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Abstract 

Coulter counters (a.k.a. resistive pulse sensors) were widely used to measure the size 

of biological cells and colloidal particles. One of the important parameters of Coulter 

counters is its size discriminative capability. This work reports a multiple pore-based 

microfluidic Coulter counter for improved size differentiation in a mixed sample. When a 

single particle translocated across an array of sensing pores, multiple time-related resistive 

pulse signals were generated. Due to the time correlation of these resistive pulse signals, 

we found a multiple cross-correlation analysis (MCCA) could enhance the sizing signal-

to-noise (SNR) ratio by a factor of n1/2, where n is the pore numbers in series. This proof-

of-concept is experimentally validated with polystyrene beads as well as human red blood 

cells. We anticipate this method would be highly beneficial for applications where 

improved size differentiation is required.  
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1  Introduction 

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[1-5]. 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 device 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 [6-13]. Due to its simplicity and reliability, the resistive 

pulse sensor has been used for a variety of applications[14-25], ranging from the analysis 

of blood cells [15, 18, 19, 22] to the detection and counting of colloidal beads[25], pollen 

[14], and viruses [24]. In addition, nanoscale Coulter counter devices such as nanopores 

[26-30], was also developed to detect proteins [26, 27], and DNAs [28].  

One important parameter of the Coulter counter devices is their size discriminative 

capability [1, 3, 11, 13, 16, 31, 32]. A better size differentiation ability means particles of 

different sizes can be counted more accurately and the misclassification rate can be 

reduced. Since the particle size is inferred from the resistance change when particles 

translocating through the pore, sizing ability is highly dependent on the precise detection 

of the current dip magnitude, and the volume ratio of the particle to the sensing pore[11, 

20, 31-34]. Existing approaches for improving the sizing precision were dominated by 

reducing the volume ratio of the particle to the sensing pore. For example, hydrodynamic 

focusing was adopted by flowing a conductive sample liquid between parallel 

nonconductive sheath liquid [35, 36]. By doing so, the effective pore size can be reduced 

by adjusting the flow rate ratio between sample and sheath liquid. Another example is to 

adopt a mechanically tunable sensing pore [37-39] such that the size would be dynamically 

controlled, allowing for the detection of a widely distributed particle size.  

In this work, we presented an alternative approach for improving the size differential 

capability of microfluidic Coulter Counter. This is achieved by passing particles through 

multiple pores in series such that each particle is detected multiple times by these sequential 

pores. The current dip generated were analyzed by multiple cross-correlation analysis 

(MCCA). The basic principle to increase the sizing differential capability relies on the fact 
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that the sequential current dip signals are correlated in the time domain, while the noise is 

not. The MCCA method greatly enhances the SNR of the sizing capability. This 

enhancement could significantly improve sizing precision and reduce the misclassification 

rate. We experimentally validated this approach with model beads and cells. We anticipate 

this approach could be extended to a variety of applications where sizing precision is 

needed.  

 

2  Materials and methods 

2.1 Chemicals and Materials 

SU-8 negative photoresists (SU8-2010, SU8-2025) were purchased from Rdmicro 

Corp (Suzhou, China). Photoresist-developing reagent SU-8 Developer (Microchem) was 

provided by the Rdmicro Corp (Suzhou, China). Silver wire (diameter 0.25 mm, ≥99.99% 

trace metals basis) and Potassium chloride (KCl, assay ≥99%) were purchased from Sigma-

Aldrich Corp (Shanghai, China). Phosphate-buffered saline (PBS) (1×) were obtained from 

Macklin Corp (Shanghai, China), and Tween- 20 was purchased from ThermoFisher 

Scientific Corp (Shanghai, China). Polystyrene beads (density 1.05 g/cm3, refractive index 

1.59): PS6000 solution (6.0 μm, PS8000 solution (8.0 μm), PS8500 solution (8.5 μm), 

PS9000 solution (9.0 μm) and PS10000 solution (10.0 μm) were provided by Smartynano 

technology Corp (Suzhou, China). The coefficients of variation (CVs) of all the 

polystyrene beads are < 3.5%, and the bead concentration is 5%. Human red blood cells 

(RBCs) (concentration 5 %) was purchased from Gaining Biological (Shanghai, China). 

 

2.2 Device design and fabrication  

The Coulter counter with multiple sensing pores was designed in a layout editor and 

printed on a transparent mask. The casting mold was fabricated by a standard double-layer 

lithography process on a 4-inch silicon wafer. The microfluidic chip was made of 

polydimethylsiloxane (PDMS) by casting onto the SU8 mold. It consists of two layers with 

different thicknesses: micropores area with ~12 µm and buffer zones with ~40 µm, 

respectively. The thickness of the loading channel area is the same as that of buffer zones. 

To avoid the micropore clogging by particle aggregates and debris, one stage of filters was 

incorporated on the microfluidic chip in the loading channel area. The micropore width 
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needs to be small enough for improved signal-to-noise ratio but also large enough for 

avoiding clogging. 12 µm was selected as the optimized width for the experiments. The 

length of the micropores (~10 µm) also needs to be optimized. A longer channel makes the 

pulse width larger, making the multiple pulses more recognizable, while a longer channel 

increases the risk of clogging. The PDMS replica was permanently bonded to the cover 

glass (thickness ~130 µm, Ted Pella) through oxygen plasma treatment. AgCl was coated 

on Ag wire by deposition in KCl solution with Pt as a reference electrode to fabricate the 

Ag/AgCl electrodes. A pair of Ag/AgCl electrodes were then inserted into the tubes of 

sample liquid and waste for DC excitation and current change detection. Ag/AgCl 

electrodes were connected to the electrical system for current amplification and 

current/voltage conversion.  

 

2.3 Sample preparation 

For the analysis of same type particles, the suspension was prepared by mixing 30 µl 

sample solution (PS6000, PS8000, PS8500, PS9000, PS10000, RBCs solution) with 3 ml 

1× PBS respectively. The mixture suspension of 6 µm and 8 µm beads was prepared by 

mixing 15 µl PS6000 solution and 15 µl PS8000 with 3 ml 1× PBS; the mixture suspension 

of 8.5 µm and 9 µm beads was prepared by mixing 15 µl PS8500 solution and 15 µl PS9000 

with 3 ml 1× PBS; the mixture suspension of 8.5 µm and 10 µm beads was prepared by 

mixing 15 µl PS8500 solution and 15 µl PS10000 with 3 ml 1× PBS; the mixture 

suspension of 9 µm and 10 µm beads was prepared by mixing 15 µl PS9000 solution and 

15 µl PS10000 with 3 ml 1× PBS; the mixture suspension of RBCs and 8 µm beads was 

prepared by mixing 15 µl RBCs solution and 15 µl PS8000 with 3 ml 1× PBS. All the 

suspensions were added with 0.1 % Tween-20 to avoid bead aggregation and oscillated 

with an ultrasonic cleaner for 1 min to achieve better monodisperse situation. In particular, 

the 1x PBS was also used as sheath liquid.  

 

2.4 Electrical measurement and data analysis 

After device fabrication, the microfluidic chip was housed inside a home-made Faraday 

cage to shield the environment noise. Sheath fluid is used to form laminar flow and restrict 

the location of particles suspended in the sample fluid. The flow rates of sheath and sample 
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liquid are controlled by a pressure source. In a typical experiment, a pressure of 0.3– 0.5 

psi is applied. A constant voltage (~200 mV) was applied across the microchannel 

constriction. The ionic current was monitored as individual particles translocating through 

the sensing pores. The ionic current traces were amplified and converted to a voltage signal 

by an amplifier (DHPCA-100, Femto, Germany). The analog voltage output of the 

amplifier was sampled with 16-bit DAQ card (NI PCI-6363, National Instruments, USA) 

and a data acquisition software (LabVIEW). The sampling rate for the measurement was 

100 kHz. A custom-built MATLAB (MathWorks) program was developed to analyze the 

data off-line.  

Fig. 1 shows the principle of microfluidic Coulter counter with multiple sensing pores 

(five pores as an example). When the single particle flows through sequential micropores 

on the microfluidic chip, a current signal with multiple time-correlated dips is generated. 

The principle of MCCA is schematically shown in Fig. 1C. The dip pulses of one particle 

could be extracted to five individual pulses fi(t) (i = 1, …, 5) with simple signal processing 

for MCCA.  

 

3  Results and Discussion 

3.1 Working principle  

For conventional single-pore based Coulter counter, the current dip (denoted by ΔI) is 

proportional to the particle size [6]. Due to the measurement noise, the ΔI distribution could 

be well modeled by a Gaussian distribution [4], 2~ ( , )I II N    , in which I  is the mean 

value of the current dip and I  is the standard deviation representing the measurement 

uncertainty. Assuming no particle size variations, the uncertainty of ΔI is mainly from the 

electrical measurement. This broadening of the ΔI due to the measurement uncertainty 

contributes to the deterioration of the particle sizing classification. If we have a mixed 

sample containing two different particle size, the expected current dip from each population 

is thus 2
1 1 1~ ( , )I II N     and 2

2 2 2~ ( , )I II N    . The broadening of the ΔI from each 

population would results in the overlapping of ΔI distribution (Fig. 2A) and negatively 

impact the particle size distinguishability. Two approaches could be adopted to eliminate 

the ΔI overlapping: one is to expand the distance between the mean value ( 2 1I I   ), the 
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other is to reduce the measurement variations ( 1I  and 2I ). We define an SNR parameter 

as μ/σ. It is clear higher SNR would mean better size differentiation.  

Considering microfluidic Coulter counter with n pores, multiple dip pulses fi(t) (i = 1, 

…, n) with a DC baseline IDC are generated as particles translocating through each pore. 

Performing a cross-correlation analysis of fi(t), the resulting maximum value of the 

alternating component is (see supplementary information for details)  

( 1)

1

2
n

n
DC i

i

M I I 



                                (1) 

where ΔIi (i = 1, …, n) is the magnitude of each current dip, and σ represents the pulse 

width. According to Eq. 1 and the distribution character of ΔI, we conclude that M also 

follows a Gaussian distribution with a mean of ( 1)2 n
DC II n  

 and a standard deviation of 

( 1)2 n
DC II n  

  (see supplementary information for details). As a result, the SNR of n-

pores is 

( ) ( )SNR M n SNR I                             (2) 

It is clear that the SNR could be amplified with the MCCA method by the gain of n . 

In order to visualize the SNR improvement, the M distribution is scaled and overlaid to the 

ΔI distribution (Fig. 2B). It is clear the distribution overlap is much reduced with this 

proposed MCCA method, i.e., the size differentiation could be greatly improved. It is clear 

from Eq. 2 that this improvement has a tradeoff with the analyzing throughput.  

 

3.2 Improvement of SNR by multiple sensing pores 

In order to analyze the SNR improvement with different numbers of sensing pores, we 

performed a simulation with overlapped ΔI distributions. The results of sensing pores 

ranging from 2 to 5 are shown in Fig. 3B.  SNR increases from 5.0 to 12.7 as the number 

of pores n increases from 1 to 5, and the overlapped region is greatly reduced. Fig. 3C 

shows the enlarged view of the overlapped region in Fig. 3B (dark area) while Fig. 3D 

shows the quantitative results. The overlapped rate decreases significantly (from 21.86% 

down to 0.18% ) with MCCA when the pore number increases from 1 to 5. While 

increasing the pore numbers would increase the SNR, it is clear from Fig.3D that the 

benefits would diminish when n is sufficiently large. Considering the analyzing 
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throughput, we conclude that n = 5 would be optimized for experiments (less than 0.2% 

overlap).  

 

3.3 Validation 

Based on the above analysis and simulation, experiments using different polystyrene 

bead mixtures were performed. Before the mixture experiments, individual sized 

polystyrene beads were tested separately to verify the microfluidic chip and detection 

system (See Supplementary Figure S1 for current time traces and histograms of ΔI and M). 

For the mixture sample, various combinations were tested (Fig. 4). Fig. 4A and Fig. 4B 

shows the results from a mixture sample of 6 μm and 8 μm beads. A total number of 15,124 

events were collected for statistical analysis. The improvement of size classification is 

apparent by evaluating the overlapped rate. With ΔI as a criterion (Fig. 4A), the events 

between 1.5 nA and 1.8 nA cannot be classified precisely, the overlapped rate is ~0.48%. 

While as for the MCCA method (Fig. 4B), no overlapping was observed between 

subpopulations. The ΔI overlap in Fig. 4A is more likely introduced by the measurement 

errors, rather than the bead size variation. Since the M value (Eq.1) is from five consecutive 

measurements, M value is more noise-robust, i.e., the current dip measurement error from 

a single pore would not seriously deteriorate the M value.  

This same improvement of size differentiation capability was also observed for other 

mixtures with different size. Fig. 4C-H show the histograms of ΔI and M from these 

experiments. As shown in Fig. 4C, there is severe overlap (76.02%) in the ΔI histogram if 

the particle volume difference is too small (8.5 μm versus 9 μm). In this case, the 

overlapped rate is decreased significantly to 27.99% with MCCA method (Fig. 4D). Fig. 5 

summarizes the overlapped rate in both methods for all mixture combinations we tested. It 

is clear that the overlapped rate could be significantly reduced with MCCA, and the 

minimum particle volume difference could be recognized is much smaller than that of ΔI. 

To validate the MCCA method for cells, we first characterized the human RBCs alone 

(Fig. 6A-D). The time traces were shown in Fig. 6A, where the five dips were apparent in 

the explored view (Fig. 6B). Fig. 6C shows the ΔI distribution for a total of 11,830 events, 

whereas Fig. 6D shows the MCCA result. After this evaluation, we went on to analyze the 

human RBCs with 8 μm bead as a background population. Fig. 6E-H show the testing 
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result. A total of 12,849 events were detected for the statistical analysis. The overlapped 

rate between the RBCs and the beads is ~2.45% with ΔI as the criterion (Fig. 6G), which 

was greatly reduced to 0% by using the MCCA method (Fig. 6H).  

 

4  Conclusion 

A microfluidic Coulter counter based on multiple sensing pores has been developed to 

improve the sizing precision. A single particle is detected more than once, and the multiple 

time-related pulses are analyzed with MCCA. It is found that the sizing SNR would be 

amplified by n , where n is the number of sensing pores. We have successfully 

demonstrated this concept by testing model beads and human RBCs. Multiple cross-

correlation analysis greatly reduces the overlapped rate and misclassification of 

subpopulation size. While the analysis throughput could be negatively impacted by 

multiple sensing pore, the random fluctuation error in the single micropore could be 

alleviated by the correlated signals from the multiple sensing pores. We expect this proof-

of-concept would be highly beneficial for applications where improved sizing 

discrimination capability is required.  
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Figure 1. (A) The principle of multiple sensing pores for improved size discrimination. A 

pair of Ag/AgCl electrodes are plugged into the tubes of sample liquid and waste to apply 

a voltage signal and measure current change. A signal with multiple drop pulses is 

generated when a particle passing through sensing pores sequentially. (B) Enlarged 

schematic diagram of sequent sensing pores (10 μm × 12 μm × 12 μm). The buffer zones 

(40 μm × 40 μm × 40 μm) are for separating the five current dip pulses of the sensing pores. 

(C) Schematic of multiple cross-correlation analysis. (D) Bright field image of the multiple 

sensing pores. 
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Figure 2. Schematic diagram of the probability density distribution of (A) current dip ΔI, 

and (B) M values from MCCA method. The overlapped rate could be defined as the area 

of the dark region.  
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Figure 3. Improvement of SNR by multiple sensing pores. The simulation is performed 

with 
1I

  = 1.0 nA and 
1I

  = 0.2 nA, and 
2I = 1.5 nA and 

2I  = 0.2 nA. (A) The 

probability density of ΔI with 99.73% confidence bounds 3I I   . (B) SNR for various 

sensing pore numbers (n = 2, 3, 4, 5). (C) Enlarged view of the overlapped region (dark 

area in Fig. 3B). (D) Quantitative results of overlapped rates. 
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Figure 4. Improvement of bead size differentiation capability by MCCA method. (A)-(B) 

6 μm+8 μm, (C)-(D) 8.5 μm+9 μm, (E)-(F) 9 μm + 10 μm, and (G)-(H), 8.5 μm + 10 μm. 

The left panels are ΔI distribution, the right panels are M value distribution.   
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Figure 5. Overlapped rates with ΔI and M as the criterion for various size mixtures. 
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Figure 6. (A) Time series of the current profile measured within 10.5 s with RBCs passing 

through. (B) One of the enlarged five pulse signals of the profile circled in (A). (C) 

Histogram of ΔI of 11,830 events (RBCs). (D) Histogram of M of 11,830 events (RBCs). 

(E) Time series of the current profile measured within 10.5 s with RBCs + 8um polystyrene 

beads passing through. (F) Two of the enlarged five pulse signals of the profile circled in 

(E). (G) Histogram of ΔI of 12,849 events (RBCs + 8 μm) with overlapped rate of 2.45%. 

(H) Histogram of M of 12,849 events (RBCs + 8 μm) with overlapped rate of 0%. 
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