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Previously we introduced a novel hydrodynamic method using a multi-orifice microchannel for

size-based particle separation, which is called a multi-orifice flow fractionation (MOFF). The MOFF

has several advantages such as continuous, non-intrusive, and minimal power consumption. However,

it has a limitation that the recovery yield is relatively low. Although the recovery may be increased by

adjusting parameters such as the Reynolds number and central collecting region, poor purity inevitably

followed. We newly designed and fabricated a microfluidic channel for multi-stage multi-orifice flow

fractionation (MS-MOFF), which is made by combining three multi-orifice segments, and consists of

3 inlets, 3 filters, 3 multi-orifice segments and 5 outlets. The structure and dimensions of the MS-MOFF

were determined by the hydrodynamic principles to have constant Reynolds numbers at each multi-

orifice segment. Polystyrene microspheres of two different sizes (7 mm and 15 mm) were tested. With this

device, we made an attempt to improve recovery and minimize loss of purity by collecting and

re-separating non-selected particles of the first separation. The final recovery successfully increased

from 73.2% to 88.7% while the final purity slightly decreased from 91.4% to 89.1% (for 15 mm). These

values were never achievable with the single-stage MOFF (SS-MOFF) having only one multi-orifice

segment in our previous work. The MS-MOFF channel will be useful for clinical applications, such as

separation of circulating tumor cells (CTC) or rare cells from human blood samples.
1. Introduction

Separation technology using microfluidic devices has emerged as

an efficient technology that allows the user to purify micropar-

ticles, such as polymer beads, biological cells, emulsions, and

colloids from a variety of biological and environmental samples,

which can then be isolated and collected for downstream testing.

Numerous techniques have been developed to achieve this

purpose and in general can be divided into two categories,

active and passive. In the case of active separation methods,

which include electrophoresis,1,2 dielectrophoresis,3–6 magneto-

phoresis,7–9 ultrasound,10,11 centrifugation,12 gravitation,13,14 and

optical manipulation,15–17 an external energy source is normally

required to manipulate the migration of particles in the micro-

fluidic environment. Although these active methods provide

good separation accuracy, they are normally limited to low

throughput and require a precision instrument for the additional

energy source.

Passive separation methods induce changes in particle

behavior using hydrodynamic effects that are driven by the
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geometrical features of microchannels. Passive methods have

received significant attention in the past decade owing to the

discoveries of many interesting fluid dynamic phenomena in

microfluidics. These discoveries provided many opportunities to

researchers to develop the hydrodynamic separation methods,

such as particle size-based lateral displacement or filtration per-

formed using a patterned array of micropillars,18 a particle-

pinched effect with a sheath flow,19,20 and a splitting flow to a side

channel.21–23 Such approaches have an advantage that preserves

sample condition since they do not require labeling processes

that are essential to several active methods. However, they

require a laminar flow associated with low Reynolds numbers,

which has the effect of prolonging operation time. New

approaches in hydrodynamic separation using secondary flow in

a microfluidic channel have recently been introduced. In these

methods, lateral particle migration is induced by secondary flow

generated on a cross section by specific geometric properties of

microchannels: for example, lateral flow by three-dimensional

(3-D) slanted obstacles24,25 and Dean flow in curved rectangular

channels.26–28 These methods attain lateral particle displacement

with differential inertial effects according to particle size.29 With

these techniques, biological and polymer particles could be

separated in a continuous flow with a moderate flow rate and

a low particle concentration. Also, another passive-type sepa-

ration method was recently introduced on the basis of a trajec-

tory mismatch between particle and fluid by momentum loss,

which was controlled by asymmetric sheath flows.30

In a previous study, we introduced a novel hydrodynamic

method for particle focusing using a multi-orifice micro-

channel31 and subsequently demonstrated the feasibility of our
Lab Chip
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Fig. 1 Comparative schematic view of two kinds of multi-orifice flow fractionation (a) the single-stage multi-orifice flow fractionation (SS-MOFF), (b)

the multi-stage multi-orifice flow fractionation (MS-MOFF).
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hydrodynamic method for size-based particle separation.32 Our

new separation method was named multi-orifice flow fraction-

ation (MOFF), since the microparticle was moved laterally by

hydrodynamic inertial forces driven by a multi-orifice structure

(Fig. 1a). The extent of lateral movement varies according to

particle size, and polymer microspheres can be concentrated

separately at different lateral positions in a microchannel. The

separation efficiency is mostly affected by the Reynolds number

(Re) and the central collecting region in the channel. By adjusting

the width and position of a central collecting region in the outlet,

the separation efficiency could be optimized. However, since the

recovery has a reciprocal relationship with the purity, there are

still limitations to increase both recovery and purity. In this

work, we propose a multi-stage multi-orifice flow fractionation

(MS-MOFF) method to improve recovery and minimize loss

of purity.

2. Materials and methods

2.1. Design and fabrication of the device

The single-stage multi-orifice flow fractionation (SS-MOFF)

consists of an inlet, a filter, a multi-orifice segment, and an outlet

(Fig. 1a). The multi-orifice segment is an alternating series of

contraction and expansion channels, through which particles are

separated by the momentum-change-induced inertial force. The

widths of the contraction and expansion channels are 40 mm and

200 mm, respectively. Each expansion region is 200 mm in length

and linked with 100 mm contraction channel. This series of orifice

patterns is repeated 80 times and has 40 mm thicknesses. Fig. 1b

shows the fabricated device and schematic configurations of

the multi-stage multi-orifice flow fractionation (MS-MOFF).

The MS-MOFF is formed by combining 3 multi-orifice segments

and consists of 3 inlets, 3 filters, 3 multi-orifice segments and
Lab Chip
5 outlets. The dimensions of the multi-orifice segment in the

first stage are the same as those of the SS-MOFF. In the second

stage, the central channel is 40 mm wide and 60 mm long. Each

branched side channel has 1 mm width and 10 mm length, and

connects with the second stage MOFF. A particle mixture (7 mm

and 15 mm microspheres) is injected from inlet 1 using a syringe

pump, and then the target particles, in our case 15 mm particles,

are focused on the centerline of the multi-orifice segments in the

first stage and directly transported to the outlet via the center

microchannel in the second stage. The mixture including the

remaining target particles (remnant of 15 mm particles and most

of the 7 mm particles) flows through the side microchannels.

Buffers are added from inlet 2 and 3 to compensate the flow

rate through the multi-orifice segments in the second stage. The

separated target particles are collected to outlet 1, and other

particles are collected to outlet 2–5.

The MS-MOFF device was fabricated by soft-lithography

techniques. We used 6 inch silicon wafer as substrate, and SU-8

(SU-8 2050, MicroChem., Massachusetts) was used for channel

master mold. Finally, the MS-MOFF device was replicated with

PDMS (Sylgard 184, Dow Corning Corp., Michigan). The 10 : 1

volumetric mixture of PDMS and a curing agent was poured on

the master mold. After degassing the PDMS mixture, the wafer

was placed on a hot plate at 75 �C for 60 min. And then, the

cured polymer mixture was taken off from the master mold. The

MS-MOFF patterned polymer was punched at inlet and outlet

and bonded to clean glass after plasma treatment (plasma

generator, Cute-B Plasma, FEMTO Science, Korea).
2.2 Preparation of particle suspension

Fluorescent polystyrene microspheres 7 mm (35-2, green, 468/508

nm) and 15 mm (36-4, red, 542/612 nm) in diameter were used for
This journal is ª The Royal Society of Chemistry 2010
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the particle suspensions (Thermo Fisher Scientific Inc., Massa-

chusetts). The specific gravity of the two kinds of microsphere was

about 1.05, and the microspheres were prepared in a 0.5 wt %

Tween 20 (Sigma-Aldrich Co., Missouri) aqueous solution.

Initial particle concentrations of 15 mm and 7 mm particles is

7.7 � 103/mL and 10.1 � 103/mL, respectively. After measuring

the flow of the individual particles, the two kinds of particles

were mixed and applied to the simultaneous flow measurement.
Fig. 2 The equivalent electrical circuit of the multi-stage multi-orifice

flow fractionation channel.
2.3 Operation

We used a syringe pump (KDS200, KD Scientific, Massachu-

setts) to generate a continuous and stable micro flow. The 1 mL

syringe was connected to inlet 1 for sample, and a 10 mL syringe

was connected to inlet 2 and 3 for compensation buffer. The flow

rate of inlet 1 was 102 mL min�1, and the flow rate of inlet 2 and 3

was 61.2 mL min�1. Each flow rate was determined by the Rey-

nolds number of the multi-orifice segments (Re ¼ 85). Prior to

each experiment, we performed a degassing process by filling

with 70% ethanol and then pushing away ethanol with DI water.

This was done since low polarity solvent more easily wets the

hydrophobic PDMS surface. An inverted optical microscope

(I-70, Olympus, Japan) was used to observe the behavior of

fluorescent particles beyond the glass part of the microchannel.

The microscope was equipped with a 100 W mercury lamp and

fluorescence mirror unit (U-MWB2, U-MWG2, U-MWU2;

Olympus, Japan) for obtaining color images of the two (red,

green) fluorescent particles. A color CCD camera (ProgRes C10,

JENOPTIK, Germany) was used to take the fluorescent images,

which were post-processed with imageJ (NIH, Maryland) and

Matlab (The MathWorks, Massachusetts).
3 Results and discussion

The Reynolds number (Re) of the microchannel can be varied by

the dimension of the microchannel and flow rate. Since the multi-

orifice segment in the first stage and two multi-orifice segments in

the second stage have the same dimensions, the Re of the two

multi-orifices in the second stage is only controlled by the flow

rates. The multi-orifice segment in the end of the first stage is

divided by a center microchannel and two side channels (Fig. 1b).

The division leads to the variation of the flow rate in the second

stage compared with that in the first stage, which alters the Re.

To maintain the Re consistent from the first to the second stage,

buffer solution was injected into inlet 2 and 3 at the same time. It

is important to define the fluidic resistances in the second stage

microchannels. When the fluidic resistances in the second stage

microchannels are not well defined, fluids from the inlets in the

second stage might hinder or change the direction of fluid from

the first stage. In particular, if the center microchannel for col-

lecting the target particle has near zero fluidic resistance, most of

the fluids from the first stage would flow through the center

microchannel in the second stage. Therefore, based on the well-

known analogy between fluidic circuits and electrical circuits, the

fluid flowing through the microchannel network was expressed

by the equivalent electrical circuit. Inlets for the fluid injection

and microchannels of the MS-MOFF serve as the current sources

and resistances, respectively. Fig. 2 shows the equivalent elec-

trical circuit of the MS-MOFF. As maximum purity was
This journal is ª The Royal Society of Chemistry 2010
obtained at 140 mm width of central collecting region (18% of

the outlet width) in our previous work,32 the flow rate through

the center microchannel (QRc) would be 18% flow rate of the

multi-orifice segment (QR1) of the first stage. From the given flow

rate, Qs can be calculated by Kirchhoff’s law as follows,

2 QR1 + QRc ¼ 2 Qs + QR1 (1)

Here, the QR1, Qs, and QRc are the flow rates through the

multi-orifice segment, the inlet of the second stage and the center

microchannel, respectively.

Then, the relationship of Qs and QR1 can be defined as

Qs ¼ 0.59 QR1 (2)

Since the outlets of the second stage are designed to have

relatively large width compared with that of the multi-orifice

segment and the center microchannel, we may assume R0� R1.

Then, Rc can be calculated by the following equation,

RcQRc ¼ R1QR1 (3)

Here, R1, Rc, R0 are the fluidic resistances of the multi-orifice

segment, the center microchannel and the outlet, respectively.

From the above equation, the relationship between Rc and R1

is given by

Rc ¼
R1

0:18
(4)

Therefore, if the dimensions of the multi-orifice segment are

given, the dimensions of the center microchannel could be

acquired by calculating the fluidic resistances. The fluidic resis-

tance of an arbitrary rectangular channel is defined by

R ¼ f Re

2

ml

D2
hA

(5)

Where fRe is the laminar friction constant, m is the dynamic

viscosity (N s m�2), l is the channel length (m), Dh is the hydraulic

diameter (m), and A is the channel cross sectional area of the

channel (m2). The laminar friction constants may be determined

analytically for various aspect ratio (a) as follows. The aspect

ratio is defined as either height/width or width/height such that

0 < a < 1.33
Lab Chip
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fRe ¼ 96(1 � 1.3553a + 1.9467a2 � 1.7012a3 + 0.9564a4 �
0.2537a5) (6)

Next, the hydraulic diameter is given by

Dh ¼
2ab

ðaþ bÞ (7)

Where a and b are the width and the height of the arbitrary

rectangular channel.

Since we have already discussed the effects of the Re and the

central collecting region on the separation efficiency in our

previous work,31,32 it is not necessary for the purpose of this work

to enter into a detailed description of the optimization proce-

dures for the MS-MOFF. According to our previous results with

regards to the SS-MOFF, the size based particle separation could

be best achieved in the specific range of the Re of 63–91. Various

Re within the range of 63–91 were tested to obtain the best

separation yields, and Re of 85 was selected for our experiments.

Particle trajectories were acquired by a fluorescence microscope

with 50� magnification. First, the feasibility of the MS-MOFF

was verified by visualization. Using the acquired fluorescence

images, fluorescence intensity was subsequently exploited to

analyze quantitative particle distribution, which indirectly

represents particle population. Image data was converted to

numerical data using Matlab. The converted intensity data were

gathered along a detection line that was located at 1 mm position

of the broadened outlet channel away from the final contraction

channel. In the imaging analysis, accuracy of the intensity level

could be influenced by a few factors, such as particle retention

time in the field of view, particle concentration, depth of focus,

and channel depth. First, we reduced exposure time of the CCD

camera to prevent overlapping of particle streaks due to a long

retention time. Finally, the microscopy system acquired fluo-

rescence images with the depth of focus approximately 10 mm

smaller than the channel depth (50 mm). With the converted
Fig. 3 Photographs of the particle migration progress through the s

Lab Chip
numerical intensity, we calculated recovery and purity. Recovery

was defined as partial fraction of separating particles relative to

total injected particles, and purity of each particle was defined as

cross-contamination of different sizes of the particles.

Fig. 3 shows progress of particle migration through the multi-

orifice segments in the second stage. The measurement positions

in the upstream, the midstream, and the downstream corre-

sponded to the first, the 40th, and the 80th orifices, respectively.

Inertial lift force inducing particle migration began to affect

the particle distribution after around the 35�45th orifice, and the

stable particle distribution was observed at around the 70�80th

orifice. Although the 7 mm particles clustered near to both side

walls in the first stage, they gathered at only one side of the wall

in the second stage. This phenomenon can be explained by the

reason that the 7 mm particles tend to only flow near to the

side wall at Re ¼ 85. When the 7 mm particles are biased to one

side due to the buffer flows from inlet 2 and 3, they never exceed

the centerline of multi-orifice segment. Thus the biased particles

keep biased to the same side until the end of multi-orifice

segment. On the other hand, the 15 mm particles are not biased

rather are focused to the centerline of the multi-orifice segment

caused by the momentum change induced inertial force repelling

from the side wall at Re ¼ 85. Fig. 4 clearly exhibits the inde-

pendently experimented particle distributions for the 7 mm and

15 mm polystyrene microspheres after passing downstream of the

multi-orifice segments. The relative intensity distribution curves

of each polystyrene microsphere at the detection line are also

shown beside each fluorescent image. In the case of the 15 mm

particles, most particles passed through the centerline of the

microchannel at the range of y ¼ �70 mm to y ¼ 70 mm (140 mm

out of the 800 mm broaden outlet width). On the other hand, the

7 mm particles tended to pass through near the sidewall (at y <

�70 mm or y > 70 mm). It was also shown that the fluorescence

intensity of the particle distribution reduced in the second stage

because the separated particles in the first stage were divided at the
econd stage multi-orifice segments (top and bottom) at Re ¼ 85.

This journal is ª The Royal Society of Chemistry 2010
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Fig. 4 Photographs of the particle trajectories and the fluorescence distribution curves in the end of each MOFF segment from independent experiment

of the two (15 and 7 mm) polystyrene microspheres at Re ¼ 85. (The alternated long and short dash lines indicate detection lines).
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channel division area and diluted by buffer solution from inlet

2 and 3. In particular, the 15 mm particles were almost separated in

the first stage and half of the remaining particles divided into

top and bottom multi-orifice segments in the second stage, and

buffer solution from the inlet 2 and 3 further diluted the particles.

Therefore, the fluorescence intensity of the 15 mm particles de-

creased more than that of the 7 mm particles. The reduced intensity

of the 15 mm particles in the second stage was 23% of the intensity

in the first stage. On the contrary, the intensity of the 7 mm
Fig. 5 3 Photographs of simultaneous experiments using a mixture of the two

position of image captured. (a) End of the 1st multi-orifice segment. (b) End of

segment (dark arrows indicate the 7 mm particles and white arrows indicate th

indicate detection lines).

This journal is ª The Royal Society of Chemistry 2010
particles only reduced to an average of 72% of the intensity in the

first stage. Fig. 5 shows photographic images of separation results

using a mixture of two different sizes of the polystyrene micro-

spheres (7 mm and 15 mm) in the MS-MOFF at Re ¼ 85. The

relative intensity curves for each fluorescent image are also

depicted in Fig. 5. Trajectory of the 15 mm particles is shown

as yellow (white arrow) whereas trajectory of the 7 mm particles

is shown as green (dark arrow). Since the fluorescent images

were acquired by the green fluorescent filter cube (U-MWB2,
polystyrene microspheres at Re ¼ 85. Schematic view of MS-MOFF and

the 2nd top multi-orifice segment. (c) End of the 2nd bottom multi-orifice

e 15 mm particles, respectively). (The alternated long and short dash lines

Lab Chip
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Table 1 Separation efficiency comparison of MS-MOFF and SS-MOFFa

Particle diameter

SS-MOFF32 MS-MOFF

Rec ¼ 70 Rec ¼ 98 1st stage 2nd top 2nd bottom Total

Recovery Center 15 mm 65.0 75.2 73.2 52.6 61.1 88.7
7 mm 1.4 15.6 4.01 4.2 3.5 7.6

Side 15 mm 11.1 8.9 10.6b 16.2c 47.4 38.9 11.3
7 mm 93.7 49.5 41.8b 54.1c 95.8 96.5 92.4

Purity Center 15 mm 90.8 49.6 91.4 90.2 94.4 89.1
7 mm 9.2 50.4 8.6 9.8 5.9 10.9

Side 15 mm 2.2 3.4 12.8 26.6 27.7 7.9
7 mm 97.8 96.6 87.2 73.4 72.3 92.1

a The values with superscript indicate each side of recovery. (b: side top channel, c: side bottom channel).
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Olympus). The red color looks like yellow color when presenting

two colors (red and green) at the same time. The images and the

intensity graphs demonstrated that the distribution of the two

particles is quite well districted. The particles behaved differently

and independently with respect to the particle size. The particle

distribution of a particle mixture was similar to that of individual

particles shown in Fig. 4. And the intensity differences between

individual and mixture samples were within 2.6%, which is indi-

cating that our MS-MOFF can separate two different sizes of

beads from a mixture. Table 1 summarizes the recovery and the

purity of two-sized particles that were concentrated at the central

collecting region (140 mm out of 800 mm outlet width) and

side sections according to three multi-orifice segments. The

recovery of the 15 mm particles could be achieved up to 90.1% by

increasing the width of the central collecting region to 300 mm

(38% of the 800 mm outlet width) and the Re to 90, respectively in

our previous work. However, experimental results revealed that

the purity significantly decreased along with the increase of the

central collecting region width. The enlarged central collecting

region was responsible for the poor purity. The acquired purity

was only 30.4%. Therefore, we decided not to consider the 300 mm

width in this work. The maximum purity (90.8%) was obtained at

140 mm width of the central collecting region (18% of the outlet

width) and Re ¼ 70, but the recovery was only 65%. Although we

tried to increase the recovery by increasing the Re from this

maximum purity condition, it was revealed that the purity of the

15 mm particles dramatically decreased along with the increase in

recovery when the width of the central collecting region was

140 mm. The recovery only increased from 65% to 75.2% while the

purity significantly decreased from 90.8% to 49.6%. We compared

these results with that of the MS-MOFF in Table 1, as suggested in

the design consideration; recovery through the MS-MOFF was

improved with minimized loss of purity. The final recovery

increased from 73.2% to 88.7% while the final purity slightly

decreased from 91.4% to 89.1%. These values were never achiev-

able with the SS-MOFF in our previous work. Since the recovery

has a reciprocal proportion with the purity when adjusting the Re

or the width of the central collecting region, it was theoretically

impossible to improve both recovery and purity at the same time

using the SS-MOFF. The recovery differences between the first and

the second stage result from the inconsistent Re of each multi-

orifice segment due to unknown factors affecting flow conditions,

which is beyond the topic of this work. More experiments are

needed to find these unknown factors in the future.
Lab Chip
4. Conclusions

We described a new method for improving recovery and mini-

mizing loss of purity in particle separation using several multi-

orifice flow fractionations (MOFF). The newly designed and

fabricated microfluidic channel for multistage multi-orifice flow

fractionation (MS-MOFF) is constructed by combining three

multi-orifice segments and consists of 3 inlets, 3 filters, 3 multi-

orifice segments and 5 outlets. Structure and dimensions of the

MS-MOFF were determined by the hydrodynamic principles to

have consistent Reynolds numbers at each multi-orifice segment.

With this device, we made an attempt to improve recovery and

minimize loss of purity by collecting and re-separating non-

selected particles of the first separation. This method was

demonstrated through confirmation of separation performance

using microspheres of two different sizes (7 mm and 15 mm). As

expected, we could improve recovery of 15 mm particles with the

minimized loss of purity. The final recovery successfully increased

from 73.2% to 88.7% while the final purity slightly decreased from

91.4% to 89.1% at Re ¼ 85, which were never achievable with the

single-stage MOFF (SS-MOFF) in our previous work. Separation

throughput of the MS-MOFF was approximately 1–5 � 104

particles/s. According to our experimental results, the MS-MOFF

composed of more than three stages would give rise to nearly

100% recovery and 90% purity. In future work, the MS-MOFF

will be developed further for clinical applications, such as sepa-

ration of circulating tumor cells (CTC) or rare cells from human

blood samples, which need high recovery near to 100%.
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