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Abstract. To test for compliance with the D-2 standard for ballast water management 

convention of the International Maritime Organization, the bacteriological quality of ship’s 

ballast water is determined to evaluate the risk of invasion of non-indigenous species both 

onboard ship and in Port. In this article, hydrodynamic flow focusing particles viewed through 

a microfluidic resistive pulse sensor (MRPS) was used to detect the pathogenic bacteria from 

ship’s ballast water. Escherichia coli and Enterococci were addressed as bacterial indicators to 

determine of their characteristic and concentration. The system provided the individual 

particle-by-particle readout in rather large 20 μm x 10 μm x 8 μm (length x width x height) 

horizontal rectangular microchannel duct. The average volume flow rate was 4.5 μl/min. 

However, it returned online and real time results for a complete of 30 μl sample volume during 

15 min. The system was low maintenance, high in sensitivity, good accuracy and reliable. 

Targeted bacteria needed neither labelling nor extracting DNA.  

1. Introduction 

An estimated over 7,000 marine species are transmitted daily with ship’s ballast water to new 

environments [1]. A few non-indigenous species have already had irreversible impact on human health, 

ecosystems or economies [2]. Regarding the negative impact of organisms by ship’s ballast water 

discharge into a new environment, the International Maritime Organization (IMO) adopted the 

“International Convention on the Management of Ships Ballast Water and Sediments” (hereafter it 

will be used as the convention). In the convention, ships need to manage their ballast water to avoid 

the uptake or discharge of harmful aquatic organisms and pathogens in ballast water and sediments [3]. 

Since the convention entered into force on 8 Sept, 2017 [4], all ships need to comply with the D-2 

Standard of convention. The convention limited the concentration of indicator microbes for 

Escherichia coli (E.coli), Enterococci and toxicogenic vibrio cholera [5]. The quality of ship’s ballast 

water will be accessed before discharging and it becomes a technical challenge.  

The most well-known methods of detection for indicative microorganisms sample from ships ballast 

water are Adenosine triphosphate (ATP) [6-8], Fluorescein diacetate staining (FDA) [8-10], pulse 

amplitude-modulation (PAM) fluorometry [8,9,11,12], Flow cytometry [8,9,13,14] and Polymerase 

chain reaction (PCR) [15,16]. However these conventional methods for monitoring and analysis on 

bacteria are bulky, labour intensive, time consuming and depend on the land based laboratory. The 
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development methods and portable devices that can rapidly on-line detection and real-time determine 

the number of seaborne single microorganisms will become necessary.  

In the recent era, the advantageous features of microfluidics technologies can characterize the 

mechanical, electrical and biophysical properties at individual cell level [17-19]. Microfluidic 

individual cell analysis systems provide for counting, trapping, focusing, separating, sorting, 

characterization and identification. Many researchers invented and reported microfluidic based 

analysis tools for single cells by combining the conventional methods of ATP [20, 21], PCR [22, 23], 

fluorescent in-situ hybridization (FISH) [24,25] and surface enhanced Raman scattering (SERS) 

[26,27]. Some of their techniques can detect single cell with high accuracy. Nevertheless, the detection 

can be performed by sophisticated and specialized equipment. Also some techniques need fluorescent 

activated cell sorting, extraction DNA, and staining bacteria etc. which are done in the laboratory. 

Among these detection systems, the Coulter counting principle is simple for counting cells [28] in the 

electrolytic fluid, generally count cells from blood. Debloris and Bean [29] first demonstrated the use 

of submicron resistive pulse sensor (RPS) which based on Coulter principle for the detection and 

characterization of nanoscaled objects, including nanoparticles and viruses. The resistive pulse sensing 

with the demonstration of single stranded DNA detection using a biological pore was introduced by 

Kasianowicz et al [30]. Due to RPS’s sufficient sensitivity simplicity and cost-effectiveness, it has 

been increasingly applied in bio-sensing. To date, numerous RPS are advanced with synthetic 

biological pore and microfluidic sensors by many researchers [31-33]. Lab-on-a-chip with resistive 

pulse sensors have been used for some time and can be applied via a laser or fluorescent light to detect 

chlorophyll of microalgae from ship’s ballast water [34-36].  

To extend our experiments in detecting and analysing system which already successful detected of 

microalgae [37, 38] in the few years ago, now we addressed bacteriological organism detection in this 

article. Label-free Escherichia coli (E.coli) and Enterococcus faecalis (hereafter named Enterococci) 

were applied as the indicator samples. They are described as indicator microbes in IMO D-2 standard.  

A combination of microfluidic sample handling chip design and the phenomena of microscale 

hydrodynamic flow has been used to improve the detecting sensitivity in this paper.  

2. Materials and methods 

2.1. Sample bacteria preparation 

The strains of Escherichia coli (E.coli) (ATCC 25922) and Enterococcus faecalis (ATCC 29212) were 

used in our experiments. They were provided by Jie Su et al., Marine Ecology Department, National 

Marine Environmental Monitoring Centre (Dalian, China). Cultured bacteria were added in the natural 

marine water from Dalian sea which was taken by sterile flask submerged to 1m below the water 

surface. The average dimensions of E.coli are 0.5 µm ~ 0.78 µm diameter & 1 µm ~ 2 μm length, and  

Enterococci are 0.45 µm ~ 0.65 µm diameter & 1µm ~ 1.5μm length. 

2.2. Design of microfluidic chip 

A microfluidic chip is the detection platform of the MRPS and the detail design of detecting zone is 

shown in Figure 1. It was composed of a sample well, a sheath well, a right sensing well, a left sensing 

well, a main waste well, a complementary waste well, two sheath channels, two detecting channels, a 

nozzle jet design main microchannel and a detecting zone or sensing gate. The microfluidic chip was 

mainly made by polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, Midland, MI, USA) with 

the general rectangular size of 40 mm long, 18 mm wide and 3.5 mm thick. The main channel was 

started from the right quadrants of sample well and it was gradually tapered from 800 μm wide to 400 

μm for 6.5 mm long and again suddenly tapered down to 200 μm for 1 mm long to get hydrodynamic 

focusing particles at detection zone and to avoid the back pressure on the particles in the channel. The 

width of sheath channels was 200 μm with elliptical shape ways for 13 mm long from the centre of 

sheath well. The detecting channels width was 100 μm for the first half part and 200 μm for the second 

half with 45 degrees inclined to the main channel and 6 mm long from centre of sensing well to the 

main channel. The height of all channels was 8 μm. The channel to complementary waste well was a 

branch from main channel with 45 degree inclination. All wells were punched the holes with 3.5mm 
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inner diameter on the PDMS. The detection zone was situated at the center between sample well and 

main waste well. It is a rectangular shape with 20 μm length, 10 μm width and 8 μm height. The 

fabricated PDMS solid was bounded on a glass substrate which has 50 mm long, 24 mm wide and 1.07 

mm thick ( CITOGLAS, Suzhou, China) by plasma cleaner. 

 

    

Figure 1. Structural design of detecting zone on a hydrodynamic focusing microfluidic chip. 

2.3. Design and working principle of MRPS detection systems  

The detecting system was mainly composed of a base unit, power supply unit, signal detection unit, 

signal processing unit, data acquisition unit and display unit. The principle of MRPS detection system 

is as shown in Figure 2. The base unit is included a PDMS microfluidic chip and four electrodes. In 

the power supply unit, the regulated DC power supply (HY1712-2S 0-50V 0-2A, Suzhou, China) was 

fixed at 24V and the positive charged was connected to the platinum electrode which embedded in the 

sample well while the negative end was connecting with the silver electrode of the main waste well. In 

the signal detection unit, the detecting circuit was connected to the electrodes of left and right sensing 

wells to receive the increase resistance as different potential voltages whenever the bacteria cells or 

particles were passing at the sensing gate. Data acquisition equipment NI USB-6259 DAQ board 

(National Instruments, Austin, TX, USA) was used to collect the results output signals from signal 

processing unit. In the display unit, LabVIEW software (2011 version, National Instruments, Austin, 

TX, USA) in personal computer received the data from DAQ board and finally displayed the real-time 

signal pulse results on the screen. 

 
Figure 2. The principle diagram of MRPS detection system. 

First of all, the microfluidic chip was placed in the base unit and four electrodes were embedded into 

the corresponding wells. Secondly the 30 μl volume of sample solution was loaded into the sample 

-bacteria 
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well. Then the left and right sensing wells were filled with 30μl phosphorous buffer solution (PBS) 

while the sheath well was fully added with 35μl of PBS. After that, the main waste well was filled 

with 10μl of PBS but complementary waste well was intentionally empty. The diffusion of the sample 

solution in the channels can be seen clearly by naked eyes. At the same time the power was supplied to 

the whole system as the third step. 

When the power supply is applied, the main channel can be equivalent to three resistors connected in 

series. The main channel section of the sample well to the left end of the detection zone can be 

equivalent to one resistance (R1), the detection zone can be equivalent to one resistance (R2), and the 

main channel segment of the waste well can be equivalent to one resistance (R3).  

When a cell or particle is aspirated through the detection area, it is replaced in the solution and it 

blocks the electric field. Then the resulted resistance in the detection area is significantly changed. The 

total change of resistance at the detection zone is achieved as the change of voltage at two ends 

detection channels by our system design. The value of total voltage changes can be calculated with the 

equation (1) [39, 40]. 

 ∆𝑉𝑜𝑢𝑡𝑝𝑢𝑡 = −𝐴
(𝑅1+𝑅3) ∆𝑅

(𝑅1+𝑅2+𝑅3)2+(𝑅1+𝑅2+𝑅3) ∆𝑅 
𝑉                                            (1) 

where ΔVoutput is the potential difference between two ends of the detection zone due to increasing 

resistance by sample, V is the voltage difference between the sample well and the waste well, ΔR is 

increased resistance by targeted sample when passing through the detection zone, A is the voltage gain 

by amplifiers 

All targeted samples are carried out for detection at the detection zone under real time situation. Data 

acquisition unit collects the results from the signal processing unit. Finally all detected RPS signal 

amplitudes are displayed on display unit which is a PC with LabVIEW software. Every test has been 

repeated 3 times to get the system accuracy. 

2.4. Application of Maxwell’s approximation theory 

According to the Coulter counter theory by Deblois and Bean [29], the resistance (R) of a rectangular 

detecting channel is,  

                                                                        𝑅 =
𝜌𝐿

𝐴
                                                                        (2) 

where ρ is the resistivity of electrolyte fluid, L is the length of the detecting channel, A is the cross 

sectional area of rectangular detecting channel 

When the detecting channel is filled with a small particle, the resistance will be changed. The expected 

resistance of a rectangular detecting channel containing a particle is, 

                                                                     𝑅𝑒𝑥𝑝 =
(𝜌𝑒𝑥𝑝)𝐿

𝐴
                                                                (3) 

By Maxwell’s approximation theory for an insulating particle [41, 42], the value of ρexp becomes: 

                                                                  𝜌𝑒𝑥𝑝 ≈ 𝜌 (1 +
3

2
𝑣𝑓)                                                          (4) 

where vf is the ratio of particle volume to detecting channel volume; d, l and r are diameter, the length 

and  the radius of particle 

Therefore, the increased resistance (ΔR) by particle in the detection channel is achieved by subtracting 

from expected resistance containing particle to the channel resistance without particle.  

                                                       ∆𝑅 = 𝑅𝑒𝑥𝑝 − 𝑅 = (
3

2
𝑣𝑓) 𝑅                                                          (5) 

According to equations (1) and (5), the amplitude of RPS output in voltage unit can be carried out. 

3. Results and discussions 

3.1. Effectiveness design results of MRPS system 

The detection sensitivity of resistive pulse signal depends on the design and fabrication of the 

microfluidic chip. It means the chip has a direct impact on the results of the experiments. Its 

characteristics will result in poor bacteria mobility.  
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The cross sectional area of sensing zone should be compared with the sample particle size to ensure 

that the particles can move individually in the microchannel. Both theoretically and practically, the 

wider area may allow flow particles to overlap. The risk of channel clogging increases with smaller 

area as well as the back pressure. The physical dimensions of the main channel are much larger than 

the detecting cross sectional area. This use of hydrodynamic focusing prevents channel blocking. 

Moreover hydrodynamic focusing through sheath flows will provide the individual particle to centre 

position within the flow. Also sheath flows from two channels are kept at uniform velocity and 

constant pressure by providing one central sheath well. This will align the cells or particles into the 

narrow stream within a wider channel. The weaknesses of using sheath flow are sample dilution and 

faster levelling between samples well and waste well. To overcome this issue, a complementary waste 

well is addressed on our system design with intentionally empty fluid at the beginning of experiment. 

The flow velocity can be controlled by levelling of all wells simultaneously. Our system allows adding 

PBS buffer solution while operating the system at the sheath well and two sensing wells. And it also 

allows taking out the waste solution from the waste well and the complementary waste well without 

influencing to the experiment results. This way the experiment can be continued detecting sample 

bacteria until it has finished the sample well. By meeting the fluids from sheath channels and from the 

sample well at the main channel, an aggregation effect appeared which can prevent the blocking and 

can avoid the sample bacteria attaching at the wall. PBS solution also helped the bacteria from 

aggregation in the main channel. Furthermore, embedded sensing electrodes at opposite sides (left and 

right) provided a homogenous electric field, which is more tolerant to the position of the particle in the 

main microchannel. The time for the whole experiment depends on sample volume size, sample 

concentration and sample flow rate. Generally we finished one complete experiment in 15 min for 30 

μl sample size with 4.5 μl/min volume flow rate. In addition to, the passage length dimension of 

sensing gate was determined two times the width to obviate much noise resistance rather than signal 

peak. This selection got the high signal-to-noise ratio in the detection system.  

3.2. Examining the validity of MRPS detection system 

To check the validity of the MRPS detecting system, we considered the standard curve for the 

relationship between sizes of particles, their volumes and amplitudes of RPS output voltage. Five 

sample of polystyrene particles such as with the diameter of 0.5 μm , 0.6 μm, 0.9 μm, 1 μm and 2 μm 

were chosen for detection experiments due to the detection allowance percentage of the cross sectional 

area of the detecting duct. Specific sample particles were spiked separately in PBS solution tube. At 

first, 0.9 μm particles were pipetted into the sample well and recorded the RPS signal peaks and detail 

information in excel data sheets with the aid of LabVIEW software. Then 0.5 μm, 0.6 μm, 1μm and 

2μm diameter particles were separately loaded into the sample well at different times and recorded the 

corresponding differential output voltages of all detected sample particles. The experiment results 

generally give the same height of amplitude of signal pulses for certain spherical shape but there was a 

range in results sometime due to the case of coincidence or faster speed. So, we calculated the average 

amplitude value for each sample particles size and based on 15 min duration detection. They are 0.328 

V, 0.5364 V, 0.8875 V, 1.554 V and 10 V respectively for 0.5 μm , 0.6 μm, 0.9 μm, 1 μm and 2 μm 

diameter particles. The volumes of each particle are easily calculated with the mathematical formula of 

sphere and they are 0.065476 μm
3
, 0.113143 μm

3
, 0.381857 μm

3
, 0.52381 μm

3
 and 4.18879 μm

3
 

respectively. According to Coulter counting base RPS theory, the larger the volume of the particle, the 

larger the resistance and related differential voltage pulse will be large. The volume of particles is 

exponentially increasing depending on the size of particle as well as the amplitudes of voltage output 

which are exponentially increased. The theory was verified using our detection system with a graph 

demonstrating the relationship between signal pulses amplitude and volume and diameter of particles 

(see in Figure 3). In short summary, the amplitude of differential voltage output is linearly changed 

with the volume of particles (see in Figure 4) and this relation is expressed in equation as below. 

                                                               y = 2.3418x + 0.1915                                                    (6) 

where y = amplitude of increased RPS output voltage (V) , and x = volume of particle (μm
3
) 
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Both of the standard curve graph and linear relationship graph ensure the validity of detection system 

for real time detecting small individual particles with the maximum system error is lesser than 1%. 

Therefore, the detection system is reliable to do more experiments. 

 
Figure 3. Standard curve for relationship between amplitude of RPS output voltage (V), volume of 

particles (μm
3
) and diameter of particles (μm). 

 

 
Figure 4. The linear relationship graph between amplitude RPS output voltage (V) and volume of 

particles. 

3.3. Detecting Escherichia Coli and Enterococci 

Thus as the system ensured reliability, we started to detect the targeted sample bacteria E.coli and 

Enterococci. Since the E.coli bacteria are non-conductible particles, they become resistors in the 

electrolyte solution and especially significant when they passed in the detection zone. The voltage is 

increased at the sensing electrodes as well as the resistance increased in the detection zone. According 

to the development structure of main channel design and especially the sensing gate area, finally the 

label free E.coli were detected and represented RPS output signals which were shown in Figure 5.  

Figure 5. The amplitudes of RPS output voltage of Escherichia coli in 10sec. 
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The peak pulse represents the amplitude of increased output voltage when the bacteria passed into the 

detecting zone. Similarly label-free Enterococci were detected by the same above detection protocols 

and results output signals were received as Figure 6.  

 

Figure 6. The amplitudes of RPS output voltage of Enterococci in 10sec. 

3.4. Double checking the results  

The results were double checked with the calculation from theoretical point of view. As indicated by 

equation (5), the change of resistance is directly proportional to the volume of sample while the 

inversely correlated to the length and the area of the detection zone. The theoretically calculations of 

ΔVoutput with equations (1) and (5) by providing the dimension of samples were compared to the 

experimental result of RPS amplitude as in the following table 1. In addition to, the standard amplitude 

equation (6) of RPS signal output provides the estimated volume of detected sample and vice-versa. 

 

Table 1. The comparison between theoretical and experimental results of MRPS detection system. 

Name of 

sample 

Diameter 

of sample 

(d) (μm) 

Length of 

sample(l) 

(μm) 

Volume of 

sample (v) 

(μm
3
) 

Theoretical RPS 

amplitude  

( | ΔVoutput | )(V) 

Experimental 

RPS amplitude 

( | ΔVoutput | ) (V) 

standard curve RPS 

amplitude 

( | ΔVoutput | ) (V) 

E.coli 
0.5 1 0.1963 0.46 0.58 0.65 

0.78 2 0.9557 2.23 2.44 2.42 

Entero-

cocci 

0.45 1 0.159 0.37 0.43 0.56 

0.65 1.5 0.4977 1.167 1.2 1.35 

4. Conclusion 

Compared with the existing problems of heavy equipment, complicated operation, large energy 

consumption and long-time using, the microfluidic chip based detection system which is proposed in 

this paper has a good prospect. The detection system uses the microfluidic chip as the detection 

platform, so that the entire detection process does not require artificial operation, without the need for 

complex processing before the test. The entire detection process was automatically completed. 

Utilizing label free bacteria obviated the need for tagging and thus avoids perturbing the biological 

system. For practical ballast water analysis, a new method has been developed for simple monitoring 

of bacteriological quality of water. This method is able to provide rapid results, can be easily 

performed by an analyst with little or no microbiological training. The reliable are and accurate for 

enumeration of harmful microorganisms. They do not require standard laboratory equipment. The 

applicability of a Coulter counter based method can be utilised for ballast water quality monitoring 

involving the enumeration and identification of microorganisms. 
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