis is true for the widely used commercial flow

cytometers which cannot measure the accurate gizesticles or cells neither.

5. Conclusions

This paper presents a novel resistive pulse sewxisiormultiple voltage input channels and a side

sensing gate. This sensor can detect and coumtlparand cells without requiring them passing
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through the sensing gate. An equation which reldites detected signals and the electrical
resistances was derived. Based on the equatiothenekperimental results, it was found that the
magnitudes of the detected signals increase wehirtbreased numbers of the parallel voltage
input channels and increases with the increasehén diameters of particles. The detection
sensitivity can also be increased by using a sgrgaite whose width is smaller than the diameter
of the particle. For this sensor, the particlesalls need not to go through the sensing orificest

the channel clogging problem can be avoided. Mmgortantly, detection sensitivity can be tuned

by applying different voltages without changing Hize of the sensing gate.
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Table 1 Parameters used for simulation

Parameters Values Units
P 18.3 MQ-cm
Lm 5.0 mm

Lg 5.0 mm

Ls 10.0 pm

Dnm 19.1 um

Dy 19.1 pm

Ds 6.7 um
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Table 2 Measured signals under different electriciélds

Electric field (V/cm) Average magnitude(V) Standard deviation
6.7 0.0558 0.007967
13.4 0.1104 0.009342
18.9 0.1240 0.008756
25.2 0.1474 0.018787

32.4 0.1503 0.016131
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Table 3 Measured signals by different particles

Particle diametep(m) Average magnitude (V) Standard deviation

1 0.0216 0.003831
2 0.0282 0.007680
3 0.0768 0.009121
4 0.1432 0.012608
5 0.3080 0.051323
7 0.9261 0.301071
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Figure Legends

Figure 1
Figure 2

Figure 3

Figure 4

Figure 5

Figure 6
Figure 7

Figure 8
Figure 9

Figure 10

Figure 11

The experimental system (a) and the configuratiathe microfluidic chip (b).

The corresponding electric circuit model of the elomicrofluidic RPS sensor
without a particle (a) and with a particle at tiérance of the sensing gate (b).
Dependence of the output signal on (a) the redatsistance of the voltage input
channelsa (b=120¢=60,d=0.5), (b) the relative resistance of the ct&ia channel,
b (a=20c=120,d=0.5) , (c) the relative resistance of thecteic resistor,c
(a=20b=60,d=0.5) and (d) the relative resistance caugdtid passing particle, d
(a=20,b=120,c=60)

Typical trajectories of um around the sensing gate (a); Typical signalsyred
by particles passing by a sensing gate of 5x1QufhQwidth x length x height)
(R=101KQ), (b) Sum particles, (c) um particles. (The dashed line is the
threshold to identify the particles) (E=20V/cm)

Typical signals by lum particles passing by a sensing gate of 5x10xh0
(width x length x height)R=101KQ) (a); the enlarged”Isignal (b); the enlarged
2" signal (c); the enlarged”Jignal (d). (The dashed line is the threshold to
identify the particles) (E=20V/cm)

Signal magnitude distributions ofin and Sum polystyrene particles

Typical detected signals for the a particle solutivith 3um and 5um polystyrene
particles with a sensing gate of 5x10xi0 (widthxlengthxheight). (E=20V/cm)
Signal distribution of the mixed polystyrene pelds sample

Typical signals created by jam particles passing by a sensing gate of 5x10x10
um (width x length x height)R;=101KQ) when applying a voltage of 25.5V from
Main channel 1(a); from both Main channel 1 and Mehannel 2(b); from Main
channel 1, 2 and 3 (c).

Dependence of the output signal on the electeid foy a sensing gate of 5x10x21
um (width x length x height)R=101KQ)

Dependence of the output signal on the particle Biza sensing gate 6k10x10
um (width x length x height)R=101KQ, E=20V/cm).
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Figure 12

Figure 13
Figure 14

Figure 15

Typical signals generated by red blood cells (a) lgmphocyte cells (b) witla
sensing gate of 5x10x2dm (width x length x height). (E=20V/cm)

Signal magnitude distributions of red blood celtsl lymphocyte cells

Typical detected signals for the mixed blood samypith a sensing gate of
5x10x21um (width x length x height). (E=20V/cm)

Signal distributions of the mixed blood sample
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Highlights

Particle and cell can be detected without passing through the sensing gate.
Detection sensitivity can be tuned by changing the number of voltage input
channels.

Detection sensitivity can be tuned by changing the channel resistances.



