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The separation of biological cells by filtration through microstructured constrictions is limited by

unpredictable variations of the filter hydrodynamic resistance as cells accumulate in the

microstructure. Applying a reverse flow to unclog the filter will undo the separation and reduce filter

selectivity because of the reversibility of low-Reynolds number flow. We introduce a microfluidic

structural ratchet mechanism to separate cells using oscillatory flow. Using model cells and

microparticles, we confirmed the ability of this mechanism to sort and separate cells and particles

based on size and deformability. We further demonstrate that the spatial distribution of cells after

sorting is repeatable and that the separation process is irreversible. This mechanism can be applied

generally to separate cells that differ based on size and deformability.

Introduction

The separation of individual populations of cells from hetero-

geneous samples without chemical modification or labelling is

important in many areas in medicine and biology.1–4 Current

approaches can be broadly divided into hydrodynamic techni-

ques5–8 that use flow around micro-scale obstacles to selectively

direct cells into different streams, and filtration techniques that

use arrays of micro-scale constrictions or pores to selectively trap

cells.9–16 Hydrodynamic techniques primarily separate cells

based on size, whereas filtration techniques can separate cells

based on size and deformability. This capability is particularly

interesting since deformability is often more strongly correlated

with different cell phenotypes.17,18 The selectivity of filtration

separation techniques, however, is limited by clogging. As cells

become lodged in the filter microstructure, the overall hydro-

dynamic resistance (RH) of the filter changes and diminishes the

effect of the applied pressure gradient in an unpredictable

manner,19 as shown in Fig. 1. The selectivity of traditional

filtration is further limited by cytoskeleton remodelling, whereby

a persistent force wedging cells into the filter induces changes in

the internal structure of the cell,20 enabling some trapped cells to

gain passage over time. Furthermore, prolonged contact between

the cells and the filter surface increases the potential for non-

specific adsorption, which exacerbates clogging and prevents the

recovery of the cells after separation.19

The lack of selectivity caused by clogging may be addressed by

periodically removing cells that accumulate in the filter micro-

structure to reset the hydrodynamic resistance of the filter to its

initial value. Crossflow filters attempt to do so by adding a

perpendicular component to the filtration. However, current

devices show limited selectivity because the presence of the

perpendicular flow disrupts the ability to produce consistent

deformation forces across the filtration microstructures.21,22

Another approach to remove clogged cells is to periodically

introduce a reverse-flow through the filter.23 The effectiveness of

this remedy is also limited because the reversibility of inertia-less,

low-Reynolds number flow will undo the initial separation.

Furthermore, the cleared cells will re-accumulate in the filter

microstructure immediately following the flow reversal step in

the next filtration cycle. Flow reversibility in low-Reynolds

number systems can be countered using a ratchet mechanism,

such as those that have been developed using thermal
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Fig. 1 Cell clogging in a traditional filtration mechanism. As cells block

the pores of the microstructure, the hydrodynamic resistance of the filter

changes unpredictably.
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gradients,24 electromagnetic fields,25 physical geometry,26–28 and

various combinations thereof.29,30 However, these mechanisms

have only presented the possibility of separating particles based

on size, but not deformability.

Previously, we proved the existence of a structural micro-

fluidic ratchet created using funnel-shaped micrometre-scale

constrictions and demonstrated unidirectional transport of

single cells when the carrier fluid is subjected to an unbiased

oscillatory flow.31 The funnel microstructures are sized such

that the entrance side of the funnel is larger than the diameter of

the cells, while the exit side is smaller than the diameter of the

cells. The pressure required to deform single cells through such

a constriction along the direction of the taper is less than the

pressure required against the direction of the taper. When a cell

is deformed into a constriction, the pressure required to

advance the position of the cell increases until a point of

instability, known as Haines’ jump, where the cell is rapidly

pulled through the constriction.32 The threshold pressure for

Haines’ jump depends on the radius of the leading cell surface

and the radius of the following cell surface, which are in turn

determined by the geometrical constraint provided by the funnel

taper.

In this paper, we leverage this ratchet effect to create a

physical cell separation device where cell samples are transported

through a matrix of funnel constrictions using an oscillatory

flow. The small and deformable cells transit through the

constrictions in forward flow, while the large and rigid cells are

blocked (Fig. 2A). When the flow direction is reversed to unclog

the constrictions, small and deformable cells are unable to pass

back through (Fig. 2B). Using multiple linear arrays of these

constrictions enables cell sorting based on size and deform-

ability. We describe the design of this mechanism along with

supporting microfluidic circuitry to generate the flow conditions

necessary for reliable cell sorting and separation. We further

characterize the selectivity of the device using model cells, study

the relative contributions of cell deformability versus cell size,

determine the effect of various device parameters, and confirm

the irreversibility of the sorted cell population.

Design

Funnel shape design

Key design parameters of the funnel microstructures include

pore size, channel depth, and shape of the funnel taper. The pore

size of the funnel is defined as the narrowest portion of the

constriction and is varied depending on the funnel’s location

within the sorting area. The depth of the microstructure is 25 mm,

which accommodates typical mammalian cells in suspension.

The shape of the funnel taper directly affects the pressure

asymmetry. By considering the cell as a liquid drop with a

constant cortical tension (Tc), the threshold pressure can be

modeled using a version of the Laplace–Young equation:

DP~Tc
1

Ra
{

1

Rb

� �
(1)

The leading and trailing radii (Ra and Rb in Fig. 3) are

determined by the funnel geometry using volume conservation.

We developed a numerical model of the expected pressure

asymmetry for 50 mm long funnels of various geometries with

rectangular cross sections. Specifically, we looked at straight

tapers of the form y = ¡(mx + W0) and parabolic tapers of the

form y = ¡(kx2 + W0). Expectedly, more gradual tapers, as

defined by smaller k and m values, result in greater asymmetries.

However, these more gradual shapes also increase the length for

which the cell is in contact with the funnel walls, leading to

increased risk of clogging or cell damage. Furthermore,

parabolic tapers yielded greater directional asymmetry at smaller

cell compression levels, allowing ratcheting to be enabled at

smaller pressures. To balance these considerations, we chose a

parabolic funnel shape with k = 2000 m21. Table 1 shows the

calculated pressure asymmetry for a 10 mm diameter cell being

deformed through 3 parabolic and 3 linear tapers at various

compression levels.

Fig. 2 Microfluidic ratchet cell sorting mechanism. (A) Smaller and

more deformable cells can squeeze through funnel constrictions in

forward flow while larger less deformable cells are excluded. (B) Smaller

more deformable cells are unable to pass back through the funnel

constrictions when flow direction is reversed to unclog the filter.

Fig. 3 Model of cell deformation through a tapered constriction in the

forward (A) and reverse (B) directions.
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Cell sorting funnel array

The cell sorting microstructures consist of funnel constrictions

arranged in a 2D array with 12 rows and 128 funnels in each row.

Detailed dimensions of the funnel microstructures are shown in

Fig. 4A. A schematic of the cell separation area is shown in

Fig. 4B. The funnel pore size is constant in each row, but

decreases with each successive row in increments of 1 mm from 15

to 4 mm in one design and from 12 to 2 mm in another. The

designs of these two devices are otherwise identical. The funnel

constrictions are aligned vertically to one another in order to

maintain a linear streamline from one row to the next during

the sorting process. A cell suspension is pushed through the

funnel array using a planar flow with uniform flow profile

across the 128 funnels. A uniform flow profile is important to

ensure that the carrier fluid delivers a similar hydrodynamic

force to each cell. The uniform flow profile is generated using a

tree microchannel network where a single stream is repeatedly

bifurcated into 128 identical streams. Membrane microvalves,33

V1 to V6 in Fig. 4C, are used to create precisely controlled

flows through the funnel array in the horizontal direction for

infusion and extraction, as well as in the vertical direction for

separation.

The separation process, shown in Fig. 4B, involves initially

infusing the cell sample below the first row of funnels using a

horizontal flow by opening valves V1 and V2 while sealing V3

through V6. The sample is then sorted using the microfluidic

ratchet mechanism by applying an oscillatory flow in the vertical

direction, which is generated using a fluidic H-bridge created by

valves V3 through V6 to switch on/off the forward and reverse

pressure. Specifically, during the forward flow phase, V5 and V6

are opened, while V3 and V4 are closed. During the reverse flow

phase, the states of these valves are inverted. Finally, the

separated cells are extracted using a horizontal flow from a

buffer inlet with valves configured as the infusion process. This

cycle can be repeated indefinitely to increase the throughput of

the separation process.

Table 1 Asymmetry of the deformation pressure as predicted using the liquid-drop model for a 10 mm diameter cell deformed through various linear
and parabolic constrictions. Results are shown for funnel constrictions that diametrically deform the cell from 5 to 20%

Maximum diametrical deformation of 10 mm diameter cell

5% 10% 15% 20%

Parabolic tapers k = 1000 m21 1.5 3.4 5.0 5.9
k = 2000 m21 1 2.4 3.5 4.2
k = 3000 m21 1 2.0 2.9 3.4

Straight tapers m = 0.035 1 2.1 3.1 3.9
m = 0.087 1 1 1.4 1.7
m = 0.176 1 1 1 1

Fig. 4 Device design schematic. (A) Detailed design of the funnel and cell retention microstructures with dimensions shown in micrometres. (B)

Schematic of the cell separation area within the device illustrating the inflow/outflow phase (1) and separation phase (2). (C) Overview of device layout

showing inlets, outlets, and valves (V1 to V6).
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Cell retention

To prevent cells from entering the tree microchannel network, an

array of 2 mm constrictions is added between the tree networks

and the funnel array (Fig. 4A). The blocks between these

constrictions have a semicircular shape on one side to enhance

the manufacturability of these structures in photolithographic

microfabrication.

Precision flow control

The flow velocity of the streamlines in the funnel array is

controlled using an elongated microchannel in series with the

tree microchannel network. This microchannel provides a

dominant hydrodynamic resistance that dictates the fluid flow

resulting from the pressure applied between the oscillation

pressure inlet and the oscillation outlet in Fig. 4C. The geometry

of this microchannel (100 mm wide 6 25 mm tall 6 32 800 mm

long) is designed to generate a target flow rate on the order of

100 mm s21 in the funnel array region based on an oscillatory

pressure amplitude of 3.5 kPa according to the following

formula:

RH~
DP

Q
(2)

RH is the hydrodynamic resistance, DP the pressure drop, and Q

the volumetric flow rate. For a rectangular channel in laminar

flow, the hydrodynamic resistance can be calculated using:

RH&
12mL

wh3
(3)

where m is the viscosity of the fluid; L, w, and h are the length,

width, and depth of the channel; and w . h.

Materials and methods

Fabrication of silicon masters

Patterns of the required microstructures are drawn using

Solidworks DWG-Editor to generate commercially-produced

optical photomasks. Inverse versions of the required microstruc-

tures are fabricated on a silicon wafer using two photolithographic

steps. First, the silicon wafer is coated with a layer of SU-8

negative photoresist (Microchem) and spun at a speed of 1200 rpm

for 50 s. This wafer is baked on a 95 uC hotplate for 5 minutes and

then exposed to UV light through the first optical photomask

(Advance Reproductions, Andover, MA, USA). The wafer is then

baked at 65, 95, then 65 uC for 1, 4, and 1 minutes respectively.

The patterned wafer is developed using SU-8 developer

(Microchem) and washed with isopropanol. To harden the

patterned microstructures, the wafer is baked at 200 uC for one

hour. This final bake temperature is reached by a slow ramp at a

rate of 10 uC every 12 minutes. After baking, the wafer is allowed

to equilibrate to room temperature on top of the hotplate.

SPR220-7.0 photoresist (Microchem) is used to create structures

for microvalves on the device. This photoresist is added to the

cooled wafer by spin coating at 600 rpm for 50 s. The edge bead is

removed from the wafer manually and then softbaked for 1, 5, and

1 minutes at 65, 95, and 65 uC respectively. A second photomask

(CAD/Art Services, Brandon, OR, USA) is aligned to the previous

set of patterns and subsequently exposed and developed in MF

319 developer (Microchem). Finally, the wafer is baked on a

hotplate at 95 uC for 5 minutes to allow the SPR220-7.0

photoresist layer to reflow and take on a parabolic profile.

Great care is taken throughout the process to prevent exposing the

wafer to thermal shocks, which can cause the micro-scale SU-8

features to warp and bend. The fluid control layer is fabricated on

a second silicon wafer using a single layer of SPR 220-7.0 using the

same procedure as described above.

Fabrication of PDMS devices

The PDMS masters are fabricated using standard multi-layer

soft lithography techniques.33 The flow layer is formed using a

5 : 1 base to hardener ratio of RTV 615 silicone (Momentive

Performance Materials), while the flow layer is formed using a

20 : 1 ratio. The flow and control layers are bonded together by

diffusion. The bonded flow and control layer is subsequently

attached to a glass slide following 45 s activation in air plasma

(Harrick Plasma, Ithaca, NY, USA). Inlets and outlets are

punched manually using a 0.5 mm punch (Technical

Innovations, Angelton, TX, USA).

Sample preparation

Cell sorting experiments were conducted using peripheral blood

mononuclear cells (PBMCs), L1210 mouse lymphoma cells

(MLCs), and microparticles. Peripheral blood mononuclear cells

were prepared from whole blood obtained from healthy volun-

teers. Whole blood was drawn into 6 ml sodium heparin

containing tubes. PBMCs were separated out using Histopaque

1077 (Sigma-Aldrich) according to the manufacturer’s instructions,

and then re-suspended at a concentration of 1 6 107 cells ml21 in

AIM 5 media (GIBCO-Invitrogen). MLCs were cultured in

suspension using RPMI 1640 (Gibco, Invitrogen) with 10% fetal

bovine serum and 1% penicillin/streptomycin. These cells were

incubated at 37 uC with 100% humidity and 5% CO2. Prior to

experimentation, the cells were concentrated via centrifugation and

re-suspended in a solution of phosphate buffered saline (PBS)

containing 0.4% bovine serum albumin at a concentration of 1 6
107 cells ml21. Cells were used for experimentation between 3 to

4 days after passaging. In experiments where cells were stained, the

L3224 LIVE/DEAD Viability/Cytotoxicity kit (Invitrogen) was

used according to the manufacturer’s directions. Microparticles of

sizes 6.37 ¡ 0.48 mm and 10.14 ¡ 1.04 mm (Bangs Laboratories)

were used for particle experiments. 50 mL of each were suspended in

1 ml of deionized water with 0.5% of Tween 20 (Invitrogen).

Experimental setup and preparation

Precise control of fluid flow in the device was achieved using a

commercial pressure controller (Fluigent, Paris, France).

Microvalves integrated in the PDMS microstructure were

actuated using a custom-designed pressure controller described

previously.31 Cell distributions were determined by visual inspec-

tion using an inverted microscope (Nikon Ti-U) and CCD camera

(Nikon DS-2MBW). Diameters of cells in suspension were

measured using NIS Elements microscopy software (Nikon).

Prior to each experiment, a solution of 1% BSA in PBS was

used to fill the device prior to operation and incubated for

Lab Chip This journal is � The Royal Society of Chemistry 2012
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10 minutes to prevent nonspecific adsorption of cells onto the

PDMS surface. The device was then flushed with PBS. To load

cells into the separation area, a pressure of 2 kPa was applied to

both the cell and buffer inlets simultaneously. Equal oscillation

pressures were applied to both the upper and lower oscillation

inlets and ranged from 7 to 51 kPa.

Results and discussion

Cell sorting

To evaluate our separation mechanism, L1210 mouse lymphoma

cells (MLCs) and human peripheral blood mononuclear cells

(PBMCs) were used as mechanical models of two cell types with

distinct mechanical properties. MLCs have diameters ranging

from 8 to 14.5 mm with a mean of 11.1 mm and a standard

deviation, ssize = 1.2 mm. PBMCs have diameters ranging from 6

to 8.5 mm with a mean of 7.2 mm and ssize = 0.6 mm. Cell

deformability, as defined by cortical tension, was previously

measured to be 413.6 ¡ 15.2 pN mm21 and 35 pN mm21

respectively for similar cell types.34,35 Therefore, the deformability

of L1210 MLCs is expected to be approximately 10 times that of

PBMCs. For the purpose of device validation, PBMCs serve as a

model of a smaller and more deformable cell, while MLCs serve as

a model of a larger and more rigid cell.

Initially, each cell sample was separately infused into a device and

sorted using an oscillatory pressure of 7 kPa. The timing of the

oscillatory flow consisted of 3 s of forward pressure followed by 1 s

of reverse pressure. The forward biased oscillation flow enables all

cells to travel to a funnel constriction sufficiently small for

ratcheting to occur. After 60 s of oscillation, the cells segregated

in each row were counted manually using an optical microscope.

Both MLCs and PBMCs were observed to form consistent and

narrow distributions in the matrix of funnel constrictions. The

sorted MLC distribution had a mean of 9.7 mm and standard

deviation of ssorted = 1.3 mm (Fig. 5A). The sorted PBMC

distribution had a mean of 5.2 mm with ssorted = 1.2 mm (Fig. 5B).

For MLCs, ssorted # ssize, whereas for PBMCs, ssorted # 2ssize.

The broadening of the sorted PBMC distribution likely results

from PBMCs being subjected to greater deformation relative to

MLCs. Comparing the trapping constriction size with the cell

size, the MLCs and PBMCs are compressed by an average of

13% and 28% respectively. Given the greater compression, the

deformability of PBMCs likely made a greater contribution to

the sorted distribution than size. Since more variation is typically

associated with cell deformability than cell size, the resulting

ssorted is broadened compared to ssize.

To further investigate size versus deformability effects in the

sorting process, we compared the distribution of MLCs with that

of similarly sized polystyrene microparticles sorted under

identical conditions. Microparticles (Bangs Laboratories,

Fishers, IN) with diameters of 6.37 ¡ 0.48 mm and 10.14 ¡

1.04 mm were mixed together to mimic the size range of MLCs.

Since polystyrene microparticles are effectively incompressible

relative to the polydimethylsiloxane (PDMS) structure, they can

be considered to be sorted based on size alone. After sorting

(oscillation pressure = 14 kPa), the diameters of both MLCs and

microparticles were measured (measurement error = ¡0.8 mm)

as a function of their trapping funnel size (Fig. 5C). The

microparticle sizes are strongly correlated to the trapping funnel

size with a correlation coefficient of 0.93, whereas the

corresponding property for MLCs showed a correlation coeffi-

cient of 0.65. The reduced correlation is a result of the variability

in the deformability of the MLC population. For similarly sized

cells and particles, the mean trapping funnel size differed by

approximately 2 mm, which suggests that the cells are compressed

by this amount on average during the sorting process. These

results validate the potential to use our mechanism to sort cells

and particles based on size and deformability, therefore

expanding the current repertoire of separation methods.

To investigate changes in cell viability as a result of the sorting

process, we stained a sample of MLCs using a live/dead assay. Since

the possibility of compromising cell viability increases when higher

pressures are applied to the cells, we evaluated cell viability over

several oscillation pressures between 7 and 41 kPa. More than 95%

of the sample cells were viable before and after sorting in each case.

Cell separation

To evaluate the ability of our device to separate cells from a

mixture, we combined PBMCs with fluorescently stained MLCs

Fig. 5 Results from cell and particle sorting experiments. (A) Distribution of MLCs in the microfluidic funnel matrix after sorting. (B) Distribution of

PBMCs. (C) Cell diameter versus trapping funnel size of sorted microparticles and MLCs with best-fit line drawn for both.
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and sorted the sample under identical experimental conditions as

described above. Example bright-field and fluorescence images

and resulting distributions are shown in Fig. 6A–C. The

distributions of MLCs and PBMCs overlapped in the 7 and

8 mm rows. Therefore, using the 8 mm pore as a cutoff yields a

separation efficiency of 98% with a purity of 99% for the MLCs

and correspondingly a 97% efficiency with 95% purity for the

PBMCs in this sample (Fig. 6D). Efficiency and purity are

defined as follows:

Efficiency~
Target cells in desired area

Total target cells in sample
|100% (4)

Purity~
Target cells in desired area

Total cells in desired area
|100% (5)

Device operating parameters

The mean and width of the cell distribution after sorting are

primarily governed by three experimental parameters: the

amplitude of the pressure oscillation, the timing of each

oscillation cycle, and the total oscillation time. For most of

these experiments, the standard operating conditions involved an

oscillation pressure of 14 kPa, where each oscillation cycle

consists of 3 s of forward pressure followed by 1 s of reverse

pressure, applied for a total of 60 s.

The repeatability of this mechanism was evaluated over several

sorting trials using MLCs under the aforementioned standard

operating conditions. The trials were conducted on different days

using devices from separate fabrication batches. As shown in

Fig. 7A, the resulting distributions were consistent and

repeatable. Specifically, the means and standard deviations of

the distributions are within 6% and 12% of one another.

To study the effect of oscillation pressure, MLCs were sorted

using pressures of 7, 14, 28, 41, and 55 kPa while all other

parameters were kept constant. Expectedly, our results show an

inverse relationship between the oscillation pressure and the mean

of the resulting distribution (Fig. 7B). In addition, ssorted increased

at higher oscillation pressures. Similarly to previous results

obtained for PBMCs, more variance is associated with deform-

ability than with size, and therefore the deformability-dominated

sorting at higher pressures results in a wider distribution.

To evaluate the effect of oscillatory pressure timing, we sorted

MLCs using forward pressure durations of 2, 3, 6, and 8 s, while

keeping the reverse pressure duration at 1 s. The results show a

thresholding effect where a minimum of 3 s is necessary for the

sample cells to assume a characteristic distribution, while further

increases in the period of the forward pressure do not lead to an

altered steady-state distribution.

Fig. 6 Results of a cell separation experiment. (A) White light micrograph of a mixture of MLCs and PBMCs after separation. PBMCs labeled using

red circles in photo. (B) Corresponding fluorescent micrograph showing the distribution of stained MLCs. (C) Resulting distribution of MLCs and

PBMCs. (D) Separation efficiency and purity of the sampled cells using the 8 mm pore as a cutoff.

Lab Chip This journal is � The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

by
 T

he
 U

ni
ve

rs
ity

 o
f 

B
ri

tis
h 

C
ol

um
bi

a 
L

ib
ra

ry
 o

n 
21

 A
pr

il 
20

12
Pu

bl
is

he
d 

on
 1

9 
A

pr
il 

20
12

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2L
C

21
04

5B

View Online

http://dx.doi.org/10.1039/c2lc21045b


To determine the total number of cycles necessary to reach a

steady-state distribution, we tracked the time-evolution of MLC

and PBMC distributions after 0, 2, 4, 6, and 20 oscillations with

oscillation pressure of 7 kPa (Fig. 7D). This pressure is the

smallest used in these experiments, and will require the longest

time for the cells to reach steady state due to the lower transit

speed of the cells. A steady-state distribution is reached after

approximately 6 oscillations for MLCs. For PBMCs, more

oscillation cycles were necessary to reach a steady state

distribution because of the greater distance that needed to be

traversed by these cells in the device.

Ratcheting versus filtration

A fundamental question associated with this mechanism is

whether cell separation is achieved by irreversible ratcheting or

by traditional reversible filtration. To characterize the ability of

our mechanism to irreversibly separate cells from the bulk liquid

we evaluated the fraction of irreversibly separated cells in the

following way: A sample of MLCs was first sorted using 60 s of

oscillatory pressure using standard experimental parameters.

Immediately following, the oscillation pressure was applied in

reverse (3 s backward and 1 s forward) for another 60 s. The cells

that were irreversibly separated remained trapped within their

steady state positions whereas the cells that were only reversibly

separated all returned to their starting position. Using an

oscillation pressure of 10 kPa, over 50% of the cells were

irreversibly separated. This fraction increases monotonically

with increasing pressure until 100% of the cells were irreversibly

separated using 41 kPa (Fig. 7E). We previously showed that

ratchet transport through microscale funnel constrictions can be

enabled when the applied pressure exceeds a certain threshold,

dependent on cell radius and pore size.31 Since the cell sample

presents a range of cell sizes and deformabilities, increasing the

applied pressure enables a greater fraction of the cells to ratchet

and become irreversibly separated. While both reversible and

irreversible separations are achievable using this device, operat-

ing in the irreversible regime increases the robustness of the

separation for integration within automated cell processing

systems.

Comparison with filtration based cell separation

The oscillatory flow and irreversible cell transport created in our

mechanism improves the selectivity and scalability of traditional

filtration methods. Selectivity is enhanced by the oscillatory

flow, which prevents clogging, and thereby avoids altering the

hydrodynamic resistance of the separation microstructure.

Scalability of the separation process is enhanced because the

irreversible transport of cells aids the extraction of separated

cells, thereby enabling the microstructure to be refreshed for

repeated separations. Compared to current filtration methods,

the separation efficiency of our device is 98%, whereas other cell

filtration mechanisms typically report efficiencies of 80–

90%.11,12,16 Furthermore, these studies used cultured cells from

human cancer cell lines, which are larger than the MLCs used

Fig. 7 Effects of experimental parameters. (A) Repeatability of MLC distributions from 5 separate trials using identical experimental parameters. (B)

Effect of oscillation pressure on MLC distributions. (C) Effect of forward pressure duration on MLC distributions. (D) MLC distribution after 0, 2, 4,

6, and 20 oscillations. (E) Percentage of irreversibly separated cells as a function of oscillation pressure.
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here. We demonstrated a higher efficiency using two populations

of cells that are more similar in size, indicating greater selectivity.

An additional advantage of our device is its ability to sort cells

into multiple spatially separated regions, whereas previous

mechanisms have largely been binary sorters.9–13,15,16 In our

device, multiple cell populations can be sorted simultaneously

and the outlets from each sorting region can be arbitrarily

grouped together to optimize for efficiency or purity, enabling

this mechanism to be adapted for different cell types and

applications.

Currently, we demonstrated a throughput of approximately

9000 cells per hour at standard operating conditions using a

sorting area of 3200 mm 6 1340 mm. We did not observe any

cumulative clogging of the filter or degradation of the device

functionality over continuous operation of more than 4 hours.

While the throughput of this device is currently low relative to

other physical separation methods, improved selectivity and

scalability makes this mechanism attractive for automated

sample processing systems. Methods of increasing the through-

put include scaling the sorting area and increasing the speed of

the oscillation flow. Ultimate applications of this mechanism

may require additional pre-processing steps, such as centrifuga-

tion and negative depletion, to reduce the total number of cells in

the sample prior to size and deformability based separation.

Conclusion

We used microfluidic structural ratchets arranged in a 2D array

to irreversibly sort and separate cells and microparticles based on

their size and deformability using oscillatory flow. The spatial

distributions of sorted cells and microparticles were dependent

on both size and deformability, and shown to be consistent and

repeatable. This separation process is highly selective and

preserves the viability of the sorted cells. We confirmed

ratcheting behavior by showing that the input cells were

irreversibly separated, which enabled the separated cells to be

completely cleared from the separation microstructure before

introducing a new batch of cells.
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