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Abstract

To improve the accuracy and efficiency of ships’ ballast water detection, the separation
of microalgae according to size is significant. In this paper, a method to separate microalgae
based on inertia-enhanced pinched flow fractionation (iPFF) was reported. The method
utilized the inertial lift force induced by flow to separate microalgae according to size
continuously. The experimental results show that, as the Reynolds number increases, the
separation effect becomes better at first, but then stays unchanged. The best separation effect
can be obtained when the Reynolds number is 12.3. In addition, with the increase of the flow
rate ratio between sheath fluid and microalgae mixture, the separation effect becomes better
and the best separation effect can be obtained when the flow rate ratio reaches 10. In this case,
the recovery rate of Tetraselmis sp. is about 90%, and the purity is about 86%; the recovery
rate of Chlorella sp. is as high as 99%, and the purity is about 99%. After that, the separation
effect keeps getting better but very slowly. In general, this study provides a simple method
for the separation of microalgae with different size, and lays a foundation for the accurate

detection of microalgae in the ballast water.
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1 Introduction

The discharge of the microalgae in the ships’ ballast water from one port to the others
during the international trade, is one of the main causes of biological invasion [1]. It is
necessary to detect microalgae before the discharge of the ship’s ballast water into the sea [2].
However, there are many kinds of microalgae in the ballast water and they have a wide range
of sizes. So it is a great challenge to detect these microalgae directly as every detection
method has a certain size detection interval. In order to solve that, the separation of

microalgae according to size before detecting is necessary.

In the last decades, the research on the microalgae separation is popular and many
methods have been proposed and developed. Based on whether an external physical field is
needed, these methods fall into two categories: active separation and passive separation [3].
The former one often requires external physical fields, such as electric field, magnetic field,
and sound field [4-6]. The technique based on electrophoresis or dielectrophoresis can
separate microalgae cells according to their different volumes or dielectric constants.
Recently, Jiang et al. developed a recycling free-flow isoelectric focusing method based on
electrophoresis to achieve the enrichment of low-abundant bacteria [7]. This method
successfully increased the bacterial abundance by 225%. Dong et al. developed a free-flow
electrophoresis (FFE) technique and separated Escherichia coli and Staphylococcus aureus
effectively. This work provided a new idea for cell separation [8]. Similarly, He et al.
separated complete mitochondria from mitochondria resuspension buffer using the method of
free-flow isoelectric focusing. This method has advantages in measuring the isoelectric point
of substances such as proteins [9]. Xuan et al. have used the technique based on magnetic
field to successfully separate polystyrene particles of 3 and 10 um [10]. In addition, immuno-
magnetic beads are usually used for the separation of tumor cells or exosomes [11]. It can

separate high purity target cells and other substances from complex mixtures. The sound field
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separation method is mainly based on high frequency sound waves. Dow et al. isolated and
purified bacteria from the blood using acoustic method, which greatly increased the detection
limit of Escherichia coli [12]. However, the external force fields required in the active
separation may bring harm to the activity of bio-particles, which limits the development of
this method in the field of microalgae separation [4]. So the researchers turn to the passive
separation which does not require an external physical field. Centrifugation is the most
common separation method. However, it is difficult to be integrated with microfluidic chips
[13]. There are also some methods typically exploit special flow channel structures to
separate microalgae based on their size. The separation technologies of inertial microfluidics
based on channel innovations have been recognized as a powerful tool for high throughout
microalgae separation. The separation of Chlorella sp. and Cosmarium sp. using dean flow in
a spiral microfluidic device was reported by Lee et al. [14]. This technique has a high flux
and simple structure because it only needs pressure-driven. Nevertheless, the technique can
only separate the diluted sample due to the interaction between among cells. Recently, Li et
al. reported a sinusoidal-shaped inertial microfluidic device to purify cancer cells [15].
Warkiani ME et al. proposed a spiral-shaped inertial microfluidic channel to separate tumor

cells from urine [16].

Specially, a method named pinched flow fractionation (PFF) utilizing the laminar flow
profile in microchannel to separate particles by size continuously was proposed by Yamada et
al. [17]. On a PFF microfluidics, particles with different size must be focused to one sidewall
of channel by using a pressure-driven sheath flow. The particles, as a result, locate at the
different streamlines that are dominated by the size. Further, the distance between particles
with different size is enlarged at the downstream abruptly broadened part. However, PFF can
only work normally at a larger flow rate ratio, and the separation distance in the abruptly

broadened part is very limited [18]. Recently, Inertia-Enhanced Pinched Flow Fractionation
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technique (iPFF) based on PFF was firstly proposed by Xuan et al. to improve the separation
effect of PFF [18, 19]. The method exploits the inertial lift force, an additional force induced
by flow, to enhance the polystyrene particles offset in PFF and consequently increases the
separation effect. Compared with PFF, iPFF can work normally at a lower flow rate ratio, so
a higher particle flux can be obtained, which can be increased by at least 10 times. Besides,
the separation distance in the abruptly broadened part is also significantly improved [18].
Compared with the existing inertial microfluidics technology, iIPFF has the advantages of
high separation efficiency and high operational throughput. What is more valuable is that this
method hardly causes any damage to the cells. However, the application of iPFF in
microalgae cells separation has not been studied systematically.

The purpose of this paper is to demonstrate the potential application of iPFF technique
for microalgae separation in ballast water. In addition, the effects of fluid inertia (Re) and
flow rate ratio (o) on the separation effect are explored systematically, and the optimal

separation parameters are obtained for the separation of Chlorella sp. and Tetraselmis sp.

2 Materials and Methods

2.1 Separation system

The microalgae separation system, shown in Figure 1A, consists of a microfluidic chip,
a microscopy (not drawn in the figure 1A), two micro-injection pumps, two syringes, and

some rigid Teflon capillaries for connecting the syringes and microfluidic chip.


http://www.electrophoresis-journal.com/

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

www.electrophoresis-journal.com Page6 Electrophoresis

4 mm long, 50 um -
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Figure 1. The diagram of the microalgae separation system (A)and the microfluidic chip (B)
designed for the experiment. The chip is filled with black ink for clarity. The schematic diagram
of the microalgae separation via iPFF is drawn not scale (C). The inertial lift forces are indicated
by Fi. The solid arrows indicate the flow direction in the sheath flow (blue), microalgae mixture

(green) and main channel (red).

As shown in Figure 1B, the microfluidic chip was designed with two inlet wells, one
outlet well, two side branch channels and one main channel. The length and width of the side
branch channels are 4 mm and 50 um, respectively, and that of the main channel are 20 mm
and 50 pm, respectively. At the end of the main channel, there is an abruptly broadened
segment with 2 mm in length and 900 um in width. The overall height of the microchannel is
20 pum. It should be noted that the abruptly broadened segment is designed for further
separating cells and it also serves as the observing window. A microscopy (Nikon Eclipse
TE2000U, Nikon Instruments) is located just above the observing window monitoring the

separation effect. Driven by the pumps (Harvard Apparatus, Pump 11 Pico Plus), the syringes
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(Ordinary medical syringe with a specification of 1 mL) deliver the sample to the

microfluidic chip.

2.2 Chip fabrication and sample preparation

The mold for microchannel was fabricated on a silicon substrate (4"N/PHOS, Montco
Silicon Technology Inc., Spring City, PA, USA) using a mask-less laser writing machine
(MLA150, Heidelberg instruments, Germany) [20, 21]. Afterwards, the polydimethylsiloxane
(PDMS, Sylgard 184, Dow Corning, USA) was mixed with the curing agent in a weight ratio
of 10: 1 and degassed [21]. Then, the mixture was poured on the silicon mold and baked in an
oven (Isotemp model 280A, Fisher Scientific, Pittsburgh, PA, USA) at 70 °C for 4 hours to
keep full curing [22]. After that, the PDMS was peeled off and perforated separately in the
inlet and outlet wells with a hole punch. Finally, the PDMS together with a clean glass slide
(25.66 =< 75.47 % 1.07 mm, CITOGLAS, China) was put into a plasma cleaner (HARRICK
PLASMA, Ithaca, NY, USA) and processed for 100s. The irreversible combination of the

two would produce a microfluidic chip.

The Chlorella sp. and Tetraselmis sp. used in the experiment were bought from
Shanghai Guangyu Biological Technology Co., Ltd. The shape and size of the microalgae
were examined by an optical microscopy. As the microalgae were in different growth stages,
their sizes were distributed in a range. Specially, Chlorella sp. are spherical, whose
equivalent diameter varies from 3 um to 5 pm. Tetraselmis sp. are flat, of which, the average
length and width, are approximately 11-14 pum and 7-9 um, respectively. To remove
impurities from the microalginogen solution, the samples were washed by a centrifuge with
the speed of 5000 r/min for more than three times. After washing, mix two microalgae

solution and keep shaking for one minute to obtain a uniform mixed solution of Chlorella sp.
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and Tetraselmis sp.. The final concentration of the microalgae used in this study is about 6.0

x10% cells/mL.

2.3 Experimental method

The microalgae mixture solution and deionized water were firstly sucked into two
syringes, respectively. Then, the syringes were fixed on the micro-injection pumps and
connected to the inlet wells on the microfluidic chip by Teflon capillaries. After that, the
pumps were turned on to drive the sample (both the microalgae mixture solution and
deionized water) into the side branch channels in the microfluidic chip. To avoid the
microalgae entering the sheath fluid channel, the deionized water was driven before the
microalgae mixture. The outlet well on the chip was connected to a waste bottle by capillaries.
The separated results of Chlorella sp. and Tetraselmis sp. could be viewed at the abruptly
broadened segment using an inverted microscope (Nikon Eclipse TE2000U, Nikon
Instruments) with a CCD camera (Nikon DS-QilMc). It should be noted that the separation
effect was recorded only when the system was stable. When studying the effects of the fluid
inertia and the flow rate ratio, the pumps were adjusted directly to the desired value without
changing syringes and microfluidic chip. The streak images were obtained by superimposing
a sequence of about 4500 images with the Matlab2016a software [18]. The percentage
distribution of microalgae cells was calculated by the software ImageJ which was used to
divide the abruptly broadened segment of the series of images into 20 parts longitudinally and
count the number of cells in each part separately. The diagrams were processed by the Origin

Pro 2020.
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3 Results and Discussion

3.1 Theoretical analysis

The mechanism of iPFF is schematically shown in Figure 1C. The microalgae mixture
is firstly focused to one sidewall using a sheath fluid flow at the T-shaped channel. Then, the
inertial lift force induced by flow [23-26], Fi, pushes the microalgae toward the center of the

channel. It should be noted that, Fi can be calculated as following:

F=Cory’ 1)
Where C. is a dimensionless lift coefficient which is a dominated by the Re and the position
of the microalgae, p is the density of the sample fluid, r, is the equivalent radius of the

microalgae, and y is the shear rate. Obviously, Fi is a strong depend on the cell size and the

lateral offset between microalgae with different size can be increased in a larger interval. In
addition, the separation distance between microalgae was further enlarged in the abruptly

broadened segment [18].

There are two defined dimensionless numbers in this iPFF technique that can affect the
separation effect significantly [27-30]. The first one is the Reynolds number, Re, defined as
the ratio of the inertial force to the viscous force, as it dominates the inertial migration of the

cells in confined channel flows [31, 32]. The Re could be as following,

2pQ
Re = = 1
U pu(w+h) @)

Where U, is the average velocity of the fluid in the main channel, D, is the hydraulic
diameter, for the rectangular cross-section flow channel D, can be estimated as
D, = 2Wh/(w+ h) with h and w indicating the height and width of the rectangular channel,

and Q is the flow rate in volume. The second important dimensionless number is the flow
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rate ratio (a ), which characterizes the ratio of the volumetric flow of the sheath fluid,

Qqpeatn» 10 that of the microalgae mixture Q in the two side branch channels. It

microalgae *
indicates the strength of the focusing effect and affects the cell dispersion in the abruptly

broadened segment. Obviously, Q =Qgeath + Qnicroalgae -

3.2 The Effect of Fluid Inertia (Re)

As mentioned in Section 2, the Reynolds number has a large impact on the separation.
The effects of the Reynolds number were studied by changing the total flow rate in the main
channel when the flow rate ratio between the sheath fluid and the microalgae mixture was
fixed to 10 approximately. The experimental results are shown in Figure 2. The left part of
each picture is the cell streak image obtained at the abruptly broadened segment, and the light
color part is Chlorella sp., the deep color part is Tetraselmis sp. The right part of each picture
shows the percentage distribution of microalgae cells in different locations, and the blue bars
represent the percentage distribution of Chlorella sp., the red bars represent that of
Tetraselmis sp. It demonstrates that the Chlorella sp. can be separated from the Tetraselmis
sp. when the Reynolds number increase to 12.3 (Figure 2C). However, the separation effect

seems not to raise with further increasing the Reynolds number.
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Figure 2. The effects of the fluid inertia (Re) on the separation of the Chlorella sp. and the

Tetraselmis sp. via iPFF while Re increase from 1.2 (A) to 6.2 (B), 12.3 (C), 18.5 (D), and 24.7

(E). The left part of each figure is the images at the abruptly broadened segment. The light color

part is Chlorella sp., the deep color part is Tetraselmis sp. The right part of each figure is

percentage distribution of microalgae cells in different locations. The blue bars represent the

percentage distribution of Chlorella sp. and the red bars represent that of Tetraselmis sp. The

flow rate ratio between sheath fluid and microalgae mixture is maintained at 10 approximately.

Cells flow from left to right in all images. The scale bar represents 200 pm.
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To further analyze the separation effects, using the cell deflection from the bottom wall
to determine the cell stream position [31], and a quantitative analysis of the two cell streams
at the abruptly broadened segment was performed, as shown in Figure 3. The effect of the
Re on the separation could be concluded as following. When the Reynolds number is less
than 12.3 (the total flow rate is less than 1 mL/h), the widths of the cell streams decrease
regularly with the increase of the Reynolds number. When the Reynolds number increases to
12.3, which means the widths of the cell streams reach the minimum, the Chlorella sp. and
the Tetraselmis sp. can be completely separated at this condition. After that, as the Reynolds
number further increases, the width of the cell stream of Chlorella sp. begins increasing, but
that of Tetraselmis sp. continues to decrease. As a result, the separation effect basically
remains unchanged. In summary, as the Reynolds number in the microchannel increases, the

separation effect becomes better at first, and then remains largely unchanged.

When the Reynolds number increases from 1.2 to 12.3 (the total flow rate reaches 1
mL/h), the flow-induced inertial lift force is enhanced so much that it will push the
Tetraselmis sp. toward the main channel centerline. Meanwhile, the lift force acting on the
Chlorella sp. is still low due to their much smaller size and it cannot push the Chlorella sp.
toward the central flow line. Therefore, the Chlorella sp. and the Tetraselmis sp. can be
completely separated in this condition. However, when the Reynolds number further increase
over 12.3, the flow-induced inertial lift force acting on the Chlorella sp. is also enhanced and
the Chlorella sp. will toward to the central line. Hence, the separation distance between the

Chlorella sp. and the Tetraselmis sp. decreases and the separation effect is not desirable.
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Figure 3. The effects of the fluid inertia ( Re ) on the stream positions for the Chlorella sp. (blue
circle) and Tetraselmis sp. (red square). The bottom sidewall of the channel expansion was used
as the reference point (0 pm). Error bars were included for both cells in Figure 2 to cover the

span of each cell stream. Confidence interval of the graph is 95%.

3.3 The Effect of Flow Rate Ratio (Q.)

The influence of the flow rate ratio (o) on the separation effect is as important as Re .
The effects of the flow rate ratio were also studied by changing the ratio between the sheath
fluid flow and the microalgae mixture flow when the Reynolds number was fixed to 12.3
approximately. The experimental results are shown in Figure 4. Similar to Figure 2, the left
part of each picture is the cell streak image obtained at the abruptly broadened segment and
the right part shows the percentage distribution of microalgae cells in different locations. It is
obvious that Chlorella sp. can be separated from the Tetraselmis sp. when the flow rate ratio
increases to 10 (Figure 4D). In this case, the recovery rate of Tetraselmis sp. is about 90%,
and the purity is about 86%; the recovery rate of Chlorella sp. is as high as 99%, and the

purity is about 99%.
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Figure 4. The effects of the flow rate ratio (o) on the separation of Chlorella sp. and
Tetraselmis sp. via iPFF while o increase from 0.2 (A) to 1 (B), 5 (C), 10 (D), and 15 (E). The
left part of each figure is superimposed images at the abruptly broaden segment. The light color
part is Chlorella sp., the deep color part is Tetraselmis sp. The right part of each figure is
percentage distribution of microalgae cells in different locations. The blue bars represent the
percentage distribution of Chlorella sp. and the red bars represent that of Tetraselmis sp. The
Reynolds number (Re) in the main channel is maintained at 12.3 approximately. Cells flow

from left to right in all images. The scale bar represents 200 pum.
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A quantitative analysis of the exiting positions of the two cell streams at the abruptly
broaden segment is also shown in Figure 5. When the flow rate ratio (o) is below 1, the
Chlorella sp. and the Tetraselmis sp. are almost completely mixed together. When o
approaches 5, the main parts of the two cell streams can be separated, but under this condition,
as shown in Figure 4C, the cell streams still have some overlap. When a approaches 10 or
larger, the cell streams can be separated completely and the separation distance increase
slowly as o does. In addition, compared with PFF, iPFF only needs to work at a smaller flow

rate ratio ratio, which can increase cell flux significantly [31].

Theoretically, the cells (both Tetraselmis sp. and Chlorella sp.) cannot be focused to a
thin layer close to one sidewall of the T-shaped channel when the flow rate ratio is small,
such as 0.2, 1 or 5. So distribution ranges of Tetraselmis sp. and Chlorella sp. are very wide,
especially in the abruptly broadened segment. As a result, the separation effect is undesirable.
When o approaches 10 or larger, most cells are focused to the sidewall. Then the flow-
induced inertial lift force pushes the cells towards to the central of the microchannel. The
Tetraselmis sp. can be moved to the central line due to their large size while the Chlorella sp.
still flows near the sidewall. Consequently, the two cells can be completely separated at this
condition. Because of the large size deviation of the two types of cells (cells are in different

life cycle stages) used in the experiment, though complete separation can be achieved, the

cell separation does not show a most visible enhancement when the flow rate ratio is

increased from 5 to 15.
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Figure 5. The effects of the flow rate ratio (o) on the stream positions for the Chlorella sp.
(blue circle) and Tetraselmis sp. (red square). The bottom sidewall of the channel expansion was

used as the reference point (0 um).

4 Conclusions

It is a great challenge to detect the microalgae in the ballast water directly. So the
separation of the microalgae according to size is necessary before detecting. Unfortunately,
the methods for microalgae separation are not developed smoothly. In this study, a method to
separate microalgae by inertia-enhanced pinched flow fractionation (iPFF) was proposed.
Two types of microalgae, Chlorella sp. and Tetraselmis sp., were used in the experiment to
study the performance of the method. The experimental results show that the separation effect
becomes better at first but then remains unchanged when the Reynolds number in the
microchannel increases. In addition, the separation effect becomes better with increasing the
flow rate ratio between sheath fluid and microalgae mixture. In general, this study provides a
simple method to separate the microalgae with different size. Besides a simple microfluidic
chip, the method need only two syringe pumps which are easy to achieve in the laboratory or
work shop. Next, several sets of electrodes would be fabricated on the bottom of the

microfluidic channel where the microalgae are just separated by iPFF. In addition,
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viscoelastic fluids will be used in further experiments. Because cell separation via iPFF can
be enhanced if viscoelastic fluids are employed, which may resolve the issue for cells with
large size deviations [33, 34]. So the separated microalgae could be detected accurately and
continuously which is useful for the port state officers to manage the ships’ ballast water in

the future. In brief, this work lays a foundation for the management of the ballast water.
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