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Abstract 

Microalgae cells have been recognized as a promising way to meet the world's growing 

demands for renewable energy, food, livestock feed, water, cosmetics, pharmaceuticals, and 

materials. In order to ensure high efficiency and quality of the production of biomass, biofuel, 

or bio-based products, purification procedures prior to the storage and cultivation of the 

microalgae from the contaminated bacteria are of great importance. This work proposed and 

developed a simple, sheathless, and efficient method to separate microalgae Chlorella from 

bacteria Bacillus Subtilis in a straight channel based on the viscoelasticity of medium. The 

microalgae and bacteria migrate differentially to the channel centre and channel walls 

respectively. Fluorescent microparticles with 1 μm and 5 μm diameters were first used to mimic 

the behaviours of bacteria and microalgae to optimize the separating conditions. Then the 

comparison experiments in Newtonian fluid and in viscoelastic fluid in straight channel with 

different aspect ratios were demonstrated. At the optimal condition, removal ratio for 1 µm 

microparticles and separation efficiency for 5 µm particles is as high as 98.28% and 93.85% 

respectively. For bacteria and microalgae cells separation, separation efficiency is 92.69% and 

100% respectively. This work demonstrated continuous separation of microalgae from bacteria 

for the first time by viscoelastic microfluidics. This technique can also be applied as separating 

technique for cultures of mammalian cells or other kind of cells. 

Keywords: Viscoelastic microfluidics, differential viscoelastic separation, microalage, 

bacteria  
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Introduction 

Particle or cell separation in a continuous and label-free manner is essential in a wide 

range of applications such as disease diagnostics, chemical and biological analysis, microalgae 

biotechnology, and environmental assessment [1-4]. Centrifugation and filtration are two 

conventional separation methods. However, the centrifugation method is time-consuming, 

labour-intensive and may impair the analytes of interest due to the mechanical stress induced 

by high speed rotation. In addition, filter clogging is an inherent problem which is often 

difficult to avoid [5].  

Recently, microfluidic-based techniques have emerged as efficient and powerful tools 

for particle/cell manipulation due to their unique advantages of lower cost, reduced sample 

volume needed, high efficiency and accuracy [6, 7]. According to the operation principle, these 

microfluidic techniques can be classified as either active or passive methods. Active methods 

use external forces such as acoustic [8], dielectrophoretic (DEP) [9, 10], optical [11] and 

magnetic [12] forces for operation, whereas passive methods are simply based on the 

geometrical effects of microchannels and hydrodynamic forces, such as pinched flow 

fractionation [13], inertial microfluidics [14-16], deterministic lateral displacement [17], 

microfiltration [18] and hydrophoresis [9, 19]. However, most of these manipulating methods 

have been performed and studied in Newtonian fluids. The particle migration based on 

viscoelastic fluid has attracted increasing attention due to its superior focusing performance 

and simpler channel design [20-32]. Compared with particle migration in a Newtonian fluid, 

in a viscoelastic fluid, 3D particle focusing can be easily realized in simple straight channels 

without any external force fields or complex microchannel structure. Besides, this technique 

can manipulate particles with a much wider size range (from submicrometer to even 

nanometer) [33-36]. These advantages of viscoelastic fluids allow fast growth of microfluidic 

applications based on viscoelastisity-induced particle migration [37, 38].  
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Microalgae cells, which are unicellular organisms, typically found in freshwater and 

marine systems. Recently, they have raised great concern from both industry and academia. 

They contain chlorophyll and other pigments that trap light from the sun, and convert the light 

energy into some form of carbohydrate in a process called photosynthesis. Microalgae has 

many superior capabilities, such as high growth rate [39], high-efficiency biofuel production 

[40], growth on non-arable land without competing with agriculture [41], production of 

valuable co-products after oil extraction [42], treatment of wastewater [43], and bio-fixation of 

carbon dioxide (CO2) with respect to air quality improvement [44]. Therefore, microalgae has 

been recognized as a promising way to meet the world's growing demands for renewable 

energy, food, livestock feed, water, cosmetics, pharmaceuticals, and materials. Over the past 

several years, microfluidic platforms have been used for research on microalgae on a variety 

of topics [4], such as cell identification [45, 46], on-chip detection of microalgal cells [47-49], 

cell sorting [50, 51], cell culturing [52-54], cell disruption [55, 56], harvesting [57, 58] and 

microbial bioenergy applications [59, 60].  

However, one of the major issues threatening microalgae research and production is the 

potential contamination by bacteria during microalgae collection and cultivation. To ensure 

high efficiency and quality of the production of biomass, biofuel, or bio-based products, 

purification procedures prior to the storage and cultivation of the microalgae to separate them 

from the undesired bacteria are indispensable. Traditional methods to mitigate contaminations 

include centrifugation and filtration [61], flow cytometer [62], culturing on a selective medium 

in agar plates [63], micropipetting [64] or serial dilution [65]. These traditional methods face 

the limitations of laborious, high cost, or damage on cell intactness. Rare works utilizing 

microfluidic technology to tackle this challenge, only Neus et al. [66] and Maira et al. [67] have 

performed purification of microalgae from contaminates using inertial microfluidics. Neus et 

al. utilised a straight channel with the aid of sheath flow to purify green algae Coenochloris 
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signiensis from bacteria cells, while Maira et al. used a straight microchannel with a slanted 

cross-section shapes to purify Tetraselmis suecica from a common invading diatom, 

Phaeodactylum tricornutum. Both works were conducted in the Newtonian medium. 

In this work, we will employ the unique viscoelasticity of medium to separate and 

purify microalgae from bacteria using a simple straight channel without the aid of sheath flow. 

By adding a small amount of biocompatible polymers into the cell culture medium, separation 

of microalgae from bacteria with high removal ratio and high separation efficiency can be 

realized. Microalgae cells migrate towards the channel walls, while the bacteria migrate to the 

center of the channel based on the differential viscoelastic migration [25, 34]. The separating 

scheme is dependent on the different blockage ratios of microalgae cells and bacteria (blockage 

ratio β = a/Dh, where )/(2 hwwhDh +=  is the hydraulic diameter for a rectangular channel 

with w  and h  representing the width and height of the channel cross section). If the blockage 

ratio β is below 0.25, particles/cells are prone to be focused at the centerline of the channel. 

However, if the blockage ratio β is above 0.25, the particles/cells will be pushed towards the 

sidewalls, because the normal stresses is strengthened by the effect of the blockage and the 

centerline of the channel is no longer a stable equilibrium position [68, 69]. In this way, 

particles/cells with blockage ratio below β = 0.25 and above β = 0.25 will migrate differentially 

to centerline and sidewalls of the channel regardless of their initial positions. Prior to separation 

of microalgae and bacteria, fluorescent microparticles with 1 μm and 5 μm diameters were used 

to optimize the separating conditions. And the effects of fluid viscoelasticty and channel aspect 

ratio were studied experimentally. Then the microalgae Chlorella sample containing bacteria 

Bacillus Subtilis was used to test the performance of the proposed device. This work is the first 

study to utilize viscoelastic microfluidics for separation of microalgae from bacteria. We expect 

this work will be of interest to both the scientific community of microfluidics and the 

phycology.  



6 
 

Theory 

Inertial lift force 

In Newtonian fluid, the shear gradient lift force and wall lift force are the two dominant 

forces to govern the particle migration, and equilibrium positions are created by the balance of 

the two lift forces. The sum of the two inertial lift forces, which is called the net inertial lift 

force, can be expressed as [70, 71]: 
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where fρ , mU  and fµ  are the fluid density, mean velocity, and dynamic viscosity, 

respectively; a is the spherical diameter of the particles; Q is the volumetric flow rate. The lift 

coefficient of net inertial lift force ),( ccL xRf  is a function of the position of the particles within 

the cross section of channel cx  and the channel Reynolds number cR  [71]. 

Elastic force 

In viscoelastic fluid, the polymer within the medium can induce an additional elastic force on 

particles. Wi was used to characterize the elastic effects of the viscoelastic fluid, which is the 

ratio of two time constants [21]: 
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where λ  is the relaxation time of the fluid, and mV  and ft  is the average velocity and 

characteristic time of the channel flow, respectively. The characteristic time is wVm /2  or 

2/2 hwQλ  in a rectangular channel. In viscoelastic fluids, both the first normal stress N1 

(=𝜏𝜏𝑥𝑥𝑥𝑥 − 𝜏𝜏𝑦𝑦𝑦𝑦) and the second normal stress N2 (=𝜏𝜏𝑦𝑦𝑦𝑦 − 𝜏𝜏𝑧𝑧𝑧𝑧) contribute to particle migration. xxτ , 

yyτ , and zzτ  are normal stresses that are exerted along the main flow, the velocity gradient and 
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vorticity direction, respectively. However, the effects of N2 can be neglected in the diluted 

polyethylene oxide (PEO) solutions [72, 73], because N1 is much larger than N2. The elastic 

force 𝐹𝐹𝐸𝐸, which originates from an imbalance in the distribution of N1(=𝜏𝜏𝑥𝑥𝑥𝑥 − 𝜏𝜏𝑦𝑦𝑦𝑦) over the 

size of the particle, can be expressed as [74]: 

                                  233
1
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where eLC  is the non-dimensional elastic lift coefficient, a is the particle size, and pη is the 

polymeric contribution to the solution viscosity. 

Working mechanism 

The microfluidic device for separation of microalgae and bacteria is a straight channel with 

aspect ratio being 3 (w/h=3). Figure 1 shows the schematic illustration of the separation 

principle (top view). The inlet solution is the microalgae sample containing bacteria with PEO 

dissolved. The blockage ratio of the microalgae (β = 0.33) is above 2.5. When they were 

displaced from the centerline, the fluid tends to flow through the larger gap between the 

particles and the wall. Therefore, the enhanced compressive normal stress at the near center 

side will drive them towards the sidewalls [68, 69]. Whereas, for the smaller bacteria (β = 0.07), 

the effect of the blockage ratio is small, and particles will migrate to centerline of the channel 

regardless of their initial positions under the elasto-inertial effects [21]. Therefore, at the inlet 

section, the microalgae and bacteria are dispersed randomly. Based on the size-based 

differential viscoelastic focusing, after a certain length, the microalgae slowly migrate to the 

channel wall in a focused state, while the bacteria focused to the channel centreline. At the end 

of the straight channel, three bifurcating branches will collect corresponding microalgae cells 

and bacteria cells respectively. 
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Figure 1 Schematic representation of the separation principle (top view) with w being the width of the channel, h 

its height. The inlet solution is the PEO dissolved microalgae sample containing bacteria. The green particles 

represent the microalgae chlorella, while the red rod-shaped particle represents the bacteria bacillus subtilis. 

Based on the size-based differential viscoelastic focusing, the microalgae cells move to the channel wall, while 

the bacteria move to the channel centre. At the end of channel, a purified sample containing only microalgae can 

be recovered from outlet 1 and outlet 3. 

Materials and methods 

Design and fabrication of a microfluidic device 

Standard photolithography and soft lithographic techniques were used to fabricate the 

following devices [75, 76]. Straight channels with three different aspect ratios (AR=3, 5, 10) 

were fabricated. Their depth was fixed at 10 µm. The channel with aspect ratio 3 was chosen 

to separate microalgae cells and bacteria. The channel with aspect ratios of 5 and 10 were used 

for comparison experiments.  

Preparation of the PEO medium 

For microparticle separation, PEO (2,000,000 Da; Sigma-Aldrich) was dissolved in deionized 

water (DI water) with a concentration of 1000 parts per million (ppm) to form the viscoelastic 

fluid. For comparisons, DI water was used as the Newtonian fluid. Tween 20 (Sigma-Aldrich) 

was added to DI water with volume ratio of 0.01% (v/v) to prevent particle aggregation.  
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For microalgae and bacteria separation, PEO was dissolved in DI water with a 

concentration of 2000 ppm, then the cultured microalgae sample containing bacteria was mixed 

with 2000 ppm PEO solution with the volume ratio of 1:1 to obtain the 1000 ppm PEO. 

Particle and cell preparation 

For particle separating experiments, particle suspensions were prepared by diluting 1 μm 

internally red dyed fluorescent polystyrene microspheres (Thermo Fisher Scientific, CV5%) 

and 5 μm internally green dyed fluorescent polystyrene microspheres (Thermo Fisher Scientific, 

CV5%) in the 1000 ppm PEO medium.  

For cell and bacteria separation, a mixed culture of Chlorella and Bacillus Subtilis was 

used. Chlorella cells are single celled, non-motile green algae, obtained from Southern 

Biological, Australia, with average diameters of approximately 5 µm. Bacillus Subtilis are 

mobile and rod-shaped, and is a common source of environmental contamination in the 

laboratory. Chlorella cells were cultured autotrophically in 50 ml tubes with open caps using 

CM3 Chlorella Culture medium (Southern Biological). The cultures were exposed to a 

continuous light provided by a fluorescent lamp, and incubated at a constant temperature of 

30 °C. The cultures were shaken daily by an orbital shaker to ensure nutrients homogeneity 

and agglomerates dispersion. After culturing 4 weeks, the co-cultured sample was input to the 

microchannel for testing. 

Experimental setup 

The sample suspension was infused into the microfluidic device by a 1 ml syringe. The flow 

rate was controlled by a syringe pump (Legato 100, Kd Scientific, USA). An inverted 

microscope (CKX41, Olympus, Japan) mounted with a CCD camera (Optimos, Q-imaging, 

Australia) was used to observe and capture images of the fluorescent particles, cells and fluids. 

The fluorescent images were post-processed and analysed with Q-Capture Pro 7 (Q-imaging, 

Australia) software.  
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Results and discussion 

Effect of flow rates and channel length 

Fluorescent microparticles with 1 μm and 5 μm diameters were first used to mimic the 

behaviour of microalgae and bacteria to optimize the separating conditions. Flow rates were 

tested from Q = 0.01 to Q = 20 µl/min. Trajectories of 1 µm and 5 µm fluorescent 

microparticles in viscoelastic fluid in straight microchannel with AR=3 are shown in Figure 2 

(a). At a low flow rate (Q = 0.01 µl/min), the 5 µm microparticles focused well along two 

sidewalls of channel due to the larger blockage ratio, and 1 µm microparticles started to migrate 

to the centre of the channel because of elasto-inertial effect and negligible effect of blockage 

ratio. As the flow rate increases (Q = 0.1 µl/min and 1 µl/min), 1 µm microparticles are 

progressively tightly focused at the centre of the channel, and 5 µm microparticles remain 

focused status. When the flow rate increases further (Q ≥ 5 µl/min), as the inertial effect starts 

to be dominant, the 1 µm microparticles become dispersed again, and the two focusing lines of 

5 µm microparticles migrate towards the channel centre and become a single focusing line. The 

optimum flow rate for separation of 1 µm and 5 µm fluorescent microparticles is Q = 1 µl/min. 

It’s distinct that there is a maximum lateral gap between 1 µm and 5 µm microparticles at the 

flow rate of Q = 1 µl/min, indicating an optimal separation of 1 µm and 5 µm microparticles, 

Figure 2(c). 

The effect of channel length was investigated by observing the trajectories of the 1 µm 

and 5 µm fluorescent microparticles at the inlet, 1 cm from inlet, 2 cm from inlet, and outlet at 

the flow rate of 1 µl/min, Figure 2 (b). At the inlet, the particle mixture are dispersed, and along 

the channel length, the 1 µm microparticles become gradually focused at the channel centre, 

while the 5 µm microparticles migrated to the channel sidewalls, enabling complete separation 

at the outlet. Besides, the lateral position gap between 1 µm and 5 µm microparticles increases 

along the channel length, Figure 2(d). 
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Figure 2 Trajectories of the 1 and 5 µm fluorescent microparticles in viscoelastic fluid in straight microchannel 

with AR=3. (a) Trajectories of the fluorescent microparticles at the outlet of the straight microchannel at flow 

rates ranging from 0.01 to 20 µl/min. The first and second rows are the individual fluorescent trajectories of 1 µm 

and 5 µm particles. The third row is combined fluorescent trajectories of both microparticles. The fourth row is 

their normalized intensity profiles. (b) Trajectories of the fluorescent microparticles, and their normalized 

intensity profiles at the inlet, 1 cm from inlet, 2 cm from inlet, and outlet. Flow rate is 1 µl/min. (c) Equilibrium 

positions for 1 µm and 5 µm fluorescent microparticles at outlet of the microchannel are plotted as a function of 

different flow rates. (d) Equilibrium positions for 1 µm and 5 µm fluorescent microparticles are plotted as a 

function of different positions at the flow rate of 1 µl/min. The dots represent the lateral positions of peak 

fluorescence, the error bars indicate the lateral range within which the particle fluorescence drop to 70%. Note 

that the best flow rate for the fractionation of particles is Q=1 µL/min. The scale = 10 µm. 

Effect of fluid elasticity 
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To investigate the fluid elasticity on particle migration, experiments were also carried out in 

Newtonian fluid. Figure 3 shows trajectories of the 1 µm and 5 µm fluorescent microparticles 

in Newtonian fluid in straight microchannel with AR=3 at flow rates ranging from 0.01 to 20 

µl/min. The 1 µm microparticles remain dispersed under all flow conditions without the elastic 

effect. 5 µm microparticles starts to be focused weakly when flow rate reaches 20 µl/min due 

to the increasing inertial effects. In viscoelastic fluid, the particles are affected by both the 

elastic and inertial effects, and particles with different sizes can be focused and separated 

according to their blockage ratio, while in Newtonian fluid the particles cannot be separated 

decently by the pure effect of inertial forces. This indicates that the elastic effect plays an 

important role in efficient particle separation.  

 

Figure 3 Trajectories of the 1 and 5 µm fluorescent microparticles in Newtonian fluid in straight microchannel 

with AR=3. The first and second rows are the individual fluorescent trajectories of 1 µm and 5 µm particles. The 

third row is combined fluorescent trajectories of both microparticles. The fourth row is their normalized intensity 

profiles. The scale bars = 10 µm. 

Effect of aspect ratio of the microchannel  

In order to investigate the effects of aspect ratio in straight channels, the particle distribution 

in  straight rectangular channel with cross section of 50 µm × 10 µm (width × height) (Figure 

4 (a), AR=5) and 100 µm × 10 µm (width × height) (Figure 4 (b) AR=10) in the same 

viscoelastic fluid was studied. In straight channel with an aspect ratio of AR=5, the 1 µm 
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fluorescent microparticles (β = 0.06) can be focused at the center area of the channel, but with 

a much wider focusing width. Meanwhile, the 5 µm fluorescent microparticles (β = 0.3) migrate 

to both the centre and channel walls although its blockage ratio has exceed 0.25 (0.01 µl/min 

≤ Q ≤ 10 µl/min). One reason may be due to its blockage ratio does not exceed the threshold 

value much, therefore, the two sidewall migration phenomenon is not as obvious as that AR=3. 

On the other side, this may be explained by the blunted velocity profile along the channel width. 

As the width of the channel becomes wider, velocity distribution along the width becomes 

increasingly flat. The fluid shear rate is very small along a large central area. Therefore, when 

they were displaced from the centerline, the shear rate was not intensified enough to induce a 

strong normal stress difference to drive all of the particles towards the sidewalls. From this 

perspective, the particle migration in viscoelastic fluid is not only affected by blockage ratio, 

but also affected by aspect ratio of microchannel. As the flow rate increases further (Q > 10 

µl/min), the inertial effect starts to be dominant, the equilibrium positions at the two channel 

walls becomes not stable, leaving a single wide focusing band at the central area for 5 µm 

microparticles.  

Similar with particle distribution in the straight channel with aspect ratio AR = 5, in the straight 

channel with aspect ratio AR = 10, 1 µm microparticles (β = 0.05) distributed in a larger center 

area. For 5 µm microparticles (β = 0.27), a small portion of microparticles are focused on the 

two channel walls, most of them confined in the wide central band. By comparison, it indicates 

that the channel with AR=3 yields best separation performance. 
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Figure 4 Trajectories of the 1 and 5 µm fluorescent microparticles in viscoelastic fluid in straight microchannel 

with AR=5 (a) and AR=10 (b) at outlet at different flow rates, respectively. (a) The first, second, third, and fourth 

row show the trajectories of the 1 µm fluorescent microparticles, 5 µm fluorescent microparticles, combination of 

both 1 µm and 5 µm particles, normalized intensity profiles of both 1 µm and 5 µm fluorescent microparticles at 

the outlet of the straight microchannel at flow rates ranging from 0.01 to 20 µl/min. (b) Similar to (a), the first, 

second, third, and fourth row show the trajectories of the 1 µm fluorescent microparticles, 5 µm fluorescent 

microparticles, combination of both 1 µm and 5 µm particles, normalized intensity profiles of both 1 µm and 5 

µm fluorescent microparticles at the outlet of the straight microchannel at flow rates ranging from 0.01 to 20 

µl/min, respectively. The scale bars = 10 µm. 

Microparticle separation performance 

Figure 5 (a) shows the superimposed experimental image of the lateral focusing positions for 

1 µm and 5 µm fluorescent microparticles at Q = 1 µL/min in viscoelastic fluid in straight 

microchannel with AR=3. It can be seen that the 1 µm microparticles are focused in the centre 

and flow out from Outlet 2, while 5 µm microparticles are focused on two sides of the channel 
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and flow out from Outlet 1 and Outlet 3. The fluorescent images for 1 µm, 5 µm, combination 

of 1 µm and 5 µm fluorescent microparticles at inlet, outlet 1, outlet 2, and outlet 3 (Figure 

5(b)) can verify the separation performance. In the inlet, the particles are mixed; in outlet 1 and 

outlet 3, we can only see 5 µm microparticles, with almost all the 1 µm microparticles being 

eliminated; while only the 1 µm microparticles can be seen in outlet 2. The percentage was 

calculated as the number of 1 µm or 5 µm particle in each outlet with respect to its total amount 

at the three outlets, Figure 5(c). The percentage of 1 µm microparticles at the outlets 1 and 3 is 

quite low (0.57% and 1.15% respectively), which means almost all the 1 µm microparticles are 

collected by the outlet 2 (percentage 98.28% in outlet 2), corresponding to the removal ratio of 

1 µm particles in Figure 5 (d). The percentage of 5 µm microparticles in outlet 1 and 3 is 34.38% 

and 59.38% respectively, corresponding to the separation efficiency of 5µm particles (93.76%) 

in Figure 5 (d), which indicates a low loss of 5 µm microparticles. These results demonstrated 

that this device can separate particles based on their sizes with a high removal ratio of 

untargeted particles and a high separation efficiency of targeted particles. 
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Figure 5. (a) Superimposed experimental image showing the lateral focusing positions for 1 µm and 5 µm 

fluorescent microparticles at Q=1 µL/min in viscoelastic fluid in straight microchannel with AR=3. Scale bar = 

20 μm. (b) Fluorescent images for 1 µm, 5 µm, combination of 1 µm and 5 µm fluorescent microparticles at inlet, 

outlet 1, outlet 2, and outlet 3, respectively. Scale bar = 20 μm. (c) Percentage of 1 µm and 5 µm fluorescent 

microparticles at outlets 1- 3, respectively. The percentage was considered as the number of 1 µm or 5 µm particle 

in each outlet with respect to its total amount at the three outlets. (d) Removal ratio of 1 µm particle, separation 

efficiency of 5µm particles. Removal ratio of 1 µm particles, considered as the percentage of 1 µm particles in 

outlet 2 with respect to the total amount of 1 µm particles found at the three outlets. The separation efficiency was 

calculated as the percentage of 5µm particles found in outlet 1 and outlet 3 with respect to the total amount of 5 

µm particles found at the three outlets.  

Separation of microalgae and bacteria  

Based on the optimum flow rates obtained using the fluorescent microparticles, similar tests 

were conducted with microalgae cells and bacteria. The diameter of microalgae Chlorella is 

about 5 µm in diameter, and the equivalent diameter of Bacillus Subtilis is about 1 µm in 

diameter. The tested flow rates were from 0.01 to 5 µl/min. Figure 6 (a) shows the trajectories 

of microalgae cells and bacteria in viscoelastic fluid in the straight microchannel with AR=3, 
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respectively. The red circles indicate the microalgae cells, and the blue arrows indicate the 

bacteria. When the flow rate is lower than 5 µl/min, the microalgae cells are focused on two 

sides of the channel walls, while the bacteria are focused at the channel centre, which is in 

agreement with that of the mimicking fluorescent microparticles. However, unlike the focusing 

of standard spherical polystyrene microparticles, when the flow rate reaches 5 µl/min, both the 

microalgae cells and bacteria begin to disperse. It is presumed that the cell deformability, 

heterogeneity and the non- sphericity of the bacteria is the underlying cause. These results also 

indicate that Q = 1 µL/min is the optimal flow rate to maximize separation of microalgae and 

bacteria, which is in agreement with the tests using the standard microparticles.  

Figure 6b (i) shows the trajectories of microalgae cells and bacteria under the flow rate 

of 1 µl/min. Figures 6b (ii-iv) are the images of microalgae cells and bacteria at outlet 1, outlet 

2, and outlet 3, respectively. In outlet 1 and outlet 3, we can see most are microalgae cells, with 

only a few bacteria; while only the bacteria can be seen in outlet 2. The bacteria in outlet 1 and 

outlet 3 can be fully eliminated by recirculation processes under the same conditions. Besides, 

the percentage of microalgae and bacteria at the three outlets were calculated respectively 

(Figure 6 (c)). The percentage was calculated as the number of target cells (microalgae or 

bacteria) in each outlet with respect to its total amount at the three outlets. The percentage of 

bacteria in outlet 1 and outlet 3 is quite low (3.14% and 3.89% respectively), which means 

almost all of the bacteria are separated to outlet 2 (92.97% in outlet 2), corresponding to 

removal ratio of bacteria (92.97%) in Figure 6 (d). The percentage of microalgae in outlet 2 is 

0%, which means all of microalgae are recovered by outlets 1 and 3 (38.46% and 61.54% in 

outlet 1 and outlet 3 respectively), corresponding to the 100% separation efficiency in Figure 

6 (d). These results demonstrated that this device can separate microalgae and bacteria based 

on their sizes with a high removal ratio of bacteria and a high separation efficiency of 

microalgae. 
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Figure 6. Trajectories of microalgae cells and bacteria in viscoelastic fluid in straight microchannel with AR=3. 

(a) First row: Trajectories of the microalgae cells at the outlet of the straight microchannel at flow rates ranging 

from 0.01 to 5 µl/min. Second row: Trajectories of the bacteria under the same conditions. (b) The first image 

shows the combined trajectories of microalgae cells and bacteria in viscoelastic fluid in straight microchannel 

with AR=3 under the flow rate of 1 µl/min. Others are images for combination of microalgae cells and bacteria at 

outlet 1, outlet 2, and outlet 3, respectively. Scale bar = 10 μm. (c) Percentage of microalgae cells and bacteria at 

outlet 1, outlet 2, and outlet 3, respectively. The percentage was considered as the number of microalgae cells or 

bacteria in each outlet with respect to its total amount at the three outlets. (d) Removal ratio of bacteria, separation 

efficiency of microalgae cells. Removal ratio of bacteria, was considered as the percentage of bacteria in outlet 2 

with respect to the total amount of bacteria found at the three outlets. The separation efficiency was calculated as 

the percentage of microalgae cells found in outlet 1 and outlet 3 with respect to the total amount of microalgae 

found at the three outlets.  
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Concluding remarks 

In this work, we have successfully demonstrated the sheathless separation of 

microalgae from contaminating bacteria using a simple straight channel based on viscoelastic 

microfluidics. It allows for larger microalgae migrating to the channel walls, while confining 

smaller bacteria focused in the channel center. We systematically studied the effects of flow 

rates and channel length, fluid viscoelasticity, and the channel aspect ratio. At the optimum 

flow condition, up to 92.97% of the bacteria were removed from the culture, while also 100% 

microalgae cells were recovered. For further reduction of contaminating bacteria, serial 

repeating of the separation processes is an efficient strategy. Overall, this study should open up 

a new, simple method for microalgae separation from bacteria. Since the separation principle 

is based on the differential viscoelastic separation, which is related to the size of the particles, 

this method may be extended to other similar samples such as separating bacteria from other 

microalgae cells, separating microalgae with different species, or separation of mammalian 

cells as well. 
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