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This paper reports a microfluidic method of continuous separation of marine algae and particles by DC dielectrophoresis. The 
locally non-uniform electric field is generated by an insulating PDMS triangle hurdle fabricated within a PDMS microchannel. 
Both the particles and algae are subject to negative DEP forces at the hurdle where the gradient of local electric-field strength 
is the strongest. The DEP force acting on the particle or the algae depends on particles’ or algae’s volume, shape and dielectric 
properties. Thus the moving particles and algae will be repelled to different streamlines when passing the hurdle. In this way, 
combined with the electroosmotic flow, continuous separation of algae of two different sizes, and continuous separation of 
polystyrene particles and algae with similar volume but different shape were achieved. This first demonstration of DC DEP 
separation of polystyrene particles and algae with similar sizes illustrates the great influence of dielectric properties on particle 
separation and potentials for sample pretreatment. 
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1  Introduction 

Rapid analysis and characterization of bioparticles, such as 
cells, bacterial and microalgae become increasingly im-
portant in modern bioanalysis and also have wide applica-
tion in environmental monitoring and water quality analysis 
[1]. For example, sensitive and fast determination of the 
types, sizes and concentration evolution of microalgae is an 
effective means for water quality monitoring and assess-
ment [2]. For research in biology and bioengineering, it is 
essential to manipulate and separate randomly suspended 
microorganisms in a noninvasive manner. As regards to 
system biology, micro-separation plays the fundamental 

role in understanding the connections of total elements and 
their dynamics over time [3]. 

In practice, however, the sample might be a composite 
mixture with both the target microorganisms and the impu-
rities. Sometimes the size of the impurities is the same with 
that of the target microorganism. The traditional method, 
such as filtration, can not achieve such separation. Moreo-
ver, the concentration of bioparticles is generally very low 
and conventional methods employed for the detection of 
microorganisms usually require high cell population [4, 5]. 
Thus, in order to measure bioparticles at concentrations 
below the sensitivity of the detection system, the sample 
needs to be filtered first to remove the unwanted bioparti-
cles or impurities that can block or foul the detection system, 
then followed by a concentration process to improve the 
sensitivity. The traditional separation methods, such as cen- 
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trifugal separation and filtration, however, are generally 
time-consuming and labor-intense and can hardly perform 
rapid and sensitive analysis. There is an urgent need for the 
development of rapid bioparticle manipulation methods, 
especially to separate the wanted particles from a composite 
sample mixture. 

With the rapid development of microfluidic lab-on-chip 
technology, there is an increasing interest on the develop-
ment of separation and analytical techniques that can be 
applied on the microfluidic chip due to its attractive ad-
vantages such as small sample volumes and short analysis 
time, lower cost, greater sensitivity, improved resolution, 
and portability [6, 7]. 

Among the various methods for bioparticles manipula-
tion and separation, dielectrophoresis (DEP) is one of the 
most popular methods [8, 9]. DEP arises from the interac-
tion of a dielectric particle with a spatially non-uniform 
electric field. Besides the induced translational motion or 
reorientation of particles by DEP force, there are also sever-
al other effects such as traveling wave, quadrapole, and ro-
tational effects.  

DEP was discovered by Pohl [10], and its first applica-
tion with microbes was reported in 1966 [11]. Because 
electric fields can be scaled down easily on the microfluidic 
chip, a highly non-uniform electric field at a length scale 
comparable to particle size can be generated at relatively 
low voltages. Interesting applications of DEP on bioparticle 
manipulation on microfluidic chips, such as virus [12, 13], 
bacteria [14–17], blood cells [18], yeast cell [19, 20], and 
microalgae [21], have been reported. More details on the 
environmental application of DEP technique can be found 
in the review [1]. 

DC dielectrophoresis (DC-DEP) uses insulating objects, 
such as obstruction or hurdles made of electrically insulat-
ing materials, in a microchannel to create spatial nonuni-
form electric field required for the dielectrophoresis.  
DC-DEP system is simple for microfabrication, and has 
found many applications on bioparticles manipulation [22]. 

This paper reports a microfluidic method for continuous 
separation of marine algae and particles by the combination 
of DC dielectrophoresis and electroosmotic flow. Both the 
particles and algae are subject to a negative DEP force 
whose magnitude depends on the volume, shape and dielec-
tric properties of the particles and algae. As a result, the 
separations of algae of two different sizes, mixture of algae 
and polystyrene particles with similar volume but different 
dielectric properties are demonstrated. This is the first ap-
plication of DC DEP separation of polystyrene particles and 
algae with similar sizes and illustrates the great influence of 
dielectric properties on particle separation and potentials for 
bioanalysis. To the best knowledge of the authors, this is the 
first report on DC DEP separation of particles by different 
dielectric properties which is normally achieved by 
AC-DEP. 

2  Principle of dielectrophoresis separation     

Consider a dielectric particle in an electrically conducting 
liquid. In the presence of an externally applied electric field, 
the particles and the surrounding medium are electrically 
polarized, and the surface charge accumulates at the inter-
faces due to the difference in electrical permittivity and 
conductivity of the particle and the liquid. The polarization 
induces an effective dipole on the particle and the DEP 
force arises because of the interaction of the particle’s di-
pole and the spatial gradient of the electric field. The DEP 
force on a particle is given by the following general expres-
sion: 

 FDEP = (volume)·(polarizability)· 

 (local electric field)·(field gradient) (1) 

Specifically, for an insulating spherical particle of radius 
a, in a nonuniform AC electric field E, the net DEP force is 
given by [23, 24]: 

 
23

DEP m CM2πF a f E   (2) 

where m is the electrical permittivity of the suspending 

medium; CMf  is the Clausius-Mossotti (CM) factor, which 

describes the relaxation in the effective polarisability of the 
particle. 

When the frequency is zero (for DC DEP), the CM factor 
is reduced to [25, 26]: 
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where p and m are the electrical conductivity of the parti-
cle and suspending medium, respectively. 

The conductivity for polystyrene particles can be calcu-
lated as follows [27]: 

 p b

2ks

r
    (4) 

where b is the bulk conductivity of the particle, b = 0 for 
polystyrene, and ks is the general surface conductance, typ-
ically 1 nS for polystyrene, and r is the radius of the particle 
[28]. Therefore, for the homogeneous 5 μm polystyrene 
particle, its conductivity is on the order of 103 S/m, while 
many buffers are on the order of 102 S/m [29, 30]. The 
effective conductivity of most microorganisms is in the 
range of 103–104 S/m [31].  

Figure 1 shows the dependence of CM factor on the 
conductivity of particles. As can be seen, both polystyrene 
particles and most microalgae have negative fCM values, and 
thus negative DEP behaviors. Also, microalgae and poly-
styrene particles have different values of CM factor due to 
their conductivity differences, which means that it is possi-
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ble to separate microalgae and polystyrene particles with 
similar volume by DC DEP method. 

In this paper, electroosmotic flow (EOF) of an electrolyte 
solution is generated inside the microchannel under an ap-
plied DC electric field. The liquid properties are assumed to 
be uniform throughout the channel. Joule heating effects are 
neglected [32, 33]. The channel walls are made of electri-
cally insulating materials (PDMS). A triangular PDMS hur-
dle is fabricated in the middle section. Figure 2 illustrates 
the electric-field lines and the electric-field strength around 
the tip of the hurdle. Because the total current is conserved 
in any cross-section of the channel, the electric field is con-
stricted in the gap region between the hurdle and the chan-
nel wall. Thus a stronger and nonuniform local electric field 
is created near the tip of the hurdle. Since the negative 
DC-DEP force directs to the local field minimum, the parti-  

 

 

Figure 1  Dependence of CM factor on the conductivity of particles (m = 
0.01 S/m). 

 

Figure 2  Distribution of the electric-field lines and the electric-field 
strength E around the hurdle. Red color indicates the strongest electric field. 
VA, VB, VC and VD are the voltages at each well (VA > VB > VC > VD). 

cle experiences a repulsive force when it moves around the 
tip of the hurdle. The magnitude of the repulsive DEP force 
is proportional to the particle size and its dielectric proper-
ties. Therefore different bioparticles are subjected to differ-
ent DEP forces and tend to be deflected away to different 
stream lines. Consequently, the particles can be directed 
into different collecting wells by controlling the electroos-
motic flow streams after the hurdle. 

3  Experiment 

3.1  Chip design 

The DC-DEP separation chip and the specific dimension of 
the microstructure are shown in Figure 3. There are four 
branches connected to four different wells. Well A and B 
are for the driving buffer solution and the sample mixture, 
respectively. Well C and D are for collecting the separated 
particles. Branches A, C, and D are 300 μm in width. 
Branch B is 90 μm in width. All of the branch channels are 
25 μm in depth. The key structure is a triangular hurdle (240 
μm in base width, 130 μm in height) located between the 
inputting branches (A and B) and the separation branches 
(C and D). The PDMS (poly-dimethylsiloxane) microchan-
nel was fabricated following the common soft lithography 
protocol [34]. 

The voltage applied at electrode A is highest and deter-
mines both the overall voltage level of the chip and the 
throughput of separation. Other than the voltage level VA, 
the voltage output at electrodes B and C is also important 
for particle separation. The applied voltage at electrode C is 
for controlling the downstream flow streams and hence the 
particle motion after the hurdle. 

3.2  Sample preparation 

The two algae used in the experiment are axenic cultures of  
 

 

Figure 3  The DEP separation microfluidic chip used in this study. 
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Chlorella vulgaris, Pseudokircheriella subcapitata and 
Dunaliella salina described in the OECD guideline 201. 
The three types of algae were cultured in 250 mL erlen-
meyer flasks containing 60 mL of sterilized f/2 medium and 
OECD TG201 medium respectively, which were capped 
with loose cotton. The cultures were kept at 23±1 °C under 
illumination of approximately 73.6 μmol m2 s1 on a 16 h 
light and 8 h dark cycle. The particle used in the experiment 
is the 5 μm polystyrene particle (79633-F, RS -Fluka). Be-
fore the tests, highly concentrated particle samples were 
diluted greatly and mono-dispersed in sodium borate buffer 
solution (pH 7.5). 

3.3  The effective volume measurement of algae 

In this study, possible separation of polystyrene particles 
and algae with similar volume was studied. Because algae 
do not have a regular shape, it is difficult to determine the 
volume of algae. The effective volume measurement of al-
gae was achieved by a microfluidic differential resistive 
pulse (RPS) sensor. Figure 4 shows the working principle of 
the sensor. Basically, when a particle passes through a nar-
row gate, the electric resistance of the gate is changed. The 
measured electric signal is related to the particle’s volume. 
The details of the sensor and measurement protocols can be 
found in refs. [35, 36].  

In order to accurately measure the volume, we use the 
same microfluidic chip to measure polystyrene particles and 
the two algae at the same time. Specifically, we first add 5 
μm polystyrene particles into the inlet well of the chip and 
record the RPS signals. Then we remove the polystyrene 
particle sample from the inlet well and flush the remains in 
the well with buffer solution to the outlet well. In this way, 
the polystyrene particle sample can be totally removed from 
the inlet well. Finally, we add P. subcapitata sample and 
record the signals. For the volume measurement of D. sa-
lina, we followed the same procedure.  

3.4  Experimental protocol  

Before loading a sample, the microchannels and wells are   

 

 

Figure 4  A schematic diagram of the RPS sensor system for evaluating 
algae volume. 

primed with sodium borate buffer (pH 7.5). Then the cell 
mixture was introduced into well B with a pipette. A 
high-voltage DC power supply (Spellman High Voltage Inc., 
Hauppauge, NY) was used to drive the fluid flow through 
the microchannel network by platinum electrodes sub-
merged in each well. A custom-made voltage controller was 
used to adjust individual voltage output of the four elec-
trodes. In the experiments, electrode D was always ground-
ed. The voltage outputs to electrodes A, B, and C were 
carefully adjusted to ensure that the fluids in the inputting 
branches A and B always moved towards the hurdle and 
flowed into the separation branches C and D. 

The particle motion was monitored by an inverted optical 
microscope (Ti-E, Nikon) and recorded by a progressive 
CCD camera (DS-Qi1Mc, Nikon). The camera was operat-
ed in video mode at a frame rate of 11.4 frames per second. 
The reading error in determining the particle position is 
about ±2 pixels which corresponds to actual dimension of 
±5.4 μm. 

4  Results and discussion 

4.1  Volume measurement 

Figure 5 shows the typical RPS signals of 5 μm polystyrene 
particles (Figure 5(a)), P. subcapitata (Figure 5(b)) and D. 
salina (Figure 5(c)) measured on the same RPS microfluidic 
chip. Each peak represents one particle/alga and the magni-
tude is proportional to its volume. As can be seen from the 
figure, the signal magnitudes of 5 μm polystyrene particles 
are very uniform due to their uniform sizes. The signals of 
the two algae, however, are not uniform. To decide the 
thresholds for P. subcapitata and D. salina, the RPS signal 
amplitudes of the two algae and impurity were carefully 
measured while each was observed by an optical micro-
scope (Nikon Eclips Ti, Nikon, Japan) and the threshold for 
P. subcapitata was set to 2.0 V and 1.8 V for D. salina. 

According to the theory, the relationship of particle size 
and its RPS signal magnitude can be calculated as [37]: 

 

3

out,1 1

out,2 2

V d

V d

 
  
 

 (5) 

where Vout,1 is the RPS signal magnitude of particle 1, Vout,2 
is the RPS signal magnitude of particle 2, d1 and d2 are the 
diameters. 

Based on eq. (5) and the signals of 5 μm polystyrene par-
ticles, we can get the size distributions of P. subcapitata and 
D. salina, as shown in Figure 6. As can be seen from Figure 
6, the size distributions of the two algae are scattered heav-
ily and there are big portions of algae whose sizes are larger 
than 5 μm: about 35% for P. subcapitata and 32% for D. 
salina. 
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Figure 5  Typical RPS signals of 5 μm polystyrene particles (a), P. sub-
capitata (b) and D. salina (c). 

 
Figure 6  Size distribution of P. subcapitata (a) and D. salina (b). 

4.2  Separation of C. vulgaris and P. subcapitata by size 

A typical case of separation of C. vulgaris and P. subcapitata 
is shown in Figure 7, which is obtained by superposing a 
series of consecutive images of the moving algae. As can be 
seen from Figure 7, C. vulgaris and P. subcapitata are carried 
down to well C and D, respectively. This can be well explained 
by the DEP theory. 

According to the theory, the magnitude of the alga tra-
jectory deviation is proportional to the DEP force acting on 
it, and hence its size. Therefore the algae trajectories of dif-
ferent sizes can be repulsed into different streams after they 
pass the hurdle. Since C. vulgaris, around 2–4 μm in diam-
eter, is much smaller than P. subcapitata, P. subcapitata 
will be pushed a little far away from the hurdle. According-
ly, the trajectory deviation of C. vulgaris, which is less 
pushed by the hurdle, is smaller due to its small size. By care-
ful adjusting the voltage at electrode A, P. subcapitata and C. 
vulgaris can be carried to well D and C by the EOF flow, 
respectively. Thus the single stream of mixed cells is sepa-
rated into different streams just simply by adjusting the ap-
plied voltages. For P. subcapitata, it should be noted that 
there are more than one trajectory after the hurdle, which is 
caused by their uneven sizes.  

4.3  Separation of 5 μm polystyrene particles and algae 
by dielectric property 

Figure 8 shows the separation of 5 μm polystyrene particles 
and P. subcapitata. It’s interesting to see that the 5 μm par-
ticle, which is smaller in size than some parts of P. subcap-
itata, is directed upwards to well D. On the contrary, all of 
P. subcapitata is carried downwards to well C. As indicated 
in Figure 6, there are some P. subcapitata whose sizes are 
larger than 5 μm. However, Figure 8 indicates that the 
smaller polystyrene particle is subject to a bigger negative 
DEP force than that acting on the P. subcapitata. 

As indicated by eq. (1), the DEP force is mainly deter-  
 

 

Figure 7  DEP separation of C. vulgaris and P. subcapitata (VA = 295 V, 
VB = 117 V, VC = 17 V, VD = 0 V). 
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Figure 8  DEP separation of 5 μm polystyrene particles and P. subcapitata 
(VA = 192 V, VB = 91 V, VC = 70 V, VD = 0 V). 

mined by volume, polarizability (CM factor) and the elec-
tric field. P. subcapitata is a kind of single-cell alga. As is 
known, a cell has cytoplasm enclosed by a membrane which, 
in turn, is surrounded by a cell wall. While the cytoplasm 
contains a high concentration of ions, the resistance of 
membrane is so high that can be considered as non-   
conducting. The cell wall, however, is readily permeable to 
small molecules and ions and can be regarded as conductive 
[38]. Also, the polarizability of P. subcapitata depends on 
its composition, morphology, and phenotype [39]. The con- 
ductivity of the alga is larger than that of polystyrene parti-
cle. As a result, the particle’s absolute value of CM factor is 
larger than that of P. subcapitata, which will result in a 
larger DEP force. In addition, the soft conductive cell wall 
under the high electric field and the composite composition 
and structure of the cell might also be the possible causes. 

Since alga’s morphology will also influence the polar-
izability, to further investigate whether the irregular form of 
P. subcapitata or its conductivity that cause the decrease of 
its DEP force, separation of 5 μm polystyrene particle and D. 
salina, which is rod to ovoid shaped (10–12 µm long) with a 
volume of 50–100 µm3 [40], was performed. Figure 9 shows 
such a separation. 

From Figure 9, it can be seen that the 5 μm polystyrene 
particle still goes upwards while all of D. salina, whose 
sizes range from 3.8 to 6.0 μm, are directed downward to 
well C. The repeated separation results also imply that the 
dielectric difference, not the size difference, between poly-
styrene particle and alga plays a more importance role in 
DC-DEP separation. This conclusion is also strongly sup-
ported by the fact that we failed to separate P. subcapitata 
and D. salina by means of DC-DEP which have similar 
sizes and dielectric properties but different shapes. 

However, it should be noted that some limitations still 
exist for DC-DEP separation of biparticles. One important 
limitation is the negative effects caused to live cells by the 
high electric field and the increased temperatures. While 

 

Figure 9  DEP separation of 5 μm polystyrene particle and D. salina (VA = 
358 V, VB = 188 V, VC = 153 V, VD = 0 V). 

high electric field is essential for the separation, it can cause 
stress to cell membrane and temperature increase which 
might kill the cell. Thus, the chip design parameter, such as 
the channel length and the size of hurdle, is still needed to 
minimize the negative effects. 

5  Conclusion 

In this paper, DC-dielectrophoresis separation of two kinds 
of algae by their sizes, separation of algae and 5 μm poly-
styrene particle by different dielectric properties were 
demonstrated. The continual separation was achieved by 
simultaneously employing electrokinetic transportation and 
DEP repulsion of particles and algae generated by a DC 
electric field. Both polystyrene particles and algae are sub-
ject to negative DEP forces and repulsed away from the 
hurdle where the electric field is the maximum. By carefully 
adjusting the applied voltages at the ends of different bran- 
ches, the separated particles and algae are carried to differ-
ent branches by the electroosmotic flow, thus achieving the 
separation of sample mixtures into two collecting wells. 

This separation method can separate not only algae with 
a size difference of only a few microns, but also be sensitive 
enough to separate polystyrene particles and algae with 
similar volume but different dielectric properties which are 
normally achievable by AC DEP method.  

This method is simple and efficient and thus has great 
potentials in the fields of bioanalysis and sample pretreat-
ment.  
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