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Abstract 

Cyanobacteria have a wide range of impact on natural ecosystems, and have been 

recognized as potentially rich sources of pharmacological and structurally interesting 

secondary metabolites. To better understand the basic molecular processes and mechanisms 

that influence and regulate the growth (like length) of cyanobacteria, or connections between 

environment, genotype and phenotype, it would be essential to separate shape-synchronized 

cyanobacterial cell populations with relatively uniform length and size. This work proposed a 

novel and efficient method to separate cyanobacterial Anabaena by shape (rod aspect ratio) 

using viscoelastic microfluidics in a straight channel with expansion-contraction cavity arrays 

(ECCA channel). The biocompatible viscoelastic solutions with dissolved polymer would 

induce a combined effects of inertial lift force, elastic force, and secondary drag force for 

Anabaena flowing in it. Therefore, Anabaena with different lengths reach different lateral 

equilibrium positions and flow out from different outlets. Factors, including flow rate, fluid 

viscoelasticy, channel structure and length on the shape-based cell separation were studied 

systematically. This work, for the first time, demonstrated continuous and sheathless shape-

based separation of cyanobacteria using viscoelastic microfluidics. Moreover, its ability to 

manipulate objects with different morphologies and with a size of >100 µm will extend the 

capability of microfluidics to a completely new field that has never been reached, and would 

be attractive across a range of new applications. 

Keywords: Viscoelastic microfluidics, Cyanobacteria, Anabaena, Shape-based separation 
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Introduction  

Cyanobacteria, also referred to as ‘blue-green algae’, constitute one of the largest 

groups of photosynthetic prokaryotes and are distributed worldwide in diverse ecosystems1,2. 

The impact on natural ecosystems is wide ranging, and includes both beneficial and harmful 

effects on geochemical cycles and human health. Cyanobacteria also produce structurally 

interesting secondary metabolites of pharmacological potential.  

Anabaena, one of the most important cyanobacteria in terrestrial and aquatic 

environments, is known for nitrogen-fixing abilities3. It is a heterocyst-forming multicellular 

cyanobacterium that has been extensively employed to study multicellularity in prokaryotic 

cells, including cell-cell adhesion, intercellular communication and cell differentiation. Free-

living Anabaena usually grows in filaments (also known as trichomes) that can be hundreds of 

cells long. When deprived of nitrogen, the cells of this genus are characterized by specialized 

cells that have differing nutritional tasks, oxygenic photosynthesis and nitrogen fixation, which 

contribute to the growth of the filament as an organismic unit4,5. Filament length reflects the 

growth of the filament, which can be influenced by many factors, such as the specific genes 

and proteins and medium ingredients6-10. Therefore, the filament length is an important 

indicator for the cell growth conditions, cell phase, cell genome and environment. 

In order to better understand the basic molecular processes and mechanisms that 

influence and regulate the filament length, or the connections between environment, genotype 

and phenotype of the cyanobacteria, it would be essential to separate shape-synchronized 

Anabaena cell populations with relatively uniform length and size. Importantly, the shape-

based separation, and concentration of Anabaena also open avenues for a wide range of 

downstream applications, including biochemical assays, mutational analysis, and next-

generation sequencing.  

The techniques for separating cyanobacteria (including Anabaena) based on shapes 
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have been rarely investigated. Anabaena cells can have characteristic dimensions from a few 

microns to hundreds of microns, and the need to separate cells over a size range of two orders 

of magnitude challenges current separation technologies. Centrifugation can separate cells 

according to cell density. However, it does not consider cell shape. The centrifugal force may 

break the cell, clusters or interfere with the targeted cell physiology. Although light microscopy 

can be used for manually isolation of cells based on cell morphological difference, this process 

is time-consuming and requires specially trained experts. Therefore, there is urgent need for 

shape-based Anabaena separation in a simpler, non-invasive and continuous manner.  

Microfluidic techniques have the advantages of reduced sample volumes required, low 

cost, high accuracy and efficiency. Both active and passive microfluidic techniques have been 

applied for shape-based separation of both synthetic and biological particles. Active methods 

integrate microfluidic flow with externally applied fields, for example electrical 11 or magnetic 

12, and therefore require a higher demand in terms of device fabrication and external 

components. Passive methods rely on the microflow induced by specific channel design or 

complex networks of microscale structures, such as deterministic lateral displacement (DLD)13, 

hydrodynamic filtration (HDF)14, and inertial microfluidics15,16. The above mentioned particle 

manipulation methods are all performed in Newtonian fluids, while particle manipulation 

methods in viscoelastic fluids17,18 have been attracting more and more interest because of the 

advantages induced by its intrinsic fluid properties. Viscoelastic microfluidics has been 

considered as effective approaches in the aspects of realizing three-dimensional (3D) particle 

focusing in much simpler microfluidic channels without any external force fields or complex 

internal structures. Moreover, this technique is applicable for particles with relatively smaller 

sizes (i.e. even ranges from several nanometers to submicrometers) which are usually difficult 

to handle in Newtonian fluids-based approaches. 

Viscoelastic non-Newtonian microfluidics has been extensively studied to focus, order, 
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and separate spherical particles and mammalian cells with relatively constant size and spherical 

shape19-23. However, its applications to manipulation of shaped biological and synthetic 

particles have rarely been reported. Lu et al.17 characterized the separation of spherical and 

peanut-shaped particles based on the elasto-inertial effects. Multiple reports can be found on 

the use of elasto-intertial effects on eukariotes. Morphology-based separation of normal and 

multimetric drug-treated Cryptococcus neoformans (a kind of human fungal pathogen) was 

demonstrated by Li et al.24. Liu et al25 utilised a co-flow of sheath (viscoelastic) fluid and 

sample (Newtonian) fluid to separate yeast Saccharomyces cerevisiae by shape. Nam et al.26 

demonstrated shape-based viscoelastic separation of pathogenic yeast Candida albicans of 

relatively large size (i.e. up to 32 µm in length). Combining eukariotes and prokariotes, Yuan 

et al.27 demonstrated the separation of spherical microalgae and rod-shaped bacteria in 

viscoelastic fluids. However, it has not been shown whether viscoelastic microfluidics can be 

used to separate cyanobacteria, a model organism, based on shape. It is important to note that 

almost all the microfluidic research had targeted particles/cells with the size of <100 µm (such 

as cancer cells, mammalian cells and microalgal cells). There is a near to complete absence of 

microfluidic techniques in manipulation of cells with different shapes sized >100 µm, a size 

typical for most cyanobacteria. 

In this work, we use a straight channel with expansion-contraction cavity arrays (ECCA) 

channel to investigate the behaviour of Anabaena cells with different length in viscoelastic 

fluids. The biocompatible viscoelastic solutions with dissolved polymer would induce a 

combined effects of inertial lift force, elastic force, and secondary drag force for Anabaena 

flowing in it. Therefore, Anabaena with different lengths reach different lateral equilibrium 

positions and flow out from different outlets. Factors, including flow rate, fluid viscoelasticity 

and channel structure on the morphology-based cell separation were systematically studied. To 

the best of the authors’ knowledge, this is the first work that employs viscoelastic microfluidics 
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to focus and sort cyanobacteria cells based on rod shape with aspect ratios ranging from ~1-

200. Our exploration of this technique for cyanobacteria sorting will raise interest to both the 

phycological community and the microfluidics community. Sorting and measuring 

cyanobacteria is not only a relevant end application in its own right, the resulting separate 

populations of shape-synchronized cyanobacterial cells will be attractive for further 

phycological analysis. The demonstrated ability to manipulate objects with different 

morphologies of a size >100 µm will extend the microfluidics to a domain that has rarely been 

explored and where new applications will lead to fundamental discoveries.  

 

Theory 

Inertial lift force 

In Newtonian fluids, the particle migration is governed by  inertial lift force FL, which 

is the sum of shear gradient lift force (FLS) and wall-repulsion force (FLW). The inertial lift 

force can be expressed as 28,29: 
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where fρ , mU , a and fµ  defines the fluid density, mean velocity, particle spherical diameter, 

and dynamic viscosity, respectively; Q stands for the volumetric flow rate; w and h represent 

the width and height of the channel cross section. For a rectangular channel, the hydraulic 

diameter is Dh = 2wh/(w + h). ),( ccL xRf  is the lift coefficient of the net inertial lift force, which 

is a function of the position of the particles within the cross section of the channel cx  and the 

channel Reynolds number cR 29. 

Elastic force 
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In viscoelastic fluids, an additional elastic force induced by dissolved polymer is added 

on particles. The elastic effects of the viscoelastic fluids was characterized by Wi 30: 
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where λ  and ft  are the fluid relaxation time and the characteristic time of the flow; w and h are 

the width and height of a rectangular channel. The characteristic time can be represented as the 

inverse of the average (characteristic) shear rate �̇�𝛾, which equals to wVm /2  or 2/2 hwQλ . mV  

is the average velocity. In viscoelastic fluids, both the first normal stress N1 (=𝜏𝜏𝑥𝑥𝑥𝑥 − 𝜏𝜏𝑦𝑦𝑦𝑦) and 

the second normal stress N2 (=𝜏𝜏𝑦𝑦𝑦𝑦 − 𝜏𝜏𝑧𝑧𝑧𝑧) contribute to particle migration. The normal stresses 

distributed along the main flow, the velocity gradient and vorticity direction are defined by xxτ , 

yyτ , and zzτ , respectively. However, as the polyethylene oxide (PEO) solutions are quite 

diluted, N1 is much larger than N2, the effects of N2 can be neglected 31,32. The elastic force 𝐹𝐹𝐸𝐸, 

which is a result of an imbalance in the distribution of N1 over the particle, can be expressed as 

21: 

                                  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. λ  is the relaxation time of the fluid, and the 

�̇�𝛾, is the average (characteristic) shear rate. 

2.3. Drag force 

A drag force arises when an object moves through a fluid or when the fluid flows past 

an object, due to a velocity difference between particle and fluid, and it is expressed as 29,33 

                                              𝐹𝐹𝐷𝐷 = 3𝜋𝜋𝜇𝜇𝑓𝑓𝑎𝑎(𝑣𝑣𝑓𝑓 − 𝑣𝑣𝑝𝑝)                                                          (5) 

where 𝑣𝑣𝑓𝑓 and 𝑣𝑣𝑝𝑝 are the velocities of the fluid element and particles, respectively.  

Working mechanism 
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Figure 1 shows the schematic diagram of cyanobacterial cells separation in PEO 

solution in ECCA channel. The ECCA channel includes 26 consecutive expansion–contraction 

triangular cavities, one inlet and a trifurcating outlet with three branches. The inlet solution is 

PEO dissolved cyanobacterial sample with different length, which would experience different 

inertial, elastic and dean-drag forces, resulting in different lateral migration. Due to the shape-

based differential viscoelastic focusing, the cyanobacterial cells will end up with different 

equilibrium positions. As shown in Figure 1, cyanobacteria with short length would move to 

the channel wall of opposite cavity side, and flow out from outlet 1; cyanobacteria with medium 

length would be focused in the channel center and exit from outlet 2; cyanobacteria with long 

length would be focused at the cavity side and flow out from outlet 3. 

 
Figure 1 Schematic representation of the separation principle (top view of the whole channel, top view of the inlet 

section A, and top view of the outlet section B). The inlet solutions is PEO dissolved cyanobacterial sample with 

different cell length. The cyanobacterial cells with short length migrate to the channel wall of opposite cavity side, 

and flow out from outlet 1; cyanobacteria with medium length migrate to channel center and flow out from outlet 

2; cyanobacteria with long length are focused at the cavity side and flow out from outlet 3. 

 

Materials and methods 

Design and fabrication of a microfluidic device 
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The schematic geometry of the microfluidic channel has been presented in the previous 

work34. The right-angled isosceles triangular cavities are positioned on one side of a straight 

channel. The channel has a cross section of 100 μm × 40 μm (width × height). The longest edge 

of the triangle is 900 μm, and the space between two adjacent cavities is uniform at 900 μm. 

The total length of the straight channel is 48 mm, including 26 consecutive expansion-

contraction triangular cavities. 

The device was fabricated using standard photolithography and soft lithographic techniques35,36. 

This fabrication included rapid prototyping on a silicon master, and polydimethylsiloxane 

(PDMS) replica molding and sealing through plasma oxidation.  

Preparation of the PEO medium 

PEO (2,000,000 Da; Sigma-Aldrich) was dissolved in deionized (DI) water to form a 

PEO solution with concentration of 2000 parts per million (ppm). Then, to obtain a final PEO 

concentration of 1000 ppm, the 2000 ppm PEO solution were mixed with the cyanobacteria 

sample with a volume ratio of 1:1. The rheological property of 1000 ppm PEO solution is 

provided in Figure S2 in the supplementary material. 

Cell preparation 

Anabaena, a filamentous blue-green algae composed of beadlike or barrel-shaped cells, 

obtained from Southern Biological, Australia, were used. They have an average diameter of 

approximately 5 µm and a filament length from a few microns to hundreds of microns. 

Anabaena cells were cultured using CM10 Anabaena culture medium (Southern Biological). 

A fluorescent lamp was used to provide a continuous light for the culture medium, and an 

orbital shaker was used to shake the culture medium on a daily basis for ensuring the cell 

nutrients homogeneity and agglomerates. After culturing for 4 weeks at a constant temperature 

around 20°C, the cultured sample was ready to be infused into the microchannel for testing. 

Experimental setup 
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A 1-ml disposable plastic syringe was connected to a syringe pump (Legato 100, Kd 

Scientific, USA) for infusing the sample suspension into the microfluidic chip, as well as 

controlling the flow rates.  The microfluidic device was placed under an inverted microscope 

(CKX41, Olympus, Japan). A CCD camera (Optimos, Q-imaging, Australia) was mounted to 

the microscope for observing and capturing images of the cells and fluids. Q-Capture Pro 7 (Q-

imaging, Australia), ImageJ software and Excel were used to post-processe and analyze the 

images. 

 

Results and discussion 

Effect of flow rates  

The effect of flow rates on the trajectories of Anabaena was investigated in viscoelastic fluids 

in the ECCA channel. Flow rates were tested from Q = 10 (Vm = 0.04 m/s, cR = 0.48, iW = 10.3) 

to Q = 50 µL/min (Vm = 0.21 m/s, cR = 2.38, iW = 51.5) to optimize the separation conditions. 

The distribution of the Anabaena in viscoelastic fluids in the ECCA channel is shown in Figure 

2. Figure 2 (a) shows the counts of the Anabaena in each length range in outlet 1, outlet 2 and 

outlet 3 at flow rates ranging from 10 to 50 µL/min, respectively. The X axis indicates the 

length. The length range is from 0 µm to 1000 µm, increasing with the interval of 20 µm. The 

Y axis indicates the normalized counts (the counts of Anabaena within a specific length range 

in each outlet divided by the total sum of the counts in all three outlets) of the Anabaena in 

each length range. The Z axis indicates the different outlets. The inset in each subfigure shows 

the bright field image of the trajectories of the Anabaena at the outlets of the ECCA 

microchannel at each flow rate condition.  

As can be seen from Figure 2 (a), at a low flow rate (Q = 10 µL/min (Vm = 0.04 m/s, cR = 0.48, 

iW = 10.3)), Anabaena with different filament length were randomly distributed because of the 
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negligible forces. As the flow rate increased (Q = 20 µL/min (Vm = 0.08 m/s, cR = 0.95, iW = 

20.6)  and 30 µL/min (Vm = 0.13 m/s, cR = 1.43, iW = 30.9)), Anabaena with different length 

ranges started to migrate to different lateral positions of the channel because of the dean-flow 

coupled elasto-inertial effects. When the flow rate increased further (Q = 40 µL/min (Vm = 0.17 

m/s, cR = 1.9, iW = 41.3)), the shape-based position difference became more distinctively. At 

this flow condition, Anabaena with filament length ~ 5 µm - 100 µm (aspect ratio ~ 1 - 20) 

migrated to the channel wall side opposite to the cavity arrays and flowed out from outlet 1; 

Anabaena with filament length ~ 100 µm - 400 µm (aspect ratio ~ 20 - 80) migrated to the 

channel center and flowed out from the middle outlet 2; Anabaena with filament length ~ 400 

µm - 1000 µm  (aspect ratio ~ 80 - 200) migrated to the channel wall side with the cavity arrays 

and flowed out from outlet 3. Then, as the flow rate increased further, the inertial and dean 

drag force started to be dominant, leading to the unordered distribution of Anabaena (Q = 

50 µL/min (Vm = 0.21 m/s, cR = 2.38, iW = 51.5)). Figure 2 (b) shows the average length for 

the Anabaena at each outlet of the microchannel plotted as a function of different flow rate, 

which summarizes the effect of flow rate on the distribution of Anabaena. This figure further 

proves that the optimal flow rate for the fractionation of the Anabaena based on its length 

difference is Q = 40 µL/min (Vm = 0.17 m/s, cR = 1.9, iW = 41.3). Form S1 summarizes the 

calculation results of  Vm,  cR  and  iW  for 1000 ppm PEO solution from flow rate Q = 10 

µl/min to Q = 50 μl/min. To further investigate the relations between aspect ratio and the 

equilibrium position, we measured the lengths and lateral positions of Anabaena (N=100) in 

the channel under the optimal flow rate of 40 µl/min (Vm = 0.17 m/s, cR = 1.9, iW = 41.3) in 

viscoelastic fluids. Figure S1 shows the normalized lateral positions and their corresponding 

aspect ratio of Anabaena (N =100) and fitting curve equation. Seen from the figure, the position 

of Anabaena shifts to the cavity side laterally with the increasing of the Anabaena aspect ratio.  
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Figure 2 Distribution of the Anabaena in viscoelastic fluids in ECCA channel. (a) The counts of the Anabaena in 

each length range in outlet 1, outlet 2 and outlet 3 at flow rates ranging from 10 to 50 µL/min, respectively. The 

X axis indicates the length. The length range is from 0 µm to 1000 µm, increasing with the interval of 20 µm. The 

Y axis indicates the normalized counts for the Anabaena in each length range. The Z axis indicates the different 

outlet. The inset in each subfigure shows the bright field image of the trajectories of the Anabaena at the outlets 

of the ECCA microchannel at each flow rate condition. The scale = 100 µm. (b) The average length for the 

Anabaena at each microchannel outlet is plotted as a function of different flow rate. The error bars indicate the 

standard error of the length average. Note that the best flow rate for the fractionation of the Anabaena based on 

its length difference is Q=40 µL/min.  

Effect of fluid elasticity and dean drag force 

To investigate the effect of fluid elasticity on the shape-based migration of Anabaena, 

experiments were also carried out in Newtonian fluids. Figure 3 (a) and (b) show the 
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distribution of the Anabaena in Newtonian fluids in the ECCA channel at flow rates ranging 

from 10 to 50 µL/min. Figure 3 (a) shows that at the outlet, Anabaena with various filament 

lengths remains randomly distributed under all flow conditions without the elastic effect. The 

inset in each subfigure shows the bright field image of the trajectories of the Anabaena in 

Newtonian fluids at the outlets of the ECCA microchannel at each flow rate condition. Figure 

3 (b) shows the average length for the Anabaena at each outlet of the microchannel plotted as 

a function of different flow rate, which further indicates the Anabaena with different lengths 

cannot be separated without the elastic effect. This verifies that the elastic effect plays an 

important role in an efficient shape-based Anabaena separation. To investigate the effect of 

dean drag force on shape-based migration of Anabaena, experiments were carried out in 

viscoelastic fluids in a straight channel which cannot induce any dean drag forces (Figure 3 

(c)). The tested flow rate range was also from 10 to 50 µL/min. From the figure, it can be seen 

that Anabaena were randomly distributed as well, even though they were flowing in 

viscoelastic fluids. Therefore, it is concluded that the dean drag force induced by the ECCA 

structure also plays a vital role in the shape-based separation of Anabaena.  
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Figure 3 Effect of fluid elasticity and dean drag force. (a) Distribution of the Anabaena in Newtonian fluids in 

ECCA channel. The counts of the Anabaena in each length range in outlet 1, outlet 2 and outlet 3 at flow rates 

ranging from 10 to 50 µL/min, respectively. The X axis indicates the length. The length range is from 0 µm to 

1000 µm, increasing with the interval of 20 µm. The Y axis indicates the normalized counts for the Anabaena in 

each length range. The Z axis indicates the different outlet. The inset in each subfigure shows the bright field 

image of the trajectories of the Anabaena in Newtonian fluids at the outlets of the ECCA microchannel at each 

flow rate condition. The scale = 100 µm. (b) The average length for the Anabaena at each microchannel outlet is 

plotted as a function of different flow rate. The error bars indicate the standard error of the length average. (c) 

Distribution of the Anabaena in viscoelastic fluids in straight channel. Note that Anabaena cannot be separated at 

the tested flow rate range in Newtonian fluids in ECCA channel or in viscoelastic fluids in a straight channel. 
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Effect of channel length and separation performance 

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

Anabaena at the inlet, at distances of 10 mm from inlet, 20 mm from inlet, 30 mm from inlet, 

40 mm from inlet, and at the outlet (Figure 4 (a)). The flow rate was 40 µL/min in this 

experiment. At the inlet, the Anabaena with different length were dispersed. Along the channel 

length, the Anabaena became gradually separated based on their length, with cells with 

filament length ~ 5 µm - 100 µm (indicated by red line and pointed by red arrows) migrating 

to the opposite cavity side, cells with filament length ~ 100 µm - 400 µm (indicated by green 

line and pointed by green arrows) migrating at the channel centre, while cells with filament 

length ~ 400 µm - 1000 µm (indicated by purple line and pointed by purple arrows) migrating 

to the cavity side. Besides, the lateral position gap between cells with different length increased 

along the channel length and magnified at the expansion area at the outlet, enabling complete 

shape-based separation of Anabaena. After flowing through the expansion area, cells with 

different length would enter different outlets, cells with filament length ~ 5 µm - 100 µm came 

out from outlet 1, cells with filament length ~ 100 µm - 400 µm came out from outlet 2, while 

cells with filament length ~ 400 µm - 1000 µm came out from outlet 3 (Figure 4 (b)). The cells 

from different outlets were collected to different tubes and observed on a glass slide, 

respectively. It can be seen that the sample collected from outlet 1 has the shorter lengths, the 

sample collected from outlet 2 has the medium lengths, while the solution collected from outlet 

3 has the longer cell lengths. 
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Figure 4 Effect of channel length and separation performance. (a) Trajectories of the Anabaena at the inlet, at 

distances of 10 mm from inlet, 20 mm from inlet, 30 mm from inlet, 40 mm from inlet, and at the outlet for a flow 

rate of 40 µL/min. (b) Shape-based separation performance of Anabaena. The scale = 100 µm. 

 

Concluding remarks 

This work successfully demonstrated the shape-based separation of cyanobacteria 

Anabaena using an ECCA channel based on viscoelastic microfluidics. Under the combined 

dean-flow coupled elasto-inertial effects, Anabaena with filament length ~ 5 µm - 100 µm 

migrated to the opposite cavity side, those with filament length ~ 100 µm - 400 µm migrated 

to the channel center. In contrast, those with filament length ~ 400 µm - 1000 µm filament 

migrated to the cavity side. We systematically studied the effects of flow rates, fluid 

viscoelasticity, channel structure and channel length on the separation performance of 

Anabaena. It is concluded that the optimum flow rate for separation is 40 µL/min, the fluid 

viscoelasticity and channel structure play a vital role in efficient separation, and the separation 

performance is expected to improve as the channel length increases. This is the first 

demonstration of shape-based separation of cyanobacteria using viscoelastic microfluidics, and 

the first study investigating combined dean-flow coupled elasto-inertial effects on object size 
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larger than 100 µm in the microfluidic field. This boundary breaking work has the potential to 

apply microfluidic phenomena to new fields that have yet to be explored, opening opportunities 

across a broad range of new applications in particle separation. 
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