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Abstract

This paper reports a novel lab-on-a-chip device that performs fluorescent particle counting by
coupling the electrokinetically-induced pressure-driven flow and a miniaturized dual-wavelength
fluorescent detection method. A novel L-shaped PDMS microchanel bonded on a thin glass slide
is used to transport the particles. The dual-wavelength fluorescent detection system can count
two different fluorescent particles simultaneously. Good agreement is achieved between the
results obtained by the microfluidic chip device and the results from a commercial flow

cytometer.
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1 Introduction

Flow cytometer is a powerful analysis tool and widely employed in diagnosis of many diseases
because of its capabilities of counting, characterizing, and sorting cells."* However, the
sophisticated fluidic, electronic and optical systems required for realizing the functions of flow
cytometry make the conventional flow cytometers bulky, expensive and complicated.>” The high
cost, the large size, and the complexity in operation and maintenance limit the flow cytometers
available only in fewer specialized labs. In order to overcome these weaknesses, it is highly
desirable to create portable, low-cost flow cytometers. In recent years, the rapid development of
microfluidics and lab-on-a-chip technology leads a pathway for creating portable flow

cytometers for the point-of-care diagnostics®™* in low-resource settings.

For the past two decades, a handful of research teams around the world have involved in the
research of the microfluidic flow cytometers.***® In developing a microfluidic flow cytometer,
the fluidic control system is a key part which determines the portability of the flow cytometer.
To design the fluidic control system, the method of pumping liquid must be carefully chosen.
Different pumping methods lead to the different size of the fluidic control system. Most

microfluidic flow cytometers utilized the pressure-driven pumping method*®™’

such as a syringe
pump or a piezoelectric pump. All pressure-driven pumping methods involve bulking external
pumps, tubing and valves. Furthermore, these bulky external equipment and support systems also
require a large volume of the cell samples. Alternatively, electroosmotic pumping method can be
used to produce flow in microfluidic flow cytometers. For a microchannel filled with an aqueous
solution, the electrostatic charge on the solid surface attracts the count-ions in the liquid to form
the electric double layer. An externally applied electrical field will drive the excess counter-ions
in the electric double layer to move and consequently generate the liquid motion in the
microchannel via viscous effect. This is called the electroosmotic flow. Electroosmotic flow can
be generated easily by applying a DC potential difference along the microchannel. It does not
involve any mechanical moving parts, and it provides a constant flow rate without any pulsating
effects. Therefore, electroosmotic pumping method has the advantages of easy automation,
integration and miniaturization.’®*® However, the electroosmotic pumping also has some
disadvantages. For example, under the applied electric field, the properties of cells may be

changed, or the cells may be killed. For example, the irregular motion of cells was observed and
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studied by Minerick et al..?! They found that irregular motion of the cells was caused by a pH
gradient between electrodes due to electrolysis reactions. The pH gradient changed local zeta
potentials of both the PDMS channel and blood cells. Consequently, the local EOF velocity and
the electrophoretic velocity of blood cells were altered. Furthermore, a strong electric field can
destroy the cell membrane.?? Another concern is that the fluorescent dye may be affected under

electric field for sufficiently long time.

Fluorescent detection is the most powerful technique for analysis of cells in flow cytometers.>?

For fluorescent detection, the excitation light source, optical filters and the photo-detectors are
the most important components. Usually, laser is used as the excitation light source due to the
ability of generating high-quality and well-focused laser beam. Photomultiplier tubes (PMTSs) are
used as the photo-detector because of its high sensitivity. Miniaturized fluorescent detection
prototypes have been reported.”®? For example, Kang et al.” reported a particle counting and
sorting system based on the fluorescence detection for lab-on-a chip applications. However,
these optical systems were still large and costly. Additionally, these prototypes have only one
excitation light source and can detect only one kind of fluorochromes, restricting the applications
significantly. Recently, a dual-color fluorescent detection system is developed to enhance the
applications of microfluidic flow cytometer. Zhong et al.*® developed a two-beam, two-channel
detection flow cytometry (T*FC) system which could realize the cell analysis of two different

dyes. Yang and co-works® also demonstrated a compact, high-sensitivity, dual-color flow
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cytometer (HSDCFCM) for detecting specific bacterial cells. In their study, a method of labeling
two dyes on one cell was used. The two different dyes were excited by using one laser and the
two emission lights were captured by two photo-detectors. However, the high-cost, high-power
consumption, bulky volume, heavy weight and complicated multi-dye staining protocol limit the
applications of their flow cytometer. Generally, to realize dual-wavelength detection, it is a great
challenge to miniaturize and integrate two sets of optical components (i.e., excitation light source,
photo-detector and optic filters) into a limited space. To overcome these problems, the laser

132 introduced a

combined with optical fiber is used to reduce the light pathway. Tung et a
microfluidic flow cytometer based on the solid-state lasers and PIN-based photo-detectors to
realize dual-wavelength detection. Optical fibers were used to transmit the laser beam to the
detection zone and to collect the emission light from the fluorescent particles. Golden et al.*

also developed a microfluidic flow cytometer based on inserted optical fibers for counting

4
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microspheres. Optical fibers inserted into the microchannels provided two excitation lights. Two
emission collection fibers were connected to PMTs through a multimode fiber splitter for
detection. Although this approach utilized embedded fibers which can lead to a significant
reduction of the size of flow cytometer, two lasers had to be used. Moreover, using embedded

optical fiber on the chip increases the cost and the complexity of the chip fabrication.

In this study, in order to overcome the above-mentioned shortcomings of the microfluidic
pumping methods and fluorescent detection methods for miniaturized flow cytometers, a novel
microfluidic flow cytometer chip was developed to utilize the electroosmotic flow to generate an
induced pressure-driven flow to transport particles in microchannels. A novel miniaturized dual-
wavelength fluorescent detection system was designed and developed for particle counting and
detection. The system developed in this study can detect and count two different fluorescent

particles simultaneously.

2 Methods
Electrokinetically-induced pressure-driven flow

A schematic diagram and a photograph of the novel microfluidic chip are shown in Figure 1. The
fluidic control system consists of four reservoirs A, B, C and O, one main L-shaped
microchannel of width 100 pm and length 5 mm, and one pumping channel of width 25 pm and
length 1cm, connecting wells A and B. There is a neck channel of width 100 pm and length 100
jam to connect the L-shaped microchannel and reservoir O. The diameter of reservoirs A, B, C
and O are 3 mm, 3 mm, 3 mm and 1.5 mm, respectively. The reservoirs and the channels are
initially filled with a buffer solution. The particle sample solution is added to the Reservoir C

finally.

The channel A-B is used as an electroosmotic pump where the electroosmotic flow is generated
by applying DC voltages via electrodes inserted in reservoirs A, B and O. The direction of the
electroosmotic flow (EOF) is from the reservoir O to both reservoirs A and B. When EOF is
generated in the channel A-B, the cross-junction area near the reservoir O has a negative pressure

that induces a pressure-driven flow from reservoir C to reservoir O. Consider the cross-junction
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region near the reservoir O in Figure 1a. Once the electric field is applied along the pumping
microchannel, the liquid in this cross-junction region will be pumped into the wells A and B.
Because of the fluidic continuity, the liquid in L-shaped channel will move into the cross-
junction region to fill it. Thus, a pressure gradient is generated between reservoir C and the
cross-junction near reservoir O. This pressure-gradient will generate a continuous flow in the L-
shaped channel. The particles loaded in the reservoir C will then be carried with the flow to pass
a optical detection spot in the L-shaped microchannel. In this way, the different fluorescent
particles can be counted and detected. Using this method, no moving parts, external tubing,
valves and syringe pumps are required. If the sample particles are biological cells, the cells will
not experience any electric field, because there is no applied electric field in the L-shaped

channel.
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Figure 1 (a) Schematic diagram of a new method to generate electrokinetically-induced pressure-
driven flow in a microchannel. The arrows indicate the flow directions. The particles/cells are

loaded initially in reservoir C. (b) A photograph of the microfluidic chip.
Low-cost, dual-wavelength fluorescent detection system

A miniaturized, low-cost, optical detection system was designed and developed in this study to
achieve dual-wavelength detection at a single spot. As illustrated in Figure 2, the core of this
miniaturized fluorescent detection system consists of a high-power bi-color blue/red LED
(488/635 nm, LedEngin, CA, USA) as the excitation source, a dual-wavelength excitation filter

7
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(CWL: 488/635 nm, FWHM: 20 nm, Chroma, VT, USA ) to select the two excitation
wavelengths, two band-pass emission filters (CWL: 535 nm, FWHM: 20 nm, Chroma, VT, USA,;
and CWL: 710 nm, FWHM: 40 nm, Semrock, NY, USA) to transmit the specific emitted
fluorescence and block the background light noises, and two Si photodiodes (S8745-01,
Hamamatsu, Japan) as the photo-detectors. In order to assembly all optical components into the
limited space and to allow detecting two-wavelength signals from a single spot, the strategy of
the optical pathway is very important. In this new design, as shown in Figure 2, the microfluidic
chip was placed horizontally on a platform; the LED was placed at the side of the microfluidic
chip. The light from the LED passes through an excitation filter and shines on the detection
region in the upstream of the L-shaped microchannel. The distance of the light pathway is less
than 2 cm from the LED to the detection spot. When two different fluorescent particles/cells
passed through this spot, fluorochromes were excited. The two emission lights penetrated the
bottom glass substrate and the top PDMS layer. One set of a photo-detector and emission filter
was placed on the top of the chip to collect 535 nm signals. Another set of a photo-detector and
emission filter was placed at the bottom of the chip to collect 710 nm signals. There was an angle
of 90° between the pathway of excitation light and the pathways of the two emission lights. Thus,
the two different fluorescent signals were separated and captured by two separate photo-detectors.
The precise alignment among the LED, the microfluidic chip and the photo-detectors was

achieved by a precisely manufactured holder.
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Figure 2 (a) Schematic of the dual-wavelength optical detection system. (1) Bi-colour blue/red

LED; (2) dual-wavelength excitation filter; (3) band-pass emission filter (535 nm); (4)
photodiode 1; (5) band-pass emission filter (710 nm); (6) photodiode 2, (7) microfluidic chip. (b)
A photograph of the optical detection system.

Chip fabrication and sample preparation

Polydimethylsiloxane is a Si-based organic polymer that is commonly used in soft lithography. It
has some desirable properties such as optical transparency, flexibility and bio-compatibility.
Polydimethylsiloxane (PDMS) microfluidic chip was fabricated by using the soft lithography
protocol. The phototmask of the microfluidic chip was designed by using the autoCAD software.
A film of SU-8 negative photoresist was coated on a silicon wafer by using the spin-coater. After
pre-baking, the photomask bearing the microchannel geometry was placed on the SU-8 negative
photoresist film tightly. Then, this wafer was exposed to UV light. After post-baking and
developing, the master could be obtained. After that, A 10:1 (w/w) mixture of PDMS polymer
base and curing agent which was degassed under vacuum was poured over the master and cured
at 80°C for more than three hours. After this step, PDMS polymer was solidified on the master.

After peeling off from the master, the PDMS model was punched to form reservoirs which are
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open to the air. Finally, the PDMS model and a glass slide were bonded tightly after exposing to

oxygen plasma device for 30s to form the desired microchannels.

The fluorescent particles (excitation wavelength 480 nm, emission wavelength 520 nm, BD
Biosciences, Fishers, IN, USA) were used in the visualization experiments. The estimated
concentration of the particles was approximately ~10° mL™ after dilution. In the experiments,
initially the reservoirs A, B and O were filled with 6 L, 6 L and 1.5 pL deionized water,
respectively. When starting the test, 6 L of the sample solution was loaded to the reservoir C.
For different experiments, different voltages (—100V, —80V, —60V, —40V) were applied at the
two ends of the channel A-B, and 0OV was applied at point O. The electroosmotic flow was
generated in the channel A-B and consequently a pressure gradient was produced in the main
channel. All the images of particles’ motion were obtained by a CCD camera.

To examine the dual-wavelength detection system, two fluorescent particles were used. 7.0 pm
Dragon Green fluorescent beads (Excited Wavelength 480 nm, emission wavelength 520 nm, BD
Biosciences, Fishers, IN, USA) were mixed with 7.0 pm Flash Red fluorescent beads (Excited
Wavelength 660 nm, emission wavelength 690 nm, BD Biosciences, Fishers, IN, USA).
Different ratios of the two types of particles used in the experiments are listed in Table 1. In the
experiments, initially the reservoirs A, B and O were filled with 6 L, 6 L and 1.5 L deionized

water, respectively. When starting the test, 6 L of the sample solution was loaded to the

Downloaded by Chengdu Library of Chinese Academy of Science on 27 December 2012
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reservoir C. Three different voltages (—80V, —80V, 0V) were applied in the reservoirs A, B and
O, respectively, to generate electroosmotic flow in the channel AB. The liquid flow and the
motion of sample particles in the L-shaped channel were then produced by the induced pressure

driven flow.
Experiment Setup

The experimental setup consists of the following major components: a microfluidic chip, a
fluorescent detection module, a two-stage amplification circuit, a DC power supply, and a data
acquisition system as shown in Figure 3. The DC power supply (CSI112001X, Circuit Specialists
Inc., USA) was used to control the voltages applied to the different electrodes. The optical
signals detected by the photo-detectors (PD) were amplified by the two-stage amplification
circuit, and were then processed by a custom-made LABVIEW program through a data

10
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acquisition board (PCI 6281, National Instruments, Austin, TX). The signal from the PD can be
amplified by the two-stage amplifier circuit. The overall amplification gain of the two-stage
amplification is A = A1A,, where A; and A, are the gains of the first and the second stage
amplifiers, respectively. To enhance the signal/noise ratio, an R-C low-pass filter circuit with a

desired cut-off frequency was designed before the signal was collected by the Labview program.

Figure 3 Illustration of the experimental system which consists of the microfluidic chip, a two-
stage amplification circuit, a fluorescent detection system, DC power supplies, and a data

acquisition system.

3 Results and Discussion

In order to verify the effectiveness of the electrokinetically-induced pressure-driven method, a
series of experiments to measure the velocity of the particles’ motion were conducted first.
Because the particles’ motion was caused by the electrokinetic-induced pressure-driven flow,
therefore, the velocity of the particles should depend on the applied electrical field in the channel
AB. In this study, the chip was placed under a fluorescent microscope (AZ100, Nikon) with a
high intensity illumination system and digital CCD cameras (DS-QilMc, Nikon and Retiga
2000R, Nikon). The particle’s velocity in the microchannel was determined by analyzing the

captured images by imaging analysis software (NIS-Elements BR 3.0). Figure 5 presents the

11
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variation of the average velocity of the particles with the applied electric voltages at A and B.
Under a given electric field, the velocities of 10 particles passing through the observed area were
measured. Each data point in Figure 4 is the average value of the velocities of this group of
particles in the same run. The electric potential at the reservoir O was kept at zero. From this
figure, it is evident that the average velocity of the particles was linearly dependent on the
applied voltage. By increasing the value of the applied voltage, the average velocity of the

particles increased.
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Figure 4 The average velocity of the particles moving in the L-shaped channel under different

voltages applied at the reservoirs A and B.

Particles’ throughput is one of the important parameters of the microfluidic flow cytometry.
Because of the pumping method used in this study, the speed of the particles is proportional to
the applied electrical field in the channel AB. However, in order to avoid Joule heating effect
and other undesired effects (e.g., bubbling near the electrodes), a range of the applied voltage
from 40 V to 80V was found to be appropriate in the experiment. This range of the applied
voltage is one major factor limiting the velocity and the flow rate of the electroosmotic flow in
channel AB and hence the flow rate and the particle throughput in the L-channel of this system.
In the future work, we will try to increase the throughput by using higher particle concentrations.

However, increasing the concentration of sample may cause the problem of overlapping. That is,

12
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it is possible that two or more particles pass through the detection zone at the same time,
resulting in overlapped signals. In order to reduce the chance of signal overlapping, dilute
particle suspensions were used in this work for proving the concept. The actual throughput was
about 20~40 particles per minute. Therefore, when using high concentrations of particle
solutions, it is required to find an effective approach for flow focusing so that the problem of

overlapping can be overcome while the throughput is increased.

Figure 5 shows an example of the detected signals of the dual-wavelength fluorescent detection
module for a sample solution containing 7.0 pm Dragon Green fluorescent beads and 7.0 pm
Flash Red fluorescent beads. The ratio of the Dragon Green fluorescent beads to the Flash Red
fluorescent beads is 1 to 3. As shown in Figure 5, the magnitude of the peaks for 7.0 jum green
fluorescent particle’s signal is approximately 4 V, and the magnitude of the peaks for 7.0 pm red
fluorescent particle’s signal is approximately 2 V. One reason for the weaker red fluorescent
signal is the excitation wavelength. The required maximum excitation wavelength of the Flash
Red beads is 660 nm; however the maximum excitation wavelength of the LED employed in this
study is 635 nm. This difference in the excitation wavelength reduced the intensity of the emitted
light from the Flash Red beads, because the intensity of the emitted light is directly proportional
to the incident intensity required to excite the fluorophore. Moreover, the signals in Figure 5 (b)
have a baseline at approximately —1 V, different from Figure 5 (a) where the baseline is at
approximately 0 V. The different baselines are caused by the leakage of the background light. In
our design, the LED light is parallel to the two emission filters, which will cause some light
leakage. Although the emission filter is a band-pass filter, some background light still could pass
through the filter. In the ideal situation, the baseline should be 0 V. Once the background light
passes through the filter, the baseline will be decreased due to the designed circuit. The quality of
the emission filter determines the level of the light leakage. The two emission filters come from

two different companies, and their quality and performance are different.
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Figure 5 An example of the detected signals from a sample containing 7.0 pm Dragon Green

fluorescent beads (a) and 7.0 pm Flash Red fluorescent beads (b). The ratio of the Dragon Green

fluorescent beads to the Flash Red fluorescent beads is 1 to 3.

In order to examine the consistency and accuracy of the miniature two-wavelength fluorescent
detection system developed in this study, mixtures of fluorescent particles were tested. Two
groups of experiments were conducted with two different ratios of the particles. Each sample
was tested at least 3 times. Table 1 displays the number of detected particles by the dual-
wavelength detection system. For comparison, the same sample was analyzed concurrently by a
commercial FACSvantage Cell Sorting Flow Cytometer (Becton-Dickinson, San Jose, CA,
USA). Table 1 also lists the results obtained by the commercial flow cytometer. As an example,
Figure 6 shows the percentage distributions of the particles in experiments 1 and 2, determined
by using the commercial flow cytomter. As seen in Table 1, overall, the result demonstrated the
dual-wavelength fluorescent detection system developed in our study has a good agreement with

the commercial flow cytometer.
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Table 1 Comparison of the ratios of particles detected by the device of this study and a

commercial flow cytometer. PD stands for photo-detector.

1 2 3 Ave. Flow
Exp.1 Cytometer
green/red  PD 2, (635nm, 690nm) 43 35 35 22.5%
beads PD 1, (488nm, 520nm) 136 126 100 77.5%
Ratio 0.32 0.28 0.35 0.31740.035 0.29
Exp. 2 PD 2, (635nm, 690nm) 115 113 118 50.8%
green/red PD 1, (488nm, 520nm) 114 101 105 49.2%
beads Ratio 1.01 1.12 1.12  1.08340.064 1.03
(a) (b)
491 0z 491 Q2
10 Jom0w 0.00% 0 Joo0% 0.00%
107 5 Er_:.-' 107 5
T *"wﬁ T 4*?\‘%‘5;
- T
. 1[]1 3
Tos Q3 @4 B Q3
100 22 5% Flash Red beads| Dragon Green 77 5%, 'IDD A0.2%Flash Red beads| Dragon Green 43 2%
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FLZ-H:: FLZ-Height FLZ-H: FLZ-Height

Figure 6 The number counts for two fluorescent particles determined by a commercial flow
cytometer. (a) The counting result for two different types of fluorescent particles in Exp. 1 in
Table 1. (b) The counting result for two different types of fluorescent particles in Exp. 2 in Table
1.

While the miniaturized two-wavelength detection system was developed and has proved the
concept in this study, further effort should be focused on increasing the sensitivity and achieving
high-throughput capability. In order to minimize the volume and the cost, the optical detection

15
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system in this study uses a LED instead of lasers, and simple photo-detectors instead of
photomultiplier tubes. These limit the sensitivity of the detection. One possible way for
increasing the sensitivity may be the use of a UV/blue LED instead of the blue/red LED as the
excitation light source. In comparison with the UV/blue fluorescence, the red/infrared
fluorescence is much weaker under the same condition and it needs more energy to be excited.
In order to increase the throughput, higher particle concentrations are required. When the particle
concentration is high in the suspension, the chance of particle overlapping in the detecting spot is
increased, as observed in the experiments. Therefore, future research should consider how to

introduce flow focusing into the microfluidic chip to solve this problem.

4 Conclusions

A fluorescence-activated particle counting system is developed based on the electrokinetically-
induced pressure-driven flow and a miniaturized dual-wavelength fluorescent detection method.
The microfluidic chip has a simple kernel structure of a main L-shaped microchannel and one
pumping channel. The EOF flow in the pumping channel induces a pressure difference in the L-
shaped microchannel to move the particles. The novel microfluidic chip eliminates the
disadvantages of both the pressure pumping method and the electroosmotic pumping method. On

the optical detection side, two excitation lights are provided by a single LED from one side of the

Downloaded by Chengdu Library of Chinese Academy of Science on 27 December 2012
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microchannel and the two emission lights are captured by two photo-detectors from the top and
the bottom of the chip. This design of the two-wavelength fluorescent detection system leads to a
significant reduction of the volume and the cost, in comparison with other microfluidic

fluorescent detection devices reported in literature.
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