
  

 

Abstract— In this paper, we propose a microfluidic platform 

toseparate magnetic particles with a constant volumetric flow 

condition. In   order to realize this architecture, three main 

functions for a droplet manipulation based system are 

integrated into a single device: synchronization of droplets by 

matching a location of droplets; lateral electro-coalescence; and 

magnetic particle manipulation. For an optimized condition of 

this device, a droplet generation was controlled by varying a 

droplet size at a fixed flow rate ratio 0.86. The electro-

coalescence efficiency and maximum throughput are 

investigated at a given flow rate condition. 

I. INTRODUCTION 

Droplet-based microfluidic devices have great potential 
for high-throughput applications in biological and chemical 
studies [1]. The main advantage of droplet based 
microfluidic devices is that they enable all molecular 
reactions to occur in a confined small volume of a single 
droplet so that the reactions occur without cross-
comtamination between droplets and the surrounding 
environment [2-5]. Moreover, it provides a strong reduction 
of reagent volume and reation time because the dimensional 
scaling effect allows for rapid heat and mass transfer in the 
droplets [6]. In addition, with the manipulation of droplets, 
the reagents of interest can be transported, merged, mixed, 
and analyzed as a micro-reactor effectively and quickly [7]. 

In the past decade, magnetic particles have been used as 
a solid support in a microfluidic device since the magnetic 
particles can easily be manipulated in a fluidic environment 
by magnetic fields [8]. It does not require any sophisticated 
or expensive system to manipulate them. Moreover, they 
offer a high surface-to-volume ratio resulting in an increased 
sensitivity of fluorescence signal on the surface of magnetic 
particles due to large binding capacity for efficient 
biological reactions [9]. However, the ability to apply 
droplet-based microfluidic devices to high-throughput 
magnetic particle-based assays is extremely promising but 
has been barely attempted. 

Previously, there have been great efforts in developing 
various unit functions to perform cell encapsulation [10,11], 
manipulation of droplets (e.g., merging [12,13], mixing [14] 
and sorting [15]), on-chip incubation [16], and generation of 
multiple reagents [17]. Furthermore, the droplet-based 
microfluidic devices are being successfully commercialized 
by Raindance Technologies. In conventional droplet-based 
microfluidic technologies, additive functions (e.g., 

 
 

 

particle/cell encapsulation, sequential fusion, rapid mixing, 
dilution) are well understood and demonstrated. However, 
subtractive functions (e.g., in-droplet particle separation) 
have been limited, unlike the continuous-flow and 
electrowetting-based microfluidic device (Fig. 1). In these 
devices reagents can be easily added with additional 
contents or diluted with additional buffers by droplet fusion 
(Fig. 1a), but cannot be subtracted or separated into another 
droplet for the downstream on-chip or off-chip analysis (Fig. 
1b).  

In order to overcome these technical challenges, we 
developed a droplet-based magnetic particle separation 
module by combining three unit functions:  parallel 
synchronization of two trains of droplets; lateral electro-
coalescence; magnetic particle manipulation. For the first unit 
function, we used a passive droplet synchronization method 
that was already developed from our group [18].  The 
channel network consists of two main channels. One channel 
for the droplets to flow through, while the other, is an 
interconnection channel that allows the oil carrier fluid to 
flow. This is a simple method for passive droplet 
synchronization of two trains of droplets by a pressure-talk 
between the droplets. For the second unit function, ITO 
electrodes were deposited on a glass substrate to apply 
electric field which can lead to instability of the interfaces 
between the water phase and the oil phase [19]. Thus, the 
droplets merge together once they come in contact with each 
other. The key idea in this device is that the electro-
coalescence occurs in a lateral way, which enables the 

magnetic particle separation. The lateral electro-coalescence 
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Fig. 1 (a) The conventional droplet-based additive function with sequential 

fusion, rapid mixing and dilution of paired-droplets due to chaotic 

advection by recirculating flows (b) The proposed droplet-based subtractive 
function. 

(a) Conventional droplet-based additive function

Sequential fusion + Rapid mixing + Dilution

(b) Proposed droplet-based subtractive function 

Parallel fusion + Controlled mixing + Separation
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of the synchronized droplets occurs at the beginning of an X-
shape junction in which ITO electrodes are placed. For the 
third unit function, the magnetic particles are manipulated 
using a magnetic field created from a permanent magnet 
which allows them to be separated from one droplet to the 
other: one contains almost all of the magnetic particles and 
the other is including a waste of sample without magnetic 
particles. 

In this paper, using the three main functions, we 
demonstrate magnetic particle-based in-droplet separation 
with constant volumetric flow in droplet-based microfluidic 
platform. The droplet generation, mixing, synchronization, 
electro-coalescence, in-droplet magnetic particle separation 
and splitting are sequentially performed on the microfluidic 
device to achieve the subtractive droplet-based separation. As 
a result, we exchange the surrounding medium of magnetic 
particles within a droplet by performing the magnetic particle 
separation. We believe that this approach has a great potential 
for practical use due to the unique magnetic particle-based in-
droplet separation. In addition, this method will be used to 
perform a washing step to remove an unbound reagent in 
immunoassay.    

 

II. WORKING PRINCIPLE 

A. Synchronization of droplets in a channel network   

The droplets passing through the two main channels, the 
top and bottom channel, cause a pressure difference between 
them. However, the pressure difference can be diminished by 
a cross flow of carrier oil through the interconnection 
network as the pressure in each channel was balanced 
automatically (Fig. 2). For example, if there is a phase 
difference (ΔX) between the droplets (D11 and D21), they lead 
to the pressure difference between the top and bottom 
channels, temporally blocking the channels. The droplet (D11) 
increases hydraulic resistance at the top channel, which 
allows the volumetric flow of the carrier oil to pass through 
the interconnection channel: there is no way for oil to flow 
anywhere else other than the first interconnection channel. 
Thus the velocity of the droplet in the top channel is slower 
compared to the initial velocity: Q11 > Q12. On the other hand, 
the volumetric flow of the carrier oil (Q22) is increased by 

ΔQ1, resulting in an increased velocity of the droplet (D21) in 
the bottom channel.  

Consequentially, the ΔX is diminished by the balanced 
pressure, Q14 = Q24, between the main channels so that the 
synchronization of droplet can be achieved without any 
active sources [18]. By using this mechanism, we have 
designed the railroad-like channel network that allows the 
lateral electrocoalescence of droplets. 

B. Lateral electrocoalescence  

The droplet synchronization unit enables the two trains of 
the droplets to be merged laterally. The electrostatic forces 
applied from the ITO electrodes at an entrance of the X-shape 
separation junction. The electric field can cause the interface 
between the oil phase and the water phase to be unstable so 
that they can easily be merged. To ensure successful electro-
coalescence, we applied a DC voltage of 50 VDC. 

C. Magnetic particle manipulation  

In order to separate the magnetic particles within the 
droplets, the magnetic field was applied near the X-shape 
junction. The magnetic force, Fmag, on the magnetic particles 
is defined by  

     
 

 

   

  
    

 
where V is the volume of the magnetic particles,    is the 
permeability of free space, B is the magnetic field, and    is 
the susceptibility of the magnetic particles in a surrounding 
medium. In the present device, the permanent magnet is 
located 1 mm away from the channel [8]. The magnetic 
fields are applied perpendicular to a direction of flow.  

A total workflow of the proposed droplet-based 
microfluidic device for the in-droplet magnetic particle 
separation is illustrated in Fig. 3. The droplet-based 
separation is performed by a series of the following 
procedures. Two trains of droplets are generated at droplet 
generation junctions 1 and 2 at the given flow rate condition 
(see Table 1). The droplet generated at junction 1 represents 
a droplet with sample 1 (). For a droplet at junction 2, the 
sample 2 () and magnetic particles () are co-infused. The 
sample 2 droplets are fully mixed in a serpentine channel 
region. The sample 1 and sample 2 droplets are introduced 
into a ladder-like channel network to make them 

 
Fig. 2 Schematic view for droplet synchronization where Qxy is the 

volumetric flow rate for each channel section (x = 1 and x = 2 refer to the 

top and bottom channels, and y refers to the section number of the channel), 
ΔQ represents volumetric flow rate for the interconnected channels, and Ri, 

Rc and Rd represent the hydraulic resistance values for the interconnected 

channels, for the section of the main channels and across the generated 

droplets, respectively [18]. 

 
 
Fig. 3 Schematic workflow of the proposed droplet-based microfluidic 

device for magnetic particle-based assays including a washing function by 

a series of procedures. The droplet generation,  mixing, parallel 
synchronization, lateral electrocoalescence, and magnetic particle 

separation were sequentially conducted for the simple streptavidin-biotin 

immunoassay. 
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synchronized.  The two parallel-synchronized droplets are 
merged at an entrance of the X-shape separation junction by 
an electric field, which can cause the interface between the 
oil and water to be unstable. At this X-shape junction, the 
magnetic particles are traversed to the sample 1 (top of the 
merged droplet) by an externally applied magnetic field, 
leaving the sample 2 (bottom of the merged droplet).  
Subsequently, the merged droplet is split into two daughter 
droplets at the X-junction: sample 1 containing the majority 
of magnetic particles and sample 2 devoid of the magnetic 
particle. As a result, the surrounding medium of magnetic 
particle was exchanged from the sample 1 and sample 2.  

III. METHOD AND MATERIALS 

A. Device fabrication 

We used a conventional soft-lithography technique to 
fabricate SU-8 mold for the microfluidic channels. As a 
substrate, the 3 inch silicon wafer was used. The thin oxide 
layer grown in natural condition on the wafer was removed 
by BHF (buffered hydrofluoric acid) to increase the adhesive 
force between SU-8 and wafer at room temperature for 5 
min. Afterwards, the wafer was rinsed by acetone, methanol 
and distilled water, and then dried with filtered nitrogen gas. 
After dehydration of the wafer on a hot plate at 120 °C for 5 
min, the SU-8 2050 was deposited by spin coating process 
with target thickness (50 μm) using a spin processer. The soft 
bake, UV exposure, post exposure bake, and development 
were carried out sequentially.  

Indium tin oxide (ITO) was formed using lift-off process 
on a glass substrate as the electrodes. A positive photoresist 
(S1818) was patterned on the glass substrate by the 
lithography to define the position of electrodes. The ITO 
electrodes (300 nm) were deposited on the substrate by DC 
sputter.  

 A pre-polymer of PDMS and curing agent were prepared 
and mixed in a 10:1 (wt/wt) ratio. After removing the bubbles 
generated during the mixing, the mixture of PDMS poured on 
the fabricated SU-8 master mold and cured at 65 °C for 30 
min. The PDMS replica was punched for inlets and outlets 
and then bonded irreversibly by exposing O2 plasma on the 
ITO patterned glass substrate.  

B. Materials and operation 

To apply magnetic field, a permanent magnet (12.7 × 3.2 × 
3.2 mm

3
, Emovendo Magnets & Elements, Petersburg, WV, 

USA) with a rectangular shape was used. Mineral oil 
(M8410, Sigma-Aldrich) with 2% Span-80 (S6760, Sigma-
Aldrich) was used as the oil carrier flow. To change the 
surface property of PDMS channel from hydrophilic and 
hydrophobic surface coating material (Aquapel, 47100) was 
used. The magnetic beads (2.8 μm diameter, Dynabeads M-
270 streptavidin, Invitrogen) were mixed in deionized water, 

giving ~ 5 × 10
8
/ml concentration. To generate the electric 

field to merge the droplets the DC voltage was supplied by a 
high-voltage source (HVS448-1500) connected to a computer 
controller to generate an electric field through ITO 
electrodes. The inlets of microfluidic device were connected 
by polyethylene tube. To generate the constant volumetric 
flow, a syringe pump (KDS100W) was used. To capture and 
analyze images, a CMOS camera equipped with a 
microscope was used.   

IV. RESULT AND DISCUSSION 

As the device has two flow focusing junctions to generate 
droplets, two trains of droplets can be independently 
generated at given condition listed in Table 1. In this device, 
it is critical to optimize the droplet size for stable the 
synchronization and electro-coalescence. In order to find out 
optimized condition, the water (Qw) and oil (Qo) flow rates 
were adjusted. The diameter of droplets was varied from 208 
μm to 265 μm as shown in Fig. 4a.  

To ensure successful electro-coalescence, we applied a 
DC voltage of 50 VDC to the ITO electrodes. The electro-
coalescence efficiency, defined by the number of successfully 
merged droplets over the total number of generated droplets, 
was plotted as a function of total flow rate where the flow 
rate ratio (Qratio = Qw / Qo) to generate droplets was fixed at 
0.86.  

In the case A, we applied the sample 1 solution at 60 μl/h 
and oil 35 μl/h into junction 1. The corresponding diameter of 
droplet and total flow rate (Qtotal = Qw  + Qo) were 265 μm 
and 95 μl/h. The maximum efficiency of 94% was achieved 
at the total flow rate of 95 μl/h.  However, in the case C, the 
diameter of droplet was 208 μm and no electro-coalescence 
occurred at all at the X-junction as shown in Fig. 4b. The X-
junction is designed to facilitate the droplets merging at the 
end of the interconnection channels. If small droplets meet at 
the X-junction they cannot get touch each other. The thin 

 
Fig. 4 (a) The diameter of droplet as a function of total flow rate. (b) 

Electrocoalescence efficiency as a function of total flow rate. 

 

 

TABLE 1. Flow rate conditions to generate the droplets at the junctions 
1 and 2. 

 

 
Fig. 5 The droplet generation frequency as a function of total flow rate. The 

working zone is indicated by an arrow. In the case C, the 
electrocoalescence efficiency was zero due to the small size of droplets.  
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membrane of oil carrier flow will present between the two 
droplets preventing them to be merged. This failure occurred 
due to the small size of droplet. Fig. 5 shows droplet 
generation frequency as a function of total flow rate. The 
maximum frequency was 4.7 droplets/sec. 

We added magnetic particles in the sample 2 droplets to 
study in-droplet magnetic particle separation. Fig. 6 shows 
the photograph of the in-droplet magnetic particle 
manipulation. The red arrows are indicating the clusters of 
the magnetic particles. In this experiment, the optimized 
condition (case A) was used for the stable in-droplet 
separation. A permanent magnet was located in the vicinity 
of the X-junction where the in-droplet magnetic particle 
separation occurred perpendicular to the direction of flow. 
The magnetic field force was calculated to be about 320 mT 
at the junction. As the magnetic particles approached near the 
magnetic fields, they were magnetized, locally in the form of 
clusters in each droplet. Under the magnetic fields, the 
clusters were concentrated towards the magnet, so that the 
clustered magnetic particles easily traversed to the sample 1 
droplet for medium exchange. As a result, the droplet-based 
magnetic particle separation was successfully achieved by 
extracting the magnetic particle from the sample 2 droplet to 
the sample 1 droplet. 

V. CONCLUSION 

In this paper, we suggest the droplet-based microfluidic 
device to exchange the surrounding medium of magnetic 
particle for biological applications by separating the magnetic 
particles from one droplet to another. We investigate the 
optimal condition, varying water and oil flow rates. The 
successful electro-coalescence of 94% was achieved and the 
maximum droplet generation frequency was 4.7 droplets/sec. 
The proposed method will enable magnetic particle-based 
immunoassay involving a washing step in a continuous flow 
droplet-based microfluidic platform. 
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Fig. 6 Photograph image to show the manipulation of the magnetic particles 

within the droplets. The magnetic particles are already concentrated to one 

side of the droplet as they approach the permanent magnet so that they are 
extracted into the sample 1 droplet. Circles with red arrows indicate the 

clusters of the magnetic particles moving from sample 2 to sample 1. The 

scale bar is 200 μm. 
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