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Rapid separation of white blood cells from whole blood sample is often required

for their subsequent analyses of functions and phenotypes, and many advances

have been made in this field. However, most current microfiltration-based cell sepa-

ration microfluidic chips still suffer from low-throughput and membrane clogging.

This paper reports on a high-throughput and clogging-free microfluidic filtration

platform, which features with an integrated bidirectional micropump and commer-

cially available polycarbonate microporous membranes. The integrated bidirec-

tional micropump enables the fluid to flush micropores back and forth, effectively

avoiding membrane clogging. The microporous membrane allows red blood cells

passing through high-density pores in a cross-flow mixed with dead-end filtration

mode. All the separation processes, including blood and buffer loading, separation,

and sample collection, are automatically controlled for easy operation and high

throughput. Both microbead mixture and undiluted whole blood sample are sepa-

rated by the platform effectively. In particular, for white blood cell separation, the

chip recovered 72.1% white blood cells with an over 232-fold enrichment ratio at a

throughput as high as 37.5 ll/min. This high-throughput, clogging-free, and highly

integrated platform holds great promise for point-of-care blood pretreatment, anal-

ysis, and diagnosis applications.VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4941985]

I. INTRODUCTION

White blood cells (WBCs) contain rich information about the functionality of the human

immune system.1 Many analyses on WBCs require their prior separation from whole blood, to

remove the possible interference from the presence of red blood cells (RBCs) and platelets.2 In

human blood, RBCs outnumber WBCs approximately at a ratio of 1000:1, and the blood cell

concentration is extremely high.1 Owing to the high blood cell concentration and relatively low

abundance of WBCs in blood, efficient on-chip separation of WBCs from undiluted whole

blood is of great challenge. Many strategies have been developed for cell separation and as

described in the literature,3–5 they could be categorized into active and passive approaches. In

short, the former strategies rely on an external force field for functionality, while the latter rely

entirely on the channel geometry and/or inherent hydrodynamic forces for functionality.3,6

Active strategies include fluorescence-activated cell sorting,7 magnetic sorting,8 dielectrophore-

sis,9 and so on. Passive strategies include obstacle induced separation,10–12 hydrodynamic sepa-

ration,13–15 pinched flow fractionation,16,17 inertial microfluidic separation,18–20 and microfiltra-

tion.21–23 Microfiltration is among the few separation approaches that do not require

pretreatment steps or external force field for functionality. Furthermore, it is a label-free method

and easily integrated with downstream analysis device, so cell separation based on

a)Author to whom correspondence should be addressed. Electronic mail: xyye@mail.tsinghua.edu.cn

1932-1058/2016/10(1)/014118/11/$30.00 VC 2016 AIP Publishing LLC10, 014118-1

BIOMICROFLUIDICS 10, 014118 (2016)

http://dx.doi.org/10.1063/1.4941985
http://dx.doi.org/10.1063/1.4941985
http://dx.doi.org/10.1063/1.4941985
http://dx.doi.org/10.1063/1.4941985
mailto:xyye@mail.tsinghua.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4941985&domain=pdf&date_stamp=2016-02-12


microfiltration is adopted in this paper. The microfiltration devices for cell separation include

weir-type,24,25 pillar-type,26,27 and membrane-type,22,28–30 and they can be further classified into

dead-end filtration22 and cross-flow filtration2,21,23 based on the direction of the main flow to

the filter. Continuing efforts in microfluidic commercialization have also resulted in cost effec-

tive, commercially available microporous membranes which could readily be embedded in

microfluidic chips for easy-to-build, large filtration foot-print, and high-throughput cell separa-

tion chip.

Hosokawa et al. presented a microfluidic device equipped with a microfiltration membrane

for the separation of WBCs. The dead-end device could recover over 90% WBCs from diluted

blood sample, but with low processing capability of less than 1ll blood sample. One big problem

came from the microporous membrane clogging with blood cells.31 Wei et al. presented a micro-

fluidic particle sorting chip with an integrated PDMS membrane that is porous at defined areas.

This allows for simultaneous valving and filtering functionality. Membranes with pores as small

as 6.4lm were fabricated on a mold, and smaller pores were formed by overlapping two or more

such porous membranes with planar offset. The device separated WBCs and human leukemia

cells from whole blood at a throughput of around 3ll/min.32 Later, this sorting chip was

extended to the separation of hematopoietic stem cells from diluted bone marrow samples by the

same group. Because stem cells are so rare, the new chip has a larger parallelogram-shaped sepa-

ration area to handle relatively large amounts of fluid, and the throughput was scaled up to

17.2ll/min.33 Featuring with surface micromachined membranes, Li et al. demonstrated a micro-

fluidic device for continuous-flow isolation and sorting of WBCs from whole blood. Taking

advantage of the cross-flow filtration scheme and high porosity of the microfiltration membranes,

the device could recover 27.4% WBCs at a sample throughput of 16.7ll/min.34 The membrane-

type based devices for cell separation face the limitations of membrane clogging and relatively

low throughput. Besides, the overwhelming majority of the reported microfiltration devices

required external fluid-driving sources, such as syringe pumps,22,34,35 peristaltic pumps,30,31,36 and

vacuum pumps,10,37 and they will obstruct the entire system’s miniaturization.

To overcome the main problems of micropores clogging, relatively low throughput, and

external fluid-driving source requirement, a microfiltration chip with an integrated rotary bidir-

ectional micropump and an embedded polycarbonate (PC) microporous membrane for cell sepa-

ration is demonstrated herein. The chip works with cross-flow filtration mode combining with

dead-end filtration mode. The micropump not only serves as a fluid-driving source but also pro-

vides the ability to rapidly change the flow direction in order to flush micropores in reverse

direction and effectively avoid clogging of the membrane. Separation of two-size polystyrene

(PS) microbeads and WBCs from whole blood is demonstrated and the separation performance

is evaluated for optimization by studying key parameters of the chip. All the separation proc-

esses, including blood and buffer loading, separation, and sample output, are automatically real-

ized. This microfiltration chip with high throughput could be easily integrated with downstream

components for on-chip analysis.

II. THE MICROFILTRATION CHIP

A. Design

As shown in Fig. 1, the microfiltration chip is composed of a rotary pump, four valves, fil-

tration region, channels, an inlet, and two outlets (Fig. 1(a)). Basically, the filtration region has

two fluidic chambers separated by a microporous membrane which acts as a sieve to filter

RBCs and platelets out of the whole blood sample pumped into the bottom chamber (Fig. 1(b)).

After one run, filtered RBCs and platelets flow through the top chamber and outflow from the

waste outlet. The chip has five structured layers (Fig. 1(c)), starting from the bottom including

a bottom fluidic channel layer (BFL), an adhesive layer (AL), a PC microporous membrane

layer (ML), a top fluidic channel layer (TFL), and a top PDMS membrane layer (TL). BFL is

the base of the chip, providing channels for the blood sample to flow in a loop during filtration.

Above the snake-shaped channel area of BFL is a recess that allows ML fitting with BFL

through AL. TFL is then used to fully cover the filtration membrane and has a same-snake-
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shaped channel to form the top chamber which flows away the filtered RBCs and platelets to

the waste outlet. Note here that TFL is larger than ML especially in the snake-tail area such

that a connection is established between the top fluidic channel and channel on the BFL.

Finally, a PDMS membrane (TL) is used to fully cover TFL and BFL to form closed fluidic

channels. Ideally, liquid exchange between the bottom fluidic channel and the top fluidic chan-

nel occurs only in the filtration region. However, in practice, extra care is taken to make the

right edge of TFL tightly bonded with TL to avoid any cross-talk that would otherwise occur

between the snake-shape head and tail channels on the BFL due to poor bonding. The fluidic

channels on the BFL are designed to be 1.4mm wide and 0.12mm deep, and the filtration

region channels on the BFL are designed to be 2.6mm wide, 0.1mm deep, and 50mm long.

The �20 lm thick PC microporous membrane is sandwiched between the 50 lm thick AL and

142 lm thick TFL. With the current design, the effective filtration area reaches 200mm2, and

the channel volume capacity of the microfiltration chip is totally 130ll. Figs. 1(d)–1(f) show

scanning electron microscope (SEM) images of a polycarbonate microporous membrane with

pore sizes of 3 lm, 5lm, and 8 lm, respectively.

Inspired by the pumping method developed by Quake group,38 the micropump is another

key component and composed of an annular channel covered by a flexible PDMS membrane

which is pressed by three steel balls driven by a direct-current motor.39,40 The flexible

PDMS membrane peristaltically deforms by the circular movement of the balls, and the peri-

staltic deformation of the membrane drives the fluid flow in the channel. The flow rate of

the micropump can be adjusted by changing the rotation speed of the motor. By controlling

the motor to rotate reversely, the fluid flows backward, which flushes the cells trapped in

micropores and avoids clogging of the membrane.41 The chip works with cross-flow filtration

mode at the front filtration region combining with dead-end filtration mode at the posterior

filtration region.

FIG. 1. The microfiltration chip. (a) Schematic of the chip, (b) cross-section of the chip in the filtration region, (c) ex-

plosive view of multilayer structure of the chip, starting from the bottom: bottom fluidic channel layer (BFL), adhesive

layer (AL), PC microporous membrane layer (ML), top fluidic channel layer (TFL), and top PDMS membrane layer

(TL), (d)–(f) scanning electron microscope (SEM) images of a polycarbonate microporous membrane with pore sizes of

3 lm, 5 lm, and 8 lm, respectively, (g) photograph of the fabricated microfiltration chip. Scale bars in (d)–(f) represent

10 lm.
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B. Fabrication

The BFL made of polymethyl methacrylate (PMMA) is fabricated by a computer numeri-

cally controlled (CNC)-machine, while the AL and the TFL made of double-sided adhesive

tapes (ARclear 8932 and ARseal 90880, respectively, Adhesives Research) and the ML made

of PC microporous membrane are patterned by a laser cutting machine. The AL, ML, and TFL

are precisely assembled onto the BFL in sequence. The TL is a 120 lm thick PDMS membrane,

which is prepared by spin-coating PDMS precursor (Sylgard 184, Dow Corning, base and the

crosslink reagent at 10:1 mass ratio) on a polyimide film and then baking 3 h at 80 �C. The

PDMS membrane is bonded to the assembled PMMA layer by chemical surface modification of

the PMMA layer via 3-amino-propyltriethoxysilane (APTES), followed by plasma activation of

the PDMS membrane and the modified PMMA layer as previously described in the litera-

ture.21,42 Then, the polyimide film is peeled off. Because the layers of TFL, ML, and AL sand-

wiched by bigger TL and BFL, there exist opening gaps along the edge of TFL after initial

bonding. To prevent any liquid leakage, PDMS prepolymer is injected to seal the gaps. Finally,

2mm thick PDMS blocks are bonded on top of the TL by plasma activation, and holes through

the blocks are punched using a 1.3mm diameter punch to form the inlet and outlets. Fig. 1(g)

shows a picture of the fabricated microfiltration chip.

C. Working procedure

The cell separation starts with sample loading, in which a volume of buffer is loaded via

the inlet to rinse the chip (Fig. 2(a)), followed by a volume of whole blood sample (Fig. 2(b))

and then another volume of buffer (Fig. 2(c)). Note here the volume of whole blood sample is

controlled precisely such that the membrane pores could not be fully blocked. And the external

motor is controlled to rotate in one direction (e.g., anti-clockwise) to make fluid flow forward.

During sample loading, the whole blood is transported to the filtration region, where WBCs are

stopped by the microporous membrane and gather in the tail of snake-shaped channel, while

RBCs and platelets pass through the membrane and flow out from the waste outlet.

FIG. 2. Working procedure for cell separation. (a) Load buffer, (b) load whole blood, (c) load buffer, (d) reverse flushing,

(e) circulating filtration, (f) washing away remaining RBCs and platelets, (g) collect WBCs sample.
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After sample loading, the chip works repeatedly in a reverse flushing, filtration, and wash-

ing process (RFW process) till the filtration is satisfactory. During this process, first all the inlet

and outlet valves are closed, and the circulation control valve is opened. In the meantime, the

external motor is controlled to rotate reversely (e.g., clockwise) such that the fluid flows back-

ward. In this way, the cells trapped in micropores are flushed away and back to the bottom

chamber (Fig. 2(d)), thus avoiding blocking of the membrane. With clear micropores, the

micropump rotates forward again to resume separation by internal fluidic circulation without

extra buffer (Fig. 2(e)). After the sample goes through the filtration region, a washing step is

performed by pumping in buffer to purge the filtered RBCs and platelets via the waste outlet

(Fig. 2(f)). This RFW process is repeated several times to further improve the separation

performance.

Once the separation is satisfactory to our demand, the WBCs are collected via the WBCs

outlet (Fig. 2(g)).

III. EXPERIMENTAL METHODS

A. Materials

Isopore PC membranes with pore sizes of 8lm (TETP04700, 18lm thick, 5%–20% poros-

ity), 5lm (TMTP04700, 20lm thick, 5%–20% porosity), and 3lm (TSTP04700, 22lm thick,

11% porosity) are purchased from Millipore (Canada). APTES used for silanization is purchased

from J&K Scientific Ltd. (China). Suspensions of PS microbeads (10lm, 2� 104 beads/ll and

3lm, 7� 105 beads/ll) are purchased from Knowledge & Benefit Sphere Tech. Co., Ltd.

(China). The 10lm and 3lm microbead mixture is prepared in deionized (DI) water with a

1:185 number ratio for 10lm and 3lm microbeads at a concentration of 4� 104 beads/ll.

Collected from healthy donors and stored in a collection tube containing EDTAK2, whole blood

sample is maintained at 4 �C and is used within 8 h in separation experiments. The buffer used

for cell separation is phosphate-buffered saline (PBS) (E607008, Sangon Biotech, China), while

for microbeads separation is DI water. FITC (Fluorescein isothiocyanate)-labeled anti-CD45 anti-

body is obtained from Mindray Medical International Ltd. (China).

B. Setup

The experimental setup for separation is depicted in Fig. 3. It mainly includes the rotary

bidirectional motor for microfluidic pumping, four electromagnets for valve control, and micro-

filtration chip for fluidic sample processing. On the motor head are evenly mounted three steel

balls, which are set in contact with the PDMS membrane-covered annular channel to pump

fluid. To control the valves, four electromagnets are set above the PDMS membrane at designed

points of the channels. Working as a mechanical contact switch, the electromagnet deforms the

PDMS membrane to close the valve when power is “on.” A portable home-made control system

FIG. 3. Microfluidic cell separation platform. (a) A schematic including the micropump, electromagnets, and microfiltra-

tion chip and (b) a photograph of the setup operating with a whole blood sample.

014118-5 Cheng et al. Biomicrofluidics 10, 014118 (2016)



controls the motor and electromagnets to accomplish the separation procedure, and the motor

rotation speed and direction are accurately controlled.

A fluorescence microscope with a digital camera (Leica DM2500 M & Leica DFC450C

Digital Camera, Germany) is used for experiment observation and image recording. After whole

blood separation, the collected samples are stained with 10 ll FITC-labeled anti-CD45 antibody

at 20 �C for 15min. The numbers of cells and microbeads within the collected samples are

obtained by microscopic analysis using ImageJ software (National Institutes of Health, USA)

and manual counting, and averaged over three to five different microscopic images. A hematol-

ogy analyzer (BC-5800, Mindray Medical International Ltd., China) is used to measure the

WBCs and RBCs concentrations.

C. Performance evaluation

In line with the literature, four separation performance metrics, i.e., enrichment ratio, pu-

rity, recovery rate, and removal efficiency, are utilized to evaluate the separation performance

in this paper. Defining metrics will help us to explore the practical trade-offs, for instance,

enrichment ratio versus recovery rate. Enrichment ratio is a fairly standardized metrics to

describe the enrichment of target cells from a sample, while purity is used to describe separa-

tion result and may vary significantly based on definition. Recovery rate is often used to

describe losses of target cells either to leakage or retention within the chip, and removal effi-

ciency is reported to describe the removal of undesired cells. They are defined by4,24

Enrichment ratio ¼ ðNtar-out=Nund-outÞ=ðNtar-in=Nund-inÞ; (1)

Purity ¼ Ntar-out=ðNtar-out þ Nund-outÞ � 100%; (2)

Recovery rate ¼ Ntar-out=Ntar-in � 100%; (3)

Removal efficiency ¼ ðNund-in � Nund-outÞ=Nund-in � 100%; (4)

where Ntar-out is the number of target cells in the collection outlet, Nund-out is the number of

undesired cells in the collection outlet, Ntar-in is the number of target cells in the inlet, and

Nund-in is the number of undesired cells in the inlet.4 For these four separation performance met-

rics, the more useful metrics varies depending on the specific application.

IV. EXPERIMENTAL RESULTS

A. Characteristics of the micropump

It is vital to know the relationship between the motor rotation speed and the flow rate. To

this end, we utilize a simple but effective setup to characterize the micropump (Fig. 4(a)).

Essentially, a horizontal scaled silicone tube is connected in the fluidic circuit. A CCD camera

is mounted above the tube to measure the flow meniscus and hence calculate the flow rate. We

FIG. 4. Characteristics of the micropump. (a) Schematic of the setup for flow rate testing and (b) the relationship between

flow rate and rotation speed of the driving motor at zero back pressure. Error bars in (b) represent standard deviations of 3

separate trials.
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keep the WBCs outlet valve and the circulation control valve closed, and the water level of

the inlet container and the outlet tube is maintained in the same horizontal level to guarantee

zero back pressure. By changing the motor rotation speed from 21 rotation per minute (RPM)

to 102 RPM, the flow rate is increased from �172 ll/min to �702 ll/min at a linear relation-

ship (Fig. 4(b)).

B. Optimization of flow rate and micropore size

To demonstrate the effectiveness of the microfiltration chip, we conducted separation

experiment with both microbead mixture and blood sample as a proof-of-concept. To evaluate

the effect of flow rate on separation performance, four different flow rates of 110ll/min,

308 ll/min, 545 ll/min, and 702 ll/min are used for both microbead mixture and whole blood

sample. Microporous membranes with 8 lm pores are used as filter membranes for microbead

mixture separation, while microporous membranes with 5lm and 3lm pores are used subse-

quently for whole blood separation. After filling the chip with buffer and then loading 100 ll

microbead mixture, separation is implemented by continuously introducing 1.2ml buffer with

different flow rates. Fig. 5(a) shows the experimental results for microbeads separation, includ-

ing enrichment ratio, recovery rate, and removal efficiency with different flow rates. The

enrichment ratio increases quickly with flow rate and achieves 52-fold at 702ll/min compared

with 8-fold at 110 ll/min, while the removal efficiency increases slowly with flow rate and

achieves a rather high level even at a low flow rate, indicating that this chip can effectively

remove 3 lm beads. The recovery rate declines slightly with flow rate and remains over 96%

for all flow rates. This under-100% recovery rate is due to irregular dispersion of the nominal

8 lm micropores and some pores join together to form pores bigger than 8lm. An increasing

flow rate generates greater hydrodynamic forces that would squeeze more beads pass through

the pores. However, the high recovery rate benefits from the PS microbeads having no deform-

ability, and there are only very few 10 lm beads passing through the micropores of the micro-

porous membrane even under high flow rate and high pressure.

For whole blood separation, after filling the chip with PBS buffer and then loading 300 ll

whole blood, separation is continued through introducing 1.2ml PBS buffer. Figs. 5(b) and 5(c)

FIG. 5. Separation performance for different flow rates and pore sizes. (a) Results for microbeads separation using 8 lm

pores, (b) results for whole blood separation using 5lm pores, (c) results for whole blood separation using 3 lm pores.

Error bars represent standard deviations of 5 different trials.
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show the experimental results with different flow rates using microporous membranes

with 5 lm pores and 3 lm pores, respectively. Different from microbead mixture separation, for

cell separation, the enrichment ratio first increases with flow rate, achieves the maximum at

545 ll/min, and then turns to decrease. The recovery rate decreases with flow rate and shows a

noticeable decline after 545 ll/min, indicating that there are more WBCs passing through the

microporous membrane at higher flow rate. This is reasonable considering that a higher flow

rate results in a higher pressure drop between the two sides of the microporous membrane,

which deforms WBCs to a higher extent. Though RBCs are quickly removed at a higher

flow rate, the ratio of the WBCs leaking through the microporous membrane to the removed

RBCs increases. This ratio is inversely changed to the numerator of the enrichment ratio

(Equation (1)); thus, its increase leads to a drop of the enrichment ratio. The removal efficiency

increases continuously with flow rate as expected, and at a slower pace compared with bead

separation. In order to maximize the flow rate without sacrificing the enrichment ratio and the

recovery rate, a flow rate of 545 ll/min is selected in the subsequent experiments.

By comparing the three separation performance metrics in Figs. 5(b) and 5(c) under the

same flow condition, both the enrichment ratio and the recovery rate in Fig. 5(c) are signifi-

cantly larger than that in Fig. 5(b). Compared with microporous membrane with 5lm pores,

less WBCs leak through the membrane with 3lm pores, so the microporous membranes with

3 lm pores are more suitable to be integrated in the microfiltration chip for the separation of

WBCs from the whole blood.

C. Separation of microbeads

To optimize the separation performance, experiments with different repeating cycles of the

reverse flushing, filtration, and washing process (abbreviated to RFW process) are conducted.

After filling the chip with 130ll buffer, 100ll mixture is loaded, and initial separation is carried

out by continuously introducing 1.2ml buffer in 135 s. The RFW process, with reverse flushing

for 10 s, circulating for 30 s, and washing for 20 s, is repeated several times during the separation.

Fig. 6 shows the separation results with different repeating cycles of RFW process. With more

cycles, the microscopic images of collected bead mixture show decreasing number of 3lm

beads, suggesting increasing enrichment of 10 lm target beads (Figs. 6(a)–6(f)). Figs. 6(g)

and 6(h) show the enrichment ratio and the recovery rate of 10lm bead, respectively. Although

the recovery rate slightly decreases, the enrichment ratio increases significantly with the repeating

cycles of RFW process, indicating that the RFW process is effective to improve the separation

performance. For initial microbead mixture Ntar-in/Nund-in¼ 1/185, hence enrichment ratio¼ 185

� (Ntar-out/Nund-out), when few 3lm microbeads remain in the separated sample, the enrichment

ratio will be extremely high. After 5 cycles of RFW process, an 1858-fold enrichment ratio, a

90.7% recovery rate, and a 90.9% purity of 10lm bead are achieved with over 99.9% 3lm

microbeads removed. The enrichment ratio and purity could be further enhanced by increasing

the repeating cycles of RFW process while sacrificing the recovery rate.

FIG. 6. Microbeads separation results with different repeating cycles of the reverse flushing, filtration, and washing process

(abbreviated to RFW process). (a)–(f) Microscopic images of initial mixture and collected samples at WBCs outlet with

0–5 repeating cycles of RFW process, (g) enrichment ratio of 10lm bead versus repeating cycles of RFW process, (h) re-

covery rate of 10lm bead versus repeating cycles of RFW process. Error bars in (g) and (h) represent standard deviations

of 3 different trials, and scale bars in (a)–(f) represent 10lm.
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D. Separation of WBCs from whole blood

Following the same procedure as microbeads separation, 300 ll whole blood is separated

using microporous membranes with 3 lm pores, the RFW process being repeated 1–5 times,

and less than 3ml PBS buffer is used during the separation. Photographs of the separation

process taken at 36 s, 130 s, and 270 s show clearly the removal of the RBCs indicated by the

dimming of the sample red color (Figs. 7(a)–7(c)). The enrichment ratio of WBCs increases

(Fig. 7(d)) with the repeating cycles of RFW process and the recovery rate declines slowly

(Fig. 7(e)). An over 232-fold enrichment ratio of WBCs and a 72.1% recovery rate of WBCs

are achieved with 99.7% RBCs removed after 5 cycles of the RFW process. Fig. 7(f) shows

sample of undiluted whole blood, sample output from waste outlet, and collected WBCs

sample. Fig. 7(g) is a fluorescent image of the collected sample after separation, on which the

green spots indicate the stained WBCs, and Fig. 7(h) shows its corresponding bright-field

image. During experiments, the separation proceeds smoothly without any substantial speed

decrease, indicating that clogging is effectually prevented by reverse flushing. The purity of

WBCs is 15.1%, indicating that there are still RBCs remaining in the sample. This happens

because the channel right before the WBCs outlet valve acts as a “harbor” for all cells in the

sample to stay away from the filtration region. It could be improved by reducing the volume

of WBCs outlet channel and optimizing the separation procedure. In this experiment, separat-

ing WBCs from 300 ll undiluted whole blood only takes 8min, equivalent to a throughput of

37.5 ll/min, which is a rather high value compared with currently reported microfluidic blood

separation systems.23,32–34

FIG. 7. Separation of WBCs from undiluted whole blood. (a)–(c) Photograph of the separation process taken at 36 s, 130 s,

and 270 s, respectively, (d) and (e) enrichment ratio and recovery rate of WBCs versus repeating cycles of RFW process,

respectively, (f) undiluted whole blood and its products after separation, (g) fluorescent image of WBCs collected after sep-

aration and stained with FITC-labeled anti-CD45, (h) corresponding bright-field image. Error bars in (d) and (e) represent

standard deviations of 5 different trials.
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V. CONCLUSIONS

In this paper, a microfluidic filtration platform with an integrated rotary bidirectional

micropump was demonstrated for the separation of WBCs from undiluted whole blood with

high throughput. Enabled by the bidirectional driving capability of the micropump, the cells

trapped in micropores of the membrane can be easily retracted to prevent membrane clogging.

All the separation processes, including blood and buffer loading, separation, and sample collec-

tion, are automatically controlled. We deliberately validated the separation performance of the

chip under different flow rates, using microporous membranes with different pore size for sepa-

rating microbeads mixture and whole blood. An 1858-fold enrichment ratio and 90.9% purity

of 10 lm bead and a 99.9% removal efficiency of 3 lm bead were achieved for microbead sepa-

ration. When separating WBCs from undiluted whole blood, the microfiltration chip with an

embedded 3 lm pore size microporous membrane recovered 72.1% WBCs with an over 232-

fold enrichment ratio at a throughput as high as 37.5ll/min, meanwhile, more than 99.7%

RBCs were removed. We believe the virtues of being high-throughput, clogging-free, and

highly integratable make the filtration platform quite appealing, especially for rapid blood pre-

treatment, analysis, and diagnosis. Future work will focus on improving the enrichment ratio

and purity of WBCs through further optimizing the chip structure and separation procedure.
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