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Abstract 

The microfluidic passive control of microparticles largely relies on the hydrodynamic effects 

of the carrier media such as Newtonian fluids and viscoelastic fluids. Yet the 

viscoelastic/Newtonian interfacial effect has been scarcely investigated, especially for 

high-resolution particle separation. Here we report a microfluidic co-flow of Newtonian 

(water or PBS) and viscoelastic fluids (PEO) for size-dependent separation of microparticles. 

The co-flow condition generates a stable viscoelastic/Newtonian interface, giving rise to the 

wall-directed elastic lift forces that compete with the center-directed lift forces, and 

efficiently hinder the migration of microparticles from the Newtonian to viscoelastic fluids in 

a size-dependent manner. An almost complete separation of a binary mixture of 1 μm and 2 

μm polystyrene particles is achieved by the co-flow of water and a very dilute PEO solution 

(100 ppm), whereas the sole use of water or PEO could not lead to an efficient separation. 

This co-flow microfluidic system is also applied for separation of Staphylococcus aureus (1 

μm) from platelets (2-3 μm) with > 90 % efficiencies and purities. 
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Introduction 

The precise separation of cells and microparticles for both preparative and analytical 

purposes is central to numerous applications in biology, clinical diagnosis, chemistry, and 

materials.
1-3

 To date, the microfluidic passive control of microparticles largely relies on the 

hydrodynamic effects of the carrier medium, such as inertia
4
 and viscoelasticity,

5
 while 

enabling an effective particle/cell manipulation in label-free and external force field-free 

manners. The driving force for passive particle separation, such as inertial (FL) or viscoelastic 

(Fe) lift force, is strongly dependent on the particle diameter a ( 4
LF a  or 3

eF a ).
5-7

 

Modulation of FL or Fe allows for size-based separation of microparticles/cells with diameters 

from several to several tens of microns inside microchannels. 

Inertial microfluidics with relatively high flow rates has been employed to manipulate 

microparticles in circular,
8, 9

 square,
10, 11

 and rectangular
12, 13

 microchannels, in which 

sufficient inertial effects are emerged over the Reynolds numbers (Re) ranging from several 

tens to hundreds in Poiseuille flow ( maxRe U D  , where   is the fluid density, maxU  

is the maximum flow velocity, D  is the microchannel cross-section dimension, and   is 

the dynamic viscosity). Coupled with the secondary flows induced in structured
14-17

 or 

curved
18-21

 microchannels, inertial microfluidics has been intensively used for enrichment, 

separation, and stretching measurement of cells and microparticles. In comparison with 

inertial microfluidics generally using Newtonian fluids as the carrier medium, viscoelastic 

microfluidics relies on the elasticity by adding synthetic or biological polymers into the 

carrier medium. The elastic lift force assists in focusing particles along the centerline of a 

microchannel at moderate Weissenberg number (Wi  , where   is the fluid relaxation 
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time and   is the shear rate), attributed to the non-uniform normal stress differences.
5, 22

 

With the merits of wide range of working flow rates
23, 24

 and simple focusing pattern,
25, 26

 

viscoelastic microfluidics has been applied to the separation of a variety of cells, including 

circulating tumor cells (CTC),
27

 red blood cells,
25, 28-30

 bacteria,
30

 and etc. 

To improve the separation performance by inertial or viscoelastic microfluidics, 

sheath flow has been frequently implemented to pre-align the particles, before the particles 

laterally migrate in a size-dependent manner driven by inertial or elastic lift forces.
23, 25

 

Sheath flow of viscoelastic carrier medium has also been coupled with “pinched flow 

fractionation” mechanism for enhanced chromatographic particle separation.
31, 32

 Most of 

these works use sheath and sample fluids with the same rheological property, where particle 

migration is not influenced by the sheath/sample interface. Recently, the co-flow of 

Newtonian (sheath) and viscoelastic (sample) fluids is developed to effectively transfer 

particles from the viscoelastic streams into the Newtonian streams for particle/cell washing 

and separation.
33, 34

 

Despite their advantages and extensive applications, high-resolution separation of 

microparticles with relatively small and similar sizes, e.g. separation of a binary mixture of 1 

μm and 2 μm particles, is still challenging in inertial or viscoelastic microfluidics, because 

the acting lift forces and focusing positions continuously vary with particle size. Several 

strategies have been developed to improve the sensitiveness of the focusing position with 

respect to particle size. Guan et al. design a spiral microchannel with a trapezoidal 

cross-section to sophisticatedly modify spatial distribution of inertial lift forces and 

secondary flow drag forces, generating a sharp transition of particle focusing position by 
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adjusting the size-dependent critical flow rate.
35

 Our previous work demonstrates a off-center 

shifting of viscoelastic focusing position for particles with a larger than a critical value of 

0.25-0.3D by engineering the distribution of compressive normal stress over the particle 

surface.
27

 However, to apply these strategies to smaller microparticles around 1 μm in 

diameter inevitably use scaled-down microchannels, requiring more sophisticated fabrication 

and a lowered flow rate. 

Here we report a microfluidic co-flow of Newtonian and viscoelastic fluids for 

size-dependent separation of microparticles smaller than 3 μm by utilizing the interfacial 

effect between these two types of fluids (Fig. 1). The elastic lift forces acting on the particle 

dramatically alter at the interface of two fluids due to the absence of the elastic stresses at the 

Newtonian side flow. We theoretically estimate the interfacial elastic lift forces and predict a 

size-selective penetration of particles across the interface. Through manipulation of this 

size-selective interface penetration, we can completely separate the mixture of polystyrene 

(PS) particles with diameters of 1 μm and 2 μm, and isolate Staphylococcus aureus (SA) 

from platelets with high efficiencies. Both the theoretical and experimental results show a 

larger separation distance between different size particles by the present method, compared 

with the methods based on pure Newtonian or pure viscoelastic flow. Our work thus provides 

a versatile, label-free, and high-resolution approach for efficient separation of small 

microparticles. 
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Fig. 1. (a) Schematic of the microfluidic device for particle separation using the co-flow of 

viscoelastic and Newtonian media. The microchannel consists of two inlets for sample fluid 

(Newtonian fluid) and sheath fluid (viscoelastic fluid), one straight separation channel with a 

rectangular cross-section (50 μm high and 20 μm wide), and five outlets for the collection of 

large and small particles. (b) Visualization of the interface between the sample (300 μL/h) 

and sheath (2400 μL/h) flows by spiking fluorescent nanoparticles (100 nm in diameter) into 

the sheath inlet. (c) A schematic mechanism of the size-based particle separation. Particles are 

initially aligned along the sidewalls by the sheath flow at the inlet and then pushed away from 

the sidewalls by the centerline-directed inertial lift forces. Small particles cannot traverse the 

interface between Newtonian and viscoelastic media due to the dominance of wall-directed 

interfacial elastic lift forces, whereas large particles cross the interface due to the dominated 
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inertial lift forces. 

 

Materials and methods 

Device design and fabrication 

The microchannel with a uniform height (H) of 50 μm consists of two inlets for sheath and 

sample fluids, a straight separation section (width×length, W×L, 20 μm×15 mm), and five 

outlets for small particles (two side outlets) and large particles (three center outlets) (Figs. 1a 

and S1). The microchannels were fabricated using the standard soft-lithography techniques 

with SU8-2050 master mold on a silicon substrate. The degassed poly(dimethylsiloxane) 

(PDMS) was cast over the mold and then baked in an oven at 80 °C for 2 h. The molded 

PDMS slab was bonded to a glass substrate (25 mm × 75 mm) post oxygen plasma treatment, 

followed by inserting the connection tubes into the inlet/outlet ports. The assembled device 

was finally placed into an oven at 70 °C for 30 min to enhance bonding. 

Sample preparation 

For polystyrene (PS) particle experiments, viscoelastic medium as the sheath flow was 

prepared by adding PEO (Mw = 600 KDa, Sigma-Aldrich, USA) powder to deionized (DI) 

water at various concentrations of 50, 100, 300, and 1200 part per million (ppm). The 

dissolution of PEO powder was accelerated by 1 h of gentle stirring (at <30 rpm) and was 

then prepared by swinging them gently for 24 h to secure good solutions. The suspensions of 

1 μm and 2 μm PS particles (1 wt %, Thermo Fisher Scientific, USA) were diluted in the 

pre-determined solutions to 0.02 and 0.2 wt %, respectively. To prevent particle aggregation, 

surfactant Tween 20 (Sigma-Aldrich, USA) was added into the suspensions at 0.02 w/v %. 
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For cell experiments, the viscoelastic medium was prepared by adding the PEO powder to 1× 

phosphate buffered saline (PBS) to a final concentration of 100 ppm PEO. Platelets were 

obtained from the Chinese PLA General Hospital (Beijing, China) and stored by gently 

shaking at 22 °C. Before use, the platelet sample was diluted 4 times with 1× PBS. SA was 

cultured in LB Broth (Sigma-Aldrich, USA) on a shaker at 37 °C for 12 h. Experiments 

involving platelets were performed in compliance with the hospital guidelines (The Ethics 

Guidelines for Research Involving Human Subjects or Human Tissue from the Chinese PLA 

General Hospital). 

Experimental Procedures and Image Analysis 

The sheath and sample fluids were separately injected into the microchannel using two 

syringe pumps (Pump 11 Elite, Harvard Apparatus, USA). The flow rates were precisely 

adjusted to pinch the sample fluid into narrow streams along the sidewalls. We used various 

sheath flow rates ranging from 1.2 to 3.0 mL/h with a fixed sample flow rate of 0.3 mL/h, 

leading to sheath/sample flow ratios of 4 to 10. The concentration of PEO as the sheath 

medium was 100 ppm. The particle trajectories were observed using an inverted microscope 

(Eclipse Ti, Nikon, Japan) with a 20× objective. The images and movies were recorded with a 

high-speed camera (Phantom v7.3, Vision Research Inc., USA) and Phantom Camera Control 

software. The images were processed with the ImageJ software package (NIH): the 

time-series images (1000 images) were stacked using z-projection with the “standard 

deviation” option. The particle distributions were determined by conducting automatic 

particle analysis for 100 images (≥1000 particles), and the cell distributions were manually 

analyzed for 100 images (≥1000 cells). The purity is defined as the number ratio of the 
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targeted to the total microparticles. The separation efficiency is defined as the percentage of 

microparticles of a certain size at the preferred outlet. 

PEO solution properties 

The relaxation times for the PEO solutions of Mw = 600 KDa at various concentrations were 

determined by the empirical formula based on capillary breakup extension rheometry 

(CaBER) measurement:  
0.65

*18 Z c c  ,
36

 where the overlapping concentration c
*
 is 

expressed as  0.77  ,
37

 the intrinsic viscosity    is given by the Mark-Houwink relation, 

  0.650.072 wM  ,
38

 and the Zimm relaxation time Z  is determined as 

 Z w s A BF M N k T    according to Zimm theory (here the pre-factor F is 0.463 for PEO 

solutions, the solvent viscosity s  is 
31 10 Pa s  , and AN  and Bk  represent the 

Avogadro’s number and the Boltzmann’s constant, respectively). The λ is consequently 

expressed as 2.07 0.650.128 w s A BM c N k T , determining the relaxation times of 0.078, 0.123, 

0.251, and 0.619 ms for the PEO concentrations of 50, 100, 300, and 1200 ppm, respectively. 

The polymeric contribution p  to the viscosity of a diluted PEO solution can be calculated 

as   sc  , resulting in an expression of 0.650.072 s wcM  according to the above equations. 

The polymer solution viscosity   can thus be calculated as 0.650.072s s wcM  . The 

viscosities of 50, 100, 300, and 1200 ppm PEO solutions are also measured by a rheometer 

(Physica MCR302, Anton Paar GmBH, Germany) with cone-plate geometry (50 mm, 0.017 

rad) at 20 °C (Fig. 2). For 50-300 ppm PEO solutions, the values of measured shear viscosity 

are in good agreement with those from the theoretical prediction. With the increased PEO 

concentration to 1200 ppm, the measured value is ~ 10 % higher than the theoretical value. 

We should note that the theoretical predication becomes inaccurate when the PEO 
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concentration is close to the overlap concentration 
*c  that is 1877 ppm.

30, 36, 37
 Elasticity 

number (El), the ratio of Wi to Re, characterizes the relative importance of flow elasticity to 

inertia, which is defined as 22 W  . The values of El, Wi, and Re for the present study are 

listed in Table S1. 

 

 

Fig. 2. (a) Shear viscosities of 50, 100, 300, and 1200 ppm PEO solutions measured at 

10-3000 s
-1

. (b) Comparison between the measured and theoretically predicted viscosities. 

 

Results and discussion 

Working principle of separation by microfluidic co-flow 

Our separation device consists of a straight microchannel with two inlets and five outlets (Fig. 

1a). The microparticles-loaded Newtonian fluid (sample flow) and viscoelastic fluid (sheath 

flow) are introduced into the straight microchannel from the side and central parts, 

respectively. High Péclet numbers ( max 0Pe U W D , where maximum velocity

max 1.42U m s  and 12 2
0 4.45 10D m s   is the diffusion coefficient of PEO molecules in 

water calculated based on the PEO’s gyration radius 48 nm
39

) of the order of 10
6
 for the 

present study indicate the diffusion of PEO molecules is negligible. Using a large 
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sheath/sample flow rate ratio of 8, an interface between the Newtonian and viscoelastic fluids 

is formed close to the sidewall of straight microchannel (~ 2 μm), which is visualized by 

spiking fluorescent nanoparticles (100 nm in diameter) into the sheath inlet (Fig. 1b). The 

separation of microparticles relies on this interface: the penetration of microparticles across 

the interface from the Newtonian side to viscoelastic side occurs in a size-selective manner 

(Fig. 1c). Large particles traverse the interface and are collected at the three center outlets, 

whereas small particles are intercepted by the interface and are collected at the side outlets. 

 

Analytical model of elastic lift forces 

We develop an analytical model to quantify the elastic lift forces at the interface. The 

geometrical variables for the force analysis are depicted in Fig. 3a. A particle with a diameter 

of a is centered at yc and the interface is located at y0. The elastic lift forces acting on the 

particle are determined by integrating the first normal stress difference N1 ( 1 xx yyN    , 

where   is the diagonal component of the stress tensor, and x and y is the directions of the 

flow and velocity gradient, respectively
40

) over the particle surface portion that immerses in 

the viscoelastic medium. The N1 can be expressed as the 2
1 2 pN    using Oldroyd-B 

constitutive model. The low-concentration PEO solution (100 ppm) can be considered as a 

Boger fluid,
41

 where p  is the polymeric contribution of the solution viscosity,   is the 

relaxation time of the PEO solution,   is the local shear rate. 
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 
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  (1) 

where C is the elastic lift coefficient determined as 0.07 from our recently published work,
42

 

θ is the polar angle of the spherical coordinate system whose origin is located at the particle 

center, and   is the polar angle of the interface and expressed as  0arccos 2 cy y a    

for particles at the interface.   is set as 0 and π when the particle is fully immersed in the 

Newtonian and viscoelastic fluids, respectively. The solved Eqn. 1 is plotted against y 

coordinate at y0 = 2 μm for sheath and sample flow rates of 2.4 and 0.3 mL/h, indicating four 

distinguishing regimes of the distributions of the elastic lift forces (Fig. 3b dashed lines): (1) 

0 2cy y a  : the particle is fully immersed in the Newtonian fluid and thus the elastic lift 

forces are vanishing; (2) 0 02 cy a y y   : the right side of the particle is at the interface 

and the elastic lift forces direct toward the sidewalls due to the compressive elastic stresses 

acting from the center side; (3) 0 0 2cy y y a   : the near-wall side of the particle is at the 

interface and the elastic lift forces become weaker and finally get reversed in direction due to 

the offset effects of the compressive elastic stresses acting from the near-wall side; and (4) 

0 2 2cy a y W   : the particle is fully immersed in the viscoelastic fluid and the elastic lift 

forces direct toward the centerline. We note that the elastic lift forces at the interface are 

more intensive than the bulk elastic lift forces, allowing particle manipulation using less 

additive polymer than the case of sheath/sample flows of the same viscoelastic medium. 
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Force balance between elastic and inertial lift forces 

For quantitative analysis, we calculate the force balance of FL and Fe for particles with a = 1 

μm and 2 μm, respectively, at the conditions of Qv = 2.7 mL/h and c = 100 ppm (Re = 27.2, 

Wi = 17.4, and El = 0.64). The inertial lift forces are expressed as 2 4 2
maxL LF C U a W ,

6
 

where CL is the inertial lift coefficient determined from our previous direct numerical 

simulation (DNS) (Fig. 3b dashdot lines).
43

 For 1 μm particles, the elastic lift forces are 

stronger than the inertial lift forces at the interface, resulting in a net lift force directed toward 

the sidewalls. In contrast, the net lift force acting on 2 μm particles are center-directed due to 

the faster increase of FL with a than Fe. To clearly present the size-selective particle trap at 

the interface, we further calculate the potential energy of the net lift force, which is defined as 

the integration of the net lift force along the y-axis,  
2

c

W

e i

y

F F dy  (Fig. 3c). The calculated 

equilibrium positions reveal an efficient separation of 1 μm and 2 μm particles. 1 μm particles 

are trapped at the interface whereas 2 μm particles penetrate the interface and are finally 

focused at the midway of the sidewalls and the centerline, forming into two side streaks 

instead of a single central streak, which is similar to the multi-train focusing observed by 

Xiang et al..
44

 Side streaks usually appear when the fluid inertial effect is comparable with 

the elastic effect (El is of the order of 1),
44

 while our analysis also indicates that the 

magnitudes of inertial and elastic lift forces are of the same order under the El of 0.64 (Fig. 

3b). 
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Fig. 3. (a) Schematic of a spherical particle migrating across the Newtonian-viscoelastic 

interface. (b) The values of elastic lift forces (dash), inertial lift forces (dashdot), and net lift 

forces (solid) and (c) the potential of the net lift forces plotted at different lateral positions (y) 

for 1 μm (green) and 2 μm (red) particles, respectively. Positive and negative force values 

represent center-directed and wall-directed forces, respectively. The microchannel sidewall 
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and centerline are located at y = 0 μm and 10 μm, respectively. The lateral position of the 

interface y0 is 2 μm for sheath and sample flow rates of 2.4 and 0.3 mL/h. The potential is 

normalized by 2
max0.5 pm U . 

 

Microparticle separation 

The separation performance is validated using a mixture of PS particles with a of 1 μm (green) 

and 2 μm (red) for three sheath/sample flow conditions: viscoelastic/Newtonian (vis/N), 

viscoelastic/viscoelastic (vis/vis), and Newtonian/Newtonian (N/N) (Fig. 4). The particle 

concentrations are 0.02 % and 0.2 % for 1 μm and 2 μm particles, corresponding to a number 

ratio of 1 to 1.25. The sheath and sample flow rates are 2.4 and 0.3 mL/h, respectively. The 

particle distributions are shown in standard deviation plots from 1000 image stacks at the 

different downstream locations. In the vis/N condition, the initially randomly distributed 

particles are completely separated at the microchannel outlet. The 1 μm particles blocked by 

the interface remain near the sidewalls and exit through the side outlets, whereas 2 μm 

particles penetrate the interface, and are collected from the three center outlets. Without the 

block effect of the interface, 1 μm particles in the vis/vis condition migrate closer toward the 

microchannel centerline compared with the vis/N condition, while 2 μm particles reach 

similar lateral positions compared with the vis/N condition due to the same lift force 

distribution in the sheath fluid. In the N/N condition, both 1 μm and 2 μm particles have the 

similar equilibrium positions at 0.6 times of the half channel width away from the centerline 

under the pure inertial focusing effect, resulting in almost no separation between these two 

particle populations. Therefore, the vis/N condition yields a much larger separation distance 
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between 1 μm and 2 μm particles than that for the vis/vis and N/N conditions. Based on this 

large separation distance, the separation efficiency and purity for 1 μm and 2 μm particles in 

the vis/N condition both reach ~ 100 %. In contrast, the separation efficiency and purity 

suffer serious decrease under the vis/vis and N/N conditions. 
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Fig. 4. Experimental observation of separation of particles with different sizes. The 

separation of a mixture of 1 μm (green) and 2 μm (red) particles is performed under three 

sheath/sample flow conditions: (a) viscoelastic/Newtonian, (b) viscoelastic/viscoelastic, and 

(c) Newtonian/Newtonian, in terms of particle trajectories (top), fluorescent intensities 
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(middle), and efficiencies and purities (bottom). The sheath and sample flow rates 2.4 and 0.3 

mL/h, respectively. The viscoelastic medium is 100 ppm PEO solution. 

 

Effects of PEO concentration and flow rate 

The PEO concentration c of the sheath fluid has complex effects on the particle separation 

performance. As the relaxation time of the PEO solution increases with 
1.65c , increasing c 

can enhance the wall-directed interfacial elastic lift forces. Larger particle size is then 

required to penetrate the interface at higher c, resulting in a lower size resolution for particle 

separation. On the other hand, increasing c can lead to the further migration toward the 

microchannel centerline once the large particles penetrate the interface, thus enhancing the 

separation distance. To determine an optimal c for best separation performance, we should 

consider the balance between the above two factors. The separation performance of 1 μm and 

2 μm particles at various c ranging from 50 to 1200 ppm is systemically evaluated (Fig. 5). 

The particle trajectories at the outlet show that using only 50 ppm PEO sheath fluid, the 

interfacial elastic lift forces are sufficiently strong to trap 1 μm particles, whereas 2 μm 

particles penetrate the interface and reach equilibrium positions in the sheath fluid (Fig. 5a). 

Increasing c to 100 ppm, 1 μm particles are still trapped at the interface as expected, while the 

equilibrium positions of 2 μm particles shift toward the microchannel centerline due to the 

enhanced elastic lift forces, resulting in a larger separation distance. However, increasing c to 

300 ppm, a part of 2 μm particles are trapped at the interfaces, since the interfacial elastic lift 

forces begin to dominate over the wall repulsion. At c = 1200 ppm, all 2 μm particles are 

trapped at the interface, leading to no separation. The separation efficiencies (Fig. 5b) and 
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purities (Fig. 5c) suggest that the best separation performance is obtained at c = 100 ppm, 

which is consistent with the particle trajectory observations. The separation performance is 

less sensitive to the flow rate than PEO concentration probably because both elastic and 

inertial lift forces are proportional to 2
maxU . The separation efficiencies and purities of 1 μm 

and 2 μm particles are calculated at various sheath flow rates ranging from 1.2 to 3.0 mL/h 

with a fixed sample flow rate of 0.3 mL/h (Table 1). Both the separation efficiencies and 

purities maintain a consistent value > 98 % at sheath flow rates from 1.8 to 3.0 mL/h. The 

reduced performance at the sheath flow rate of 1.2 mL/h is probably due to the dispersed 

sample input at low sheath/sample ratio of 4. 
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Fig. 5. (a) Particle trajectories at the outlet and (b) separation efficiencies and purities of 1 

μm (green) and 2 μm (red) at different PEO concentrations from 50 to 1200 ppm. The sheath 

and sample flow rates are at 2.4 and 0.3 mL/h, respectively. 

 

Table 1 Separation efficiencies and purities of 1 μm and 2 μm at various sheath flow rates 

ranging from 1.2 to 3.0 mL/h with a fixed sample flow rate of 0.3 mL/h. The PEO 

concentration is 100 ppm for the sheath medium. 

Sheath flow 

rate (mL/h) 

Efficiency (%) Purity (%) 

1 μm 2 μm 1 μm 2 μm 

1.2 64.35±4.15 86.67±5.41 94.63±2.21 46.91±3.74 

1.8 96.53±0.80 96.35±1.20 97.97±0.87 93.91±0.61 

2.4 99.87±0.23 98.96±0.96 99.74±0.46 99.80±0.35 

3.0 99.78±0.15 98.89±0.83 99.69±0.57 99.78±0.39 

 

Separation of bacteria from platelets 

The separation of small-sized bio-particles, such as platelets and bacteria, is important in 

apheresis platelet safety and hematological immunity investigation.
45, 46

 Based on the 

successful separation of the binary mixture of 1 μm and 2 μm PS particles, we further apply 

the present technique to separation SA (1 μm) and platelets (2-3 μm). The samples are 

prepared by adding SA into 4× diluted platelets. The volumetric fraction of total cells is 

controlled to be 0.1 % to minimize the cell-cell interaction. The cell experiments are run 

under the same conditions as for the PS particles, except for using PBS buffer instead of DI 

water. The stacked image of the trajectories of SA and platelets at the outlets indicates a 
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complete separation of SA and platelets, while SA and platelets exhibit almost the same 

focusing equilibrium positions compared with 1 μm and 2 μm PS particles (Fig. 6). A 

bright-field movie is available in the Supplementary Information. The separation efficiencies 

of SA and platelets are determined as 97 % and 100 %, respectively. 

We note that most of previous works on viscoelastic particle separation are performed 

in elastic flows with El >> 1 (Table S2). In the present study, the separation of microparticles 

and cells smaller than 3 μm can be obtained at El less than the unity. With comparable 

channel dimensions to previous works, the low El is attributed to the short   and low   of 

dilute (50-100 ppm) PEO solutions used for the separation. The elastic lift force is more 

intensive at the interface compared with that in viscoelastic fluid body due to the absence of 

offset elastic stresses from the Newtonian side, allowing for the efficient particle separation at 

low polymer concentrations. 

 

 

Fig. 6. Complete separation of the mixture of SA and Platelet. (a) The stacked image of 
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trajectories of SA and platelet at the outlet. (b) The separation efficiencies and purities of SA 

and platelet. The sheath and sample flow rates are 2.4 and 0.3 mL/h, respectively. The 

viscoelastic medium is 100 ppm PEO solution. 

 

Conclusion 

In this work, we present a label-free, high-efficient, and high-resolution separation 

technique for processing particles, bacteria, and platelets smaller than 3 μm, based on the 

size-dependent penetration of the viscoelastic/Newtonian interface inside a co-flow 

microfluidic device. Compared with existing hydrodynamic separation techniques using 

single-phase Newtonian or viscoelastic flow conditions, the co-flow condition generates a 

stable viscoelastic/Newtonian interface, giving rise to the wall-directed interfacial elastic lift 

forces that compete with the center-directed inertial lift forces. The interaction between two 

forces results in a large separation distance between different size particles, yielding the high 

separation efficiency and purity ~ 100 %. Moreover, the polymer concentration used in the 

co-flow set-up is much lower than that in pure viscoelastic condition, attributed to the much 

intensive interfacial elastic lift forces than the bulk elastic lift forces. The low concentration 

of PEO provides a more suitable condition for manipulation of bio-samples. This separation 

technique may become a promising tool for processing small bio-particles of similar sizes. 
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